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 ABSTRACT 

 

Nanomedicine holds great potential for effective treatment against life-

threatening diseases by providing efficient transport and controlled release of significant 

quantities of therapeutic agents to the target sites of the diseased tissue.  Despite 

promising laboratory results, many nanomedicine formulations failed in clinical trials, in 

part due to heterogeneity in diseased individuals.  Individual heterogeneity leads to 

heterogeneous outcome of nanomedicine treatments, and thus presents a great challenge 

for clinical translation of nanomedicine.  Personalized nanocarriers, with tailored 

physicochemical properties for a specific individual’s genetic and disease profile, can 

overcome such a challenge.  Therefore, the future of nanomedicine will depend on 

customization and personalization, and the development of next-generation 

nanomedicine requires more precise control of the physicochemical characteristics of 

nanomaterials.  Consequently, effective approaches that reduce burdens for controlling 

physicochemical characteristic of nanomaterials would facilitate bench-to-bedside 

translation of nanomedicine. 

First, we reported co-assembly of two degradable glucose-based amphiphilic 

block polymers is demonstrated to control nanoparticle size, surface charge, and stimuli-

responsive properties, allowing optimization of these constructs for cytosolic drug 

delivery applications.  The accessible procedures presented here for engineering highly 

tunable nanoparticles from glucose-based, functional, degradable polymers offer 
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versatile strategies for accelerating the development and clinical implementation of such 

stimuli-responsive, tailored nanocarriers. 

Second, we reported a facile fabrication of cell membrane-camouflaged 

nanocarriers (CMNs) that exhibit tunable paclitaxel (PTX) release kinetics via altering 

macromolecular stereostructure.  Biomimetic-cell-membrane-camouflaged polymeric 

nanocarriers, possessing advantages related to the functional diversity of natural cell 

membranes and the physicochemical tailorability of synthetic polymers, serve as 

promising candidates for a therapeutic platform. This work represents fundamental 

advances toward a potential personalized nanocarrier technology that would be capable 

of employing an individual’s RBCs for membrane isolation, together with tuning of 

cargo loading and release simply via alteration of the biocompatible PLA stereoisomer 

feed ratio. 

Third, we investigated the role that reversible covalent loading of a hydrophobic 

drug exerts on intra-nanoparticle physical properties and explore the utility of this 

payload control strategy for tuning the access of active agents and, thereby, the stimuli 

sensitivity of smart nanomaterials.  Interactions between drug molecules, nanocarrier 

components, and surrounding media influence the properties and therapeutic efficacies 

of nanomedicines. In this study, glutathione sensitivity was controlled via altering the 

degree of hydrophobic payload loading of disulfide-linked camptothecin-conjugated 

sugar-based nanomaterials. This work represents an advancement in drug carrier design 

by demonstrating the importance of controlling the amount of drug loading on the 

overall payload and its availability. 
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1. INTRODUCTION  

 

Nanomedicine holds great potential for effective treatment against life-

threatening diseases by providing efficient transport and controlled release of significant 

quantities of therapeutic agents to the diseased tissue.  Despite promising laboratory 

results, many nanomedicine formulations failed in clinical trials, in part due to 

heterogeneity in diseased individuals.  Individual heterogeneity leads to heterogeneous 

outcome of nanomedicine treatments, and thus presents a great challenge for clinical 

translation of nanomedicine.  Personalized nanocarriers, with tailored physicochemical 

properties for a specific individual’s genetic and disease profile, can overcome such a 

challenge.  Therefore, the future of nanomedicine will depend on customization and 

personalization, and the development of next-generation nanomedicine requires more 

precise control of the physicochemical characteristics of nanomaterials.  Consequently, 

effective approaches that reduce burdens for controlling physicochemical characteristic 

of nanomaterials would facilitate bench-to-bedside translation of nanomedicine.   

Due to the complexity of biological systems, several challenges influence success 

of nanomedicine, including potential adverse effects of long-term accumulations of the 

nanocarriers, off-target toxicity of the therapeutics to normal tissues, and the limited 

ability of nanomedicines to penetrate target tissues at a potentially lethal concentration.  

Upon systemic administration, nanocarrier will encounter a series of biological 

challenges, including protein adhesion, mononuclear phagocytes uptakes, 

immunotoxicity, reticuloendothelial clearance, off-site accumulation, off-site drug 
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release, cell membrane traversal, lysosomal drug degradation, drug efflux, and excretion.  

Nanocarriers must avoid these obstacles in order to maximize bioavailability of drugs to 

target sites and reduce off-target toxicity.  Several physicochemical parameters of the 

nanomaterials contribute to their ability to achieve these goals; therefore, careful 

physicochemical control of the nanomaterials is essential. 

Nanocarrier size and surface charge significantly influence their biological 

interactions during the course of delivery.  Particle size substantially affects the circulation 

time, clearance, and biodistribution of the carriers.  Nanoparticles with diameters ranging 

from 20–200 nm are well poised to avoid renal clearance by filtration, in which particles < 10 

nm are filtered and cleared, reduce entrapment of hepatic and splenic fenestrations, in which 

particles >1 μm are cleared, and accumulate passively in tumor tissues via the enhanced 

permeability and retention (EPR) effect.  Besides particle size, the surface charge also 

substantially impacts the pharmacokinetics and performance of drug carriers.  During blood 

circulation, positive-charge particulates interact with plasma components and consequently 

facilitate aggregation, opsonization, and clearance.  Precise size and surface charge controls 

of the nanomaterials is essential. 

Controlled drug release significantly impacts drug efficacy and biodistribution 

while mitigating off-target toxicity, therefore, is an important attribute for designing 

drug carriers.  Tuning cargo release kinetics is particularly crucial for drug delivery to 

maintain optimal drug concentration duration, reduce side-effects, and improve 

therapeutic efficacy.1  Altering core compositions of the nanocarrier can influence drug 

release kinetics,2-4 yet many tailor-made materials have unknown toxicity profiles in 
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humans, increasing the uncertainty for clinical translation of the resulting nanomaterials.  

Expanding control over the drug release kinetics for nanocarriers using biocompatible 

materials with simple approach is, therefore, desirable.   

In addition to drug release kinetics, various types of endogenous and exogenous 

stimuli, including pH, redox, enzyme, temperature, and radiation, have been utilized in 

designing smart nanocarriers for drug delivery.  Stimuli-responsive nanocarriers alter 

their physicochemical properties in response to specific stimuli, and accordingly change 

spatial/temporal drug release profiles and pharmacokinetics of drugs.  Since different 

drugs have different optimal release profiles, they would benefit from different level of 

stimuli sensitivity of nanocarriers in response to stimuli of a diseased area.  While 

encouraging progress in stimuli-responsive formulation has been achieved, very few 

formulations have been approved by Food and Drug Administration (FDA) due to 

individual heterogeneity in clinical responses.  Therefore, facile strategies for controlling 

stimuli-responsive sensitivity of nanomaterials would facilitate optimization and clinical 

translation of personalized smart drug carrier formulations. 

Tailoring polymeric nanocarriers requires careful control over the physicochemical 

properties of these constructs, yet synthesis and optimization of individual material for each 

unique situation is a time-consuming, expensive, and labor-intensive process, impeding the 

clinical translation of designer nanomaterials.  It is imperative to reduce the burden associated 

with nanomaterials development in order to accelerate the clinical implementation of 

nanomedicine.  To this end, this thesis focuses on the development of facile fabrication 
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strategies and novel nanomaterials to address the above-mentioned challenges, enabling 

facile controls over the physicochemical characteristics of nanomaterials.  
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2. CO-ASSEMBLY OF SUGAR-BASED AMPHIPHILIC BLOCK POLYMERS TO 

ACHIEVE NANOPARTICLES WITH TUNABLE MORPHOLOGY, SIZE, SURFACE 

CHARGE, AND ACID-RESPONSIVE BEHAVIOR* 

 

2.1. Introduction 

Polymeric nanocarriers, especially those that respond to endogenous or 

exogenous stimuli, have tremendous potential in medicine.5-9  Tailoring polymeric 

nanocarriers to target specific tissues or mediate controlled release of therapeutics 

requires careful control over the physicochemical properties of these constructs.10-21  To 

this end, assembly of amphiphilic block copolymers has enabled the fabrication of 

nanomaterials with diverse morphologies and behaviors.8, 22-30  However, synthesis and 

optimization of individual polymers for each unique situation is a time-consuming, 

expensive, and labor-intensive process, impeding the clinical translation of designer 

nanoparticles.  It is imperative to reduce the burden associated with the development of 

smart nanomaterials to accelerate their development and clinical implementation.   

Due to the complexity of biological systems, several aspects need to be 

considered in the design of drug carriers.31  Nanocarrier size and surface charge 

significantly influence their biological interactions during the course of delivery.32  

Particle size substantially affects the circulation time, clearance, and biodistribution of 

 

* Reprinted (adapted) with permission from “Co-assembly of sugar-based amphiphilic block polymers to 

achieve nanoparticles with tunable morphology, size, surface charge, and acid-responsive behavior” by 

Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 

2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 



 

6 

 

the carriers.10  Nanoparticles with diameters ranging from 20–200 nm are well poised to 

avoid renal clearance by filtration, in which particles <10 nm are filtered and cleared, 

reduce entrapment of hepatic and splenic fenestrations, in which particles >1 µm are 

cleared, and accumulate passively in tumor tissues via the enhanced permeability and 

retention (EPR) effect.10, 33  Besides particle size, the surface charge also substantially 

impacts the pharmacokinetics and performance of drug carriers.34  During circulation in 

the blood stream, positively-charged particulates interact with plasma components and 

consequently facilitate aggregation, opsonization, and clearance.10  Carriers that 

passively deposit into tissues often enter cells via endocytosis;10 as endosomes mature 

into lysosomes, the lysosomal degradative enzymes can destroy encapsulated active 

drugs.  Further, drugs such as paclitaxel and doxorubicin must reach cellular components 

outside of the endolysosomal compartments.  Paclitaxel binds to beta-tubulin subunits of 

microtubules located in the cytosol, thereby preventing disassembly of the 

microtubules.35  Doxorubicin intercalates DNA and stabilizes the topoisomerase II 

complex located in the nucleus, preventing DNA replication needed for cell division.36-37  

Since molecular targets of these drugs are located outside of the endolysosome, 

endolysosomal escape is crucial for these drugs.  To facilitate cytosolic drug delivery, 

nanocarriers should exhibit optimal size, non-cationic surface charge, and colloidal 

stability during circulation, and then undergo charge-reversal to display cationic surfaces in 

response to acidification of endosomes (pH = 5.0–6.5) to induce rupture of endosomes and 

release of nanocarriers into the cytoplasm.7, 38-42    
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Co-assembly of multiple polymeric components has been demonstrated to yield 

an array of functional composite nanoparticles with a range of properties without the 

need for synthesis of individual polymers for each nanoparticle.6, 30, 43-44  Co-assembly 

has also been applied to control the surface characteristics of DNA-conjugated 

nanocarriers, thereby tuning cellular uptake, nuclease resistance, and antisense activity.43  

In addition, physical blending of different temperature-responsive polymers was 

employed to fine-tune the transition temperature of elastin-based materials.45  Advances 

in synthetic chemistry have enabled precise tuning of the physicochemical properties of 

natural product-based polymeric materials, which are particularly beneficial for 

biomedical applications owing to their biocompatibility.46-49  Co-assembly of sugar-

based amphiphilic nonionic and cationic amphiphilic block polymers afforded 

nanocarriers for delivery of chemotherapeutics with tunable size, toxicity, and drug 

release kinetics.6  Taken together, these studies showcase the potential of co-assembly as 

a versatile approach to fine-tune the stimuli-responsive behavior and physicochemical 

properties of natural product-based nanocarriers.   

Herein, co-assembly of acid- and histamine-modified hydrolytically degradable 

glucose-based block copolymers was explored as a means to control the size, surface 

charge, and acid-responsive profile of polymer nanomaterials, enabling optimization for 

drug delivery and other potential applications.  In designing the nanocarriers, poly(DL-

lactide)-b-poly(D-glucose carbonate) (PDLLA-b-PDGC) building blocks were selected 

based upon their biocompatibility, functionality, and ability to assemble into versatile 

nanostructures with varying sizes, charges, and functions.6, 50-51  The alkyne-containing 
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PDGC block has been employed to enable facile post-polymerization modification via 

thiol-yne and copper(I)-catalyzed azide alkyne cycloaddition reactions, affording a 

variety of multi-functional polymeric systems.6, 50-51  In addition, we recently 

demonstrated that poly(L-lactide)-b-poly(D-glucose carbonate) PLLA-b-PDGC degrades 

into low molar mass hydrophilic molecules,51 including lactic acid and carbon dioxide, 

which are anticipated to be easily eliminated to reduce systemic accumulation.51  Acid- 

and histamine-modified PDLLA-b-PDGC are anticipated to display complementary 

properties for drug delivery applications.  Histamine-modification imparts pH-

responsive properties to polymer systems, due to the presence of imidazole groups, 

which are expected to facilitate a neutral-to-positive charge transformation when pH 

values below the pKa of the imidazole conjugate acid (pKa = 6.95)52-53 are experienced, 

for instance in acidic endolysosomal environments.  Besides charge switching, the 

buffering capacity of the imidazole groups close to endosomal pH is known to trigger 

hydrochloric acid influx into endosomes, leading to osmotic swelling and rupture of 

endolysosomes and cytosolic release of the contents through the proton-sponge effect.7, 

53-54  Such delivery mechanisms are especially beneficial for drugs having destinations in 

the cytoplasm (e.g., paclitaxel).  While histamine-functionalized PDLLA-b-PDGC is 

anticipated to provide pH-responsive behavior and afford endosomal escape, these 

materials may also exhibit limited hydrophilicity, particularly at blood pH where the 

imidazoles are deprotonated, which may hinder the formation of colloidally-stable 

nanostructures.  On the other hand, acid-functionalized PDLLA-b-PDGC is anticipated 

to impart colloidal stability and anionic character, but lack pH-responsive character in 
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the physiological-relevant pH range desired to promote endosomal rupture.  Therefore, 

here we describe the co-assembly of the acid- and histamine-modified PDLLA-b-PDGC 

to achieve highly tunable nanomaterials, enabling facile optimization of smart sugar-

based nanoparticles for drug delivery applications.  This work represents fundamental 

advances in the fabrication of multi-functional nanostructures from glucose-derived 

acid-responsive amphiphilic block polymeric materials, with potential for these 

constructs to be useful in drug delivery applications.   

 

2.2. Results and Discussions 

Polymer nanoparticles with controllable size, zeta potential, and pH-responsive 

behavior allow optimization towards specific drug delivery applications, such as drug 

release in the cytoplasm.  Intravenous cytosolic drug carriers should exhibit the following 

criteria: 1) 20–200 nm diameter during blood circulation to minimize renal clearance, 

reduce reticuloendothelial clearance, and, for cancer drug delivery, passively accumulate into 

tumor tissue by the EPR effect; 2) non-cationic surfaces to impart colloidal stability 

during circulation; and 3) charge-reversal capabilities to promote escape from endosomal 

compartments into the cytoplasm upon acidification to ca. pH 5.0–6.5.  To this end, 

alkyne-functionalized, sugar-based block polymers were synthesized by ring-opening 

polymerization and modified to afford acid- and histamine-modified block polymers for 

co-assembly into nanoparticles with tunable sizes, surface compositions and pH-

responsive properties.  Organocatalyzed sequential ring-opening polymerization of 

cyclic DL-lactide and bicyclic, glucose-based GC(EPC) yielded alkyne-containing block 
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polymers.  The polymers were modified to append carboxylates via photo-initiated thiol-

yne click chemistry, and the acid-functionalized polymers were further modified by 

amidation to afford histamine-modified polymers.  Histamine was selected due to its 

pH-responsiveness and endosomal escape capability, which is desirable for cytosolic 

delivery.7, 10, 15  Co-assembly of these polymers in different weight ratios enabled 

fabrication of nanoparticles with tunable size, surface charge, and pH-responsive profiles 

well suited for cytosolic drug delivery.  

The functional and degradable diblock PDLLA290-b-PDGC20, was synthesized by 

organocatalyzed sequential ring-opening polymerization of cyclic DL-lactide, followed 

by bicyclic GC(EPC) at −78 °C in DCM with 4-methylbenzyl alcohol as the initiator and 

TBD as the organocatalyst, according to previously-reported procedures.6, 50-51  The 

degree of polymerization and compositions of the lactide and glucose carbonate blocks 

were controlled by varying the monomer-initator ratio.  The number-average degree of 

polymerization and corresponding Mn (49.2 kDa) were determined by end group analysis 

using 1H NMR spectroscopy (Figure 1).  SEC revealed PDLLA290-b-PDGC20 to have a 

narrow molar mass distribution, with dispersity (Đ < 1.20) and Mn = 42.6 kDa 

determined relative to polystyrene standards (Figure 2). 
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Figure 1. 1H NMR spectrum (500 MHz) of PDLLA290-b-PDGC20 in CDCl3, with the inset expanding the region to show the 

resonance signals for the aromatic protons of the α-chain end.  Reprinted with permission from “Co-assembly of sugar-based 

amphiphilic block polymers to achieve nanoparticles with tunable morphology, size, surface charge, and acid-responsive 

behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 

2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry 
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Figure 2. SEC trace of PDLLA290-b-PDGC20 in THF.  Reprinted with permission from “Co-assembly of sugar-based 

amphiphilic block polymers to achieve nanoparticles with tunable morphology, size, surface charge, and acid-responsive 

behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 

2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry.
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The anionic PDLLA290-b-PDGC(COOH)20, was prepared by post-polymerization 

modification of PDLLA290-b-PDGC20 via photo-initiated thiol-yne click reaction with a 

large excess of 3-mercaptopropionic acid (100 molar equivalents relative to alkyne 

groups).  3-Mercaptopropionic acid was selected due to its hydrophilicity and anionic 

character, which is desirable for preventing aggregation in physiological environments.  

In addition, the carboxylic acid groups allowed further polymer modification, which was 

particularly appealing for installation of histamine moieties that are incompatible with 

thiol-yne reactions.  Successful addition of 3-mercaptopropionic acid to PDLLA290-b-

PDGC20 was supported by 1H NMR spectroscopic analysis of the polymer in DMSO-d6, 

noting the appearance of proton resonances at δ 3.09 and 2.70 ppm (Figure 3), and by 

FTIR spectroscopy, with the appearance of peaks characteristic of O-H stretching in the 

carboxylic acid between 3600 and 2300 cm-1 after modification (Figure 4). 

The pH-responsive PDLLA290-b-PDGC(His)20, was prepared by post-

polymerization modification of PDLLA290-b-PDGC(COOH)20 via amidation with an 

excess of histamine (4 molar equivalents relative to carboxylic acid groups) (Scheme 1).  

Histamine was conjugated via amidation with the carboxylic acid groups of PDLLA290-

b-PDGC(COOH)20 since photo-initiated thiol-yne click chemistry was not suitable for 

histamine due to the presence of the radical-sensitive imidazole groups.55-56  Successful 

conjugation of histamine to PDLLA290-b-PDGC(COOH)20 was supported by 1H NMR 

spectroscopic analysis of the polymer in DMSO-d6, noting the appearance of imidazole 

proton resonances at δ 8.06 and 7.40 ppm (Figure 5).  FTIR spectroscopy further 
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revealed the disappearance of O-H stretching in carboxylic acid between 3600 and 2300 

cm-1 after modification (Figure 4).  

 

Scheme 1.  Synthesis and aqueous assembly of acid- (PDLLA290-b-PDGC(COOH)20) 

and histamine-modified (PDLLA290-b-PDGC(His)20) PLA-b-PDGC.  Reprinted with 

permission from “Co-assembly of sugar-based amphiphilic block polymers to achieve 

nanoparticles with tunable morphology, size, surface charge, and acid-responsive 

behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; 

Wooley, K. L., Mater. Chem. Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The 

Royal Society of Chemistry.
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Figure 3.  1H NMR spectrum (500 MHz) of PDLLA290-b-PDGC(COOH)20 in DMSO-d6, with the inset expanding the region 

to show the resonance signals for the aromatic protons of the α-chain end.  Reprinted with permission from “Co-assembly of 

sugar-based amphiphilic block polymers to achieve nanoparticles with tunable morphology, size, surface charge, and acid-

responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. 

Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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Figure 4.  FT-IR spectra of PDLLA290-b-PDGC20, PDLLA290-b-PDGC(COOH)20 and 

PDLLA290-b-PDGC(His)20.  Reprinted with permission from “Co-assembly of sugar-

based amphiphilic block polymers to achieve nanoparticles with tunable morphology, 

size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, 

R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 2 (12), 

2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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Figure 5.  1H NMR spectrum (500 MHz) of PDLLA290-b-PDGC(His)20 in DMSO-d6, with the inset expanding the region to 

show the resonance signals for the aromatic protons of the α-chain end.  Reprinted with permission from “Co-assembly of 

sugar-based amphiphilic block polymers to achieve nanoparticles with tunable morphology, size, surface charge, and acid-

responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. 

Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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To gauge the properties of nanoparticles formed from the acid- and histamine-

modified block polymers, PDLLA290-b-PDGC(COOH)20 and PDLLA290-b-PDGC(His)20 

were first assembled individually in aqueous solution using a nanoprecipitation 

method.23, 29, 43  Briefly, the polymers were dissolved in acetone (500 µL, 2 mg/mL), and 

then added drop-wise to nanopure water (1 mL), followed by stirring in air for 24 h to 

allow for evaporation of acetone.  The final polymer concentration was then adjusted to 

1 mg/mL using nanopure water.  DLS revealed that upon assembly in nanopure water 

(pH = ca. 6), PDLLA290-b-PDGC(COOH)20 formed nanoparticles with hydrodynamic 

diameters (Dh(number)) < 50 nm, while PDLLA290-b-PDGC(His)20 formed micron-sized 

aggregates (Figure 6 and Figure 7).  The differences between the two polymeric particles 

were attributed to the different functional side chains affording varying degrees of 

electrostatic stabilization in nanopure water, with anionic carboxylates on PDLLA290-b-

PDGC(COOH)20 and neutral or cationic imidazoles on PDLLA290-b-PDGC(His)20.  The 

aggregation of the histamine-functionalized polymers into larger particles is attributed to 

the lower hydrophilic character imparted by the imidazole-containing pendant groups 

compared to the carboxylate-containing pendant groups in nanopure water at pH = ca. 6.  

Amphiphilic polymers with less hydrophilic character tend to assemble into larger 

particle sizes to minimize the energetically unfavorable contact of hydrophobic regions 

with water molecules, since larger particles have smaller surface area-to-volume ratios.57  

PDLLA290-b-PDGC(COOH)20 nanoparticles displayed anionic surfaces with zeta 

potentials of ca. -36 mV, whereas electrophoretic light scattering of PDLLA290-b-

PDGC(His)20 aqueous assemblies could only be conducted after centrifugation of large 
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aggregates with the remaining particles displaying neutral surfaces with zeta potentials 

of ca. -1.6 mV in nanopure water (Figure 7 and Figure 8), consistent with the 

aggregation observed for PDLLA290-b-PDGC(His)20 (Figure 7).  Although neither 

PDLLA290-b-PDGC(COOH)20 nor PDLLA290-b-PDGC(His)20 alone was anticipated to 

yield assemblies suitable for cytosolic drug delivery, we hypothesized that blending the 

two polymers would enable the fabrication of co-assemblies with highly tunable particle 

sizes and surface charges to tailor degradable, smart sugar-based nanoparticle drug 

carriers.  



 

20 

 

 

Figure 6.  A) Hydrodynamic diameter and B) polydispersity index of polymer co-

assemblies, measured by DLS, as a function of the weight fraction of PDLLA290-b-

PDGC(His)20 (fhistamine) in nanopure water.  Reprinted with permission from “Co-

assembly of sugar-based amphiphilic block polymers to achieve nanoparticles with 

tunable morphology, size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; 

Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. 

Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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Figure 7.  Dynamic light scattering (DLS) and transmission electron microscopy (TEM) of nanoparticles prepared by co-

assembly of PDLLA290-b-PDGC(COOH)20 and PDLLA290-b-PDGC(His)20 in nanopure water at different PDLLA290-b-

PDGC(His)20 contents, ƒhistamine = (A) 0, (B) 0.25, (C) 0.5, (D) 0.6, (E) 0.65, (F) 0.7, (G) 1.0.  TEM samples were negatively 

stained by 1 wt % phosphotungstic acid aqueous solution.  The scale bars in the TEM images represent 100 nm.  Visible 

precipitates were observed in samples with high ƒhistamine (i.e., E-G).  Reprinted with permission from “Co-assembly of sugar-

based amphiphilic block polymers to achieve nanoparticles with tunable morphology, size, surface charge, and acid-responsive 

behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 

2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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Figure 8.  Zeta potential of the co-assemblies in nanopure water as a function of fhistamine.  

Reprinted with permission from “Co-assembly of sugar-based amphiphilic block 

polymers to achieve nanoparticles with tunable morphology, size, surface charge, and 

acid-responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; 

Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 2 (12), 2230-2238.  Copyright 

2018 The Royal Society of Chemistry. 

 

Co-assemblies of PDLLA290-b-PDGC(COOH)20 and PDLLA290-b-PDGC(His)20 

were fabricated in aqueous solution (1 mg/mL in nanopure water) at predetermined 

weight fractions using a similar nanoprecipitation method as for the single-component 

assemblies,23, 29, 43 affording particles with a variety of sizes and surface compositions.  

As depicted in Figure 7, DLS data revealed unimodal size distributions of all 

nanocarriers, suggesting the incorporation of PDLLA290-b-PDGC(COOH)20 and 
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PDLLA290-b-PDGC(His)20 into the same nanostructures.  The size of the co-assemblies 

increased from Dh(number) = 30 ± 10 nm to Dh(number) = 120 ± 30 nm (Figure 6 and Figure 

7) as the weight fraction of the histamine-modified PDLLA290-b-PDGC(His)20 (fhistamine) 

increased from 0 to 0.6, owing to the decrease in hydrophilic content of the assemblies in 

nanopure water (pH = ca. 6).  Co-assemblies with fhistamine = 0.6 were found to be at a 

threshold composition, above which the particle diameter increased from nanoscale to 

microscale (Figure 6 and Figure 7).  

An initial postulate as to the mechanism of assembly and rationale for the 

variations in particle sizes is based upon several factors.  PDLLA290-b-PDGC(COOH)20 

is more hydrophilic compared to PDLLA290-b-PDGC(His)20 in nanopure water, due to 

the presence of the carboxylate side-chains instead of imidazole side-chains.  The 

increased hydrophilicity is supported by the ability to form stable supramolecular 

assemblies comprised of only PDLLA290-b-PDGC(COOH)20 in water, whereas stable 

co-assemblies could only be formed when the weight fraction of PDLLA290-b-

PDGC(His)20 was maintained at ≤ 60% (fhistamine ≤ 0.60).  With the greater hydrophilicity 

and water solubility for the PDGC(COOH)20 coronal segments, the hydrophilic volume 

fraction is larger in PDLLA290-b-PDGC(COOH)20 assemblies compared to co-

assemblies containing PDLLA290-b-PDGC(His)20.  Furthermore, acid-base attractive 

interactions between the carboxylic acids of the PDGC(COOH)20 segments and the 

histamines of the PDGC(His)20 segments would further reduce the hydrophilic volume 

fraction in the co-assesmblies.  Reduction in hydrophilic volume fraction would change 

the average molecular shape of the polymer chain in aqueous solution, resulting in 
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different morphology of the assemblies in order to minimize the total free energy of the 

system.58-59  TEM images of Figure 7 suggest that assemblies of PDLLA290-b-

PDGC(COOH)20 are primarily micelles, whereas the larger co-assembled particles may 

be vesicular.  Micelle-to-vesicle transformations upon reduction of hydrophilic volume 

fraction is consistent with other polymeric assemblies reported in the literature.60-61 

Polymer co-assembly further allowed fabrication of particles with controllable particle 

surface charge depending on the feed ratio of two sugar-based copolymers.  Particles 

with zeta potentials ranging from ca. -36 to -1.6 mV were formed simply by altering the 

fhistamine (Figure 7 and Figure 8).  When fhistamine ≤ 0.6, the zeta potential of the co-

assemblies remained relatively constant, as the overall particle surfaces were dominated 

by the hydrophilic anionic carboxylates of PDLLA290-b-PDGC(COOH)20.  As fhistamine 

increased, the surface density of the acid groups decreased, yielding a corresponding 

decrease in the magnitude of the negative zeta potential (Figure 7 and Figure 8).  

Interparticle repulsion decreased with the decreasing magnitude of zeta potential, 

consistent with the marked increase in co-assembly diameter at fhistamine > 0.6.   

The histamine moieties within the co-assemblies imparted highly tunable pH-dependent 

charge-switching profiles to the polymeric particles.  While the surface charge of 

PDLLA290-b-PDGC(COOH)20 assemblies remained relatively constant with zeta 

potentials of ca. -35 mV, PDLLA290-b-PDGC(His)20 assemblies underwent a cationic-to-

anionic surface charge transformation (ca. +22 mV to -15 mV) as pH was increased 

from 5 to 8, with an apparent isoelectric point (pH(I)) of ca. 7 (Figure 9 and Figure 10).  

The pH-dependent charge transformation of PDLLA290-b-PDGC(His)20 was in 
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agreement with the reported pKa of the imidazole conjugate acid (pKa = 6.95).52  

Interestingly, the apparent isoelectric point of PDLLA290-b-PDGC(His)20 was ca. 7, 

where PDLLA290-b-PDGC(His)20 was expected to be partially positive due to 

protonation of ca. 50% of the imidazoles at pH 7.  The neutralization may result from 

the surface charge balance between protonated PDLLA290-b-PDGC(His)20 and adsorbed 

anionic hydroxyl ions on the surface of the assemblies.  Since oxygen atoms of water 

molecules preferentially orient toward the hydrophobic particle surface,62,63 hydrogen 

atoms of the interfacial-adsorbed water molecules can facilitate adsorption of anionic 

hydroxyl ions (from self-ionization of water), leading to negative surface zeta potentials 

for hydrophobic polymeric particles.62-63    
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Figure 9.  pH-Responsive properties of acid- and histamine-modified, sugar-based block 

copolymers and their co-assemblies: A) pH-Dependent zeta potential of nanoparticles 

comprised of PDLLA290-b-PDGC(COOH)20, PDLLA290-b-PDGC(His)20, and co-

assemblies (fhistamine = 0.6) in MOPS buffer (20 mM); B) acid-induced charge reversal of 

PDLLA290-b-PDGC(COOH)20 and PLA290-b-PDGC(His)20 co-assemblies.  Reprinted 

with permission from “Co-assembly of sugar-based amphiphilic block polymers to 

achieve nanoparticles with tunable morphology, size, surface charge, and acid-

responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; 

Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 2 (12), 2230-2238.  Copyright 

2018 The Royal Society of Chemistry. 



 

27 

 

 

Figure 10.  Zeta potential characterization of the nanoparticles in nanopure water prepared 

by co-assembly of PDLLA290-b-PDGC(COOH)20 and PDLLA290-b-PDGC(His)20 with 

ƒhistamine = (A) 0, (B) 0.25, (C) 0.5, (D) 0.6, (E) 0.65, (F) 0.7, and (G) 1.  Zeta potential 

Lorentzian peak (upper) and top view of frequency distribution (lower) as a function of 

position across the cell during the electrophoretic light scattering measurement.  Reprinted 

with permission from “Co-assembly of sugar-based amphiphilic block polymers to 

achieve nanoparticles with tunable morphology, size, surface charge, and acid-responsive 

behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; 

Wooley, K. L., Mater. Chem. Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal 

Society of Chemistry. 
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Polymeric co-assemblies exhibited different pH-dependent charge-switching 

profiles compared to particles comprised only of PDLLA290-b-PDGC(COOH)20 or 

PDLLA290-b-PDGC(His)20.  Aqueous co-assemblies with fhistamine from 0.6–0.7 

underwent anionic-to-cationic surface charge transformations as the solution pH was 

decreased from 7.4 to 5.5, (Figure 9 and Figure 11).  The pH-dependent zeta potential 

change upon acidification was more pronounced for polymer co-assemblies (fhistamine = 

0.6, ca. +55 mV) compared to PDLLA290-b-PDGC(His)20 assemblies (ca. +35 mV) 

(Figure 9 and Figure 10).  In addition, polymer co-assemblies (fhistamine = 0.6) underwent 

charge-reversal within a narrower pH range of 1.3 (i.e., from pH 5.5 to 6.8), compared to 

the wider pH range of 2 (from pH 6 to 8) required for the transformation of PDLLA290-

b-PDGC(His)20 assemblies.  Additionally, the isoelectric point of the polymer co-

assemblies (fhistamine = 0.6) was lower (pH(I) = ca. 6) than that of the PDLLA290-b-

PDGC(His)20 assemblies (pH(I) = ca. 7).  The tunability of the pH-responsive properties 

by this co-assembly procedure was further demonstrated in co-assemblies with varying 

fhistamine.  Co-assemblies with higher fhistamine exhibited less pronounced charge 

transformations compared to co-assemblies with lower fhistamine, with surface 

compositions dominated by the carboxylates of the PDLLA290-b-PDGC(COOH)20 at pH 

7.4.  Therefore, the overall surface charge of the co-assemblies could be modulated both 

by pH and by the relative ratio of carboxylate and imidazole functionalities in the 

nanostructures (Figure 9 and Figure 11).   
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Figure 11.  Zeta potential characterization of the nanoparticles prepared by self-

assembly of (A) PDLLA290-b-PDGC(COOH)20 and (B) PDLLA290-b-PDGC(His)20 in 

MOPS buffer (20 mM) as a function of pH.  Zeta potential Lorentzian peak (upper) and 

frequency distribution as a function of position across the cell during the electrophoretic 

light scattering measurement (lower).  Reprinted with permission from “Co-assembly of 

sugar-based amphiphilic block polymers to achieve nanoparticles with tunable 

morphology, size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; Su, L.; 

Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 

2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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In addition to tuning particle size and pH-dependent surface charge, co-assembly 

altered the morphology of the polymeric nanoparticles as a function of pH and 

composition.  PDLLA290-b-PDGC(COOH)20 aqueous assemblies remained relatively 

constant in size (Figure 12 and Figure 13), whereas PDLLA290-b-PDGC(His)20 

assemblies decreased in size and the co-assemblies (fhistamine = 0.6) increased in size with 

decreasing pH (Figure 12, Figure 13, and Figure 14).  At pH = 5.5, a majority of the 

imidazole groups were protonated and PDLLA290-b-PDGC(His)20 assemblies exhibited 

cationic surfaces, imparting hydrophilicity and affording colloidally-stable nano-sized 

assemblies.  The imidazole groups of PDLLA290-b-PDGC(His)20 were deprotonated at 

pH = 7.4, increasing the hydrophobic character and, consequently, the diameter of the 

assemblies, which eventually aggregated into micron-sized precipitates.   
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Figure 12.  Hydrodynamic diameter of assemblies comprised of PDLLA290-b-

PDGC(COOH)20, PDLLA290-b-PDGC(His)20, and co-assemblies (fhistamine = 0.6) in 

MOPS buffer (20 mM) at pH = 5.5 and 7.4.  Reprinted with permission from “Co-

assembly of sugar-based amphiphilic block polymers to achieve nanoparticles with 

tunable morphology, size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; 

Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. 

Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry.   
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Figure 13.  DLS and TEM of nanoparticles prepared by self-assembly of PDLLA290-b-PDGC(COOH)20 and PDLLA290-b-

PDGC(His)20 in MOPS buffer (20 mM) at pH 5.5 and 7.4.  TEM samples were negatively stained by 1 wt % phosphotungstic 

acid aqueous solution.  The scale bars in the TEM images represent 500 nm.  PDLLA290-b-PDGC(His)20 precipitated during 

assembly at pH 7.4.  Reprinted with permission from “Co-assembly of sugar-based amphiphilic block polymers to achieve 

nanoparticles with tunable morphology, size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; 

Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The 

Royal Society of Chemistry. 
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Figure 14.  Morphological characterization of co-assemblies (fhistamine = 0.6) at pH 7.4 

and pH 5.5 using DLS and TEM.  TEM samples were negatively stained by 1 wt % 

phosphotungstic acid aqueous solution.  Reprinted with permission from “Co-assembly 

of sugar-based amphiphilic block polymers to achieve nanoparticles with tunable 

morphology, size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; Su, L.; 

Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. Front. 

2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 

 

In contrast, co-assemblies (fhistamine = 0.6) exhibited acid-triggered swelling 

behavior.  We speculated that, at pH 7.4, unprotonated imidazole groups were primarily 

localized within the hydrophobic core, whereas the acid groups dominated the surface of 
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the particles.  With decreasing pH and imidazole protonation, the hydrophilicity of the 

protonated imidazole groups resulted in swelling of the co-assemblies.  Interestingly, 

PDLLA290-b-PDGC(COOH)20 formed different morphologies when assembled in 

nanopure water vs. MOPS buffer (pH 7.4).  The PDLLA290-b-PDGC(COOH)20 formed 

micelles ca. 30 nm in diameter in nanopure water but formed vesicles ca. 90 nm in 

diameter in MOPS buffer (pH 7.4, Figure 7 and Figure 13).  The difference may arise 

from charge shielding by the buffer ions, reducing the electrostatic repulsion between 

carboxylates, thereby reducing the hydrophilic volume fraction and giving rise to 

different morphologies compared to those formed in nanopure water.  Such results 

suggested the potential tunability in morphology by altering the salt composition of the 

aqueous solution. 

Despite the successful charge-switching ability of the imidazole-containing pH-

responsive PDLLA290-b-PDGC(His)20, the micron-size self-assemblies (Figure 13) at 

physiological pH of 7.4 would reduce the circulation time and diminish the EPR effect.  

It was, therefore, imperative to reduce particle size while maintaining the charge-

switching capability of the imidazole-containing polymer.  TEM images of co-

assemblies (fhistamine = 0.6) at pH 7.4 showed vesicular structures with average diameters 

of 121 ± 35 nm (Figure 14), in good agreement with the DLS results (Dh(number) = 120 ± 

30 nm).  These multicomponent polymeric co-assemblies (fhistamine = 0.6) are well poised 

for cytosolic delivery, being within the optimal size range (20–200 nm) to minimize 

renal clearance, reduce reticuloendothelial clearance, and affording passive accumulation in 

tumor tissue by the EPR effect.  The co-assemblies displayed carboxylate-dominated anionic 
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surfaces (with zeta potentials of ca. -34 mV) at pH 7.4 and underwent charge-reversal to 

imidazole-dominated cationic surfaces (ca. +15 mV) at endolysosomal pH (5.5) (Figure 9).  

During the charge-reversal process, the hydrophobic-to-hydrophilic transformation 

associated with the protonation of imidazole moities swelled the polymeric co-

assemblies, as shown in the increase in Dh(number) from 120 nm to 350 nm with decreasing 

pH (Figure 14).  TEM images of co-assemblies (fhistamine = 0.6) also indicated swelling in 

acidic environments, by an increase in particle diameter from 121 ± 35 nm at pH 7.4 to 

197 ± 77 nm at pH 5.5.  This acid-induced swelling was further associated with a 

broadening of the size distribution and the observation of non-spherical morphologies, as 

evidenced by discrepancy between DLS and TEM size measurements at endolysosomal 

pH.  In conjunction with the endosomal escape capabilities expected from these co-

assemblies, the acid-triggered swelling is expected to facilitate cytosolic delivery of 

therapeutics.7, 10, 15, 54, 64 

 

2.3. Experimental Section 

2.3.1. Materials 

DL-Lactide was purchased from TCI America (Portland, OR) and purified by 

recrystallization from ethyl acetate.  1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was 

used as received from TCI America (Portland, OR).  Hydroxybenzotriazole (HOBt) and 

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HBTU) 

were used as received from Chem-Impex International, Inc. (Wood Dale, IL).  

Dichloromethane (DCM) and N,N-dimethyl formamide (DMF) were dried using a 

https://www.sciencedirect.com/topics/chemistry/dichloromethane
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solvent purification system (J. C. Meyer Solvent Systems, Inc., Laguna Beach, CA).  

Hydrochloric acid (HCl, 36.5–38.0 wt%) was purchased from Thermo-Fisher Scientific.  

Nanopure water (18.2 MΩ∙cm) was obtained from a Milli-Q water filtration system 

(Millipore Corp, USA).  The alkyne-substituted glucose carbonate monomer, methyl-2-

O-ethyloxycarbonyl-3-O-propargyloxycarbonyl-4,6-O-carbonyl-α-D-glucopyranoside  

(GC(EPC)), was synthesized according to a previously published procedure.50  3-(N-

Morpholino)propanesulfonic acid (MOPS) was acquired from Sigma-Aldrich (St. Louis, 

MO).  MOPS buffers were prepared according to the Cold Spring Harbor protocols.  

Briefly, MOPS (4.19 g), sodium acetate (410 mg), and disodium 

ethylenediaminetetraacetate dihydrate (Na2EDTA·2H2O, 372 mg) were dissolved in 

nanopure water (1 L), and the pH was adjusted using sodium hydroxide and 

hydrochloric acid solutions.  All other chemicals were purchased from Sigma-Aldrich 

(St. Louis, MO) and used without further purification unless otherwise noted.  

Spectra/Por dialysis membranes (MWCO 12–14 kDa) were purchased from Spectrum 

Laboratories, Inc. (Rancho Dominguez, CA). 

 

2.3.2. Instrumentation  

1H NMR and 13C NMR spectra were recorded on a Varian 500 spectrometer 

(Varian, Inc., Palo Alto, CA) interfaced to a UNIX computer using VNMR-J software.  

All NMR experiments were performed at ambient temperature.  Chemical shifts were 

referenced to the solvent residual signals.  All 1H NMR chemical shifts are reported in 

parts per million (ppm) downfield of tetramethylsilane and relative to the signals for 

https://www.sciencedirect.com/topics/chemistry/solvent
https://www.sciencedirect.com/topics/chemistry/meyer-alkylation
https://www.sciencedirect.com/topics/chemistry/glucose
https://www.sciencedirect.com/topics/chemistry/carbonate
https://www.sciencedirect.com/topics/chemistry/monomer
https://www.sciencedirect.com/topics/chemistry/dialysis
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residual CHCl3 (7.26 ppm).  All 13C NMR spectra are reported in ppm relative to CDCl3 

(77.23 ppm) and were obtained with 1H decoupling. 

Fourier transform infrared (FTIR) spectra were recorded on an IR Prestige 21 

system equipped with a diamond attenuated total reflection (ATR) lens (Shimadzu Corp., 

Japan) and analyzed using IRsolution v. 1.40 software. 

Size exclusion chromatography (SEC) eluting with tetrahydrofuran (THF) was 

performed on a Waters Chromatography, Inc. (Milford, MA) system equipped with an 

isocratic pump (model 1515), a differential refractometer (model 2414), and column set 

comprised of a PLgel 5 μm guard column (50 × 7.5 mm), a PLgel 5 μm Mixed C column 

(300 × 7.5 mm, Agilent Technologies) and two Styragel® columns (500 Å and 104 Å, 300 

× 7.5 mm, Waters Chromatography, Inc.).  The system was operated at 40 °C with a flow 

rate of 1 mL/min.  Data were analyzed using Breeze software from Waters 

Chromatography, Inc. (Milford, MA).  Molar masses were determined relative to 

polystyrene standards (580–3,250,000 Da) purchased from Polymer Laboratories, Inc. 

(Amherst, MA).  Polymer solutions were prepared at a concentration of ca. 3 mg/mL with 

0.05 vol% toluene as the flow rate marker; an injection volume of 200 μL was used. 

Thermogravimetric analysis (TGA) was performed under Ar atmosphere using a 

Mettler-Toledo TGA2/1100/464, with a heating rate of 10 °C/min, from 25 to 500 °C.  

Data were analyzed using Mettler-Toledo STARe v. 15.00a software. 

Glass transition (Tg) and melting (Tm) temperatures were measured by differential 

scanning calorimetry (DSC) on a Mettler-Toledo DSC3/700/1190 (Mettler-Toledo, Inc., 

Columbus, OH) under N2(g).  The Tg was taken as the midpoint of the inflection tangent of 

https://www.sciencedirect.com/topics/chemistry/tetrahydrofuran
https://www.sciencedirect.com/topics/chemistry/chromatography
https://www.sciencedirect.com/topics/materials-science/polystyrene
https://www.sciencedirect.com/topics/chemistry/polymer
https://www.sciencedirect.com/topics/chemistry/toluene
https://www.sciencedirect.com/topics/chemistry/thermogravimetric-analysis
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the second heating scan.  The Tm was taken as the maximum of the endothermic peak of 

the second heating scan.  Measurements were performed with a heating rate of 10 °C/min 

and the data were analyzed using Mettler-Toledo STARe v. 15.00a software.   

Dynamic light scattering (DLS) measurements were conducted using a Delsa Nano 

C instrument (Beckman Coulter, Inc., Fullerton, CA) equipped with a laser diode 

operating at 658 nm.  Scattered light was detected at 165° and analyzed using a log 

correlator over 70 accumulations for a 0.5 mL of sample in a glass size cell (capacity = 

0.9 mL).  The photomultiplier aperture and attenuator were adjusted automatically to 

obtain a photon count rate of ca. 10 kcps.  The particle size distribution and distribution 

averages were calculated using CONTIN particle size distribution analysis routines in 

Delsa Nano 2.31 software.  The average diameter of the particles is reported as the 

intensity-, volume- and number-average particle diameter from 70 accumulations.  All 

measurements were repeated 10 times. 

The zeta potentials of the nanoparticles were determined by a Delsa Nano C 

particle analyzer (Beckman Coulter Inc., Fullerton, CA) equipped with a 30 mW dual laser 

diode at 658 nm.  The zeta potential of the particles in suspension was obtained by 

measuring the electrophoretic mobility of the charged particles.  Scattered light was 

detected at a 30° angle at 25 °C.  The zeta potential was measured at five regions in the 

flow cell and a weighted mean was calculated.  These five measurements were used to 

correct for electroosmotic flow induced in the cell due to the surface charge of the cell 

wall.  The zeta potential is reported as the average and standard deviation of three 

measurements. 
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Transmission electron microscopy (TEM) images were collected on a JEOL 

1200EX operated at 100 kV, and micrographs were recorded using a SIA-15C CCD 

camera.  Samples for TEM were prepared as follows: 20 μL of aqueous polymer solution 

(0.5 mg/mL) was deposited onto a carbon-coated copper grid, and after 1 min, excess 

solution was quickly wicked away by a piece of filter paper.  The samples were then 

negatively stained with a 1 wt% phosphotungstic acid (PTA) aqueous solution (20 µL).  

After 30 s, excess stain solution was quickly wicked away by a piece of filter paper and 

the samples were left to dry under ambient conditions prior to imaging. 

 

2.3.3. Synthesis  

2.3.3.1. Synthesis of PDLLA290-b-PDGC20  

A solution of DL-lactide (1.00 g, 6.94 mmol) and 4-methylbenzyl alcohol (0.10 

mL, 24 mg/mL in DCM, 2.4 mg, 0.020 mmol) was prepared in anhydrous DCM (1.00 

mL) and transferred to a vial equipped with a stir bar and a rubber septum in an argon-

filled glovebox.  The vial was then removed from the glovebox and connected via a 

needle inlet to a Schlenk line.  A solution of TBD in DCM (0.10 mL, 14 mg/mL, 0.010 

mmol) was injected quickly into the vial of DL-lactide at −78 °C (acetone-dry ice bath).  

After stirring for 2 min, a solution of GC(EPC) (200 mg, 0.54 mmol) in DCM (1.00 mL) 

was added via syringe to the reaction mixture.  The reaction was stirred for an additional 

6 min at −78 °C and then quenched by addition of excess acetic acid.  Precipitation from 

DCM into methanol three times and drying under vacuum yielded PDLLA290-b-PDGC20 

as a white powder (952 mg, 79% yield).  1H NMR (500 MHz, CDCl3, ppm):  δ 7.20 and 

https://www.sciencedirect.com/topics/chemistry/glovebox-technique
https://www.sciencedirect.com/topics/chemistry/acetic-acid
https://www.sciencedirect.com/topics/chemistry/methanol
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7.17 (ABq, J = 8 Hz), 5.36 (dd, J = 10, 10 Hz), 5.11–5.24 (m), 5.03 (d, J = 5 Hz), 4.89 

(dd, J = 10, 10 Hz), 4.79–4.68 (m), 4.28 (s), 4.20 (dq, J = 8, 3 Hz), 4.01 (m), 3.42 (s), 

2.59 (t, J = 3 Hz), 2.35 (s), 1.62–1.53 (m), 1.30 (t, J = 7 Hz).  13C NMR (126 MHz, 

CDCl3, ppm):  δ 169.7, 154.1, 153.7, 153.6, 129.4, 128.5, 96.5, 77.3, 77.0, 76.3, 74.2, 

73.6, 69.3, 69.1, 66.7, 65.8, 64.9, 56.0, 55.9, 16.8, 16.7, 14.2.  FTIR:  3270, 2990, 2970, 

1750, 1455, 1375, 1255, 1090, 1025, 905, 870, 750 cm−1.  SEC (THF):  Mn = 42.6 kDa, 

Đ = 1.10.  TGA in Ar:  316–379 °C, 95% mass loss.  Tg = 60 °C. 

 

2.3.3.2. Synthesis of PDLLA290-b-PDGC(COOH)20  

A solution of PDLLA290-b-PDGC20 (600 mg, 0.21 mmol alkyne), 3-

mercaptopropionic acid (2255 mg, 21 mmol), and 2,2-dimethoxy-2-phenylacetophenone 

(DMPA, 53.8 mg, 0.21 mmol) was prepared in anhydrous DMF (50 mL), deoxygenated 

under N2(g) for 30 min, and irradiated under UV light (365 nm) for 2 h.  The reaction 

mixture was precipitated into diethyl ether twice and dissolved in DMF.  The resulting 

copolymer solution was transferred to dialysis tubing (MWCO 6-8 kDa) and dialyzed 

against nanopure water at 4 °C for 3 d to remove DMF, excess thiol and photo-initiator.  

The solution was then lyophilized to give the anionic polymer as a white powder (620 

mg, 93% yield).  1H NMR (500 MHz, DMSO-d6, ppm):  δ 7.20 and 7.17 (ABq, J = 8 

Hz), 5.32 (br), 5.20–5.08 (m), 4.98 (br), 4.85 (br), 4.77 (br), 4.32 (br), 4.19 (br), 4.11 

(br), 3.31 (br), 3.09 (br), 2.70 (br), 2.48 (br), 1.43 (m), 1.18 (br).  13C NMR (126 MHz, 

DMSO-d6, ppm):  δ 172.9, 169.1, 153.8, 153.4, 153.2, 95.6, 68.9, 68.6, 66.3, 64.5, 62.9, 

54.9, 43.8, 34.8, 34.6, 33.6, 27.3, 25.9, 16.4, 13.9.  FTIR: 3670-3090, 2995, 2940, 2850, 
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1750, 1665, 1455, 1380, 1265, 1185, 1130, 1090, 1050, 920, 865, 760 cm−1.  TGA in Ar:  

240–290 °C, 17% mass loss; 290–323 °C, 69% mass loss.  Tg = 60 °C, 106 °C. 

 

2.3.3.3. Synthesis of PDLLA290-b-PDGC(His)20  

A solution of PDLLA290-b-PDGC(COOH)20 (326 mg, 0.22 mmol acid), HOBt 

(44 mg, 0.33 mmol), and HBTU (130 mg, 0.34 mmol) was prepared in dimethyl 

sulfoxide (DMSO, 2.50 mL) and stirred at ambient temperature for 0.5 h.  Histamine (97 

mg, 0.87 mmol) and N,N-diisopropylethylamine (DIPEA, 42 mg, 0.33 mmol) were 

dissolved in DMSO (0.50 mL), then added to the reaction mixture and stirred for 24 h.  

The solution was transferred to dialysis tubing (MWCO 6-8 kDa) and dialyzed against 

nanopure water at 4 °C for 3 d to remove excess histamine and coupling agents.  The 

solution was then lyophilized to give the histamine-modified polymer, PDLLA290-b-

PDGC(His)20, as a white powder (281 mg, 80% yield).  1H NMR (500 MHz, DMSO-d6, 

ppm):  δ 8.06 (br), 7.40 (br), 7.20 and 7.17 (ABq, J = 8 Hz), 5.33 (br), 5.20–5.08 (m), 

4.99 (br), 4.86 (br), 4.78 (br), 4.34 (br), 4.19 (br), 4.11 (br), 3.99 (br), 3.31 (br), 3.08 

(br), 2.77 (br), 2.72 (br), 2.48 (br), 2.32 (br), 1.44 (m), 1.19 (br).  13C NMR (126 MHz, 

DMSO-d6, ppm):  δ 173.0, 169.2, 153.8, 153.5, 153.3, 134.6, 259.0, 68.9, 68.7, 64.5, 

54.9, 43.8, 35.8, 34.6, 33.5, 27.9, 26.0, 16.5, 13.9.  FTIR:  3670-3090, 2995, 2940, 2850, 

1750, 1665, 1455, 1380, 1265, 1185, 1130, 1090, 1050, 920, 865, 760 cm−1.  TGA in Ar:  

240–290 °C, 17% mass loss; 290–323 °C, 69% mass loss.  Tg = 58 °C. 
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Figure 15.  13C NMR spectrum (126 MHz) of PDLLA290-b-PDGC20 in CDCl3.  Reprinted with permission from “Co-assembly 

of sugar-based amphiphilic block polymers to achieve nanoparticles with tunable morphology, size, surface charge, and acid-

responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. 

Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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Figure 16.  TGA traces of PDLLA290-b-PDGC20, PDLLA290-b-PDGC(COOH)20, and PDLLA290-b-PDGC(His)20.  Reprinted 

with permission from “Co-assembly of sugar-based amphiphilic block polymers to achieve nanoparticles with tunable 

morphology, size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; 

Dong, M.; Wooley, K. L., Mater. Chem. Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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Figure 17.  DSC curves for PDLLA290-b-PDGC20, PDLLA290-b-PDGC(COOH)20, and 

PDLLA290-b-PDGC(His)20.  Glass transitions (Tg) are labeled on the thermograms.  

Arrows indicate the direction of temperature ramping.  Reprinted with permission from 

“Co-assembly of sugar-based amphiphilic block polymers to achieve nanoparticles with 

tunable morphology, size, surface charge, and acid-responsive behavior” by Lin, Y.-N.; 

Su, L.; Smolen, J.; Li, R.; Song, Y.; Wang, H.; Dong, M.; Wooley, K. L., Mater. Chem. 

Front. 2018, 2 (12), 2230-2238.  Copyright 2018 The Royal Society of Chemistry. 
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2.3.4. Procedures 

2.3.4.1. General procedure for co-assembly  

PDLLA290-b-PDGC(COOH)20 and PDLLA290-b-PDGC(His)20 were assembled in 

aqueous solution at predetermined weight ratios using a nanoprecipitation method.23, 29, 

43  Briefly, the polymers (1 mg) were dissolved in acetone (500 µL), and then added 

drop-wise to aqueous solution (1 mL, nanopure water or MOPS buffer), followed by 

stirring in air for 24 h to allow evaporation of acetone.  The final polymer concentration 

was adjusted to 1 mg/mL using nanopure water.  The polymer assemblies were 

characterized in solution by dynamic light scattering (DLS) and zeta potential 

measurements, and in the dry state by transmission electron microscopy (TEM).  

 

2.3.4.2. Evaluation of the pH-responsive behavior of the co-assemblies 

Block copolymers (2 mg) were first dissolved in acetone (1 mL) with a 

predetermined polymer weight ratio, and then added drop-wise to nanopure water (2 

mL) followed by stirring in air for 24 h.  The polymer co-assemblies were transferred to 

dialysis tubing (MWCO 6-8 kDa) and dialyzed against 1x MOPS buffer (pH = 5.5 or 

7.4) for 12 h, and the resulting structures were characterized by DLS, zeta potential 

measurements, and TEM. 
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2.4. Conclusions 

In summary, polymer co-assembly has been shown to be a versatile approach to 

coincidentally tune the size, shape and surface charge of nanoscopic supramolecular 

assemblies in water, to optimize the stimuli-responsive properties of nanostructures.  

Sequential ring opening polymerizations of lactide and an alkynyl-bearing glucose-

carbonate monomer afforded reactive block polymers that were conveniently 

transformed into amphiphilic derivatives having carboxylic acid or histamine side chain 

groups.  Assembly and co-assembly of these block polymers yielded nanoparticles with 

highly tunable size, zeta potential, and pH-responsive behaviors, while bypassing tedious 

and time-consuming synthesis.  The tailorability derived from co-assembly enables the 

facile optimization of nanomaterials for different biomedical applications.  This work 

represents a fundamental advance in the design and preparation of glucose-derived acid-

responsive amphiphilic block polymeric materials, with potential for these constructs to 

be useful in a broad range of drug delivery applications.  For instance, it is anticipated 

that the acid-induced swelling of the assemblies will facilitate acid-triggered drug release 

in endolysosomal environments (pH 4.5–6.5).  Ongoing studies are determining the 

fundamental behaviors of these co-assembled polymer mixtures in vitro, with an aim to 

pursue practical strategies for their utilization in biomedical applications. 
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3. ERYTHROCYTE MEMBRANE-CAMOUFLAGED NANOCARRIERS WITH TUNABLE 

PACLITAXEL RELEASE KINETICS VIA MACROMOLECULAR 

STEREOCOMPLEXATION¥ 

 

3.1. Introduction 

Cell-membrane-camouflaged polymeric nanocarriers (MCNs) combine advantages 

related to the functional diversity of natural cell membranes and the physicochemical tailorability 

of synthetic polymers.65-68  Many studies have focused on utilizing diverse cell-derived 

membranes to functionalize nanocarrier surfaces, leading to biomimetic nanocarriers with 

different surface properties toward various applications, including drug 

delivery,69 vaccination,70 toxin neutralization,71-73 anti-inflammatory agents,74 photothermal 

therapy,75 and cancer immunotherapy.76-78 Erythrocyte (red blood cell, RBC)-membrane-

camouflaged nanoparticles (RBC-MCNs) have been shown to decrease protein adsorption, 

reduce immune response, and prolong blood circulation times, compared to uncloaked 

nanoparticle counterparts.65, 79  

Controlling cargo release kinetics is essential for the optimization of MCNs toward 

various applications. Tuning cargo release kinetics is particularly crucial for drug delivery to 

maintain optimal drug concentration duration, reduce side-effects, and improve therapeutic 

efficacy.1  Altering core compositions of the nanocarrier can influence drug release kinetics, 3-4, 

80 yet many tailor-made materials have unknown toxicity profiles in humans, increasing the 

 

¥ Reprinted (adapted) with permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable 

Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, 

F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. 

Copyright 2020 American Chemical Society.  
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uncertainty for clinical translation of the resulting MCNs. Expanding control over the drug 

release kinetics for MCNs using biocompatible materials is, therefore, desirable. 

Non-covalent polylactide (PLA) stereocomplex interactions can provide a versatile 

strategy to tune the drug release kinetics, while the surface chemistry is also important in the 

overall characteristics and performance of MCNs as drug delivery devices. PLA homopolymer, a 

biocompatible and biodegradable aliphatic polyester, has been FDA-approved as a medical 

implant material for anchors, screws, plates, pins, rods, and meshes. 81-82 Physical blending of 

isotactic and enantiomeric poly(d-lactide) (PDLA) and poly(l-lactide) (PLLA) forms regular 

stereocomplexes with increased crystallinity, leading to higher melting transition temperatures 

and greater mechanical strength, compared to the isotactic counterparts.83-85  PLA crystalline 

domains are analogous to non-covalent cross-linking within a polymer matrix. Core cross-linked 

polymer nanoconstructs reduce drug release rates by hindering drug diffusion.86-87  Tuning drug 

release kinetics with PLA stereocomplexation has been reported in PEG–PLA platforms for 

drugs, such as doxorubicin,88 camptothecin,89 and rifampin.90-91  However, with replacement of 

PEG by a RBC-membrane-based coating material, MCNs outperformed PEGylated counterparts 

in recent literature, with double blood circulation half-life.65, 79  MCNs also offer diverse 

biointerfaces by employing different biological membrane components, beyond those found on 

RBCs, to exhibit affinities to various biological targets that range from toxins,71 to damaged 

vasculature,92 to cancer cells,75 and to microbes.92  In contrast, installing such a variety of 

biomimetic moieties onto a PEGylated surface could be a costly and labor-intensive process. 

Furthermore, PEGylated nanoparticles (NPs) can elicit an immune response, leading to 

accelerated blood clearance with repeated administrations.93-94  The present study combines these 

two concepts and provides a facile fabrication method for MCNs with tunable drug release 
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kinetics via internal macromolecular stereostructure using biocompatible amorphous, crystalline, 

and stereocomplexed PLA materials and external surface chemistry derived from RBC 

membranes (Scheme 2).   
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Scheme 2.  Design of the RBC membrane-camouflaged nanocarriers with tunable drug release kinetics.  Reprinted with permission 

from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular 

Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; 

Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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3.2. Results and Discussions 

Isotactic PDLA, PLLA, and atactic PDLLA were synthesized via organocatalyzed ring-

opening polymerizations (ROP) of cyclic lactide (d-lactide, l-lactide, and dl-lactide, respectively) 

at −78 °C in dichloromethane (DCM) with 4-methylbenzyl alcohol as the initiator and 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD) as the organocatalyst. The structures of PLAs were 

confirmed by 1H NMR (Figure 18), 13C NMR (Figure 19, Figure 20, and Figure 21), and FT-IR 

(Figure 22) spectroscopies, and the thermal properties were evaluated by thermogravimetric 

analysis (TGA, Figure 23). Size exclusion chromatography (SEC) indicated a monomodal molar 

mass distribution with low dispersity (Đ < 1.1) of each polymer, demonstrating the well-defined 

structures (Figure 24). The number-averaged molar mass (Mn) of the polymers and degrees of 

polymerization (DPn) were calculated from the 1H NMR spectra (Figure 18), acquired after 

isolation of the polymer samples by precipitation. For each, comparison of the integral of the 

methyl protons originating from the initiator at 2.35 ppm with that of methyl groups from the 

repeating units at 1.58 ppm allowed for calculation of the DPn, which was then converted to a 

value of Mn by multiplying the molar mass of the repeat unit (144 Da) by the DPn and adding the 

molar mass of the chain ends. The resulting polymers showed comparable Mn (8.4 kDa for 

PDLA, 8.2 kDa for PLLA, and 8.9 kDa for PDLLA), thus minimizing the effects of molar mass 

variations in the study. 
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Figure 18.  1H NMR spectra (500 MHz) of PDLLA, PLLA, PDLA (descending order) in CDCl3, with the inset expanding the region 

to show the resonance signals for the aromatic protons of the α-chain end.  Reprinted with permission from “Erythrocyte-Membrane-

Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; 

Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 

2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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Figure 19.  13C NMR spectrum (126 MHz, CDCl3) of PDLLA.  Reprinted with permission from “Erythrocyte-Membrane-

Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; 

Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 

2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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Figure 20.  13C NMR spectrum (126 MHz, CDCl3) of PLLA.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged 

Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, 

S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. 

Copyright 2020 American Chemical Society. 
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Figure 21.  13C NMR spectrum (126 MHz, CDCl3) of PDLA.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged 

Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, 

S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. 

Copyright 2020 American Chemical Society. 
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Figure 22.  FTIR spectra of lyophilized PDLLA, PLLA, PDLA, and stereocomplex PLA nanoconstructs (descending order).  The 

highlight of the expanding region shows the characteristic band of the PLA stereocomplex (β crystals) at 908 cm-1.95  Reprinted 

(adapted) with permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via 

Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; 

Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 



 

57 

 

  

Figure 23.  TGA traces of PDLLA, PLLA, and PDLA.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged 

Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, 

S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. 

Copyright 2020 American Chemical Society. 
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Figure 24.  SEC traces of PDLLA, PDLA, and PLLA (descending order) in THF.  Reprinted with permission from “Erythrocyte-

Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-

N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 

2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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A series of PLA NPs with varying degrees of stereocomplexation was fabricated through 

a nanoprecipitation strategy. Briefly, a PLA solution with a predetermined enantiomeric ratio of 

PDLA vs PLLA vs PDLLA in THF (1 mg/mL) was added dropwise (6 mL/h) into nanopure 

water under stirring (300 rpm) via a syringe pump. The 100% stereocomplexed PLA (scPLA) 

NPs contained a 1:1 mass ratio of PDLA and PLLA, whereas 50% stereocomplexed PLA 

(50%scPLA) NPs contained a 1:1:2 mass ratio of PDLA:PLLA:PDLLA (Table 1). NPs 

containing neat crystalline PDLA or PLLA and amorphous PDLLA were also prepared. 

Similarly, the same procedure was conducted for each of the five polymer stereostructure 

formulations, with PTX (at 5 and 10 wt %) added to the THF solution prior to nanoprecipitation 

into water. It is noteworthy that the rather low initial THF-to-water volume ratio (1:10) and the 

fast stirring rate ensured the formation of well-defined nanoscale stereocomplexes.96  The final 

polymer concentration was subsequently adjusted to 0.5 mg/mL with nitrogen-flow-promoted 

evaporation. The resulting PLA NPs were similar in size regardless of the core stereostructures, 

with the number-average hydrodynamic diameter (Dh(number)) ranging from 70 to 90 nm for the 

neat polymer samples (Figure 25), and slightly larger sizes with PTX loading (vide infra). 
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Figure 25.  Hydrodynamic diameters of PLA assemblies prepared in nanopure water at different PLLA:PDLA:PDLLA mass ratios – 

scPLA NPs (1:1:0), 50%scPLA NPs (1:1:2), PDLA NPs (0:1:0), PLLA NPs (1:0:0), and PDLLA NPs (0:0:1).  Reprinted with 

permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular 

Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; 

Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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Table 1.  Theoretical compositions of different nanoconstructs (in the mass ratio) via co-assembly of PLLA, PDLA, and PDLLA with 

or without PTX.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel 

Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, 

R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 

 

Samples 

PTX      (mass 

ratio) 

PLLA    (mass 

ratio) 

PDLA   (mass 

ratio) 

PDLLA (mass 

ratio) 

scPLA  
0.00% 50.00% 50.00% 0.00% 

50%scPLA  
0.00% 25.00% 25.00% 50.00% 

PDLA 
0.00% 0.00% 100.00% 0.00% 

PLLA 
0.00% 100.00% 0.00% 0.00% 

PDLLA 
0.00% 0.00% 0.00% 100.00% 

10% PTX-scPLA  
10.00% 45.00% 45.00% 0.00% 

10% PTX-50%scPLA  
10.00% 22.50% 22.50% 45.00% 

10% PTX-PDLA 
10.00% 0.00% 90.00% 0.00% 

10% PTX-PLLA 
10.00% 90.00% 0.00% 0.00% 

10% PTX-PDLLA 
10.00% 0.00% 0.00% 90.00% 

5% PTX-scPLA  
5.00% 47.50% 47.50% 0.00% 

5% PTX-50%scPLA  
5.00% 23.75% 23.75% 47.50% 

5% PTX-PDLA 
5.00% 0.00% 95.00% 0.00% 

5% PTX-PLLA 
5.00% 95.00% 0.00% 0.00% 

5% PTX-PDLLA 
5.00% 0.00% 0.00% 95.00% 
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  The nature of the PLA as stereocomplexed, crystalline, and/or amorphous structures was 

confirmed by wide-angle powder X-ray diffraction (WAXD) and Fourier transform infrared (FT-

IR) analyses of the lyophilized PLA NPs as a function of the PLA stereochemistries employed 

during the nanoprecipitation process (Figure 26 and Figure 22).  As depicted in Figure 26, atactic 

PDLLA assemblies did not exhibit distinct diffraction patterns, indicating no significant 

crystalline domains, as expected for an amorphous structure. Isotactic PDLA and PLLA NPs 

showed identical diffraction patterns (2θ = 15, 17, 19, and 22.5°), revealing similar crystal 

packing within the polymer matrix. Stereocomplexed PLA co-assemblies showed differences in 

X-ray diffraction patterns (2θ = 12, 21, and 24°) compared to those of the isotactic NPs, 

suggesting changes in crystal structures and formation of PLA stereocomplex equilateral-

triangle-shaped crystals.97-99  PLA stereocomplex formation was further evidenced by FT-IR, 

with the appearance of the characteristic peak at 908 cm–1 (Figure 22).95 

Colloidal stability upon drug (paclitaxel, PTX) loading was further investigated in both 

nanopure water and phosphate-buffered saline (PBS, pH 7.4), since the additional 

hydrophobicity introduced by PTX could have resulted in secondary aggregation or precipitation. 

Upon loading hydrophobic PTX (5 wt %, 67–86% loading efficiency as measured by HPLC, 

Table 1), colloidally stable (>1 week) PTX-loaded PLA NPs were obtained with dry-state 

average diameters (Dav) ranging from 63 to 69 nm, as measured by transmission electron 

microscopy (TEM), and Dh(number) of 110–130 nm, according to DLS, independent of the PLA 

stereochemistry (Figure 25). However, PTX-loaded bare PLA NPs immediately precipitated in 

PBS (Figure 26c), and bare PLA NPs were known to be extensively endocytosed by monocytes 

in plasma,100 suggesting bare PLA NPs alone cannot serve as drug nanocarriers. 
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Figure 26.  Wide-angle X-ray diffraction of the lyophilized PTX-loaded and empty PLA NPs, 

indicating partial retention of stereocomplexation upon PTX loading.  From top to bottom:  10 

wt% PTX-loaded scPLA, 5 wt% PTX-loaded scPLA, scPLA, PDLA, PLLA, PDLLA NPs.  The 

dashed rectangle encloses XRD peaks that are associated with the PLA stereocomplex crystalline 

domains.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers 

with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-

N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, 

L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical 

Society. 
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Table 2.  PTX loading efficiency and loading capacities of PLA NPs.  a Mass of PTX loaded within polymer nanoparticles (measured 

by HPLC) vs.  mass of PTX added to the mixture.  b Mass of PTX loaded within polymer nanoparticles (measured by HPLC) vs.  mass 

of PTX-loaded polymer nanoparticles.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers with 

Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; 

Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 

American Chemical Society. 

Polymer 

composition  

[Polymer] (mg 

/ mL) 

[PTX] Physically loaded 

(theoretical)  (µg / mL) 

[PTX] Physically loaded 

(experimental) (µg / mL) 

aPhysical loading 

efficiency 

bLoading 

capacity 

scPLA 0.5 56.28 46.66 82.92% 8.44% 

50%scPLA 0.5 56.28 46.44 82.51% 8.40% 

PDLA 0.5 56.28 46.55 82.72% 8.42% 

PLLA 0.5 56.28 45.37 80.62% 8.22% 

PDLLA 0.5 56.28 45.90 81.57% 8.31% 

scPLA 0.5 26.31 17.77 67.54% 3.43% 

50%scPLA 0.5 26.31 21.13 80.33% 4.06% 

PDLA 0.5 26.31 22.55 85.70% 4.32% 

PLLA 0.5 26.31 17.75 67.46% 3.43% 

PDLLA 0.5 26.31 20.76 78.89% 3.99% 
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Figure 27.  Schematic representation of the PTX-loaded RBC-MCNs formation.  DLS and TEM 

of PTX-loaded nanoconstructs prepared in nanopure water at different PLLA:PDLA:PDLLA 

mass ratio, (a) scPLA NPs (1:1:0), (c) 50%scPLA NPs (1:1:2), (e) PDLA NPs (0:1:0), (g) PLLA 

NPs (1:0:0), and (i) PDLLA NPs (0:0:1).  PTX-loaded RBC-MCNs with (b) scPLA NPs, (d) 

50%scPLA NPs, (f) PDLA NPs, (h) PLLA NPs, and (j).  PDLLA NPs.  TEM samples were 

negatively stained by 2% uranyl acetate aqueous solution.  The scale bars in the TEM images 

represent 200 nm.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged 

Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” 

by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; 

Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 

American Chemical Society. 
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The crystalline properties of the PTX-loaded PLA NPs were subsequent evaluated by 

WAXD and DSC, since loading hydrophobic drug could potentially disrupt non-covalent 

intermolecular interactions within the polymer matrix, specifically crystallinity and 

stereocomplexation crystallinity. As depicted in Figure 26, upon loading PTX in scPLA NPs, the 

X-ray diffraction analyses revealed the co-existence of the stereocomplex-associated diffraction 

patterns and the non-stereocomplex-associated diffraction pattern, regardless of PTX loading 

amount (5 or 10 wt %). This observation indicated partial stereocomplex disruption, resulting in 

heterogeneous stereocomplex and isotactic PLA crystalline domains in the polymer matrix. DSC 

analyses of the lyophilized PLA nanoconstructs further supported partial stereocomplex retention 

upon PTX loading (Figure 28). Since thermal history can be introduced during heating–cooling 

processes (Figure 29), only the first heating cycle of the DSC traces, which contained relevant 

information associated with polymer packings of the as-prepared nanoconstructs, was analyzed 

to decipher the effect of PTX loading on the PLA polymer packing. The atactic PDLLA NPs 

exhibited a glass transition temperature (Tg) at 56 °C with no melting transition (Tm), as expected 

for an amorphous material. Isotactic PDLA and PLLA NPs displayed Tm transitions at 167 and 

164 °C, respectively, whereas 100% stereocomplex PLA NPs exhibited a single Tm at 232 °C, 

which was 65–68 °C higher than the Tm of PDLA or PLLA NPs, suggesting the formation of a 

stereocomplex interaction.98, 101  The PLA stereocomplex melting transition was retained upon 

PTX loading (5 and 10 wt %). Upon further analyses of the 135–175 °C regions of the PTX-

loaded scPLA thermograms, two small melting transitions were observed corresponding to the 

isotactic PLLA and PDLA crystalline regions (Figure 28a), indicating the slight interference of 

the well-defined equilateral-triangle-shaped crystal. However, qualitatively, the melting 
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transition enthalpies of PLA NPs underwent minimal reduction upon hydrophobic PTX loading, 

suggesting significant crystallinity retention (Figure 28b). 

 

Figure 28.  Thermal analysis of the lyophilized PTX-loaded and empty PLA NPs indicated the 

retention of stereocomplexation upon PTX loading.  From top to bottom:  10 wt% PTX-loaded 

scPLA, 5 wt% PTX-loaded scPLA, scPLA, PDLA, PLLA, and PDLLA NPs.  Traces were taken 

from the first heating cycle.  a) PLA stereocomplex melting transition is highlighted.  The dashed 

rectangle encloses an enlarged view of the non-stereocomplex isotactic PLA melting transition.  

b) Comparison of the enthalpies (ΔH) of PLAs melting transitions with or without 5 wt% PTX 

loading.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers 

with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-

N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, 

L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical 

Society. 
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Figure 29.  Thermal analysis of the lyophilized PDLA (black) and PLLA (red) NPs.  From top to 

bottom:  PDLA (1st heating cycle), PDLA (2nd heating cycle), PLLA (1st heating cycle), and 

PLLA (2nd heating cycle). Reprinted with permission from “Erythrocyte-Membrane-

Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular 

Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, 

R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. 

Copyright 2020 American Chemical Society. 

 

To improve solution stability and provide biomimetic surface moieties, RBC membrane 

vesicles were used to coat PTX-loaded PLA NPs and afford RBC-MCNs with different core 

tacticities, using reported protocols (Figure 30, Figure 27, Figure 31, and Figure 32).92, 102  

Briefly, PLA NPs (1 mg) and RBC membrane vesicles (derived from 150 μL of human blood) 

were mixed and sonicated for 10 min in a capped glass vial using a VWR 75T bath sonicator, 

followed by stirring at 4 °C for 1 h.79, 103 The resulting PTX-loaded RBC-MCNs 

showed Dav values of 75–78 nm (as measured by TEM) and Dh(number) values of 130–140 nm (as 

measured by DLS, Figure 27).  The increase in diameter (ca. 10 nm) indicated the successful 
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coating of two layers of RBC membrane with each layer thickness of 5 nm (Figure 30a and 

30b).104 The zeta potential was changed from ca. −40 mV to ca. −10 mV after RBC membrane 

coating, owing to the difference in surface charge density between PLA NPs and RBC 

membrane vesicles (Figure 31). Colloidal stability provided additional evidence for successful 

PTX-loaded RBC-MCN fabrication. In contrast to the behavior of PTX-loaded PLA NPs, which 

readily formed precipitates in PBS (pH 7.4) within a few minutes, PTX-loaded RBC-MCNs 

remained colloidally stable for a prolonged period (>1 week) at 4 °C (Figure 30c). 
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Figure 30.  RBC membrane coating of the scPLA NPs was verified by a) DLS, b) TEM 

(samples negatively stained by 2% uranyl acetate with an average diameter (n = 50), c) colloidal 

stability in PBS (pH = 7.4) at 4 ⁰C with * indicating precipitation.  Reprinted with permission 

from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel Release 

Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; 

Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS 

Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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Figure 31.  Zeta potential measurements for PTX-loaded PLAs NPs with or without RBC 

membrane coatings.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged 

Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” 

by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; 

Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 

American Chemical Society. 
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Figure 32.  SDS-PAGE electrophoresis of RBC-MCNs and RBC membrane-derived vesicles.  

Identical protein bands in all lanes indicated minimal protein degradation during the RBC 

coating process.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged 

Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” 

by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; 

Letteri, R. A.; Su, L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 

American Chemical Society. 
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The structure–property relationships of PTX-loaded RBC-MCNs were evaluated by drug 

release profiles (Figure 33). An array of PTX-loaded RBC-MCNs was fabricated, and PTX 

release was monitored in PBS (pH 7.4) at 37 °C using HPLC. Since bare PTX-loaded PLA NPs 

precipitated immediately in PBS (Figure 30c), only RBC-MCNs were examined in the release 

study. The PTX-loaded RBC-MCNs showed sustained PTX release, with 100% stereocomplexed 

PLA RBC-MCNs exhibiting the least PTX release during the first 12 h, compared to 2-, 3-, and 

4-fold higher amounts of release for the 50% stereocomplexed, isotactic, and amorphous PLA 

counterparts, respectively (Figure 33). After 8 days, RBC-MCNs with scPLA, 50%scPLA, 

PLLA, PDLA, and amorphous PLA cores released 27, 40, 54, 57, and 69% of the loaded PTX, 

respectively. These data demonstrate that the drug release kinetics of RBC-MCNs were 

successfully controlled by altering the core stereostructure of the MCNs. The densely packed 

PLA chains within the stereocomplexed core domains limited PTX diffusion and release; 

therefore, RBC-scPLA exhibited 10-fold (IC50 = 0.50 μM) lower cytotoxicity in human 

osteosarcoma cells (SJSA-1) compared to free PTX (IC50 = 0.05 μM). The faster release of PTX 

from the amorphous cores of PTX-loaded RBC-PDLLA resulted in only a 5-fold reduction in 

cytotoxicity (IC50 = 0.25 μM) relative to the free small molecule drug (Figure 34). The sustained 

PTX release over prolonged periods could help maintain a persistent drug concentration in tumor 

tissues and improve therapeutic efficacy.1 As a control, empty RBC-MCNs did not show 

significant cytotoxicity after incubation with SJSA-1 osteosarcoma cells for 72 h at a NP 

concentration range of 0.17–167 μg/mL (Figure 35). 
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Figure 33.  Release of PTX from PTX-loaded RBC-MCNs (5 wt %) studied by a dialysis 

method over 8 days at 37 °C in PBS buffers (pH 7.4), measured in triplicates.  Reprinted with 

permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel 

Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, 

S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; Wooley, K. L., ACS 

Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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Figure 34.  Cytotoxicity of PTX, PTX-loaded RBC-PDLLA, and PTX-loaded RBC-scPLA in 

SJSA-1 cell line for 72 h.  (a) Cell viability as a function of PTX concentration and (b) half 

maximal inhibitory concentration (IC50) values obtained from the data plotted in (a).  Cell 

viabilities are reported as an average of three measurements, and error bars represent standard 

deviation.  Reprinted with permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers 

with Tunable Paclitaxel Release Kinetics via Macromolecular Stereocomplexation” by Lin, Y.-

N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, 

L.; Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical 

Society. 
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Figure 35.  RBC-MCNs cytotoxicity in SJSA-1 cell line with polymer concentrations ranging from 0.17–167 μg / mL for 72 h.  Cell 

viabilities are reported as an average of three measurements, and error bars represent standard deviation.  Reprinted with permission from 

“Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular 

Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; 

Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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The immunotoxicities of the RBC-MCNs were investigated by cytokine expression 

levels, which can demonstrate the ability of biomaterials to interact with the immune system, 

either in vitro or in vivo.105-106  No significant overexpression of any of the tested 23 cytokines 

was observed for the PDLLA and scPLA NPs. On the contrary, the human-derived RBC 

membrane vesicles induced acute immunotoxic reactions in the RAW 264.7 mouse macrophage 

cell line, possibly due to foreign antigen recognition, as indicated by the significant 

overexpression (p = 0.03) of the G-CSF, IL-10, RANTES, and TNF-α (out of the 23 measured 

cytokines). Interestingly, acute immunotoxic responses against foreign membrane-associated 

antigens were reduced after coating the membrane onto the PLA NPs (Figure 36), potentially via 

altering the interaction of antigens with the surrounding biomolecules and receptors;107 further 

study will be conducted to elucidate this phenomenon. 
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Figure 36.  Immunotoxicity assay of RBC-MCNs.  The expression of the mouse cytokines, interleukin (IL)-1, IL-1β, IL-2, IL-3, IL-

4, IL-5, IL-6, IL-9, IL-10, IL-12 (P40), IL-12 (P70), IL-13, IL-17, eotaxin, granulocyte-colony-stimulating factor (G-CSF), 

granulocyte macrophage-colony-stimulating factor (GM-CSF), interferon- (IFN-), keratinocyte-derived chemokine (KC), monocyte 

chemotactic protein (MCP)-1, macrophage inflammatory protein (MIP)-1, MIP-1β, regulated upon activation normal T-cell 

expressed, and presumably secreted (RANTES) and tumor necrosis factor-α (TNF-α), following the treatment of RAW 264.7 cells 

with media (control), RBC membrane vesicles, PLAs and RBC-MCNs tested at a concentration of 5 μg/mL for 24h.  Reprinted with 

permission from “Erythrocyte-Membrane-Camouflaged Nanocarriers with Tunable Paclitaxel Release Kinetics via Macromolecular 

Stereocomplexation” by Lin, Y.-N.; Elsabahy, M.; Khan, S.; Zhang, F.; Song, Y.; Dong, M.; Li, R.; Smolen, J.; Letteri, R. A.; Su, L.; 

Wooley, K. L., ACS Mater. Lett. 2020, 2, 595-601. Copyright 2020 American Chemical Society. 
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3.3. Experimental Section 

3.3.1. Materials 

DL-Lactide, D-lactide, and L-lactide were purified by recrystallization from ethyl acetate.  

1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was purchased from TCI chemicals.  

Paclitaxel (PTX) was purchased from BIOTANG, Inc. (Lexington, MA).  Dichloromethane 

(DCM) was dried using a solvent purification system from J. C. Meyer Solvent Systems, Inc. 

(Laguna Beach, CA).  Nanopure water (18.2 MΩ cm) was acquired from a Milli-Q water filtration 

system (Millipore Corp, USA).  Human whole blood was obtained from the Gulf Coast Regional 

Blood Center (Houston, TX).  10x PBS was purchased from MilliporeSigma (Burlington, MA).  

SDS-PAGE molecular weight standard (broad range), precast Mini-PROTEAN® TGXTM gels, and 

10x Tris/Glycine/SDS buffer were purchased from Bio-Rad Laboratories, Inc. (Hercules, CA).  

Other chemicals and reagents were used as received from Sigma-Aldrich, Co. (St. Louis, MO) 

unless otherwise noted.  Pur-A-LyzerTM dialysis tubing (6 kDa molecular weight cut-off 

(MWCO)) were purchased from Sigma-Aldrich (St. Louis, MO).  Dulbecco's Modified Eagle's 

Medium (DMEM) was obtained from the American Type Culture Collection (Manassas, VA), 

with media additives (10% fetal bovine serum, 1% penicillin/streptomycin) were purchased from 

Sigma-Aldrich (St. Louis, MO).  Osteosarcoma cells (SJSA-1) were provided by Dr. Hughes at 

MD Anderson Medical Center.  The 96-well round-bottom cell culture plates were purchased from 

Corning Costar Co. (Corning, NY).      
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3.3.2. Instrumentation  

1H NMR and 13C NMR spectra were recorded on a Varian 500 spectrometer (Varian, Inc., 

Palo Alto, CA) interfaced with a UNIX computer using VNMR-J software.  All NMR experiments 

were performed at ambient temperature.  Chemical shifts were referenced to the solvent residual 

signals.  All 1H NMR chemical shifts are reported in parts per million (ppm) downfield of 

tetramethylsilane and relative to the signals for residual CHCl3 (7.26 ppm).  All 13C NMR spectra 

are reported in ppm relative to CDCl3 (77.23 ppm) and were obtained with 1H decoupling. 

Fourier transform infrared (FTIR) spectra were recorded on an IR Prestige 21 system 

equipped with a diamond attenuated total reflection (ATR) lens (Shimadzu Corp., Japan) and 

analyzed using IRsolution v. 1.40 software. 

Size exclusion chromatography (SEC) eluting with tetrahydrofuran (THF) was performed 

on a Waters Chromatography, Inc. (Milford, MA) system equipped with an isocratic pump (model 

1515), a differential refractometer (model 2414), and a column set comprised of a PLgel 5 μm 

guard column (50 × 7.5 mm), a PLgel 5 μm Mixed C column (300 × 7.5 mm, Agilent 

Technologies) and two Styragel® columns (500 Å and 104 Å, 300 × 7.5 mm, Waters 

Chromatography, Inc.).  The system was operated at 40 °C with a flow rate of 1 mL/min.  Data 

were analyzed using Breeze software from Waters Chromatography, Inc. (Milford, MA).  Molar 

masses were determined relative to polystyrene standards (580–3,250,000 Da) purchased from 

Polymer Laboratories, Inc. (Amherst, MA).  Polymer solutions were prepared at a concentration 

of ca. 3 mg/mL with 0.05 vol% toluene as the flow rate marker; an injection volume of 200 μL 

was used. 

Wide-angle X-ray diffraction (WAXD) was performed on a Bruker D8® Bragg-Brentano 

X-ray powder diffractometer, equipped with a 1 kW Cu tube source (1.54 Å), using an operating 

https://www.sciencedirect.com/topics/chemistry/tetrahydrofuran
https://www.sciencedirect.com/topics/chemistry/chromatography
https://www.sciencedirect.com/topics/materials-science/polystyrene
https://www.sciencedirect.com/topics/chemistry/polymer
https://www.sciencedirect.com/topics/chemistry/toluene
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voltage of 40 kV and a current of 25 mA.  The X-ray optics were set to standard Bragg-Brentano 

para-focusing mode, with X-rays focusing on the sample from an incident beam divergence-

limiting slit (1 mm) and then converging onto a position-sensitive X-ray detector (Lynx-Eye, 

Bruker-AXS).  The sample (ca. 10 mg) was placed in the holder of a two-circle goniometer (d = 

218 mm) in a radiation safety enclosure, and standard powder θ-2θ diffraction scans were 

performed at room temperature.  Data collection was automated using the COMMANDER 

program and analyzed with EVA software (Bruker). 

Thermogravimetric analysis (TGA) was performed under the Ar atmosphere using a 

Mettler-Toledo TGA2/1100/464 (Mettler-Toledo, Inc., Columbus, OH), with a heating rate of 10 

°C/min, from 25 to 500 °C.  Data were analyzed using Mettler-Toledo STARe v. 15.00a software. 

Glass transition temperature (Tg) and melting temperature (Tm) were measured by 

differential scanning calorimetry (DSC) on a Mettler-Toledo DSC3/700/1190 (Mettler-Toledo, 

Inc., Columbus, OH) under N2(g).  The Tg was taken as the midpoint of the inflection tangent from 

the second heating scan.  The Tm was taken as the maximum of the endothermic peak from the first 

and second heating scan.  Enthalpies of melting transition (ΔH) were calculated using the area 

under the melting endotherm.  Measurements were performed with a heating rate of 10 °C/min, 

and the data were analyzed using Mettler-Toledo STARe v.  15.00a software.   

Dynamic light scattering (DLS) measurements were conducted using a Zetasizer Nano ZS 

instrument (Malvern Panalytical Inc., Westborough, MA) equipped with a laser diode operating at 

632.8 nm.  The scattered light was detected at 175° and analyzed using a log correlator for a 0.5 

mL sample in a disposable cell (capacity = 0.9 mL).  The photomultiplier aperture and attenuator 

were adjusted automatically.  The particle size distribution and distribution averages were 

calculated using particle size analysis routines in Zetasizer 7.13 software.  The measurement 

https://www.sciencedirect.com/topics/chemistry/thermogravimetric-analysis
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duration and number of accumulations were adjusted automatically.  The average diameter of the 

particles was reported as the intensity-, volume-, and number-average hydrodynamic diameter 

from three measurements.   

The zeta potentials of the nanoparticles were determined by electrophoretic light scattering 

using a Zetasizer Nano ZS instrument (Malvern Panalytical Inc., Westborough, MA) equipped 

with a laser diode operating at 632.8 nm.  The zeta potential of the particles in suspension was 

obtained by measuring the electrophoretic mobility of the charged particles.  Scattered light was 

detected at a 12.8° angle at 25 °C.  The zeta potential is reported as the average and standard 

deviation of three measurements. 

Transmission electron microscopy (TEM) images were collected on a JEOL 1200EX 

operated at 100 kV, and micrographs were recorded using a SIA-15C CCD camera.  Samples for 

TEM were prepared as follows:  aqueous polymer solution (20 μL, 0.5 mg/mL) was deposited onto 

a carbon-coated copper grid, and after 1 min, excess solution was quickly wicked away by a piece 

of filter paper.  The samples were then negatively stained with a 2% uranyl acetate aqueous 

solution (20 µL).  After 30 s, the excess staining solution was quickly wicked away by a piece of 

filter paper, and the samples were left to dry under ambient conditions before imaging. 

PTX concentrations were determined by high-performance liquid chromatography (HPLC) 

on a Shimadzu Prominence system equipped with a SPD-20AV prominence UV-Vis detector set 

to 228 nm and a Waters X Bridge C8 column (4.6 × 150 mm, 5 µM, 100 Å) eluting in 60% 

acetonitrile and 40% aqueous solution (0.1% trifluoroacetic acid) in isocratic mode.  The flow rate 

was set to 1 mL/min with a run time of 10 min, and the column temperature was set to 40 °C.  The 

HPLC method employed an external calibration of PTX.   
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3.3.3. Synthesis 

3.3.3.1. Synthetic procedure for polylactides  

A solution of DL-lactide (301.5 mg, 2.081 mmol) and 4-methylbenzyl alcohol (3.6 mg, 

0.030 mmol) was prepared in anhydrous DCM (4.0 mL) and transferred to a vial equipped with a 

stir bar and a rubber septum in an argon-filled glovebox.  The vial was then removed from the 

glovebox and connected to a Schlenk line.  A solution of TBD in DCM (0.1 mL, 10.0 mg/mL, 

0.007 mmol) was injected quickly into the vial of lactide solution at −78 °C.  After stirring for 2 

min, the reaction was quenched by adding excess acetic acid.  Precipitation from DCM into 

methanol three times, and drying under vacuum yielded a white powder, poly(DL-lactide).  Poly(D-

lactide) and poly(L-lactide) were synthesized using cyclic D-lactide and L-lactide, respectively.  

Poly(DL-lactide) (PDLLA) (268.3 mg, 87%).  1H NMR (500 MHz, CDCl3, ppm):  δ 7.21 and 7.16 

(ABq, J = 8 Hz), 5.25-5.11 (m), 2.35 (s), 1.58 (d, J = 8 Hz).  13C NMR (126 MHz, CDCl3, ppm):  

δ 169.73, 169.68, 169.53, 169.47, 169.26, 138.56, 132.24, 129.43, 128.54, 69.33, 69.15, 67.34, 

66.86, 21.36, 20.68, 16.90, 16.80.  FTIR:  3000-2900, 1751, 1452, 1381, 1362, 1182, 1128, 1086, 

1045, 957, 868, 754 cm−1.  Tg = 53 °C.  TGA in Ar:  328–360 °C, 96% mass loss.  Mn NMR = 8.9 

kDa.  Mn SEC = 19.2 kDa.  Đ = 1.07.  Poly(L-lactide) (PLLA) (272.4 mg, 80%).  1H NMR (500 

MHz, CDCl3, ppm):  δ 7.21 and 7.16 (ABq, J = 8 Hz), 5.16 (q, J = 8 Hz), 2.35 (s), 1.58 (d, J = 8 

Hz).  13C NMR (126 MHz, CDCl3, ppm):  δ 169.73, 138.56, 132.19, 129.42, 128.54, 69.14, 67.34, 

66.84, 21.35, 20.67, 16.88, 16.79.  FTIR: 3000-2900, 1749, 1452, 1383, 1358, 1180, 1126, 1084, 

1043, 957, 870, 752 cm−1.  Tg = 53 °C, Tm = 158 and 163 °C.  TGA in Ar: 326–359 °C, 95% mass 

loss.  Mn NMR = 8.2 kDa.  Mn SEC = 20.6 kDa.  Đ = 1.09.  Poly(D-lactide) (PDLA) (263.7 mg, 83%).  

1H NMR (500 MHz, CDCl3, ppm):  δ 7.21 and 7.16 (ABq, J = 8 Hz), 5.16 (q, J = 8 Hz), 2.35 (s), 

1.58 (d, J = 8 Hz).  13C NMR (126 MHz, CDCl3, ppm):  δ 169.73, 138.56, 132.20, 129.42, 128.53, 
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69.15, 67.34, 66.85, 21.35, 20.67, 16.89, 16.79.  FTIR:  3000-2900, 1751, 1452, 1383, 1360, 1180, 

1126, 1084, 1045, 955, 870, 754 cm−1.  Tg = 52 °C, Tm = 160 and 164 °C.  TGA in Ar: 326–359 

°C, 96% mass loss.  Mn NMR = 8.4 kDa.  Mn SEC = 21.4 kDa.  Đ = 1.08.   

 

3.3.4. Procedures 

3.3.4.1. General fabrication procedure for PLA NPs with different stereostructures 

Polylactide (PLA, 0.9 mg) was dissolved in THF (0.9 mL), followed by addition to water 

(9 mL) at the rate of 6 mL/h using a syringe pump while stirring.  The organic solvent was removed 

by nitrogen flow-promoted evaporation, and the final PLA assemblies were concentrated to 0.5 

mg/mL.  The stereostructures of the PLA nanoconstructs were controlled by altering the mass ratio 

of PLLA, PDLA, and PDLLA during nanoprecipitation (co)assembly, according to Table 1. 

 

3.3.4.2. General fabrication procedure for PTX-loaded PLA NPs with different 

stereostructures  

PLAs (0.9 mg) and PTX (10 µL or 4.7 µL, 10 mg/mL in THF) were dissolved in THF (0.9 

mL), followed by addition to water (9 mL) at the rate of 6 mL/h using a syringe pump while 

stirring.  The organic solvent was removed by nitrogen flow-promoted evaporation, and the final 

PLA was concentrated to 0.5 mg/mL.  PTX concentrations were determined by HPLC equipped 

with a UV-Vis detector set to 228 nm.  The stereostructures of the PLA nanoconstructs were 

controlled by altering the mass ratio of PLLA, PDLA, and PDLLA during nanoprecipitation 

(co)assembly, according to Table 1. 
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3.3.4.3. Preparation of erythrocyte (red blood cell, RBC) membrane-camouflaged 

nanocarriers (RBC-MCNs)  

RBC membrane vesicles were prepared following reported protocols.65, 103  RBCs were 

collected from human blood by centrifuging the whole blood at 2000 x g for 10 min, following 

which the supernatant and buffy coat were removed.  The collected RBCs were then subject to 

hypotonic treatment to remove interior contents.  The resulting RBC ghosts were extruded through 

400 nm polycarbonate porous membranes (11x), then through 100 nm polycarbonate porous 

membranes (11x) using a hand extruder (Avanti Polar Lipids) to generate RBC membrane vesicles.  

RBC membrane coating of the polymeric nanoparticle was achieved using reported protocols,79, 

102 with one milligram of polymer NPs mixing with RBC membrane vesicles derived from 150 µL 

of blood.4  PLA NP solutions (0.5 mg/mL, 1 mL) and RBC membrane vesicle solutions (deriving 

from 75 µL of blood) were mixed and sonicated for 10 min in a capped glass vial using a VWR 

75T bath sonicator, followed by stirring at 4 °C for 1 h.  The resulting RBC-MCN assemblies were 

characterized by electrophoretic light scattering, DLS, and TEM. 

 

3.3.4.4. Sample preparation for DSC and WAXD analysis  

PTX-loaded PLA NP solutions (0.5 mg/mL PLA concentration) were lyophilized to obtain 

white powders, which were analyzed by DSC and WAXD, as described in the instrumentation 

section.  
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3.3.4.5. Colloidal stability investigation of PTX-loaded PLA NPs and RBC-MCNs  

PBS (0.1 mL, 10x) was mixed with 0.9 mL of PTX-loaded PLA NPs and RBC-MCNs (0.5 

mg/mL PLA concentration).  The hydrodynamic sizes of the assemblies were monitored at 

different time intervals using DLS.   

 

3.3.4.6. Protein characterization using SDS-PAGE 

RBC membrane vesicles, PLA NPs, and RBC-MCNs were mixed with Laemmli sample 

buffer (2x, Bio-Rad) with 200 mM dithiothreitol (DTT).  The samples were then run on a Mini-

PROTEAN® TGXTM 10-well precast protein gel in Tris/Glycine/SDS running buffer (Bio-Rad) 

using the Mini-PROTEAN Tetra System (Bio-Rad).  The samples were run at 50 V for 30 min, 

followed by 100 V for 1 h, and the resulting polyacrylamide gel was stained in Coomassie® Violet 

R 150 (Fiuka Chemie AG) overnight for visualization. 

 

3.3.4.7. In vitro drug release studies of the PTX-loaded RBC-MCNs 

PTX-loaded RBC-MCN solutions (3 mL, 0.5 mg/mL PLA concentration, 5% wt PTX) 

were transferred into a presoaked dialysis tubing (Pur-A-LyzerTM, 6 kDa MWCO).  The dialysis 

tubing was stirred in 2.5 L PBS (pH 7.4, 37 °C).  Aliquots (100 µL) of the PTX-loaded RBC-MCN 

solutions were taken at pre-determined times and analyzed by HPLC.  The release profiles of the 

PTX-loaded RBC-MCNs were obtained by monitoring PTX concentration decrease over time.  

The release study was conducted in triplicate. 
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3.3.4.8. Cytotoxicity of RBC-MCNs  

Osteosarcoma cells SJSA-1 (5 x 103 cells/well) were plated in 96-well plates in DMEM 

medium (10% fetal bovine serum, and 1% penicillin/streptomycin).  Cells were incubated at 37 C 

in a humidified atmosphere containing 5% CO2 for 24 h.  The culture medium was replaced with 

serial dilutions of the RBC-MCNs or PTX-loaded RBC-MCNs (100 µL) in fresh medium (final 

concentrations ranged from 0.17–167 μg/ mL).  The cells were incubated with the formulations for 

72 h.  Then the medium was replaced with 100 μL of the fresh medium before the addition of 20 

μL MTS combined reagent to each well (Cell Titer 96® Aqueous Non-Radioactive Cell 

Proliferation Assay, Promega Co., Madison, WI).  The cells were incubated with the reagent for 2 

h at 37 C in a humidified atmosphere containing 5% CO2 and were protected from light.  

Absorbance was measured at 490 nm using a SpectraMax M5 spectrometer (Molecular Devices 

Co., Sunnyvale, CA).  The cell viability was calculated based on the relative absorbance to the 

control untreated cells.  The 0% and 100% cell viabilities were considered as the control medium 

(no cells) and cells with no treatment, respectively.   

 

3.3.4.9. Immunotoxicity of RBC-MCNs  

Immunotoxicity was evaluated by incubating RAW 264.7 mouse macrophages with the 

various formulations at 5 µg/mL for 24 h, followed by measuring the expression levels of 23 

cytokines using a previously established multiplexing assay.34  RAW 264.7 (2 × 104 cells/well) 

mouse macrophages were plated in a 96-well plate in Dulbecco’s Modified Eagle Medium 

(DMEM) (10% fetal bovine serum and 1% penicillin/streptomycin) and incubated at 37 ºC and 

5% CO2 for 24 h.  The medium was then replaced with the fresh medium 1 h prior to the addition 

of 20 µL of each of the samples.  After a 24 h incubation, the supernatants were collected and 
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centrifuged for 10 min at 13000 rpm.  Serial dilutions of cytokine standards (Bio-Rad Laboratories, 

Inc., Hercules, CA) were prepared in the cell-culture medium to generate a calibration curve with 

which to determine cytokine concentration.  The cytokine standard and cells treated with culture 

medium (control, 50 µL) and nanoparticles (50 µL) were incubated with antibody-conjugated 

magnetic bead solution (50 µL) for 30 min in the dark.  After washing, the detection antibody 

solution (50 µL) was added to the wells and incubated in the dark for 30 min under continuous 

shaking (300 rpm).  After washing, streptavidin-phycoerythrin solution (50 µL) was added to each 

well and incubated while protected from light for 10 min under continuous shaking (300 rpm).  

Finally, after several cycles of washing, re-suspension in the assay buffer and shaking, the 

expression of the mouse cytokines, interleukin (IL)-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, 

IL-10, IL-12 (P40), IL-12 (P70), IL-13, IL-17, eotaxin, granulocyte-colony-stimulating factor (G-

CSF), granulocyte macrophage-colony stimulating factor (GM-CSF), interferon-γ (IFN-γ), 

keratinocyte-derived chemokine (KC), monocyte chemotactic protein (MCP)-1, macrophage 

inflammatory protein (MIP)-1α, MIP-1β, regulated upon activation normal T-cell expressed and 

presumably secreted (RANTES) and tumor necrosis factor-α (TNF-α) were measured immediately 

using a Bioplex 200 system, equipped with high-throughput fluidics (HTF) and a Pro II Wash 

station, and the data were analyzed using Bioplex Data Pro software.  Cytokine expression was 

reported relative to that by cells in the culture medium.  Values are presented as means ± SD of at 

least three independent experiments.  Significant differences between the two groups were 

evaluated by Mann-Whitney or between more than two groups by Kruskal-Wallis test.  Differences 

between different groups were considered significant for p values less than 0.05.
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3.4. Conclusions 

To conclude, we demonstrated a facile fabrication of RBC-MCNs with tunable 

PTX release kinetics via controlling the macromolecular stereostructure. Isotactic and 

atactic PLAs of similar molar masses (Mn = 8.2–8.9 kDa) and dispersities (<1.1) were 

synthesized via organocatalyzed ROPs. PLA assemblies, with varying polymer tacticity, 

had comparable hydrodynamic diameters. Significant PLA stereocomplex retention upon 

loading PTX was evidenced by WAXD and DSC experiments. The PTX release kinetics 

from the RBC-MCNs was successfully tuned by changing PLA stereochemistry, with a 

higher degree of stereocomplexation corresponding to slower PTX release. RBC-MCNs 

were not cytotoxic and displayed lower immunotoxic responses compared to the RBC 

membrane vesicles. This strategy can be adapted to encapsulate other cargos, such as 

different chemotherapeutics, radiosensitizers, and growth factors. Although the 

cytotoxicity against cancer cells was diminished by packaging the drug within the 

nanoparticle framework, the extended release profile may be attractive for in vivo 

efficacy. Therefore, this work represents fundamental advances toward a potential 

personalized nanocarrier technology that would be capable of employing an individual’s 

RBCs for membrane isolation, together with tuning of cargo loading and release simply 

via alteration of the biocompatible PLA stereoisomer feed ratio. 
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4. A TALE OF DRUG-CARRIER OPTIMIZATION: CONTROLLING STIMULI 

SENSITIVITY VIA NANOPARTICLE HYDROPHOBICITY THROUGH DRUG 

LOADING € 

4.1. Introduction 

Over the past two decades of development of the field of nanomedicine, large 

bodies of work have sought to improve the performance of therapeutic agents by using 

nanoparticle carriers.108-113  In general, emphasis has been on maximizing the drug 

payload to achieve transport and accumulation in a targeted tissue;6, 114-118  however, 

effects of the properties and extent of drug loading are often neglected. Drug loading 

may alter a nanocarrier’s physiochemical properties in a loading-dependent manner, 

thereby influencing efficacy. For instance, loading of hydrophobic drug molecules within 

an amphiphilic nanoparticle framework may affect colloidal stability, size, shape, 

flexibility, internal accessibility, and other parameters,10, 118-122 each of which are 

important attributes affecting circulation time, clearance, biodistribution, and drug 

release.10, 123-126  Covalent drug conjugates enable sustained delivery without burst 

release during circulation, displaying minimized systemic toxicity and increased 

accumulations in targeted tissue.110, 116, 122  Furthermore, stimuli-responsive properties 

provide a preferable spatiotemporal control over payload release, thereby improving 

therapeutic efficacy while reducing systemic toxicity.109, 112, 114-115, 127-128  Therefore, a 

 

€ Reprinted (adapted) with permission from “A Tale of Drug-Carrier Optimization: Controlling Stimuli 

Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; 

Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-

6571. Copyright 2020 American Chemical Society. 
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thorough knowledge of the role that therapeutics play on the properties of 

nanomedicines as a function of payload level is of great importance, and control over 

drug-carrier-media interactions may provide an additional opportunity to tune 

physicochemical characteristics and biological performance of nanoformulations. As a 

proof of concept in this study, hydrophobic drugs were conjugated via stimulus-sensitive 

linkers along the hydrophobic backbone of amphiphilic block copolymers and assembled 

into nanoscopic micelles to investigate the importance of payload level on stimulus 

accessibility, drug release, and therapeutic efficacy and selectivity in vitro. 

Glutathione (GSH) is an endogenous stimulus for redox-responsive drug carriers, 

because [GSH]intracellular (2–10 mM) > [GSH]extracellular (2–20 μM), and [GSH]tumor-tissue > 

[GSH]healthy-tissue.
129-134  Since different drugs require different optimal release profiles, 

111, 135 controlling the sensitivity of GSH-triggered payload release is essential for 

optimizing redox-responsive carriers.136 Different strategies have been reported to 

control the sensitivity of disulfide bonds,137-141 which undergo reductive cleavage in a 

high-GSH environment and are commonly incorporated into nanomaterials to bestow 

redox-responsive properties. 108, 142-147  However, these modulating strategies often 

require specific chemical structures to achieve discrete GSH sensitivity, thereby 

elevating barriers for optimizing GSH-responsive drug carriers. For instance, thiol–

disulfide exchange kinetics have been modulated by introducing steric or charged groups 

adjacent to the disulfide bond via precise sequence-controlled solid-phase peptide 

synthesis.148-149  The GSH responsiveness of polymeric nanomaterials can be modulated 

by the placement of disulfide bonds in the backbone,150-153 side chains,151, 154 or cross-
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links,155-156 as well as by incorporating multistimuli-responsive 

properties.157  Alternatively, substituting disulfide-linkages for other redox-sensitive 

linkages with different reductive potentials, such as Se–Se bonds,158-159 can vary GSH 

sensitivity, yet this strategy is limited by the number of unique redox-labile linkages and 

potential toxicity of the elements involved.160-162  Expanding facile approaches to control 

the sensitivity of nanomaterials toward GSH could be of paramount significance for the 

development and optimization of redox-responsive drug carriers. 

Herein, we describe an approach that uses the active drug molecule directly, for 

both therapeutic effect and for alteration of nanoparticle physicochemical characteristics 

that provides for tuning of GSH sensitivity, thereby avoiding the incorporation of extra 

non-bioactive components, and creating an atom economical design of nanomedicines. 

To demonstrate this approach, the hydrophobic cancer chemotherapeutic camptothecin 

(CPT) was used, which, upon release, binds to the DNA topoisomerase I cleavage 

complex, thereby inhibiting DNA religation and resulting in apoptosis.117, 163-166  The 

degree of payload loading was altered by covalent conjugation of CPT via disulfide-

linkages onto the backbone of poly(ethylene glycol)-b-poly(glucose carbonate) (PEG-b-

PGC) (Scheme 3). The PEG block provides for hydrophilicity, whereas the sugar-based 

poly(glucose carbonate) (PGC) was selected for its sustainability, biocompatibility, 

degradability, multifunctionality for coupling with CPT, and ability to self-assemble into 

versatile nanostructures.50, 167-169  We hypothesized that GSH sensitivity could be 

controlled via tuning the core hydrophobicity of the nanomaterials. It was anticipated 

that increased CPT loading would result in increased hydrophobicity, thereby decreasing 
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aqueous accessibility and limiting the diffusion of water and water-soluble molecules, 

leading to reduced access of GSH to disulfide-linkages in the core of PEG-b-PGC-based 

nanocarriers and lowered GSH sensitivity. The degree of CPT conjugation (fCPT) is 

defined relative to the two carboxylic acids available at each PGC repeat unit, with no, 

low, medium, and high extents of CPT conjugation being targeted as fCPT = 0, 0.15, 0.50, 

and 0.85, giving 0, 3, 10, and 17 CPTs per PEG-b-PGC chain. Due to the relatively high 

hydrophobicity of the PGC and CPT-PGC block segments in comparison to that of PEG, 

we speculated that the sugar segments would be primarily localized in the micelle cores, 

whereas the PEG segments would dominate the exterior surface of the nanocarriers in an 

aqueous environment.6 
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Scheme 3.  Synthetic Scheme for the Preparation of CPT-Conjugated PEG-b-PDGC. Reprinted with permission from “A Tale 

of Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, 

Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 

6563-6571. Copyright 2020 American Chemical Society. 
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Scheme 4.  Scheme for controlling GSH stimuli sensitivity via core hydrophobicity through drug loading. Reprinted with 

permission from “A Tale of Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity 

through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. 

L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American Chemical Society. 
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4.2. Results and Discussions 

The CPT-conjugated PEG-b-PGCs were prepared by esterification between 

hydroxyl-functionalized CPT prodrugs (CPT-xx-OH) and carboxylic acid-

functionalized PEG-b-PGC diblock copolymer (2). Polymer 2 was constructed by ring-

opening polymerization (ROP) of a cyclic glucose carbonate monomer, followed by 

postpolymerization modification with mercaptopropionic acid (Scheme 3).  Briefly, the 

diblock copolymer 1, PEG113-b-PGC(EPC)10, was synthesized by organocatalyzed ROP 

of the bicyclic glucose carbonate methyl-2-O-ethyloxycarbonyl-3-O-

propargyloxycarbonyl-4,6-O-carbonyl-α-d-glucopyranoside (GC(EPC)) at −15 °C in 

dichloromethane (DCM) with methoxy poly(ethylene glycol) (mPEG113) as the 

macroinitiator and 1,5,7-triazabicyclo[4.4.0]-dec-5-ene (TBD) as the organocatalyst 

(Figure 37-Figure 39). The carboxylic acid-functionalized polymer 2, PEG113-b-

PGC(COOH)20, was then prepared by postpolymerization modification of 1 via 

photoinitiated thiol–yne click reactions using an excess of mercaptopropionic acid (>50 

equiv relative to the alkyne groups) with 2,2-dimethoxy-2-phenylacetophenone (DMPA) 

as the photoinitiator (Figure 40-Figure 41). The CPT-conjugated polymers 3 and 4, 

PEG113-b-[PGC(COOH)x-co-PGC(CPT)20–x], were generated by postpolymerization 

modification of block copolymer 2 via 1-ethyl-3-(3-

(dimethylamino)propyl)carbodiimide (EDC) mediated coupling reaction with (S)-4-

ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano[3′,4′:6,7]indolizino[1,2-β]quinolin-4-

yl (2-((2-hydroxyethyl)disulfanyl)ethyl) carbonate (CPT-ss-OH) or (S)-4-ethyl-3,14-

dioxo-3,4,12,14-tetrahydro-1H-pyrano[3′,4′:6,7]indolizino[1,2-β]quinolin-4-yl (6-
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hydroxyhexyl) carbonate (CPT-cc-OH), respectively (Figure 42-Figure 48). 

The fCPT values were calculated from the 1H nuclear magnetic resonance (NMR) spectra 

via comparison of the integral of the methyl protons originating from the ethyl carbonate 

side chain on the PGC segment resonating at 1.1–1.2 ppm with that of methyl protons 

from CPT at 0.91 ppm (Figure 43-Figure 45, Figure 47). All polymers were rigorously 

characterized by 1H NMR, 13C NMR, Fourier-transform infrared spectroscopy (FT-IR), 

thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) (Figure 

38-Figure 51). 
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Figure 37.  SEC traces of mPEG113 and Polymer 1 in THF.  Reprinted with permission from “A Tale of Drug-Carrier 

Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, 

S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. 

Copyright 2020 American Chemical Society. 
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Figure 38.  1H NMR spectrum (500 MHz) of polymer 1 in CDCl3.  Reprinted with permission from “A Tale of Drug-Carrier 

Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, 

S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. 

Copyright 2020 American Chemical Society. 
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Figure 39. 13C NMR spectrum (126 MHz) of polymer 1 in CDCl3.  Reprinted with permission from “A Tale of Drug-Carrier 

Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, 

S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. 

Copyright 2020 American Chemical Society.   
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Figure 40.  1H NMR spectrum (500 MHz) of polymer 2 in DMSO-d6.  Reprinted with permission from “A Tale of Drug-

Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; 

Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-

6571. Copyright 2020 American Chemical Society. 
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Figure 41.  13C NMR spectrum (126 MHz) of polymer 2 in DMSO-d6.  Reprinted with permission from “A Tale of Drug-Carrier 

Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; 

Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 

2020 American Chemical Society. 
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Figure 42.  1H NMR spectrum (500 MHz) of CPT-ss-OH in CDCl3.  Reprinted with permission from “A Tale of Drug-Carrier 

Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, 

S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. 

Copyright 2020 American Chemical Society. 
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Figure 43.  1H NMR spectrum (500 MHz) of polymer 3 (fCPT = 0.15) in DMSO-d6.  Reprinted with permission from “A Tale 

of Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, 

Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 

6563-6571. Copyright 2020 American Chemical Society.
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Figure 44.  1H NMR spectrum (500 MHz) of polymer 3 (fCPT = 0.50) in DMSO-d6.  Reprinted with permission from “A Tale 

of Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, 

Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 

6563-6571. Copyright 2020 American Chemical Society.
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Figure 45.  1H NMR spectrum (500 MHz) of polymer 3 (fCPT = 0.85) in DMSO-d6.  Reprinted with permission from “A Tale of 

Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-

N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-

6571. Copyright 2020 American Chemical Society. 
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Figure 46.  13C NMR spectrum (126 MHz) of polymer 3 (fCPT = 0.15) in DMSO-d6.  Reprinted with permission from “A Tale 

of Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, 

Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 

6563-6571. Copyright 2020 American Chemical Society. 
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Figure 47.  1H NMR spectrum (500 MHz) of polymer 4 in DMSO-d6.  Reprinted with permission from “A Tale of Drug-

Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; 

Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-

6571. Copyright 2020 American Chemical Society. 
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Figure 48.  13C NMR spectrum (126 MHz) of polymer 4 in DMSO-d6.  Reprinted with permission from “A Tale of Drug-

Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; 

Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-

6571. Copyright 2020 American Chemical Society. 
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Figure 49.  FTIR spectra of polymers 1-4. Reprinted with permission from “A Tale of Drug-Carrier Optimization: Controlling 

Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; 

Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American 

Chemical Society. 
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Figure 50.  TGA traces of Polymer 1-4.  Reprinted with permission from “A Tale of Drug-Carrier Optimization: Controlling 

Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, 

Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American Chemical 

Society.
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Figure 51.  DSC traces for Polymer 1-4.  Glass transition temperature (Tg) and melting 

transition temperature (Tm) are labeled on the thermograms.  Arrows indicate the 

direction of temperature ramping.  Reprinted with permission from “A Tale of Drug-

Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity 

through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. 

K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. 

Copyright 2020 American Chemical Society. 
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Polymer assemblies (0.5 mg/mL) were prepared by nanoprecipitation from 

DMSO into nanopure water and then dialyzed against nanopure water for 24 h to remove 

organic solvent. The number-average hydrodynamic diameters (Dh(number)) of the polymer 

nanoconstructs were in the range 20–50 nm (Figure 52). Transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) analyses of polymer 

nanoparticles showed globular structures with average diameters in agreement with 

those obtained from dynamic light scattering (DLS), independent of fCPT. 

However, polymer 3 assemblies exhibited significant fCPT-dependent heights and 

diameter-to-height (D/H) ratios, with number-average heights ranging from 2 to 10 nm 

and D/H ratios ranging from 4 to 26 (Figure 52). At low CPT conjugation levels, the 

polymer assemblies exhibited significantly lower heights and greater D/H ratios, 

with fCPT of 0 and 0.15 having heights that were ca. 4–5-fold lower and D/H ratios that 

were ca. 4–6-fold higher than those of the polymer assemblies with fCPT of 0.50 and 0.85. 

These AFM data indicated that the nanomaterials with lower fCPT deformed to a greater 

extent upon drop deposition from aqueous solution onto the polar mica substrate, 

suggesting greater water plasticization of the nanostructures. In contrast, the 

higher fCPT counterparts remained as stable, globular structures (Figure 52), suggesting 

greater rigidity provided by exclusion of water from the more hydrophobic core 

domains. 
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Figure 52.  Morphological characterizations of the polymer assemblies using (a) DLS, (b) 

TEM, (c) AFM, and (d) AFM height profile.  From top to bottom:  Polymer 2 (fCPT = 0), 

polymer 3 (fCPT = 0.15), polymer 3 (fCPT = 0.50), and polymer 3 (fCPT = 0.85).  Reprinted 

with permission from “A Tale of Drug-Carrier Optimization: Controlling Stimuli 

Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, 

S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano 

Letters 2020, 20 (9), 6563-6571. Copyright 2020 American Chemical Society. 
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As a measure of the local microenvironment within the polymer nanoassemblies, 

solution-state 1H NMR spectroscopy was employed to monitor the mobility of the PGC 

chain segments when packaged within nanoassemblies in D2O vs as solvated polymer 

chains in DMSO-d6, confirming that higher fCPT led to lower water accessibility. The 

previous literature has reported the importance of the microenvironment adjacent to 

disulfide bonds for controlling the thiol–disulfide exchange kinetics.148-149  The NMR 

signal corresponding to the PGC ethyl carbonate methyl proton resonance (i.e., 1.2 ppm, 

highlighted in green in Figure 53) was utilized to probe the microenvironment adjacent 

to the disulfide-linkages in the assembly core. Poor solvation of the relatively 

hydrophobic PGC segment in the aqueous environment was made evident by the 

reduction of intensity and broadening of the PGC-associated proton resonances in D2O, 

in comparison to protons of the PEG segments (Figure 53a). This phenomenon was 

quantified by the ratio of the 1H NMR integrations between PEG-associated protons 

resonating at 3.6 ppm and PGC-associated protons resonating at 1.2 ppm (Figure 53c). 

The relative change in NMR signal intensity provides insights into the molecular 

microenvironment. As fCPT increased from 0 to 0.85, the integral ratio (δ 3.6 ppm/δ 1.2 

ppm) underwent an ca. 15-fold increase from 25 to 372 in D2O, indicating reduced 

solvation of the disulfide-containing PGC segment in aqueous media (Figure 53c). 

At fCPT ≥ 0.50, minimal proton resonances from CPT and PGC were observed in the 1H 

NMR spectra, indicating reduced chain mobility caused by limited aqueous accessibility. 

CPT influenced the chemical shifts of the methyl protons, presumably due to 

intramolecular van der Waals interactions, resulting in a slight upfield shift of the PGC 
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ethyl carbonate methyl proton resonance as fCPT increased (Figure 53b).170-172  The 

integral ratio (δ 3.6 ppm/δ 1.2–1.1 ppm) remained constant at ca. 11 when any of the 

four polymers was solvated in DMSO-d6 (Figure 53b,c) independent of fCPT. The lack of 

change for proton relaxation in DMSO-d6 verified that the integral ratio changes in D2O 

were due to differential solvation between PEG and PGC segments with a lower aqueous 

accessibility of the core-forming sugar segment (Figure 53). 
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Figure 53.  (a) 1H NMR spectra for the assemblies from polymers 2 and 3 in D2O, 

highlighting the PEG methylene proton resonance (δ 3.6 ppm, blue) and the PGC ethyl 

carbonate methyl proton resonance (δ 1.2-1.1 ppm, green).  (b) 1H NMR spectra for 

polymers 2 and 3 in DMSO-d6. (c) Integral ratios (δ 3.6 ppm / δ 1.2-1.1 ppm) in D2O vs. 

DMSO-d6.  Reprinted with permission from “A Tale of Drug-Carrier Optimization: 

Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” 

by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; 

Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American 

Chemical Society.
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The higher aqueous accessibility led to an increase in the GSH sensitivity, as 

revealed by disulfide cleavage experiments in PBS solutions (pH = 7.4) at 37 °C in the 

presence of GSH (5 mM) as a function of time (Figure 54). Calculations of the % 

disulfide cleavage were based on the free CPT concentrations in aliquots collected at 

predetermined time points using high-performance liquid chromatography 

(HPLC).173  CPT was released from polymer 3 assemblies upon exposure to GSH, with 

an initial rapid release followed by sustained release (Figure 54a, c). Higher fCPT led to 

slower GSH-triggered disulfide cleavage and CPT release. In the presence of 5 mM 

GSH, polymer 3 assemblies underwent 30%, 20%, and 14% of the total CPT release in 

the first 4 h with fCPT of 0.15, 0.50, and 0.85, respectively. After 72 h, 

polymer 3 assemblies with fCPT of 0.15, 0.50, and 0.85 had released 85%, 67%, and 45% 

of the total CPT, respectively (Figure 54a). Although the lowest fCPT of 0.15 achieved the 

fastest and greatest % CPT release, it resulted in the lowest CPT concentration due to the 

limited overall amount of drug loaded (Figure 54c and Table 3). As expected, minimal 

disulfide cleavage occurred in samples without GSH (Figure 54b, d). As control studies, 

assemblies of non-redox-responsive CPT-conjugated polymer 4 exhibited minimal CPT 

release with or without GSH over a period of 72 h (Figure 54). Interestingly, 

polymer 3 assemblies with fCPT of 0.85 exhibited a similar CPT release profile in 

comparison to the fCPT of the 0.50 counterpart (Figure 54c, d), despite a greater drug 

loading that resulted in a higher total amount of loaded CPT at the same 0.5 mg/mL 

polymer concentration. This phenomenon can be explained as a result of a slower GSH-

triggered drug release from nanoparticles with a higher fCPT. These findings indicate that 
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a higher conjugation of hydrophobic drug led to a lower stimuli-responsive sensitivity 

against water-soluble stimuli (e.g., GSH).
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Figure 54.  The disulfide cleavages and drug releases of CPT-conjugated polymer nanomaterials (0.5 mg/mL, 2 mL) studied 

over 3 days at 37 °C in PBS buffer (pH 7.4) in triplicate (a) (c) with 5 mM GSH and (b) (d) without GSH.  The results are 

presented as (a) (b) % CPT release and (c) (d) CPT molar release.  Reprinted with permission from “A Tale of Drug-Carrier 

Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, 

S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. 

Copyright 2020 American Chemical Society. 
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Table 3.  Loading capacity and concentration of the CPT during the in vitro disulfide cleavage experiment with 0.5 mg/mL 

polymer concentration.  Reprinted with permission from “A Tale of Drug-Carrier Optimization: Controlling Stimuli Sensitivity 

via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; 

Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American Chemical Society. 
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The GSH sensitivity was also shown to significantly influence the in vitro 

cytotoxicities of the redox-responsive CPT-conjugated nanomaterials against OVCAR-3 

ovarian cancer cells (Figure 55 and Table 4).  Ovarian cancer is the most lethal 

gynecological cancer in the Western world, with ca. 75% cases that were diagnosed at 

late stages (III/IV) having a 5 year survival rate <50%.174  The polymer 3 with fCPT of 

0.15 was most efficacious against cancer cells with the lowest IC50 value (12 μM) in 

comparison to fCPT of 0.50 (IC50 = 34 μM) and fCPT of 0.85 (IC50 = 27 μM) counterparts 

(Figure 55). When IC50 values were determined based on polymer concentrations, rather 

than CPT concentrations, polymer 3 with the highest fCPT of 0.85 displayed the lowest 

IC50 value, i.e., the highest cytotoxicity against OVCAR-3 cancer cells (Figure 55 b 

and Table 4). The observed in vitro outcomes can be attributed to the complex interplay 

between nanocarriers and the environment; higher hydrophobic payload reduced 

diffusion of GSH into and free CPT out from the nanoparticle assemblies, thereby 

affecting disulfide cleavage and the resulting CPT release kinetics. Moreover, 

differences in fCPT for the initial polymer chains, and the changing levels of fCPT during 

CPT cleavage, each could contribute to variations in the polymer chain hydrophilicity, 

thereby affecting the packing parameters and potentially leading to variable extents of 

polymer chain assembly and disassembly. Therefore, additional factors, such as slight 

differences in size, morphologies, and polymer chain packings, could profoundly impact 

the in vitro outcomes. The disulfide-linked CPT-conjugated polymer 3 assemblies 

displayed reduced cytotoxicities over the free CPT (IC50 = 2.1 μM), partly due to a 

sustained release of CPT, where even after 3 days, polymer 3 assemblies with fCPT of 
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0.15, 0.50, and 0.85 only cleaved 85%, 67%, and 45% of the total conjugated CPT in the 

presence of 5 mM GSH in PBS, respectively (Figure 54a). Although having high in 

vitro cytotoxicities, free CPT has poor aqueous solubility and causes severe side effects 

that have resulted in limited clinical usage.175 Polymers 3 displayed a significantly 

higher cytotoxicity while maintaining good water solubility when compared to 

irinotecan (IR, IC50 = 236 μM), a water-soluble CPT analogue that has received FDA-

approval for treating colorectal cancers and has been investigated as a candidate for 

ovarian cancers in clinical trials.175-177  Furthermore, the GSH-responsive CPT-

conjugated polymers 3 were 1 order of magnitude more efficacious against ovarian 

cancer cells in comparison to the nonresponsive CPT-conjugated polymer 4 (IC50 = 287 

μM), demonstrating the essential role of the redox-responsive disulfide-linkages in 

maintaining drug efficacy. It is worth noting that polymer 2 (fCPT = 0) was noncytotoxic 

at the tested concentration ranges (16–2000 μg/mL, Figure 58). 
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Figure 55.  Cytotoxicity evaluation of CPT-conjugated polymers in OVCAR-3 ovarian cancer cells based on (a) CPT concentrations 

or (b) polymer concentrations.  (c) Half maximal inhibitory concentration (IC50) obtained from the data plotted in (a), with the red 

dashed box showing a zoom-in view.  (d) IC50 obtained from the data plotted in (b), with the green dashed box showing a zoom-in 

view.  Cell viabilities are reported as an average of three measurements, and error bars represent standard deviation.  Reprinted with 

permission from “A Tale of Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through 

Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 

2020, 20 (9), 6563-6571. Copyright 2020 American Chemical Society. 
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Figure 56. Cytotoxicity evaluation of CPT-conjugated polymers in MC3T3-E1 osteoblast progenitor cells based on (a) CPT 

concentration or (b) polymer concentration.  Reprinted with permission from “A Tale of Drug-Carrier Optimization: Controlling 

Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; 

Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American Chemical Society. 
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Figure 57.  Graphical representations of IC50 in (a) CPT concentrations or (b) polymer concentrations.  (c) Graphical representation of 

IC50 (MC3T3-E1)/IC50 (OVCAR-3) values based on (a) and (b).  Reprinted with permission from “A Tale of Drug-Carrier Optimization: 

Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; 

Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American Chemical 

Society. 
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Table 4.  Summary of IC50 and IC50 (MC3T3-E1)/IC50 (OVCAR-3) values for non-cancerous MC3T3-E1 and cancerous OVCAR-3 cell 

lines.  Reprinted with permission from “A Tale of Drug-Carrier Optimization: Controlling Stimuli Sensitivity via Nanoparticle 

Hydrophobicity through Drug Loading” by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, 

F.; Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American Chemical Society. 
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We further investigated the effect of GSH sensitivity of the redox-responsive 

CPT-conjugated nanomaterials on the differential cytotoxicity between cancerous and 

healthy cells (Figure 55-Figure 56). Although chemotherapeutic agents help combat 

cancers, off-site toxicities for healthy tissues cause adverse effects; for instance, toxicity 

against bone marrow increases the risks of developing hypoplastic anemia and 

myelodysplastic syndrome.178-180  Osteoblasts regulate hematopoietic stem cell niches 

and are essential for the hematopoietic cell repopulation after 

chemotherapies.181  Therefore, the ideal anticancer agents should spare osteoblasts while 

attacking cancer cells. For this reason, OVCAR-3 ovarian cancer cells and MC3T3-E1 

osteoblast progenitor cells were selected to represent cancerous and healthy cells, 

respectively. The selectivity was calculated as the ratio of the IC50 values against 

noncancerous MC3T3-E1 vs cancerous OVCAR-3 (IC50-(MC3T3-E1)/IC50-(OVCAR-3)) in order 

to quantify the differential cytotoxicity. A higher selectivity value (IC50-(MC3T3-E1)/IC50-

(OVCAR-3)) suggests a wider therapeutic window for the formulation. 

Polymers 3 with fCPT of 0.15, 0.50, and 0.85 had selectivity values of 13, 53, and 72, 

respectively: higher than those of nonresponsive polymer 4 (selectivity value = 10) and 

IR (selectivity value = 7) formulations (Figure 55-Figure 56 and Table 4), indicating a 

better safety profile for the GSH-responsive CPT-conjugated nanomaterials. The 

differential cytotoxicities of polymer 3 assemblies possibly arose from higher GSH 

concentrations in cancer cells vs healthy cells.129, 132  A similar trend was observed 

among polymer 3 assemblies when selectivity values were calculated based on polymer 

concentrations: a higher fCPT led to a greater cancer-selective cytotoxicity (Figure 57). 
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Although the highest fCPT of 0.85 resulted in reduced cytotoxicity, it led to a ca. 5.5-fold 

increase in the differential cytotoxicity against ovarian cancer cells in comparison to 

the fCPT of the 0.15 counterpart (Figure 55,Figure 57 and Table 4). The differences in 

GSH sensitivities resulted in significant variations in the cancer selectivity, 

demonstrating the importance of controlling the stimuli sensitivity of smart drug carriers. 

With the improved differential cytotoxicity, our redox-responsive CPT-conjugated sugar-

based polymeric nanomaterials showed great promise for treating ovarian cancers and 

associated metastatic diseases. 
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Figure 58.  Cell viability as a function of Polymer 2 (fCPT = 0) concentration.  Cell 

viabilities are reported as an average of three measurements, and error bars represent standard 

deviation.  Reprinted with permission from “A Tale of Drug-Carrier Optimization: 

Controlling Stimuli Sensitivity via Nanoparticle Hydrophobicity through Drug Loading” 

by Lin, Y.-N.; Khan, S.; Song, Y.; Dong, M.; Shen, Y.; Tran, D. K.; Pang, C.; Zhang, F.; 

Wooley, K. L., Nano Letters 2020, 20 (9), 6563-6571. Copyright 2020 American 

Chemical Society. 
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4.3. Experimental Section 

4.3.1. Materials 

Bicyclic glucose carbonates methyl-2-O-ethyloxycarbonyl-3-O-

propargyloxycarbonyl-4,6-Ocarbonyl-α-D-glucopyranoside (GC(EPC)), prodrugs (S)-4-

ethyl-3,14-dioxo-3,4,12,14-tetrahydro1H-pyrano[3',4':6,7]indolizino[1,2-β]quinolin-4-yl 

(2-((2-hydroxyethyl)disulfanyl)ethyl) carbonate (CPT-ss-OH), and (S)-4-ethyl-3,14-

dioxo-3,4,12,14-tetrahydro-1H-pyrano[3',4':6,7]indolizino[1,2- b]quinolin-4-yl (6-

hydroxyhexyl) carbonate (CPT-cc-OH) were synthesized according to previously reported 

procedures.50, 173, 182  1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) was purchased from TCI 

chemicals. Dichloromethane (DCM) and N,N-dimethylformamide (DMF) were purified 

by passing through a solvent purification system from J. C. Meyer Solvent Systems, Inc. 

(Laguna Beach, CA). Nanopure water (18.2 MΩcm) was acquired from a Milli-Q water 

filtration system (Millipore Corp, USA). Phosphate-buffered saline (PBS, 10x) was 

purchased from MilliporeSigma (Burlington, MA). Other chemicals and reagents were 

used as received from Sigma-Aldrich, Co. (St. Louis, MO), unless otherwise noted. 

Dialysis membrane tubing with a molecular weight cutoff (MWCO) of 6-8 kDa was 

purchased from Spectrum Laboratories, Inc. (Rancho Dominguez, CA) and soaked in 

nanopure water for 5 min at room temperature before use. Roswell Park Memorial Institute 

1640 (RPMI1640) and Minimum Essential Medium alpha (MEMα) cell media were 

obtained from the American Type Culture Collection (Manassas, VA), with media 

additives (10% fetal bovine serum, 1% penicillin/streptomycin) purchased from Sigma-
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Aldrich (St. Louis, MO). Cell culture 96-well round bottom plates were purchased from 

Corning Costar Co. (Corning, NY). 

 

4.3.2. Instrumentation  

1H Nuclear magnetic resonance (NMR) and 13C NMR spectra were recorded on a 

Varian 500 spectrometer (Varian, Inc., Palo Alto, CA) interfaced with a UNIX computer 

using VNMR-J software.  All NMR experiments were performed at ambient temperature.  

Chemical shifts were referenced to the solvent residual signals.  All 1H NMR chemical 

shifts are reported in parts per million (ppm) relative to the signals for residual CHCl3 

(7.26 ppm) or dimethyl sulfoxide (DMSO) (2.50 ppm).  All 13C NMR spectra are reported 

in ppm relative to CDCl3 (77.23 ppm) or DMSO-d6 (39.51 ppm) and were obtained with 

1H decoupling. 

Fourier transform infrared (FT-IR) spectra were recorded on an IR Prestige 21 

system equipped with a diamond attenuated total reflection (ATR) lens (Shimadzu Corp., 

Japan) and analyzed using IRsolution v. 1.40 software. 

Size exclusion chromatography (SEC) eluting with tetrahydrofuran (THF) was 

performed on a Waters Chromatography, Inc. (Milford, MA) system equipped with an 

isocratic pump (model 1515), a differential refractometer (model 2414), and a column set 

comprised of a PLgel 5 μm guard column (50 × 7.5 mm), a PLgel 5 μm Mixed C column 

(300 × 7.5 mm, Agilent Technologies) and two Styragel® columns (500 Å and 104 Å, 300 

× 7.5 mm, Waters Chromatography, Inc.).  The system was operated at 40 °C with a flow 

rate of 1 mL/min.  Data were analyzed using Breeze software from Waters 
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Chromatography, Inc. (Milford, MA).  Molar masses were determined relative to 

polystyrene standards (580–3,250,000 Da) purchased from Polymer Laboratories, Inc. 

(Amherst, MA).  Polymer solutions were prepared at a concentration of ca. 3 mg/mL with 

0.05 vol% toluene as the flow rate marker; an injection volume of 200 μL was used. 

Thermogravimetric analysis (TGA) was performed under the N2 atmosphere using 

a Mettler-Toledo TGA2/1100/464 (Mettler-Toledo, Inc., Columbus, OH), with a heating 

rate of 10 °C/min, from 25 to 500 °C.  Data were analyzed using Mettler-Toledo STARe 

v. 15.00a software. 

Glass transition temperature (Tg) and melting temperature (Tm) were measured by 

differential scanning calorimetry (DSC) on a Mettler-Toledo DSC3/700/1190 (Mettler-

Toledo, Inc., Columbus, OH) under N2.  The Tg was taken as the midpoint of the inflection 

tangent and the Tm was taken as the maximum of the endothermic peak from the second 

heating scan.  Measurements were performed with a heating rate of 10 °C/min, and the 

data were analyzed using Mettler-Toledo STARe v. 15.00a software.   

Dynamic light scattering (DLS) measurements were conducted using a Zetasizer 

Nano ZS instrument (Malvern Panalytical, Inc., Westborough, MA) equipped with a laser 

diode operating at 632.8 nm.  The scattered light was detected at 175° and analyzed using 

a log correlator for a 0.5 mL sample in a disposable cell (capacity = 0.9 mL).  The 

photomultiplier aperture and attenuator were adjusted automatically.  The particle size 

distribution and distribution averages were calculated using particle size analysis routines 

in Zetasizer 7.13 software.  The measurement duration and number of accumulations were 

adjusted automatically.  The average diameter of the particles was reported as the 
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intensity-, volume-, and number-average hydrodynamic diameter from three 

measurements.   

Transmission electron microscopy (TEM) images were collected on a JEOL 

1200EX operated at 100 kV, and micrographs were recorded using a SIA-15C CCD 

camera.  Samples for TEM were prepared by drop deposition of an aqueous polymer 

solution (20 μL, 0.5 mg/mL) onto a carbon-coated copper grid, and after 1 min, excess 

solution was quickly wicked away by a piece of filter paper.  The samples were then 

negatively stained with a 1% phosphotungstic acid aqueous solution (20 µL).  After 30 s, 

the excess staining solution was quickly wicked away by a piece of filter paper, and the 

samples were left to dry under ambient conditions (typically 10-12 h) before imaging. 

Atomic force microscopy (AFM) was performed using a Multimode 8 system 

(Bruker) using a ScanAsyst-Air Silicon Nitride probe (k = 0.4 N/m, f = 70 kHz, Bruker).  

AFM images were assessed with Nanoscope Analysis (Bruker).  For AFM sample 

preparation, an aqueous polymer solution of nanoparticles in nanopure water (50 µL) at 

0.1 mg/mL was deposited onto a freshly-cleaved mica substrate.  After 1 min, excess 

solution was quickly wicked away by a piece of filter paper, and the mica surface was 

dried under ambient atmosphere (typically 10-12 h) before imaging. 

Camptothecin (CPT) concentrations were determined by high-performance liquid 

chromatography (HPLC) on a Shimadzu Prominence system equipped with a SPD-20AV 

prominence UV-Vis detector set to 366 nm and a Waters X Bridge C8 column (4.6 × 150 

mm, 5 µM, 100 Å) eluting in 45% acetonitrile and 55% aqueous solution (0.1% 

trifluoroacetic acid) in isocratic mode.  The flow rate was set to 0.7 mL/min with a run 
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time of 10 min, and the column temperature was set to 40 °C.  The HPLC method 

employed an external calibration of CPT. 

 

4.3.3. Synthesis  

4.3.3.1. Synthetic procedure for PEG113-b-PDGC(EPC)10 (polymer 1) 

Methoxy poly(ethylene glycol) (mPEG113) and GC(EPC) were dried under 

vacuum over P2O5 for 2 days before transferring to a glovebox for storage under an Ar 

atmosphere.  Stock solutions were prepared in a glovebox under N2 atmosphere, while the 

ring-opening polymerization (ROP) was conducted in a -15 °C sodium chloride ice bath 

in a fume hood.  To a solution of GC(EPC) (508 mg, 1.36 mmol) and mPEG113 (523 mg, 

104 µmol) in 5 mL of DCM at -15 °C was added organocatalyst TBD (7.1 mg, 51 µmol) 

in DCM (100 μL) under N2 atmosphere.  After stirring for 8 min, the reaction vial was 

opened to air and quenched by addition of excess acetic acid.  The polymer was purified 

by precipitation from DCM into diethyl ether (3 ×) and dried under vacuum to afford 

PEG113-b-PGC(EPC)10 (polymer 1) as a white powder (917 mg, yield 89%).  1H NMR 

(500 MHz, CDCl3) δ ppm 5.34 (dd, J = 10, 10 Hz), 5.01 (s), 4.87 (dd, J = 10, 10 Hz), 4.78 

– 4.64 (m), 4.26 (br), 4.18 (q, J = 10 Hz), 4.01 (br), 3.62 (s), 3.45 – 3.38 (m), 3.37 (s), 2.57 

(s), 1.28 (t, J = 10 Hz).  13C NMR (126 MHz, CDCl3) δ ppm 154.1, 153.7, 153.6, 129.4, 

128.5, 96.5, 77.5, 77.2, 76.8, 76.3, 74.2, 73.6, 72.0, 70.7, 66.7, 65.9, 64.9, 59.1, 56.0, 55.8, 

15.4, 14.2.  FT-IR (ATR) 3330 – 3190, 3040 – 2740, 1797 – 1700, 1466, 1371, 1342, 1321 

– 1186, 1144, 1101, 1053 – 999, 986, 960, 907, 876, 843, 779, 667 cm-1.  TGA in N2, 282 
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– 316 °C, 29% weight loss; 316 – 393 °C, 52% weight loss; 19% mass remained at 500 

°C.  Tm = 55 °C.  Mn SEC = 14.2 kDa, Đ = 1.08. 

 

4.3.3.2. Post-polymerization modification of polymer 1 with mercaptoproprionic 

acid via thiol-yne reaction to afford PEG113-b-PDGC(COOH)20 (polymer 2) 

Polymer 1 (497 mg, 50 µmol), mercaptoproprionic acid (364 mg, 3.2 mmol), and 

2,2-dimethoxy-2-phenylacetophenone (DMPA, 124 mg, 0.48 mmol) were dissolved in 

anhydrous DMF (8 mL), deoxygenated under N2(g) for 30 min, and irradiated under UV 

light (365 nm) for 2 h. The resulting copolymer solution was transferred to dialysis tubing 

(MWCO ca. 6-8 kDa) and dialyzed against nanopure water at 4 °C for 3 d to remove 

excess thiol and photoinitiator. The solution was then lyophilized to give the polymer 

PEG113-b-PDGC(COOH)20 as a white powder (561 mg, 93 % yield).  

 

4.3.3.3. Post-polymerization modification of polymer 2 with CPT-ss-OH via EDC-

coupling reaction to afford PEG113-b-[PDGC(COOH)20-x-co-PDGC(CPT)x] 

(polymer 3) 

DMAP (2.1 mg, 17 µmol), polymer 2 (43 mg, 3.6 µmol) and CPT-ss-OH (54.9 

mg, 101 µmol) were mixed in 15 mL DCM.  EDC HCl (26.6 mg, 139 µmol) in 5 mL was 

dropwise added over 10 min under stirring.  After stirring for 24 h at room temperature, 

the solution was dialyzed against nanopure water at 4 °C for 3 d, then lyophilized to give 

the polymer 3 (fCPT = 0.85), PEG113-b-[PDGC(COOH)3-co-PDGC(CPT)17], as a white 

powder.  PEG113-b-[PDGC(COOH)10-co-PDGC(CPT)10] (fCPT = 0.50) and PEG113-b-
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[PDGC(COOH)17-co-PDGC(CPT)3] (fCPT = 0.15) were synthesized using less CPT-ss-OH 

equivalents in the coupling reaction.  Polymer 3 (fCPT = 0.85) (68 mg, 85% yield); Polymer 

3 (fCPT = 0.50) (27 mg, 76% yield); Polymer 3 (fCPT = 0.15) (63 mg, 86% yield). 

 

4.3.3.4. Post-polymerization modification of polymer 2 with CPT-cc-OH via EDC-

coupling reaction to afford PEG113-b-[PDGC(COOH)12-co-PDGC(CPT)8] (polymer 

4) 

DMAP (0.7 mg, 5.6 µmol), polymer 2 (23 mg, 1.9 µmol) and CPT-ss-OH (11.9 

mg, 24 µmol) were mixed in 10 mL DCM.  EDC HCl (9.3 mg, 48 µmol) in 5 mL was 

dropwise added over 10 min under stirring.  After stirring for 24 h at room temperature, 

the solution was dialyzed against nanopure water at 4 °C for 3 d, then lyophilized to give 

the polymer 4 (fCPT = 0.40), PEG113-b-[PDGC(COOH)3-co-PDGC(CPT)17], as a white 

powder.  PEG113-b-[PDGC(COOH)10-co-PDGC(CPT)10] (fCPT = 0.50) and PEG113-b-

[PDGC(COOH)17-co-PDGC(CPT)3] (fCPT = 0.15) were synthesized using less CPT-ss-OH 

equivalents in the coupling reaction.   

 

4.3.4. Procedures 

4.3.4.1. Preparation of CPT-conjugated NPs 

In a typical experiment, polymers were dissolved in DMSO (100 µL), then added 

dropwise into 9.9 mL nanopure water with vigorous stirring, to afford CPT-conjugated 

polymeric nanoparticles (0.5 mg/mL) with 1 vol % DMSO.  Polymer assembly solutions 
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were dialyzed for 24 h in nanopure water to remove organic solvent, then characterized 

by DLS, TEM, AFM, and electrophoretic light scattering. 

 

4.3.4.2. Preparation of CPT-conjugated NPs samples for D2O 1H NMR studies 

Polymers were dissolved in deuterated DMF (2.5 mg/mL), then added 60 uL to 

the stirring D2O (540 uL) to afford a series of CPT-conjugated polymeric nanoparticles.  

Polymer assembly solutions were analyzed by 1H NMR.  

 

4.3.4.3. In vitro disulfide cleavage of the CPT-conjugated NPs  

PolyCPT (0.5 mg/mL) assemblies in PBS (pH = 7.4) were transferred into closed 

vials, with or without 5 mM glutathione, and shake at 37 C. The disulfide cleavage was 

monitored by the free CPT increase in polyCPT solutions.  Aliquots (100 µL) of the 

polymer solutions were taken at pre-determined times and analyzed by HPLC.  The 

cleavage study was conducted in triplicate.   

 

4.3.4.4. CPT cleavage from CPT-conjugated NPs via incubation method   

CPT-conjugated nanoparticles (0.5 mg/mL) were incubated in PBS (pH 7.4) with 

(5 mM) or without GSH in a closed vial. The formulation solutions were shaking at 37 ºC 

for 72 h.  Aliquots of solution were taken at 2, 4, 8, 12, 24, 48, and 72 h and analyzed by 

HPLC to monitor the increase of CPT concentration. 
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4.3.4.5. 2D cytotoxicity assays  

Human ovarian adenocarcinoma cells (OVCAR-3) (5 × 103 cells/well) and mouse 

osteoblast precursor cells MC3T3-E1 (5 x 103 cells/well) were plated in 96-well plates in 

RPMI1640 medium (20% fetal bovine serum and 1% penicillin/streptomycin) and MEMα 

media (10% fetal bovine serum, and 1% penicillin/streptomycin), respectively. Cells were 

incubated at 37 °C in a humidified atmosphere containing 5% CO2 atmosphere. The 

medium was replaced with a fresh medium 24 h after seeding.  Culture medium was 

replaced with serial dilutions of the polymers (100 µL) in fresh medium (final CPT 

concentrations ranged from 0.488 µM – 1000 µM).  Polymer stock solutions were 

prepared in DMSO.  The cells were incubated for 24 h, and after this period, the media 

was replaced with 100 μL of the complete medium. Then, 20 μL of the MTS combined 

reagent was added to each well (Cell Titer 96® Aqueous Non-Radioactive Cell 

Proliferation Assay, Promega Co.). The cells were incubated with the reagent for 3 h for 

OVCAR-3 cells, at 37 ˚C in a humidified atmosphere containing 5% CO2 protected from 

light. Absorbance was measured at 490 nm by using SpectraMax M5 (Molecular Devices 

Co.). The cell viability was calculated based on the relative absorbance to the control 

untreated cells.  The 0% and 100% cell viabilities were considered as the control medium 

(no cells) and cells with no treatment, respectively. 

 

4.4. Conclusions 

In summary, we demonstrated the impact of hydrophobic drug conjugation on the 

complex interplay between the level of drug loading on the polymer nanoparticle 
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physicochemical characteristics and the resulting access of molecular stimuli to the 

internal compartments and subsequent triggered drug release, with a focus on GSH 

sensitivity of disulfide-linked CPT-conjugated PEG-b-PGC nanomaterials. The 

hydrophobic payload increased the core hydrophobicity, which negatively influenced the 

aqueous accessibility, lowered the GSH sensitivity, and consequently slowed down the 

GSH-triggered drug release. Importantly, when compared to the low CPT loading 

formulation (fCPT = 0.15), the higher CPT-conjugated formulations (fCPT = 0.50 and 0.85) 

significantly improved selective cytotoxicities against ovarian cancer cells over healthy 

cells. With an emphasis on the importance of controlling the drug loading, this work 

represents a significant advancement in the drug carrier design, providing a versatile 

strategy to tune GSH sensitivity through payload control, with the potential for 

extending this strategy to other water-borne stimuli, including enzymes, peptides, pH, 

and other ions. 
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5. CONCLUSIONS 

This dissertation presents facile strategies to precisely control the 

physicochemical characteristics of biocompatible polymeric materials toward 

personalized nanomedicine.  Individual heterogeneity poses a significant challenge for 

the clinical translation of nanomedicine.  With tailored physicochemical properties for a 

specific individual’s genetic and disease profile, personalized nanocarriers can overcome 

such a challenge.  Therefore, the future of nanomedicine depends on customization, and 

the development of next-generation nanomedicine requires more precise control over the 

physicochemical characteristics of nanomaterials.  Versatile strategies for controlling 

size, surface, shape, stimuli-responsiveness, and cargo release were explored and 

developed in this work.  This work has laid a foundation for customization and 

personalization of the synthetic nanomaterials, providing effective approaches for 

controlling physicochemical characteristic of nanomaterials, thus facilitating bench-to-

bedside translation of nanomedicine. 

In Chapter 2, polymer co-assembly has been shown to be a versatile approach to 

coincidentally tune the size, shape and surface charge of nanoscopic supramolecular 

assemblies in water, to optimize the stimuli-responsive properties of nanomaterials. 

Sequential ring opening polymerizations of lactide and an alkynyl-bearing glucose-carbonate 

monomer afforded reactive block polymers that were conveniently transformed into 

amphiphilic derivatives having carboxylic acid or histamine side chain groups. Assembly and 

co-assembly of these block polymers yielded nanoparticles with highly tunable size, zeta 

potential, and pH-responsive behaviors, while bypassing tedious and time-consuming 
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synthesis. The tailorability derived from co-assembly enables the facile optimization of 

nanomaterials for different biomedical applications. This work represents a fundamental 

advance in the design and preparation of glucose-derived acid-responsive amphiphilic block 

polymeric materials, with potential for these constructs to be useful in a broad range of drug 

delivery applications.  

In Chapter 3, we demonstrated a facile fabrication of RBC-MCNs with tunable PTX 

release kinetics via controlling the macromolecular stereostructure. Isotactic and atactic PLAs 

of similar molar masses (Mn = 8.2–8.9 kDa) and dispersities (<1.1) were synthesized via 

organocatalyzed ROPs. PLA assemblies, with varying polymer tacticity, had comparable 

hydrodynamic diameters. Significant PLA stereocomplex retention upon loading PTX was 

evidenced by WAXD and DSC experiments. The PTX release kinetics from the RBC-MCNs 

was successfully tuned by changing PLA stereochemistry, with a higher degree of 

stereocomplexation corresponding to slower PTX release. RBC-MCNs were not cytotoxic 

and displayed lower immunotoxic responses compared to the RBC membrane vesicles. This 

strategy can be adapted to encapsulate other cargos, such as different chemotherapeutics, 

radiosensitizers, and growth factors. Although the cytotoxicity against cancer cells was 

diminished by packaging the drug within the nanoparticle framework, the extended release 

profile may be attractive for in vivo efficacy. Therefore, this work represents fundamental 

advances toward a potential personalized nanocarrier technology that would be capable of 

employing an individual’s RBCs for membrane isolation, together with tuning of cargo 

loading and release simply via alteration of the biocompatible PLA stereoisomer feed ratio. 
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In Chapter 4,  we demonstrated the impact of hydrophobic drug conjugation on the 

complex interplay between the level of drug loading on the polymer nanoparticle 

physicochemical characteristics and the resulting access of molecular stimuli to the internal 

compartments and subsequent triggered drug release, with a focus on GSH sensitivity of 

disulfide-linked CPT-conjugated PEG-b-PGC nanomaterials. The hydrophobic payload 

increased the core hydrophobicity, which negatively influenced the aqueous accessibility, 

lowered the GSH sensitivity, and consequently slowed down the GSH-triggered drug release. 

Importantly, when compared to the low CPT loading formulation (fCPT = 0.15), the higher 

CPT-conjugated formulations (fCPT = 0.50 and 0.85) significantly improved selective 

cytotoxicities against ovarian cancer cells over healthy cells. With an emphasis on the 

importance of controlling the drug loading, this work represents a significant advancement in 

the drug carrier design, providing a versatile strategy to tune GSH sensitivity through payload 

control, with the potential for extending this strategy to other water-borne stimuli, including 

enzymes, peptides, pH, and other ions. 

Given the novel strategies to precisely control nanomaterial physicochemical 

characteristics presented in this dissertation, future work should include developing 

polymer-based nanomaterials tailored toward specific disease targets.  The remaining 

challenges in personalized nanomedicine included but were not limited to high cost, 

quality control, variable responses among individuals.  More researches are needed to 

bring personalized nanomedicine into reality. In conjunction with the in-depth biological 

understanding of the disease process, this study opened new avenues for tailor-made 

nanomaterials toward personalized medicine.     
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