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In living organisms, numerous biochemical reactions occur synergistically, allowing the organisms 

to grow and reproduce, convert food to energy, maintain the structure, and response to the envi-

ronment – all activities that we called “life”. As one of the most important types of molecules for 

any living organism, protein controls and mediates all these biological processes; malfunction of 

protein often induces the body to an abnormal state namely disease. Viewed from the perspective 

of disease mechanisms, protein therapy, which treats diseases by delivering therapeutic proteins 

directly to redress disorders, represents a tremendous opportunity to alleviate many incurable dis-

eases. However, intrinsic problems, including low stability, low permeability, and high immuno-

genicity, hamper the clinic application of proteins.  Development of advanced protein delivery 
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systems, which can properly address these issues, has been considered as a practical solution that 

could enable the therapeutic use of a wide scope of proteins in disease treatments. 

In this dissertation, novel delivery systems have been developed based on the protein nanocapsule 

technology, providing several practical methods to overcome essential issues that hinder the ap-

plication of therapeutic proteins, but have not yet been properly resolved by current protein deliv-

ery systems.  These common issues include the efficiency of protein intracellular delivery, co-

delivery of multiple proteins, and the plasma half-life and immunogenicity of proteins when de-

livering systemically. Based on these issues, the dissertation research can be outlined briefly with 

the following three topics: 

1. Intracellular delivery of any protein(s) with optimal efficiency. This part of work demon-

strated a polymer-based nano-carrier that was constructed by utilizing multiple weak inter-

actions, which offers the feasibility of loading and delivering proteins without any chemi-

cal modification, as well as finely tuning the surface properties of the nano-carriers to 

achieve optimal delivery efficiency. The intracellular delivery capability of this nano-car-

rier was first demonstrated by delivering bioactive transcription factors into cells (Chapter 

3). Combining with single-protein nanocapsule and microfluidic platform, any protein can 

be intracellularly delivered using this nano-carrier and the delivery efficiency can be opti-

mized with a high-throughput systhesis and screening system (Chapter 5), providing a fun-

damental platform for researches on stem cell reprogram and regenerative medicine. 

2. Co-delivery of multiple proteins that function synergistically. In eukaryotic cells, most bi-

ological processes are accomplished by multiple enzymes or proteins, which are usually 

spatially confined with precise ratio control in order to function correctly and optimally. 
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Demonstrated in this part of work (Chapter 1), defined types and amount of enzymes were 

assembled and co-encapsulated into enzyme nanocomplex, which ensures those enzyme 

functioning effectively no mater being delivered into local tissues or diluted system like 

blood stream. This strategy provides a feasible method to construct protein-based multi-

functional nanostructure as needed without engineering protein sequence. From the per-

spective of developing protein therapeutics, this system offers a practical method to detox-

ify the by-product of many enzymes, enabling safe use of them for therapeutic purposes. 

3. Prolong circulation time and reduce immunogenicity of therapeutic proteins. One major 

problem of most therapeutic proteins is the fast clearance by immune system, which sig-

nificantly reduces or completely diminish their therapeutic effects.  In this part (Chapter 3), 

we designed a general method that can prolong the plasma half-life of most proteins sig-

nificantly by minimizing their interactions with serum proteins, blood cells, tissues and 

organs with a protein-adsorption-resistant polymer shell. With this method, the overall 

therapeutic effect was enhanced after systemic administration, which was demonstrated 

with uricase as model therapeutic protein. This strategy also inhibits immune responses 

against exogeneous proteins, which can broaden the scope of proteins with therapeutic po-

tentials. 

Overall, this dissertation research established various methods to endow new surface properties to 

proteins and enzymes as needed. Based on these work, one can expect that increasing number of 

protein therapeutics will be developed and widely applied for curing diseases in the near future.      
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Chapter 1. Protein therapeutics and protein delivery 

1.1 Protein therapy and therapeutic proteins 

Proteins have the most dynamic and diverse role of any macromolecule in the body, catalyzing 

biochemical reactions, forming receptors and channels in membranes, providing intracellular and 

extracellular scaffolding support, and transporting molecules within a cell or from one organ to 

another.1 Viewed from the perspective of disease mechanisms, protein therapy, which treats dis-

eases by delivering therapeutic proteins directly, represents a tremendous opportunity to alleviate 

many incurable diseases including chronic diseases, inherited diseases and cancers, as disease of-

ten results from mutations or other abnormalities of one or several proteins, or an abnormal con-

centration of any protein.2 Although one can argue which molecules are most important for life 

and they all are, currently the proteins as therapeutics are the most important biologicals in terms 

of their clinical utility. To date, more than 150 different proteins, including monoclone antibodies 

(mAbs), enzymes, cytokines, growth factors and others, have been approved by the US Food and 

Drug Administration (FDA) for clinical use, and many more are in development. In contrast, we 

still have to wait for the first approved DNA-based therapeutic.3 

According to the functions or the mechanisms, protein therapeutics can be grouped in several dif-

ferent ways. Based on their pharmacological activity, they can be divided into five groups: (a) 

replacing a protein that is deficient or abnormal, (b) augmenting an existing pathway, (c) providing 

a novel function or activity, (d) interfering with a molecule or organism, and (e) delivering other 

compounds or proteins, such as a radionuclide, cytotoxic drug, or effector proteins.2 Protein ther-

apeutics can be also grouped based on their molecular mechanism of function. In this way, protein 
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therapeutics can be divided into three groups: (a) specific noncovalent binders, (b) proteins affect-

ing covalent bonds, and (c) others. By 2011, the first group of proteins approved by the European 

Union or the USA for clinical use consists of 73 unmodified proteins including 29 mAbs, the 

second group includes 21 enzymes; and the third group has only one representative, human serum 

albumin, which is used to increase plasma osmolarity. The largest and currently most selling ther-

apeutic protein group is the first group protein therapeutics, especially mAbs and Fc fusion pro-

teins. In 2010, sales of mainly recombinant therapeutic proteins and antibodies exceeded US$ 100 

billion, where therapeutic mAbs accounted for almost half (48%) of the sales.4–6 

In term of sales, therapeutic mAbs and Fc fusion proteins are more successful than therapeutic 

proteins other than mAbs and Fc fusion proteins, which are almost all enzymes and albumin.2 

Several major differences between these proteins and antibody-based therapeutics may explain 

why on average the approved mAbs and Fc fusion proteins are more successful. Firstly, the Fc 

portion of antibody confers them with long half-life by binding to the FcRn and effector functions 

including antibody-dependent cell-mediated cytotoxicity (ADCC) and complement. No other pro-

teins are capable to perform those functions simultaneously. Secondly, Fabs can bind to large 

number of targets to keep their Ig-based scaffold, which often results a desired bio-distribution and 

better therapeutic index. The third advantage is that antibodies have evolved to fight diseases and 

are usually in high concentration in the blood without significant side effects. Therefore, mAbs 

and Fc fusion proteins on average present less toxic than other protein therapeutics. 

Towards the development of wider scope of protein therapeutics, various methodologies have been 

used to engineer proteins to resemble some of the properties which mAbs already have through 

their Fc or Fabs. Such properties include long plasma half-life, low toxicity and immunogenicity, 
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targeting capability to specific tissues and organs, as well as high membrane permeability for in-

tracellular protein delivery. During the past several decades, tremendous efforts have been devoted 

into this field, resulting three major types of approaches to endow one or several abovementioned 

features to engineered proteins. The traditional approach is achieved by mutation and direct evo-

lution of therapeutic proteins. Although it is still the most widely used method to develop protein 

therapeutics, it is a very time-consuming process and the properties of the resulted proteins are 

usually hard to predict. Modern approaches for protein engineering and protein delivery mostly 

focus on tuning the surface properties of therapeutic proteins. This could be achieved by either 

modifying protein surface structures through restricted chemical reactions, or encapsulating ther-

apeutic proteins and delivering them through artificial vectors. To date, the conjugation methods, 

especially PEGylation, which conjugates poly(ethylene glycol) onto therapeutic proteins to pro-

long their circulation time, have achieved massive success; 7 types of PEGylated enzymes and 

interferons (Table 1-1) have been approved by FDA for clinical use by Year 2010 and several 

more are under clinical trials. However, recent researches have reported the discovery of anti-PEG 

antibodies from all patients received PEGylated drugs and 25% polulation of normal people. Such 

antibody can quickly identify PEGylated therapeutics and help immune system to clear them from 

the blood circulation effectively, leading to poor therapeutic index of PEGylated proteins and re-

duced therapeutic effects.7,8 For this type of protein engineering method, new materials have to be 

invented to avoid the immune clearance in the future development of protein therapeutics. 

Table 1-1 PEGylated protein therapeutics approved by FDA by Year 2010 

Name Company Therapeutic 
Protein 

Diseases Approved Year 

Adagen® Sigma-Tau Phar-
maceuticals, Inc. 

adenosine deam-
inase 

severe combined 
immunodefi-
ciency caused by 

1990 
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the deficiency of 
adenosine ami-
nase 

Neulasta® Amgen granulocyte col-
ony stimulating 
factor 

neutropenia 2002 

Pegasys® Genentech Interferon-α2a hepatitis C 2002 
Peg-Intro® Merck Interferon-α2b hepatitis C 2001 
Somavert® Pfizer a modified ver-

sion of human 
growth hormone 
designed to bind 
to and block the 
growth hormone 
receptor 

acromegaly 2003 

Oncaspar® Enzon Pharma-
ceuticals, Inc. 

L-asparaginase acute lympho-
blastic leukemia 

2006 

Krystexxa® Savient Pharma-
ceuticals, Inc. 

uricase chronic gout, 
hyperuricemia 

2010 

 

Vector-based protein delivery methods, which deliver proteins by carrying them using synthe-

sized vehicles, have attracted attentions from both material scientists and biologists. Instead of 

direct modification of the protein surface, vector-based method uses polymers or other synthe-

sized materials to encapsulate therapeutic proteins, which effectively provides a new surface to 

the protein without altering the chemical structure of the protein. Compared to the conjugation 

method, the major advantage of vector-based delivery system is well preservation of the original 

structure of the encapsulated protein, which effectively avoids the change, reduce or complete 

loss of the biological function of the therapeutic proteins. Another advantage of vector-based de-

livery strategies is the ease of surface engineering with desired physic-chemical properties due to 

the wide choices of materials and methods for constructing the delivery vectors and less concern 

about the damage to the protein’s function. Currently, vector-based protein delivery systems are 

under heavy development and some of them have entered clinical trials. Recent advances in the 
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protein delivery vectors, especially for intracellular delivery and systemic delivery of proteins, 

will be discussed in the following section. 

1.2 Systemic delivery of proteins 

For the therapeutic purposes, most therapeutic proteins do not need to be delivered into cells. In-

stead, most therapeutics need to function extracellularly, including all mAbs and most enzymes. 

For the latter one, most therapeutic enzymes need to stay in the blood circulation long enough to 

allow them functioning effectively. This type of application can be generalized as enzyme-based 

systemic detoxification, which use therapeutic enzymes to convert toxicants introduced externally 

or produced by malfunctioning biological process to non-toxic ones, or use enzymes to correct the 

level of certain substances so as to redress metabolic disorders.  Compared to traditional detoxifi-

cation agents, enzyme-based detoxification agents possess several advantages: (1) high substrate 

selectivity – enzymes can decompose toxic substances without affecting other biochemical mole-

cules, resulting in less side effects; (2) high catalytic efficiency – enzymes usually catalyze the 

conversion of their substrates with fast kinetics, which is crucial for making effective antidotes for 

acute intoxication; (3) the most direct method to treat intoxications caused by metabolic disorders 

– enzymes can be delivered to replace the dysfunctional ones to redress metabolic disorders.  Be-

cause of these advantages, many enzymes have been discovered and developed for decomposing 

toxic substances.9–17 However, native enzymes barely show any detoxification effects, while some 

of them even caused severe immune responses when administrating systemically.  Particularly, 

exogenous enzymes generally exhibit high immunogenicity and low circulating ability, which re-

sult in fast clearance after the administration.18–24   
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Figure 1-1 A schematic illustration of the three major types of enzyme-nanocarrier architectures for detox-

ification through intravenous delivery. 

To circumvent these limitations, nanocarriers were extensively developed, affording a large num-

ber of protein therapeutics with improved efficacy and reduced side effects.25–29 To date, various 

enzyme-nanocarrier architectures have been explored, some of which have been used clini-

cally.25,30 Such enzyme-nanocarrier architectures mainly include liposome-wrapped enzymes, pol-

ymer-conjugated enzymes, and polymer-encapsulated enzymes (Figure 1-1).  In the following sec-

tions, these three architectures will be discussed from the perspective of detoxification achieved 

through systemic administration.  Examples of enzyme-based antidotes and therapeutics will be 

provided (Table 1-2) and perspectives in future development of enzyme-based antidotes will be 

also provided. 

Table 1-2 Enzyme therapeutics for systemic detoxification purposes 

Enzyme Related Disease Carrier Development Sta-
tus 

Refer-
ences 
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Uricase Hyperuricemia 
and gout 

PEG FDA approved in 
2010 (Krystexxa™, 
Savient Pharmaceu-
ticals, Inc.) 

10,11,18,31–37 

Dextran Preclinical study 38 

PVP Preclinical study 39,40 

PAcM Preclinical study 39–41 

Liposome Preclinical study 42,43 

Erythrocyte Preclinical study 44,45 

Glucose oxidase Diabetes Liposome Preclinical study 46 
Erythrocyte  Preclinical study 47,48 
Nanocapsule Preclinical study 49 

Adenosine deam-
inase 

ADA deficient 
SCID 
 

PEG FDA approved in 
1990 (Adagen®, 
Sigma-tau Pharma-
ceuticals Inc.) 

13,50  

Phenylalanine 
hydroxylase 

Phenylketonuria PEG Preclinical study 51 

Phenylalanine 
ammonia lyase 

Phenylketonuria PEG Phase I clinical trial 7,52 
Gelatin capsule Preclinical study 53 
Cellulose cap-
sule 

Preclinical study 54 

Superoxide dis-
mutase & cata-
lase 

ROS related dis-
ease 

PEG Preclinical study 55,56 
Dextran Preclinical study 57–59 
PVP Preclinical study 60 
Block copoly-
mer  

Preclinical study 61–63 

Liposome Preclinical study 64–74 
Rhodanese Cyanide intoxica-

tion 
Liposome Preclinical study 75,76 
Erythrocyte Preclinical study 77 
Dendritic poly-
mer 

Preclinical study 78 

Phosphotriester-
ase 

Organophosphate 
intoxication 

PEG Preclinical study 79 
Liposome Preclinical study 80–84 
Erythrocyte  Preclinical study 85,86 
Dendritic poly-
mer 

Preclinical Study 78,87 

Pluronic micelle Preclinical study 88 
Nanocapsule Preclinical study 89 
Liposome Preclinical study 90 
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Alcohol dehydro-
genase & Alde-
hyde dehydro-
genase 

Alcohol intoxica-
tion 

Erythrocyte Preclinical study 91–93 

Alcohol oxidase Alcohol intoxica-
tion 

Erythrocyte Preclinical study 94 
Nanocapsule Preclinical study 49 

L-Asparaginase Acute lympho-
blastic leukemia 

PEG FDA approved in 
2006 (Oncaspar®, 
Enzon Pharmaceu-
ticals, Inc.) 

95–101 

Liposome Preclinical study 102–104 

Erythrocyte    Preclinical study 105–108 
Poly(lactide-co-
glycolide) 

Preclinical study 109 

Arginase T-cell acute lym-
phoblastic leuke-
mia 

PEG Preclinical study 12,110 

Dextran Preclinical study 111 

Plasminogen acti-
vators 

Vascular clot PEG Preclinical study 112–118  
Liposome Preclinical study 119 

 

1.2.1 Liposomes 

Liposomes have been used as pharmaceutical carriers during the past 30 years.25 Liposomes are 

nano-sized artificial vesicles, which can be produced from natural or synthetic phospholipids.  En-

zymes are typically located in the aqueous core, while other hydrophobic molecules can be dis-

solved within the bilayers of liposomes.120  Liposomes provide many advantages for detoxification, 

including: 1) liposomes are biocompatible;  2) liposomes can stabilize the encapsulated enzymes;  

3) hydrophobic toxins can be entrapped into liposomes facilitating their degradation;  4) the size, 

charge and surface properties of liposomes can be readily turned by introducing desired lipid moi-

eties such as PEG-conjugated lipids, where PEG stands for poly(ethylene glycol).   
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Figure 1-2 A schematic illustration of preparing liposomes and “stealth liposomes” through self-assembly 

of lipids or a mixture of lipids and PEG-lipids, respectively.  Stealth liposomes could also be prepared by 

conjugating PEG chains onto the liposome surface. 

A potential problem with liposome-wrapped enzymes, particularly when delivered intravenously, 

is the rapid removal from the circulation by the reticuloendothelial system.121  To enhance their 

circulation half life, “stealth liposomes” have been designed by coating the liposomes with PEG.122  

This could be achieved either by constructing liposomes using PEG-conjugated lipids (PEG-lipid) 

or by post-conjugating PEG on the liposome surface (Figure 1-2).  Klibanov et al. first reported 

the preparation of PEGylated liposomes, which increased the circulation half life from less than 

30 min to 5 h compared to their non-pegylated counterparts.123  The prolonged circulation time is 
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attributed to the large hydrodynamic volume of the PEG chains, which shield around the liposomes 

and mask the liposomes from immune and metabolic systems.64  Based on a similar mechanism, 

other hydrophilic polymers were also used to construct long-circulating liposomes, including 

poly[N-(2-hydroxypropyl) methacrylamide]],124 poly-N-vinylpyrrolidones,125 L-amino-acid based 

polymers,126 and polyvinyl alcohol127.  However, conjugating with these polymers often decreases 

the liposome stability, because conjugation of hydrophilic polymers reduces the glass-transition 

temperature of the liposomes.  To maintain necessary stability for these liposome, only a limited 

amount of polymers could be conjugated, leading to low density of the surface-grafted polymeric 

layer, which reduce their effects in prolonging the circulation time of liposomes. 

To date, various enzymes have been encapsulated into liposomes for detoxification or therapeutic 

purposes.  For example, uricase has been successfully encapsulated within liposomes.  Studies 

showed that liposome-wrapped uricase exhibits more effective management of the uric-acid level 

than native uricase in hyperuricemia rat model due to the higher uricolytic activity.42,43  Consist-

ently, L-asparaginase has also been encapsulated within liposomes, resulting in liposome-wrapped 

L-asparaginase with prolonged circulating time, abrogation of acute toxicity and better retained in 

vivo antitumor activity.103,104  For systemic detoxification, Petrikovics et al. co-encapsulated 

rhodanese and a sulfur donor (thiosulfate) for the detoxification of cyanide.  By optimizing their 

compositions, these liposomes exhibit high encapsulation efficiency, as well as good fluidity for 

effective cyanide penetration and conversion.75,76  Promising results have been demonstrated in 

the detoxification of organophosphates (OPs), in which organophosphorus acid anhydrolase 

(OPAA) and phosphotriesterase were encapsulated within liposomes and delivered intravenously 

to eliminate diisopropylfluorophosphate (DFP) and paraoxon in the blood circulation.80–82,128  Be-

cause their ease of preparation and excellent biocompatibility, liposomes have been extensively 
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explored as delivery carriers for many therapeutic enzymes; however,  despite the improved cir-

culating time and therapeutic effects, the delivery efficiency is still far from optimal. 

1.2.2 Polymeric vectors 

Due to versatility and easy control of the physiochemical properties, conjugating therapeutic en-

zymes with polymer has been broadly adapted for the development of therapeutic or detoxifying 

agents.  The polymers may shield the enzymes from undesired interactions, improve the enzyme 

stability, reduce immune activation, and prolong the circulation time.  Such shielding effects are 

highly dependent on the physiochemical properties of the polymers, such as hydrophilicity, chain 

length, chain architecture (i.e., linear versus branched) and biocompatibility, which are elaborated 

in detail below.129 

PEG is the most commonly used polymer for the preparation of polymer-enzyme conjugates.  Co-

valently attaching PEG to the enzymes, also termed as PEGylation, is generally achieved by react-

ing PEG with the reactive motifs of enzymes.  Commonly, PEGylation is achieved through react-

ing the ε-amino groups of lysine residues.  This process often results in the formation of conjugated 

isomers containing various PEG chains attached at different sites,28 and further purification pro-

cess is required for FDA approval.  To circumvent this limitation, site-specific PEGylation reac-

tions have also been developed,130 such as the methods of N-terminal PEGylation and cysteine-

specific PEGylation, where the conjugation is occurred at the N-terminal α-amino groups and the 

residue cysteines (or cleaved disulfide bond), respectively.131–133  Other site-specific PEGylation 

methods were also developed, such as conjugating PEG-alkylamine reagent onto glutamine resi-
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dues by transglutaminase,134,135 and reacting (sialic acid)-PEG with the hydroxyl groups of a gly-

cosylated protein.136  These site-specific strategies lead to more defined conjugating structure, fa-

cilitating their transition for clinic use. 

The shielding effect of PEG is mainly attributed from its hydrogen bonding with water, though the 

backbone of the molecule is hydrophobic. When dispersed in aqueous solution, the PEG chains 

form hydrogen bonds with the surrounding water molecules.  Such hydrated layers effectively 

shield the enhzymes from their surrounding, affording the enzymes with improved bioavailability, 

prolonged circulation time, and reduced immunogenicity and toxicity (Figure 1-3).  Consistently, 

PEG with longer chain length and higher density offers longer circulation life.  In addition, PEG 

chain architecture also influences the pharmacokinetics of PEGylated enzymes, and branched PEG 

generally exhibits longer circulation half life than linear ones with similar molecular weight.137  

However, such shielding layers may block active sites of the PEGylated enzymes, resulting in 

reduced or even completely loss of the enzyme activity.  Although the improved pharmacokinetics 

may compensate the reduced enzyme activity in certain degree, 138,139 reduced enzyme activity 

remains as a main drawback of PEGylation.  

PEGylated enzymes have been extensively studied for both in vitro and in vivo eliminations of 

hazardous chemicals, some of which have been approved for therapeutic use.30  Adagen (pegada-

mase) represents the first enzyme therapeutic approved for inherited disease,140 followed by the 

approval of Oncaspar (pegaspargase),95 both of which use PEG succinimidyl succinate as a random 

PEGylation reagent.  Krystexxa, a PEGylated recombinant uricase was also prepared by random 

conjugation of PEG p-nitrophenyl carbonate ester to the lysine residues of uricase.141  Other en-
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zymes, such as arginine deiminase (ADI), phenylalanine ammonia-lyase and organophoshpate hy-

drolase (OPH), were also conjugated with PEG, resulting in significantly extended residence time 

of days in comparison with their native enzyme counterparts with resident time of hours.7,142  How-

ever, there are increasing number of reports on the formation of anti-PEG antibodies when 

PEGylation therapeutics was used as intravenous agents.7,8  Developing alternative shielding lay-

ers that can further evade the immune system is essential but challenging. 

 

Figure 1-3 A schematic illustration of a PEGylated protein.  The PEG chains are conjugated on an enzyme, 

which could protect the protein from proteolysis and help to evade the immune system. 

Dextran, a natural and biodegradable polysaccharide, has been widely employed for decades as a 

plasma volume expander, peripheral flow promoter, and antithrombolytic agents.143 Recently, dex-

tran has also been investigated as carriers for delivery of drugs and proteins, which are mainly 

achieved through conjugating dextran with the therapeutic agents.144 Similar to PEG, conjugation 

with dextran endows the therapeutic agents with prolonged circulating time, increased protein sta-

bility and reduced in vivo immunogenicity.  For example, Wileman et al. prepared asparaginase-
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dextran conjugates with significantly improved plasma half-life in both immune and non-immune 

rabbits.145 Similarly, dextran-conjugated uricase exhibits significantly prolonged circulation time, 

which is over ten times of the native enzyme counterpart (7h vs 0.6h).38  Carboxypeptidase G2 

(CPG), which can enzymatically deplete an essential nutrient (folate) for the tumor cells, has only 

3.1 h plasma half-life.   Conjugating CPG with dextran with 40, 70, 110 or 150 kDa molecular 

weight results in a plasma half-life of 14.3, 16.3, 17.5 and 45.6 h in normal mice, respectively.146  

However, it has been reported that intravenous administration of dextran with high molecular 

weight may cause life-threatening anaphylaxis.147 

Amphiphilic block copolymers are another class of polymers used as nanocarriers.  Particularly, 

Pluronic triblock copolymers have been extensively studied due to their biocompatibility, biodeg-

radability, low toxicity and prolonged circulation time when conjugated with proteins.148,149 Plu-

ronic copolymers are composed with poly(ethylene oxide) (PEO) and poly(propylene oxide) 

(PPO) with a general formula of EOxPOyEOx, where x and y represent the number of EO or PO 

repeat units in the copolymer.  In aqueous solution, Pluronic copolymers can self-assemble into 

micelles with a hydrophobic core formed with PPO and a hydrophilic shell composed with PEO.  

Pluronic copolymers have been used for delivering enzymes for detoxification.  For example,  Plu-

ronic F127 (EO100PO65EO100 ) and OPH was conjugated, and the resulting conjugates could self-

assemble into a micelle structure with a hydrophobic PPO core and OPH on the surface. These 

hydrophobic cores can attract lipophilic OP molecules and the OPH on the surface facilitates its 

degradation.  Such conjugates form micelles in solution exhibiting excellent stability, which are 

of great interest for OP-detoxification for both military and civilian applications.88 Pluronic P85 

(EO26PO40EO26) and L81 (EO6PO43EO6) were also conjugated with superoxide dismutase (SOD), 

which could be used to inhibit intraneuronal superoxides.150 
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Besides Pluronic triblock copolymers, other block copolymers have also been studied.  One exam-

ple is vinyl sulfone (VS)-terminated block copolymers of poly(propylene sulfide) (PPS) and PEG 

(PPS-PEG-VS), which forms micelles with vinyl sulfone groups.  SOD could be readily conju-

gated to the micelle surface through the Michael-type addition.  The conjugated SOD could effec-

tively eliminate superoxides, while PPS (mainly located within the micelle cores) can scavenge 

the toxic hydrogen peroxide produced by the SOD-mediated reactions.  Such a synergic effect is 

also observed in a cascade reactions mediated by SOD and catalase.63  

Poly(vinylpyrolidone) (PVP) is a synthetic polymer used in large quantities as a blood expander, 

and is known for its negligible toxicity, low immunogenicity and antigenicity.151,152 Similar to 

PEG, PVP has also been used to form enzyme-PVP conjugates, which were generally synthesized 

by a two-step process.  First, a single (monofunctional) or multiple reactive (polyfunctional) 

groups, which can conjugate with the amino-acid residues on enzymes, are created for PVP to 

form the activated PVP.  Activated PVP is then incubated with enzymes to form enzyme-PVP 

conjugates.60,153 Using these methods, PVP-conjugated SOD was prepared with increased circula-

tion time, reduced antigenicity and immunogenicity, and enhanced thermal stability. PVP-uricase 

conjugates were also prepared; however, 2-folds higher of antigenicity than the native uricase was 

observed.39 Similar issue was also observed in the PVP-enzyme conjugates made with N-acetyl-

beta-D-hexosaminidase.154  

Poly(N-acryloylmorpholine) (PAcM), an amphiphilic and nontoxic polymer, was also explored as 

plasma substitutes and transdermal carriers.155 For example, poly(AcM-co-NAS) made by copol-

ymerizing N-acryloylmorpholine (AcM) and N-acryloxysuccinimide (NAS) inherits the water sol-

ubility and biocompatibility from PAcM, and the ability to conjugate with amino groups from 
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poly(NAS).  Such copolymer has been used to form conjugates with catalase and ribonuclease A 

without compromising their enzyme activities.156,157 Similar to PVP, reactive groups can be also 

generated within PAcM to enable protein conjugation.158 PAcM-uricase conjugates, for example, 

exhibit dramatically reduced antigenicity and suppressed immunogenicity.39 Nevertheless, more 

extensive studies in toxicity, immunogenicity, antigenicity, and clearance mechanism of PAcM-

based conjugates are required to understand their therapeutic potentials. 

1.3 Intracellular delivery of proteins 

Intracellular protein de- livery is considered to be the most direct, fastest and safest approach for 

curing gene-deficiency diseases, enhancing vaccination, triggering cell trans-differentiation pro-

cess, inducing the formation of pluripotent stem cells, and other applications. In contrast to gene 

delivery, intracellular protein delivery avoids permanently altering the genomic information of 

host cells, circumventing the concerns of potential mutagenesis associated with the delivered genes. 

To date, various vectors have been explored to facilitate intra- cellular delivery of proteins, such 

as liposomes, polymers, gold nanoparticles, mesoporous silica particles, carbon nanotubes, and 

natural vectors such as cell-penetrating peptides, antibodies and other biomolecules. This disser-

tation will focus on synthesized nano-carriers including liposomes, polymer-based systems, and 

cell penetration structures. 

1.3.1 Liposomes 

Liposomes have been widely used for drug delivery purposes since first observation several dec-

ades ago. In a liposomal delivery system, proteins are wrapped with in a hollow sphere composed 

by lipid bilayer, which facilitates translocation of the encapsulated proteins into lysosomes or cy-

toplasm. Table 1-3 lists three types of commonly used lipids, including cationic lipids, neutral 
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lipids, and pH-responsive lipids. Particularly for pH-responsive lipids, liposomes formed with 

these lipids can be protonated and deprotonated in response to the change of pH, resulting the 

release of the encapsulated protein in different micro-environments. 

Table 1-3 Commonly used lipid structures for protein delivery 

Type Name Structure 
Cationic lipids SAINT-2 

 
DODAP 

 
DODAPL 

 
DOGS 

 
Neutral lipids DOPE 

 
DOPC 

 
pH-responsive 

lipids 
CHEMS 
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DOSG 

 
 

Since most liposomes enter cells through endocytosis process, enhancement of cell-uptake effi-

ciency of liposomes is essential for an effective protein delivery. To achieve this goal, cationic 

lipids are usually employed to form liposomes with a positively charged surface, which enhances 

the electrostatic interactions between liposome and cell membranes effectively. For example, in-

tracellular delivery of β-galactosidase and caspase was reported by using cationic liposomes syn-

thesized with DODAPL and DOPE.159,160 However, most cationic liposomes show poor compati-

bility with serum due to undesired non-specific absorption of serum proteins, which highly restricts 

their application in clinic. To improve the serum stability, a new type of cationic lipid, SAINT-2, 

was developed recently. Cell uptake efficiency of liposomes formed with this lipid was not influ-

enced by the size or charge of the liposomes.161 However, most cationic liposome have shown 

certain degree of cytoxicity, which could be attributed to the apoptosis induced by the cationic 

moieties of the lipids.162 To overcome this issue, cell penetrating structures, including cell pene-

trating peptides (CPPs), antibodies,163–165 folic acid,166 and transferrin165–167 can be conjugated to 

the surface of liposome to facilitate cell internalization without using cationic lipids. In this case, 

TAT, a CPP derived from HIV virus, was one of the most commonly used structures due to its low 

molecular weight, wide availability, and ease of conjugation. To date, proteins including bovine 

serum albumin (BSA), β-galactosidase, and IgG have been reported to be delivered intracellularly 

with TAT-conjugated liposomes.168,169 Liposome conjugated with both TAT and antibody on the 

surface was also constructed to achieve targeted delivery, where TAT enhanced the endocytosis 

efficiency significantly.170 
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1.3.2 Polymer-based systems 

Polymeric protein delivery systems rely on the formation of micrometer- or nanometer- size pol-

ymer particles containing protein cargo. Based on their synthetic process and structure, such sys-

tems can be classified into non-covalent and covalent delivery systems. In the first category, cur-

rent polymer-based systems achieved intracellular delivery of proteins by adsorbing proteins onto 

polymer particles or dendrimers. For example, GTPase rhoG was delivered into PC12 cells by first 

adsorbing proteins onto poly(butylcyano- acrylate) (PCBA) nanoparticles, which could trigger cell 

internalization via lipoprotein receptor-mediated endocytosis.171 Dendrimers such as hyper-

branched polyhydroxyl (HBPH) polymers were also employed to deliver proteins including glu-

tathione S-transferase (GST) luciferase, antibodies, and cytochrome C.172,173 One major ad-

vantages for using dendrimers is the ease to conjugate functional groups to confer unique features 

to the carrier. Exemplified by conjugation of folic acid onto HBPH, such modified dendrimer could 

target and translocate the protein cargo (cytochrome C) into cancer cell selectively, which demon-

strates a strategy of protein cancer therapy.173 

 In addition to polymer particles and dendrimers, non-covalent delivery systems constructed by 

self-assembly of protein and macromolecules have also been studied. Such assembly process can 

be driven by electrostatic interactions, hydrophobic interactions, host-guest interaction and others, 

which are usually determined by the structure of polymers. In particular to protein intracellular 

delivery, forming a protein-polymer complex with cationic block copolymer is a very common 

approach. In such cases, protein was loaded into the assembled structure via electrostatic interac-

tion, or hydrophobic interaction. 174–176 The result protein-polymer structures usually have cationic 

polymer chains exposed on the surface, which enables cell internalization. Similar to liposomal 
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delivery systems, such cationic polymer chains can be also replaced by cell internalization moieties 

or antibodies in order to incorporate desired functions such as targeting ability. 

Viewed from material science perspective, polymer-based systems provide endless potential for 

the development of more advanced delivery system due to the wide variety of materials and inter-

actions that can be employed compared to liposomal systems. However, the construction of non-

covalent systems relies on self-assembly process, which is a dynamic state that is only stable under 

certain condition. As the environment changes, for example, administration of such protein-poly-

mer complex into blood, such steady state cannot be maintained, resulting the dissociation of the 

protein-polymer complex and release of the protein.177 To overcome this problem, crosslinking 

process of polymer can be applied after the formation of protein-polymer complex to enhance the 

serum stability.178 Such crosslinking structure can be also constructed with cleavable bonds and 

structures (e.g., disulfide bond), which can be degraded after entering into cells, resulting a more 

effective release of the protein cargo. 

In addition to non-covalent polymer systems, intracellular protein delivery has also been achieved 

by covalently conjugating protein and polymers together. Early attempts in this field mainly focus 

on conjugating proteins with cationic polymer, especially polyethylenimine. In this method, pro-

teins including enhanced green florescent protein (EGFP) and ribonuclease (RNase) were conju-

gated chemically with PEI, which significantly enhanced their cell penetrating capability.179 How-

ever, the chemical conjugation approach often result in denaturation of the protein, leading to the 

further exploration of non-permanent conjugation methods. Intracellular degradable structures 

such as disulfide bonds and biotin-avidin interactions were employed for the delivery of β-catenins 
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and p53.180,181 After endocytosis, proteins dissociated from the polymer carriers and refolded into 

their original structures, therefore, functioned normally inside the cell. 

Recently, our group developed a platform technology for protein delivery by incorporate single 

protein molecule into a polymeric nanocapsule. With this method, high efficient intracellular de-

livery of functional proteins can be achieved. This will be discussed in detail in Section 1.4 . 

1.3.3 Inorganic delivery systems 

Due to the high biocompatibility of organic materials, organic carriers such as liposomes and pol-

ymer systems were widely studied for intracellular protein delivery. However, certain inorganic 

materials are also non-toxic and highly biocompatible, which have potential to be designed for 

protein delivery purposes. To date, studies on using inorganic carriers for intracellular protein de-

livery mainly focus on a few systems, including gold nanoparticles (GNPs), mesoporous silica, 

and carbon nanotubes. 

Gold nanoparticle has been widely explored for its biological applications due to its bio-inertness, 

imaging capability, and ease of synthesis and morphology control.182–184 Due to its high surface 

energy, GNPs can be uptake by cells, which has been documented for common cell-lines.185 For 

protein delivery, GNP can adsorb proteins onto its surface so as to mediate their cell-uptake. One 

advantage of using GNP for protein delivery is the ease of surface engineering of GNP. Thiol-

group-containing ligands can be easily conjugated onto the surface of GNP, which can change the 

surface properties of GNP significantly. Several proteins including β-glycosidase was delivered 

into cells with this method without observation of significant cytotoxicity.186 
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Mesoporous silica nanoparticles (MSNs) have recently been explored as potential nanocarriers for 

bioactive molecules due to their unique properties, such as high surface area, tunable pore size, 

and ease of surface functionalization.187 The mechanism of intracellular delivery of protein with 

MSNs is similar to GNP-based delivery systems. The first protein delivery achieved with MSN-

based vectors was the delivery of cytochrome C, which was successfully translocate into HeLa 

cells and released from the MSN-based vector.188 One unique feature of MSN-based vector is the 

capability of loading and controlled releasing of small molecules simultaneously during the protein 

delivery due to the porous structure. 189–194 This feature offers a potential method to co-delivery of 

small molecules, genes, and proteins together into cells to allow them functioning synergistically. 

The last inorganic carrier is single-walled carbon nanotubes (SWNT), which has recently been 

shown to shuttle various molecular cargos into living cells including proteins, short peptides, and 

nucleic acids.195–201 The cell internalization pathway of SWNT was believed to achieve via energy-

dependent endocytosis, which was recently observed by Dai’s group in the research of delivering 

several proteins (<80 kDa) with SWNT into different cells.202 One big concern of using SWNT is 

the toxicity and biocompatibility, although it has been consistently reported that well processed 

water-soluble nanotubes are biocompatible and nontoxic at the cellular level. 

1.4 Protein nanocapsule 

Recently, Lu group has developed a novel encapsulation method, where a thin polymer network 

is formed in situ around a single enzyme or enzyme complex, leading to the formation of enzyme 

nanocapsules containing an enzyme core and a thin polymer shell.  Such nanocapsule platform has 

been used for systemic delivery of proteins.49,89,203,204 The synthesis of the protein nanocapsule 
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involves two steps. (Figure 1-4)  Proteins were first conjugated with amine-reactive acrylate mol-

ecules to attach polymerizable groups onto the proteins.  In-situ polymerization is then initiated in 

aqueous solution, yielding a thin polymer shell around each of the protein molecule with several 

advantages: 1) the crosslinked polymer shells offer enhanced stability against proteolysis and non-

physiological environments; while the shells are so thin (nanometer scale) allowing effectively 

transport of small-size molecular substrates crossing the shells.  2) The physicochemical properties 

of the nanocapsules can be easily controlled by judicious choice of monomers and crosslinkers 

with desired charge (neutral, positive and negative charge), degradability, and hydrophilicity.  3) 

In most cases, only one single protein molecule is encapsulated within each nanocapsule, resulting 

in small particle size (~ 20 nm) favorable for systemic circulation205–207.  All of these advantages 

make enzyme nanocapsules ideal nanocarriers for enzyme-based detoxification. 

 

Figure 1-4 Schematic representing the preparation of single enzyme nanocapsule via in situ synthesis of 

crosslinked polymer shell on the enzyme surface.  Enzyme nanocapsule is synthesized by firstly conjugating 

or adsorbing unsaturated molecules onto the protein surface, followed by the initiation of in situ polymer-

ization reaction to form the polymer shell. 

Since the modification of the enzymes prior to their encapsulation may decrease the enzyme ac-

tivity, a revised encapsulation protocol was also developed.208,209 Instead of conjugating acrylate 
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groups to the enzyme surface, monomers and crosslinkers are adsorbed and enriched around the 

enzyme molecules spontaneously through electrostatic or hydrogen-bonding interactions.  Subse-

quent polymerization yields enzyme nanocapsules with a similar core-shell structure.  With the 

revised protocol, enzymes can retain as their intact form with highly preserved activity.  This en-

capsulation approach become a platform technology for the encapsulation of proteins with differ-

ent sizes, surface charges, and structures without compromising their biological activity.  

The enzyme nano-encapsulating platform provides a highly powerful tool towards the develop-

ment of enzyme therapeutics and antidotes.  The antidote application was first demonstrated by 

the decomposition, decontamination and detoxification of OPs.  OPH is vulnerable to harsh con-

ditions and proteolytic environment; Wei et al. used this approach to prepare robust and highly 

active OPH nanocapsules that can effectively decompose OP under extreme conditions like ele-

vated temperature and presence of proteases.  The enhanced stability allow the OPH nanocapsules 

for broad military and civilian applications, ranging from antidotes to prophylactics for OP-poi-

soning.210 Moreover, the activity of OPH could be enhanced by manipulating the local chemical 

environment, while the thermal stability could be precisely tuned by controlling the amount of 

crosslinkers used to construct the shells.  Preliminary in vivo study also reveals that two out of 

three mice with native OPH injection survived from the paraoxon poisoning, and all of them dis-

played poisoning symptoms within the first 2 hrs.  For comparison, all the mice administrated with 

the OPH nanocapsules survived from OP-poisoning without any toxic symptoms throughout 24 

hrs. 

Naturally existed detoxification systems in our body generally require cascades reactions to work 

synergistically to decompose toxic substances (e.g. phase I and phase II detoxification).  In this 
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context, ability to deliver two or more enzymes with synergic functions is essential for effective 

detoxification.  Exemplified with alcohol detoxification, during the metabolism, alcohol is con-

verted to acetaldehyde and acetic acid sequentially by alcohol dehydrogenase and acetaldehyde 

dehydrogenase, respectively.  Administrating alcohol dehydrogenase or alcohol oxidase alone re-

duces the blood alcohol concentration, however, generates toxic intermediates acetaldehyde and 

hydrogen peroxide, respectively.  To address this problem, a multiple-enzyme nanocapsule system 

was developed during my Ph.D. research to mimic the physiological alcohol detoxification process, 

where alcohol oxidase and catalase are co-delivered to eliminate the toxic intermediate hydrogen 

peroxide.49 This part of work will be discussed in detail in Chapter 1. 

Another general requirement for all protein therapeutics is the overall stability in blood circulation. 

This stability includes several important aspects, such as the capability to maintain the original 

structure and bio-functions, as well as avoiding being indentified and cleared by immune proteins, 

cells and organs. Currently strategy to enhance the plasma stability of therapeutic proteins is 

achieved by conjugating proteins with PEG (aka PEGylation), which intrinsically achieves by 

shielding the surface of protein with PEG chains. With the protein nanocapsule technique, proteins 

are wrapped completely by a thin layer of polymer shell, which interacts with outer environment 

(e.g., serum proteins, immune cells, organs) instead of the original surface of the encapsulated 

protein. Taking advantage of this unique structure, we designed a protein-adsorption-resistant pol-

ymer shell with zwitterionic polymer to encapsulate proteins. With this non-fouling polymer shell, 

the plasma half-life of the encapsulated protein was significantly prolonged. Moreover, because of 

the minimal protein adsorption, immune proteins and cells cannot recognize and identify the 

wrapped proteins, resulting the failure in activation of immune clearance and immune responses. 

This strategy provides a practical method for the in vivo use of any exogenous proteins, which 
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significantly broaden the scope of potential candidates of therapeutic proteins. This work will be 

discussed in detail in Chapter 3. 

1.5 Therapeutic applications of protein delivery 

1.5.1 Enzyme therapeutics for redressing metabolic disorders 

Several diseases are caused by metabolic disorders due enzyme deficiency or dysfunction.  En-

zyme therapeutics could treat these diseases by delivering the enzymes to restore the missing func-

tions.  Various enzyme therapeutics have been developed or under development aiming to treat 

metabolic diseases, such as hyperuricemia, hyperglycemia, phenylketonuria and overproduction 

of reactive oxygen species.  Recent advances in the development of enzyme therapeutics for these 

diseases will be discussed in the following paragraphs. 

1.5.1.1 Hyperuricemia and gout 

Hyperuricemia is an abnormally high level of serum uric acid, which may crystallize at locations 

with low body temperature.  Increased levels of serum uric acid predispose for gout, which is a 

medical condition usually characterized by recurrent attacks of acute inflammatory arthritis, and 

eventually results in other serious syndromes due to bone erosion.211 Traditional strategies to man-

age gout involve the treatments with nonsteroidal anti-inflammatory drugs, steroids or colchicine, 

which cannot reduce the serum uric acid level despite improving symptoms.212 Xanthine oxidase 

inhibitors like allopurinol can effectively decrease the production of uric acid, therefore, reduce 

the serum uric acid level.213 However, those inhibitors interfere with the normal purine metabolism 

and cause side effects.214 An ideal treatment for hyperuricemia and gout should be able to directly 

convert excess amount of uric acid in the blood to highly soluble substances without bringing side 

effects. 
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Uricase (urate oxidase, EC 1.7.3.3, UOx) is an enzyme that catalyzes the oxidation of uric acid to 

5-hydroxyisourate, which is a more soluble product that is readily excreted in urine. Unfortunately, 

unlike most mammals, human lacks functional uricase, resulting a much higher serum uric acid 

concentration.  Treatment with administration of uricase can lower the uric acid concentration 

significantly; however, direct use of uricase results low therapeutic efficacy due to its low stability 

and high immunogenicity.18  

Great efforts have been devoted to overcoming these limitations.  One major type of approaches 

is to conjugate uricase with polymers. 39–41,215  It was found that conjugating uricase with neutral 

and hydrophilic polymers significantly reduces its immunogenicity and organ accumulation after 

intravenous administration.41 Among all types of polymer-uricase conjugates, PEGylated uricase 

shows a prolonged blood circulating half-life, good biocompatibility and positive therapeutic ef-

fect in the management of hyperuricemia. 10,11,18,31–33   Decades of efforts in this field eventually 

result in a PEGylated form of recombinant mammalian uricase, which was developed jointly by 

Mountain View Pharmaceuticals, Inc. and Duke University. 37  In 2010, FDA approved this PEG-

uricase (Krystexxa™, Savient Pharmaceuticals, Inc.) as a clinic therapeutic for the management 

of chronic gout.  In the meantime, other encapsulated uricase have also been explored, such as by 

loading uricase into human erythrocytes44,45,216 or liposomes.43,217 Overall, the common goal is 

focused on developing uricase-based structure with sufficient circulating half-life and minimal 

immune responses. Since treatment of chronic gout usually span several months and need repeti-

tive administrations of therapeutics, low immunogenicity is of particular importance. 
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1.5.1.2 Adenosine deaminase deficiency 

Adenosine deaminase (ADA, EC 3.5.4.4), an enzyme that is needed for the breakdown of adeno-

sine from food, plays essential roles in purine metabolism.  The deficiency of ADA is one major 

cause of severe combined immunodeficiency (SCID), making the patients extremely vulnerable to 

infectious diseases.218 Although bone marrow transplantation is an effective therapy for a minority 

of patients,219 other treatments are being sought, including non-curative methods such as enzyme 

replacement therapy.220 Initially, ADA replacement was achieved using transfusion of irradiated 

erythrocytes from healthy donors.221 Despite the decrease in immunogenicity, the response was 

often inadequate or unsustained, with an increasing risk of iron overload and viral infection.222 

Hershfield et al introduced PEG-ADA, which was prepared by conjugating mono-methoxy-

poly(ethylene glycol) (Mw=5000) to bovine intestinal ADA.  The PEG-ADA serves as an alterna-

tive therapeutic for ADA replacement, demonstrating effectiveness with two SCID patients.50 The 

PEG-ADA also showed an extended plasma half-life of 48 to 72 hours, and neither toxic effects 

nor hypersensitivity reactions were observed.  By maintaining the plasma ADA activity via weekly 

dosing, the principle biochemical consequences of ADA deficiency in patients were completely 

reversed, indicating the effectiveness of PEG-ADA treatment.  PEG-ADA was approved by FDA 

in 1990 (Adagen®, Sigma-tau Pharmaceuticals Inc.) as the first successful enzyme replacement 

therapy for an inherited disease,223 and has been used to treat hundreds ADA-deficient SCID pa-

tient worldwide.13  

1.5.1.3 Phenylalanine hydroxylase deficiency and phenylketonuria 

Phenylalanine hydroxylase (PAH, EC 1.14.16.1) is an enzyme that catalyzes the hydroxylation of 

phenylalanine (Phe) to generate tyrosine. Deficiency in PAH results in the accumulation of Phe, 

which is eventually converted into neurotoxic phenylpyruvate that causes phenylketonuria (PKU), 
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leading to intellectual disability, seizures, and other serious medical problems if leaving untreated.  

Currently, the major treatment of PKU is achieved with low Phe diet for lifetime.  Other forms of 

therapies are now being explored, including enzyme replacement therapy using PAH.  Because of 

the complex structure of native PAH, truncated forms of PAH are often used in order to stabilize 

the structure and increase the activity.224 Additionally, PEG conjugation is also employed to lower 

the immune response of PAH and improve the pharmacokinetics,51 which shows promise as an 

alternative treatment to PKU. 

In addition to the PAH replacement therapy, phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) 

was also widely explored as a substitution to PAH in the treatment of PKU.  PAL catalyzes the 

conversion of Phe to ammonia and trans-cinnamic acid, therefore, has the potential to manage the 

accumulation of Phe.  Since it’s widely existed in plants, yeasts and fungi, PAL is much easier to 

obtain than PAH and no complicated cofactors are required for PAL to function.  However, proper 

protections are required because PAL is vulnerable to proteolytic degradation and also highly im-

munogenic.  Initial attempts in PAL substitution therapy were achieve by immobilizing PAL in 

semipermeable cellulose microcapsule and packing inside gelatin capsules, resulting in significant 

plasma Phe reduction in both mice and human.53,54 Another common approach is achieved by 

conjugating PAL with PEG.  Studies have shown that conjugation of PAL with a 20 kDa linear 

PEG could abolish its immunogenicity without compromising its activity.52 Recently, Phase I 

clinic trail on PEG-PAL has been initiated, and the treatment seems to be effective at reducing 

blood Phe levels in all five participants who received the highest dose of PEG-PAL.  However, all 

25 participants had developed antibodies against PEG at the end of the trial, which may signifi-

cantly reduce the therapeutic effect since repetitive dosing is required for PEG-PAL.7 Thus, new 
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materials need to be developed to replace PEG to avoid antibody genesis in order to achieve an 

effective and low-cost PAL-conjugates for the treatment of PKU. 

1.5.2 Enzyme therapeutics in the antagonism of exogenous toxins 

1.5.2.1 Cyanide poisoning 

Cyanide poisoning occurs when exposed to a compound that produces cyanide ions.  Because 

cyanide ions can inhibit cytochrome c oxidase, exposure to cyanide halts the cell inspiration.  and 

a high concentration of cyanide could cause rapid death.  Antidotes against cyanide poisoning 

requires rapid restore of the normal function of cytochrome c oxidase, which can be achieved by 

binding with the cyanide to release cytochrome c oxidase, or converting the cyanide to nontoxic 

forms directly.  Current treatments usually use nitrites or 4-dimethylaminophenol for acute cyanide 

poisoning.  These two drugs can convert hemoglobin to methemoglobin, which binds avidly with 

cyanide thus release cytochrome c oxidase.225 These antidotes usually take effects rapidly, which 

makes them valuable for treating acute cyanide poisoning.  However, since methemoglobin cannot 

carry oxygen and has to be converted back to hemoglobin with additional treatments, these drugs 

are not suitable to use as preventive measurements for chronic cyanide exposure. 

Rhodanese (Rh, EC 2.8.1.1) is one of the sulfurtransferases related to the biotransformation of 

cyanide to the less toxic thiocyanate in the presence of a sulfur donor.  Initial attempts with direct 

administration of free Rh and sulfur donors were mostly failed due to the fast clearance of the 

enzyme by the body’s immune system.19,21,226 The first effort to overcome this limitation was 

achieved by loading Rh and sodium thiosulfate into mouse erythrocytes, resulting the increase in 

the protection against the lethal effects of cyanide by approximately two-fold in mice.77 However, 

the necessary prior blood typing rendered the erythrocyte carriers less useful for detoxification 
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purposes.  In order to address this problem, liposomal encapsulated Rh systems were developed 

as more practical cyanide antidotes.75 In one study, mice administrated with a liposomal encapsu-

lated DTO-rhodanese-thiosulfate antidotal systems achieved 100% survival rate against 20 mg/kg 

cyanide, and maximum antidotal protection against cyanide intoxication could reach 15x LD50.76 

Considering the necessity of sulfur donor, further development of Rh-based cyanide antidotes 

should choose carriers that are capable of co-delivery of Rh and sulfur donor molecules together.  

Particularly to Rh-based cyanide antidotes, liposome is still the preferred carriers, because most 

sulfur donors are small molecules and liposome is capable to co-encapsulate enzymes as well as 

small molecules. 

1.5.2.2 Organophosphate (OP) poisoning 

OP compounds are acetylcholinesterase (AChE) inhibitors and exert their toxicity by causing an 

excessive accumulation of the neurotransmitter, acetylcholine, and subsequent disruption of cho-

linergic nervous transmission.  Formerly developed as chemical warfare agents, OP compounds 

are now widely used as pesticides and insecticides.  Unfortunately, many of them are still exceed-

ingly toxic, which may cause acute intoxication or even lethality if exposure without protection.  

Phosphotriesterases, which are divided as aryldialkylphosphatase (EC 3.8.1.1) and diisopropyl-

fluorophosphatase (DFPase, EC 3.8.1.2) by the hydrolyzed bond types, are a family of enzymes 

that are highly efficient in hydrolysis of certain OP compounds.  Back in 1957, Cohen and War-

ringa have attempted to use these exogenous enzymes in OP antagonism.20 However, the severe 

immunogenic reactions rendered these enzymes ineffective when injecting in the form of purified 

free enzymes.   
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This problem is partially addressed by the development of nanocarrier systems.  Pei et al. firstly 

confirmed that the paraoxon (an OP-based pesticide) could diffuse across the erythrocyte mem-

brane and the encapsulated phosphotriesterases were still capable to hydrolyze paraoxon rapidly. 

85,86  As an artificial replacement of erythrocytes, liposomal carriers were also employed for the 

delivery of phosphotriesterases.  Several different phosphotriesterases, including OPAA,80 OPH, 

81,83 and paraoxonase-1 (PON1),84 were stabilized by liposomal encapsulation, resulting in ex-

tended circulating half-life and enhanced protection against the lethal effect of paraoxon.  However, 

several reports indicated that the activity of encapsulated enzymes appeared a first order kinetics, 

suggesting that the diffusion limitation of OP compounds caused by the liposome may weaken the 

detoxification effects of these enzymes. 

To overcome the diffusion limitation, another class of carriers based on biocompatible polymers 

was applied to the construction of OP antidotes.  By conjugating OPH with branched PEG, signif-

icant reduction of anti-OPH antibody was observed compared to the direct administration of free 

OPH in vivo.79 Other branched or dendritic polymers, including branched poly(ethylene imine)227 

and dendritic polyoxazoline,78,87 were also employed to stabilize the OPH, OPAA and DFPase.  

Compared to the traditional detoxification method using pralidoxime and atropine (60x LD50), 

OPH/dendrimer complex showed a more dramatic protection (780x LD50) against paraoxon intox-

ication in mice,87 leading to a more effective OP antidote approach to combat soldiers and agricul-

tural workers. 

Recently, various nanocarriers have been developed to enhance OPH stability thus increase its 

detoxifying efficiency.  By assembly with Pluronic F127 micelles, OPH could survival from the 
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thermal denaturation at 70°C, allowing manufacture of such formulation under flexible condi-

tions.88 Our group also have explored the potential of OPH in OP-detoxification by enhancing it 

with the single-protein encapsulation method.89 Significant stability enhancement was observed 

from the OPH nanocapsules, which is capable to retain its enzymatic activity after repetitive 

freeze-thaw and long-term thermal denaturation.  More importantly, the OPH nanocapsules could 

effectively decompose OP compounds in present of high concentration of proteases, which ensures 

them function normally after administrating into animal circulation.  Animal studies revealed that 

the OPH nanocapsules represented stronger protective effects than native OPH against paraoxon 

intoxication in mice, indicating the potential of OPH nanocapsules as an effective antidote and 

preventive measurements for chronic OP exposure.  

1.5.3 Other enzyme therapeutics for circulatory system diseases 

1.5.3.1 L-Asparaginase and arginase based therapeutics 

L-Asparaginase (EC 3.5.1.1) is an enzyme that catalyzes the hydrolysis of asparagine to aspartic 

acid.  Since the first successful demonstration of lymphomas growth inhibition by administration 

of the enzyme in guinea pigs,228 L-asparaginase has become an important agent in the therapy of 

acute lymphoblastic leukemia (ALL).  In order to minimize its adverse effects like allergic or hy-

persensitivity reaction, various strategies have been developed for the delivery of L-asparaginase.  

Initial attempts mainly focused on extending the blood circulation time by encapsulating the en-

zyme with erythrocytes105–107 and liposomes.102–104,108  It was reported that the encapsulation could 

preserve most of the activity of asparaginase, as well as enhance its stability in the serum.102 In 

vivo studies confirmed that the encapsulation of asparaginase with erythrocytes105 and liposomes104 

could prolong the blood circulation time significantly, resulting in obvious therapeutic effects in 

the treatment of ALL.229 A recent report showed an up to 44% improvement in survival rate by the 
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administration of RBC-encapsulated asparaginase, when challenging the mice with lymphoma 

cells.108 

Several other methods such as conjugation with poly(d,l-lactide-co-glycolide) nanospheres109 and 

immobilization on agarose beads230 also showed improvement in the pharmacokinetics of aspara-

ginase.  However, such technologies are still in early stage and their preparations are less practical 

compared to that of PEGylated asparaginase (pegaspargase).  Pegaspargase was invented to over-

come the obvious hypersensitivity reactions in the direct use of asparaginase in vivo.  This modi-

fication was shown in animal models to reduce antibody formation compared to native L-aspara-

ginase and to markedly extend the effective period of the drugs.96,97 Initial clinical trials showed 

that the pegaspargase achieved a mean half-life of 357 h, which is 10x longer than the native L-

asparaginase.231 Despite the adverse responses observed in patients with high dose,99 pegaspargase 

maintained an effective plasma concentration of >100 units/l for over one week with a low dose 

of 500 units/m2.100 Further clinical studies indicated that pegaspargase represented comparable 

therapeutic effects to free L-asparaginase expressed with E coli. in the treatment of ALL, but with 

less hypersensitivity reactions.101 Additionally, the long blood circulating half-life of pegaspargase 

allowed significantly less frequency of drug administration, which is obviously more convenient 

than the repetitive injection required by the native enzyme therapy.  In 2006, US FDA granted 

approval to pegaspargase (Oncaspar®, Enzon Pharmaceuticals, Inc.) for the first-line treatment of 

patients with ALL as a component of a multi-agent chemotherapy regimen.95  

Arginase (EC 3.5.3.1), which is an enzyme that catalyzes the hydrolysis of arginine to ornithine, 

represents therapeutic effects in inhibiting the proliferation of arginine-requiring cancers like T-

cell acute lymphoblastic leukemia (T-ALL).  For an effectively enzymatic depletion of arginine in 
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vivo, arginase requires a carrier to allow it staying long enough in the blood circulation.  By ad-

ministrating the arginase conjugated with soluble dextran, Sherwood et al. achieved 9 times longer 

blood circulating half-life and significantly lower blood arginine concentration compared to the 

mice administrated with native arginase.111 Recent studies indicated that the anti-T-ALL effects 

could be induced by the administration of PEG-arginase, suggesting a safe and effective therapeu-

tic for T-ALL treatments.12,110  

1.5.3.2 Plasminogen activators based therapeutics 

A blood clot (thrombus) developed in the circulatory system can cause vascular blockage leading 

to serious consequences including death.  Clinical intervention consisting of intravenous admin-

istration of thrombolytic agents is needed to control the development of clot.  Plasminogen activa-

tors are serine proteases which convert plasminogen to plasmin, thus promoting thrombolysis or 

fibrinolysis.  There are two plasminogen activators occurred naturally in blood, including tissue-

type plasminogen activator (tPA) and urokinase (uPA or UK), which are already used in clinical 

intervention.  However, their circulation behavior is poor (t1/2 is around several minutes) partially 

due to the enzyme degradation.  To enhance their therapeutic effects, one major type of approach 

was achieved by conjugating tPA or UK with PEG-based polymers.  For instance, conjugating UK 

with PEG (Mw=5000) extended its plasma half-life to 6 hours in beagle, resulting a strong activa-

tion of fibrinolysis.112 Further studies confirmed the modification with PEG-based polymers could 

enhance the stability of UK against proteolysis without altering its original biological func-

tions.113,114 Similar effects were also observed in PEG-conjugated tPA, with the extension of half-

life from 5 min (native tPA) to 60 min (PEG-tPA).115 However, systemic infusion of UK or tPA 

increases the risk of bleeding complications significantly.  Thus, carriers that are capable of re-

sponsive release were designed to overcome this problem.  By incorporating the enzymes with 



 36 

nanogel, UK and tPA could be released under external ultrasonic stimulation and enzyme degra-

dation respectively, allowing them only functioning at desired location.232,233  

Streptokinase (SK) is a microbial sourced enzyme that can also bind and activate human plasmin-

ogen to induce fibrinolysis.  Compared with UK and tPA, streptokinase is the least expensive but 

immunogenic.  Since UK and tPA are short-lived in vivo, comparative clinical trials and cost-

effectiveness considerations suggest that streptokinase is the drug of choice for thrombolytic ther-

apy.234,235 Due to its intrinsic problems, researches of SK mainly focused on reducing its antigen-

icity and prolonging its blood circulation.  After conjugating with PEG, SK could still retain its 

protease activity, but its binding ability with serum proteins disappeared, suggesting that PEG-SK 

could be less antigenic than its native form.116 Further investigation of PEG-SK in animal studies 

confirmed that the antigenicity could be largely reduced after PEGylation, which also endowed 

SK with significantly prolonged circulation half-life.117,118 Additionally, liposomal carriers have 

also been developed to deliver SK.  In one study, using PEG-liposomal SK achieved 16-fold longer 

blood circulating half-life than direct use of native SK in rats.119 With continuous efforts in elimi-

nation of the antigenicity, extension of the circulation time, and improvement of the plasminogen 

activation, SK could become an ideal thrombolytic agent for the treatment against blood clotting. 

1.6 Summary 

In a biochemical perspective, disease describes an abnormal state, in which certain proteins are 

dysfunction, resulting in the activation of undesired biochemical process or normal processes are 

disrupted. This can be corrected by direct delivery of a protein that functions correctly to replace 

malfunctioning ones, or delivery of a protein that can rapidly remove of the toxic substances, in 

order to restore normal biochemical processes. Proteins with high specificity and efficiency are 
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therefore the most effective therapeutic agents. Through constructing suitable protein delivery sys-

tem, various protein therapeutics can be rapidly developed to treat many diseases, including chron-

ical diseases, inherited diseases, and cancers. 

Towards the development of an effective protein therapeutics, several issues have not yet been 

resolved properly, which hamper the wide application of therapeutic protein in clinic drastically. 

For intracellular protein delivery, a general and effective delivery platform is still needed for the 

intracellular delivery of various proteins and transcription factors into different host cells. A plat-

form that is capable of delivery of multiple proteins intracellularly is also highly demanded in the 

field of stem cell reprogramming and regenerative medicine. For systemic protein delivery, en-

hanced plasma stability and reduced immunogenicity are still two of the essential aspects for a 

successful protein delivery. Although PEG has set a golden standard for enzyme delivery, an in-

creasing population of people has developed or will develop (after the first administration) anti-

PEG antibodies, which results in a rapid clearance of PEGylated therapeutics.  New shielding ma-

terials are needed to achieve the similar therapeutic effects without the activation of antibody gen-

esis.  Similar to many metabolic processes, detoxification may require synergistic actions of mul-

tiple enzymes.  Although liposome and polymer encapsulation have shown certain merit to build 

multiple enzyme system in defined space, confining synergistic enzymes in a single nanostructure 

with precise control in the types, ratios and positions of enzymes remains challenging.  Targeting 

delivery has been the ultimate goal for the broad field of nanomedicine.  Since toxicants may not 

evenly distribute among the tissues and organs, targeting capability could lead to better detoxifi-

cation performance and fewer side effects.  Despite more targeting sites being discovered, targeted 

nanocarriers are still far from clinical applications.  Fundamental studies are required to better 
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understand the highly complicated behaviors of the therapeutics or detoxification agents after sys-

temic administration, which may provide insight towards the design of nanocarriers with targeting 

ability. 

My Ph.D. research projects mainly focused on addressing the challenges that are described above 

in protein delivery. Specifically, my research tried to overcome four common issues existed in 

both intracellular protein delivery and systemic protein delivery through the design of novel deliv-

ery systems based on protein nanocapsule technology. In this thesis, the researches on following 

aspects are discussed in detail accordingly. 

• Design and synthesis of protein nanocapsules that can deliver multiple proteins and ensure 

them function synergistically. (Chapter 2) 

• Design a non-fouling protein nanocapsule that can prolong the plasma half-life and reduce 

immunogenicity of any protein. (Chapter 3)  

• Intracellular delivery of sensitive proteins without changing their original structures or 

compromising their biological activities. (Chapter 4) 

• Design a general platform that can synthesize and screen vectors that deliver multiple pro-

teins intracellularly with high efficiency. (Chapter 5) 
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Chapter 2. Biomimetic enzyme nanocomplexes and their use as anti-

dotes and preventive measures for alcohol intoxication 

2.1 Introduction 

Enzymes are exquisite biocatalysts mediating every biological process in living organisms.  In 

eukaryotic cells, most enzymes do not freely diffuse within the cytosols, but are spatially defined 

within subcellular organelles or closely co-localized as enzyme complexes along with other en-

zymes.236–238  In consecutive reactions catalysed by multiple enzymes, such close confinement 

minimizes the diffusion of intermediates among the enzymes, enhancing overall reaction effi-

ciency and specificity.239–243  Meanwhile, toxic intermediates generated during a metabolic process 

are promptly eliminated by the proximate enzymes co-localized within the confined struc-

tures.244,245  Peroxisome, as an example, harbours a variety of oxidases with important metabolic 

and catabolic functions.246,247  Toxic intermediates, such as hydrogen peroxide (H2O2), are also 

produced during the enzymatic reactions in peroxisome; nature circumvents this dilemma by in-

corporating catalase (Cat) within the peroxisomes.  Catalase is highly active and specific in de-

composing H2O2, preventing its escape from the peroxisomes and subsequent damage to other 

cellular components.248   

Inspired by the natural multi-enzyme architectures, researchers have long been devoted to con-

structing enzyme complexes with synergic and complimentary functions, which is mainly based 

on co-entrapment, co-immobilization, template assembly or fusion-protein techniques.  The for-

mer two approaches enable co-entrapment or co-immobilization of multiple enzymes within lipo-

somes or solid particles.249,250  However, it is difficult to control the number, type, and spatial 

arrangement of the enzymes within the liposomes and particles.  The latter two approaches enable 
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the formation of enzyme complexes with significantly improved compositional and spatial con-

trols but still with limitations, such as inadequate translational capability of the host cells and in-

sufficient enzyme stability against proteolysis and non-physiological environments.251 

In this chapter, we demonstrate a general design of robust enzyme nanocomplexes with well-con-

trolled enzyme composition and spatial arrangement.  This is achieved by assembling or conjugat-

ing enzymes with synergic or complementary functions to form a nanocomplex, followed by en-

capsulating the nanocomplex within a crosslinked polymer nanocapsule.  Exemplified by the syn-

thesis of a triple-enzyme nanocomplex (Figure 2-1), inhibitors for each enzyme are respectively 

conjugated to a single-strand DNA with designed sequence; complementary assembly of the DNA 

molecules forms a DNA-inhibitor scaffold linked with the three inhibitors; specific binding of the 

inhibitors and the enzymes enables the construction of a triple-enzyme nanocomplexes (Step I).  

Subsequent in-situ polymerization grows a thin layer of polymer network around each nanocom-

plex, leading to the formation of nanocapsules containing a triple-enzyme core and a permeable 

shell (Step II).  Finally, removal of the DNA-inhibitor scaffolds creates highly robust enzyme 

nanocomplexes denoted as n(Enzymes), where Enzymes within the parentheses refer to the en-

zymes within the core of the nanocapsules (Step III).  It is important to point out that, without a 

significant compromise of the enzyme activity, encapsulating the enzymes within the nanocapsules 

effectively stabilizes them in non-physiological environment and against protease attack.  Further-

more, the nanocomplexes can be readily functionalized to acquire desired surface properties and 

targeting capability. 
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Figure 2-1 Synthesis of Enzyme Nanocomplexes.  Schematic illustration of a synthesis of a model triple-

enzyme nanocomplex by DNA-directed assembly and nano-encapsulation.  I, Spontaneous assembly of (A) 

invertase (Inv), (B) glucose oxidase (GOx), and (C) horseradish peroxidase (HRP) with an inhibitor-DNA 

scaffold containing their respective competitive inhibitors: (a) lactobionic acid, (b) glucosamine, and (c) 

4-dimethylaminoantipyrine leading to the formation of a triple-enzyme architecture.  II, Confinement and 

stabilization of the triple-enzyme architecture by in-situ growth of a thin network polymer around the en-

zyme nanocomplex.  III, Removal of the DNA scaffold leading to the formation of triple-enzyme nanocom-

plexes with significantly enhanced stability and close-proximity definition.  Such a close-proximity archi-

tecture enables active transport of their reaction intermediates among the enzymes, leading to significantly 

enhanced reaction efficiency and complementary function such as the capability to eliminate toxic inter-

mediates. 

2.2 Methods, experiments, and characterizations 

2.2.1 Materials and Instruments 

Reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) and used as received 

without further purification unless otherwise noted.  HeLa cells were purchased from American 

Type Culture Collection (ATCC).  The Dulbecco's Modified Eagle Medium (DMEM) growth me-

dium and Penicillin/streptomycin were obtained from Invitrogen (Carlsbad, CA).  Fetal Bovine 
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Serum (FBS) was obtained from Lonza Walkerrsville Inc. (Walkerrsville, MD). CellTitra Blue 

cell viability kit was purchased from Promega (Madison, WI).  Mono-sulfo-N-hydroxy-succin-

imido Au-nanoparticles was purchased from NanoProbe, NY.  Fluorescence dyes including Rho-

damine B isothiocyanate and Fluorescein isothiocyanate were obtained from Sigma-Aldrich (St. 

Louis, MO).  Enzymes including horseradish peroxidase, glucose oxidase, invertase, catalase and 

alcohol oxidase were purchased from Sigma-Aldrich (St. Louis, MO).  Male C57B6 mice were 

purchased from Jackson Laboratory (Bar Harbor, ME).  Alcohol liquid diet AIN76A was obtained 

from Dyets, Inc. Ethanol Assay Kit was purchased from BioVision (Mountain View, CA) or from 

Analox Instruments (IL, USA).  H&E and fluorescent TUNEL staining kits were purchased from 

Roche. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000] (ammonium salt) (PEG2000-DSPE) and L-�-phosphatidylcholine, hydrogenated (Soy) 

(HSPC) were obtained from Avanti Polar Lipids (Alabaster, AL), and cholesterol was purchased 

from Sigma-Aldrich.  Acrylic acid, N-hydroxylsuccinimide ester, acrylamide, N,N’-meth-

ylenebisacrylamide, ammonium persulfate, and N,N,N’,N’-tetramethylethylenediamine were pur-

chased from Sigma-Aldrich and used without further purification. Sepharose-6B, Superdex-75 and 

Sephadex G-25 were purchased from Sigma-Aldrich. Single strand DNAs (ssDNAs) were pur-

chased from Sigma-Aldrich with sequences described below. 

Table 2-1 Sequences of DNA oligomers for the construction of DNA-enzyme complex 

Name Sequence 

ssDNA-1 5'-[Phos]ATACGAATTCTAC-3' 
ssDNA-1’ 5'-[ThiC6]ATACGAATTCTAC-3' 
ssDNA-2 5'-[Phos]AGTAGAATTCGTA-3' 
ssDNA-2’ 5'-[ThiC6]AGTAGAATTCGTA-3' 
ssDNA-I 5'-[Phos]ATGGTTGAGGAAGTC-3' 
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ssDNA-II 5'-[Phos]AGACTTCCGCTATCG-3' 
ssDNA-III 5'-[AmC6T]ACGATAGCATGTGTA-3' 
ssDNA-IV 5'-ATACACATTCAACCA-3' 

UV-Visible spectra were acquired with a GeneSys 6 spectrometer (Thermo Scientific). Fluores-

cence spectra were obtained with a QuantaMaster Spectrofluorimeter (Photon Technology Inter-

national).  Dynamic light scattering (DLS) studies of the enzyme nanocomplexes was measured 

on Zetasizer Nano instrument (Malvern Instruments Ltd., United Kingdom) equipped with a 10 

mW helium-neon laser (λ = 632.8 nm) and thermoelectric temperature controller.  Transmission 

electron microscope (TEM) images were obtained on Philips CM120 electron microscope operat-

ing with an acceleration voltage of 120 kV.  Fluorescence intensities were measured with a Fuji-

film BAS-5000 plate reader.  Mass spectra were acquired with an Applied Biosystem Voyager-

DE-STR MALDI-TOF mass spectrometer.  Tissue sections were observed and photographed with 

a Nikon TE2000S inverted fluorescent microscope. 

2.2.2 Preparation of enzyme nanocomplexes (ENs) and nanocapsules 

2.2.2.1 Synthesis of DNA-inhibitor scaffolds 

The syntheses of DNA-inhibitor scaffolds were achieved by combining the conjugation and self-

assembly technologies.  Briefly, single strand DNAs were first conjugated with reversible enzyme 

inhibitors or substrate derivatives to afford various single-strand-DNA-derived enzyme inhibitors 

(ssDNA inhibitors).  After the conjugation, different ssDNA inhibitors were mixed and heated to 

37˚C for 10 min.  After cooling to room temperature, ssDNA-inhibitors spontaneously assembled 

with their complementary strand(s), forming the DNA-inhibitor scaffolds.   

As illustrated in Figure 2-2, 13 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-

ride) (EDAC) was firstly added into a micro-centrifuge tube; then 75 uL of ssDNA solution that 
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contains 150 nmol 5’ phosphate ssDNA or 5’ amine modified ssDNA was added.  Then 50 uL of 

0.2 M inhibitor compound (4-aminoantipyrine, Figure 2-2a; glucosamine, Figure 2-2b; or lactobi-

onic acid, Figure 2-2c), which was dissolved in 0.1 M imidazole (pH 6.0), was added into the 

ssDNA-EDAC solution immediately.  The solution was then mixed by vortexing and centrifuged 

at 10,000 rpm for 5 min.  After further conjugation reactions at room temperature for 30 min, 

ssDNA inhibitors were purified by the gel filtration technique on desalting resin (Sephadex G-25, 

Sigma-Aldrich, St. Louis, MO) using a solution containing 10 mM sodium phosphate, 0.15 M 

NaCl and 10 mM EDTA at pH 7.  Using this general protocol, ssDNA inhibitors for horseradish 

peroxidase (HRP), glucose oxidase (GOx) and Invertase (Inv) was synthesized as illustrated in 

Figure S1a, b, and c, respectively. 

 

Figure 2-2 Schematic illustration of the syntheses of ssDNA inhibitors for HRP (a), GOx (b), and Inv (c). 



 45 

2.2.2.2 MALDI-TOF characterizations of ssDNA-inhibitors 

Successful conjugation of ssDNA-inhibitors was demonstrated by monitoring their molecular 

weight increase via MALDI-TOF spectra.  Ultrapure 3-hydroxypicolinic acid (3-HPA) was used 

as matrix for the following measurements.  Unconjugated ssDNAs were used as controls for 

MALDI-TOF characterizations.  Resulted spectra of ssDNA before (black) and after (red) conju-

gating with enzyme inhibitors were shown in Figure 2-3. 

 

 

 

Figure 2-3 MALDI-TOF mass spectra of DNAs before (black) and after (red) 5’-modification with inhibi-

tors. (a) ssDNA-1 and 4-Aminoantipyrine (4-AAP) modified ssDNA-1. (b) ssDNA-2 and glucosamine mod-

ified ssDNA-2. (c) ssDNA-I and glucosamine modified ssDNA-I. (d) ssDNA-II and 4-AAP modified ssDNA-

II. (e) ssDNA-III and lactobionic acid modified ssDNA-III. (f) ssDNA-IV.  As shown in the mass spectra (a-
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e), the molecular weights of ssDNAs increased after conjugating with enzyme inhibitors. Moreover, the 

increases between conjugated ssDNAs and their native counterparts are accordant with the molecular 

weights of corresponding enzyme inhibitors, respectively. (a. ΔMwssDNA-1 ≈ 200, Mw4-AAP = 203.4; b. ΔMws-

sDNA-2 ≈ 210, Mwgulcosamine = 180.1; c. ΔMwssDNA-I ≈ 200, Mwglucosamine = 180.1; d. ΔMwssDNA-II ≈ 250, Mw4-AAP 

= 203.4; e. ΔMwssDNA-III ≈ 400, Mwlactobionic acid = 358.3)   

2.2.2.3 Acryloxylation of enzymes 

Before polymerization, enzymes were first conjugated with N-acryloxysuccinimide (NAS) to at-

tach acryloyl groups onto their surfaces.  A typical procedure for the conjugation is described as 

follow.  Enzyme (~ 10 mg/mL) was first dialyzed against sodium carbonate buffer (20 mM, pH 

8.5) to remove any ammonium sulfate that usually exists in enzyme powder.  After dialysis, en-

zyme solution was diluted to 5 mg/mL with sodium carbonate buffer (20 mM, pH 8.5), followed 

by adding NAS solution (10% in DMSO, m/v) to perform the conjugation.  The amount of NAS 

used is at 20:1 molar ratio (NAS to protein), and the conjugation is achieved by keeping the reac-

tion at 4°C for 1 h.  The solution was then thoroughly dialyzed against pH 7.0 phosphate buffer 

(20 mM) with a dialysis tubing membrane (MWCO = 10 kDa, Sigma-Aldrich) to remove any 

unreacted NAS.  Acryloylated enzyme solutions were store at 4°C for further uses. 

The average number of acryloyl groups conjugated onto the enzymes was determined by measur-

ing the residual (unreacted) lysine on the enzyme molecule with a fluoresamine assay.  Briefly, 

fluoresamine was first dissolved in anhydrous DMSO to make a 3 mg/mL stock solution.  Native 

enzyme and its acryloylated counterpart were prepared as 1 mg/mL solutions with 0.1 M phosphate 

buffer (pH = 7.0), respectively.  The native and the acryloylated enzymes were then diluted with 

0.1 M phosphate buffer (pH = 7) to make a series of solutions with concentrations 0.00781, 

0.01563, 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 mg/mL; pipette 100 µL of each solution to an 
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opaque 96-well plate, respectively.  30 µL of the fluoresamine solution was then added into each 

well; the plate was then incubated for 1 h at room temperature (25°C).  After the incubation, fluo-

rescence intensity (Ex = 360 nm, Em = 465 nm) was read with a plate reader.  The number of 

residual lysine was then estimated by comparing the fluorescent intensity of the acryloylated and 

the native enzymes.  The number of acryloyl groups conjugated onto the enzymes is listed in Table 

2-2. 

Table 2-2 Average number of acryloyl groups conjugated to the enzymes 

Enzyme Total No. of 
Lys 

Unreacted Lys 
(%) 

Average No. of acryloyl 
groups conjugated 

HRP 5 0% 5.0 

GOx 15 2.7% 14.6 

Invertase 26 29.6% 18.3 

AOx 38 70.7% 11.6 

Catalase 28 40% 16.8 

2.2.2.4 Synthesis of multiple-enzyme nanocomplexes 

Enzymes (HRP, GOx and Inv) were acryloxylated respectively by reacting with N-acryloxysuccin-

imide (NAS).  The conjugation was achieved by adding NAS (10% in DMSO) to the enzyme 

solution (5 mg/mL, pH 8.5, 20 mM sodium carbonate buffer) at 20:1 molar ratio (NAS to protein) 

and reacting for 1 h at 4°C.  The solution was then thoroughly dialyzed against pH 7.0 phosphate 

buffer (20 mM) with a dialysis tubing membrane (MWCO = 10 kDa, Sigma-Aldrich).  Then equal 

moles of the acryloxylated enzymes were mixed with the corresponding DNA inhibitors and incu-

bated at room temperature for 30 min.  During this process, DNA-inhibitors and enzymes self-

assemble and form the DNA-enzyme complexes as illustrated in Figure 2-4.   
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For the polymerization step, acrylamide (AAm) and bis-methacrylamide (BIS) were first prepared 

as 10% (w/v) stock solution in DI-water and anhydrous DMSO, respectively; then were added into 

the solution containing DNA-enzymes complex (AAm/protein, 6000:1, n/n; BIS/protein, 1000:1, 

n/n).  The final enzyme concentration was tuned to 1 mg/mL by diluting with phosphate buffer 

(50mM, pH 7.0).  Polymerization was initiated by the addition of ammonium persulfate (APS/pro-

tein, 500:1, n/n) and tetramethylethylenediamine (TEMED/APS, 2:1, w/w) and kept at room tem-

perature for 2 h.  After the polymerization, the solution was dialyzed against PBS to remove unre-

acted monomers and by-products.   

After dialysis, the sample solution was then heated to 37°C for 10 min, and purified using a size 

exclusion chromatography (Sepharose-6B) to remove DNA-inhibitors or un-encapsulated en-

zymes.  The purification with size exclusion chromatography was achieved by passing sample 

through a Sepharose-6B column by gravity.  Sepharose column was prepared by pipette 5 mL of 

Sepharose 6B beads into a glass column.  Before pipetting, Sepharose bottle was shaken gently to 

spread the beads evenly throughout the solution.  The column was then pre-equilibrated with phos-

phate-buffered saline (PBS). After equilibration, sample was loaded in the column, and then eluted 

with PBS. Because the fractionation range of Sepharose-6B is 10,000-4,000,000 Da, encapsulated 

proteins (nProtein) are too big to enter the pores of Sepharose beads, as a result, eluted first during 

the elution. Eluted solution was collected in a volume of 100 µL per fraction, and the absorbance 

at 280 nm of each fraction was measured with a UV/Vis meter by using elution buffer (PBS) as 

background. Figure 2-5 shows the elution curve of n(HRP-GOx), which is a typical elution curve 

of protein nanocapsules/nanocomplexes.  Fractions of encapsulated proteins were collected, com-

bined, and then condensed using centrifugal filtration.  Protein nanocomplexes solution was stored 

at 4°C for further studies. 
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Figure 2-4 DNA-inhibitor scaffolds and DNA-enzymes complex for the syntheses of n(HRP-GOx) (a) and 

n(HRP-GOx-Inv) (b). 

 

Figure 2-5 Elution curve of n(HRP-GOx) 

2.2.2.5 Synthesis of dual fluorescence-labeled n(HRP-RhB-GOx-FITC) 

Rhodamine-B-labeled horseradish peroxidase (HRP-RhB) and fluorescein isothiocyanate-labeled 

glucose oxidase (GOx-FITC) were prepared by following the protocol provided by the manufac-

turer of fluorescence dyes.  Fluorescent dyes, RhB and FITC, were first dissolved in anhydrous 

DMSO to get 10 mg/mL stock solution, respectively.  Then 50 µL of dye solutions were added 
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gradually into 2 mL enzyme solutions (10 mg protein/mL, pH=8.2, sodium carbonate, 100 mM). 

The reactions were carried out overnight at 4°C. Labeled proteins were then dialyzed against phos-

phate buffer (20 mM, pH = 7), condensed by centrifugal filtration (MWCO = 10 kDa) and stored 

at 4°C for further use.  The concentration and dye/protein ratio (D/P) of HRP-RhB and GOx-FITC 

were determined by the extinction coefficients of 102,000 M-1cm-1 at 403 nm (HRP), 44,100 M-

1cm-1 at 280 nm (GOx) and 108,000 M-1cm-1 at 555 nm (RhB), 81,000 M-1cm-1 at 495 nm (FITC). 

Enzyme nanocomplex n(HRP-RhB-GOx-FITC) was prepared from HRP-RhB, GOx-FITC and 

HRP/GOx DNA-inhibitor scaffold using the procedure similar to that for the synthesis of n(HRP-

GOx). After the preparation, such dual fluorescence-labeled ENs were further purified by gel fil-

tration (Sepharose-6B).  The first band, which has a strong absorbance at 555 nm, was collected, 

condensed and stored at 4°C for fluorescence characterizations. 

2.2.2.6 Synthesis of Au-nanoparticle labeled ENs 

Excess amounts of Au-nanoparticles (mono-sulfo-N-hydroxy-succinimido Au-nanoparticles) 

were reacted with native HRP and GOx (3:1, n/n, Au/enzyme) in 1xPBS buffer for 1 hr, respec-

tively.  The excess gold nanoparticles was then removed by gel filtration (Superdex-75).  Concen-

trations of the Au-nanoparticles, HRP and GOx were then determined by the UV/vis spectra based 

on their molar extinction coefficients (nanogold, 155,000 M-1cm-1 at 420 nm, HRP, 102,000 M-

1cm-1 at 403 nm, GOx, 11,200 M-1cm-1 at 453 nm).  The resulted Au-labeled HRP/GOx MCENs 

contain an AuNP/HRP ratio of 0.83 and AuNP/GOx ratio of 0.95.  The Au-labeled HRP and GOx 

were then used to prepare dual AuNP labeled ENs by using the same protocol for the preparation 

of n(HRP-GOx).  After the preparation, the sample was purified by size exclusion chromatography 
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(Sepharose-6B).  The first colored band having absorbance at 420 nm was collected and stored at 

4°C for the transmission electron microscopy (TEM) observation. 

2.2.2.7 Synthesis of ssDNA-alcohol oxidase (ssDNA-AOx) and ssDNA-Catalase (ssDNA-Cat) 

conjugates 

Alcohol oxidase (AOx) and catalase (Cat) were dissolved in 50 mM sodium phosphate buffer 

(pH=7.4, 0.15 M NaCl) with a concentration of 2 mg/mL, respectively.  N-succinimidyl 3-(2-

pyridyldithio) propionate (SPDP) stock solution was first prepared as a 2 mM DMSO solution, 

followed by reacting with enzymes by gradual addition of 25 µL of SPDP solution into 1 mL 

enzyme solutions.  The reaction was kept at 4°C under stirring for 4 h.  After the reaction, SPDP-

modified enzymes were purified by gel filtration (Superdex-75) using 50 mM sodium phosphate, 

0.15 M NaCl, 10 mM EDTA, pH 7.2 as eluting buffer.  In the meanwhile, ssDNA-1’ and ssDNA-

2’ were reduced with dithiothreitol (DTT) and purified by gel filtration (Superdex-75) immediately.  

After the purification, reduced ssDNA-1’ and ssDNA-2’ were then added into SPDP-activated Cat 

and AOx solutions at a molar ratio of 1.2/1 (ssDNA to enzyme), respectively.  The mixture was 

kept at 4°C overnight for a complete conjugation, and then add NAS (NAS/protein, 20:1, n/n) into 

the mixture to anchor acryloxyl groups to the ssDNA-enzyme conjugates.  The samples were then 

purified by dialysis against 1xPBS with a dialysis tubing membrane (MWCO ~ 10 kDa). 

2.2.2.8 Synthesis of n(GOx-Cat) and n(AOx-Cat) 

ssDNA-2-glucosamine (ssDNA inhibitor for GOx) was first mixed with equal amount of acrylox-

ylated ssDNA-1’ conjugated Cat and acryloxylated GOx (1:1:1, n/n/n).  The mixture was heated 

to 37°C for 10 min and then cooled down with an ice bath.  After recovering to room temperature, 

the enzyme complex solution was first diluted to 1 mg/mL protein with phosphate buffer (50 mM, 
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pH=7.0).  AAm (6000:1, n/n, acrylamide/protein) and BIS (1000:1, n/n, BIS/protein) were then 

added into the reaction solution.  In-situ polymerization was initiated by the addition of APS (500:1, 

n/n, APS/protein) and TEMED (2:1, w/w, TEMED/APS).  After dialysis against 1xPBS, the sam-

ple was heated to 37°C for 10 min and immediately passed through a size exclusion column (Se-

pharose 6B).  The first eluted band having absorbance at 280 nm was collected and condensed to 

get a stock solution of n(GOx-Cat), which was kept at 4°C for further use. 

The preparation of n(AOx-Cat) is similar to that of n(GOx-Cat) mentioned above.  Equal amount 

(1:1, n/n) of acryloxylated ssDNA-1’ conjugated Cat and ssDNA-2’ conjugated AOx was mixed 

together and tuned to a concentration of 1 mg/mL protein with phosphate buffer (50 mM, pH=7.0).  

Polymerization was then performed using the same procedure used to make n(GOx-Cat).  After 

the polymerization, the reaction mixture was passed through a size exclusion column (Sepharose 

6B) to remove unreacted monomers and by-products. n(AOx-Cat) was then condensed and ali-

quoted to 100µL/tube for in-vitro and in-vivo tests.   

Note that n(AOx-Cat) can also be prepared by directly conjugating the two enzymes. Native AOx 

and Cat were first desalted by dialysis thoroughly against phosphate buffer (0.1M, pH 7.0), fol-

lowing by diluting to 2 mg/mL with the same buffer, respectively. AOx was then activated with 

3-(2-Pyridyldithio)propionic acid N-hydroxysuccinimide ester (SPDP, Sigma-Aldrich), which 

was achieved by adding SPDP DMSO solution (10% DMSO) into AOx solution (2 mg/mL) with 

a molar ratio of 10:1 (n/n, SPDP/AOx). The activation was performed for 2 h at 4°C, following by 

dialysis against phosphate buffer (0.1M, pH=7). Cat was activated with 2-Iminothiolane hydro-

chloride (Traut’s reagent, Sigma-Aldrich), which was achieved by adding Traut’s reagent (2 
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mg/mL in DI-water) into Cat solution (2 mg/mL). Reaction was performed at 4°C for 2 h, follow-

ing by dialysis against phosphate-EDTA buffer (0.1M phosphate, 1 mM EDTA, pH=7) to remove 

unreacted reagents. Conjugation of AOx and Cat was then achieved by mixing equal mole of ac-

tivated AOx and Cat (1:1, n/n) and incubated for 2 h at 4°C. After conjugation, NAS was added 

into conjugated AOx-Cat solution (20:1, n/n, NAS/protein) to derive acryloxyl groups on the sur-

face of enzymes. After dialysis against phosphate buffer (50 mM, pH 7.0), AOx-Cat solution was 

diluted to 1 mg protein/mL with phosphate buffer (50 mM, pH 7.0), following by encapsulation 

with the same protocols described above. 

2.2.2.9 Synthesis of n(AOx), n(Cat), and n(GOx) 

n(GOx), n(AOx) and n(Cat) were synthesized using the method we reported previously.1  Briefly, 

the enzymes were first acryloxylated by reacting with NAS (20:1, NAS/protein, n/n), followed by 

in-situ polymerization as described above.  The AAm/BIS/APS/protein ratio was kept at 

6000:1000:500:1 (mole ratio), while the TEMED/APS ratio is kept at 2:1 (w/w). After dialysis 

against 1xPBS, these single-enzyme nanocapsules were purified by size exclusion chromography 

(Sepharose-6B) and stored at 4°C for further use. 

2.2.2.10 Synthesis of PEG-lipo(AOx+Cat) 

The PEGylated liposomes were made from 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (PEG2000-DSPE), hydrogenated L-�-phosphatidylcholine, 

hydrogenated (Soy)  (HSPC) and cholesterol, of which composition (PEG2000-DSPE:HSPC:cho-

lesterol = 1:3:1, m/m/m) is similar to that of the commercial PEGylated liposomes (Doxil). 

PEG2000-DSPE, HSPC and cholesterol were first dissolved in chloroform to get stock solutions 

with concentrations of 3.73 mg/mL, 11.17 mg/mL, and 3.73 mg/mL, respectively.  AOx and Cat 
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were dispersed in PBS with the concentration of 2 mg/mL.  A lipid film was then prepared on the 

inner wall of a flask by mixing 600 µL of PEG2000-DSPE, 600 µL HSPC, and 600 µL cholesterol 

solutions and drying the solvent using a rotary evaporator. The lipid film was further dried in 

vacuum overnight.  The lipid film was then dissolved with 200 µL of ethanol, and immediately 

added into 2 mL of protein solution (500 µL of AOx stock solution, 160 µL of Cat solution, and 

1340 µL of PBS).  As-formed lipid-protein solution was stirred for 1 h at 4°C, and then pass 

through a 0.22 µm filter for 5 times. The PEG-lipo(AOx+Cat) solution was then dialyzed against 

PBS for 12 h with a dialysis membrane (MWCO = 10 kDa). After dialysis, PEG-lipo(AOx+Cat) 

solution was purified again with a size exclusion column (Sepharose-6B) by following the same 

method as the purification of enzyme nanocomplexes to remove unencapsulated AOx and Cat. 

Fractions containing PEG-lipo(AOx+Cat) were collected, combined, and condensed by centrifugal 

filtration. The sample was stored at 4°C for in vivo studies and further characterizations. All lipo-

some samples used in animal studies were prepared 1 day before injection. The hydrodynamic size 

of PEG-lipo(AOx-Cat) particles is determined by DLS and the mean size is 60 nm (Figure 2-6). 

 

Figure 2-6 Size distribution of PEG-lipo(AOx-Cat) 
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2.2.2.11 Determination of enzyme concentrations 

Enzyme concentrations of single protein nanocapsules, including n(HRP), n(GOx), n(Inv), n(AOx), 

n(Cat), were determined using BCA micro-assay.  Before tests, two BCA reagents were prepared 

using the following recipes. Reagent A was prepared by dissolving 0.1 g bicinchoninic acid diso-

dium salt hydrate (BCA), 0.32 g sodium carbonate, 0.01 g tartate acid in 10 mL DI-water, follow-

ing by tuning the pH to 11.25 with 1 M NaOH solution.  Reagent B was prepared by dissolving 

0.2 g CuSO4�5H2O in 5 mL DI-water.  BCA working solution (BWS) was prepared by mixing 50 

volume of Reagent A and 1 volume of Reagent B together.  

Standard curves of each enzyme were established using native enzyme with a series of enzyme 

concentrations (0.0078125, 0.015625, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1 mg/mL).  This was 

achieved by repeating 2-fold dilutions of 1 mg/mL enzyme solution with PBS in a 384-well plate.  

BCA assays were conducted by adding 10 µL of native enzyme solutions with different concen-

trations into each well of 384-well plate respectively, following by the addition of 10 µL of BCA 

working solution (BWS).  In the meanwhile, 10 µL of enzyme nanocapsule solution was also 

added into the same plate, following by the addition of 10 µL of BWS.  The plate was then incu-

bated at 65°C for 1 h.  Absorbance at 550 nm of each well was read out by using a plate reader.  

Concentration of the encapsulated enzyme was calculated by using its absorbance at 550 nm and 

the standard curve established at the same condition. 

For ENs such as n(AOx-Cat), the concentration of encapsulated enzymes is measured by its enzy-

matic activity.  Similar to the BCA assay, we first established the relationship between the activi-

ties and enzyme concentrations by their activity assays using the native (untreated) enzymes, re-

spectively.  Take n(AOx-Cat) as an example, the relationship between AOx concentration and its 
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activity was established by measuring the decreasing rates of its substrate under a series concen-

tration of native AOx.  The decreasing rates were achieved by incubating 1 µL of AOx solution 

with 200 µL 5% allyl alcohol PBS solution at room temperature, following by monitoring the 

absorbance at 233 nm.  Meanwhile, the standard curve of decreasing rate of substrate vs. Cat con-

centration was established with the similar method by using hydrogen peroxide as substrate (incu-

bate 1 µL of Cat solution with 200 µL of 0.5% H2O2 PBS solution, and monitor the absorbance at 

240 nm of reaction solution).  Two activity assays were then performed with the same amount of 

n(AOx-Cat) as enzyme, respectively.  Reaction rates coming from AOx and Cat assays were then 

correlated with the standard curves of AOx and Cat to determine the concentrations of AOx and 

Cat in n(AOx-Cat) solution. 

2.2.3 TEM and DLS studies of ENs 

TEM samples were prepared by drop-coating of 2 µL n(HRP-GOx) solution onto carbon-coated 

copper grids.  Droplets of samples were contacted with the grids for 45 s, then excess amount of 

samples was removed.  The grid was then rinsed, and stained with 1% sodium phosphotungstate 

at pH 7.0.  For better imaging, silver enhancement of AuNPs was performed prior to observation 

with TEM.  Briefly, AuNP-labeled n(HRP-GOx) solution was first contacted with a TEM grid for 

45s.  After rinsing with deionized water, the grid was floated on a drop of freshly prepared silver 

enhancement reagent (Nanoprobe, NY) for 1 min.  The grid was then rinsed again, followed by 

staining with 1% sodium phosphotungstate at pH 7.0.  This process resulted in the formation of 

negatively-stained n(HRP-GOx) with 3~4 nm silver-coated AuNPs inside.  DLS Measurements 

were taken at 90° scattering angle.  Results show that the centered hydrodynamic diameters of ENs 

are 18 nm for n(HRP-GOx), 37 nm for n(HRP-GOx-Inv), 17 nm for n(GOx-Cat), and 24 nm for 

n(AOx-Cat) (Figure S6). 
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Figure 2-7 Size distribution of a. n(HRP-GOx) (~18 nm) (black) and n(HRP-GOx-Inv) (~37 nm)(red); b. 

n(GOx-Cat) (~17 nm); and c. n(AOx-Cat) (~24 nm). 

2.2.4 Activity assays and stability of ENs 

Overall activities of the enzyme complexes, n(HRP-GOx) and n(HRP-GOx-Inv), were assessed 

by monitoring the oxidation rate of o-Dianisidine (ODS).  Briefly, a phosphate buffer (0.1M, pH 

= 7.0) containing 0.2 mM o-Dianisidine, 500 pM of ENs and a specific amount of substrate (glu-

cose for n(HRP-GOx) or sucrose for n(HRP-GOx-Inv)), were incubated at 25˚C for 5 min. During 

the incubation, absorbance at 460 nm was recorded continuously with a UV/vis spectrometer.  The 

absorption curve was plotted versus time and ΔA460/min from the linear potion of the curve was 

calculated.  The activity assays were repeated with a series of appropriate concentrations of sub-

strate to get a series of catalytic rates to obtain  and  by the Lineweaver–Burk plot.  Sim-

ilar assays were also performed with free enzymes mixture (free HRP/GOx, and free 

HRP/GOx/Inv) as the control experiments.  

Similar activity assays were also performed in polyethylene glycol (PEG, Mw~3000) solutions 

with a series of PEG concentrations (0%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, m/v) to simulate 

the viscous environment within the cells or blood stream.  Briefly, certain amount of PEG was first 
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added into phosphate buffer (0.1M, pH=7.0) to get a stock PEG solution.  Then enzyme nanocom-

plexes (or their corresponding free enzymes mixtures) and ODS were added and mixed thoroughly 

to get an assay solution with an enzyme concentration of 500 pM, and ODS concentration of 0.2 

mM.  145 µL of as-prepared assay solution was then passaged into a transparent 96-well plate.  

Substrates (glucose for n(HRP-GOx), and sucrose for n(HRP-GOx-Inv) were dissolved in PEG 

solution to get 10% substrate solutions (w/v). Then 5 µL of substrate solution was added into each 

well of reaction solution.  Plate was then shaken for 30 s and further incubated for 5 min.  Absorb-

ance at 450 nm of each sample was then read out with a plate reader. 

Table 2-3 Kinetic parameters of HRP/GOx and HRP/GOx/Invertase free enzyme systems 
and their corresponding ENs 

System  
 

  
Free HRP/GOx 53.30±0.44 244.6±23.2 100 
n(HRP-GOx) 361.85±0.37 1262.0±18.6 515.9±7.6 

Free HRP/GOx/Inv 53.30±3.54 65.3±2.5 100 
n(HRP-GOx-Inv) 224.90±13.64 1008.7±61.2 1542.5±93.5 

 

Thermal stability was conducted using the following procedure: Solutions of n(HRP-GOx), 

n(HRP-GOx-Inv), free HRP/GOx mixture, and free HRP/GOx/Inv mixture (~0.1 mg/mL protein, 

in 10 mM phosphate buffer, pH 7.0) were first incubated at 65˚C for certain periods (5 – 60 min), 

followed by quenching on ice bath and recovering to room temperature.  Activity assays were 

performed with these samples to determine the residual activities of ENs and their corresponding 

free enzymes mixtures. 
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2.2.5 Kinetic studies of H2O2 generation and elimination 

The kinetic studies of H2O2 generation and elimination were performed with the following proce-

dure.  D-glucose was dissolved in PBS buffer at concentration of 2 mg/mL; then 3,3’,5,5’-tetra-

methylbenzidine (TMB) solution (10% w/v in DMSO) and HRP stock solution (1 mg/mL in PBS) 

were added to obtain final concentrations of TMB at 0.5 mM and HRP at 1 µg/mL.  n(GOx), 

mixture of n(GOx) and n(Cat), or n(GOx-Cat) was then added respectively to the Glucose-TMB-

HRP solution to a final concentration of GOx content of 0.3 µg/mL.  The reaction mixtures were 

vortexed and aliquots of 30 µL were transferred into a 96-well plate after 2, 5, 10, 20, 30, 50, 70, 

and 90 min (3 aliquots per time point). Immediately after the aliquots were taken out, 30 µL H2SO4 

solution (160 mM) per well was added to terminate the enzymatic reaction.  After collecting all 

the samples, the absorbance at 450 nm was read with a plate reader. All data were acquired from 

three independent experiments performed triplicated.   

To relate the H2O2 concentration with the absorbance, a standard absorbance curve vs H2O2 con-

centration was obtained using the method described below.  Firstly, H2O2 stock solution (30%, 

m/v) was diluted with PBS to a series of concentrations (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1 ppm). 

Pure PBS buffer (1x) was used as blank.  Subsequentially, TMB and HRP were added into pure 

PBS buffer and H2O2-PBS solutions, respectively.  The reactions were incubated for 30 min at 

room temperature to allow the complete conversion of H2O2.  After the incubation, reaction solu-

tions were transferred into a 96-well plate with 30 µL per well, following by the addition of 30 µL 

of H2SO4 solution (160 mM).  The plate was then mounted into a plate reader to measure the 

absorbance at 450 nm.  The absorbance of samples was plotted versus H2O2 concentration (Figure 

2-8).  This curve is then used as the standard curve to calculate H2O2 generation during GOx-

catalyzed reaction. 
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Figure 2-8 Standard curve represents the relationship between absorbance and H2O2 concentration. Data 

represent average; errors come from three independent experiments performing triplicated. 

2.2.6 Cell viability assay 

Cell viabilities in the presence glucose oxidation reaction catalyzed by n(GOx-Cat), n(GOx), or 

mixture n(GOx) of n(Cat) was tested in HeLa cells.  HeLa cells were seeded into a 96-well plate 

(104 cells/well, 100 µL/well) and cultured in DMEM (normal level of glucose in medium, with 

10% FBS) for a day prior to exposure to the nanoparticles.  Same amounts (0.7 mg/mL, 2 µL) of 

n(GOx), mixture of n(GOx) and n(Cat), and n(GOx-Cat) were then added into the wells and incu-

bated at 37°C for 5 h.   

Cell viabilities in the presence of alcohol oxidation reaction catalyzed by n(AOx-Cat), native AOx, 

n(AOx), n(Cat), and mixture of n(AOx) and n(Cat) were tested using a similar procedure.  

Nanocapsules or native AOx (2 µg/well) were first incubated with the cells (10k cells) for 1 hr. 

Then equal amount of ethanol (3 µL) was added into each well and incubated with cells for another 

5 h at 37°C.   
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After incubation, CellTiter-Blue (20 µL) was added into each well and further incubated for 3 h.  

The plate was then placed on a shaking table at 150 rpm for 5 min to thoroughly mix the solution. 

Viable cells reduce CellTiter Blue and show fluorescent reddish color.  Quantification of the cell 

viability was achieved by measuring the fluorescence intensities with a plate reader (Ex = 535 nm, 

Em = 585 nm). 

 

Figure 2-9 Viability of the cells treated with EtOH in the presence of n(AOx-Cat), native AOx mixture of 

n(AOx) and n(Cat), or n(Cat). 

2.2.7 In-vivo studies of alcohol antidotes and prophylactics 

Alcohol antidote studies: Male C57B6 mice of 8-10 week old from Jackson Laboratory (Bar Har-

bor, ME) were used for the studies.  18 mice were divided into six groups and fasted for 12 hours 

prior to the studies.  All mice were fed with an alcohol liquid diet at dosage of 6 mg ethanol/bod-

yweight (g).  The mice were intoxicated and slept with 20 min of feeding.  30 min after feeding, 

these intoxicated mice were tail-vein injected with PBS (control), native AOx, n(AOx), mixture of 

n(AOx) and n(Cat), Lipo(AOx+Cat), and n(AOx-Cat), respectively.  The dose of enzyme was 

maintained at ~ 65 µg AOx and ~ 21 µg Cat per mouse; the volume of PBS or enzyme solutions 

was maintained at 150 µL per mouse.  Blood samples (~10 µl) were taken from tails at 45, 90 180, 
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and 300 min post injection, and the blood alcohol concentrations were determined using an ethanol 

assay kits purchased from BioVision, CA, USA or Analox Instruments, IL, USA. 

Alcohol prophylactic studies:  24 Male mice (C57B6) were divided into 6 groups and gavaged 

with the alcohol diet at dose of 6 mg ethanol/bodyweight (g).  The doses of native AOx, n(Cat), 

n(AOx), mixture of n(AOx) and n(Cat), or n(AOx-Cat) were maintained at 65 µg AOx and 21 µg 

Cat per animal.  Another group of mice were fed with isocaloric diet without ethanol and used as 

the control group.  BACs were determined using the same method mentioned above.  The levels 

of plasma alanine aminotransferase (ALT) were determined 6 to 8 hours after the alcohol gavage 

following the methods described previously.252 

GOx-induced tissue damage in mice:  Male mice (C57B6) were anesthetized using ketaime (85 

mg/kg) combined with xylazine (10 mg/kg), which were intramuscularly injected into the posterior 

thighs.  Hairs on the back of animals were then removed using an animal shaver.  n(GOx), n(Cat) 

and n(GOx-Cat) were delivered into the skin via two cutaneous injections, respectively, at 0 and 

24 hours with a dosage of 35 µg nanocapsule dispersed in 50 µl PBS buffer per group per injection.  

Equal volumes of hydrogen peroxide (H2O2) solution and PBS buffer were injected at different 

spots of the back of the same animals, respectively, as the positive and negative controls.  The 

animals were anesthetized at 24 hours following the second injection; pieces of skin tissues were 

then sampled, fixed and processed for H&E staining and fluorescent TUNEL staining using an in-

situ Cell Death Detection Kit from Roche.  H&E images were captured with a Nikon Eclipse E600 

microscope and confocal fluorescence images were obtained with a Nikon PCM2000 confocal 

laser-scanning microscope according to previous methods.253,254 
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Blood alcohol concentration (BAC) reduction studies were also conducted by gavaging mice with 

ethanol-containing diet followed by tail-vein injection of native AOx, n(AOx), n(Cat), mixture of 

n(AOx) and n(Cat), or n(AOx-Cat).  Male C57B6 mice of 8-10 week old from the Jackson Labor-

atory (Bar Harbor, ME) were used in these studies.  24 mice were divided into 7 groups, and fed 

with alcohol liquid diet (6 g of EtOH/kg body weight) after fasted for 8-12 h. Equivalent amount 

(65 µg of AOx, and 21 µg of Cat) of native AOx, n(AOx), n(Cat), n(AOx)+n(Cat) mixture, and 

n(AOx-Cat) were injected to 5 groups of alcohol-fed animals via tail-vein injection 30 min after 

alcohol feeding, respectively.  4 alcohol-fed mice were injected with 150 µL of PBS to use as the 

control group. For the negative control, 4 mice were fasted for 8-12 h, then fed with isocarloric 

diet without EtOH. BAC and ALT of mice were determined with the same methods for mice ad-

ministrated orally (detailed method are described in Methods part of the manuscript).  Similar BAC 

reduction effect and ALT levels were obtained in comparison with those obtained by oral admin-

istration (Figure 2-10).  Dose-dependence of BAC reduction for n(AOx-Cat) was also conducted 

(Figure 2-11). All animals were treated in accordance with the Guide for Care and Use of Labor-

atory Animals approved by local committee. 

In these in-vivo studies, BACs were adjusted against the body weights of individual mice by using 

the formula, 56789: = 567;× 5=>; 5=>8?@ , where 567:  is the adjusted BAC, 567;  and 

5=>; are the blood alcohol level and bodyweight of individual mouse, respectively; 5=>8?@ is 

the average mouse weight of all animals in each set of experiment.  Statistical analyses were per-

formed using the Bonferroni post-test following a two-way ANOVA for BACs and the Newman-

Keuls post-test following a one-way ANOVA for ALT data. P < 0.05 or less was considered sig-

nificant. 
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Figure 2-10 Blood alcohol concentration (BAC) (a) and plasma alanine aminotransferase (ALT) (b) of 

mice gavaged with ethanol-containing diet followed by tail-vein injection of PBS (control), native AOx, 

n(AOx), n(Cat), mixture of n(AOx) and n(Cat), and n(AOx-Cat)).  For mice treated with n(AOx-Cat), BAC 

decreases significantly before 3 hr (*P < 0.05; **P < 0.01, 4 mice used in each group), compared to the 

mice injected with PBS only.  All the animals treated with alcohol show higher ALT levels; a tendency of 

lower ALT is also observed for the mice treated with n(AOx-Cat). 

 

Figure 2-11 BAC of intoxicated mice injected with different doses of n(AOx-Cat) per mouse.  Before the 

injection, mice were fasted for 12 hours and gavaged with the alcoholic liquid diet at 6 mg ethanol per 

gram of bodyweight.   A series amount (30-240 µg AOx per mouse) of n(AOx-Cat) were then administrated 

to animals 30 min post alcohol feeding.  The BAC was measured 75, 180, and 300 min after the injection 

of antidote.  Due to a larger variation of animal weights in this experimental group of animals, the BAC 

was normalized with the body weight using the following equation: 56789: =
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567; 1 + AB2 CDEFGHICDEJ ,		where 5=>K8L is the highest bodyweight among this group of animals.  

All values are expressed as means ± s.e.m. unless otherwise indicated.   

2.2.8 Pharmacokinetics and bio-distribution of enzyme nanocomplexes in mice 

2.2.8.1 Bio-distribution of ENs administrated orally 

Bio-distribution and pharmacokinetics of ENs administrated orally was achieved by monitoring 

the residual activity of the ENs in plasma after gavage of Rhodamine B-labeled n(AOx).  n(AOx) 

was first prepared with the method described above.  Fluorescence labeling was achieved by incu-

bating the nanocapsules with rhodamine B (RhB) isothiocyanate at 4°C, pH 8.0 overnight.  RhB-

labeled n(AOx) (RhB-n(AOx)) was purified by dialysis against PBS thoughtfully to remove excess 

RhB. 

 

Figure 2-12 Confocal images of Kidney (a) Liver (b) and intestine (c) of animals treated with RhB-n(AOx) 

(red) and n(AOx) (no color). 

 

               RhB-n(AOx)            n(AOx)             RhB-n(AOx)             n(AOx) 
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Six male C57B6 mice of 8-10 week old from the Jackson Laboratory (Bar Harbor, ME) were used 

in these studies.  Before administration of RhB-n(AOx), mice were fast for 6-8 hours.  Animals 

were then divided to two 3-mouse groups, followed by gavage alcohol-free diet with 120 µL (1 

mg/mL) of RhB-n(AOx), and 120 µL of non-labeled n(AOx) as control, respectively.  Animals 

were then fed with water, and the blood samples (20 µL) were taken from tails at 30 min, 45 min 

and 180 min.  After taking the blood sample, animals were sacrificed, and their tissues including 

liver, kidney, and intestine were taken and imaged with confocal microscope.  Blood samples were 

first centrifuged at 20,000 rpm for 5 min to remove the blood cells.  Residual activities of n(AOx) 

were determined by incubating 1 µL of plasma with 100 µL of assay solution (1% EtOH, 0.02 

mg/mL HRP, and 0.5 mM TMB in 0.1 M phosphate buffer, pH = 7.0), and monitoring the absorb-

ance change at 620 nm with a plate reader.  A series of n(AOx) stock solutions with different 

concentrations (0.4688 µg/mL, 0.9375 µg/mL, 1.875 µg/mL, 3.75 µg/mL, 7.5 µg/mL, 15 µg/mL 

and 30 µg/mL) were then prepared and used to establish the relationships between reaction rates 

and concentrations of enzyme nanocomplex.  

No activity can be detected in the plasma of n(AOx) or RhB-n(AOx) treated animals, indicating 

as-gavaged ENs were retained within the digestive tract. In order to confirm this observations, we 

also imaged the tissues taken at different time after oral administration of RhB-n(AOx).  To avoid 

the interferences coming from the fluorescence from animal’s tissue, we also imaged the tissues 

taken from animals that gavage with non-fluorescence labeled n(AOx) as controls.  Images of 

livers and kidneys (Figure 2-12, a & b) showed no fluorescence intensity of rhodamine B, indicat-

ing that RhB-n(AOx) administrated orally did not enter the circulation system.  In contrast, a strong 

fluorescence signal was observed in intestine 45 min post administration in RhB-n(AOx)-treated 

mice (Figure 2-12, c).  This result indicated that ENs can partially attached on the intestine but not 
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entered the blood stream or internalized into cells.  This feature could be useful for the develop-

ment of drug needed to deliver orally. 

2.2.8.2 Pharmacokinetics and bio-distribution of ENs administrated systematically 

Pharmacokinetics of ENs was achieved by monitoring the residual activity of ENs in plasma after 

the tail injection of the ENs. It should be noted that current AOx-activity assays are based on 

detection of H2O2 produced during the alcohol oxidation reaction.  Such assays could not be used 

to determine the activity of AOx within the n(AOx-Cat) nanocomplexes, because as-generated 

H2O2 will be eliminated by the catalase (Cat) with the nanocomplexes. Thus, a similar enzyme 

nanocapsule, n(AOx), was employed in the pharmacokinetics studies (PK studies), since it has the 

same surface chemistry and similar particle size as n(AOx-Cat).   

A standard cure was first established to relate the activity and concentration of n(AOx).  Briefly, 

a series of n(AOx) concentrations (0.4688 µg/mL, 0.9375 µg/mL, 1.875 µg/mL, 3.75 µg/mL, 7.5 

µg/mL, 15 µg/mL and 30 µg/mL) were used, of which activity were measured respectively by 

incubating 1 µL of the enzyme solution with 100 µL of assay solution (1% EtOH, 0.02 mg/mL 

HRP, and 0.5 mM 3,3�,5,5�-tetramethylbenzidine (TMB) in 0.1 M phosphate buffer, pH = 7.0).  

Their reaction rates can be achieved by monitoring the absorbance changes at 620 nm respectively 

using a plate reader. 

Male C57B6 mice of 8-10 week old from the Jackson Laboratory (Bar Harbor, ME) were used in 

these studies.  Before administration of n(AOx), mice were fast for 6-8 hours, followed by injected 

with 100 µL of n(AOx) (1 mg/mL, 3 out of 6 mice) and 100 µL of PBS (3 out of 6 mice) via tail 

vein, respectively.  Animals were then fed with ordinary food and water, and the blood samples 
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(20 µL) were taken from tails at 45 min, 90 min, 180 min, 300 min, 600 min, and 1440 min.  The 

blood samples were then centrifuged at 20,000 rpm for 5 min to remove the blood cells.  Residual 

activities of n(AOx) were determined by incubating 1 µL of plasma with 100 µL of assay solution 

(1% EtOH, 0.02 mg/mL HRP, and 0.5 mM 3,3�,5,5�-tetramethylbenzidine (TMB) in 0.1 M phos-

phate buffer, pH = 7.0), and monitoring the absorbance change at 620 nm with a plate reader.  

Figure 2-13 shows the time-dependence of the equivalent plasma concentration of n(AOx), clearly 

showing decay of the enzyme concentration with time.  From this PK profile, it is clear that no 

n(AOx) could be detected in the plasma within 1000 min after the injection. No activity can be 

detected in plasma after 1000 min. 

Besides the PK study, we have also investigated the bio-distribution using the PET/CT technique.  

Briefly, we radioactively labeled n(AOx-Cat) using 18F-SFB.  18F-SFB was prepared using syn-

thesis module TRACER lab FXFN (GE Medical System). n(AOx-Cat) (1 mg/mL) was added into 

freshly prepared 18F-SFB solution, and reacted at 60°C for 30 min in borate buffer (100 mM, pH 

8.5).  After removal of free 18F-SFB by repeated centrifuging and washing steps, 18F-n(AOx-Cat) 

(18F-ENs) were re-dispersed with PBS and passed through a 0.22 mm filter (Millipore) into a sterile 

multi-dose vial for in vivo studies. PET scans and image analysis were performed using a mi-

croPET/CT model scanner (Inveon, Siemens). Mice (BLAC) were injected with 18F-ENs via tail 

vein at the dose of ~ 3.7 MBq/animal. For dynamic PET, 120-min scans were started 20 min post 

the injection. The images were reconstructed using a two-dimensional ordered-subsets expectation 

maximum algorithm and no correction was applied for attenuation or scatter. For each microPET 

scan, regions of interest were drawn over major organs using vendor software on decay-corrected 
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whole-body coronal images. The standard uptake value was normalized by body weight. The dis-

tribution of 18F-ENs in the animal was shown in Figure 2-14. By continuously monitoring the local 

radiation intensities at liver, kidney, lung, and spleen with PET/CT, dynamic distribution of ENs 

is shown in Figure 2-15. 

 

Figure 2-13 Residual concentration of n(AOx) in the plasma of enzyme nanocomplex-treated mice. 

 

Figure 2-14 CT, PET and PET/CT images of a mouse, injected with 18F-n(AOx-Cat). PET image were 

acquired with a 120-min dynamic PET scan started at 20 min post injection of 18F-ENs. 
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Figure 2-15 Residual concentration of 18F-n(AOx-Cat) in the organs of EN-treated mouse. Quantifications 

of 18F-n(AOx-Cat) in liver (red), kidney (blue), lung (black), and spleen (green) were achieved by monitor-

ing the local radiation intensity with PET/CT.  

2.3 Results and discussions 

Successful construction of the enzyme nanocomplexes was demonstrated using horseradish perox-

idase (HRP) and glucose oxidase (GOx) as the model enzymes.  Figure 2-16a shows a transmission 

electron microscopic (TEM) image of n(HRP-GOx) with an average diameter of 30±7 nm.  To 

justify the double-enzyme architecture, each HRP and GOx molecule was labelled with a single 

1.4-nm gold nanoparticle.  As shown in Figure 2-16b, most gold-labelled enzyme nanocomplexes 

contain two gold nanoparticles, indicating that each nanocomplex indeed contains two enzyme 

molecules.  Considering the specific bindings between the enzymes and their inhibitors linked to 

the DNA scaffolds, it is reasonable to conclude that such double-enzyme architecture is con-

structed by one HRP and one GOx molecule.  
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Figure 2-16 The Structure and Enhanced Activity and Stability of Enzyme Nanocomplexes.  a, b. Trans-

mission electron micrograph showing the uniform size of n(HRP-GOx) (a) and n(HRP-GOx) prepared by 

labelling HRP and GOx with single gold nanoparticles (b). c, Fluorescence spectra of n(HRP-GOx) and a 

mixture of n(HRP) and n(GOx) with the same protein content. GOx and HRP were pre-labelled with FITC 

and RhB, respectively. The spectrum was recorded at Ex=450nm. d, Confocal microscope images of 

n(FITC-labelled GOx) (left; Ex=488nm, Em=510-530nm), n(RhB-labelled HRP) (middle; Ex=532nm, 

Em=570-600nm), and n(RhB labelled HRP-FITC labelled GOx) (right; Ex=488nm; Em=570-600nm). e, 

Activity change of n(HRP-GOx), n(HRP-GOx-Inv) and their native-enzyme-mixture counterparts during 

incubation at 65°C. f, The turnover rates of n(HRP-GOx) and n(HRP-GOx-Inv) with corresponding free 

enzyme mixtures. g, The activity of n(HRP-GOx) and a mixture containing the same amount of free HRP 

and GOx in the presence of increasing concentrations of poly(ethylene glycol) (PEG) in phosphate buffer 

(50 mM, pH 7.0). h, The activity of n(HRP-GOx-Inv) and a mixture containing the same amount of free 

HRP, GOx and Inv as the complex in the presence of increasing PEG concentrations. Relative activities 

were normalized by the activities of the free-enzyme mixtures with the same enzyme content and PEG con-

centration. 
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Such nanocomplex architecture spatially defines the constituent enzymes within close proximity.  

Using Rhodamine-B-labelled HRP (HRP-RhB) and fluorescein-isothiocyanate-labelled GOx 

(GOx-FITC) as an example, Figure 2-16c compares the fluorescence spectra of their mixture 

(equal molar ratio) and the corresponding dual-enzyme nanocomplexes.  Since FITC and RhB 

possess excitation maximums at 495 and 540 nm, respectively, the mixture of GOx-FITC and 

HRP-RhB only exhibits the FITC emission centered at 520 nm under 450 nm excitation.  For 

comparison, the nanocomplex exhibits intense emissions from both FITC and RhB (centered at 

520 nm and 585 nm, respectively).  This observation indicates an effective Föster resonance energy 

transfer (FRET) from GOx-FITC to HRP-RhB, confirming the HRP and GOx molecules are 

closely associated within a short distance (< 10 nm).255  Figure 2-16d further shows fluorescence 

microscopic images of the nanocomplex showing co-localization of GOx-FITC and HRP-RhB.  

Upon excitation at 488 nm, FRET emission at 580 nm was also detected at the same position 

further confirming their close association.   

Such close-proximity architecture endows the nanocomplexes with significantly enhanced cata-

lytic efficiency, which was demonstrated by consecutive reactions of sucrose and glucose medi-

ated by invertase (Inv), GOx and HRP.  Glucose added or generated was oxidized, producing H2O2 

that further oxidizes o-dianisidine via the HRP-mediated reaction.  Figure 2-16f compares the 

turnover rates (o-dianisidine oxidation rates) of n(HRP-GOx) and n(HRP-GOx-Inv) with those of 

their native-enzyme mixtures with same enzyme content.  Compared with the native enzyme mix-

tures, n(HRP-GOx) and n(HRP-GOx-Inv) show elevated turnover rates by 5 and 15 folds in phos-

phate buffer, respectively.  To simulate the viscous environment within cell or blood stream,256 

poly(ethylene glycol) (PEG) was added to the reaction medium.  The relative turnover rates in-

crease with increasing the PEG concentration.  When 35 wt-% PEG was added, 34-fold and 24-
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fold increase in turnover rate was achieved for n(HRP-GOx) and n(HRP-GOx-Inv), respectively 

(Figure 2-16g & h).  Moreover, both the nanocomplexes retain over 70% activities after incubation 

at 65 °C for 60 minutes, whereas their mixture counterparts lose more than 98% activities, indi-

cating the nanocomplexes possess significantly enhanced stability (Figure 2-16e). 

This unique architecture also affords the nanocomplexes with complementary functions.  Oxidases, 

for example, are being used or proposed for various therapeutics;37 oxidase-mediated reactions, 

however, produce toxic hydrogen peroxide (H2O2).  Nevertheless, through constructing oxidase-

catalase nanocomplexes, such toxic intermediates can be eliminated effectively.  Exemplified us-

ing GOx, cells incubated with n(GOx) in glucose-containing media lose more than 90% viability; 

adding n(Cat) into the media increases the viability to 42%.  In contrast, the cells with n(GOx-Cat) 

exhibit much higher viability (~ 91%), which is similar to the control, owning to the effective H2O2 

elimination (Figure 2-17a).  The net rates of H2O2 production were quantified using glucose-con-

taining buffer solutions, to which the enzyme nanocapsules were added and their temporal H2O2-

concentration profiles were obtained, respectively (Figure 2-17b).  Consistently, the net rate of 

H2O2 production for the n(GOx-Cat) system is 5-fold lower compared with those with the 

n(GOx)/n(Cat) mixture or n(GOx).  
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Figure 2-17 In-vivo Detoxifying Capability of the Catalase-Containing Enzyme Nanocomplexes.  a, Cell 

viability assays after treated with n(GOx), mixture of n(GOx) and n(Cat), and n(GOx-Cat).  Cell prolifer-

ation rates were normalized with those of the untreated cells. b, H2O2 concentration in glucose oxidation 

reaction catalysed by n(GOx), n(GOx)+n(Cat) or n(GOx-Cat).  The system with n(GOx), the mixture of 

n(GOx) and n(Cat), and n(GOx-Cat) shows a rate of 0.434±0.004 µM/min, 0.388±0.005 µM/min, and 

0.075±0.007 µM/min, respectively.  c, Photograph of a mouse cutaneously injected with PBS, n(Cat), H2O2, 

n(GOx), and n(GOx-Cat) at different sites.  d, Micrograph of mouse skin tissue at the injection sites. (i) & 

(ii) Hematoxylin and eosin (H&E) stain (iii) Immunohistology stain with TUNEL assay (green), Cy3-con-

jugated monoclonal �-smooth muscle actin antibody (red) and DAPI (blue). The scale bars indicate a dis-

tance of 100 µm.  

Such nanocapsules were then cutaneously injected to a mouse at different sites, respectively.  

Equal volumes of H2O2 solution (3% w/v) and phosphate buffer saline (PBS) were used as the 

positive and negative control, respectively (Figure 2-17c).  Skin lesions were observed in H2O2-



 75 

treated and n(GOx)-treated sites 48 hours after injection.  In contrast, skin damages were not ob-

served in the spots injected with PBS, n(Cat), or n(GOx-Cat).  The skin tissues at the injection 

sites were sectioned and stained with hematoxylin and eosin (H&E) and TUNEL staining kit.  H2O2 

administration caused tearing and ballooning in the dermis of the skin; n(GOx) administration 

resulted in similar tissue ballooning and neutrophil infiltration albeit to a milder extent, indicating 

pathophysiological response and injury due to the generated H2O2.  No tissue damages were ob-

served in the spots injected with PBS, n(Cat) and n(GOx-Cat) (Figure 2-17d, i&ii).  Consistently, 

cell apoptosis was evident in the skin tissue treated with either H2O2 or n(GOx), whereas the cell 

death in n(Cat)- or n(GOx-Cat)-treated skin tissues was minimal and comparable to that of PBS 

treated sample (Figure 2-17d, iii). 

The capability of making robust enzyme nanocomplexes with enhanced and complimentary func-

tions offers a novel platform for various applications.  For example, alcohol consumption is a 

millennium-old component of human civilization with unique social functions.  Excessive con-

sumption and abuse of alcohol, however, associate with a series of organ injuries and social prob-

lems.  To date, although alcohol prophylactic does exist in the market, their efficacies have not 

been documented yet.  For alcohol antidote, although various colloidal antidotes257,258 were devel-

oped for drug overdosing, such antidotes may not be sufficient for alcohol intoxication.  Recently, 

γ-aminobutyric-acid-based receptor antagonists were explored to resist the alcohol intoxication 

effect but with side effects.259  Based on the nanocomplexes of alcohol oxidase (AOx) and catalase, 

we demonstrated a design of alcohol prophylactic and antidote.  

For the prophylactic studies, mice were gavaged with alcoholic diet containing native AOx, 

n(AOx), n(Cat), mixture of n(AOx) and n(Cat), or n(AOx-Cat).  All mice were intoxicated and 
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slept within 20 min after feeding; the group with n(AOx-Cat) woke up 1-2 hours earlier than the 

other groups.  The blood alcohol concentration (BAC) of the mice administered with n(AOx-Cat) 

was reduced by 10.1%, 31.8% and 36.8%, respectively, at 45 min, 90 min and 3 hours after feeding 

(Figure 2-18a).  Significantly less BAC reductions were observed in those with n(AOx) (< 8.5%) 

or with the mixture of n(AOx) and n(Cat) (< 10.6%).  Insignificant BAC reduction was observed 

for those with n(Cat) or native AOx.  All alcohol-fed animals show increased plasma alanine ami-

notransferase (ALT) level; nevertheless, the mice treated with n(AOx-Cat) had a tendency of lower 

ALT levels (Figure 2-18b).  Most nanocomplexes were retained on the intestine surface and no 

nanocomplexes could be detected in the liver and kidney (Figure 2-12).   

 

Figure 2-18 Efficacy of n(AOx-Cat) as Prophylactic and Antidote for Alcohol Intoxication.  Animals in 

Blank group are feed with normal diet without alcohol and used as baseline group. Four mice were used 

in each group.  Data are presented as mean ± SEM and the significance levels (P values) are labelled using 

* (P < 0.05), ** (P < 0.01) and *** (P < 0.001), respectively.  a, b. Blood alcohol concentration (BAC) (a) 

and plasma alanine aminotransferase (ALT) (b) in mice after gavage with alcohol diet containing PBS, 
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native AOx, n(Cat), n(AOx), a mixture of n(AOx) and n(Cat), or n(AOx-Cat) with equivalent amount of 

enzymes.  The amount of AOx and Cat used was fixed at 65 µg and 21 µg, respectively; while the alcohol 

dosage was fixed at 6 mg ethanol/bodyweight (g). c, d.  BAC (c) and ALT (d) of intoxicated mice after 

injection with PBS, native AOx, lipo(AOx+Cat), or n(AOx-Cat).  Thirty minutes before the injection, mice 

were gavaged with the alcohol diet at 6 mg ethanol per gram of the bodyweight.  The volume of PBS and 

the enzyme solutions injected was maintained at 150 µL; the dose of enzyme injected was maintained at 65 

µg AOx or 21 µg Cat per mouse.  Three mice were used in each group.  

For the antidote studies, PBS, native AOx, n(AOx), mixture of n(Cat) and n(AOx), n(AOx-Cat) 

were tail-vein injected to intoxicated mice, respectively.  The mice treated with n(AOx-Cat) show 

the lowest ALT level (Figure 2-18d) and the most significant BAC reduction of 15.8%, 26.1%, 

34.7%, and 21.3% at 45 min, 90 min, 3 h, and 6 h after the injection, respectively (Figure 2-18c).  

Liposome has been considered as the most promising approach for protein delivery; insignificant 

BAC reduction, however, was observed for the liposomes co-entrapping AOx and Cat.  Dose-

dependence study suggests BAC rapidly decreases with increasing n(AOx-Cat) dose from 30-60 

µg AOx per animal and then remains almost constant with further increasing doses (Figure 2-11).  

Upon nanocomplex injection, blood concentration of the nanocomplexes rapidly decreases (Figure 

2-13). Dynamic PET/CT scan suggests that the nanocomplexes are accumulated in the liver shortly 

after the injection, while the accumulation in kidney increases with time reaching the peak level 

after ~ 40 min (Figure 2-14 and Figure 2-15). 

Both the prophylactic and antidote studies suggest n(AOx-Cat) is more effective than the mixture 

of n(AOx) and n(Cat) for BAC and ALT reduction.  The unique n(AOx-Cat) architecture enables 

effective removal of toxic H2O2 (Figure 2-9) and prevents the AOx from being inactivated by the 

H2O2 generated.260  Moreover, the H2O2 elimination process regenerates molecular oxygen ensur-



 78 

ing a fast alcohol oxidation kinetics leading to more significant BAC reduction.  The alcohol oxi-

dation process also generates another toxic intermediate, acetaldehyde.  More effective ALT re-

duction and complete liver protection will rely on effective removal of acetaldehyde; unfortunately, 

neither active enough aldehyde dehydrogenase nor aldehyde oxidase (ADOx) is available.  Better 

prophylactic and antidote are anticipated, when active enough ADOx becomes available for the 

construction of n(AOx-ADOx-Cat) triple-enzyme nanocomplexes. 

2.4 Conclusion 

To conclude, we have demonstrated a design of robust enzyme nanocomplexes with improved 

efficiency, enhanced stability, complementary and synergic functions by precisely assembling and 

stabilizing multiple enzymes within a nano-space.  Considering the vast library of enzymes that is 

currently or potentially available, novel classes of enzyme nanocomplexes could be built for a 

broad range of applications.  Moreover, through judiciously choosing the constituent enzymes and 

harvesting their synergic and complementary effects, we foresee the creation of novel families of 

enzyme machineries with programmable function possibly beyond evolution. 
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Chapter 3. Phosphorylcholine polymer nanocapsules prolong the cir-

culation time and reduce the immunogenicity of therapeutic proteins 

3.1 Introduction 

Proteins are essential parts of organisms participating in virtually every process within the cells; 

from the perspective of disease mechanism, protein therapy represents a tremendous opportunity 

for the modern medicine.  An increasing number of protein therapeutics have been approved for 

clinical use and many more are being developed;1,2,261 nonetheless, broad adaption of protein ther-

apy remains challenging mainly due to the difficulties, such as poor protein stability in non-phys-

iological and proteolytic environments, insufficient ability to enter cells and other compartments 

of the body, rapid clearance, and immune responses against the therapeutic proteins adminis-

trated.262–264  Particularly, throughout evolution, complex living organisms have perfected their 

defense mechanisms against foreign particles such as pathogens, exogenous proteins and particles.  

As a result, proteins injected intravenously are often cleared out rapidly with undesired accumula-

tion commonly in the liver, spleen or kidney.154,205,265  

Extensive efforts have been made to improve the efficacy of protein therapeutics.  At present, the 

most widely-applied approach is modifying the proteins with poly(ethylene glycol) (PEG), which 

leads to improved protein stability, prolonged circulation time, and reduced immune response.266–

268 However, ~25% of the patients have already possessed or started to develop the anti-PEG an-

tibodies prior to or after the first administration of PEG-modified proteins nowadays, which results 

that PEG-based protein therapeutics injected are subsequently opsonized by the circulating anti-

bodies and cleared rapidly, resulting in an accelerated blood clearance and reduced efficacy.269–271 

Another type of approaches for avoiding the rapid clearance is achieved by bonding nanostructures 
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with zwitterionic polymers such as phosphobetaine-, sulfobetaine-, and carboxybetaine-based pol-

ymers.272–279 Compared to PEG and other hydrophilic polymers that achieve hydration via hydro-

gen bonding, zwitterionic polymers bind water molecules much more strongly via electrostatically 

induced hydration,280,281 resulting a unique surface that resists non-specific protein absorption.  

Due to their outstanding biocompatibility and protein-adsorption-resistant ability, such polymers 

have been explored as antifouling coatings for blood-contacting devices, drug delivery carriers, 

and contrast agents for imaging.274,282–287  Recently, conjugation of proteins and zwitterionic pol-

ymers have also been investigated, and the resulting conjugates exhibited similar pharmacokinetics 

kinetic profiles as pegylated protein conjugates288 without compromise their biological activi-

ties.289 All these evidences imply that zwitterionic polymers could potentially become the next-

generation biomaterials that boost the development of protein therapeutics. 

Towards better protein therapeutics, it is of paramount importance to design therapeutics that can 

evade the clearance mechanisms, mainly the mononuclear phagocyte system (MPS).290–292 From 

an anatomo-physiological perspective, intravenously injected therapeutics are transported to the 

heart, continue on to the pulmonary circulation, return to the left ventricles, and pumped into the 

system circulation.293  In the blood stream, these therapeutic particles may adhere with the plasma 

proteins, such as lipoproteins, apolipoproteins and proteins of complement.  It has been known 

that charged, highly hydrophobic, irregular or low-curvature surface generally promotes the opso-

nizing process.294  The opsonization with the lipoproteins and apolipoproteins compels the parti-

cles trafficking toward the hepatocytes and tissues rich in lipoprotein receptors; while the opsoni-

zation with the complement proteins enables the recognition and clearance by the phagocytic cells 

via phagocytosis.295,296  Minimizing the adhesion with the plasmas proteins and weakening the 



 81 

interactions with macrophages, therefore, could lead to protein therapeutics with evading capabil-

ity. 

 

Figure 3-1 Schematic illustration of the synthesis of stealth protein nanocapsules by (I) enriching 2-meth-

acryloyloxyethyl phosphorycholine (MPC, monomer) and N,N’-methylenebis(acrylamide) (BIS, cross-

linker) around a protein molecule, and (II) in situ polymerization of the monomer and crosslinker forming 

a thin shell of poly(2-methacryloxyloxyethyl phosphorycholine) (PMPC) around the protein molecule.  The 

PMPC shells are permeable to small-size substrates ensuring effective enzymatic reactions occurred within 

the protein cores; such zwitterionic shells also resist the adsorption of proteins and phagocytosis, endowing 

the nanocapsules with stealth capability. 

Rooting from the defense mechanism, we envision that stealth protein therapeutics could be made 

by coating individual protein molecules with a thin layer of zwitterionic polymer to resist non-

specific protein absorption.  As illustrated in Figure 3-1, using 2-methacryloyloxyethyl phospho-

rycholine (MPC) as the monomer and N,N′-methylenebisacrylamide (BIS) as the crosslinker, a 

thin layer of crosslinking polyMPC (PMPC) can be readily grown around the protein molecules 

through in situ polymerization.49,204  Compared to direct conjugation of zwitterionic polymer 

chains to the protein surfaces, this in situ polymerization approach encapsulate the protein with 
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crosslinked PMPC, which completely replaces the protein surface with the zwitterionic polymer 

and thus provides better shielding effects from serum protein adsorption under blood flow.   This 

simple technique enables the synthesis of a family of stealth nanocapsules denoted as n(Protein), 

where Protein within the parentheses is the protein being encapsulated. 

3.2 Methods, experiments, and characterizations 

3.2.1 Materials and Instruments 

Reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) and used as received 

without further purification unless otherwise noted.  U87 and J774A.1 cells were purchased from 

American Type Culture Collection (ATCC).  The Dulbecco's Modified Eagle Medium (DMEM) 

growth medium and Penicillin/streptomycin were obtained from Invitrogen (Carlsbad, CA).  Fetal 

Bovine Serum (FBS) was obtained from Lonza Walkerrsville Inc. (Walkerrsville, MD).  CellTitra 

Blue cell viability kit was purchased from Promega (Madison, WI).  Fluorescence dyes including 

Rhodamine B isothiocyanate and Fluorescein isothiocyanate were obtained from Sigma-Aldrich 

(St. Louis, MO). Proteins including human transferrin (Tf), ovalbumin (OVA), horseradish perox-

idase (HRP), glucose oxidase (GOx), and alcohol oxidase (AOx) were purchased from Sigma-

Aldrich (St. Louis, MO).  Uricase (UOx) was purchased from Worthington Biochemical Corpora-

tion (Lakewood, NJ).  Bovine serum albumin (BSA) was purchased from Equitech-Bio Inc (Kerr-

ville, TX).  Male BALB/C (6-8 weeks) mice were purchased from Jackson Laboratory (Bar Harbor, 

ME).  Male Kun Ming (KM) mice (6-8 weeks) were purchased from the Chinese Academy of 

Sciences Research Institute in Shanghai, China.  2-Methacryloyloxyethyl phosphorylcholine 

(MPC), acrylamide, acrylic acid, N-hydroxylsuccinimide ester, N,N’-methylenebisacrylamide, 

ammonium persulfate, and N,N,N’,N’-tetramethylethylenediamine were purchased from Sigma-
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Aldrich and used without further purification.  N-(3-Aminopropyl) methacrylamide hydrochloride 

was purchased from Polymer Science, Inc.  Bicinchoninic acid disodium salt hydrate (BCA) and 

copper sulfate were purchased from Sigma-Aldrich and used as received.  Phenyl-Sepharose CL-

4B, Sepharose-6B, and Sephadex G-25 were purchased from Sigma-Aldrich. 

UV-Visible spectra were acquired with a DU730 spectrometer (Beckman Coulter, Inc.).  Dynamic 

light scattering (DLS) studies of the nanocapsules were performed on Zetasizer Nano instrument 

(Malvern Instruments Ltd., United Kingdom) equipped with a 10 mW helium-neon laser (λ = 632.8 

nm) and thermoelectric temperature controller.  Transmission electron microscope (TEM) images 

were obtained on Tecnai T12 electron microscope (FEI) operating with an acceleration voltage of 

120 kV.  Fluorescence intensities were measured with a Fujifilm BAS-5000 plate reader.  Cells 

were observed and photographed with a Carl Zeiss Axio Observer inverted fluorescence micro-

scope.  Flow cytometry analysis was achieved using a BD LSRFortessa cell analyzer. SPECT/CT 

images were accessed using an Inveon system (Siemens Preclinical Solutions). 

3.2.2 Synthesis of the nanocapsules 

3.2.2.1 Fluorescence-labeling of ovalbumin (OVA) and transferrin (Tf) 

For the imaging purposes, OVA and Tf were fluorescene-labeled with rhodamine B (RhB) and 

fluorescence (FITC), respectively.  Briefly, the proteins were first dissolved with water and dia-

lyzed against sodium carbonate buffer (20 mM, pH 8.5) to remove any ammonium sulfate that 

usually exists in the stock protein powder.  After dialysis, the proteins were diluted to 5 mg/ml 

with sodium carbonate buffer (20 mM, pH 8.5).  Rhodamine B isothiocyanate (RhB-TIC) and 

fluorescence isothiocyanate (FITC) were dissolved with DMSO to make 1% (m/v) stock solutions, 

respectively.  Then RhB-ITC and FITC stock solutions were added into OVA and Tf solutions at 
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a molar ratio of 5:1 (Dye:Protein), respectively.  The reactions were kept at 4°C for overnight; as-

formed samples were dialyzed against sodium carbonate buffer (20 mM, pH 8.5) to remove the 

unconjugated dye. 

3.2.2.2 Acryloxylation of the proteins 

Acryloxylation of the proteins used in this work was achieved with the same methods described in 

Chapter 1, Section 2.2.2.3 The number of acryloyl groups conjugated onto the proteins is listed in 

Table 3-1. 

Table 3-1 Average number of acryloyl groups conjugated to the proteins 

Protein Total No. of Lys Unreated Lys (%) Average No. of acryloyl 
groups conjugated 

EGFP 20 42.24% 11.55 
OVA 20 22.27% 15.55 
HRP 5 13.71% 4.32 
GOx 15 44.47% 8.33 
UOx 26 34.69% 16.98 
AOx 38 53.15% 17.80 
Tf 58 68.27% 18.40 

BSA 59 71.64% 16.73 
 

3.2.2.3 Synthesis of n(EGFP), n(OVA), n(HRP), n(GOx), n(UOx), n(AOx), n(Tf), and n(BSA) 

After acryloxylation, the proteins were encapsulated with PMPC using an in situ polymerization 

method.  2-methacryloyloxyethyl phosphorylcholine (MPC) and bis-methacrylamide (BIS) were 

first prepared as 10% (m/v) stock solution in DI-water and anhydrous DMSO, respectively.  Then 

MPC and BIS were added into the solution of the proteins being encapsulated with a specific molar 
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ratio (listed in Table S2).  The final protein concentration was tuned to 1 mg/mL by diluting with 

phosphate buffer (50mM, pH 7.0).  Polymerization was initiated by the addition of ammonium 

persulfate (APS) and tetramethylethylenediamine (TEMED) and kept at 4°C for 2 h.  After the 

polymerization, the solution was dialyzed against PBS to remove unreacted monomers and by-

products.  The detailed synthesis parameters of n(EGFP), n(OVA), n(HRP), n(GOx), n(UOx), 

n(AOx), n(Tf), and n(BSA) were listed in Table 3-2. 

Table 3-2 Synthesis parameters of various PMPC protein nanocapsules 

Sample Protein MPC BIS APS TEMED 

n(EGFP) 1 3000 400 250 500 
n(OVA) 1 3000 400 400 800 
n(HRP) 1 3000 400 300 600 
n(GOx) 1 16000 2400 800 1600 
n(UOx) 1 10000 1400 600 1200 
n(AOx) 1 80000 11000 4000 8000 

n(Tf) 1 3000 400 400 800 
n(BSA) 1 3000 400 400 800 

* All numbers indicate the molar ratios. 

3.2.2.4 Synthesis of positively charged n(EGFP)(+) 

The synthesis of positively charged n(EGFP)(+) is similar as that of n(EGFP).  Instead of using 

MPC solely as monomer, mixture of MPC and N-(3-Aminopropyl) methacrylamide hydrochloride 

(APm) with a molar ratio of 9:1 was employed as monomer in the polymerization step.  The final 

molar ratio of monomer to EGFP was kept as 3000:1.  After tuning the EGFP concentration to 1.0 

mg/mL with phosphate buffer (50mM, pH 7.0), the polymerization step was initiated using 
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APS/TEMED (1:250:500, EGFP:APS:TEMED, n/n/n), and the reaction was kept at 4°C for 2 h.  

The reaction solution was then dialyzed against PBS to remove reaction by products. 

3.2.2.5 Synthesis of PAAM-n(EGFP) 

The PAAM-n(EGFP) was prepared using the method we described before. Acrylamide (AAm) 

was employed as monomer for the encapsulation of EGFP.  Briefly, acryloxyl-EGFP was first 

mixed with AAm and BIS at specific ratio (EGFP:AAm:BIS = 1:2000:300, n/n/n).  After tuning 

the protein concentration to 1.0 mg/mL with phosphate buffer (50mM, pH 7.0), the reaction was 

initiated using APS/TEMED (EGFP:APS:TEMED = 1:250:500, n/n/n).  The reactions were kept 

at room temperature for 2 h. The reaction solution was then dialyzed against PBS to remove reac-

tion by products. 

3.2.2.6 Synthesis of positively charged PAAM-n(EGFP)(+) 

The preparation of positively charged PAAM-n(EGFP)(+) was achieved with a similar method as 

the synthesis of PAAM-n(EGPF).  The mixture of AAm and APm with a molar ratio of 9:1 was 

employed as monomer for the encapsulation.  After mixing the monomers with EGFP, the final 

molar ratio of EGFP and two monomers is 1:1800:200 (EGFP:AAm:APm). After tuning the pro-

tein concentration to 1.0 mg/mL with phosphate buffer (50mM, pH 7.0), the polymerization step 

was initiated using APS/TEMED (EGFP:APS:TEMED = 1:250:500, n/n/n), and the reactions were 

kept at 4°C for 2 h.  The reaction solution was then dialyzed against PBS to remove reaction by 

products. 
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3.2.2.7 Purification of the protein nanocapsules 

After dialysis, protein nanocapsules were passed through columns by gravity to remove unencap-

sulated proteins.  Based on the different physical properties, PMPC protein nanocapsules n(Pro-

tein) and PAAM-based protein nanocapsules were purified with hydrophobic interaction column 

(Phenyl-Sepharose CL-4B) and size exclusion column (Sepharose-6B), respectively.  For the pu-

rification of n(Protein), the column was prepared by pipette 5 mL of Phenyl-Sepharose CL-4B into 

a glass column.  Before loading the samples, the column was pre-equilibrated with 2.5 M sodium 

sulfate.  The nanocapsules were first mixed with sodium sulfate powder to make the final concen-

tration of sodium sulfate to 2.5 M.  Then, the samples were loaded onto the column and eluted 

with 2.5 M sodium sulfate solution.  Since the nanocapsules possess a super-hydrophilic surface, 

their binding affinity to the column is much weaker than the native protein, especially in such a 

condition with high salt concentration (2.5 M sodium sulfate).  Thus, encapsulated protein will 

eluted with 2.5 M sodium sulfate, whereas the native protein binds on the column.  The elution 

with 2.5 M sodium sulfate was collected and condensed using centrifugal filtration.  The sample 

was then dialyzed against PBS to remove the sodium sulfate, and stored at 4°C for further studies. 

The purification of PAAM-n(Protein) was achieved using the method we described before. It was 

achieved by passing the samples through a Sepharose-6B column by gravity.  Sepharose column 

was prepared by pipette 5 mL of Sepharose 6B beads into a glass column.  The column was then 

pre-equilibrated with PBS.  After equilibration, the samples were loaded in the column, and then 

eluted with PBS.  Because the fractionation range of Sepharose-6B is 10,000-4,000,000 Da, en-

capsulated proteins (PAAM-n(Protein)) are too big to enter the pores of the Sepharose beads, as a 

result, eluted first during the elution.  Eluted solution was collected in a volume of 100 µL per 

fraction, and the absorbance at 280 nm of each fraction was measured with a UV/Vis meter by 
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using elution buffer (PBS) as background.  Fractions of the encapsulated proteins (first A280 peak) 

were collected, combined, and then condensed using centrifugal filtration.  Protein nanocapsule 

solution was stored at 4°C for further studies. 

3.2.2.8 Determination of the protein concentrations 

Protein concentrations of protein nanocapsules, including n(OVA), n(EGFP), n(EGFP)(+), 

PAAM-n(EGFP), PAAM-n(EGFP)(+), n(HRP), n(GOx), n(UOx), n(AOx), and n(Tf), were deter-

mined using BCA micro-assay.  Before the tests, two BCA reagents were prepared using the fol-

lowing recipes.  Reagent A was prepared by dissolving 0.1 g bicinchoninic acid disodium salt 

hydrate (BCA), 0.32 g sodium carbonate, 0.01 g tartate acid in 10 mL DI-water, following by 

tuning the pH to 11.25 with 1 M NaOH solution.  Reagent B was prepared by dissolving 0.2 g 

CuSO4·5H2O in 5 mL DI-water.  BCA working solution (BWS) was prepared by mixing 50 volume 

of Reagent A and 1 volume of Reagent B together. 

Standard curves of each protein were established using the native protein with a series of concen-

trations (0.0078125, 0.015625, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1 mg/mL).  This was achieved 

by repeating 2-fold dilutions of 1 mg/mL protein solution with PBS in a 384-well plate.  BCA 

assays were conducted by adding 10 µL of native protein solutions with different concentrations 

into each well of 384-well plate, respectively, following by the addition of 10 µL of BCA working 

solution (BWS).  In the meanwhile, 10 µL of protein nanocapsule solution was also added into the 

same plate, following by the addition of 10 µL of BWS.  The plate was then incubated at 65°C for 

1 h.  Absorbance at 550 nm of each well was read out by using a plate reader.  Concentration of 

the encapsulated protein was calculated by using its absorbance at 550 nm and the standard curve 

established at the same condition. 
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3.2.3 TEM and DLS studies of the protein nanocapsules 

TEM samples were prepared by drop-coating of 2 µL n(EGFP) solution and n(OVA) onto carbon-

coated copper grids, respectively.  Droplets of the samples were contacted with the grids for 45 s, 

then excess amount of samples was removed with Kimwipes.  The grid was then rinsed, and stained 

with 1% sodium phosphotungstate at pH 7.0.  The grid was then rinsed again, followed by the 

removal of excess staining agent with kimwipes.  The grids were dried under vacuum and observed 

with a FEI Tecnai T12 transmission electron microscope. 

DLS Measurements were achieved with a Malvern Zetasizer Nano instrument, with scattering an-

gle at 173°. The particle sizes acquired from DLS were summarized in Figure 3-2. 

 

Figure 3-2 Size distribution of a, n(EGFP) (mean diameter: 12.16 nm), b, n(EGFP)(+) (mean diameter: 

11.62 nm), c, PAAM-n(EGFP) (mean diameter: 13.25 nm), b, PAAM-n(EGFP)(+) (mean diameter: 10.82 

nm), e, n(HRP) (mean diameter: 12.46 nm), f, n(GOx) (mean diameter: 10.61 nm), g, n(Tf) (mean diameter: 
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10.78 nm), h, n(OVA) (mean diameter: 13.46 nm), i, n(UOx) (mean diameter: 9.556 nm), and j, n(AOx) 

(mean diameter: 10.68 nm). 

3.2.4 Activity assays and stability of n(HRP), n(GOx), n(UOx) and n(AOx) 

The activity of native native HRP, n(HRP), GOx, n(GOx), native AOx, and n(AOx) were deter-

mined with a method similar to that described in Chapter 1, Section 2.2.4 .  Briefly, the initial 

reaction rates were determined by monitoring the oxidation rates of TMB of GOx and AOx when 

incubating with the assay solutions with different concentrations of substrates, respectively.  For 

native GOx and n(GOx), the assay solutions were prepared by mixing TMB (0.5 mM), native HRP 

(0.001 mg/mL), and different amount of D-gluocose (0.005%, 0.010%, 0.015%, 0.020%, 0.030%, 

0.040%, m/v) in 0.1 M phosphate buffer (pH 7.0).  For native AOx and n(AOx), the assay solutions 

were composed by TMB (0.5 mM), native HRP (0.001 mg/mL), and different amount of ethanol 

(0.0025%, 0.005%, 0.0075%, 0.010%, 0.020%, 0.030%, m/v) in 0.1 M phosphate buffer (pH 7.0).  

The measurements were achieved by monitoring the A655 of the reaction solutions during the 

incubation of 1 µL of native enzyme or n(Protein) (0.5 mg/mL for native GOx and n(GOx), 1 

mg/mL for native AOx and n(AOx)) with their corresponding assay solutions. 

Table 3-3 Kinetic parameters of n(HRP), n(GOx), n(UOx), n(AOx) and their native enzyme 
counterparts 

Sample MN
OPP

(RN) TUOV
OPP

	(WIX) 
TUOV
OPP

MN
OPP 

RNIXWIX % 

native HRP 0.0925±0.0213 4.03×102 4356.7±989.0 100±22.7 
n(HRP) 0.121±0.0340 4.80×102 3966.9±1114.7 91.1±28.1 
native GOx 18.00±6.21 87.9 4.883±1.684 100±34.5 
n(GOx) 21.56±6.70 77.6 3.600±1.119 73.7±31.1 
native UOx 0.0219±0.0017 3.36 153.4±11.8 100±7.7 
n(UOx) 0.0259±0.0043 3.59 138.6±22.9 90.4±16.5 
native AOx 3.109±0.720 18.8 6.047±1.428 100±23.61 
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n(AOx) 5.120±1.433 23.4 4.570±1.279 75.6±28.00 
 

Native UOx and n(UOx) activities were determined by monitoring the decrease of A290 with UV-

spectrometer during the incubation of 1 µL native UOx or n(UOx) (0.714 mg/mL) with a series 

urate solutions (pH = 8, 0.1 M borate buffer, urate concentrations: 0.005%, 0.010%, 0.015%, 

0.020%, 0.030%, 0.040%, m/v).  The initial rates were achieved by plotting the absorption at 290 

nm versus time and calculating the ΔA290/min from the linear potion of the curve. 

Thermal stability of native UOx and n(UOx) was conducted using the following procedure: the 

solutions of native UOx and n(UOx) (0.714 mg/mL, 10 mM phosphate buffer, pH 7.0) were first 

incubated at 37 ̊C for certain periods (1-120 hr), followed by quenching on ice bath and recovering 

to room temperature.  UOx activity assays were then performed with these samples to determine 

the residual activities of native UOx and n(UOx). 

The stability of native UOx and n(UOx) against protease was conducted using the following pro-

tocol: the solutions of native UOx and n(UOx) (0.714 mg/mL, 10 mM borate buffer, pH 8.0, 10 

mM Ca2+) were mixed with trypsin stock solution (10 mg/mL) to bring the final trypsin concen-

tration to 0.1 mg/mL.  The control groups of native UOx and n(UOx) solutions were prepared by 

mixing the stock solutions with same volume of PBS as that of trypsin solution.  The preparation 

of these four solution were performed in an ice bath to avoid the activation of trypsin.  After the 

preparation, the four solutions were incubated at 37°C for certain periods (20 - 180 min), followed 

by quenching on ice bath.  UOx activity assays were then performed with these samples to deter-

mined the residual activities of native UOx and n(UOx). 
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3.2.5 Quantification of the protein adsorption 

Protein adsorption was quantified using the following method.  10 µL of PBS (negative control), 

n(EGFP) (1 mg/mL), PAAM-n(EGFP) (1 mg/mL), and native EGFP (1 mg/mL) were mixed with 

30 µL of mouse whole serum and incubated at 37°C for 30 min, respectively.  After incubation, 

samples were filtered and washed with PBS for 3 times with centrifugal filtration (molecular 

weight cut-off, MWCO = 100 kDa) to remove any unabsorbed serum proteins.  After reconstituting 

with 50 µL of PBS, the amount of EGFP in each sample was determined by measuring the absorb-

ance at the wavelength of 450 nm with a nanodrop.  To better quantify the amount of serum pro-

teins adsorbed, specific amounts of native EGFP were added to the samples respectively to ensure 

the same EGFP concentrations among all the samples.  Finally, the amount of protein adsorbed 

was determined by measuring the overall protein concentration of each sample with BCA assay 

using BSA as the standard.  Statistical analysis were performed using the Tukey post-test following 

a one-way ANOVA.  P < 0.05 or less was considered significant. 

3.2.6 Cell viability assay 

The toxicity of n(Protein), including n(EGFP), n(OVA), n(UOx), and n(AOx) was evaluated by 

measuring the cell viability after the incubation of U87 cells with different amount of n(Protein) 

(0.01 mg/mL, 0.05 mg/mL, 0.10 mg/mL, 0.20 mg/mL) for 24 h.  For better comparison, the tox-

icities of native EGFP, OVA, UOx, and AOx were also tested with the same method.  U87 cells 

were seeded into a 96-well plate (104 cells/well, 100 µL/well) and cultured in DMEM (normal 

level of glucose in medium, with 10% FBS) for a day prior to exposure to the samples.  After the 

addition of n(Protein)s and their native counterparts respectively, cells were further incubated for 

24 h.  After incubation, CellTiter-Blue (20 µL) was added into each well and further incubated for 

3 h.  The plate was then placed on a shaking table at 150 rpm for 5 min to thoroughly mix the 
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solution.  Viable cells reduce CellTiter Blue and show fluorescent reddish color.  Quantification 

of the cell viability was achieved by measuring the fluorescence intensities with a plate reader (Ex 

= 535 nm, Em = 585 nm).  The viability of untreated cells was used as 100% during the data 

analysis. 

 

Figure 3-3 Viability of the cells treated with n(EGFP), n(OVA), n(UOx), and n(AOx) and their correspond-

ing native proteins at different concentrations. 

3.2.7 Cell uptake of EGFP nanoparticles with different surface properties 

To evaluate the effect of surface in cell internalization, we encapsulated EGFP with PAAM and 

PMPC to obtain PAAM-n(EGFP) (zeta potential ζ = -3.38 mV) and n(EGFP) (zeta potential ζ = -

0.222 mV), respectively, and also prepared positively charged PAAM-n(EGFP)(+) (zeta potential 

ζ = +1.27 mV) and n(EGFP)(+) (zeta potential ζ = +1.08 mV) by introducing APm during the 

polymerization.  The study was achieved by incubating U87 cells with the EGFP nanocapsules. 
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U87 cells were seeded into a 96-well plate (104 cells/well, 100 µL/well) and cultured in DMEM 

(normal level of glucose in medium, with 10% FBS) for a day prior to exposure to the samples.  

EGFP nanocapsules, including PAAM-n(EGFP), PAAM-n(EGFP)(+), n(EGFP), and n(EGFP)(+), 

were then added to the cells (10 µg/well) and incubated at 37°C for 4 hrs.  After the incubation, 

cells were rinsed with PBS (1X) for three times to remove the excess samples and culture medium.  

Fluorescence intensity of the cells were read out using a plate reader (Fujifilm BAS-5000).  After 

the measurement of the fluorescence, the cells were lysed with cell lysis buffer, and the total pro-

tein concentration of each well of cells was determined with BCA assay using BSA as standard.  

The fluorescence intensity of each well was then normalized with the corresponding protein con-

centration.  All the statistical analyses were performed using the Tukey post-test following a one-

way ANOVA. P < 0.05 or less was considered significant. 

The study on the receptor-mediated endocytosis of Tf was achieved by incubating fluorescence-

labeled native Tf and n(Tf) with U87 cells, and then evaluating the uptake by measuring the cel-

lular fluorescence intensity.  Briefly, U87 cells were plated in a 96-well plate at 5k cells/well one 

day prior to the exposure to the native Tf and n(Tf).  After incubation at 37°C for 4 hrs, the cells 

were rinsed with PBS (1X) for three times.  Fluorescence intensity of the cells were read out using 

a plate reader (Fujifilm BAS-5000).  After the measurement, the cells were lysed with cell lysis 

buffer, and the total protein concentration of each well of the cells was determined with BCA assay 

using BSA as standard.  The fluorescence intensity of each well was then normalized with the 

corresponding total protein concentration.  The cell-uptake of EGFP nanocapsule with different 

surface charges was achieved with the similar method, which is detailed in the supplementary 

information.  All the statistical analyses were performed using the Tukey post-test following a one-

way ANOVA.  P < 0.05 or less was considered significant. 
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Phagocytosis was studied using J774A.1 mouse macrophage, which were cultured according to 

the standard protocol (DMEM with 10% FBS, 37°C, 5% carbon dioxide) and plated into a 96-well 

plate (5k cells/well) one day prior to the studies.  Since the J774A.1 cells have complement recep-

tor (C3R) expressed, complement activation was tested by pre-incubating native OVA and 

n(OVA) with mouse whole serum at 37°C for 30 min.  The macrophage were then incubated with 

the native OVA or n(OVA) for 1 hr, rinsed with PBS (1X) for three times, and observed using a 

fluorescence microscope (Carl Zeiss Axio Observer) after staining with Hoechst 33342 20 min 

prior to the observation.  The cells were also cultured in a 24-well plate at the density of 30k 

cells/well and exposed to the samples.  After detaching the cells by scraping, phagocytosis levels 

were accessed with flow cytometry analysis (BD LSRFortessa cell analyzer).  All flow cytometry 

data were analyzed using FlowJo. 

 

Figure 3-4 Dot plots indicating the ungated cells and gates used in the flow cytometry analysis 
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Table 3-4 FACS results of macrophages after exposure to OVA and n(OVA) 

Sample Events %Gated %RhB - %RhB + Mean Fluo-
rescence 

% Ro-
bust CV 

Control/mock 10000 43.5 99.8 0.207 217 54.9 

native OVA 10000 20.3 5.03 95 2558 51.3 
native OVA + 

MS 10000 44.1 0.159 99.8 5229 49.8 

n(OVA) 10000 38.9 63.7 36.3 810 45.4 

n(OVA) + MS 14508 29.1 48.2 51.8 946 48.5 

 

 

 

Figure 3-5 Fluorescence-assisted cell sorting (FACS) analysis of macrophage cells after 1 hr incubation 

with native OVA, native OVA+MS, n(OVA), and n(OVA)+MS. 

3.2.8 Engulfment of n(OVA) by human blood peripheral cells (PBMCs) 

Native OVA and n(OVA) were first labeled with rhodamine B for observation and quantification.  
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Research (CFAR) Virology Core Laboratory in accordance with UCLA Institutional Review 

Board (IRB) approved protocols along with an IRB-approved written consent form.  PBMCs from 

5 donors were isolated from leukopacks by Ficoll 48 hours before transduction. Half of the cells 

were cultured in RPMI medium, 20% FBS, 1% GPS (L-Glutamine/penicillin/streptomycin) to 

maintain the quiescent status for 2 days, while the other half were stimulated in RPMI medium, 

20% FBS, 1% GPS with 20 units/ml IL-2 and 25 µg/mL PHA for 2 days.  PBMCs were plated into 

a 48-well plate at a density of 1�105 cells per well in Opti-MEM medium.  The PBMCs were 

transduced with PBS, native OVA, and n(OVA) respectively for 4 hrs.  The cells were washed in 

FACS buffer twice and fixed with 2% formaldehyde in PBS. Fluorescent intensity was examined 

on LSRFortessa (BD Biosciences). The data were analyzed by FlowJo (TreeStar) software.  In the 

live cell gate, lymphocyte population was isolated based on FSC-A vs FSC-H plot and FSC-A vs 

SSC-A plot.  The fluorescent analysis was performed within lymphocyte populations. The rhoda-

mine B positive gate (RhB +) was set based on the PBS treated control sample. 
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Figure 3-6 FACS analysis of quiescent PBMCs after 4 hr incubation with native OVA and n(OVA). 
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Figure 3-7 FACS analysis of stimulated PBMCs after 4 hr incubation with native OVA and n(OVA). 

3.2.9 Pharmacokinetics studies of n(UOx) in mice 

Pharmacokinetics (PK) profiles of native UOx and n(UOx) were accessed by monitoring the re-

sidual UOx activity in plasma after intravenous administration.  Briefly, 30 mice (BALB/c) were 
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divided into 2 groups and injected with native UOx and n(UOx) via tail vein at a dosage of 2 

Units/kg body weight, respectively.  As a negative control, another 15 mice were injected with 100 

µL of PBS.  The blood samples (~ 20 µL) were then taken from the tails at 1 h, 24 h, 48 h, 72 h, 

and 120 h after the injection. The blood samples were then centrifuged at 20 krpm for 5 min to 

remove the blood cells, and the UOx activity in the plasma was measured using a UOx enzyme 

activity assay.  Residual UOx activities of were determined by incubating 5 µL of plasma with 250 

µL of assay solution (0.12 M uric acid in 0.1 M borate buffer, pH = 8.5), and monitoring the 

absorbance change at 290 nm with a plate reader.  A series of native UOx stock solutions with 

different concentrations (0.000778 Units/mL, 0.001556 Units/mL, 0.003125 Units/mL, 0.00625 

Units/mL, 0.0125 Units/mL, 0.025 Units/mL and 0.05 Units/mL) were then prepared and used to 

establish the relationships between reaction rates and UOx concentrations. 

The analysis of the PK data was achieved by fitting the data using a one-phase exponential decay 

model with the constraints of Y0 < 0.03 (maximum UOx concentration cannot be higher than 0.03 

Units/mL) and Plateau = 0.  All data analysis was achieved using Graphpad Prism. 

Table 3-5 Pharmacokinetics parameters of native UOx and nanocapsules 

Parameters native UOx n(UOx) 

k (h-1) 0.4338±0.06449 0.01604±0.002424 

t1/2 (h) 1.598±0.2376 43.22±6.531 

τ (h) 2.305±0.3427 62.35±9.422 
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3.2.10 Therapeutic effect of uricase in reducing the serum uric acid level 

The therapeutic effect of native UOx and n(UOx) was accessed by monitoring the serum uric acid 

level of mice after intravenous administration.  Briefly, 45 mice (BALB/c) were divided into 3 

groups and injected with PBS (100 uL), native UOx (2 Units/kg body weight) and n(UOx) (2 

Units/kg body weight) via tail vein, respectively.  The blood samples (~ 20 µL) were then taken 

from the tails at 1 h, 24 h, 48 h, 72 h, and 120 h after the injection.  The blood samples were then 

centrifuged at 20 krpm for 5 min to remove the blood cells, and the concentration of serum uric 

acid was measured using a uric acid kit with KHB310 biochemical analyzer (Shanghai Kehua Bio., 

China).   

3.2.11 Biodistribution of n(EGFP), n(BSA), PAAM-n(BSA) and PAAM-n(BSA)(+) 

The biodistributions of n(EGFP), n(BSA), PAAM-n(BSA), and PAAM-n(BSA)(+) in mice were 

accessed using Single-photon emission computed tomography (SPECT) / X-ray computed tomog-

raphy (CT) imaging method.  To allow tracing the samples after injection, n(EGFP), n(BSA), 

PAAM-n(BSA), and PAAM-n(BSA)(+) were radioactively labeled with 125I using the iodogen 

method before the injection.  Samples were then injected into mice (KM) via tail vein at a dosage 

of 100 µL (~ 0.1 mg protein) per animal, respectively.  Animals were then imaged at 3 h, 24 h, 72 

h, 120 h, and 168 h after the administration.  For the imaging, animals were first anesthetized with 

intraperitoneal injection of 100 µL of sodium pentobarbital (2.5%), and then imaged with CT (~ 7 

min on average), following by SPECT scanning (~ 24 min on average).  The details parameters 

used in CT and SPECT scanning were described as follow.  CT: frame resolution, 256×512; tube 

votage, 45 kVp; current, 0.15 mA; exposure time, 500 ms/frame.  Real-time 3D reconstructions of 

the collected images were performed using Nucline software (v1.02, Mediso, Hungary).  SPECT: 

for high-resolution, conical collimators with 9-pinhole plates; energy peak, 28 keV; window width, 



 102 

10%; resolution, 1 mm/pixel; matrix, 256×256; projections, 24; scan time, 60 s/projection.  Three-

dimensional ordered subset expectation maximization images were reconstructed using HiSPECT 

(Bioscan, USA).  The reconstruction algorithm included four subsets and the sixth-order iterative 

method, with a resolution of 0.4 mm/pixel. 

 

Figure 3-8 SPECT/CT images of n(BSA) acquired at 3h, 24h, 72h, and 120h. 

 

Figure 3-9 Biodistributions of n(BSA).  a, Quantitative analysis of the relative amount of 125I-n(BSA) in 

blood and organs at different time. All the radioactive intensities were normalized with the intensity of heart 

at 3 h of each animal.   b, Histogram summarizing the relative amount of n(BSA) distributed in blood and 

other major organs comparing to the total amount of n(BSA) at different time after the injection.   
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Figure 3-10 SPECT/CT images of PAAM-n(BSA) acquired at 3h, 24h, 72h, and 120h. 

 

Figure 3-11 SPECT/CT images of positively charged PAAM-n(BSA)(+) acquired at 3h, 24h, 72h, and 120h. 

3.2.12 Immunogenicity studies of n(OVA) 

Immunogenicity of n(OVA) was accessed by measuring the serum concentration of IgG, IgE, 

OVA-specific IgG (OVA-sIgG), and OVA-specific IgE (OVA-sIgE) in mice after the injection of 

n(OVA).  Briefly, 3 groups of mice (BALB/C, 5 animals per group) were administrated with PBS 

(blank control), 100 µg of native OVA (positive control), and 100 µg of n(OVA) (the weight indi-

cates the weight of OVA protein) via tail vein, respectively.  Blood samples were then taken from 

each animal 15-day post injection.  The blood samples were then centrifuged to remove the blood 

cells, and the concentrations of IgE, IgG, OVA-sIgE, OVA-sIgG were determined with ELISA 

assays. 

3h 24h 72h 120h

3h 24h 72h 120h
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3.2.13 Accelerated clearance of native UOx and n(UOx) 

Twelve male BALB/c mice were randomly divided into two groups.  Animals in each group were 

dosed with native UOx and n(UOx), respectively, by intravenous route at 2 Units/kg body weight.  

The dosing volume was 8 mL/kg body weight.  All animals were injected three times with 7-day 

interval.  The blood samples were collected one hour after each injection.  The blood samples were 

then centrifuged at 20 krpm for 5 min to remove the blood cells, and the plasma UOx levels were 

determined with uricase activity assay. 

3.3 Results and discussions 

Exemplified by the nanocapsules of enhanced green fluorescence n(EGFP) and ovalbumin 

n(OVA), Figure 3-12a and b respectively shows their TEM images revealing a uniform size of 

25±5 nm.  Since EGFP and OVA molecules have a similar size of ~8 nm, the average thickness of 

the PMPC shell is estimated to be 8-11 nm (also see the dynamic light scattering (DLS) in Figure 

3-2).  Figure 3-12c compares the enzyme activities of the nanocapsules of horseradish peroxidase 

n(HRP), glucose oxidase n(GOx), uricase n(UOx) and alcohol oxidase n(AOx) with their native 

enzyme counterparts, indicating that the nanocapsules retain more than 75% of their native enzyme 

activities (Table 3-3).  The nanocapsules also show enhanced stability against thermal denature 

and proteolysis.  As an example, Figure 3-12d compares the enzyme activity of n(UOx) with native 

UOx after incubation at 37°C for 5 days, where the native UOx lost more than 50% activity 

whereas n(UOx) still retained 85% of its activity.  Figure 3-12e further compares the activity of 

n(UOx) with native UOx after incubation with protease trypsin, where the native UOx completely 

lost its activity within 40 min of incubation whereas n(UOx) still retained more than 95% of the 

activity even after 90 min of incubation. 
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Besides stablizing the proteins, the PMPC shells also prevent the nanocapsules from being opso-

nized by the plasmas proteins, internalized by the cells, and uptaked by phagocytic cells.  As ex-

ample, after incubating n(EGFP) and native EGFP with mouse serum at 37°C for 30 min, n(EGFP) 

shows absence of protein adsorption whereas the native EGFP shows significant protein adsorption 

(Figure 3-12f).  To confirm the anti-opsonization ability observed does arise from the PMPC shells, 

EGFP nanocapsules denoted as PAAM-n(EGFP) were also synthesized under a similar condition 

but using acrylamide (AAM) as the monomer, which do exhibit a significant adsorption of the 

serum proteins (Figure 3-12f).   

 

Figure 3-12 a, b, Transmission electron microscopic (TEM) images of (a) n(EGFP) and (b) n(OVA) show-

ing a uniform size of 25±5 nm.  c, comparison of the enzyme activities of the nanocapsules of n(HRP), 

n(GOx), n(UOx), and n(AOx) and their native counterparts.  d, Residual activities of native UOx and 

n(UOx) after incubating at 37°C for 5 days.  e, Residual enzyme activities of native UOx and n(UOx) after 

incubation with 0.1 mg/mL trypsin at 37°C.  f, Quantitative measurements of serum proteins adsorbed by 

n(EGFP), PAAM-n(EGFP), and native EGFP after incubation with mouse whole serum.  Data represent 

mean ± standard error of the mean (s.e.m.) (c, d, e) and mean ± standard derivation (s.d.) (f) from three 

independent experiments. 
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Figure 3-13 a, Cell viability assays after incubating with native OVA or n(OVA) for 24 hrs.  Cell viabilities 

were normalized with those of the untreated cells cultured in the same condition.  The viability was assayed 

with CellTiter Blue.  b, Receptor-mediated endocytosis level of native transferrin (Tf) and n(Tf) by U87 

cells.  c, Cell uptake level of native EGFP, positively charged (+) and negatively charged (-) n(EGFP) and 

PAAM-n(EGFP).  d, Fluorescence images of J774A.1 mouse macrophages 1-hr after incubation with native 

OVA (i, ii) or n(OVA) (iii, iv) with (+MS) and without (-MS) pre-incubation with mouse serum (MS).  Pre-

incubation with mouse serum enhances the phagocytosis of native OVA but not n(OVA).  Cells were stained 

with Hoechst 33342 for imaging the nuclei.  Scalebar: 50 µm.  e, Histogram comparing the mean fluores-

cent intensity accessed from fluorescence-assisted cell sorting (FACS) analysis of the macrophages after 

incubating with native OVA, native OVA+MS, n(OVA), and n(OVA)+MS.  f, g, Comparison of the levels of 

IgG, IgE, OVA-specific IgG (OVA-sIgG), and OVA-sIgE of the mice treated with PBS, native OVA or 

n(OVA).  h, Quantitative analysis of the uptake of OVA and n(OVA) by both quiescent and stimulated human 
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peripheral blood mononuclear cells (PBMCs) from 5 donors.  Pre-incubation of OVA and n(OVA) with 

human serum (+HS) or PBS (-HS) were performed before exposure to the PBMCs.  Data represent mean 

± s.e.m. (a) or mean ± s.d. from n independent experiments (n=3 for a; n=6 for b, c; n=5 for f, g, h), and 

mean ± % Robust coefficient of variation (CV) from FACS data (e). 

The avoiding of cell internalization was demonstrated using U87 cells, which can effectively in-

ternalize transferrin (Tf) through receptor-mediated endocytosis.  As shown in Figure 3-13b, in 

comparison with native transferrin that exhibits a significant uptake, incubation n(Tf) with U87 

cells shows a negligible n(Tf) uptake, suggesting that the PMPC shells do prevent the internaliza-

tion.  For further investigation, native EGFP, n(EGFP) and PAAM-n(EGFP) with negative or pos-

itive surface charge were incubated with U87 cells, respectively (Figure 3-13c).  As expected, 

native EGFP and the negatively charged nanocapsules exhibit negligible internalization.  In con-

trast to the positively charged PAAM-n(EGFP) (zeta potential ζ ~ 1.27 mV) exhibiting a signifi-

cant cell uptake, n(EGFP) with similar surface charge (ζ ~ 1.08 mV) shows a negligible uptake 

that is comparable with the negative control (PBS) and the native EGFP.  In addition, HeLa cells 

incubated with the nanocapsules or their native enzyme counterparts for 24 h showed similar cell 

viabilities and unnoticeable cytotoxicity (Figure 3-13a, Figure 3-3). 

The evaded phagocytosis was demonstrated using J744A.1 mouse macrophages.  Native OVA and 

n(OVA) labeled with rhodamine B (RhB) were respectively incubated with the macrophages with 

and without pre-incubating with mouse serum.  For native OVA, the macrophages show intense 

fluorescent signal indicating an effective phagocytosis (Figure 3-13d, i, ii).  The macrophages with 

the pre-incubated OVA showed more intense fluorescence, suggesting the pre-incubation opso-

nizes the OVA and enhances the phagocytosis.  For n(OVA), no significant phagocytosis could be 
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observed with or without the pre-incubation, confirming the anti-opsonization and anti-phagocy-

tosis ability (Figure 3-13d, iii, iv).  Further fluorescence-activated cell sorting (FACS) analysis 

confirms a 5.2-fold and 2.5-fold lower of n(OVA) uptake than the native OVA with and without 

the pre-incubation, respectively (Figure 3-13e, Figure 3-5 and Table 3-4). 

To evaluate the stealth capability of the nanocapsules against the human adaptive immune system, 

we also tested n(OVA) using quiescent and stimulated human peripheral blood mononuclear cells 

(PBMCs) with and without a pre-incubation with human serum (Figure 3-13h).  PBMCs consist 

mainly of monocytes, lymphocytes and dendritic cells of both myeloid and plasmacytoid origins, 

constituting an essential component of the human peripheral immune system.297  Similar to the 

phagocytosis observed, n(OVA) with and without the pre-incubation shows a near absence of up-

take by both the quiescent and stimulated PBMCs, in comparison with the native OVA (near 100% 

uptake with the pre-incubation or 75% uptake without the pre-incubation).  The ability to evade 

the adaptive immune system could significantly reduce the immunogenicity.  Figure 3-13f com-

pares the IgG and IgE levels of the mice (BALB/C) treated with phosphate buffered saline (PBS, 

1X), native OVA, and n(OVA), respectively.  The mice treated with native OVA expressed high 

levels of IgG and IgE, whereas no significant elevation in the IgG and IgE levels could be observed 

in n(OVA)-treated group.  Similar result (Figure 3-13g) was also observed for the OVA-specific 

IgG and IgE levels (OVA-sIgG and OVA-sIgE), confirming the evading ability of the nanocap-

sules from the adaptive immune system (Figure 3-13g). 

The stealth ability endows the nanocapsules with significantly prolonged circulating time and ab-

sence of accumulation within any organ or tissue.  Figure 3-14a shows SPECT-CT images of a 
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mice during 5 days post tail-vein injection of 125I-labeled n(EGFP).  Intense radioactivity was rec-

orded in the heart, artery and veins without any obvious accumulation in the liver, kidney and 

spleen.  Further quantitative analysis of the SPECT images was used to examine their spatiotem-

poral distribution in the major organs and tissues (Figure 3-14b).  Spatially, most n(EGFP) remain 

in the circulation system (e.g., carotid artery, aorta ventralis and heart) 3 h after the injection; more 

than 20% of the n(EGFP) are circulating in the blood stream 72 h post the injection, and significant 

concentration of n(EGFP) was still observed 120 h post the injection.  As known, intravenously 

administrated exogenous particles tend to be cleaned out from the blood stream with a preferred 

accumulation in the organs such as liver and spleen.29,298  Without the stealth capability, PAAM-

nanocapsules consistently shows a rapid clearance with accumulation in the liver shortly after the 

injection (Figure 3-10, Figure 3-11).  Figure 3-14c further displays the radioactive intensities in 

the carotid artery, aorta ventralis, heart, liver, spleen, and kidney after normalizing with the total 

radioactive intensities.  Unchanged relative intensities are observed in the organs and tissues, fur-

ther confirming an absence of accumulation within any of the organs. 
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Figure 3-14 a, Single-photon emission computed tomography / x-ray computed tomography (SPECT/CT) 

images of a mice after intravenous administration of radioactive 125I-labeled n(EGFP).  b, Quantitative 

analysis of the relative amount of n(EGFP) in blood and the organs at different time.  All the radioactive 

intensities were normalized with the intensity of the heart at 3 h for each animal.  c, Histogram summarizing 

the relative distribution of n(EGFP) in the blood and other major organs.  The relative intensities were 

normalized by the total amount of n(EGFP) at 3 h, 24 h, 72 h and 120 h after the injection.  d, Pharmaco-

kinetic (PK) profiles of native UOx and n(UOx) after a systemic administration.  e, Temporal evolution of 

the serum uric acid levels after administration of native UOx or n(UOx).  f, Serum UOx activities after 

repetitive administration of native UOx or n(UOx).  Serum UOx activities are normalized with the mean 

enzymatic activity after the first administration.  Data represent mean ± s.e.m. from n independent experi-

ments (n=3 for b, c, n=15 for d, e, n=6 for f). 

Such a stealth technology affords a novel class of protein therapeutics for treatments of metallic 

enzyme deficiency (e.g., gout and phenylketonuria)141,299 and cancer (e.g., acute lymphoblastic 

leukemia),300–302 where small-molecule metabolites can effectively transport cross the PMPC 

shells and decomposed by the encapsulated enzymes.  Exampled by n(UOx) that can breakdown 

uric acid for chronic gout treatment, Figure 3-14d compares the serum UOx concentrations of the 

mice injected with n(UOx) or native UOx.  For the native UOx, the serum enzyme concentration 
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rapidly decreases due to a rapid clearance; for the n(UOx), significantly higher serum enzyme 

concentration is retained due to a slower eliminating rate.  Further analysis using the one-compart-

ment model suggests that the elimination half-lives of n(UOx) is ~ 43.22 h, which is 27 fold longer 

than that of the native UOx (~ 1.598 h) (Table 3-5).  Figure 3-14e further compares the serum uric 

acid concentrations after the injection.  Injection of native UOx reduces the uric acid concentration 

from 116.4 to 49.1 µmol/mL within 24 h, which slightly rebounds and maintains at 55.6 µmol/mL 

for 96 hours.  For comparison, injection of n(UOx) steadily reduces the uric acid level to 21.8 

µmol/mL 120 h after the administration.   

Besides the prolonged circulation time, the nanocapsules also exhibit reduced immunogenicity.  

Figure 4f compares the relative serum UOx activity after three consecutive administrations of 

native UOx or n(UOx).  For the native UOx, the 2nd and 3rd injection provided ~ 29.7% and 10.8% 

activity of that of the 1st injection due to the accelerated blood clearance.  In contrast, repetitive 

injection of n(UOx) afforded similar serum activities (93.5% for the 2nd and 83.7% for the 3rd 

injection), confirming the evading capability from the adaptive immune system. 

3.4 Conclusion 

To conclude, we have developed a stealth delivery platform by coating protein molecules with a 

shell of protein-adsorption-resistant polymer, affording a novel class of protein therapeutics with 

enhanced protein stability, prolonged half-life and reduced immunogenicity.  This platform can 

also be extended for delivery of non-protein drugs, such as small molecular drugs and gene-based 

drugs, which may significantly impact the field of medicines.  Furthermore, targeting delivery has 

been considered as a dream technology for cancer treatment; however, without the stealth capabil-

ity, most of the drugs administrated are cleared out even before they can reach the target sites.  In 
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this aspect, achieving long circulation is a precondition towards targeting delivery and this stealth 

platform makes one step closer. 
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Chapter 4. Delivery of Intact Transcription Factor by Using Self-As-

sembled Supramolecular Nanoparticles 

4.1 Introduction 

Protein delivery has been considered as the most straight- forward strategy for modulating cellular 

behavior without the safety concerns and expression performance issues associated with gene de-

liver approaches.303–311 Two major challenges remain to be overcome in order to enable practical 

applications in biology and medicine 1) how to foster cellular uptake of protein molecules and 2) 

how to retain their stabilities and functions over the delivery process.312–314 Recently, attempts 

have been made to develop a variety of delivery vectors, including liposomes,25,315,316 polymer 

micelles,176,317–321 and nanoparticle,186,204,322–327 to enhance the uptake of protein molecules in tar-

get cells, and at the same time, to stabilize the encapsulated proteins. Owing to the time-consuming 

procedures employed in optimization of delivery materials, significant endeavors have been made 

in search of better delivery systems, although there has been limited progress in the field to date. 

Alternatively, recombinant technology328 can be utilized to conjugate cell-penetrating peptides329–

333 (CPPs) onto protein molecules, this is the most commonly used protein delivery system with 

improved delivery efficiency. In this case, the major bottlenecks associated with the complicated 

procedure of generating recombinant proteins and the lack of protection mechanism against protein 

denature need to be solved.  

Transcription factor (TF) is a protein responsible for regulating gene transcription in cellular cir-

cuitry.334 In general, TFs contain one or more DNA-binding domains (DBDs), which recognize 

matching DNA sequences adjacent to the genes they regulate. Apparently, highly efficient delivery 
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of TFs can provide a powerful technology for modulating cellular behavior. One of the most im-

portant in-vitro applications that required highly efficient TF delivery is the generation of human 

induced pluripotent stem cells (hiPSCs) which has recently been demonstrated by introducing 

CPPs- fused reprogramming TFs (i.e., OCT4, SOX2, KLF4, and c- MYC)335 into human somatic 

cells. The resulting hiPSCs have the potential to revolutionize regenerative medicine.336,337 How- 

ever, the high costs of the four reprogramming TFs in their recombinant forms, means it is unlikely 

that this approach can be used for large-scale hiPSCs generation without further improvement in 

the delivery performance of the reprogram- ming proteins. Therefore, it is crucial to develop a new 

type of vector capable of delivering intact (unmodified) TFs in a highly efficient manner.  

Previously, we demonstrated a convenient, flexible, and modular self-assembly approach for the 

preparation of supramolecular nanoparticles (SNPs) from a small collection of molecular building 

blocks through a multivalent molecular recognition based on adamantane (Ad) and b-cyclodextrin 

(CD) motifs. Such a self-assembly synthetic strategy enables control upon the sizes, surfaces 

chemistry, zeta potentials, and payloads of the resulting SNPs, which open up many interesting 

opportunities for biomedical applications, for example, positron emission tomography (PET) im-

aging,338 magnetic resonance imaging (MRI),339 photothermal treat- ment of cancer cells,340 and 

highly efficient gene delivery.341,342  

Considering the unique role of TF, we attempted to explore the use of SNPs as a new type of 

nanoscale vector for delivering intact (unmodified) TFs with an efficiency superior to that of ex-

isting approaches. Our idea is to achieve the encapsulation of a TF into cationic SNP vectors by 
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introducing anionic characteristics to the TF. A DNA plasmid with a matching recognition se-

quence specific to a TF can be employed to form an anionic TF·DNA complex, which can be 

subsequently encapsulated into SNPs, resulting in TF- encapsulated SNPs (TF·DNA SNPs).  

4.2 Methods, experiments, and characterizations 

4.2.1 Materials and instruments 

Reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) and used as received 

otherwise noted. 1-Admantanamine (Ad) hydrochloride and β-cyclodextrin (β-CD) were pur-

chased from TCI America (San Francisco, CA). 1
st

-Generation polyamidoamine dendrimer (PA-

MAM) with 1,4-diaminobutane core and amine terminals in 20% wt methanol solution was pur-

chased from Dendritic Nanotechnologies, Inc (Mount pleasant, MI). N-hydroxysuccinimide (SCM) 

and maleimido (MAL) hetero-functionalized polyethylene glycol (SCM-PEG-MAL, MW = 5 kDa) 

was obtained from NANOCS Inc (New York, NY). Arginine-glycine-aspartic- cystein (RGDC) 

peptide and TAT peptide (CGRKKRRQRRR) were purchased from GenScript Corp (Piscataway, 

NJ). CD-grafted branched polyethylenimine (CD-PEI), Ad-grafted PAMAM (Ad-PAMAM), Ad- 

grafted polyethylene glycol (Ad-PEG), Ad-grafted PEG-RGD (Ad-PEG-RGD), and Ad-grafted 

PEG-TAT (Ad-PEG-TAT) were prepared via the method previously reported by our group.342 
4',6-

diamidino-2-phenylindole (DAPI), Phosphate-Buffered Saline (PBS) and Dulbecco’s Modified 

Eagle Medium (DMEM) were obtained from Invitrogen (Carlsbad, CA). Cy
TM

5 monofunctional 

dye (Cy5-NHS) was purchased from GE Healthcare. Transcription factor, GAL4-VP16, was pur-

chased from Jena Bioscience (Jena, Germany). HeLa cell line was obtained from American Type 

Culture Collection. CellTitra Blue cell viability kit was purchased from Promega (Madison, WI).  
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Hydrodynamic size and Zeta potential of transcription factor encapsulated supramolecular nano-

particles (TF•DNA⊂SNPs) were acquired using a Zetasizer Nano instrument (Malvern Instru-

ments Ltd., UK). UV-vis absorption of Cy5-labeled TF•DNA⊂SNPs was determined by Nanodrop 

2000c (Thermo Scientific). Transmission electron microscopy (TEM) images were obtained on 

Philips CM 120 electron microscopy operating with an acceleration voltage 120 kV. Cell imaging 

was performed on a Nikon TE2000S inverted fluorescent microscopy with a CCD camera (Pho-

tomatrix, Cascade II), X-Cite 120 Mercury lamp, automatic stage, and a filter for fluorescent chan-

nel (Cy5). Fluorescence intensity and bioluminescence of cell lysate were measured by a Fujifilm 

BAS-5000 plate reader. Bioluminescence images were acquired by using a cooled charge-coupled 

device (CCD) camera (IVIS, Xenogen).  

4.2.2 ConstructionofpG5E4T-FlucandpG5E4Tplasmidvectors 

pG5E4T-Fluc plasmid was constructed according to literature method.343 
Briefly, five copies of 

17-bp GAL4 binding sites were placed on 23-base upstream of the TATA box of the E4 gene of 

adenovirus (G5E4T). Then, this G5E4T sequence was amplified by PCR with the primers to attach 

SacI and XhoI sites on up- and down-streams, respectively. Then, pG5E4T-Fluc plasmid was con-

structed by digesting SacI and XhoI sites of PCR-amplified fragments and introducing into pGL3-

Basic vector (Promega).  

For constructing pG5E4T plasmid, pG5E4T-Fluc plasmid was digested with SacI and NcoI sites 

to remove Fluc coding sequence, blunted and self-ligated by using DNA Ligation Kit (Takara).  
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4.2.3 SynthesisofCy5labeledTF 

The preparation of Cy5 labeled TF (Cy5-TF) was basically following the protocol coming along 

with Cy
TM

5 monofunctional dye (Cy5-NHS) from GE Healthcare. 1 tube of Cy5-NHS was first 

dissolved in 1 mL anhydrous DMSO to achieve a 1 mg/mL Cy5-SCM stock solution. Then 0.4 µL 

Cy5-NHS was then added gradually into 10 µL NaHCO3 (pH=8.2) containing 400 ng GAL4-VP16 

(TF) and mixed thoroughly. The mixture was incubated under rocking for 0.5 h. Then the reaction 

mixture was adjusted to 20 µL and unconjugated Cy5 was removed by dialysis against PBS with 

a Dispo-Biodialyzer (Sigma). The UV/Vis was used to monitor the purification process. The dial-

ysis was terminated when we observed the absorption (650 nm) of solution in the dialysis cassette 

keep constant.  

4.2.4 Preparationoftranscriptionfactorencapsulatedsupramolecularnanoparticles 

A two-step self-assembly was employed to achieve the transcription factor encapsulated supramo-

lecular nanoparticles (TF•DNA⊂SNPs). Firstly, GAL4-VP16 (200 ng) was incubated with 

pG5E4T-Fluc (2 µg) at 4°C for 30 min to generate TF•DNA complex. Secondly, 1 µL CD-PEI 

(4.3 µg) was gradually added into a 19 µL PBS solution containing TF•DNA complex (GAL4-

VP16: 200 ng, pG5E4T-Fluc: 2µg), Ad-PEG (5.94 µg), Ad- PEG-RGD (0.297 µg), Ad-PEG-

TAT (0.535 µg) and Ad-PAMAM (0.528 µg). The TF•DNA⊂SNPs were obtained by briefly vor-

texing mixing, followed by incubation at 4°C for 30 min.  
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4.2.5 Zeta potential (ζ) Measurements 

Zeta potential of TF•DNA⊂SNPs was determined by photon correlation spectroscopy using a 

Zetasizer Nano instrument, (Malvern Instruments, Malvern, Worcestershire, UK). The measure-

ments were performed at 25°C with a detection angle of 90°, and the raw data were subsequently 

correlated to zeta potential by the Zetasizer software program. The zeta potentials were averaged 

by three independent measurements. Through multivalent Ad/CD recognition interactions, the am-

monium groups in CD-PEI and Ad-PAMAM endow the TFs with positive charges. After the 

encapsulation, the weak ionic TF, GAL4-VP16 (pI ~ 5.5), turned to cationic TF•DNA⊂SNPs with 

a zeta potential about + 12.9±1.85 mV.  

4.2.6 Transmission Electron Microscope (TEM) 

Transmission electron microscope was used for directly examining the morphology and sizes of 

TF•DNA⊂SNPs. The studies were carried out on a Philips CM 120 electron microscope, operating 

at an acceleration voltage of 120 kV. TEM samples were prepared by performing drop-coating of 

2 µl TF•DNA⊂SNPs solutions onto carbon-coated copper grids. After contacting the droplets with 

copper grids for 45 s, excess amount of droplets were removed by filter papers. Subsequently, the 

surface-deposited TF•DNA⊂SNPs were stained with 2% uranyl acetate for 30 s before the TEM 

studies.  

 

Figure 4-1 Transmission Electron Microscope (TEM) images of TF•DNA�SNPs. 
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4.2.7 In vitro cell internalization 

Cell internalization studies were assessed via fluorescence microscopic technique. HeLa cells were 

plated into a 24-well plate the day before exposure to Cy5 labeled TF•DNA⊂SNPs. After incuba-

tion with Cy5 labeled TF•DNA⊂SNPs for 12 h, cells were washed with PBS for 3 times and then 

fixed with 4% formaldehyde for 15 min. Nucleus staining was performed by using DAPI according 

to manufacture’s protocol. Fluorescence images of treated cells (Figure 4-2) indicated the co-lo-

calization of cell-nuclei and TF, suggesting successful delivery of TF into cell-nuclei by 

TF•DNA⊂SNPs.  

 

Figure 4-2 Fluorescence images of HeLa cells after the treatment with Cy5 labeled TF•DNA⊂SNPs  

 

4.2.8 Quantification of TF•DNA�SNPs delivery efficiency 

The delivery efficiency was determined by qualification the fluorescence intensity of HeLa cells 

after uptaking nanoparticles. In order to evaluate the performance of TF•DNA⊂SNPs, equivalent 

amount of TF (Cy5 labeling GAL4-VP16), TF•DNA, and TAT-TF were used as control to com-

pare with TF•DNA⊂SNPs. GAL4-VP16 (TF) was first labeled with Cy5-NHS and then encapsu-

lated into TF•DNA⊂SNPs with the methods described above. TAT-TF-Cy5 was synthesis by con-

jugation of TAT-NHS with Cy5-GAL4-VP16. TF DNA was prepared by mixing GAL4-VP16 

(200 ng) and pG5E4T-Fluc (2µg) in 20 µL PBS. HeLa cells were seed into a 96-well plate the day 
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before exposure to the nanoparticles. 1 µL of TF, TF•DNA, TAT-TF and TF•DNA⊂SNPs (each 

contains exact 10 ng Cy5-TF) was then incubated with HeLa cells for 12 h. After removal of 

nanoparticles, cells were washed with PBS for 3 times and then fixed with 4% formaldehyde PBS 

solution. Fluorescence intensity of each group was then quantified by using a plate reader (Ex = 

535 nm, Em = 585 nm). HeLa cells incubated with TF•DNA⊂SNPs were also imaged by a fluo-

rescence microscopy.  

4.2.9 Characterization of TF activity after delivery via TF•DNA�SNPs 

In order to determine the TF (GAL4-VP16) activity after delivery, we quantified the luciferase 

expression by measuring the bioluminescence intensity of TF•DNA⊂SNPs-treated cells. 

TF•DNA⊂SNPs were prepared in using the method described above. HeLa cells were seed into a 

black 96-well plate the day before exposure to the TF•DNA⊂SNPs and control experiments (PBS, 

TF•DNA⊂SNPs, and DNA⊂SNPs). A series amount of TF•DNA⊂SNPs and controls (i.e., 0.1 µL, 

0.5 µL, 1 µL, 2 µL, 5 µL, and 10 µL; for TF•DNA⊂SNPs and TF•DNA, the concentration of TF 

is 10 ng/µL, the concentration of DNA is 100 ng/µL; for DNA⊂SNPs, the concentration of DNA 

is 100 ng/µL) was then added into HeLa cells, respectively. After 12-h incubation, cells were 

washed and incubated with fresh medium for another 24 h to allow the luciferase expression that 

was activated by TF. To quantify the luciferase expression, cells were lysed and then incubated 

with 100 µL luciferin substrate (Promega, E1500) at room temperature for 2 min. Bioluminescence 

intensities were then measured by both the plate reader (Fujifilm BAS-5000) and the CCD camera 

(IVIS, Xenogen).  
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4.2.10 TF-dosage dependent study 

In order to confirm the release of TF in TF•DNA⊂SNPs-treated cells, and the TF-dosage depend-

ent expression of luciferase, the control experiments were carried out as described below. A newly 

constructed pG5E4T plasmid vector (with only have GAL4 binding sequence but without lucif-

erase reporter gene), was used as the matching DNA (to confer negative charges to TF) in this 

study. Using similar methods as described in section 5.3, we prepared TF•pG5E4T⊂SNPs in order 

to achieve the delivery of TF. HeLa cells were first seeded into a black 96-well plate the day before 

treatments. pG5E4T-Fluc plasmid (1 µg)-encapsulated SNP and a series amount (1ng, 5ng, 10ng, 

20ng, 50ng, 100ng) of TF•pG5E4T⊂SNPs were added to each well simultaneously. After 12-h 

incubation, cells were washed and incubated with fresh medium for another 24 h to allow the 

expression of luciferase. 

 

Figure 4-3 Dosage dependence between bioluminescence intensity and the amount of GAL4-VP16 deliv-

ered by TF•pG5E4T�SNPs 

Quantification of luciferase expression was achieved by performing luciferase assay on lysed cells. 

As illustrated in Figure 4-3, strong bioluminescence signal proved the activation of luciferase ex-

pression by TF, suggesting that the TFs were successfully released from TF•pG5E4T⊂SNPs after 
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internalization. Meanwhile, bioluminescence intensity increased with the dosage of 

TF•pG5E4T⊂SNPs in presence of the fixed amount of pG5E4T-Fluc delivered into cells, indicat-

ing that the expression level is dominated by the amount of TF delivered via TF•pG5E4T⊂SNPs.  

4.2.11 Cytotoxicity of TF•DNA�SNPs 

The cytotoxicity of TF•DNA⊂SNPs was assessed by the MTT assay using PBS as control. HeLa 

cells were seed into a 96-well plate the day before exposure to the TF•DNA⊂SNPs. 

TF•DNA⊂SNPs with different concentrations were incubated with cells for 24 h. After incubation, 

CellTiter-Blue (20 µL) was added into each well and incubated for 3 h. The plate was then placed 

on a shaking table, 150 rpm for 5 min to thoroughly mix the solution, and then fluorescence inten-

sities were measured with a plate reader (Ex = 535 nm, Em = 585 nm). As shown in Figure 4-4, 

the TF•DNA⊂SNPs have no toxicity at all.  

 

Figure 4-4 Cytotoxicity evaluation of TF•DNA�SNPs 

4.3 Results and discussions 

In this work, we introduce a new type of protein delivery system capable of highly efficient trans-

duction of intact TFs. In this proof-of-concept study, a mammalian orthogonal fusion TF, GAL4-
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VP16 was chosen to serve as a model TF. Since GAL4-VP16 is an artificial transcription factor, 

there should be no background concentration in the mammalian cells employed in the delivery 

studies. To facilitate the encapsulation of the model TF into the SNP vectors, a DNA plasmid (i.e., 

pG5E4T-Fluc) that contains five tandem copies of GAL4-VP16 matching recognition sequences 

and a conjugated luciferase reporter was designed. The incorporation of multivalent recognition 

sequences enhances dynamic binding between GAL4-VP16 and pG5E4T-Fluc, allowing improved 

encapsulation and dynamic releasing of the intact TF. In addition, the conjugated luciferase re-

porter can be specifically activated by GAL4-VP16, providing a real-time readout reflecting the 

activities of the TF after its intracellular delivery.  

 

Figure 4-5 Schematic representation of the self-assembly approach for the preparation of transcription 

factor-incorporated supramolecular nanoparticles (TF·DNA�SNPs).  

As shown in Figure 4-5, three types of molecular recognition mechanisms were employed to fa-

cilitate the preparation of TF-encapsulated SNP (TF·DNA�SNPs). First, the specific binding (the 
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dissociate constant Kd = 10 nm)344 between GAL4-VP16 (TF) and pG5E4T-Fluc (DNA) led to the 

formation of an anionic TF·DNA complex. Second, the Ad/CD-based molecular recognition (K = 

1.1∗105 m 1)345,346 was utilized to form the SNP vectors with cationic hydrogel cores. Third, elec-

trostatic interactions assist the incorporation of TF·DNA into SNPs to give TF·DNA�SNPs. The 

preparation of TF·DNA�SNPs can be accomplished by simply mixing TF·DNA complex with 

other five functional building blocks (i.e., CD-PEI : CD-grafted branched polyethylenimine, Ad-

PAMAM : Ad-grafted polyamidoamine dendrimer, Ad-PEG : Ad-grafted polyethylene glycol, Ad- 

PEG-RGD : Ad-grafted polyethylene glycol with RGD targeting ligand, and Ad-PEG-TAT: Ad-

grafted polyethylene glycol with TAT-based CPP). Among the three ligand compounds, Ad-PEG 

plays a role of a capping/solvation reagent that can not only confine continuous propagation of the 

TF·DNA-encapsulated PEI/PAMAM hydrogel networks, but also impart desired water solubility, 

structural stability, and passivation performance to the resulting TF·DNA�SNPs. In addition, Ad-

PEG-RGD and Ad-PEG-TAT, which were incorporated onto the surfaces of TF·DNA�SNPs dur-

ing the one-pot mixing process,342 enable delivery specificity (to recognize a certain population of 

cells with avb3-integrin receptors) and cell transfusion capability (to foster internalization through 

membrane and releasing from endosome trapping), respectively, of TF·DNA�SNPs. The previ-

ous study revealed a set of optimal synthetic parameters341 that produce DNA-encapsulated SNPs 

which have good gene transfection performance. Additionally, the results suggested that the pres-

ence of both 5% RGD and 9% TAT ligands is a crucial factor in the enhanced efficiency. In this 

study, we took the advantage of these optimal synthetic parameters for the preparation of 

TF·DNA�SNPs. We were able to demonstrated unprecedented performance for delivery intact 
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TF when TF·DNA�SNPs is compared with the conventional CPPs-based protein delivery strat-

egy. Moreover, the intra- cellular TF delivered by TF·DNA�SNPs retained its bioactivity, which 

was confirmed by monitoring the bioluminescence intensity of the SNP-treated cells.  

The model plasmid pG5E4T-Fluc and all other molecular building blocks (i.e. CD-PEI, Ad-PA-

MAM, Ad-PEG, Ad- PEG-RGD, and Ad-PEG-TAT), were synthesized and characterized as de-

scribed in Section 4.2 . The model transcription factor, GAL4-VP16 was obtained from commer-

cial sources. pG5E4T-Fluc is orthogonal to mammalian genome, thus cannot be activated to ex-

press luciferase in the absence of GAL4-VP16.347  Prior to the preparation of TF·DNA�SNP, 

GAL4-VP16 was incubated with a slight excess amount of pG5E4T-Fluc (GAL4-VP16/pG5E4T-

Fluc=1: 0.35 n/n, each pG5E4T-Fluc contains five tandem copies of GAL4-VP16 recognition se-

quences thus might accommodate more than one TF) for 30 min at 4ºC to generate TF·DNA. Sub-

sequently, TF·DNA�SNPs were prepared by slowly adding CD-PEI (4.32 mg) in 1 mL phos-

phate-buffered saline (PBS, pH 7.2) into a 19 mL of PBS solution containing TF·DNA complex 

(200 ng GAL4-VP16 and 2 mg pG5E4T-Fluc), Ad-PEG (5.94 mg), Ad-PEG-RGD (0.297 mg), 

Ad-PEG-TAT (0.535 mg), and Ad-PAMAM (0.528 mg). After a brief stirring, the mixture was 

incubated at 4ºC for another 30 min. To determine hydrodynamic size of the resulting 

TF·DNA�SNPs, we performed dynamic light scattering (DLS) measurements (Figure 4-6b), in-

dicating a uniform size of 50±3 nm. In parallel, the morphology of TF·DNA�SNPs was charac-

terized by transmission electron microscopy (TEM), suggesting homogeneous, narrow size- dis-

tributed spherical nanoparticles with size of 40±3 nm (Figure 4-6a).  
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Figure 4-6 a) Transmission electron microscopy (TEM) micrographs of TF·DNA�SNPs. Scale bar: 80 nm. 

b) Histograms summarize the hydrodynamic size distribution obtained from DLS measurement of (50±3) 

nm TF·DNA�SNPs.  

To examine the delivery performance of TF·DNA�SNPs, we perform their cell uptake studies 

using by�incubating TF·DNA�SNPs (10 ng TF per�well) with HeLa cells in a 96-well plate (104 

cells per well). Again, GAL4-VP16 was labeled by Cy5 dye to allow quantitative monitoring of 

the delivery performance of TF·DNA�SNPs. Control experiments based on Cy5-labeled-TF 

alone (TF), Cy5-labeled- TF·DNA complex and Cy5-labeled-TF with TAT-conjugation (TAT-TF) 

were carried out in parallel under the same experimental conditions. After incubation for various 

periods (i.e., 0.5, 1, 2, 6, 12, and 24 h) and removal of non-uptake reagents in the media, the 

delivery performances of individual studies were quantified by measuring their fluorescence in-

tensities in a plate reader (Fujifilm BAS-5000). As shown in Figure 4-7b, Cy5-labeled 

TF·DNA�SNPs exhibited dramatically enhanced delivery performance in contrast to those ob-

served in the control studies. It is noteworthy that the delivery efficiency of TF·DNA SNPs was 

approximately five- times greater than that of TAT-TF, which was commonly used as a standard 

method for TF delivery. The time-dependent uptake studies (Figure 4-7c) of TF·DNA SNPs re-

vealed that accumulation of the fluorescence signals increased with the incubation time and 
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reached saturation at 12 h. Fluorescence micrographs (Figure 4-7d) indicated that localization of 

Cy5-labeled TF in the cell nuclei, suggesting that the TF molecules were delivered to cell nuclei, 

where TF functioned as a regulator by controlling the translation of specific gene(s). This result 

was also confirmed by the co-localization of Cy5-labeled TF and 4 ,6-diamidino-2-phenylindole 

(DAPI) stained cell nuclei using fluorescence microscopy (Section 4.2.7 ).  

 

Figure 4-7 a) Quantification studies on the delivery performance of TF·DNA�SNPs.�b) Delivery efficiency 

of Cy5-labeled TF·DNA SNPs, Cy5-labeled-TF alone (TF), Cy5-labeled-TF·DNA complex, and Cy5-la-

beled-TF with TAT-conjugation (TAT-TF). c) Time-dependent uptake studies of TF·DNA�SNPs. d) Fluo-

rescence micrographs of HeLa cells after incubating with TF·DNA SNPs for 12 h. Cy5-labeled TF was 

localized in the cell nuclei, where TF functioned as a regulator to control the translation of a specific gene.  

To confirm that the GAL4-VP16 (TF) retained its activity after delivery, we quantified the lucif-

erase expression by measuring the bioluminescence intensity of SNP-treated cells (Figure 4-8). 
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Again, the pG5E4T-Fluc (DNA) used in our study contains a luciferase reporter that can be spe-

cifically activated by GAL4-VP16. Therefore, the activity of GAL4-VP16 is reflected in the bio-

luminescence intensity of SNP-treated cells as a result of luciferase expression. After the incuba-

tion of HeLa cells with SNPs and the control reagents (including SNP vector, TF·DNA, and 

DNA�SNPs), the cells were lysed for quantification of bioluminescence. After incubation with 

luciferin for 2 min, the bioluminescence intensities were recorded by both a plate reader (Figure 

4-8b) and a cooled charge-coupled device (CCD) camera (IVIS, Xenogen; Figure 4-8c).  

 

Figure 4-8 a) Bioluminescence study on TF·DNA�SNPs-treated cells. The activity of GAL4-VP16 can be 

reflected in the bioluminescence intensity as a result of luciferase expression. b) Dose-dependent profile 

and c) bioluminescence imaging of TF·DNA�SNPs-treated cells along with the controlled experiments 

based on TF·DNA complex and DNA�SNPs. Error bars in (b) were obtained from three independent ex-

periments.  

Compared to the background-level bioluminescence intensities observed from the control experi-

ments, that observed for TF·DNA SNPs-treated cells is significantly higher, suggesting that the 
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GAL4-VP16 retains its activity to trigger the luciferase expression after intracellular delivery. The 

dose-dependent studies (Figure 4-8b) indicated that bioluminescence intensities of the SNP-treated 

cells increased with the TF dosages. In addition, we also conducted a set of control studies, where 

the functional gene (pG5E4T-Fluc) and TF are delivered separately using the respective SNP-

based delivery systems at different ratios. We were able to observe very similar bioluminescent 

outcomes as shown in Figure 4-8, validating the release of TF from the SNP vector, as well as the 

dominance of TF amount to the expression level of luciferase (Section 4.2.10 ). Moreover, the cell 

viability assays carried out at different doses of TF·DNA�SNPs indicated that the TF·DNA SNPs 

exhibit negligible toxicity. (Section 4.2.11 )  

4.4 Conclusion 

In conclusion, we have successfully demonstrated the feasibility of applying TF·DNA�SNPs for 

delivery of intact (unmodified) transcription factor (TF) in a highly efficient manner. The unique-

ness of our self-assembly synthetic strategy for the preparation of TF·DNA�SNPs has to do with 

the combined use of three types of molecular recognition mechanisms, including 1) specific bind-

ing between TF and matching DNA plasmid for formation of an anionic TF·DNA complex, 2) the 

Ad/CD-based molecular recognition for generation of SNP vectors with cationic hydrogel cores, 

and 3) electrostatic interactions that facilitate encapsulation of anionic TF·DNA into SNPs. We 

believe such a TF delivery approach provides a powerful method for manipulating cellular behav-

iors. A potential application is for generating human induced pluripotent stem cells (hiPSCs), 

which required the delivery of four reprogramming TFs. We note that, in conjunction with the use 

of a miniaturized high-throughput screening platform348–352 and biological assays,353–355 to achieve 
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hiPSCs generation in a highly efficient manner, it is feasible to optimize the ratios of the four 

reprogramming TFs, something that could be possible through the use of TF·DNA�SNPs.  
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Chapter 5. A High-Throughput Platform for Formulating and 

Screening Multifunctional Nanoparticles Capable of Simultaneous 

Delivery of Genes and Transcription Factors 

5.1 Introduction 

Nowadays, researches have a wide variety of techniques for delivery genes and proteins. Among 

the existing delivery systems, nanoparticles (NPs) have been regarded as promising non-viral vec-

tors for delivering either a gene336,337,356–359 or a protein360–363 into specific types of cells or tis-

sues.364 The conventional approaches employed for optimization of NP delivery systems required 

empirical and multiple optimization cycles to repeat design/synthesis/assays processes. Given the 

fact that enormous complexity of a biological system, it is unlike such a time and cost consuming 

developmental pipeline could lead to a crucial breakthrough in the search of optimal delivery vec-

tors. 

Combining microfluidic technologies348,351,365–368 with supramolecular synthetic strategy,341,350,369–

371 we demonstrated herein a high-throughput approach for formulating and screening multifunc-

tional nanoparticles (MFNPs) that are capable of simultaneous delivery of gene and functional 

proteins with superb efficiency and controllable stoichiometry among individual payloads (Figure 

5-1).  As illustrated in Figure 5-1a, this approach utilized two microfluidic systems including a 

digital droplet generator (DDG)348,372 and a microfluidic cell culture array373,374.  To enable the 

capability of on-chip synthesis of MFNPs using the DDG, we have developed a modular assembly 

system based on the supramolecular synthetic strategy369,371 (Figure 5-1b). By utilizing the molec-

ular recognition between adamantane (Ad) and β-cyclodextrin (CD), a combinatorial library of 
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DNA and proteins-encapsulated MFNPs was generated by the DDG via systematically altering the 

ratios among the four functional modules. By coupling the DDG and the cell culture array, all the 

MFNPs in the library could be exposed to cells respectively for the screening of the synthetic 

parameters that facilitated an optimal delivery performance. Using the identified parameters, the 

MFNPs, which consists a pair of functionally complementary protein and gene371,375 (GAL4-VP16 

and pG5E4T-Fluc), were synthesized and facilitate a successful co-delivery of the protein and gene 

allowing them to function synergistically both in vitro and in vivo. 

 

Figure 5-1 A high-throughput approach for formulating and screening multifunctional nanoparticles 

(MFNPs) for simultaneous delivery of genes and proteins.  a) Two microfluidic systems, i.e., a digital drop-

let generator and a microfluidic cell array chip were employed for formulating and screening of MFNPs 

capable of simultaneous delivery of genes and functional proteins with superb efficiency and controllable 

stoichiometry among individual payloads. b) Our supramolecular synthetic strategy, based on an adaman-

tane (Ad) and β-cyclodextrin (CD) molecular recognition system, allows a convenient, flexible and modular 
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generation of a combinatorial library of genes and proteins-encapsulated MFNPs by systematically alter-

ing the mixing ratio of among the four functional modules, including (i) protein modules, (ii) gene modules, 

(iii) ligand modules (Ad-PEG, Ad-PEG-RGD and Ad-PEG-TAT), and (iv) a scaffold module (CD-PEI). 

5.2 Methods, experiments, and characterizations 

5.2.1 Materials and instruments 

Reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO) and used as received 

without further purification otherwise noted.  Branched polyethylenimine (PEI, MW = 10 kD) was 

purchased from Polysciences Inc (Washington, PA).  Polymers contain primary, secondary and 

tertiary amine groups in approximately 25/50/25 ratio.  1st-generation polyamidoamine dendrimer 

(PAMAM) with 1, 4-diaminobutane core and amine terminals in a 20% wt methanol solution was 

purchased from Dendritic Nanotechnologies, Inc (Mount pleasant, MI).  1-Adamantanamine (Ad) 

hydrochloride and α-cyclodextrin (α-CD) were purchased from TCI America (San Francisco, CA).  

N-hydroxysuccinimide (SCM) and maleimido (MAL) hetero-functionalized polyethylene glycol 

(SCM-PEG-MAL, MW = 5 kD) was obtained from NANOCS Inc (New York, NY).  Phosphate-

buffered saline (PBS, 1X, pH 7.2 ± 0.05) for sample preparation.  6-Mono-tosyl-cyclodextrin (6-

OTs-α -CD) was prepared following the literature reported method.376  Octa-Ad-grafted polyami-

doamine dendrimer (Ad-PAMAM), CD-grafted branched polyethylenimine (CD-PEI) and Ad-

grafted polyethylene glycol (Ad-PEG) were prepared as the methods we reported previously.377  

Dry CH2Cl2 was obtained by refluxing over CaH2 and freshly distilled before use.  NIH 3T3 

(mouse embryonic fibroblast cell line), U87 (human brain glioblastoma cell line), HeLa (human 

cervix epithelial carcinoma cells), MCF7 (human breast adenocarcinoma cells) and HDF-2 (human 

dermal fibroblast cells) were purchased from American Type Culture Collection (ATCC).  The 

Dulbecco's Modified Eagle Medium (DMEM), Earl's Modified Eagle's Medium (EMEM) growth 



 134 

medium and Penicillin/streptomycin were obtained from Invitrogen (Carlsbad, CA).  Fetal Bovine 

Serum (FBS), EGFP-encoded plasmid (pMAX EGFP®, 4.3 kb) and mCherry-encoded plasmid 

(4.8 kb) were obtained from Lonza Walkerrsville Inc (Walkerrsville, MD).  EGFP-siRNA was 

obtained from Invitrogen (Carlsbad, CA).  RGD (RGDC) and TAT peptides (CGRKKRRQRRR) 

were purchased from GenScript Corp. (Piscataway, NJ).  Cy5TM monofunctional dye (Cy5-NHS) 

was purchased from GE Healthcare. Transcription factor, GAL4-VP16, was purchased from Jena 

Bioscience  (Jena, Germany).  CellTitra Blue cell viability kit was purchased from Promega (Mad-

ison, WI).  N-(3-Aminopropyl) methacrylamide hydrochloride for production of single-protein 

nano-capsules was purchased from Polymer Science, Inc.  

Dynamic light scattering and zeta potentials of multifunction nanoparticles (MFNPs) were meas-

ured on Zetasizer Nano instrument (Malvern Instruments Ltd., United Kingdom).  Transmission 

electron microscope (TEM) images were measured on Philips CM 120 electron microscope oper-

ating with an acceleration voltage of 120 kV. Cell imaging, gene transfection and protein trans-

duction studies were performed on a Nikon TE2000S inverted fluorescent microscope with a CCD 

camera (Photomatrix, Cascade II), X-Cite 120 Mercury lamp, automatic stage, and filters for three 

fluorescent channels (W1 (EGFP), W2 (RhB) and W3 (Cy5)). Fluorescence and bioluminescence 

intensities were measured by a Fujifilm BAS-5000 plate reader. Bioluminescence images were 

acquired by using a cooled charge-coupled device (CCD) camera (IVIS, Xenogen). 

5.2.2 Synthesis of protein nanocapsules 

1 mg of BSA-Cy5 in 0.5-mL sodium carbonate buffer (pH=8.5, 50 mM) was reacted with 0.1 mg 

N-acryloxysuccinimide in 5-µL DMSO for 1 h at room temperature. Subsequentially, the reaction 
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solution was dialyzed against phosphate buffer (pH=7.0, 20 mM) thoroughly. To 1 mL acryloy-

lated BSA-Cy5 solution at 1 mg/mL, in situ polymerization from the surface of protein was 

achieved by adding 1.8 mg acrylamide and 0.6-mg N-(3-aminopropyl)methacrylamide as mono-

mer, 0.5 mg glycerol dimethacrylate as degradable crosslinker, and 0.4 mg ammonium persulfate 

and 1 µL N,N,N’,N’-tetramethylethylenediamine as initiator system.  After reacting for 1 hour at 

room temperature under a nitrogen atmosphere, the reaction solution was dialyzed against phos-

phate buffer saline (PBS) to remove unreacted monomers and initiators. Meanwhile, 1 mg 1-ada-

mantane acetate acid (Ad) was activated by reacting with 1.5 mg N-(3-Dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride and 0.7 mg N-hydroxysuccinimide in 1 mL anhydrous DMSO 

for 2 h at room temperature.  30 µL activated Ad was then added in 1 mL BSA-Cy5 nanocapsule 

solution (1 mg/mL) and incubated at room temperature for 2 h to achieve Ad-conjugation.  Finally, 

the product was purified with size exclusion chromatography, and the concentration was deter-

mined by the absorption of Cy5 and D/P ratio. 

Other protein modules, including horseradish peroxidase (HRP), Rhodamine B-labeled HRP 

(HRP-RhB) and GAL4-VP16 Ad-conjugated nanocapsules, were synthesized in using the similar 

method as that of BSA-Cy5 Ad-conjugated nanocapsules.  HRP-RhB was synthesized by modify-

ing the proteins using a conjugating technique.  For the synthesis of HRP and HRP-RhB nanocap-

sules, stabilizer 4-dimethylaminoantipyrine (1:10 weight ratio to HRP) was added into the reaction 

systems in the polymerization step. 
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5.2.3 Fabrication and operation of the microfluid system 

5.2.3.1 Fabrication of the digital droplet generator 

The digital droplet generator employed in this study was fabricated by the standard multi-layer 

soft lithography technology using polydimethylsiloxane (PDMS) materials.  The basic working 

mechanism of the digital droplet generator, as well as its applications in supramolecular nanopar-

ticle synthesis and protein labeling have been reported in the literatures.352  Two different sets of 

silicon molds composed of photoresist-patterned microstructures for fluidic layer and control layer 

were individually fabricated by standard photolithographic process. The fluidic layer mold utilized 

for fabrication of the fluidic channels was made by patterning 50-µm thick positive photoresist 

(AZ 50XT) on the silicon wafer (channel width: 200 µm, channel height: 50 µm). The control 

layer mold utilized for the control channels was made by patterning negative photoresist (SU8-

2050) on the silicon wafer (channel width: 100 µm, channel height: 40 µm). In order to achieve 

reliable performance of the valves, the width of the control channel was set at 300 µm in sections 

where the valve modules are located. 

Before fabricating the PDMS microfluidic chips, all molds were pretreated by exposure to trime-

thylsilyl chloride (TMSCl) vapor for 10 minutes. Well-mixed PDMS pre-polymer (GE RTV615 

A and B, total 36 g, mixing ratio A: B = 5:1) was poured onto the fluid layer molds to give 6 mm-

thick fluidic layers. Another portion of PDMS pre-polymer (GE RTV615, total 10 g, mixing ratio 

A:B = 20:1) was mixed and then spin-coated on the control layer molds at 1500 RPM for 60 s. The 

fluidic and control layers were cured at 80°C oven for 15 minutes and 18 minutes, respectively. 

After baking, the fluidic layers were peeled off from the mold, aligned onto the corresponding 

control layers, and then baked at 80°C for at least 6 h to bond them. The assembled layers were 

peeled off from the control layer molds when the fluidic and control layers were bonded together. 
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Holes were then punched to form ports connected to the fluidic layer channels for reagent inlets 

and outlets, and ports connected to the control layer channels for valve actuation with hydraulic 

fluid.  Adhesion of the layers to a clean glass microscope slides to seal the control channels were 

achieved by oxygen plasma bonding. the digital droplet generators were baked in an oven at 80°C 

for 72 h to restore the intrinsic hydrophobicity of PDMS surfaces needed to minimize the residue 

lost on channel walls when moving aqueous droplets. 

5.2.3.2 Control interface 

The pneumatic control system consists of two sets of 48-channel manifolds (electronic solenoid 

valves, SMC Series S070). The hydraulic valves embedded in the digital droplet generator are 

actuated by pressurizing the corresponding control channel, filled with water at 60 psi.  When the 

manifold was activated, pressure was transferred from the solenoids to the chip via PTFE tubing 

(0.022” inner diameter, Cole Parmer) connected to 22-gauge stainless steel tubes and the valve in 

control layer would close the corresponding fluidic channel.  All the valves were automatically 

controlled through a self-fabricated control system by a software program written in LabView 

(National Instruments).   

5.2.3.3 Formulation of multi-function nanoparticles (MFNPs) 

A schematic diagram (Figure 5-2) is shown to summarize the process for the preparation of a given 

category of MFNPs in a combinatorial library. In synthesis chip, the central microchannel is par-

titioned by hydraulic valves into multiple confined plug regions for systematically altering the 

mixing ratios among all building molecules.  We note that a PBS solution is utilized to control the 

dilutions of building molecules (scaffold module and function module) and protein/gene cargos 

that could lead to the changes in the resulting transfection and transduction performance of MFNPs.   
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Herein, we take the synthesis of MFNPs containing pEGFP, BSA-Cy5 and HRP-RhB as an exam-

ple. MFNPs with other different genes or proteins can be prepared with similar method. The prep-

aration of MFNPs containing pEGFP, BSA-Cy5 and HRP-RhB is achieved with 8 steps. Step 1 

and step 2 are applied to introduce vacuum (10.8 psi) to individual plug regions in order to accel-

erate the filling of all the building molecules (i.e. scaffold module: CD-PEI (1); function modules: 

Ad-PEG (2), Ad-PEG-RGD (3), Ad-PEG-TAT (4); protein modules: BSA-Cy5 (5), HRP-RhB (6); 

gene module: pEGFP (7)) and PBS.  It takes about 150 ms to complete these two steps.  In Step 3 

(ca. 50 ms), several partition valves are closed (in red) to define the volumes of the plug regions 

that affect the mixing ratios among all building molecules.  In step 4 (ca. 150 ms), several inlet 

valves that control the access to all building molecules and PBS are open, thus the regents are 

synchronously filled into the defined plug regions with the help of a 30-psi backpressure.  In step 

5 (ca. 50 ms), all of the inlet valves are closed.  In step 6 (50 ms), all the partition valves are open, 

leading to a long/continuous plug region containing the resulting reagent mixture (200 nL in vol-

ume).  In step 7 (4.5 s), a trap valve at the right end of the microchannel is open. Consequently, 

the 200-nL reagent mixture for the given MFNPs formulation is delivered into a PFPE storage tube 

using a peristaltic pump.  Finally (step 8, ca. 50 ms), the valves at both ends of the microchannel 

are closed to prepare a new reaction cycle starting over from step 1.  All the reagents inside the 

droplets can be homogeneously mixed prior to arrival of the PFPE storage tube. By systematic 

altering the amount of scaffold module (CD-PEI: 0.01, 0.02, 0.03, 0.04 and 0.05 µg), protein mod-

ules (BSA-Cy5: 0.013, 0.026, 0.039, 0.052 and 0.065 µg), (HRP-RhB: 0.009, 0.018, 0.027, 0.036 

and 0.045 µg), the fixed amount of the function modules (Ad-PEG: 0.1 µg, Ad-PEG-RGD: 0.005 

µg and Ad-PEG-TAT: 0.009 µg) and gene module (10 ng), a combinatorial library of MFNPs with 

375 different formulations can be achieved within 1 hour. Once the droplets are incubated for the 



 139 

desired period (30 minutes), they are loaded into the cell culture array chip by an electronic, 

handheld pipette (Thermo Fisher Scientific, Hudson, New Hampshire). 

 

Figure 5-2 Schematic diagram of the preparation of a given category of MFNPs in a combinatorial library 

using the digital droplet generator 

5.2.3.4 Fabrication of cell culture array chip 

The cell array chip consists of 24 (3 x 8) cell culture chambers, each with dimensions of 8 mm (l) 

x 1 mm (w) x 120 µm (h) for a total volume of 960 nL. The cell array chip is fabricated by directly 

attaching a polydimethylsiloxane (PDMS)-based microfluidic component onto a commercial poly-

Llysine (PLL)-coated glass slide (Polysciences, Inc., Philadelphia, PA). The PDMS based micro-

fluidic component was fabricated using a soft lithography method. Well-mixed PDMS precursors 

(Sylgard 184, A:B = 10:1 ratio) were poured onto a silicon wafer replicate of photolithographically 
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defined microchannel patterns. After vacuum degassing and curing at 80 oC, the microfluidic com-

ponent was peeled off the replicate, followed by introduction of holes with pipette tip size-matched 

diameters at the ends of the microchannels. To attach the microfluidic component to a PLL-coated 

glass slide, we prepared a 1-3 µm-thick adhesive PDMS layer by spin coating a 1: 4 mixture of 

toluene and PDMS precursors (Sylgard 184, A:B = 5:1 ratio) onto a glass substrate. Through con-

tact printing, the adhesive PDMS layer was directly transferred to the PDMS-based microfluidic 

component, followed by direct attachment onto a PLL-coated glass slide. The assembled chip was 

then baked in an 80 oC vacuum oven for 24 h. Prior to cell culture, the cell array chips were steri-

lized by exposure to UV light for 15 min. 

5.2.4 Comparison of MFNPs formulation and screening by the digital droplet generator and 

conventional pipetting 

The employed digital droplet generator exhibits profound advantages, including faster operation 

throughput, uniform control upon the sizes of MFNPs, error-proof and significantly improved re-

producibility, over those observed for pipette-based manual operation. 

Table 5-1 Comparison of MFNPs formulation and screening by the digital droplet genera-
tor and conventional pipetting 

 Digital Droplet Generator Pipetting 

Throughput 375 conditions/h <20 conditions/h 
Size distribution Excellent (PDIa: <0.05) Good (PDIa: 0.10~0.20) 

Operation error No Possible 
Reproducibility High Modest 

aPDI: The polydispersity index obtained from DLS measurements. The experiments were repeated 

3-4 times independently to determine the size distribution, operation error and reproducibility.  
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5.2.5 Screening of MFNPs 

To test the throughput capability of the platform for formulating and screening MFNPs, three cat-

egories of MFNPs with different ligand decorations were prepared in the digital droplet generator.  

The entire 375 MFNP formulations were automatically prepared within 1 h, and then incubated in 

the PTFE tubes for 30 min at room temperature.  Subsequently, the individual MFNP were intro-

duced into individually addressed cell culture chambers (containing NIH 3T3 cells, ca. 5x 103 

cells/chamber) in the cell culture array chip.  After incubating the MFNP-treated cells (5% CO2) 

at 37oC for 24 h, the transfection and transduction efficiencies of each MFNP was quantified by 

fluorescence microscopy-based single cell image cytometry.  A 3D plot and its corresponding 2D 

cross sections (Fig. S2a and b) were used to summarize the transfection and transduction efficien-

cies of the MFNPs library.  Regarding the operation rate of the microfluidic cell culture array, it 

takes less than 1 s to introduce a specific type of MFNP into an individually addressed cell culture 

chamber using an electronic, handheld pipette (Thermo Fisher Scientific, Hudson, New Hamp-

shire). 

5.2.6 Correlations between structures of MFNPs and delivery performance 

To gain insight on how the structures of MFNPs affect the observed delivery performance, three 

sets of synthetic parameters that led to high ( ), medium ( ) and low ( ) delivery performances 

(see the image cytometry data that reflect transfection/transduction efficiencies in Figure 5-3) were 

chosen for scale-up preparation (200 droplets, 40 µL for each data point) of the respective MFNPs.  

Transmission electron microscopy (TEM) was employed to examine the morphology and sizes of 

the MFNPs, indicating that three distinct sizes of 100 ± 4, 210 ± 9 and 480 ± 13 nm MFNPs were 
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obtained from the chosen synthetic parameters (Table 5-1).  These results were confirmed by dy-

namic light scattering measurements (Figure 5-4). We also characterized the zeta potentials of 

these MFNPs, which cover a range from 7.2±2.5 to 21.7±3.8 mV (Figure 5-5). 

 

Figure 5-3 a, A 3D profile of gene transfection (EGFP) and transduction performance (BSA and HRP) of 

three categories of MFNPs produced by the digital droplet generator.  b, The XY, YZ and XZ projections 

of the transfection/transduction data of the 3D profile of gene transfection and transduction performance.  

c, Image cytometry data showed high ( ), medium ( ) and low ( ) delivery performances.  d, Trans-

mission electron microscopy (TEM) was employed to examine the morphology and sizes of the MFNPs. 
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Figure 5-4 Hydrodynamic sizes of MFNPs with high ( ), medium ( ) and low ( ) delivery performance 

were measured by DLS in PBS buffer. 

 

Figure 5-5 Zeta potentials variations of MFNPs with high ( ), medium ( ) and low ( ) delivery per-

formance were measured in PBS buffer. 

5.2.7 HRP activity assay 

The activity of intracellular HRP delivered by MFNPs was assessed by monitoring the oxidation 

of o-Dianisidine catalyzed by the lysated MFNP-treated cells. Briefly, NIH 3T3 cells were firstly 

incubated with MFNPs containing HRP for certain time (usually 12 or 24 h). After incubation, 

cells were rinsing with PBS for three times to wash away all HRP that are not taken by cells. Cells 

were then lysed by adding cell lysis buffer (Sigma-Aldrich, US) and then add 100-µL PBS into 

each well. To evaluate the residual activity of HRP inside cells, certain amount of o-Dianisidine 
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DMSO solution (50 mM) and 5-µL of 0.1% H2O2 were added into cell lysate. The plate was 

placed on a shake table, 150 rpm for 30 s to mix thoroughly. During reaction, the cell lysate turned 

from clear to yellow then to dark brown, indicating the oxidation of o-Dianisidine catalyzed by 

HRP. The activity of HRP can be further quantified by measuring the absorbance (460 nm) of the 

reaction mixture. 

5.2.8 GAL4-VP16 activity assay 

In order to determine the GAL4-VP16 activity after delivery, we quantified the luciferase expres-

sion by measuring the bioluminescence intensity of MFNP-treated NIH 3T3 cells.  MFNPs were 

prepared in using the method described in the main text (page 5).  NIH 3T3 cells were seed into a 

96-well plate the day before exposure to the MFNPs and control groups (PBS, pG5E4T-Fluc, and 

GAL4-VP16).  After 12-h incubation, cells were washed and incubated with fresh medium for 

another 24 h to allow the luciferase expression that was activated by GAL4-VP16.  To quantify 

the luciferase expression, cells were lysed and then incubated with 100-µL luciferin substrate 

(Promega, E1500) at room temperature for 2 min.  Bioluminescence intensities were then meas-

ured by both the plate reader (Fujifilm BAS-5000) and the CCD camera (IVIS, Xenogen). 

5.2.9 Stability studies of 100-nm MFNPs 

In order to understand the dynamic stability of the optimal 100-nm MFNPs indentified from the 

large-scale screening, we employed real-time DLS measurements to monitor their size variation 

(i) at different pH values (pH 3.8-9.2) and temperatures (25, 37 and 60oC), (ii) in the presence of 

10% serum, and (iii) at different storage times in presence of physiological salt concentrations. 

The results were summarized in Figure 5-6. 
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Figure 5-6 a. pH-dependent size varations of 100-nm MFNPs in the respective buffer solution with pH 

values ranging from 3.8 to 9.2; b. Temperature-dependent size variation of 100-nm MFNPs in PBS buffer 

with different temperatures at 25, 37 and 60 oC; c. Hydrodynamic size of 100-nm MFNPs in either the 

presence or absence of 10% serum containing PBS buffer; d. Hydrodynamic size of GAL4-VP16 encapsu-

lated MFNPs in either the presence or absence of 10% serum containing PBS buffer.  Error bars are ob-

tained from triplicated experiments. 

5.2.10 Biodegradability of GAL4-VP16-encapsulated MFNPs in serum 

The biodegradability of GAL4-VP16-encapsulated MFNPs in serum was investigated to under-

stand their properties in vivo environment. The prepared GAL4-VP16-encapsulated MFNPs were 

incubated in the serum for different time scales.  The GAL4-VP16 activity was quantified by 

measuring the bioluminescence intensity of MFNP-treated NIH 3T3 cells. 

 

Figure 5-7 Biodegradability of GAL4-VP16 encapsulated MFNPs from 0 to 168 h in serum.  Error bars 

are obtained from triplicated experiments. 
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5.2.11 Microscope settings, imaging processing and data analyzing 

The cell array chip was mounted onto a Nikon TE2000S inverted fluorescent microscope with a 

CCD camera (Photomatrix, Cascade II), X-Cite 120 Mercury lamp, automatic stage, and filters for 

three fluorescent channels (W1 (EGFP), W2 (RhB) and W3 (Cy5)).  Following image acquisition, 

MetaMorph (Molecular Devices, Version 7.5.6.0) was used to quantify EGFP expression, RhB 

and Cy5 fluorescence intensity of cells.  The Multi-Wavelength Cell Scoring module of the Met-

amorph software allows image analysis.  A cell counting application in the module allows us to 

calculate the total cell number. In order to determine the gene transfection efficiency, the EGFP-

expressed cell number was counted by the MetaMorph program that distinguishes the transfected 

cells from the non-transfected cells.  The EGFP fluorescence intensity of non-transfected cells are 

200~300 pixels higher than the background.  The cells with EGFP fluorescence intensity 300 pix-

els higher than the background are recognized as the transfected cells. The gene transfection effi-

ciency was obtained by the EGFP-expressed cell number divided by the total cell number.  The 

protein transduction efficiency was quantified by the fluorescence intensities of fluorophores la-

beled in the proteins nanocapsules in the transduced cells. 

5.2.12 Cell viability assay 

 

Figure 5-8 Cytotoxicity of different dosages of 100-nm MFNPs determined by MTT assay after 24 h incu-

bation with NIH 3T3 cells.  Error bars are obtained from triplicated experiments. 
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The cytotoxicity of 100-nm MFNPs was assessed by the MTT assay. NIH 3T3 cells were seeded 

into a 96-well plate (104 cells/well), the 100-nm MFNPs with different concentrations were incu-

bated with cells for 24 h. After incubation, CellTiter-Blue (20 µL) was added into each well and 

incubated for 3 h. The plate was then placed on a shaking table, 150 rpm for 5 min to thoroughly 

mix the solution, and then fluorescence intensities were measured with a plate reader (Ex = 535 

nm, Em = 585 nm). As shown inFigure 5-8, there was no significant fluorescence intensity differ-

ences between the treated and non-treated cells, which suggested that the toxicity of 100-nm 

MFNPs are negligible. 

5.2.13 In vivo bioluminescence imaging 

To monitor the bioluminescent signals of co-delivered pG5E4T-FLuc and GAL4-VP16 in vivo, 

the immune competent female nu/nu nude mice were anesthetized and injected with 100 µL of 

luciferin substrate via intraperitoneal. Mice were placed in a light-tight chamber of the IVIS im-

aging system and bioluminescent light signals from whole-body imaging were acquired repeti-

tively until the maximum peak of photon numbers were obtained with the cooled charged-coupled 

device optical imaging system (Xenogen, Alameda, CA). The intensity of imaging signals from 

regions of interest (ROIs) were selected, measured, and analyzed in total photons/second and max-

imum photons/second/ cm2/steradian using LIVING IMAGE Optical Imaging Software (Xeno-

gen).  Ex vivo experiments were performed after treatment of the mice with MFNPs (containing 

pG5E4T-Fluc and GAL4-VP16) 168 h.  The mice were sacrificed and liver, heart, kidney, lung 

and spleen were collected for imaging. 
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5.2.14 Pathological study and blood chemistry assay 

Pathological studies were evaluated in immune competent female nu/nu mice.  Animals were in-

jected with 100-nm MFNPs into the tail vein.  Animals were sacrificed at 168 h after treatment.  

Livers were collected, formalin fixed, sections H & E (hematoxilin (stains nucleus) and eosin 

(stains cytoplasm)) stained, and pathologically examined by UCLA phathological core facility. 

The 100-nm MFNP-treated mice were scarified 168 h post-injection.  Blood was collected from 

the junction of the submandibular and facial vein by puncture with a 22 gauge needle into a sodium 

citrate containing serum tube (transaminases, creatinine).  Transaminases (ALT/AST) and creati-

nine were measured by using a Cobas Mira (Roche) autoanalyzer at diagnostic laboratory, division 

of laboratory animal medicine, UCLA.  

5.3 Results and discussions 

As illustrated in Figure 5-1b, the modular assembly system consists the following modules. The 

gene module can be any DNA or RNA of interest. The scaffold modules is cyclodextran-linked 

poly(ethylenimine) (CD-PEI); and the function modules are a series of poly(ethylene glycol) (PEG) 

derivatives, of which one end-group is terminated with an Adamantane (Ad) group and the other 

end is terminated with a methyl group (Ad-PEG) or a functional peptide, such as RGD340 (Ad-

PEG-RGD) and TAT339 (Ad-PEG-TAT). The protein module includes a library of protein 

nanocapsules, which were made by encapsulating protein within a thin layer of degradable poly-

mer of which surface was linked with adamantane (Ad) groups. This strategy yields generally 

applicable protein modules whose assembly properties are not affected by the core protein. Driven 

by electrostatic interactions between the CD-PEI (positive charged) and the gene molecules (neg-

ative charged), as well as the molecular recognition between Ad and CD, genes and proteins can 
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be effectively incorporated together to form MFNPs with various functional molecules (Ad-PEG, 

Ad-PEG-TAT, and Ad-PEG-RGD) on their surface in order to stabilize the structure, as well as 

confer delivery specificity and cell transfusion capability. Apparently, the gene and protein pay-

loads are encapsulated inside the self-assembled MFNPs, avoiding potential degradation378 over 

the delivery process. It is worth noting that the protein nanocapsules also act as a crosslinker to 

maintain the structure of MFNPs since there are multiple Ad groups on their surface. Since the 

polymeric shell of protein nanocapsules is ready to be degraded during the endocytosis, the struc-

ture of MFNPs cannot maintain after entering the cells, leading to an effective release of the protein 

and gene payloads intracelluarly. 

As one of the key feature, this platform is capable to rapidly determine the optimal formulation of 

MFNPs with desired delivery efficiency. To test this capability, two types of fluorescence-labeled 

proteins, Cy5 labeled bovine serum albumin (BSA-Cy5) and rhodamin B-labeled horseradish pe-

roxidase (HRP-RhB), and EGFP-encode DNA plasmid were employed for the preparation of 

MFNPs in the digital droplet generator. By modulating the inlet of functional module, three cate-

gories of MFNPs with different surface ligands were synthesized. The 1st category of MFNPs bear 

Ad-PEG, Ad-PEG-RGD and Ad-PEG-TAT with pre-identified ratios369; the 2nd category con-

tained Ad-PEG and Ad-PEG-RGD; and 3rd category was decorated with only Ad-PEG. Each cat-

egory contains 125 formulations of MFNPs that were prepared by systematically altering the con-

centration of CD-PEI, BSA-Cy5, and HRP-RhB. As a result, 375 formulations of MFNPs were 

prepared automatically with 1h. After 30-min incubation, each MFNP droplet (0.2 µL) was then 

automatically diluted with 1.8-µL of Opti-MEM media to 2 µL, and introduced into an individually 

addressed cell culture chamber (containing NIH 3T3 cells, ca. 5 × 103 cells/chamber) in the cell 

culture array chip. After incubating the MFNPs-treated cells (5% CO2) in the cell array chip at 37 
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oC for 24 h, the transfection and transduction efficiencies of each MFNPs formulation were quan-

tified by fluorescence microscopy-based single-cell image cytometry.373 A 3D plot (Figure 5-9a) 

were used to summarize the transfection and transduction efficiencies of the MFNPs library, re-

vealing that an optimal transfection/transduction performance was achieved using RGD/TAT-

MFNPs (3rd category) with a specific composition, i.e., CD-PEI = 20 ng, BSA-Cy5 = 39 ng and 

HRP-RhB = 27 ng in 200-nL PBS. Figure 2b shows the fluorescence images of cells treated with 

optimal MFNPs, indicating the successful transfection of EGFP-encode DNA plasmid and the 

successful transduction of both two proteins. 

 

Figure 5-9 Optimization of MFNPs for simultaneous delivery of genes and proteins. a) A 3D profile of gene 

transfection (EGFP) and transduction performance (BSA-Cy5 and HRP-RhB) of three categories of 

MFNPs produced by the digital droplet generator. Red dots represent 125 data points observed for the 1st 

category: RGD/TAT-MFNPs; Blue dots (125 data points) for the 2nd category: RGD-MFNPs; Black dots 

(125 data points) for 3rd category: MFNPs. b) A set of synthetic parameters that resulted in high (�) 

delivery performance (see the fluorescence micrographs that reflect transfection/transduction outcomes) 
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were chosen for scale-up preparation (200 droplets, 40 µL for each set) of the respective RGD/TAT-MFNPs. 

c) Transmission electron microscopy (TEM) was employed to examine the morphology and sizes of the 

RGD/TAT-MFNPs, scale bars: 400 nm. d) Dynamic light scattering (DLS) was employed to measure 

MFNPs hydrodynamic sizes in PBS buffer. The distinct MFNP size of 100 ± 4 nm was obtained from the 

chosen synthetic parameters. Error bars are based on the standard deviation of three independent experi-

mental results. e) A colorimetric assay was employed for quantifying intracellular enzymatic activity of 

HRP delivered by the MFNPs using o-Dianisidine (3,3'-dimethoxybenzidine) (50 mM) as chromogenic sub-

strates and H2O2 as an oxidizer. Different concentrations of 100-nm RGD/TAT-MFNPs with encapsulated 

HRP amounts from 0 to 500 nM were added into individual wells in a 96-well plate. The orange color 

indicated that the HRP remained its biological activity after transduction. f) The time-dependent in vitro 

co-delivery performance of the optimal 100-nm RGD/TAT-MFNPs were monitored in parallel by quantify-

ing fluorescent signals associated with EGFP expression and colorimetric readouts correlated to HRP 

activity, respectively. The highest co-delivery performance was achieved after treatment of cells for 24-48 

h. g) Fluorescence images of U87-EGFP cells before (i) and after (ii) transduction with MFNPs containing 

siRNA silencing enhanced green fluorescence protein, BSA-Cy5 and HRP-RhB. Intense cellular fluores-

cence signals from HRP-RhB and BSA-Cy5, as well as significantly reduced green fluorescence intensity 

due to the silencing of EGFP expression by siRNA, suggest successful demonstration of simultaneous de-

livery of gene and proteins. h) Quantification of the fluorescence intensity of NIH 3T3 cells after the incu-

bation with MFNPs containing BSA-Cy5, EGFP and mCherry plasmids with different ratios.  The amount 

of BSA-Cy5 was kept constant in three groups of MFNPs.  Molar ratios of plasmids of EGFP to mCherry 

were 4:1 (MFNP-1), 1:1 (MFNP-2), and 1:4 (MFNP-3), respectively. One-way ANOVA, post-hoc Tukey 

test, P< 0.01). No difference is present among the BSA-Cy5 transduction efficiency. GFP and mCherry 

transfection efficiencies are statistically different from among the three groups. 

To gain insight on how the structural property of RGD/TAT-MFNPs affect the observed co-deliv-

ery performance, the optimal synthetic parameters (Figure 5-9a, ★) was chosen for scale-up prep-

aration (200 droplets, 40 µL). Transmission electron microscopy (TEM, Figure 5-9c) images in-

dicates that the RGD/TAT-MFNPs are spherical morphology with diameters of 100 ± 4 nm, which 

was also confirmed by dynamic light scattering measurements (Figure 2d). We also characterized 

the zeta potentials of the 100-nm RGD/TAT-MFNPs as 7.2�2.5 mV (Figure 5-5). Furthermore, a 

colorimetric assay was employed for quantifying the enzymatic activity of MFNP-encapsulated 
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HRP intracellular by using o-Dianisidine (3,3�-dimethoxybenzidine) as chromogenic substrates 

(Figure 5-9e). The time-dependent in vitro transfection and transduction performance of 100-nm 

RGD/TAT-MFNPs were monitored in parallel by quantifying fluorescent signals associated with 

EGFP expression and colorimetric readouts correlated to HRP activity, respectively.  As shown in 

Figure 5-9f, the highest co-delivery performance was achieved at 24 to 48 h after MFNP-treatment. 

Moreover, the other two formulations that led to sub-optimal delivery performances of RGD/TAT-

MFNPs were also carefully examined (Figure 5-3). TEM images indicated that the size of those 

two sub-optimal MFNPs were larger than 200 nm (Figure 5-3d), which is unfavorable for high-

performance delivery. 

To test the general applicability of the MFNP vectors, the optimal synthetic parameter identified 

above was employed for delivery of two protein modules (i.e., HRP-RhB and BSA-Cy5) and a 

short-interfering siRNA for silencing of enhanced green fluorescence protein (EGFP). After treat-

ing EGFP-expressing brain tumor cells (EGFP-U87) with these MFNPs, we were able to observe 

the suppression of EGFP expression, as well as simultaneous transduction of both HRP-RhB and 

BSA-Cy5 in EGFP-expressing brain tumor cells (EGFP-U87) (Figure 5-9g).  Finally, we examined 

the feasibility of controlling stoichiometry among individual payloads in MFNP vectors. As an 

example, a protein module (i.e., BSA-Cy5) and two gene modules (i.e., pEGFP and mCherry plas-

mids) were encapsulated into MFNP vectors at different pEGFP/pmCherry ratios (1: 4, 1: 1, and 

4: 1, n/n) and a fixed BSA-Cy5 quantity, resulting in three different MFNP formulations denoted 

as MFNP-1, 2, and 3, respectively. As shown in Figure 5-9h, the fluorescence intensity coming 

from expressed EGFP and mCherry is proportional to the amount of pEGFP and pmCherry plas-

mid carried by the MFNPs, confirming that the ratio of payloads being delivered can be controlled 
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with MFNP. Moreover, all three types of MFNPs carried the same amount of BSA-Cy5, as a result, 

cells exposed with them exhibit similar fluorescent intensities of BSA-Cy5, confirming an excel-

lent reproducibility of BSA-Cy5 transduction (Figure 5-9h). Moreover, the MFNPs are quite stable 

in various conditions, which was confirmed by a series of studies (Figure 5-6). 

 

Figure 5-10 Co-delivery of functionally complementary gene and protein in cells. a) The optimal synthetic 

parameters identified from the screening were employed for the preparation of 100-nm MFNPs for simul-

taneous delivery of functionally complementary protein (GAL4-VP16) and gene (pG5E4T-Fluc).  The de-

livery efficiency can be reflected in the bioluminescence intensity as a result of luciferase expression of 

pG5E4T-Fluc specifically activated by GAL4-VP16. b) Time-dependent luciferase expression and c) bio-

luminescence imaging of the 100-nm MFNPs-treated cells along with the control experiments based on 

pG54ET-Fluc plasmid and GAL4-VP16.  Error bars were obtained from three independent experiments. 

One way ANOVA, post-hoc Tukey test, P< 0.05). No difference is present among the control groups. Sta-

tistically difference was found from between positive and control groups. 

The uniqueness of the high-efficient co-delivery vector is that it could simultaneously introduce 

functionally complementary protein and gene that lead to synergistic outcomes for regulating cel-

lular circuitry. As an example (Figure 5-10a), GAL4-VP16 (a transcription factor fusion protein) 

and pG5E4T-Fluc (a plasmid vector that contains GAL4-VP16 matching recognition sequences 

and a luciferase reporter) were chosen for conducting in vitro and in vivo studies. After intracel-
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lular delivery of GAL4-VP16 and pG5E4T-Fluc, the luciferase reporter in pG5E4T-Fluc was spe-

cifically activated by GAL4-VP16, generating a real-time readout reflecting a synergistic outcome 

of the co-delivered payloads. By using the previous optimized synthetic parameters, 10 droplets 

(2 µL in total volume) containing desired MFNPs were generated from CD-PEI (0.2 μg), Ad-PEG 

(10.0 μg), Ad-PEG-RGD (0.5 μg), Ad-PEG-TAT (0.9 μg), pG5E4T-Fluc (0.1 μg) and GAL4-

VP16 (0.66 μg) in the digital droplet generator. The resulting MFNPs were introduced into a 96-

well plate (containing NIH 3T3 cells, ca. 1 × 104 cells/well) along with control systems, including 

pG54ET-Fluc plasmid, and the protein module containing GAL4-VP16. After incubating (5% CO2) 

at 37 oC for 24, 48 and 72 h, the cells were lysed for quantification of bioluminescence using either 

a plate reader (Figure 5-10b) or a cooled charge-coupled device (CCD) camera (IVIS, Xenogen) 

(Figure 5-10c). Compared to the background-level bioluminescence intensities observed for the 

control experiments, the bioluminescence intensity of the MFNPs-treated cells was significantly 

higher, suggesting that the MFNPs are capable to deliver both pG54ET-Fluc and GAL4-VP16 

simultaneously into the cells with a much higher performance than the direct use of the protein 

and the gene.  



 155 

 

Figure 5-11 Monitoring in vivo synergetic effects of the co-delivered gene and protein. In vivo experiments 

were performed by injection of 100-nm MFNPs (containing 1 μg pG5E4T-Fluc and 6.6 μg Ad-n-GAL4-

VP16) into nu/nu nude mice via tail veins. a) The bioluminescence imaging indicated that 100-nm MFNPs 

were delivered into hepatocytes efficiently and the liver showed strong bioluminescence signal. b) The bi-

oluminescence was quantified from 48 to 168 h post MFNP treatments. Quantitative data were not availa-

ble due to the saturated bioluminescence within 48 h post treatment.  There are the significant differences 

of bioluminescence intensity at different time points (One way ANOVA test, P< 0.01, n=4). c) Ex vivo 

experiments of 100-nm MFNPs-treated mice were performed after 168 h post injection and the results were 

consistent with bioluminescence imaging data. The in vivo cytotoxicity of the optimal co-delivery vector 

was evaluated by both histological study and blood chemistry assay. d) H&E stained liver sections from 

nude mice treated with 100-nm MFNPs after 168 h post injection.  There was no hepatocytes necrosis or 

excessive lymphoid infiltrates were observed. e) Blood chemistry assay was carried out and the results 

indicated that no significant difference in any blood parameter was observed between treated and normal 

control mice. 

Finally, the in vivo experiments were performed by injection of the MFNPs that encapsulated 

pG54ET-Fluc (1 μg) and GAL4-VP16 (6.6 μg) into nu/nu nude mice via tail veins. As illustrated 
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in Figure 5-11a, strong bioluminescent signal was observed from the liver of the treated animal, 

indicating that the MFNPs were delivered into hepatocytes efficiently. The intensity of the signal 

at 168 h post injection was decreased two-fold magnitude compared to that at 48 h post injection 

(Figure 5-11b). Ex vivo results were consistent with bioluminescent imaging data (Figure 5-11c). 

The in vivo cytotoxicity of the optimal co-delivery system was evaluated by both histological study 

and blood chemistry assay. The mice treated with the MFNPs did not show any hepatocytes ne-

crosis or excessive lymphoid infiltrates (Figure 5-11d). In addition, the blood chemistry assay in-

dicated that no significant difference in any blood parameter between treated and normal control 

mice. Furthermore, no liver toxicity as indicated by elevated liver enzymes (ALT/AST) or kidney 

toxicity as indicated by elevated creatinine levels was observed (Figure 5-11e), suggesting the liver 

toxicity or kidney toxicity of the MFNPs is negligible. 

5.4 Conclusion 

In conclusion, we have demonstrated a high-throughput technology that provides a universal plat-

form for formulating and screening multifunctional nanoparticles (MFNPs) capable of high-effi-

cient simultaneous delivery of genes and proteins with flexibility in payload selection, accuracy in 

payload control.  Further work on the application of this technology in immunotherapy and stem 

cell reprogramming are under way. 
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Chapter 6. Summary and Perspectives 

Protein therapy, which delivers therapeutic proteins to correct disorders, has been considered as 

the safest and most direct approach for treating diseases.  However, its applications are highly 

limited by the lack of efficient strategies for protein delivery, resulting the fast clearance of thera-

peutic proteins after administration in vivo. Decades of efforts in this fields result in the develop-

ment of various strategies and carriers for protein delivery, including various liposomal carriers, 

self-assembled polymeric nanostructures, direct conjugation of cationic polymers or hydrophilic 

polymers for the purposes of intracellular delivery and systemic delivery of therapeutic proteins 

respectively. From the molecular perspective, such carriers are designed to shield the enzymes 

from the surrounding, which creates a new surface surrounding the protein molecule to interact 

with outer environment instead of the original surface of the proteins. Such strategies not only 

confer proteins unique features such as high membrane permeability, long plasma half-life, as well 

as reduced possibilities of proteolysis, immune activation and immune clearance. However, clini-

cal application of protein therapeutics other than mAbs remains rare, indicating several essential 

problems have not yet been resolved properly by current delivery systems. Novel delivery strate-

gies, especially the systems designed and optimized specially for protein delivery, are still de-

manded to fulfill the requirements of clinical application of protein therapy in diseases treatments. 

At year 2010, our group demonstrated a novel strategy for protein delivery by encapsulating single 

protein molecule into a thin layer of polymer network, in order to endow new features and unique 

surface properties to any protein. One major advantage of this system is, the encapsulation process 

is achieved by in-situ polymerization of monomers and crosslinkers in protein solution, which 
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provides countless potentials for easily engineering of the surface properties of the resulting pro-

tein nanocapsules. Based on this techonology, our group and many other research groups have 

been developed various systems that have covered most areas for the applications of proteins, 

including protein intracellular delivery, systemic delivery and long circulation of proteins, co-de-

livery of multiple proteins, as well as applications such as siRNA and miRNA delivery. During 

the past five years, my Ph.D. research also worked on exploring the potential of this system to 

resolve real-life problems in the application of proteins and enzymes for therapeutic purposes. In 

these thesis, four of my work were discussed in detail, demonstrating several practical methods to 

solve common challenges in protein delivery including 

(a) intracellular delivery of proteins without compromising their biological functions; 

(b) high-through synthesis and optimization of nanostructures for efficient co-delivery of mul-

tiple proteins intracellularly; 

(c) systemic delivery of multiple proteins with highly synergistical functions; 

(d) prolonging the plasma half-life and reducing immunogenicity of any protein.  

The abovementioned work not only demonstrate some well designed systems to solve several es-

sential problems in protein delivery, they also provide solid fundamental for solving other issues 

especially for targeted delivery, which has been the ultimate goal for the broad field of nanomed-

icine. With the rapid advances in the protein-engineering technologies, understanding of disease 

mechanism at the molecular (enzyme) level, and the development of more advanced carriers, one 

can expect that increasing number of protein therapeutics will be developed and widely applied to 

curing diseases in the near future. 
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