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ABSTRACT OF THE DISSERTATION 

 

Protein Nanocapsules for Therapeutic Applications 

 

by 

 

Duo Xu 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2019 

Professor Yunfeng Lu, Chair 

 

This dissertation focuses on the design and development of protein nanocapsules for various 

therapeutic applications. Inspired by the biological system, my research devises nanocapsules with 

customized chemistry to leverage physiology and achieve efficient drug delivery to combat diseases.  

The first part of this dissertation introduces the landscape of nanotechnology in biomedicine 

and discusses the current approaches for protein delivery and therapy. The second part describes a 

sobering discovery, where a nano-antidote that mimics the function of liver cells is developed to 

treat acute alcohol intoxication. The third part puts forward a bioinspired design of nanocapsules 

that can cross the blood-brain barrier and access to the central nervous system (CNS). The next 

section details the CNS-delivery of nerve growth factor and demonstrates its therapeutic effect in 

spinal cord injury. The fifth part brings up an enzyme-based therapy for cancer, by harnessing “the 

Warburg effect” in oncology. The last part depicts a peptide-based, intracellular delivery strategy, 

potentially for T-cell engineering and gene editing.  



 iii 

With a set of tools from chemistry, engineering, and nanotechnology, these investigations 

employ the versatility of the protein-nanocapsule technology and aim to transform scientific 

discoveries into therapeutic products for disease management and cure.  
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Chapter 1. Introduction 

Life is built on cells, and cells are an ordered assembly of molecules such as nucleic acids and 

proteins. These molecules play different roles and participate in and regulate complex cellular 

processes. For instance, nucleic acids are hereditary molecules and transfer information through 

generations, while proteins perform biological functions, ranging from structural support and cargo 

transport to enzymatic reactions and pathway regulation. Through evolution, the structure and 

function of proteins are continuously screened and selected from alterations in nucleic acid 

sequences that encode them. As a result, proteins are made to perform complex tasks with high 

specificity and efficiency. The malfunction of proteins, however, results in dysfunctional cells and 

eventually connect to pathological changes. Whereas it raises ethical concerns and remains 

challenging to directly edit the nucleic acid sequences, delivering new proteins to replace the 

malfunctioning or nonfunctional ones (i.e., protein therapy) represents a viable and promising 

approach to treat diseases1. Besides direct replacement for functional recovery, protein therapy can 

also strengthen an existing pathway, introduce a novel activity, or protect against a toxic agent2. 

Since the clinical use of insulin for diabetes in the 1930s, hundreds of therapeutic proteins have 

been approved by the U.S. food & drug administration (FDA) to treat various diseases (Figure 1-1).  

 

Figure 1-1. Number of FDA-approved therapeutic peptides and proteins for different diseases.  
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To achieve an ideal therapeutic effect, proteins need to be delivered to the diseased tissues to 

unleash their biological functions. Inspired by how the natural invaders (e.g., bacteria and viruses) 

infect human bodies with high precision and efficiency, researchers take advantage of the advances 

in nanotechnology and design nanocarriers for delivery purposes. In particular, the U.S. launched 

the National Nanotechnology Initiative (NNI) in 2000, aiming to bring innovations to science, 

engineering, industry, and technology3. Within a set of goals for biomedicine, one is to design and 

develop new formulations for drug delivery that enormously broaden their therapeutic potential. 

In response to this initiative, numerous efforts have been devoted to the research and development 

of nanoscale delivery vehicles that may advance the clinical outcome of disease diagnosis, 

management, and monitoring.  

 

Figure 1-2. The National Nanotechnology Initiative (NNI). The NNI is a U.S. Government research 

and development initiative involving the nanotechnology-related activities of 20 departments and 

independent agencies. The United States set the pace for nanotechnology innovation worldwide 

with the advent of the NNI in 2000. 

 

The primary objective of this research is to deliver proteins for therapeutic applications using 

nanocarriers. Regarding protein delivery, the significant challenges to address are (1) how to 

maintain protein stability during synthesis and delivery, (2) how to achieve high delivery efficiency 

to the target tissue, (3) how to distinguish diseased cells vs. healthy cells once delivered, and (4) 

how to interact with the cells to perform biological function. In light of these challenges, we scratch 

from the protein nanocapsule technology and customize the chemistry and nanomaterials for 

different delivery purposes. The carefully-designed nanocarriers not only preserve the biological 
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activity of therapeutic proteins but also enable the crosstalk with physiological barriers to guide 

targeted delivery. In brief, chapter 3 introduces a biomimetic design of a nano-antidote for acute 

alcohol intoxication using multi-enzyme nanocapsules. Chapter 4 discusses a bioinspired design of 

nanocapsules that can penetrate the blood-brain barrier and enter the central nervous system 

(CNS). Chapter 5 focuses on the delivery of nerve growth factors to the CNS, where they stimulate 

neural repair and regeneration in spinal cord injuries. Chapter 6 puts forward an approach to treat 

breast cancer by harnessing the “Warburg effect” in oncology. Finally, chapter 7 presents a novel 

nano-encapsulation strategy using click chemistry for intracellular delivery and gene editing.  

Collectively, this dissertation absorbs inspirations from the biological systems, devise 

engineering tools with versatile chemistry and materials design, and addresses challenges in biology 

and medicine.   
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Chapter 2. A nanocapsule-based protein delivery platform 

2.1 Biological barriers to overcome 

As this dissertation aims to design and develop nanocarriers for protein delivery purposes, it is 

worth looking into the biological obstacles along the way. Common routes of drug administration 

include intravenous, intramuscular, and subcutaneous injections, while other methods are adopted 

under specific circumstances1 (Figure 2-1). In most cases, therapeutic proteins or their nano-

constructs can directly enter or be absorbed into the bloodstream, traveling within the circulation 

system until they reach the target site. Through this journey, there exist many physical, chemical, 

and biological barriers, which are born to protect the body but turn out be obstacles that impede 

the effective delivery of therapeutic molecules.  

 

Figure 2-1. Routes of administration of FDA-approved therapeutic proteins.  

 

To illustrate those biological barriers, we discuss the drug delivery for cancer therapy as an 

example2. Upon drug (e.g., therapeutic proteins or their nano-constructs) entry into the 

bloodstream, drug molecules encounter a series of obstacles that impedes an efficient and targeted 

delivery to the tumor. Drugs first undergo opsonization and subsequent uptake by circulating 
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macrophages in the blood or the resident macrophages in the mononuclear phagocytic system 

(MPS)3,4. This clearance results in the nonspecific accumulation of drugs in the peripheral tissues 

and immune organs (e.g., liver and spleen). Note that the endothelial cells on the blood vessels also 

act as scavengers to recognize and capture some of the drug molecules in the blood flow5.  

 Next substantial barrier to drug delivery to the tumor is the high interstitial fluid pressure (IFP), 

originating from the disorganized vasculature, a dense extracellular matrix, and impaired lymphatic 

perfusion6,7. Once delivered to tumor cells, cellular internalization and endosomal escape represent 

formidable challenges, as the acidic pH in the endosomes may adversely impact the structure and 

activity of drug molecules. Last but not least, upon entry into the cell, drug efflux pumps that are 

developed through repeated therapies expel therapeutics from the cell8. Only if the drug molecules 

break through all those barriers, can they achieve a clinically meaningful therapeutic effect.  

 

Figure 2-2. Biological barriers to overcome for drug delivery to treat cancer. Figure is reproduced 

from Fig. 1 in Nat. Biotechnol. 2015, 33(9) 941-951.  
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2.2 Protein delivery strategies 

To circumvent the biological barriers, researchers have developed sophisticated nanocarriers 

for protein delivery9,10. These include liposomes, polymersomes, protein-polymer conjugates, and 

inorganic nanocarriers. Liposomes are artificial vesicles in nanoscale, prepared through the 

assembly of phospholipids. Structurally similar to cell membranes, liposomes can encapsulate 

proteins within the inner hydrophilic core and exhibit high biocompatibility. However, when 

systemically delivered, the physical assembly of the phospholipids may collapse in response to shear 

force or blood flow. Moreover, liposomes are readily recognized by the MPS and undergo immune 

clearance. Polymersomes are designed to avoid this problem by incorporating stealth polymers into 

the self-assembled structure. For instance, using polyethylene glycol (PEG)-conjugated lipids as a 

starting material or post-conjugation of PEG onto the liposomes are widely adopted. The 

hydrophilic nature of PEG helps to shield immune recognition, thereby increasing the circulation 

half-life of polymersomes. Besides those organic vesicles, direct conjugation of PEG (PEGylation) 

onto proteins is considered a gold standard for systemic delivery. PEGylated uricase11 (KrystexxaTM) 

and L-asparaginase12 (Oncaspar®) are FDA-approved therapies for hyperglycemia and acute 

lymphoblastic leukemia, respectively. The problem associated with PEGylated proteins is the 

development of anti-PEG antibodies in ~30% patients after long-term exposure, resulting in rapid 

clearance of the drugs13. Inorganic materials, including gold nanoparticles, mesoporous silica, and 

carbon nanotubes, also serve as carriers for protein delivery through physical absorption or covalent 

linkage. The inability to degrade those materials in the biological system brings safety concerns, 

although they may provide extra benefits, including the photothermal effect (gold), controlled-

release (silica), or imaging contrast (carbon nanotubes).  

An ideal delivery vehicle should be capable of maintaining the protein stability, achieving a long 

circulation half-life without inducing any immune responses, and finally realizing targeted delivery.  
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Figure 2-3. Nanocarriers for protein delivery. Liposome and polymersome encapsulate proteins 

within self-assembled vesicles. Protein-polymer conjugates are synthesized by directly conjugating 

polymers to the functional groups (e.g., -NH2, -COOH, -SH) on the protein. In inorganic carriers, 

proteins are covalently linked or physically absorbed.  

 

2.3 Physical properties determine the trajectory 

The size, geometry, and charge are key factors that determine the trajectory of nanoparticles in 

the biological system. While liposomes, polymersomes, and protein-polymer conjugates are mostly 

spherical, inorganic materials can adopt other geometries (e.g., ellipsoidal, cylindrical, or discoidal 

shapes). The size and charge of all those vehicles can be carefully adjusted to compensate for 

specific delivery requirements. The impact of each physical parameter is discussed below.  

The size of nanoparticles largely impacts their destiny, whether to remain in the circulation, to 

be extravasated through disrupted vasculature, or to be taken up by the macrophages. For instance, 

nanoparticles <5 nm undergo rapid renal clearance14, while the ones within 50-100 nm accumulate 

nonspecifically in the immune organs (e.g., liver and spleen) through vascular fenestration or 

filtration15. Larger nanoparticles (>150 nm) are not only captured by liver and spleen but also 

accumulate in the capillaries of the lung, especially the ones within micrometer size (2-5 µm). The 

resident macrophages in those organs also contribute significantly to nanoparticle uptake4.  
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The geometry of nanoparticles also dictates their fate, given their distinct patterns in flow 

dynamics, in vivo circulation, and cellular uptake. For example, non-spherical particles possess a 

unique tumbling and oscillatory effect, which substantially increases their contact with the 

endothelial cells of the blood vessels. With respect to the circulation half-life, rod-shaped 

nanoparticles are shown to have a lifetime over one week after administration compared with the 

spherical counterparts (2-3 days)16. The tendency of rod particles to align with the blood flow may 

account for this extended residence time. Furthermore, the variation in geometry, in terms of the 

curvature and aspect ratio, also influences cellular uptake. The increase in these two parameters 

often leads to faster cell internalization, considering a higher area of interaction during the first 

contact with cells17. These phenomena led to the exploration of ellipsoidal, cylindrical, and discoidal 

particles in treating cancer, all of which possess high aspect ratios and enhanced cellular uptake. It 

is worth mentioning that although geometry drives the initial internalization, size is the ultimate 

determinant on where and how uptake takes place.  

Another design parameter is the surface charge of the nanoparticles, which is frequently 

tailored to enhance tissue accumulation or prolong circulation half-life. For instance, neutrally or 

negatively charged nanoparticles can avoid the adsorption of serum proteins and the subsequent 

opsonization, resulting in a prolonged circulation lifetime18,19. In comparison, positively charged 

nanoparticles encounter a higher rate of nonspecific cellular uptake, wherein the cationic moieties 

aid in endosomal escape through the proton sponge effect. More recently, the use of zwitterionic 

nanoparticles with switchable charge enables extended circulation half-life with enhanced uptake 

at the target site, when the positively charged structure is exposed in response to triggers from the 

milieu20,21.  

Overall, these rational design strategies need to be combined into single nanoparticle 

modalities, in an attempt to overcome as many barriers as possible. 
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Figure 2-4. The difference in size, geometry, and surface charge largely influence the accumulation 

of nanoparticles in different organs (e.g., lung, liver, spleen, and kidney). Figure is reproduced from 

Fig. 5 in Nat. Biotechnol. 2015, 33(9) 941-951.  

 

2.4 Protein nanocapsule technology 

In light of these challenges, our lab designed and developed a protein nanocapsule technology 

for intracellular protein delivery22. Individual protein molecules are encapsulated within a thin layer 

of polymer shells, through in situ polymerization of monomers and crosslinkers. The resulting 

protein nanocapsules exhibit spherical morphology with an average diameter of 25-35 nm. Despite 

the difference in molecular weight and surface charge of the proteins to be encapsulated, the size 

of the nanocapsules remains in this range, probably owing to the surface energy limitation in the 

aqueous solution. The charge of the nanocapsules, however, can be precisely adjusted by the 

addition of charged monomers during polymerization. Using monomers with functional groups 

(e.g., -NH2 or -COOH) also allows the further conjugation of targeting ligands (e.g., peptides or 

antibodies) onto the nanocapsules. Meantime, the crosslinker interconnects the polymer network 

through covalent bonds, thus enhancing the protein stability. In the scenario where the protein 

payload needs to be released, degradable crosslinkers are incorporated in the nanocapsule synthesis 

and can break down in response to pH, protease, light, or heat. Collectively, the nanocapsule 
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technology offers versatility in surface chemistry, directionality with targeting ligands, stability by 

crosslinked polymers, and selectivity via controlled release.  

 

Figure 2-5. Synthesis and cellular uptake of cationic single-protein nanocapsules by in situ 

polymerization of monomers and crosslinkers. I, conjugation of polymerizable acryl groups to the 

protein surface; II, formation of protein nanocapsules; III, cellular uptake of the nanocapsules via 

endocytosis. Figure is reproduced from Fig. 1 in Nat. Nanotechnol. 2010, 5(1) 48-53.  

 

Apart from the initial design for intracellular delivery, the protein nanocapsules have been 

engineered and customized for different delivery requirements. For instance, long-circulating 

uricase nanocapsules are developed to treat hyperuricemia and gout23,24. Nanocapsules of vascular 

endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF-BB) are designed to 

sequentially release VEGF and PDGF-BB, enabling optimal vascular remodeling and growth in a 
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diabetic animal model25. Beyond single-protein nanocapsules, multi-protein nanocapsules that 

mimic cellular compartmentalization are also synthesized, providing substantially higher turnover 

efficiency and consecutive catalysis of reactions26. Taken together, the large degree of freedom in 

the molecular design and synthesis renders this nanocapsule technology a robust tool for a broad 

spectrum of therapeutic applications.  
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Chapter 3. A biomimetic nano-antidote for acute alcohol intoxication  

3.1 The metabolism of alcohol 

Alcohol consumption is a millennium-old fashion of human civilization. Acute alcohol 

intoxication occurs when a large amount of alcohol is ingested. When alcohol is absorbed in the 

gastrointestinal tract, it enters the blood circulation and peaks between 30 to 90 min1. When alcohol 

enters the brain, it interferes with the GABAergic, glutamatergic, and dopaminergic 

neurotransmission, resulting in brain impairments and damages. Meanwhile, the oxidative product 

of alcohol, acetaldehyde, is known to form adducts with proteins, lipids, and DNA2,3. For instance, 

the adducts with DNA may induce lesions and mutagenesis, thereby increasing the risks of liver 

cirrhosis and hepatocellular carcinoma2,4,5. The excessive use of alcohol causes serious diseases and 

health problems, such as gastrointestinal and hepatic diseases, cancer, and cardiovascular disease6–

11. In addition, alcohol-related liver diseases are the primary cause of almost 1 in 3 liver transplants, 

while ~ 47% of liver-disease-related mortality involves alcohol. 

The major organ that breaks down alcohol is liver. In the liver parenchymal cells (i.e., 

hepatocytes), the metabolism of alcohol relies on cytosolic alcohol dehydrogenase (ADH) and 

mitochondrial aldehyde dehydrogenase (ALDH)12. ADH and ALDH convert alcohol to acetaldehyde 

and then to acetate with the help of nicotinamide adenine dinucleotide (NAD+). Cytochrome P450 

2E1 in the microsomes only becomes active after a substantial amount of alcohol is consumed. Given 

the difference in gender, age and ethnicity, the activity of ADH and ALDH varies, resulting in 

different alcohol elimination rate among individuals.  

 

3.2 Acute alcohol intoxication and current treatment 

According to the Centers for Disease Control and Prevention (CDC), there are ~ 2,200 alcohol-

poisoning deaths in the US each year, as a consequence of binge drinking. Among people aged 15-
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49 years, alcohol consumption is the leading risk factor for premature deaths and disability8. AAI 

takes up 8-10% of emergency room administrations13. Typical treatments include (a) prevention of 

breathing or choking problems, (b) oxygen therapy, (c) intravenous infusion of fluids to prevent 

dehydration, and (d) use of glucose and vitamins to prevent complications of alcohol intoxication. 

These treatments are mostly supportive and rely on the body’s endogenous enzymes to eliminate 

alcohol.14–17 

Three small molecule drugs16,18–20 (disulfiram21, naltrexone22, and acamprosate22) have been 

approved by the FDA for the treatment of alcohol dependence. Disulfiram acts as an ALDH 

inhibitor and increases the blood acetaldehyde concentration after alcohol consumption, thus 

inducing severe adverse symptoms (e.g., headache, nausea, pain, or respiratory depression, etc.), 

and creating a high sensitivity to alcohol consumption. Disulfiram is used to treat chronic 

alcoholism, whereas its use in acute alcohol intoxication results in the accumulation of 

acetaldehyde, further exacerbating the condition of the patients. Naltrexone is an opioid antagonist 

used in the treatment of alcohol dependence and opioid addiction. It reduces the physical 

dependence on alcohol and shows clinical benefits in patients with alcoholism and alcohol 

addictions. Acamprosate is used to stabilize the brain after alcohol withdraw, by inhibiting the 

activity of N-methyl-D-aspartate (NMDA) receptors while activating gamma-aminobutyric acid 

(GABA) receptors. In the absence of alcohol, both naltrexone and acamprosate take effects by 

interacting with the receptors in the brain, whereas neither of the two can help to eliminate alcohol 

or acetaldehyde in the case of AAI. The inability of these drugs to break down alcohol results in an 

insufficient therapeutic effect for AAI. Furthermore, the use of these drugs is associated with 

neurotoxicity, liver damages, and gastrointestinal problems. 

Various detoxification strategies have been proposed and explored by researchers, including 

colloidal antidotes15, small molecule drugs16,18–20, and inorganic nanoparticles23,24. Besides these 
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approaches, ADH and ALDH have been encapsulated within erythrocytes as an antidote25–27. Such-

enzyme loaded erythrocytes were intravenously administered to alcohol-intoxicated mice, 

exhibiting a circulation half-life of 4.5 days and leading to a significant decrease in the blood alcohol 

concentration (BAC)27. However, due to the low loading efficiency, it requires the administration 

of a large number of enzyme-loaded erythrocytes in order to achieve a reasonable reduction in BAC. 

For instance, given an enzyme loading efficiency of 2.1 × 10-9 U ADH or 5.4 × 10-11 U ALDH per 

erythrocyte27, it would take ~ 4.8 × 108 or 1.9 × 1010 enzyme-loaded erythrocytes to deliver 1U of ADH 

or ALDH. This quantity approximates to the number of erythrocytes in 100- or 4000-mL blood of 

human. In addition, the short shelf-life of erythrocytes (up to 42 days)28,29 and the biosafety 

concerns30 over the blood specimens further preclude its use for therapeutic purposes. To date, 

there are no effective antidotes for alcohol intoxication yet. 

 

3.3 Design of a biomimetic nano-antidote for alcohol intoxication 

Our antidote approach is based on alcohol-metabolizing enzymes, alcohol oxidase (AOx), 

catalase (CAT), and aldehyde dehydrogenase (ALDH)31. As illustrated in Fig. 1, AOx and CAT in the 

form of an enzyme complex AOx-CAT, as well as ALDH, are encapsulated within a cationic polymer 

shell through in situ polymerization, forming enzyme nanocapsules denoted as n(AOx-CAT) and 

n(ALDH), respectively. Intravenous injection of the nanocapsules enables their accumulation in 

the liver, where n(AOx-CAT) converts alcohol to acetaldehyde and hydrogen peroxide with the 

latter removed by the CAT. As-generated acetaldehyde is then converted to acetate by n(ALDH) 

with the help of NAD+. Distinct from the supportive treatments, this antidote can actively eliminate 

alcohol and its toxic metabolite, restore consciousness faster, reduce liver damages, and rescue lives. 

Our antidote strategy mimics the function of hepatocytes by co-delivering n(AOx-CAT) and 

n(ALDH) to the liver, where these enzymes are located in close proximity within the cells, enabling 
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the simultaneous and effective breakdown of alcohol and the toxic intermediates (H2O2 and 

acetaldehyde). Furthermore, alcohol oxidation by ADH and ALDH in the liver consumes a 

substantial amount of NAD+, which may result in NAD+ deficiency that hinders continuous 

elimination of alcohol and acetaldehyde. Despite the regeneration of NAD+ through mitochondrial 

respiration, the insufficient availability of NAD+ remains as the rate-limiting step in alcohol 

metabolism32. In our biomimetic strategy, in contrast, the majority of NAD+ could be used by 

n(ALDH) for efficient acetaldehyde oxidation, given that n(AOx-CAT) does not require this 

cofactor. 

 

Figure 3-1. Design of a hepatocyte-mimicking antidote for alcohol intoxication. (a) Alcohol 

metabolism in hepatocytes. Cytosolic ADH converts alcohol to acetaldehyde with the cofactor 

NAD+ (Step 1). Then, ALDH in the mitochondria converts acetaldehyde to acetate with NAD+ (Step 
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2). (b) Schematic illustration of the synthesis of n(AOx-CAT) and n(ALDH) through in situ 

polymerization. • and •• represent monomers and crosslinkers. Then, n(AOx-CAT) and n(ALDH) 

are co-delivered to the liver cells, where they catalyze the consecutive oxidation of alcohol to 

acetaldehyde, then to acetate. 

 

3.4 Methods 

3.4.1 Synthesis of Enzyme Nanocapsules. All the enzyme nanocapsules were prepared one day 

before the animal experiments. Alcohol oxidase (AOx) and Catalase (CAT) dual-enzyme 

nanocapsules were prepared as previously described33. Synthesis of aldehyde dehydrogenase 

(ALDH) nanocapsule is demonstrated in Figure 1b. In detail, ALDH (~10mg/mL, purchased from 

MP Biomedicals) was dissolved in Tris buffer (50 mM, pH 8.0, 50 mM KCl) and passed through 

Zeba desalting column (Thermo-Fisher Scientific) to remove the residual inorganic salts. Zinc 

acetate solution (final concentration 2 mM) was then added to block the active site of ALDH for 2 

hr. Subsequently, the acryloyl groups were conjugated on ALDH with N-(3-aminopropyl) 

methacrylamide (APm)-modified succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate 

(SMCC), with a molar ratio of 15:1 (APm-SMCC: ALDH). After the conjugation reaction at 4 ˚C for 

2 hr, EDTA (10mM) was used to extract the zinc ions, followed by addition of 5,5-dithio-bis-(2-

nitrobenzoic acid) (DTNB, Ellman’s agent). After reacting for 15 min with DTNB, the modified 

ALDH was passed through Zeba desalting column to remove the excess small molecules. The ALDH 

nanocapsules were then prepared via in situ polymerization using acrylamide (AAm, 6000:1, n/n, 

AAm:ALDH), APm (100:1, n/n, APm:ALDH), and N,N'-methylenebisacrylamide (BIS, 1000:1, n/n, 

AAm:ALDH) as the monomer and crosslinker, and ammonium persulfate (APS, 500:1, n/n, 

APS:ALDH) and N,N,N',N'-tetramethylethylenediamine (TEMED, 2:1, w/w, TEMED:APS) as the 

initiator. The polymerization reaction was continued at 4 ˚C for 1 hr before the reaction mixture 



 21 

was dialyzed in Tris buffer to remove unreacted small molecules. To synthesize nanocapsules with 

higher zeta potentials, additional APm was added to the polymerization mixture. In addition, tris-

(2-carboxyethyl) phosphine (TCEP, 10 mM, pH 7.0) solution was used to reduce the disulfide bonds. 

The active n(ALDH) was then passed through the desalting column to exchange to potassium 

phosphate buffer (50 mM, pH 8.0, 50 mM NaCl). Synthesized n(ALDH) was purified with an ion-

exchange column (Q Sepharose Fast Flow, GE Healthcare) to exclude the un-encapsulated ALDH. 

The purified n(ALDH) was stored at -80 ˚C for later experiments.  

 

3.4.2 Enzyme Activity Assays. The native AOx-CAT and n(AOx-CAT) were dissolved in a solution 

containing HEPES (50 mM, pH 7.0) and alcohol (0.1%, w/v). The reaction for alcohol oxidation was 

carried out at room temperature for 5 min and the generation of acetaldehyde was measured based 

on its reaction with 3-methyl-2-benzothiazolinone hydrazine (MBTH). In brief, one volume of the 

acetaldehyde standard (Sigma Aldrich, ACS grade) or the sample was mixed with one volume of 

0.8% (w/v) MBTH. Meanwhile, another one volume of 0.8% (w/v) MBTH was mixed with 1% (w/v) 

iron (III) chloride. The two solutions were incubated at room temperature for 15 min and equally 

mixed. The blue color that MBTH-acetaldehyde complex formed immediately after mixing was 

measured with a spectrophotometer at 600 nm. A standard curve with different acetaldehyde 

concentrations (250, 125, 62.5, 32.2, 15.6, 7.8 ppm) was prepared as a reference. The change in A600 

was proportional to the activity of AOx-CAT.  

The native ALDH and n(ALDH) were dissolved in a solution containing Tris-HCl (100 mM, pH 

8.0), KCl (300 mM), acetaldehyde (160 µM), 2-mercaptoethanol (10 mM) and NAD+ (20 mM). The 

reaction for acetaldehyde degradation was carried out at room temperature for 5 min and the 

absorbance at 340 nm (A340) was recorded by a spectrophotometer. The change in A340 which was 

proportional to the residual activity of ALDH was recorded. The conversion of NAD+ to NADH per 
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minute and the percentage of residual activity relative to the native ALDH were then calculated.  

 

3.4.3 Stability Assays. Thermal stability was conducted by incubating the native enzymes (AOx-

CAT or ALDH) and nanocapsules (n(AOx-CAT) or n(ALDH)) (0.1 mg/mL) at 37˚C for 2 hr. Samples 

were taken at different time, and the residual activity was determined with activity assays. 

Proteolytic stability included trypsin (0.2 mg/mL) in each mixture during incubation, and the rest 

of the measurements were the same as in the thermal stability measurements. Long-term stability 

was performed by monitoring the size of n(AOx-CAT) and n(ALDH) for 2 weeks. Nanocapsules 

were maintained in PBS (pH 7.4) at 4˚C during the 2-week period.  
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Figure 3-2. (a) The reaction used for the determination of acetaldehyde concentration. (b) UV/Vis 

spectra of MBTH-acetaldehyde adducts at different concentrations. (c) The standard curve based 

on the absorption at 600 nm. (d), (e) Thermal stability of the native AOx-CAT and n(AOx-CAT) 

(d), and the native ALDH and n(ALDH) (e). (f), (g) Proteolytic stability of the native AOx-CAT and 

n(AOx-CAT) (f), and the native ALDH and n(ALDH) (g). (h) Long-term stability of n(AOx-CAT) 

and n(ALDH) in PBS (pH 7.4) at 4˚C within 2 weeks. (i) The polydispersity index of n(AOx-CAT) 

and n(ALDH) within the 2-week stability measurement.  

 

3.4.4 Characterization of Enzyme Nanocapsules. The morphology of n(AOx-CAT) and n(ALDH) 

was observed by Transmission Electron Microscopy (TEM). TEM samples were prepared by 

pipetting 2 μL nanocapsules to a carbon-coated copper grid. The droplet of the nanocapsules was 

in contact with the grid for 1 min, before rinsing with water and staining with 1% (w/v) sodium 

phosphotungstate (pH 7.0) for 30 s. Dynamic Light Scattering (DLS) measurements were conducted 

on a Malvern Zetasizer Nano instrument. The number distribution and zeta potential of the 

nanocapsules were measured at 1.0 mg/mL in phosphate buffer (10 mM, pH 7.0). The Förster 

resonance energy transfer (FRET) in n(AOx-CAT) or the mixture of AOx and CAT was measured 

with a plate reader (M200, Tecan), with an excitation wavelength of 450 nm.  

 

Figure 3-3. Fluorescence spectrum of n(AOx-CAT) and the mixture of AOx and CAT. AOx and CAT 
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were labeled with fluorescein (FL) and tetramethylrhodamine (TAMRA), respectively. The 

excitation wavelength was 450 nm.  

 

3.4.5 Kinetics of H2O2 Generation. The generation of H2O2 was measured using horseradish 

peroxidase and 3,3’,5,5’-tetramethylbenzidine (HRP/TMB) assay. HRP, TMB, and alcohol were 

added to the mixture to a final concentration of 1 µg/mL, 1 mg/mL, and 1 mg/mL, respectively. The 

reaction was initiated by the addition of AOx-CAT or the mixture of AOx and CAT. The change in 

A650 was recorded with a spectrophotometer.  

 

Figure 3-4. The production of hydrogen peroxide (H2O2) measured by HRP/TMB assay. 

 

3.4.6 Measurement of Alcohol and Acetaldehyde Concentrations. Blood samples were taken 

at different time points and centrifuged at 2000 ×g for 10 min twice. The supernatant (plasma) was 

collected and used for further measurements. The measurement of blood alcohol concentration has 

been described previously33. Blood acetaldehyde concentration was measured based on its reaction 

with MBTH described above. The exact concentration of acetaldehyde in the samples was referred 

to the standard curve.  
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3.4.7 Cell Culture. HeLa, AML12, and J774A.1 cells were purchased from American Type Culture 

Collection (ATCC). HeLa cells were cultured on 25 cm2 tissue culture flasks (Thermo-Fisher 

Scientific) and maintained by Eagle’s Minimum Essential Medium (EMEM), supplemented with 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). AML12 and J774A.1 cells were 

cultured under the same condition but with Dulbecco’s Modified Eagle Media (DMEM). The 

primary mouse hepatocytes were isolated by USC Liver Cell Culture Core. The isolated cells were 

allowed for attachment by 4 hr and the medium was switched to William’s E medium (Thermo-

Fisher Scientific) supplemented with dexamethasone, insulin, transferrin, sodium selenium, 

reduced FBS, GlutMax and P/S. The primary cells were allowed to stay at 37 ˚C and 5% CO2 

overnight. On the next day, the cells were treated with alcohol and/or the nanocapsules. After the 

treatments, the cells were washed with ice-cold PBS and subjected to protein and RNA extractions. 

All in vitro assays were repeated at least three times for each measurement. 

 

3.4.8 Cell Viability Assays. In HeLa cells, cell viability was quantified with CellTiter Blue Assay Kit 

(Promega). The live cells effectively convert the non-fluorescent resazurin to the fluorescent 

resorufin (Ex. = 560 nm, Em. = 590 nm). Cell viability was measured on a TECAN microplate reader. 

To assess the cytotoxicity in the primary mouse hepatocytes (PMH), the release of lactate 

dehydrogenase (LDH) into extracellular space was measured. LDH is enriched in the cytoplasm of 

PMH and its release into the culture medium indicates the loss of membrane integrity. The amount 

of LDH in the medium that is proportional to the number of dead cells was measured by PierceTM 

LDH Cytotoxicity Assay Kit (Thermo-Fisher Scientific) according to manufacturer’s instructions 

and quantified by creating a standard curve with a known number of cells. Induction of apoptosis 

was evaluated by the Caspase activity in alcohol-treated cells. Effector Caspase 3/7 activity was 

measured with Caspase-Glo® 3/7 assay system (Promega) according to manufacturer’s instructions. 
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The activity of effector Caspases was indicated by relative luminescent unit (RLU) measured by an 

Omega microplate reader.  

 

Figure 3-5. (a) HeLa cell viability after incubating with n(AOx-CAT), or n(ALDH), or the mixture 

of n(AOx-CAT) and n(ALDH) at different concentrations for 24 hr. (b) Decrease in the endoplasmic 

reticulum (ER) stress response after the removal of acetaldehyde by n(ALDH), as evaluated by the 

mRNA expression of ER stress markers: glucose-regulated protein 78 (GRP78), C/EBP homologous 

protein (CHOP) and alternatively spliced X-box binding protein 1 (sXBP1). 

 

3.4.9 Immunoblotting and qPCR. Extraction of protein and RNA, immunoblotting and qPCR 

were described previously[2]. Primary antibodies for GRP78, LC3B, mTOR, pmTOR, CHOP and 

secondary antibodies were purchased from Cell Singling Corp. Primers of ER stress markers are 

listed in Table S1.  

 

Table 2-1. Primers used in the qPCR experiment.  
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3.4.10 Cellular Uptake Experiment. Hepatocyte (AML12) and macrophage (J774A.1) uptake of the 

nanocapsules were studied using confocal laser scanning microscopy (CLMS). Cells were seeded in 

8-well chambers (ibidi) pretreated with Cell-Tak (Corning) one day before the experiment. AML12 

and J774A.1 were incubated with the native enzymes or nanocapsules at 0.5 mg/mL for 4 hr at 37 

˚C, and then washed extensively with FluoroBrite DMEM Media (Gibco) to remove the residual 

culture media. Nuclei were stained with Hoechst 33342 and the cells were observed with inverted 

Leica TCS-SP8-SMD confocal microscope.  

J774A.1 cells were used to study the trafficking of nanocapsules. After incubation with n(ALDH) 

for 15, 30, 60, and 120 min, J774A.1 cells were washed, fixed with 4% paraformaldehyde, permeated 

with 1% Triton X-100 (Sigma Aldrich), blocked with 5% BSA, and treated with rabbit anti-EEA1 

antibody (Cell Signaling Corp.) or rabbit anti-Rab7 antibody (Cell Signaling Corp.) overnight. Cells 

were then stained with goat anti-rabbit IgG (Alexa Fluor 594, Abcam) and nuclei were stained with 

Hoechst 33342. Cells were observed with confocal microscope.  
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Figure 3-6. Hepatocyte (AML12) uptake of the native enzymes or nanocapsules. (a) Confocal laser 

scanning microscopy (CLSM) images of AML12 cells incubated with the native AOx-CAT or n(AOx-

CAT). (b) CLSM images of AML12 cells incubated with the native ALDH or n(ALDH). The native 

AOx-CAT and n(AOx-CAT) were labeled with tetramethylrhodamine (TAMRA). The native ALDH 

and n(ALDH) were labeled with fluorescein (FL). Scale bar, 50 µm.  
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Figure 3-7. Hepatocyte internalization of the nanocapsules. (a) Z-stacking and (b) z-slicing images 

of AML12 cells incubated with n(AOx-CAT) and n(ALDH). Scale bar, 50 µm. 
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Figure 3-8. Macrophage (J774A.1) uptake of the native enzymes or nanocapsules. (a) CLSM images 

of J774A.1 cells incubated with the native AOx-CAT and ALDH, or n(AOx-CAT) and n(ALDH). (b) 

CLSM images of J774A.1 cells incubated with the native AOx-CAT or n(AOx-CAT). (c) CLSM images 

of J774A.1 cells incubated with the native ALDH or n(ALDH). The native AOx-CAT and n(AOx-
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CAT) were labeled with tetramethylrhodamine (TAMRA). The native ALDH and n(ALDH) were 

labeled with fluorescein (FL). Scale bar, 50 µm. 

 

 

Figure 3-9. Trafficking of nanocapsules through endocytosis. (a) Early endosomes and (b) late 

endosomes were stained with anti-EEA1 antibody and anti-Rab7 antibody, respectively. J774A.1 cells 

were incubated with n(ALDH) at 37˚C for 15, 30, 60, and 120 min before imaging with CLSM. Scale 

bar, 20 µm.  

 

3.4.11 Biodistribution of Nanocapsules. All animals were treated in accordance with the Guide 

for Care and Use of Laboratory Animals and the study was approved by the local animal care 

committee. The biodistribution of nanocapsules in mice were studied using fluorescence imaging 

(IVIS Lumina II, Perkin Elmer). n(AOx-CAT) and n(ALDH) were labeled with TAMRA and Alexa 

Fluor 680 (AF680), respectively. Single nanocapsules exemplified by n(ALDH) or both n(AOx-CAT) 

and n(ALDH) were intravenously injected to mice via tail vein at a dosage of 100 µL (1 mg/mL) per 

animal. Mice were sacrificed 4 hr and 8 hr post-injection, and major organs were collected for 

fluorescence imaging.  
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Figure 3-10. (a) Biodistribution of nanocapsules in mice measured by fluorescence imaging. 

n(ALDH) was used as an example of single nanocapsules. (b) Quantification of the fluorescence 

intensity in each organ at 4 hr and 8 hr.  

 

3.4.12 In vivo Biocompatibility. The biodistribution of nanocapsules in mice were studied using 

fluorescence imaging (IVIS Lumina II, Perkin Elmer). n(AOx-CAT) was labeled with Alexa Fluor 

680 (AF680) and used as an example of the nanocapsules. n(AOx-CAT) was intravenously injected 

to mice via tail vein at a dosage of 50 or 100 µL (1 mg/mL) per animal. Mice were sacrificed 12, 24, 

48, and 72 hr post-injection, and major organs were collected for fluorescence imaging. The liver 

samples from mice given non-labeled n(AOx-CAT) were collected for liver toxicity assessment. The 

liver samples were rinsed extensively in PBS, and then homogenized with Bead Mill 24 

Homogenizer (Thermo-Fisher Scientific). The supernatant of the homogenate after centrifugation 

(10,000 ´g, 15 min, 4 ˚C) was collected and used for the ALT assay. The liver ALT was evaluated with 

Alanine Transaminase Colorimetric Activity Assay Kit (Cayman Chemical) according to 

manufacturer’s instructions. The ALT activity was measured with a Tecan microplate reader.  
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Figure 3-11. (a) Biodistribution of nanocapsules in the major organs of mice, measured by 

fluorescence imaging. n(AOx-CAT) was used as an example, and 50 µg were administered. (b) 

Biodistribution of nanocapsules in the major organs of mice, measured by fluorescence imaging. 

n(AOx-CAT) was used as an example, and 100 µg were administered. (c) ALT levels in mice treated 

with PBS, 50 µg n(AOx-CAT), and 100 µg n(AOx-CAT). Data are presented as mean ± SEM (n=3). 

 

3.4.13 Animal Experiments and Loss of the Righting Reflex Assay. Male C57BL/6 mice were 

purchased from the Jackson Laboratory. Loss of the righting reflex (LORR) assay has been used to 

assess and quantify the functional tolerance and consciousness in acute drinking models34. In brief, 

mice were gavaged with 30% alcohol in normal saline (5 mg/g body weight) or the same amount of 

isocaloric maltose solution as the control. Mice were subsequently injected with 50 µg of n(AOx-

CAT) and/or 0.5 mg of n(ALDH). The solution used to dissolve the nanocapsules containing NAD+ 

was injected as the control. The mice were then placed in a cylinder rotated for 90˚ for every 2 sec 

to determine the time of LORR at which mice stopped flipping from a supine position within 5 sec 

after rotation. After that, the mice were tested every 10 min for recovery from LORR. The period 
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between LORR and recovery from LORR was defined as the time of sleep for this study. Mice were 

sacrificed at 8 hr for further analysis.  

 

Figure 3-12. (a) Time to LORR. (b) Restoration of consciousness (time of sleep) of alcohol-

intoxicated mice with or without the antidote.  

 

3.4.14 Chronic Alcohol Feeding and Liver Pathology. Mice were given high-fat diet (HFD) for 21 

days. On the 21st day, mice were starved for ~12 hr and gavaged with 30% alcohol in PBS (5mg/g 

body weight) or the same volume of isocaloric maltose solution as the control. Mice were injected 

with 50 µg of n(AOx-CAT) and/or 0.5mg of n(ALDH) within 30 min after the alcohol gavage. The 

solution used to dissolve the nanocapsules containing NAD+ was injected as the control. The mice 

were sacrificed after 8 hr for the following analyses. Plasma alanine aminotransferase (ALT) and 

total liver triglyceride were measured as described previously35. For hematoxylin and eosin staining 

(H&E), liver tissues were fixed in 10% formalin overnight at 4 ˚C, washed with and stored in 80% 

alcohol. The fixed tissues were embedded in paraffin, sectioned at 5 μm and proceeded to H&E. For 

Oil Red O staining, liver tissues were embedded in O.C.T. (Sakura® Finetek), snap-frozen, sectioned 

at 5 μm and mounted on glass slides. The tissues on the slides were fixed in 10% formalin and 

stained with an Oil Red O isopropanol solution (Electron Microscopy Sciences, Hatfield, PA).  
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Figure 3-13. (a) H&E and Oil Red O staining of liver tissues from the alcohol-intoxicated mice 

treated with n(AOx-CAT) only. Scale bar, 50 µm. (b) Total liver triglyceride content from the 

alcohol-intoxicated mice treated with n(AOx-CAT) only.  

 

3.4.15 Statistics. Data are presented as means ± SEM unless otherwise indicated. Statistical analyses 

were performed with GraphPad Prism® 6 using the one way-ANOVA for comparison of multiple 

groups and two-way ANOVA for comparison of trends between different treatments. The P values 

of 0.05 or less are considered significant.  

 

3.5 Results and Discussion 

3.5.1 Synthesis and characterization of the enzyme nanocapsules. Spherical and 

monodispersed n(AOx–CAT) and n(ALDH) averaging 32.8±4.0 nm and 34.3±3.9 nm were observed 

with transmission electron microscopy and dynamic light scattering (Figure 3-14a, b). Meanwhile, 

n(AOx–CAT) and n(ALDH) showed zeta potentials of ~4 mV and ~2 mV, respectively (Figure 3-14c). 

The positive zeta potentials would allow their rapid accumulation in the liver after administration36–

39. While the native enzymes are found to be unstable under physiological temperature or in the 

presence of proteases, the polymer shells also enhance the thermal and proteolytic stability of the 

enzymes. For instance, when incubated at 37 ˚C for 2 hr, especially in the presence of protease, the 
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native enzymes quickly lost their activity (Figure 3-2). On the contrary, both n(AOx–CAT) and 

n(ALDH) could maintain over 75% of their activity under the same conditions. In addition, the 

solution of n(AOx–CAT) and n(ALDH) remained stable and free of aggregation in 2 weeks (Figure 

3-2). The increased stability would warrant the use of nanocapsules in vivo. 

 

Figure 3-14. Characterization of the nanocapsules. (a) Transmission electron microscopy 

images of n(AOx–CAT) and n(ALDH) with uniform diameters of 32.8±4.0 nm and 34.3±3.9 nm, 

respectively. (b) Size and (c) Zeta potentials of n(AOx–CAT) and n(ALDH) measured by dynamic 

light scattering. (d) The kinetics of the removal of alcohol and acetaldehyde in a closed system 

containing alcohol (0.4%, w/v), after incubating with PBS, or n(AOx–CAT) (0.8 U/mL), or n(ALDH) 

(6.0 U/mL), or the mixture of n(AOx–CAT) and n(ALDH) for 4 hr. (e) Reduced cytotoxicity in 

primary mouse hepatocytes (PMH) after the simultaneous removal of alcohol and acetaldehyde. 

Cytotoxicity was assessed by measuring the release of lactate dehydrogenase. (f) Reduced apoptosis 

in PMH after the simultaneous removal of alcohol and acetaldehyde. Apoptosis was indicated by 
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the relative luminescent unit (RLU) of Caspase 3/7 activity. Data are presented as mean ± SEM 

(n=3~6). **P < 0.01, ***P < 0.005 and ****P < 0.0001.  

The close proximity of AOx and CAT within a nanocapsule was demonstrated using Förster 

resonance energy transfer (FRET), in which AOx and CAT were conjugated with fluorescein (FL) 

and tetramethylrhodamine (TAMRA), respectively (Figure 3-3). Under 450 nm excitation, the 

mixture of AOx and CAT only exhibited an emission peak of FL at ~520 nm. In contrast, n(AOx–

CAT) showed emission peaks from both FL (520 nm) and TAMRA (580 nm), confirming the close 

association of the two enzymes in the nanocapsules. The close proximity of the AOx and CAT also 

enabled the efficient removal of the toxic H2O2 generated during the process of alcohol oxidation 

(Figure 3-4). The effective breakdown of alcohol and acetaldehyde by the nanocapsules were 

confirmed by adding the two nanocapsules to an alcohol–containing solution (0.4%, w/v) (Figure 

3-14d). The concentration of ethanol continuously decreased (0.05% per hour), with only a small 

amount of acetaldehyde accumulated in the solution (0.006% per hour). Although n(AOx–CAT) 

and n(ALDH) were biocompatible, the acetaldehyde produced by n(AOx–CAT) during alcohol 

oxidation could induce severe cell injuries and apoptosis in primary mouse hepatocytes (PMH). 

The acetaldehyde produced by n(AOx–CAT) induced injuries among ~36% of the cell population, 

while the addition of n(ALDH) substantially reduced the injury population to < 6% (Figure 3-14e). 

Furthermore, the cells treated with alcohol and n(AOx–CAT) showed a high–level of Caspase 

activity (3.0×104 RLU), whereas adding n(ALDH) significantly decreased the level of Caspase (1.2×104 

RLU) (Figure 3-14f, 3-5). The efficient and simultaneous breakdown of alcohol and acetaldehyde 

highlights the potential of co–delivering the two nanocapsules as an effective antidote for alcohol 

intoxication. 
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3.5.2 Delivery and efficacy of the antidote. Similar to other positively–charged nanoparticles, 

intravenous administration of the nanocapsules enables their accumulation in the liver36–38, the 

major organ for alcohol metabolism. To confirm their effective delivery to the liver, we first 

examined the uptake of n(AOx–CAT) and n(ALDH) by hepatocytes (Figure 3-15a, 3-6). Herein, the 

native AOx–CAT and n(AOx–CAT) were conjugated with TAMRA, and the native ALDH and 

n(ALDH) were conjugated with FL. After incubation with mouse hepatocytes (AML12) for 4 hr, the 

cells treated with the native AOx–CAT and ALDH exhibited little fluorescence, whereas intense 

fluorescence signals were observed from the cells incubated with n(AOx–CAT) and n(ALDH). 

Moreover, the fluorescence signals from n(AOx–CAT) and n(ALDH) overlapped in the cytosol of 

the hepatocytes40,41, indicating the co–delivery of the two nanocapsules to the same cells (Figure S6, 

Supporting Information). Similar results were also observed in mouse macrophages (J774A.1), 

which could transport the nanocapsules from the circulation to the liver (Figure 3-8). With both 

n(AOx–CAT) and n(ALDH) internalized in the cytosol through endocytosis (Figure 3-9), these cells 

can function as mini–reactors to eliminate alcohol and acetaldehyde simultaneously. The 

biodistribution of the nanocapsules in mice was further investigated with n(AOx–CAT) and 

n(ALDH) conjugated with TAMRA and Alexa Fluor 680 (AF680), respectively. The nanocapsules 

were intravenously administered to the mice, and the organs were imaged 4 and 8 hr post–injection 

(Figure 3-15b, 3-10). High TAMRA and AF680 intensities were observed predominantly in the liver, 

indicating the efficient delivery of both nanocapsules to the liver. The rapid accumulation of 

n(AOx–CAT) and n(ALDH) would potentially aid in the consecutive breakdown of alcohol and 

acetaldehyde. To investigate the potential secondary poisoning that may be caused by the 

degradation of the nanocapsules, we administered the n(AOx–CAT) (as an example of nanocapsules) 

to the mice to study their biodistribution. From fluorescence imaging, we observed that most of 

the nanocapsules rapidly accumulated in the liver and the fluorescence intensity gradually 
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decreased in the next 3 days. Only slight increases in the ALT levels during the first 48 hr after the 

administration of the nanocapsules were observed. (Figure 3-11). 

 

Figure 3-15. Delivery and therapeutic efficacy of n(AOx–CAT) and n(ALDH) as the antidote. 

(a) CLSM images of mouse hepatocytes (AML12) after 4 hr incubation with the native AOx–CAT 

and ALDH, or n(AOx–CAT) and n(ALDH). Hoechst 33342 was used to stain the nuclei. The native 

AOx–CAT and n(AOx–CAT) were labeled with TAMRA; the native ALDH and n(ALDH) were 

labeled with FL. Scale bar, 50 µm. (b) Fluorescence imaging of the major organs after intravenous 

administration of n(AOx–CAT) and n(ALDH). For imaging purpose, n(AOx–CAT) and n(ALDH) 

were labeled with TAMRA and AF680, respectively. (c), (d) Blood alcohol concentrations (BAC) (c) 

and blood acetaldehyde concentrations (BAchC) (d) of alcohol–intoxicated mice treated with PBS, 

n(AOx–CAT) and n(ALDH), or n(AOx–CAT) and n(ALDH) with NAD+. Mice were gavaged with 

alcohol at 5 mg/g body weight, and BAC were measured at 30, 120, 240, and 420 min. Data are 

presented as mean ± SEM (n=6~9). *P < 0.05, **P < 0.01, and ****P < 0.0001. 
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To study the efficacy of the nanocapsules as an antidote, we intravenously administered n(AOx–

CAT) and n(ALDH) with or without additional NAD+ to the alcohol–intoxicated mice (5 mg alcohol 

per gram of mouse body weight). Additional NAD+ was used to evaluate if acetaldehyde oxidation 

by n(ALDH) could be enhanced. The blood samples were taken at different time after the 

administration (30, 120, 240, and 420 min) to determine the BAC and blood acetaldehyde 

concentrations (BAchC). Compared to the PBS–treated group that showed a BAC of ~335, ~325, and 

~250 mg/dL at 120, 240, and 420 min, the group treated with nanocapsules (without NAD+) showed 

a BAC of ~236, ~182, and ~127 mg/dL, respectively (Figure 3-15c). The group given the nanocapsules 

with NAD+ exhibited a similar BAC to the group given nanocapsules alone, suggesting that the 

alcohol oxidation by n(AOx–CAT) was independent of the level of NAD+. The substantial decrease 

in BAC demonstrates the efficacy of the nanocapsules as an antidote and results in a faster 

restoration of consciousness (Figure 3-12).  

More importantly, the acetaldehyde generated from alcohol oxidation by n(AOx–CAT) could 

be rapidly eliminated by n(ALDH). In the group given nanocapsules (without NAD+), the BAchC 

remained at ~4.0, ~3.3, and ~1.9 mg/dL at 120, 240, and 420 min (Figure 3-15d). Moreover, the 

additional NAD+ could help further decrease the BAchC to ~3.0, ~2.0, and ~0.8 mg/dL at 120, 240, 

and 420 min. The extremely low BAchC would significantly contribute to the liver protection, given 

that the accumulation of acetaldehyde could induce liver cirrhosis and hepatocellular carcinoma2–

4,42,43. The simultaneous and efficient removal of both alcohol and acetaldehyde highlighted the 

feasibility of using n(AOx–CAT) and n(ALDH) as an antidote toward alcohol intoxication or 

poisoning.  

While acute alcohol intoxication causes mild elevation of ALT and steatosis, liver injury 

becomes more evident with chronic high–fat diet (HFD) plus a single binge44. Thus, we studied the 

alcohol–induced liver injury and organelle stress response in mice given HFD for 3 weeks, followed 
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by acute alcohol intoxication. The mice were then treated with PBS, or n(AOx–CAT) and n(ALDH) 

with NAD+ as the antidote, and their liver samples were analyzed. Compared with the healthy liver, 

the formation of lipid droplets (LD) was slightly increased in alcohol–intoxicated mice given PBS 

or the antidote (Figure 3-16a). Consistent with the histology, the liver triglyceride content was 30 

and 42 mg/g in the group treated with PBS and the antidote, respectively (Figure 3-16b). While the 

accumulation of acetaldehyde in the liver of mice treated only with n(AOx–CAT) could 

substantially increase LD formation (Figure 3-13), the efficient removal of acetaldehyde by the 

antidote reduced it remarkably. Moreover, the plasma ALT level was increased 170 IU/L after 

alcohol intake, whereas the antidote brought the level down to 135 IU/L (Figure 3-16c). Although 

the administration of the antidote exhibited a higher level of liver triglyceride and ALT than those 

of the healthy mice, BAC and BAchC were significantly decreased, and sufficient liver protection 

was achieved.  

 

Figure 3-16. Biocompatibility of the antidote after HFD and acute alcohol intoxication. (a) 

Representative H&E and Oil Red O staining of the liver tissues in alcohol–intoxicated mice treated 
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with PBS, or n(AOx–CAT) and n(ALDH) with NAD+ as the antidote. Liver tissue from healthy mice 

was used as the control. Scale bar, 50 µm. (b) Total liver triglycerides in healthy mice (n=5) and 

alcohol–intoxicated mice treated with PBS (n=5) or the antidote (n=7). (c) Plasma ALT level in 

healthy mice (n=5) and alcohol–intoxicated mice treated with PBS (n=5) or the antidote (n=7). (d) 

Protein expression levels of the ER stress markers (GRP78, CHOP), and autophagy markers 

including the mechanistic target of rapamycin (mTOR), phosphorylated mTOR (pmTOR) and 

microtubule–associated protein 1A/1B–light chain 3 (LC3B). (e) Quantification of protein 

expression levels of the ER stress and autophagy markers normalized with glyceraldehyde–3–

phosphate dehydrogenase (GAPDH). Data are presented as mean ± SEM (n=5~7).  

 

To evaluate the organelle stress responses in the liver, we investigated the expression levels of 

ER stress markers (GRP78, CHOP)4,45,46 and autophagy markers (pmTOR, mTOR, LC3B)47 (Figure 

3-16d). Compared with the PBS–treated group, the expression levels of GRP78, CHOP, 

pmTOR/mTOR, and LC3BII/LC3BI in the antidote–treated group were upregulated 2.6, 18.4, 1.5, 

and 1.0–fold, respectively. All these markers but CHOP indicated negligible organelle stress 

responses and autophagy disruptions. With regards to CHOP in this chronic experimental system, 

the complete elimination of alcohol and acetaldehyde with even faster kinetics would potentially 

reduce its expression level and achieve complete liver protection. Collectively, the antidote allows 

the efficient removal of both alcohol and acetaldehyde, without significant disruption to the liver 

health.  

 

3.6 Conclusions 

In summary, we have designed a hepatocyte–mimicking antidote for alcohol intoxication by the 

co–delivery of n(AOx–CAT) and n(ALDH) to the liver. While n(AOx–CAT) enables rapid alcohol 
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removal, as–generated acetaldehyde could be efficiently removed by n(ALDH). Administration of 

the antidote to alcohol–intoxicated mice resulted in significant reduction in BAC without the 

accumulation of acetaldehyde. Such an antidote could provide profound therapeutic benefits to 

alcohol–intoxicated patients, and rescue lives in emergency rooms. 

 

3.7 Future directions 

Human liver organoids are powerful tools for drug testing and development48,49. In the future 

work, we may (1) further optimize the ratio of n(AOx-CAT) and n(ALDH), as well as the 

concentration of NAD+, in the antidote for efficient alcohol detoxification, (2) achieve targeted 

delivery of the antidote to hepatocytes, and (3) systematically evaluate the efficacy, cytotoxicity, 

and biocompatibility of the antidote using human liver organoids.  

We have demonstrated that the antidote was rapidly accumulated in the liver after intravenous 

administration and eliminated alcohol and acetaldehyde, resulting in rapid reduction of BAC with 

low BAchC. However, one of the organelle-stress markers, CHOP (C/EBP homologous protein) was 

still elevated to a significantly higher level. Given that n(ALDH) is enzymatically less active than 

n(AOx-CAT) and that the conversion of acetaldehyde to acetate by n(ALDH) requires NAD+, the 

increase in CHOP could be attributed to the accumulation of acetaldehyde. In this context, 

optimizing the ratio of n(AOx-CAT) and n(ALDH), as well as the concentration of NAD+, could 

minimize the accumulation of acetaldehyde and reduce the associated toxicity. Meanwhile, the 

antidote nanocapsules could be internalized by different liver cells including hepatocytes, Kupffer 

cells, and sinusoidal endothelial cells37. Note that hepatocytes account for around 80% of the liver 

cell population50. Targeted delivery of the antidote to hepatocytes could maximize the supply of 

intracellular NAD+ and minimize the accumulation of acetaldehyde. To simulate the physiological 
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environment and complexity of the liver, we may optimize the formulation of the antidote and 

investigate its delivery efficiency, efficacy, and biocompatibility of using human liver organoids. 

 

Figure 3-17. A liver-on-a-chip platform for optimizing the formulation and testing the safety 

and efficacy of the antidote. (a) The three main cell types of the liver tissue (80% hepatocytes, 

10% Kupffer-cells, 10% sinusoidal endothelial cells) will be mixed and cultured to form liver 

organoids. (b) The liver organoids will be transferred to a microfluidic chip for in situ 

measurements of the alcohol and acetaldehyde concentration, as well as the level of the metabolites 

and biomarkers. 
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Chapter 4. A bioinspired platform for the effective delivery of protein therapeutics 

to the central nervous system 

4.1 Protein delivery to the central nervous system 

Central nervous system (CNS) diseases, such as Alzheimer’s disease, Parkinson’s disease, stroke, 

and brain tumors, have become the most prevalent illness that remains poorly treated1,2. A key 

obstacle that constrains the treatment for CNS diseases is the blood-brain barrier (BBB), a highly 

restrictive barrier that separates the circulating blood from the brain and extracellular fluid in the 

CNS. More importantly, the BBB impedes the CNS entry of approximately 98% of small molecule 

drugs and nearly 100% of macromolecules (e.g., enzymes, growth factors, cytokines, and 

monoclonal antibodies)3,4.  

Extensive efforts have been devoted to improving the BBB penetration of therapeutic proteins. 

These strategies include the conjugation of proteins with polyethylene glycol (PEG), modification 

of proteins with charged or lipophilic molecules, and fusion of proteins with BBB-penetrative 

ligands. Nevertheless, conjugating proteins with PEG extends their circulation half-life but lacks an 

active mechanism for BBB penetration5,6. While modifying proteins with charged or lipophilic 

molecules enhances their adsorptive transcytosis7,8, this method also increases their immune 

clearance and nonspecific accumulation in the peripheral tissues9. Fusing proteins with BBB-

penetrative ligands enables their CNS entry through receptor-mediated transcytosis, whereas the 

penetration efficiency remains elusive.10 In addition, immune cells that can cross the BBB via 

extravasation11, as well as invasive physical methods (e.g., ultrasonic12 and microwave radiation13) 

that can transiently open the tight junctions on the BBB, were also explored to achieve the CNS 

delivery of therapeutic agents. Considering the immune privilege and the integrity of the CNS, the 

long-term safety of these disruptive methods still requires careful validation. Despite the decades 

of efforts, the effective delivery of protein therapeutics to the CNS remains a grand challenge. 
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4.2 A bioinspired design to cross the BBB 

To achieve effective delivery of therapeutic proteins to the CNS, we hypothesize that the desired 

vector should be taken up actively by the brain. For example, choline transporters (ChTs) are 

extensively expressed in the nervous system and on luminal brain capillary endothelial cells14,15. 

Through ChTs, choline is actively transported from the circulating blood to the brain for the 

synthesis of acetylcholine, phosphatidylcholine, and other molecules16,17. Through acetylcholine 

transporters, as-synthesized acetylcholine is stored and transported within the vesicles of neurons18 

and serves as an essential neurotransmitter and neuromodulator. It has been reported that the gene 

of enhanced green fluorescent protein (EGFP) was delivered to the CNS using a choline-derivative 

modified polylysine vector19. Small interference RNA (siRNA) was also delivered to the CNS using 

a peptide derived from the glycoprotein of rabies virus that binds to nicotinic acetylcholine 

receptors (nAChRs)15. The expression of those genes in the CNS was observed, whilst the delivery 

efficiency of these studies was not reported. Inspired by the active transport of choline and 

acetylcholine and the previous studies, we envision that therapeutic proteins could be effectively 

delivered to the CNS by encapsulating them within nanocapsules that contain choline and 

acetylcholine analogues.  

As illustrated in Figure 4-1, acetylcholine and choline interact with their receptors or 

transporters through electrostatic interactions and hydrogen bonding17,20,21. 2-methacryloyloxyethyl 

phosphorylcholine (MPC), a molecule that contains a similar molecular fingerprint, may interact 

with nAChRs and ChTs in the same fashion as acetylcholine and choline. Using MPC as the 

monomer, along with a degradable polylactide-based crosslinker, we synthesize a thin layer of 

polymer network around an individual protein molecule by in situ polymerization22,23. This 

encapsulation process creates protein nanocapsules with abundant choline and acetylcholine 

moieties on the surface. Mediated by nAChRs and ChTs, these nanocapsules can be transported 
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across the BBB effectively and release the payload in the brain, upon the degradation of the 

polylactide-based crosslinkers. In general, this simple encapsulation method applies to any protein 

of interest and enables their entry to the CNS.  

  

Figure 4-1. Design of the bioinspired delivery system for the effective delivery of 

therapeutic proteins to the CNS. 2-methacryloyloxyethyl phosphorylcholine (MPC, the 

monomer) and poly(lactide)-b-poly(ethylene glycol)-b-poly(lactide)-diacrylate triblock copolymer 

(polylactide-based crosslinker), are enriched around the protein molecule (I). The subsequent in 

situ polymerization grows a thin layer of polymer shell around the protein molecule, forming 

protein nanocapsules (II). Intravenously administered (III), the protein nanocapsules are 

transported across the BBB mediated by nAChRs and ChTs (IV) and release the protein cargoes in 

the CNS, upon the cleavage of the crosslinkers (V). 
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4.3 Methods 

4.3.1 Materials. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

noted and were used as received. Poly(DL-lactide)-b-poly(ethylene glycol)-b-poly(DL-lactide)-

diacrylate triblock copolymer (AI102) was purchased from PolySciTech, a division of Akina, Inc 

(West Lafayette, IN). Tetramethylrhodamine (TAMRA) NHS Ester was obtained from Click 

Chemistry Tools (Scottsdale, AZ). The horseradish peroxidase (HRP) was purchased from Calzyme 

Laboratories, Inc. The nerve growth factors (NGF) were from the Beijing Institute of Biotechnology. 

Rituximab was purchased from the UCLA pharmacy. PC12 and bEnd.3 cells were purchased from 

American Type Culture Collection (ATCC). Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin-

EDTA, and fetal bovine serum (FBS) were obtained from Corning (Corning, NY). CellTiter Blue cell 

viability kit was purchased from Promega (Madison, WI). The Corning transwell with permeable 

polyester membrane inserts and the Pierce BCA protein assay kit were purchased from Thermo 

Fisher Scientific (Waltham, MA). The primary antibody of ELISA (anti-rituximab antibody) was 

purchased from Bio-Rad Laboratories (Hercules, CA). The secondary antibody for ELISA detection 

(goat anti-Human IgG Fc cross-adsorbed secondary antibody, HRP) was purchased from Thermo 

Fisher Scientific Inc. Human beta-NGF ELISA kits were purchased from RayBiotech (Norcross, GA). 

BALB/c and C57BL/6J mice were purchased from the Jackson Laboratory. Rabbit anti-glial fibrillary 

acidic protein (GFAP) were purchased from Invitrogen. Anti-ionized calcium binding adaptor 

molecule 1 (Iba1) and anti-choline acetyltransferase (ChAT) antibodies were obtained from Abcam. 

Anti-glucose transporter (GLUT1) was purchased from EMD Millipore. Mono-sulfo-N-

hydroxylsuccinimide gold labeling reagent (#2025) and the GoldENhanceTM EM kit (#2113) were 

purchased from Nanoprobes (Yaphank, NY). The studies of juvenile rhesus macaques were 

conducted in the Institute of Medical Biology, Chinese Academy of Medical Sciences. The XT2000 
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SYSMEX (Japan) kit and BS-200 Mindray (China) kit were used for the blood routine and chemistry 

values analysis, respectively.  

 

4.3.2 Instruments. UV-Vis spectra were acquired with a Beckman-Coulter DU730 

spectrophotometer. Zeta potential and size distribution of the protein nanocapsules were measured 

on a Zetasizer Nano instrument (Malvern). Transmission electron microscopy (TEM) images were 

obtained on T12 Quick CryoEM and CryoET (FEI). The fluorescence intensity and absorbance were 

measured with an Infinite M200 Pro microplate reader (Tecan). Fluorescence-activated cell sorting 

results were performed on BD LSRFortessa (BD). Fluorescently stained cells and tissues were 

imaged with a DMi8 inverted fluorescence microscope (Leica) or a TCS-SP8-SMD confocal 

microscope (Leica). The optical imaging and quantification were performed on an IVIS Lumina II 

system (Perkin Elmer).  

 

4.3.3 The acryloylation of the proteins. For the nondegradable nanocapsules, the protein 

molecules were conjugated with polymerizable acryloyl groups before the encapsulation. Briefly, 

the proteins such as bovine serum albumin (BSA) and HRP were dialyzed against PBS to remove 

the inorganic salts. The concentration of the proteins was quantified via their UV absorbance (280 

nm), and a stock solution was prepared as 10 mg/mL in phosphate buffer saline (PBS). N-

acryloxysuccinimide (NAS) solution (10% in DMSO, w/v) was mixed with the protein solution at a 

molar ratio of 20:1 at room temperature for 4 hr. The protein solution was then thoroughly dialyzed 

against PBS with the dialysis tubing membrane (MWCO= 10 kDa, Sigma-Aldrich) to remove the 

unreacted components. The concentration of dialyzed protein solution was further quantified by 

the BCA assay with a protocol described as below and stored in -20 ˚C for further use.  
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4.3.4 Synthesis of nondegradable protein nanocapsules. After acryloylation, the proteins were 

encapsulated via in situ polymerization of monomers and crosslinkers. Protein solution (1 mg/mL) 

was mixed with the monomers (MPC, 40% w/v in PBS or polyethylene glycol methyl ether acrylate, 

20% w/v in PBS) and crosslinkers (bis-methacrylamide, 10% w/v in DMSO) via vortex, after which 

the polymerization was initiated by adding ammonium persulfate (APS, 10% w/v in PBS), N,N,N’,N’-

tetramethylethylenediamine (TEMED). The reaction mixture was kept in 4 ˚C for 2.5 hr and then 

dialyzed against PBS to remove the unreacted reagents.  

 

4.3.5 Synthesis of degradable protein nanocapsules. Protein nanocapsules of NGF and RTX 

were encapsulated without acryloylation using MPC (40% w/v in PBS) as the monomer, AI102 (10% 

w/v in PBS) and glycerol dimethacrylate (GDMA, 10% w/v in DMSO) as the crosslinkers, APS and 

TEMED as the initiators.  

 

4.3.6 The Synthesis of gold-labeled n(BSA). Native BSA (0.5 mg/mL) was reacted with mono-

sulfo-N-hydroxylsuccinimide gold-particle (1.4 nm) at a 2:1 molar ratio on an ice bath for 4 hr. Excess 

gold particles were removed by size-exclusion spin columns. The concentration of gold particles on 

each protein was determined by the UV/VIS spectrum at 420 nm (extinction coefficient ɛ420=155,000 

M-1 cm-1) as one gold-particle per BSA. The gold-labeled BSA was then used for the synthesis of 

nanocapsule as described above.  

 

4.3.7 The Purification of protein nanocapsules. Protein nanocapsules were purified with a 

hydrophobic interaction column (Phenyl-Sepharose CL-4B) to remove un-encapsulated proteins. 

For the purification of the nondegradable nanocapsules, 10×PBS was adopted as the elution buffer, 
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while 5×PBS was adopted for the degradable nanocapsules. The elution samples were collected, 

condensed by centrifugal filters (MWCO 30kDa), and exchanged to 1×PBS for further use. 

 

4.3.8 Determination of the protein nanocapsule concentration. The concentration of the 

nanocapsules, including n(BSA), n(HRP), n(RTX) and n(NGF), were determined by the 

concentration of protein in the nanocapsules via PierceTM BCA Protein Assay. Briefly, native 

proteins were diluted to a series of concentrations of 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and 

0.0078125 mg/mL, to establish a standard curve. The samples were then incubated with the BCA 

reagents at room temperature for 2 hr before measuring the absorbance at 562 nm.  

 

4.3.9 Determination of the protein nanocapsule activity. To determine the activity of HRP and 

n(HRP), a solution of 10 mM 3,3´,5,5´-tetramethylbenzidine (TMB) containing 0.5% hydrogen 

peroxide was freshly prepared in an acetic acid buffer. The sample to be tested (10 µL) was mixed 

with 5 µL TMB solution, 10 µL hydrogen peroxide solution and 75 µL acetic acid buffer (100 mM). 

The mixture was incubated at room temperature until the desired color was developed, then 25 µL 

of 2 M sulfuric acid was added to terminate the reaction. The absorbance at 450 nm of the samples 

was measured to determine the HRP activity.  

 

Figure 4-2. Enzyme activity of HRP and n(HRP). 
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The activity of NGF was determined by the differentiation of PC12 cells. Prior to the test, PC12 

cells were starved in RMPI 1640 and supplemented with 1% horse serum for 12 hr. Native NGF or 

n(NGF) was added to the cells with a final concentration of 50 ng/mL and cultured for 5 days. The 

cells were then fixed in formalin (4%, w/v in PBS), stained with Texas Red-phalloidin and Hoechst 

33342, and observed with a confocal microscope. To quantify the effect of native NGF or n(NGF) on 

the differentiation of PC12 cells, the percentage of cells, of which the length of the neurites is equal 

to or longer than the diameter of the cell body, over the total number of cells was calculated. 

 

4.3.10 TEM and DLS measurements of the nanocapsules. 10 μL nanocapsule solution (0.2 

mg/mL) was dropped onto a carbon-coated copper grid and incubated for 45 sec. The grid was then 

rinsed with deionized water three times and stained with 1% sodium phosphotungstate (pH 7.0).  

 

Figure 4-3. The TEM image of n(HRP) showing a uniform size around 30 nm. 

 

The size and zeta potentials of the nanocapsules were measured by DLS. The samples were 

diluted to 0.5 mg/mL in borate buffer (20 mM). To investigate the change in size and zeta potential 

over time under physiological conditions, n(BSA) (1 mg/mL) was incubated at 37 ˚C in PBS. The 

samples were collected and measured on day 0, 0.5, 1, 2, 3, and 4, respectively.  
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Figure 4-4. Size (a) and zeta potential (b) change of n(BSA), n(RTX) and n(NGF) over time at 37 

˚C in PBS buffer.  

 

4.3.11 The quantification of protein adsorption. To quantify the adsorption of protein on the 

nanocapsules, PBS, native BSA and n(BSA) (1 mg/mL) were mixed with mouse serum 1:1 (v/v) and 

incubated at 37 ˚C for 1 hr. Serum proteins were removed and washed three times with PBS by 

centrifugal filtration (MWCO 100kDa). The amount of serum protein adsorbed on the nanocapsules 

was determined by measuring the overall protein concentration via the BCA assay subtracting the 

amount of BSA. 

 

Figure 4-5. Quantification of serum protein adsorbed by native BSA or n(BSA) after incubation 

with mouse serum. Mouse serum mixed with the same volume of PBS was used as control. Data are 

presented as mean ± s.d. (n=3). 
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4.3.12 Enzyme-linked immunosorbent assay (ELISA). To detect the concentration of rituximab 

in the animal body fluids or PBS, ELISA plates were sequentially incubated with 1 µg/mL of anti-

rituximab antibody (diluted in sodium carbonate-bicarbonate buffer) and 1% BSA/PBS for 2 hr at 

room temperature. Solutions of rituximab (from 0 to 500 ng/mL) diluted in PBST (0.1% PBS /Tween) 

were then added and incubated for 1 hr at room temperature to obtain a standard curve.  

As-collected animal body fluids were treated with 100 mM sodium acetate buffer (pH 5.4) at 

4˚C overnight, and further incubated with ELISA plates for 1 hr at room temperature. After washing 

with PBST for five times, peroxidase-conjugated anti-human Fc antibody was added and incubated 

for 1 hr. A TMB solution was then added and incubated until the appropriate color was developed, 

after which the reaction was stopped, and the absorbance at 450 nm was measured with a plate 

reader. To obtain the release profile of n(RTX), n(RTX) was diluted with PBS or mouse plasma to 

25 μg/mL and incubated at 37 ˚C for 1 week. The concentration of native and released rituximab 

was measured by the above-mentioned ELISA protocol.  

 

4.3.13 Cell culture and cell viability assay. bEnd.3 cells were cultured in 25 cm2 tissue culture 

flasks with DMEM supplemented with 10% FBS and 1% penicillin/streptomycin (P/S). PC12 cells 

were cultured on 25 cm2 tissue culture flasks pretreated with polylysine (Sigma-Aldrich) and 

maintained by RPMI 1640 supplemented with 10% horse serum (HS), 5% FBS, and 1% P/S. 

The cell viability of bEnd.3 in the presence of n(BSA), n(HRP), n(RTX), and n(NGF) was 

measured by a CellTiter-Blue kit. For example, bEnd.3 cells were seeded into a 96-well plate with 

104 cells per well and cultured in DMEM with 10% FBS and 1% P/S for 3 days prior to the addition of 

the nanocapsules at 0.5 mg/mL. After incubation for 5 hr at 37 ˚C, CellTiter blue reagents were 

added to the culture media. The 96-well plates were placed on an orbital shaker at 150 rpm until 
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the desired color was observed. The fluorescence intensity (Ex=560 nm, Em=590 nm) was then 

measured.  

 

Figure 4-6. Cell viability of bEnd.3 cells treated with n(BSA), n(HRP), n(NGF), and n(RTX) at 

different concentrations. The cells treated with PBS were used as the control.  

 

4.3.14 Fluorescence-activated cell sorting (FACS). The fluorescence intensity of bEnd.3 

incubated with TAMRA labeled n(BSA) was quantified via FACS. bEnd.3 cells were cultured in 24-

well plate supplemented with DMEM medium with 10%FBS and 1% P/S. n(BSA) (0.5 mg/mL) was 

incubated with bEnd.3 cells at 37 ˚C and 4 ˚C for 2 hr, respectively. The bEnd.3 cells were then 

rinsed with PBS three times, trypsinized, fixed with 4% paraformaldehyde, centrifuged and re-

suspended in PBS, and analyzed with FACS. The samples were gated via FSC-A/FSC-H to get 

singlets, followed by FSC-A/SSC-A to identify cells of interest based on the size and granularity. 

Then the FSC-A/SSC-A gate was further analyzed for the fluorescence intensity of nanocapsules.  
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4.3.15 Transwell migration assay. bEnd.3 cells were seeded on the transwell with permeable 

polyester membrane inserts at 105 cells/well. The cell culture medium (DMEM, 10% FBS, and 1% 

P/S) in the apical and basolateral compartments were replaced every three days for 4 weeks. The 

successful construction of bEnd.3 monolayer was confirmed by fluorescence microscopy and the 

transendothelial electrical resistance (TEER).  

When the TEER of the transwell reached above 100 Ω·cm2, the transcytosis study of the 

nanocapsules was conducted. Before the addition of the nanocapsules, the medium in the 

basolateral compartment of the transwell was replaced with phenol-red free DMEM supplemented 

with 5% FBS and 2% PS to reduce the background for fluorescence intensity measurement. 100 µL 

TAMRA-labeled n(BSA) (0.5 mg/mL) was then introduced to the apical compartment at 37 ˚C, and 

the fluorescence intensity of the basolateral compartment was analyzed at various time points with 

a plate reader. 

The integrity of the in vitro BBB model was monitored by TEER. Briefly, the bEnd.3 monolayer 

was cultured for 4 weeks until the TEER reached 100 Ω·cm2. The TEER of the transwell before the 

administration of n(BSA) was referenced as 100 %. The TEER of the transwell was continuously 

monitored at 1, 2, 4, and 8 hr after the addition of n(BSA). 

 

Figure 4-7. Fluorescence images of a monolayer of bEnd.3 cells. The nuclei and actin were stained 

with Hoechst 33342 and Rhodamine-Phalloidin, respectively. 
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Figure 4-8. The TEER of bEnd.3 coated transwell exposed to 0.5 mg/mL n(BSA) at 37˚C. 

 

To investigate the initial penetration rate of n(BSA) through the bEnd.3 layers, a series of 

TAMRA-labeled n(BSA) were diluted to 2.0, 1.0, 0.5, 0.25, 0.125, 0.0625, 0.03125, and 0.015625 mg/mL. 

100 µL n(BSA) were introduced to the apical compartment and incubated for 3 hr at 37 ˚C, after 

which the fluorescence intensity of the basolateral compartment was analyzed. The profile of the 

penetration rate (rpenetration) vs. time was plotted and fitted with the equation 

𝑟"#$#%&'%()$ =
𝑉,'- ∙ 𝑐
𝐾' + 𝑐

 

where Ka is the apparent association constant, Vmax is the maximum penetration rate, and c is 

the concentration of n(BSA) added in the apical compartment.  

 

4.3.16 Pharmacokinetics and Biodistribution of the nanocapsules in mice. Animal research 

described in the study was conducted in accordance with the guidelines for housing and care of 

laboratory animals of the National Institutes of Health (NIH) and the Association for the 

Assessment and Accreditation of Laboratory Animal Care (AALAC) International. The animal 

protocol was approved by the Chancellor’s Animal Research Committee at UCLA. The 

pharmacokinetics of TAMRA-labeled n(BSA) in mice was obtained by monitoring the fluorescence 

intensity of n(BSA) in the plasma. Briefly, 5-week-old male BALB/c mice were administered 100 µL 
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n(BSA) (1 mg/mL) via tail-vein injection. Native BSA (1 mg/mL) was injected as a control. The blood 

samples (20 µL) were collected from the tail vein of the mice at 5 min, 6 hr, 12 hr, 24 hr, 36 hr, 48 

hr, 60 hr, 72 hr, and 90 hr post-injection. The blood samples collected were immediately centrifuged 

at 1500 rpm for 2 min to remove the blood cells. The supernatant was centrifuged at 1500 rpm for 

another 2 min to remove the blood cells completely. The supernatant was collected as the plasma 

samples.  

A standard curve was established to correlate the fluorescence intensity and concentration of 

n(BSA). The fluorescence intensity of a series of n(BSA) solution was prepared by diluting n(BSA) 

to 0.1, 0.05, 0.025, 0.0125, 0.00625, 0.003125, 0.0015625, and 0.00078125 mg/mL, respectively. In 

addition, mouse plasma was used as blank. The fluorescence intensity of n(BSA) (Ex=535 nm, 

Em=585 nm) in mouse plasma at each time point was then measured by a plate reader. 

The pharmacokinetics of n(RTX) in the mouse plasma and CSF were determined via ELISA. 

Briefly, male C57BL/6J mice were treated with 25 mg/kg native RTX or n(RTX) via tail vein injection. 

The blood samples (20 µL) were collected from the tail vein of mice at 1 hr, 3 hr, 7hr, 1 d, 2 d, 3 d, 5 

d, 7 d, 14 d, and 28 d post-injection. The CSF samples were collected at day 1, 4, 7, and 14 post-

injection. The concentration in the plasma and CSF were then quantified by ELISA described above. 

The biodistribution of n(BSA) was investigated by optical imaging. BALB/c mice were 

intravenously administered 100 µL TAMRA-labeled n(BSA) (1 mg/mL) via tail vein injection. 

Twenty-four hr post-injection, mice were perfused through the vascular system with PBS to achieve 

complete removal of the blood. The main organs (e.g., heart, liver, spleen, lung, kidney, brain, and 

lymph nodes) were harvested for ex vivo imaging.  

 

4.3.17 Immunohistochemical (IHC) and Immunofluorescent analysis. To assess the potential 

toxicity of n(BSA) in the CNS, mice were treated with 100 µL PBS or n(BSA) (1 mg/mL), and their 
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brain tissues were harvested after perfusion with PBS and paraformaldehyde (4%, w/v) 1-week post-

injection. Brain samples were embedded in paraffin and sectioned with 4-μm thickness by the 

Translational Pathology Core Laboratory at UCLA. Slides were stained with anti-GFAP and anti-

Iba1 antibodies for astrocytes and microglia. In brief, the slides were deparaffinized with xylene (20 

min for 2 times) and ethanol (15 min in 100% ethanol, 5 min in 95, 75, 60 and 50 % ethanol), and 

then rehydrated in PBS. The slides were boiled in 10 mM sodium citrate buffer for 20 min to retrieve 

antigens, washed with PBST for 3 times, and blocked with 1% BSA in PBST solution for 2 hr. The 

primary antibodies, including anti-GFAP (1:200) and anti-Iba1 (1:200) were incubated with the brain 

tissues at 4 ˚C overnight, and then detected with the ABC staining kit and DAB substrate kit. 

 

Figure 4-9. IHC staining and quantification of microglia and astrocytes in the brain tissues of mice 

treated with PBS or n(BSA). a, IHC images of the mouse brain stained with anti-Iba1 (microglia). b, 

Quantification of the Iba1 positive area in the brain of mice treated by PBS or n(BSA). c, IHC images 
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of the mouse brain stained with anti-GFAP (astrocyte). d, Quantification of the GFAP positive area 

in the brain of mice treated with PBS or n(BSA). Data are presented as mean ± s.d. (n=6). Scale bar, 

50 μm. 

 

The distribution of n(BSA) in mouse brain tissue was determined by immunofluorescent 

analysis. Mice were treated with 100 μL gold particle-labeled n(BSA) (1 mg/mL) and were perfused 

with PBS and paraformaldehyde (4%, w/v) 1-day post-injection. The brain tissues were prepared for 

staining, as mentioned above. n(BSA) were stained by the GoldEnhanceTM EM kit for 30 min at 

room temperature. Blood vessels and neurons were stained by anti-GLUT1 (1:200) and anti-ChAT 

(1:200) at 4 ˚C overnight. Sections were incubated with fluorescently-labeled secondary antibodies 

(1:1000) for 1.5 hr and DAPI for 5 min at room temperature. 
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Figure 4-10. Distribution of n(BSA) in the mouse brain parenchyma. a,b Immunofluorescence 

images of the mouse brain section stained with gold enhancement kit (black), anti-GLUT1 (red), 

and DAPI (blue). c,d Immunofluorescence images of the mouse brain section stained with gold 

enhancement kit (black), anti-ChAT (red), and DAPI (blue). Scale bar, 50 μm in a,c, 20 μm in b,d.  

 

4.3.18 Pharmacokinetics of nanocapsules in nonhuman primates (NHPs). The NHP study was 

performed at the Institute of Medical Biology, Chinese Academy of Medical Sciences. The animal 

protocol was approved by the local animal care committee. The pharmacokinetics of n(HRP) in 

NHPs (juvenile rhesus macaques) were determined by measuring the residual activity of n(HRP) in 

the plasma and CSF samples after intravenous infusion. Briefly, rhesus macaques (5-year old, 5.5 kg) 

were administered with n(HRP) at the dose of 2, 5, or 10 mg/kg. The blood samples of the rhesus 

macaques were collected on day 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 14 d post-injection. The CSF samples 

were collected on day 0, 1, 4, 7, 10, and 14 post-injection. A standard curve of n(HRP) was established 

by diluting n(HRP) to 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625, 0.007813, 0.003906, 0.001953, 

0.000977, and 0.000488 ng/mL. PBS solution was used as the blank. The plasma samples were 

diluted with PBS at 1:1000 (v/v), and the CSF samples were diluted with PBS at 1:100 (v/v). The 

activity of n(HRP) in the plasma and CSF was then measured as described above. It is worth noting 

that the hemoglobin in the red blood cells can also catalyze a redox reaction between TMB and 

hydrogen peroxide. Therefore, the plasma samples were carefully collected to avoid hemolysis.  



 

 68 

 

Figure 4-11. Blood biochemistry of rhesus macaques treated with n(HRP) (10 mg/kg). a, Globulin 

concentration, b, albumin concentration, c, albumin to globulin (A/G) ratio, d, total protein 

concentration and e, gamma-glutamyltransferase (GGT) concentration of rhesus macaques at day 

0, 1, 2, 3, 4, 5, 6, 7, 10 and 14 post administration. Data are presented as mean ± s.e.m (n=3).  
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Figure 4-12. Complete blood counts of rhesus macaques treated with n(HRP) (10 mg/kg). a, 

neutrophil percentage, b, lymphocyte percentage, c, monocyte percentage, d, counts of red blood 

cells, e, red cell distribution width standard deviation, f, red cell distribution width coefficient of 

variation, g, hemoglobin concentration, h, hematocrit, i, eosinophil, j, eosinophil percentage, k, 

basophil, l, basophil percentage, m, platelet, n, mean platelet volume, o, platelet distribution width, 

p, platelet large cell ratio, q, procalcitonin, r, mean corpuscular volume, s, mean corpuscular 

hemoglobin and t, mean corpuscular hemoglobin concentration of the rhesus macaques on day 0, 

1, 4, 7, 10 and 14 post administration. Data are presented as mean ± s.e.m (n=3).  

 

4.3.19 Statistics. Data are presented as means ± s.e.m unless otherwise indicated. Statistical 

analyses were performed with GraphPad Prism® 6 using the one way-ANOVA with a Turkey’s post-

hoc test for comparison of multiple groups and two-way ANOVA for comparison between different 

treatments. The P values of 0.05 or less are considered significant.  

 

4.4 Results and Discussion 

Protein nanocapsules of horseradish peroxidase (HRP, Mw = 44 kDa), bovine serum albumin 

(BSA, Mw = 66 kDa), nerve growth factor (NGF, Mw = 26 kDa), and rituximab (RTX, Mw = 145 kDa), 

were synthesized, denoted as n(Protein). n(BSA) and n(HRP) were synthesized with a 

nondegradable crosslinker and employed as the model protein to investigate the pharmacokinetic 

properties given their stability, manipulability, and low cost. NGF is a promising candidate for 

neurodegenerative diseases due to its biological role to prevent the death of cholinergic neurons in 

the human brain24,25. RTX is a clinically-used monoclonal antibody (anti-CD20) and approved by 

the Food and Drug Administration (FDA) for Non-Hodgkin’s Lymphoma (NHL) treatment26. Note 

that both NGF and RTX exhibit a poor bioavailability and thus limited therapeutic effects in the 
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CNS25,27,28. n(NGF) and n(RTX) were synthesized using a polylactide-based crosslinker that 

degrades in response to an acidic pH. Hydrolysis of the crosslinkers releases NGF and RTX from 

the nanocapsules to execute their biological functions. 

These nanocapsules shared a similar size of ~30 nm and zeta potential of ~0 mV, which were 

significantly different from their native counterparts (Figure 4-13a, b). Under transmission electron 

microscopy (TEM), n(BSA) and n(NGF) exhibited a uniform spherical morphology with an average 

diameter of 30 nm. It is worth mentioning that the neutral charge and zwitterionic structure of the 

nanocapsules can prolong their in vivo circulation half-life29. Moreover, considering the 

intracellular transport of nanoparticles, it takes the least energy to deform the cell membrane when 

the size of the nanoparticle is ~ 30 nm30, given that the extracellular space of the brain generally has 

a dimension between 40 to 60 nm31. The ability to synthesize nanocapsules with this optimal size 

would allow their effective transport across the BBB and within the CNS. The encapsulation process 

also retained the biological activity of the proteins (Figure 4-2) with negligible cytotoxicity. For 

example, mouse brain endothelial cells (bEnd.3) treated with 1 μM of n(BSA), n(HRP), n(RTX), or 

n(NGF) maintained more than 96% of their viability (Figure 4-3).  
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Figure 4-13. Structure, morphology, and sustained release of the protein nanocapsules. a, 

Size and b, zeta potential of n(BSA), n(HRP), n(NGF), n(RTX), and their native counterparts. c, 

TEM images of n(BSA) and n(NGF). Scale bar, 100 nm. d, Release kinetics of n(RTX) (25 µg/mL) in 

mouse serum (MS) or PBS at 37 ˚C. e, Confocal microscopy images of PC12 cells treated with native 

NGF (left) or n(NGF) (right) at 100 ng/mL. The nuclei and actin were stained with Hoechst 33342 

and Texas Red-Phalloidin, respectively. Scale bar, 50 μm. f, Percentage of differentiated PC12 cells 

induced by native NGF or NGF released from n(NGF). Data are presented as mean ± s.e.m (n=3).  

 

The ability to release the protein cargos from the nanocapsules was demonstrated using n(RTX) 

and n(NGF). When incubated in PBS or mouse serum (MS) at 37˚C, RTX was continuously released 

from n(RTX) for over one week (Figure 4-13d). Meanwhile, the size of n(RTX) reduced from 30 to 8 

nm (Figure 4-4a), and the zeta potential increased from 0 to 5 mV (Figure 4-4b) during this one-

week incubation. Similar results were also observed in n(NGF) (Figure 4-4a,b). After incubation 

with PC12 cells for 5 days, the NGF released from n(NGF) promoted the neurite growth to a similar 

level to native NGF (Figure 4-13e). We further counted the differentiated PC12 cells with the length 

of neurites (≥ 1) equal or longer than the diameter of the cell body on a daily basis and found that 

the sustained release of NGF from n(NGF) promoted the differentiation of PC12 cells more 

effectively than native NGF (Figure 4-13f). 

Next, we investigated the ability of the nanocapsules to penetrate the BBB using mouse brain 

endothelial cells (bEnd.3). bEnd.3 cells were incubated with TAMRA-labeled n(BSA) (TAMRA-

n(BSA)) at 37 ˚C or 4 ˚C for 2 hr and then analyzed with FACS. The result showed that 6.3% and 

0.4% of TAMRA-positive cell populations from the two incubations, respectively. The difference 

suggested that the transport of n(BSA) by bEnd.3 cells was an energy-dependent process (Figure 4-

14a). The BBB penetration was then examined in an in vitro BBB model by growing a dense layer of 



 

 73 

bEnd.3 cells on the apical surface of a transwell. The integrity of this cell monolayer was validated 

with fluorescence microscopy and the transendothelial electrical resistance (TEER) (Figure 4-5, 3-

6). TAMRA-n(BSA) was added to the apical compartment and the basolateral layer was regularly 

sampled to measure the percentage of nanocapsule penetration. For comparison, n(BSA) prepared 

using PEGMEA (PEG-n(BSA)) with a similar size and surface charge served as a control. Compared 

with PEG-n(BSA) that showed a penetration efficiency of <4%, n(BSA) continuously crossed the 

bEND.3 cells with an efficiency approaching ~20% after 8-hr incubation (Figure 4-14b). 

Furthermore, we compared the initial penetration rate (first 3 hr) with respect to different n(BSA) 

concentrations (Figure 4-14c). Interestingly, their correlation followed an enzymatic reaction-like 

profile and fit well with the Michaelis-Menten equation (R2 of 0.99). The apparent association 

constant between n(BSA) and bEnd.3 cells was 19 µM, and the maximum penetration rate was 1.2 

nmol⋅h-1⋅cm-2. Given that the Michaelis-Menten kinetics involves the formation of an enzyme-

substrate complex, this finding indicates that the nanocapsules may reversibly interact with the 

receptors on bEnd.3 cells during the transcytosis process.  
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Figure 4-14. Transport of n(BSA) through mouse brain endothelial cells (bEnd.3) in the 

transwell model. a, FACS analysis of bEnd.3 cells after incubation with TAMRA-n(BSA) (0.5 

mg/mL) at different temperatures (37˚C and 4˚C). b, Accumulative penetration efficiency of n(BSA) 

and PEG-n(BSA) through a monolayer of bEnd.3 cells in the transwell. c, The initial penetration 

rates of n(BSA) through the bEnd.3 cell monolayer at different concentrations. d-f, The penetration 

efficiency of n(BSA) through the bEnd.3 layer in the presence of d, MPC, e, acetylcholine (ACh) or 

choline (Ch), and f, α-BTX or HC3. n(BSA) were incubated with α-BTX or HC3 for 1 hr before adding 

to the bEnd.3 cells. Data are presented as mean ± s.e.m (n=3). ****P < 0.0001.  

 

To investigate the role that receptors or transporters play in the transcytosis process, we 

measured the penetration efficiency of n(BSA) in the presence of MPC (n(BSA):MPC, 1:1000, n/n). 

As a result, the penetration efficiency of n(BSA) decreased from 17.9 % to 9.9 % after 5-hr incubation 

with bEnd.3 cells, suggesting that the MPC moieties engaged in the transcytosis of nanocapsules. 

As we proposed, MPC could interact with nAChRs or ChTs in a similar fashion to acetylcholine 

(Ach) or choline (Ach) because of their molecular analogy. We further added Ach or Ch together 

with n(BSA) to the transwell with a molar ratio of 100:1 (Ach or Ch:n(BSA), n/n) to measure the 

penetration efficiency. The results showed a decrease in n(BSA) penetration from 17.9 % (no 

additives) to 11 % (with ACh) or 10 % (with Ch), indicating a competition between Ach or Ch and 

n(BSA) for nAChRs or ChTs for transcytosis. To further validate the role of those receptors, we pre-

incubated bEnd.3 cells with α-bungarotoxin (α-BTX, 30 μM), an irreversible inhibitor for nAChRs32, 

before the addition of n(BSA) (Figure 4-14f). After 5 hr, the penetration efficiency dropped from 

17.9% to 10.6%, a similar decrease as induced by Ach. This inhibitory effect was also observed in the 

presence of hemicholinium-3 (HC3), an inhibitor for ChTs17. These studies collectively confirm that 

the transcytosis of nanocapsules across the bEnd.3 cells is mediated by nAChRs and ChTs. 
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Compared to the apparent binding affinity of acetylcholine to nAChR (3-30 μM)33,34 and choline to 

ChT (30-450 μM)35,36, n(BSA) exhibits a similar binding affinity to these receptors (~19 μM). 

Considering that the amount of the nanocapsules delivered to the CNS is in the nanomolar range, 

we do not anticipate any interference with the normal neural activity.  

 

Figure 4-15. Pharmacokinetics, biodistribution, delivery efficiency, and biocompatibility of 

protein nanocapsules in mice and nonhuman primates. a, Pharmacokinetics of native BSA 

and n(BSA) (1 mg/mL) in mice after intravenous injection. b, Ex vivo imaging and c, the normalized 

fluorescence intensity of major organs (e.g., brain, heart, liver, spleen, lung, kidney, and lymph 
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nodes) from mice treated with native BSA or n(BSA). Twenty-four hr post-injection, mice were 

perfused with PBS for organ harvesting. d, Plasma, and e, CSF concentration of RTX in mice 

injected with native RTX or n(RTX) at 5 mg/kg body weight. f, TEM image of the CSF from rhesus 

macaques 24-hr post-injection of n(HRP) at 10 mg/kg body weight. g, Plasma and h, CSF 

concentration of n(HRP), and i, the h/g ratio in rhesus macaques after intravenous administration 

of 2.5, 5.0, and 10 mg/kg body weight of n(HRP). (n=2) j, Hepatic and k, Renal function, and l, 

hematology assessment of rhesus macaques administered with n(HRP). ALT, alanine 

aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase. Data are presented 

as mean ± s.e.m (n=3). ****P < 0.0001. 

 

The in vivo BBB penetration of nanocapsules was first examined in mice. Encapsulating proteins 

with MPC-based polymers led to prolonged circulation lifetime, given that zwitterionic structures 

avoided the adsorption of serum proteins (Figure 4-8). Based on the one-compartment model, we 

determined the circulation half-life of n(BSA) to be 48.8 hr, which is 6.3-fold longer than that of 

native BSA (7.8 hr). More importantly, the ex vivo imaging showed a significantly higher amount of 

n(BSA) accumulated in the brain, representing a 42-fold increase compared with native BSA (Figure 

4-15c). The distribution of n(BSA) in the brain parenchyma was further examined with 

immunofluorescent histopathology analysis 1-day post-injection (Figure 4-9). Outside the blood 

vessels (anti-GluT1), n(BSA) distributed uniformly in the extracellular space around cholinergic 

neurons (anti-ChAT) without a noticeable concentration gradient. The ability to cross the BBB and 

diffuse evenly across the CNS tissue, instead of a localized accumulation, renders this delivery 

strategy a great advantage in treating CNS diseases that continuously degenerate or require tissue 

penetration.  
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We further administered native RTX or n(RTX) to mice and determined their pharmacokinetic 

profiles (Figure 4-15d). Because of the well-engineered IgG-like structure37, native RTX exhibited a 

long circulation half-life in the plasma with exponential decay. n(RTX) achieved a similar 

circulation half-life given its MPC encapsulation, while the plasma RTX concentration remained 

nearly constant for the 1st week due to the sustained release of n(RTX) (Figure 4-13e). Nonetheless, 

the RTX concentration in the CSF of mice given native RTX was 0.18 and 0.025 µg/mL on day 1 and 

4, corresponding to 0.08% and 0.01% of its plasma concentration (Figure 4-15e). In contrast, the 

RTX in the CSF of mice treated with n(RTX) reached 0.87 and 0.73 µg/mL on day 1 and 4, 

corresponding to 0.7% and 0.6% of the plasma concentration, respectively. Compared with native 

RTX, n(RTX) achieved 5- and 29-fold higher concentrations in the CSF on day 1 and 4. Even on day 

14, the RTX concentration in the CSF remained ~0.6% of the plasma concentration in the n(RTX) 

group, representing a 7-fold increase compared with the native RTX on day 1. To examine the 

biocompatibility of the nanocapsules in the CNS, the inflammatory activation of microglia (Iba1) 

and astrocytes (GFAP) following an administration of n(BSA) was studied by immunohistochemical 

staining. Compared to the mice treated with PBS, there is no significant elevation of activated 

microglias or reactive astrocytes in the brain of mice given n(BSA) (Figure 4-7, a-d).  

 

The ability to deliver proteins to the CNS was further validated in nonhuman primates. n(HRP) 

was used as a model protein and intravenously administered to rhesus macaques at 2.5, 5.0, and 

10.0 mg/kg body weight. The CSF sample was collected 1-day post-injection (10.0 mg/kg group) and 

imaged with TEM (Figure 4-15f). Spherical particles with a diameter ~30 nm were observed, whose 

morphology resembled n(HRP) in PBS (Figure 4-10). Since CSF is a nearly protein-free fluid and the 

size of residual proteins is less than 10 nm, this observation provides direct evidence of n(HRP) 

entering to the CNS. With different doses of n(HRP) administered, we also found that the plasma 
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concentration of n(HRP) was dose-dependent, showing an initial concentration of 0.5, 0.9, and 3.4 

µg/mL and a half-life of 0.7, 2.0, and 2.1 days, respectively (Figure 4-15g,h). Interestingly, n(HRP) 

concentration in the CSF correlated well with its plasma concentration, showing 5.57, 24.17, and 

68.21 ng/mL on day 1, corresponding to 1.12%, 2.63%, and 1.99% of the plasma concentration, 

respectively (Figure 4-15i). On day 7, the CSF concentration of n(HRP) peaked at 5.3% of the plasma 

concentration in the 10 mg/kg group and gradually decreased within the following week. Even on 

day 14, n(HRP) remained (3.9 ng/mL) in the CSF, corresponding to 2.3% of its plasma concentration 

(168.6 ng/mL) in the 10 mg/kg group. These pharmacokinetic studies reaffirm the effectiveness of 

this delivery strategy in nonhuman primates and provide a therapeutic range in terms of different 

initial doses.  

The biocompatibility of the nanocapsules was evaluated in rhesus macaques given n(HRP) at 10 

mg/kg body weight. The hepatic function was analyzed by the plasma level of alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) (Figure 

4-15j). A slightly increased level of ALT (83.1 U/L) was observed on day 2 post-injection but quickly 

recovered to a normal value after day 3 (5.5 ~ 63.4 U/L). The level of AST followed a similar pattern 

with an initial increase and a quick return to the normal range (18.4 ~ 76.2 U/L). Additional hepatic 

biochemistry indexes related to the hepatic function, including globulin, albumin, albumin to 

globulin (A/G) ratio, total protein concentration, and gamma-glutamyltransferase (GGT) level were 

also measured. All these indexes remained within the normal ranges throughout the study (Figure 

4-11). In addition, the renal function of rhesus macaques was examined via the level of creatinine, 

uric acid, and urea, all of which were nearly unchanged and fell within the normal range (Figure 4-

15k). These results indicate that, even at the highest dose (10 mg/kg body weight), the intravenously 

administered nanocapsules do not induce tissue toxicity in the liver or kidneys.  
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The systemic toxicity of the nanocapsules was further evaluated by the complete blood routine 

test. The counts of white blood cells, lymphocytes, monocytes, neutrophils (Figure 4-15l), as well as 

eosinophils and basophils (Figure 4-12) remained unchanged, indicating an absence of 

inflammatory responses to the nanocapsule administration. Other hematological parameters, 

including the count of red blood cells, platelets, the level of hemoglobin and hematocrit, and mean 

corpuscular volume, were also analyzed. All of these parameters were within the normal range 

without any evidence of hematopoietic malfunction (Figure 4-12). These comprehensive 

examinations suggest that the nanocapsules exhibit excellent biocompatibility without inducing 

any systemic toxicity in nonhuman primates.  

 

4.5 Conclusions 

To summarize, we have developed a delivery platform, which enables the effective delivery of 

therapeutic proteins to the CNS in mice and nonhuman primates. Through encapsulating proteins 

within nanocapsules that contain choline and acetylcholine analogues, this platform applies to a 

wide variety of therapeutic proteins and renders them the ability to penetrate the BBB and enter 

the CNS. We also expect to extend this method for therapeutic agents beyond proteins, such as 

nucleic acids and small molecule drugs, to allow treatments for neurodegenerative diseases and 

CNS injuries.  

 

4.6 Future directions 

Amyloid plaques are one of the hallmarks of Alzheimer’s disease, in which their presence causes 

neurotoxicity and eventually leads to cell deaths38,39. Amyloid-beta (Aβ) is identified as the main 

component of the plagues and is prone to aggregation. Given the balance between aggregation and 

dissolution of Aβ, therapies that can remove soluble Aβ from the brain represents a viable approach. 
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Over the past decades, Eli Lilly has been a pioneer in the design of anti-Aβ antibodies, and more 

recently, solanezumab was being tested in clinical trials among patients with mild to medium 

dementia. With an enrollment of >2,000 patients in the U.S., the clinical trial “Expedition3” (funded 

by Eli Lilly, ClinicalTrials.gov number, NCT01900665) came to an unfortunate conclusion that 

solanezumab did not significantly affect the cognitive decline in patients with mild Alzheimer’s 

disease40.  

 

Figure 4-16. The results for the primary outcome, the least-squares mean change from baseline 

(dashed line) in the score on the 14-item cognitive subscale of the Alzheimer’s Disease Assessment 

Scale (on a scale from 0 to 90, with higher scores indicating greater cognitive impairment). Figure 

reproduced from “Trial of solanezumab for mild dementia due to Alzheimer’s disease,” N. Engl. J. 

Med. 2018, 378(4) 321-330.  

 

The authors found that solanezumab could not reduce the amyloid deposits in the brain, 

although it removed >90% of Aβ in the plasma. The reduction in the peripheral Aβ, however, did 

not lead to any clinically meaningful cognitive benefits. The insufficient removal of cerebral Aβ 
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could be attributed to the limited bioavailability of solanezumab in the brain, given that the CSF 

concentration of the antibody was only 0.1~0.3% of the plasma concentration. Such a concentration 

was too low to neutralize Aβ in the brain or to produce a noticeable therapeutic effect. Additional 

possibilities about the failure of solanezumab may also involve the role of Aβ and the pathogenesis 

of Alzheimer’s disease aside from Aβ.  

From an engineering perspective, we recognize that the limited BBB penetration and CNS entry 

of solanezumab represents a bottleneck for the clearance of Aβ in the brain. With the CNS delivery 

platform discussed in this chapter, it is worth thinking about delivering antibody drugs with the 

nanocapsule technology and re-evaluating its therapeutic effect. For instance, the nanocapsules of 

anti-Aβ antibodies could be introduced to Alzheimer’s animal models with Aβ-pathologies to 

measure the removal of Aβ in the peripheral and the CNS. Because of the general applicability of 

the nanocapsule platform, newly developed antibody drugs targeting other Alzheimer’s biomarkers 

(e.g., tau) could also be investigated with a similar regime.  
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Chapter 5. Efficient delivery of nerve growth factors to the central nervous system for 

neural regeneration.  

5.1 Neurotrophins and their delivery to the central nervous system 

Nerve growth factor (NGF), the first discovered member of the neurotrophin family, plays a 

major role in the neural development of the central nervous system (CNS)1–3. In adults, endogenous 

secretion of NGF is involved in a plethora of physiological functions, such as the phenotypic and 

functional maintenance of sensory neurons and sympathetic fibers in the peripheral nervous 

system4. In pathological conditions, the neuroprotective and neurotrophic properties of NGF are 

impaired, and its endogenous level is depleted in the injured nerves and axons, while relatively 

preserved in areas distal to the injury5,6. NGF and other neurotrophins, in this context, appear as 

promising therapeutic agents for neural regeneration in CNS disorders such as Alzheimer’s disease, 

Lou Gehrig’s disease, stroke, and spinal cord injury7,8. Neurotrophins, however, generally exhibit 

small size and high polarity, resulting in unfavorable biodistribution and insufficient bioavailability 

upon systemic delivery7. It is even more challenging to deliver neurotrophins to the CNS due to 

their inability to cross the blood-brain barrier (BBB) when systemically administered9.  

To date, different strategies have been explored to deliver neurotrophins across the BBB, such 

as neurotrophin-antibody conjugates (e.g., anti-transferrin antibody) through receptor-mediated 

transcytosis. Although this delivery system was associated with improved pharmacokinetics, the 

entry of neurotrophins in the CNS remained suboptimal10,11. Viral-vectors were also employed to 

deliver neurotrophin-expressing genes to the CNS and induce local production of neurotrophins12. 

These vectors, however, raised safety concerns over the absence of transcriptional control13. 

Similarly, genetically modified cells that secrete neurotrophins were transplanted after injury7, but 

were associated with the unpredicted inflammatory response from the host organ14. In addition, the 

implantation of neurotrophin-loaded scaffolds to an injured CNS was investigated15, but remained 
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unsuccessful due to the difficulty to modulate the release kinetics of the neurotrophins, as well as 

the operative and post-operative risks associated with invasive surgeries.  

 

5.2 Nanocarrier design to cross the BBB 

In this chapter, we introduce a delivery method that enables an efficient entry of neurotrophins 

into the CNS after intravenous administration via the endogenous neurotransmitter transport 

systems (Figure 5-1a,b). The high-affinity choline transporters (ChTs) on the surface of CNS 

microvascular endothelial cells are responsible for choline adsorption from circulating blood to 

neurons16. Once absorbed, choline turns into the neurotransmitter, acetylcholine, which is 

transported from the pre- to the post-synaptic neuron via nicotinic acetylcholine receptors 

(nAChRs). Furthermore, nAChRs, which are widely expressed in the nervous system and on the 

luminal brain capillary endothelial cells17, have been exploited to deliver genes to the CNS18. We 

hypothesize that neurotrophins could be encapsulated within nanocapsules that contain 

acetylcholine and choline analogues. Facilitated by ChTs and nAChRs, the encapsulated 

neurotrophins could cross the BBB19,20 and be released in the CNS to promote tissue repair after 

injury. In the following study of this chapter, NGF is used as a representative neurotrophin. 

The encapsulation of NGF is achieved by in situ polymerization21, in which 2-

methacryloyloxyethyl phosphorylcholine (MPC), a molecule analogous to choline and 

acetylcholine, is used as the monomer, and polylactic acid (PLA) diacrylate, a hydrolysable 

molecule in the physiological environment, is used as the crosslinker. As depicted in Figure 5-1a, 

MPC and PLA diacrylate are enriched around NGF molecules via electrostatic interactions22–25. The 

subsequent polymerization grows a thin layer of polymer around the NGF, forming NGF 

nanocapsules that contain choline and acetylcholine analogues on the polymer shell for BBB 

penetration. Hydrolysis of the crosslinkers breaks down the nanocapsule shell, allowing sustained 
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release of NGF (Figure 5-1b,c). This strategy enables effective delivery of NGF to the CNS for a broad 

range of therapeutic uses, exemplified herein by the treatment of spinal cord injury, which is one 

of the most devastating CNS injuries26. In addition, the acute injury could disrupt local vasculature27 

and induce a decrease in pH28, where NGF nanocapsules could be extravasated from the 

disorganized blood vessels and accumulated at the injury site29, releasing NGF for neural 

regeneration (Figure 5-1c).  

 

Figure 5-1. Design and synthesis of NGF nanocapsules for CNS repair after injury. a, 

Schematic illustration of the two-step synthesis of NGF nanocapsules: (1) the monomer 2-

methacryloyloxyethyl phosphorylcholine (MPC), and the crosslinker polylactic acid (PLA) 

diacrylate are enriched around each NGF molecule; (2) Subsequent in situ polymerization grows a 

thin polymer layer around each NGF molecule, forming NGF nanocapsules. b, Schematic 

illustration of intravenously administered NGF nanocapsules crossing the BBB and entering the 
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CNS, and c, releasing the NGF upon the degradation of the nanocapsule shells at the injured site of 

the spinal cord. 

 

5.3 Methods 

5.3.1 Reagents. Recombinant human nerve growth factor (NGF) was expressed and purified in 

Chinese hamster ovary (CHO) cells at Beijing Institute of Biotechnology. Transferrin (Tf), 2-

methacryloyloxyethyl phosphorylcholine (MPC), glycerol dimethacrylate (GDMA), N,N′-

methylenebisacrylamide (BIS), ammonium persulfate (APS), N,N,N',N'-

tetramethylethylenediamine (TEMED), deuterium oxide (D2O), Phenyl-Sepharose CL-4B, poly-D-

lysine were purchased from Sigma Aldrich (St. Louis, MO) and used as received. Poly(DL-lactide)-

b-poly(ethylene glycol)-b-Poly(DL-lactide) diacrylate (PLA-diacrylate, PLA:PEG:PLA = 2:24:2) was 

purchased from PolySciTech (West Lafayette, IN). Dulbecco’s Modified Eagle Media (DMEM), 

Roswell Park Memorial Institute 1640 Medium (RPMI), fetal bovine serum (FBS), equine serum (ES), 

penicillin/streptomycin (P/S, 1%), trypsin-EDTA (0.25%) were purchased from Corning (Corning, 

NY). Hanks’ Balanced Salt Solution (HBSS), FluoroBrite DMEM, Neurobasal medium, B27 

supplement, Fluorescein NHS ester, Alexa Fluor 680 NHS Ester, Zeba Spin Desalting Columns (7K 

MWCO) were purchased from Thermo Fisher Scientific (Waltham, MA). Human beta-NGF ELISA 

kits were purchased from RayBiotech (Norcross, GA). CellTiter Blue Assay Kit was purchased from 

Promega (Madison, WI). Tetramethylrhodamine (TAMRA) NHS Ester was purchased from Click 

Chemistry Tools (Scottsdale, AZ). Dietary supplements for mice including Diet-gels and hydrogels 

were purchased from ClearH2O (Westbrook, ME).  

 

5.3.2 Instruments. Transmission electron microscopy (TEM) images were acquired on Tecnai T12 

Cryo-electron microscope (FEI) operating with an acceleration voltage of 120 kV. Dynamic light 
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scattering (DLS) measurements were performed on a Zetasizer Nano instrument (Malvern) with a 

10-mW helium-neon laser and thermoelectric temperature controller. 1H nuclear magnetic 

resonance (NMR) spectra were recorded on a 400 MHz Bruker AV400 spectrometer. Fluorescence 

intensity was measured with Infinite M200 Pro microplate reader (Tecan). Fluorescently stained 

cells and tissues were imaged with a DMi8 inverted fluorescence microscope (Leica) or a TCS-SP8-

SMD confocal microscope (Leica). Optical imaging was acquired with IVIS Lumina II Imaging 

System (PerkinElmer) and analyzed with Living Image Software (PerkinElmer).  

 

5.3.3 Cell culture. J774A.1, C8-B4, bEND.3, and PC12 cells were purchased from American Type 

Culture Collection (ATCC) in the last three years where they have been authenticated by short 

tandem repeat profiling. J774A.1, C8-B4, and bEND.3 cells were cultured on 25 cm2 tissue culture 

flasks and maintained by DMEM, supplemented with 10% FBS and 1% P/S. PC12 cells were cultured 

on 25 cm2 tissue culture flasks (pre-coated with 0.1 mg/mL poly-D-lysine) and maintained by RPMI, 

supplemented with 10% ES, 5% FBS, and 1% P/S. Primary culture of hippocampal neurons was 

prepared as previously described30. Timed pregnant C57BL/6J mice (The Jackson Laboratory) were 

euthanized with CO2. Hippocampi were isolated from mouse embryos and digested with trypsin-

EDTA at 37 ˚C for 15 min. The digested tissues were washed with HBSS three times and then 

transferred to culture medium consisting of Neurobasal medium and 2% (v/v) B27 supplement. The 

tissues were gently triturated in the culture medium until there were no chunks of tissue left. 

Dissociated cells were then counted and plated onto poly-D-lysine-coated 48-well plates (2000 cells 

per well). Mouse neuronal culture was maintained in the culture medium in a humidified 

atmosphere of 5% CO2 at 37 ˚C.  
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5.3.4 Synthesis of degradable NGF nanocapsules. NGF (~1.25 mg/mL) was first dissolved in 

phosphate buffer saline (PBS). Then MPC (6000:1, n/n, MPC:NGF) as the monomer, PLA-diacrylate 

(400:1, n/n, PLA-diacrylate:NGF) and GDMA (200:1, n/n, GDMA:NGF) as the degradable 

crosslinkers were added to the NGF solution. The in situ polymerization was initiated with APS 

(300:1, n/n, APS:NGF) and TEMED (2:1, w/w, TEMED:APS), and maintained at 4 ˚C for 1 hr before 

the reaction mixture was thoroughly dialyzed in PBS. The reaction mixture was further purified 

with a hydrophobic interaction column (Phenyl-Sepharose CL-4B), using 10×PBS as the elution 

buffer, with an average yield of 55~60%. The purified n(NGF) was concentrated with centrifugal 

filters and its concentration was determined with the bicinchoninic acid (BCA) assay using a 

standard curve established by native NGF. The samples were adjusted to 0.5 mg/mL and stored at 

-80 ˚C for later experiments.  

 

5.3.5 Synthesis of non-degradable NGF and Tf nanocapsules. The synthesis of non-degradable 

n(NGF), denoted as n(NGF)ND was similar to that of degradable n(NGF). Instead of using 

degradable crosslinkers, BIS (600:1, n/n, BIS:NGF) was employed as the non-degradable crosslinker 

in the polymerization reaction. The reaction was maintained at 4 ˚C for 1 hr, followed by the same 

purification procedures as n(NGF). 

The synthesis of Tf nanocapsules, denoted as n(Tf) was similar to that of n(NGF)ND. Tf was first 

conjugated with N-acryloxysuccinimide (NAS, 20:1, n/n, NAS:Tf) and then dialyzed in PBS. NAS-

modified Tf was then mixed with MPC and BIS (Tf:MPC:BIS = 1:3000:400), followed by the in situ 

polymerization initiated with APS and TEMED (Tf:APS:TEMED = 1:400:800). The reaction was 

maintained at 4 ˚C for 1 hr, followed by similar purification procedures as n(NGF).  

 



 92 

5.3.6 TEM and DLS studies. Protein nanocapsules (2 µL, 0.5 mg/mL) were pipetted to a carbon-

coated copper grid (Ted Pella) and incubated for 1 min, followed by negative staining with uranyl 

acetate (2%, w/v). TEM images were then acquired with the Tecnai T12 cryo-electron microscope. 

DLS measurements were conducted on the Zetasizer Nano instrument. Native NGF was dissolved 

in sodium acetate buffer (20 mM, pH 5.5) for the hydrodynamic size and zeta potential 

measurements. Native Tf and all protein nanocapsules were dissolved in phosphate buffer (10 mM, 

pH 7.0) for the DLS tests. The stability of n(NGF) was assessed by monitoring its hydrodynamic size 

in PBS (pH 7.4) at 4 ˚C for 7 days. The aggregation of native NGF was studied by monitoring the 

change of its polydispersity index (PDI) and Z-average diameter in MES buffer (50 mM, pH 6.0) at 

37 ˚C for 5 days.  

 

Figure 5-2. Characterization of native NGF and n(NGF). a, Size distribution of native NGF and 

n(NGF) measured by dynamic light scattering (DLS). The polydispersity index (PDI) of n(NGF) is 

0.224. b, Electrostatic surface of native NGF. The image was generated with PyMOL. Scale bar, 53.19 

× 38.88 × 64.75 Å (length × width × height). c, Stability of n(NGF) in PBS (pH 7.4) at 4 ˚C. (n=3) d, 
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Change in polydispersity index (PDI) and Z-average diameter of native NGF incubated in MES 

buffer (pH 6.0) at 37 ˚C. (n=3) 

5.3.7 NMR study. The synthesis of the NGF-free polyMPC (PMPC) and the copolymer of MPC and 

PLA-diacrylate (PMPC-PLA) adopted the same protocol as the one used for the nanocapsule 

synthesis. All reagents were dissolved in D2O for NMR measurements. MPC alone, or MPC and 

PLA-diacrylate with a ratio of 6000:400 (n/n) was used for in situ polymerization, initiated by APS 

(300:6000, n/n, APS:MPC) and TEMED (2:1, w/w, TEMED:APS). After polymerization for 1 hr, the 

solution was purified with a Zeba desalting column (7K MWCO) and the eluent was used for the 

1H-NMR study. PMPC-PLA was also incubated at an acidic pH overnight to analyze its hydrolysis.  

 

Figure 5-3. 1H-NMR spectra of a, MPC, b, PMPC, c, PLA diacrylate (x=2, y=24, z=2), d, the 

copolymer of MPC and PLA diacrylate, and e, the copolymer after hydrolysis.  
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5.3.8 Release kinetics of n(NGF). Native NGF and n(NGF) at a final concentration of 10 µg/mL 

was incubated at different pH conditions (pH 6.0 and pH 7.4) at 37 ˚C for 10 days. Native NGF was 

kept at pH 6.0, and n(NGF) was kept at pH 6.0 and 7.4. The mixture in each group was sampled on 

day 0, 1, 2, 3, 4, 5, 7, and 10. The samples were measured with ELISA with a standard curve 

established per manufacturer’s instructions.  

 

5.3.9 Protein adsorption assay. Native NGF and n(NGF) were conjugated with NHS-Fluorescein 

for quantification. PBS (10 µL, pH 7.4), native NGF (10 µL, 1 mg/mL), and n(NGF) (10 µL, 1 mg/mL) 

were mixed with 30 µL mouse serum and incubated at 37 ˚C for 30 min. After incubation, the 

samples were filtered and washed 3 times with PBS using centrifugal filtration (molecular weight 

cut-off, 100 kDa) to remove unabsorbed serum proteins. Reconstituted with 50 µL PBS, the amount 

of NGF in each sample was determined by measuring the fluorescein absorbance at a wavelength 

of 450 nm with a Nanodrop spectrophotometer. To better quantify the amount of serum proteins 

adsorbed, specific amounts of native NGF were added to samples to ensure identical concentrations. 

The amount of protein adsorbed was determined by measuring the overall protein concentration 

of each sample using the bicinchoninic acid (BCA) assays and bovine serum albumin (BSA) as the 

standard.  

 

5.3.10 PC12 differentiation assay. Before the treatment, PC12 cells were switched to differentiation 

media consisting of RPMI, 1% ES, and 1% P/S for 12 hr. Then, native NGF, n(NGF), and n(NGF)ND 

were added with a final concentration of 100 and 200 ng/mL. PC12 cells were imaged at three 

random regions of each well with 100~200 cells under phase contrast every other day for five days. 

The number of PC12 cells with extended neurites (> 50 µm) were then counted from the images 

taken at different regions. On day five, the cells were washed, fixed with paraformaldehyde (4%, 
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w/v), permeated with Triton X-100 (0.5%, w/v), blocked with BSA (5%, w/v), and stained with Texas-

Red phalloidin for actin and Hoechst 33342 for nuclei. Cells were then imaged with the TCS-SP8-

SMD confocal microscope.  

 

5.3.11 Differentiation of primary hippocampal neuron. Primary hippocampal neurons were 

maintained in Neurobasal medium with 2% (v/v) B-27 supplements. Then, native NGF and n(NGF) 

were added with a final concentration of 100 ng/mL and treated for five days. On day five, the cells 

were washed, fixed with paraformaldehyde (4%, w/v), permeated with Triton X-100 (0.5%, w/v), 

and blocked with normal goat serum (10%, w/v). Cells were incubated with rabbit anti-Iba1 (Abcam, 

ab178847, 1:100) and mouse anti-NeuN (Abcam, ab104224, 1: 100) overnight, followed by Alexa 488 

(Abcam, ab150077, 1:1000) or 594 (Abcam, ab150116, 1:1000) conjugated goat secondary antibodies 

for 2 hr at room temperature. Hoechst 33342 was added to the final wash for nuclei staining. Cells 

were then imaged with the fluorescence microscope. 

 

5.3.12 PC12 cell viability assay. PC12 cells were seeded in a 96-well plate (104 cells/well) and 

cultured in RPMI with 10% ES and 5% FBS. One-day before the addition of NGF samples, PC12 cells 

were switched to differentiation media consisting of RPMI, 1% ES, and 1% P/S for 12 hr. Native NGF 

or n(NGF) were then added to the cells with different final concentrations (10, 20, 50, 100 200 ng/mL) 

and incubated for 24 hr. The cell viability was measured with CellTiter Blue Assay.  
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Figure 5-4. In vitro characterization of n(NGF)ND and bioactivity of native NGF and n(NGF) 

in PC12 cells and primary mouse neurons. a, TEM image of n(NGF)ND. Scale bar, 100 nm. b,c 

Size distribution (b), and zeta potentials (c), of native NGF and n(NGF)ND measured by DLS. The 

PDI of n(NGF)ND is 0.329. d, Confocal microscopy images of PC12 cells after incubation with native 

NGF and n(NGF) for five days. The majority of PC12 cells developed neurite outgrowths. Nuclei and 

actin were stained with Hoechst 33342 and Texas Red-phalloidin, respectively. Scale bar, 100 µm. e, 

Phase contrast micrographs of PC12 cells after the treatment of native NGF and n(NGF) for one, 

three, and five days. Scale bar, 50 µm. f, Quantification of PC12 cells with neurite outgrowth over 

50 µm for five days. (n=3) g, PC12 cell proliferation after the treatment of native NGF or n(NGF) at 

different concentrations. PC12 cells were switched to the serum-free media (1% equine serum) one-



 97 

day before the addition of the samples. (n=3) h, Fluorescence imaging of the primary mouse 

neurons cultured in Neurobasal media with B-27 supplements. Native NGF or n(NGF) at 100 ng/mL 

was incubated with the cells for five days before immunofluorescence staining. Hoechst 33342, 

mouse anti-NeuN antibody, and rabbit anti-Iba1 antibody were used to stain the nuclei, mature 

neurons, and microglias. Scale bar, 50 µm.  

 

5.3.13 Cell uptake experiment. Native NGF and n(NGF) were conjugated with NHS-Fluorescein 

for observation. The fluorescence intensity of native NGF and n(NGF) was measured to be the same 

before adding to the cells. Macrophages (J774A.1) and microglias (C8-B4) were seeded in chambered 

coverglass slides two-day before the experiment. J774A.1 and C8-B4 were incubated with native 

NGF or n(NGF) at 50 µg/mL for four hr at 37 ˚C, and then washed extensively with FluoroBrite 

DMEM. The cells were fixed with paraformaldehyde (4%, w/v), permeabilized with Triton X-100 

(0.5%, w/v), and stained with Texas Red-phalloidin and Hoechst 33342 for actin and nuclei, 

respectively. After staining, the cells were imaged with the TCS-SP8-SMD confocal microscope.  

 

5.3.14 Conditioned media assay. Native NGF and n(NGF) at a concentration of 100 µg/mL were 

first incubated with macrophages (J774A.1) or microglias (C8-B4) for 12 hr. The conditioned media 

were collected, filtered with 0.22 µm centrifuge tube filters, and diluted to 100 ng/mL. The mixture 

was then transferred to PC12 cells pretreated with differentiation media for 12 hr. The neurite 

outgrowth of PC12 cells was monitored with an inverted fluorescence microscope for 10 days.  
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Figure 5-5. Protein adsorption, microglia uptake, and conditioned media assay of n(NGF). 

a, Serum protein adsorption assay of native NGF and n(NGF). (n=5) b, Fluorescence intensity of 

fluorescein-conjugated native NGF and n(NGF). (Ex. = 485 nm, Em. = 535 nm) c, Confocal 

microscopy images of the microglia (C8-B4) uptake after incubation with native NGF or n(NGF) at 

50 µg/mL. Native NGF and n(NGF) were conjugated with NHS-Fluorescein. The nuclei and actin 

were stained with Hoechst 33342 and Texas Red-phalloidin, respectively. Scale bar, 50 µm. d, 

Schematic illustration of the conditioned media assay. Native NGF and n(NGF) were incubated 

with macrophages (J774A.1) or microglias (C8-B4) for four hours to obtain the conditioned media. 

The conditioned media were subsequently diluted and transferred to PC12 cells for further 

incubation. e, The differentiation of PC12 cells after the treatment of conditioned media for three 

days. Scale bar, 100 µm. 
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5.3.15 Transwell migration assay. A monolayer of bEND.3 cells on the transwell membrane was 

used to construct the in vitro BBB model31. Briefly, bEND.3 cells (105 cells/well) were seeded onto 

the transwell membrane in a 24-well plate and cultured with DMEM media with 10% FBS for 21 

days. The integrity of the monolayer was assessed through the transendothelial electrical resistance 

(TEER) measurement, as well as immunofluorescence staining. The cell monolayers with TEER over 

300 Ω cm2 were used for later assays and TEER was also measured afterward to ensure the 

monolayer integrity throughout the experiment. The cell monolayers were also fixed, permeabilized, 

stained with Texas-Red Phalloidin and Hoechst 33342 and imaged under an inverted fluorescence 

microscope. Native NGF, n(NGF), native Tf, and n(Tf) were conjugated with TAMRA-NHS Ester for 

observation. All the samples with a final concentration of 0.2 mg/mL were added to the upper 

chamber (supernatant layer), and FluoroBrite DMEM with 10% FBS was added to the lower 

chamber (filtrate layer). The filtrate in the lower chamber was harvested at 0.5, 1, 2, 4, 6, 8, 12, and 

24 hr, and replenished with fresh media. The fluorescence intensity of the samples collected each 

time point was determined with a microplate reader.  

 

5.3.16 Study of receptor-mediated transcytosis. n(NGF) was conjugated with Alexa Fluor 680 

for observation. Brain endothelial cells (bEND.3) were seeded in chambered coverglass slides one-

day before the experiment. bEND.3 cells were incubated with n(NGF) at 50 µg/mL for six hr at 37 

˚C, and then washed extensively with FluoroBrite DMEM. The cells were fixed with 

paraformaldehyde (4%, w/v), permeabilized with Triton X-100 (0.5%, w/v), and blocked with 

normal goat serum (10%, w/v). Cells were incubated with rabbit anti-EEA1 (Cell Signaling 

Technology, 3288T, 1:100) or rabbit anti-Rab7 (Cell Signaling Technology, 9367T, 1:100) overnight, 

followed by Alexa 488 (Abcam, ab150077, 1:1000) conjugated goat secondary antibodies for 2 hr at 

room temperature. Hoechst 33342 and alpha-Bungarotoxin-tetramethylrhodamine (α-BTX) were 
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added to the final wash for nuclei and nicotinic acetylcholine receptors (nAChRs). Cells were then 

imaged with TCS-SP8-SMD confocal microscope.  
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Figure 5-6. Transwell migration assay and mechanistic study of the BBB-penetration of 

n(NGF). a, Schematic illustration of the transwell migration assay. Native NGF and n(NGF) were 

added to the supernatant layer of the transwell, and the filtrate was collected at different time 

points and analyzed. b, The monolayer of the mouse brain endothelial cells (bEND.3) after 21-day 

cell culture. Nuclei and actin were stained with Hoechst 33342 and Texas Red-phalloidin, 

respectively. Scale bar, 50 µm. c, The transendothelial electrical resistance (TEER) of the bEND.3 

monolayer before and after the transwell migration assay. d, TEM image of n(Tf). Scale bar, 100 nm. 

e,f Size distribution (e) and (f) zeta potentials of the native Tf and n(Tf) measured by DLS. The PDI 

of n(Tf) is 0.306. g, Potential mechanism of BBB-penetration through the nicotinic acetylcholine 

receptors (nAChRs) or choline transporters (ChTs). The interaction (cation-pi interaction with the 

trimethylammonium group and hydrogen bonding with carboxyl or phosphoryl group) between 

MPC-based monomer and nAChRs or ChTs resembles that of acetylcholine and nAChRs or choline 

and ChTs, respectively. h, Confocal microscopy images of bEND.3 cells after incubation with n(NGF) 

at 50 µg/mL. n(NGF) was conjugated with Alexa Fluor 680. The endosomes were stained with anti-

EEA1 or anti-Rab7 antibodies. The nuclei and nAChRs were stained with Hoechst 33342 and alpha-

Bungarotoxin-tetramethylrhodamine (α-BTX) respectively. Scale bar, 20 µm. i,j Fluorescence 

intensity of n(NGF), nAChR, and endosome markers (i, EEA1 or j, Rab7) along the dashed line in h.  

 

5.3.17 Pharmacokinetics of native NGF in mice. All animals were treated in accordance with the 

Guide for Care and Use of Laboratory Animals, approved by the Chancellor’s Animal Research 

Committee (ARC) of University of California, Los Angeles. The pharmacokinetics of native NGF 

were assessed by monitoring the residual NGF level in the plasma and cerebrospinal fluid (CSF) 

after intravenous administration. Briefly, 24 male BALB/c mice (The Jackson Laboratory) were 

injected with native NGF via tail vein at a dose of 2.5 mg per kg of body weight. As the negative 
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control, the blood and CSF samples from another 2 mice without the injection of native NGF were 

sampled. The blood (~ 20 µL) and CSF samples (~2 µL) were collected 2, 4, 6, and 10 hr post-injection. 

At each time point, 6 mice were used for blood and CSF sampling. The blood samples were 

centrifuged at 2000 ×g for 10 min twice, with the supernatant (plasma) collected and used for ELISA. 

The residual NGF level in the plasma and CSF was then determined by ELISA with a standard curve 

established per manufacturer’s instructions. The concentration of native NGF from the negative 

control group was used as the background. 

 

5.3.18 Pharmacokinetics and biocompatibility of n(NGF) in mice. The pharmacokinetic data 

of n(NGF) was assessed by monitoring the residual NGF level in the plasma, cerebrospinal fluid 

(CSF), brain and spinal cord after intravenous administration. Briefly, 48 male BALB/c mice (The 

Jackson Laboratory) were injected with n(NGF) via tail vein at a dose of 2.5 mg per kg of body weight. 

As a negative control, the blood and CSF samples from another 8 mice without the injection of 

n(NGF) were sampled. The blood (~ 10 µL) and CSF samples (~5 µL) were collected on day 0.5, 1, 3, 

4, 7, 10. At each time point, 8 mice were used for blood and CSF sampling, and then euthanized for 

organ collection. All the mice were transcardially perfused with PBS before the organs were 

collected. The brain and spinal cord samples from 6 mice were used to determine the NGF 

concentration, and the samples from the other 2 mice were used for histology analysis. The blood 

samples were centrifuged at 2000 ×g for 10 min twice, with the supernatant (plasma) collected and 

used for further measurements. The brain and spinal cord tissues dissolved in acetate buffer (20 

mM, pH 5.0; 100 mg tissue per 1 mL buffer), homogenized with Bead Mill 24 Homogenizer, 

centrifuged at 20000 ×g for 10 min to collect the supernatant for measurements. The CSF, the 

homogenate of the brain and spinal cord were incubated in acetate buffer (20 mM, pH 5.0) 

overnight to fully hydrolyze n(NGF). The residual NGF level in the plasma, CSF, and tissue samples 
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was then determined by ELISA with a standard curve established per manufacturer’s instructions. 

The concentration of n(NGF) from the negative control group was used as the background. The 

major organs including heart, liver, spleen, liver, and kidney were also collected for histology 

analysis.  

 

Figure 5-7. Pharmacokinetics of native NGF, CNS delivery and biocompatibility of n(NGF) 

in mice. a, Pharmacokinetics of native NGF (2.5 mg per kg of body weight) in the plasma and CSF 

of mice after intravenous injection. (n=6) b, TEM images of n(NGF) in the CSF of mice at different 

time (day 0, 0.5, 1, 3, 4, 7, and 10) post-injection. Scale bar, 50 µm. c, H&E staining of the major 
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organs (heart, liver, spleen, lung, kidney, brain, and spinal cord) after intravenous administration 

of n(NGF) in mice. Scale bar, 100 µm.  

 

5.3.19 Pharmacokinetics and safety of n(NGF) in monkey. The study was performed at the 

Institute of Medical Biology, Chinese Academy of Medical Sciences. The animal protocol was 

approved by the local animal care committee. One juvenile rhesus macaque monkey (age 5 years, 

5.5 kg) received multiple intravenous injections of n(NGF) on day 0, 7, 14, and 21, with a dose of 1 

mg per kg body weight. Blood samples (2~3 mL) were collected on day 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 14, 

15, 21, 22, and 28. Half of the blood samples were centrifuged at 4 ˚C and the resulting plasma was 

frozen until analysis. The other half of the blood samples were used for biocompatibility analysis 

described below. CSF samples of 300~500 µL were collected on day 1, 4, 7, 10, 14, 21, 28, and directly 

frozen until analysis. The plasma and CSF samples were treated with acetate buffer (50 mM, pH 5.0) 

overnight to fully hydrolyze n(NGF). The residual NGF level in those samples was then determined 

by ELISA with a standard curve established per manufacturer’s instructions. The biocompatibility 

of n(NGF) was evaluated with blood cell counts, blood routine tests, as well as hepatic and renal 

functions with the other half of the blood samples. Briefly, the number of white blood cells, red 

blood cells, lymphocytes, neutrophils, and monocytes were quantified to analyze the blood routine. 

The levels of alanine aminotransferase (ALT), alkaline phosphatase (ALP), and aspartate 

aminotransferase (AST) were measured to assess hepatic function. The levels of uric acid, urea, and 

creatinine were analyzed for renal function assessment.  
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Figure 5-8. Pharmacokinetics and safety of repeated n(NGF) administration in rhesus 

macaque. a, Schematic illustration of the pharmacokinetic test of n(NGF) in rhesus macaque. b, 

The concentration of n(NGF) in the CSF and the plasma of rhesus macaque, as well as the 

CSF/plasma ratio after intravenous injection at different time points. c,d Blood cell count (c) and 

blood routine test (d) of rhesus macaque after intravenous administration of n(NGF). WBC: white 

blood cells; RBC: red blood cells. 

 

5.3.20 Spinal cord injury (SCI) in mice. To induce an SCI in the thoracic spinal cord of mice, we 

performed laminectomy under a dissecting microscope, followed by a 2-min compression with 

Dumont #5 forceps at T8-10 level32. After the surgery and the recovery from anesthesia, mice 

completely lost their hind limb functions. Eighteen male BALB/c mice (The Jackson Laboratory) 

were divided into three groups and given PBS, native NGF, and n(NGF) intravenously post-surgery, 

with a dose of 2.5 mg per kg of body weight every four days. Another six mice received only 

laminectomy and served as a positive control of the study. Mice were kept warm and placed on soft 
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paper beddings after the operation. Enrofloxacin and carprofen were subcutaneously injected into 

mice to avoid infection and pain in the first 48 hr post-operation. All the mice received bladder 

massage twice daily, and were given dextrose (5%, w/v) in saline (0.9%, w/v) subcutaneously daily 

for recovery. Diet-gels and hydrogels were also provided throughout the study. On day 21, mice 

were euthanized and perfused with paraformaldehyde (4%, w/v) and PBS. Spinal cords were 

collected and used for histology analysis.  

 

Figure 5-9. Construction of a mouse model of acute spinal cord injury (SCI). The mice were 

subjected to a thoracic-level injury by inducing compression on the spinal cord (T8-10) for two min 

followed by the treatments. a, Surgical procedures of the induction of spinal cord injury on mice. 

(1), (2) Incision on top of the thoracic spine (T8~T10); (3) exposure of the vertebrate; (4) 

laminectomy to expose the spinal cord; (5) insertion of the spinal cord hook for stabilization; (6)-

(7) compression-induced SCI with Dumont #5 forceps; (8) suture to close the wound. b, Procedures 

of compression-induced SCI under the dissecting microscope. (i) Exposure of the spinal cord; (ii) 

insertion of the spinal cord hook; (iii) compression-induced SCI with Dumont #5 forceps; (iv) the 

formation of a visible scar after compression. c, H&E staining of the spinal cord in the sham group 
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(laminectomy only) or d, with the compression-induced injury. Scale bar, 200 µm. e, The percent 

change in body weight after the treatment of native NGF or n(NGF) in mice with SCI.  

 

5.3.21 Optical imaging. For imaging purposes, SKH1 hairless mice (Charles River Laboratories) 

were used for the biodistribution study. Native NGF and n(NGF) were conjugated with Alexa Fluor 

680. Four male SKH1 hairless mice were divided into two groups. After the induction of spinal cord 

injury on these mice, the groups were given intravenously administration of native NGF or n(NGF), 

respectively. The biodistribution of native NGF or n(NGF) was then studied with fluorescence 

imaging (IVIS Lumina II, PerkinElmer) at 4, 24, 48, 72, and 96 hr post-injection. Separately, 4 male 

SHK1 hairless mice were induced with spinal cord injury and divided into two groups. The two 

groups were given intravenously administration of native NGF or n(NGF), respectively. The 

biodistribution of native NGF and n(NGF) in different organs was studied at 4 hr and 24 hr post-

injection. The mice were transcardially perfused with PBS and the major organs including heart, 

liver, spleen, lung, kidney, brain and spinal cord were collected for fluorescence imaging.  

 

5.3.22 Locomotion assessment. The observers and scorers were blinded to the treatment groups 

and performed Basso mouse scale (BMS) analysis33. After the induction of SCI, the mice in each 

group were allowed to move in an open field and a short video was recorded for evaluation. The 

videos were analyzed, and the locomotion of each mouse was scored one-week after the whole 

course of treatment.  
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Figure 5-10. Biodistribution of native NGF and n(NGF) after spinal cord injury, and 

locomotion recovery in mice. a, Biodistribution of intravenously administered native NGF and 

n(NGF) in mice 4 hr and 24 hr after acute spinal cord injury. Native and n(NGF) were conjugated 

with Alexa Fluor 680 for imaging purposes. b,c Quantification of the relative fluorescence intensity 

of native NGF and n(NGF) in different organs 4 hr (b) and 24 hr (c) post-injection. d, The Basso 

Mouse Scale of mice 21-day after the spinal cord injury. 
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5.3.23 Histology and immunofluorescence staining. Three weeks post spinal cord injury, mice 

were transcardially perfused with 4% (w/v) paraformaldehyde (PFA) and PBS (pH 7.4). Spinal cord 

samples were harvested, post-fixed in PFA, transferred to 70% ethanol before embedding in paraffin, 

and sagittally sectioned at 5-µm intervals. Astrocytes, microglia, neurofilaments, mature neurons, 

and blood vessels are stained with primary antibodies against glial fibrillary acidic protein (GFAP), 

ionized calcium-binding protein-1(Iba-1), neurofilament heavy polypeptide (NF200), 

hexaribonucleotide binding protein 3 (NeuN), growth-associated protein 43 (GAP43), and glucose 

transporter 1 (Glut1), respectively. Sections were deparaffinized with xylene and ethanol and 

rehydrated in PBS. PBS with Triton X-100 (0.3%, w/v) was used for permeabilization. Normal goat 

serum (10%) and mouse serum (5%) were used for blockage. Sections were then incubated with 

mouse anti-GFAP (Invitrogen, A-21282, 1:100), rabbit anti-Iba1 (Abcam, ab178847, 1:100), rabbit anti-

NF200 (Sigma-Aldrich, N4142, 1:100), mouse anti-NeuN (Abcam, ab104224, 1: 100), rabbit anti-

GAP43 (Abcam, ab16053, 1:100), and rabbit anti-Glut1 (EMD Millipore, 07-1401, 1:100) overnight. 

Then, the sections were incubated in Alexa 488 (Abcam, ab150113 or ab150077, 1:1000) or 594 (Abcam, 

ab150116 or ab150080, 1:1000) conjugated goat secondary antibodies for 2 hr at room temperature. 

DAPI was added to the final wash for nuclei staining. The tissue sections were then imaged with 

TCS-SP8-SMD confocal microscope.  

 

5.3.24 Measurement of the wound size. The measurement of wound size in the different groups 

was evaluated by measuring the tissue gap between the caudal and rostral lesion poles on stained 

sections. One individual value was obtained per section and statistical differences were calculated 

using each individual value in each group. 
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5.3.25 Quantification of the percentage of area in immunofluorescence staining. Positive 

fluorescence signal for each marker was quantified with ImageJ (ImageJ v1.43, Bethesda, Maryland, 

USA). On each image, eight regions of interests (ROIs, 70 µm × 70 µm each) were randomly placed 

on the peri-lesion area adjacent to the injury site. The percentage of area covered positively-labeled 

tissue for each marker was measured. All the values from eight ROIs were averaged and represented 

as one single value.  

 

5.3.26 Quantification of the number of vessels. The number of vessels in different groups was 

quantified within three ROIs (100 µm × 100 µm each) per section stained for Glut1. the ROIs were 

randomly placed on the region adjacent to the injury site. In each ROIs, the diameter of each vessel 

was measured and the number of vessels with a diameter above 9 µm was counted to evaluate 

abnormal vascular dilatation.  

 

5.3.27 Quantification of the tortuosity of vessels. The vascular tortuosity index was calculated 

for a quantitative evaluation of vessels’ quality. Three ROIs (100 µm × 100 µm each) were placed 

randomly on the region adjacent to the injury site, and the vessel tortuosity was measured along 

the curvature (actual length) of the positively stained vessels for Glut-1 and linearly (straight length). 

The index was then calculated as ((Curve length/Straight Length)-1)×100. The index was calculated 

for four different vessels per ROI and the average value per animal represented in the plot.  
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Figure 5-11. Staining and quantification of axonal regeneration (GAP43) and the number 

and tortuosity of vessels (Glut1) at the injury site. a, Fluorescence images and b, quantification 

of the axons (GAP43) in spinal cord sections after compression-induced injury and repeated 

treatment with PBS, native NGF and n(NGF). Scale bar, 50 µm. GAP43: growth associated protein 

43. c-f, Fluorescence images (c) of the blood vessels and quantification of the number of vessels (d), 

the percentage of dilated vessels (e), and the vascular tortuosity index (f) in spinal cord sections 

after compression-induced injury and repeated treatment with PBS, native NGF and n(NGF). Scale 

bar, 50 µm.  
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5.3.28 Statistics. Data are presented as means ± SEM unless otherwise indicated. Statistical 

analyses were performed with GraphPad Prism® 6 using the one way-ANOVA with a Turkey’s post-

hoc test for comparison of multiple groups. The P values of 0.05 or less are considered significant.  

 

5.4 Results and discussion 

5.4.1 Synthesis and characterization of NGF nanocapsules. The nanocapsules of NGF, denoted 

as n(NGF), exhibited an average diameter of 30.3 ± 3.6 nm under TEM (Figure 5-12a) and dynamic 

light scattering (Figure 5-2a). Gel electrophoresis of native NGF and n(NGF) showed that while 

n(NGF) remained in the stacking gel, native NGF migrated to the separating gel, indicating the 

successful encapsulation of NGF (Figure 5-12b). Consistently, the high polarity of native NGF with 

a zeta potential of 24 mV (Figure 5-2b) was changed to ~ 0 mV after encapsulation (Figure 5-12c). 

The solution of n(NGF) remained stable and free of aggregation for one week (Figure 5-2c). The 

release of NGF from the nanocapsules was examined under different pH conditions (6.0 and 7.4) at 

37 ˚C (Figure 5-12d). The concentration of native NGF decreased with time, due to its aggregation 

(Figure 5-2d). In contrast, n(NGF) sustainedly released NGF for days with a faster rate at the acidic 

pH of 6.0. The degradation of the polymer network was also validated using nuclear magnetic 

resonance (NMR) (Figure 5-3). These studies suggest that the encapsulation of NGF improves its 

stability and enables the controlled release.  

To assess the activity of the NGF released from the nanocapsules, PC12 cells, a neural cell line 

commonly used to model CNS tissue in vitro, were treated with native NGF and n(NGF). When 

NGF was released from n(NGF) in the culture media of PC12 cells, as-released NGF could bind to 

the tropomyosin receptor kinase A (TrkA) and induce the differentiation and neurite outgrowth of 

these cells through intracellular pathways including mitogen-activated protein kinase (MAPK) 

cascade34. Similar NGF nanocapsules but with non-degradable shells, denoted as n(NGF)ND, were 
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also synthesized with MPC and a non-degradable crosslinker with a similar protocol (Figure 5-4a-

c). Both the native NGF and n(NGF) induced the differentiation of PC12 cells (Figure 5-4d), whereas 

the cells treated with PBS or n(NGF)ND did not develop any extended neurites (Figure 5-12e). 

Moreover, the number of PC12 cells, which grew long neurites (> 50 µm) after five days of treatment, 

was similar between the cells treated with native NGF and n(NGF), indicating that the 

encapsulation of NGF does not alter its biological activity (Figure 5-12f, 5-4e, f). In addition, n(NGF) 

and native NGF promoted the proliferation of PC12 cells to a comparable level (Figure 5-4g). The 

activity of NGF released from n(NGF) was further evaluated in primary hippocampal neurons, 

where native NGF and n(NGF) stimulated a similar level of neurite outgrowth (Figure 5-4h).  
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Figure 5-12. Morphology, activity, and release kinetics of NGF nanocapsules. a, 

Representative transmission electron microscopy (TEM) image of n(NGF). b, Gel electrophoresis 

and c, Zeta potentials of native NGF and n(NGF). d, Release of NGF from n(NGF) at different pH 

(6.0 and 7.4). e, PC12 differentiation assay after 5-day incubation with native NGF, n(NGF)ND, or 

n(NGF). Nuclei and actin were stained with Hoechst 33342 and Texas Red-phalloidin, respectively. 

Scale bar, 100 µm. f, Quantification of neurite outgrowth in PC12 cells treated with native NGF or 
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n(NGF) for five days. (n=3) g, Fluorescent images of macrophage (J774A.1) after incubation with 

native NGF or n(NGF) containing NHS-fluorescein labeled NGF. Scale bar, 50 µm. h, Differentiation 

assay of PC12 cells after 10-day incubating with the conditioned media from macrophages (J774A.1) 

or microglias (C8-B4) pre-incubated with native NGF or n(NGF). Red arrows indicated neurite 

outgrowths in PC12 cells. Scale bar, 100 µm. A magnified view of the neurite outgrowth is shown on 

the right. Scale bar, 50 µm. i, Quantification of NGF penetration through the endothelial cells in 

the transwell migration assay over time in the groups: native NGF (n=4), n(NGF) (n=4), native Tf 

(n=3), and n(Tf) (n=3). Data are presented as mean ± SEM.  

 

Generally, NGF exhibits a short circulation half-life35, restricting its entry to the CNS. The rapid 

clearance is associated with its adsorption of serum proteins and uptake by macrophages36. 

Nevertheless, encapsulating NGF within the nanocapsules reduced its adsorption of serum proteins, 

when incubated with fetal bovine serum (Figure 5-5a). The uptake by macrophage was examined 

by incubating native NGF or n(NGF) with macrophages (J774A.1)37, as well as microglias (C8B4), 

the macrophage population of the CNS (Figure 5-5b)38. While native NGF was internalized into 

both the cell lines (Figure 5-12g, 5-5c), no significant uptake of n(NGF) was observed. In addition, 

the conditioned media collected from these incubations were transferred to PC12 cells to assess the 

residual activity of NGF (Figure 5-5d). The conditioned media assay was used to simulate the 

condition, where native NGF and n(NGF) encountered the phagocytic cells before they were 

delivered to the CNS after intravenous administration. Given the conditioned media that contained 

native NGF, the PC12 cells remain mostly undifferentiated due to the uptake of native NGF by the 

macrophages and microglias. In contrast, the conditioned media that contained n(NGF) resulted 

in significant neurite outgrowth after incubation for 10 days (Figure 5-12h, 5-5e), indicating the 

ability of n(NGF) to escape from the macrophage uptake. The avoided adsorption of serum proteins 



 116 

and the uptake by macrophages can extend the circulation half-life of n(NGF), allowing their BBB 

penetration. 

The ability of n(NGF) to cross the BBB was first examined using an in vitro BBB model based on 

a mouse brain endothelial cell line (bEND.3)31 (Figure 5-6a). The bEND.3 cells were cultured on 

transwell for 21 days to establish a cell monolayer that displayed similar barrier characteristics to 

the BBB (Figure 5-6b). The transendothelial electrical resistance of the transwell was monitored 

before and after the assay to ensure the integrity of the monolayer (Figure 5-6c). Native NGF and 

n(NGF) were added to the supernatant, and the filtrate was collected at different time points to 

measure their penetration efficiency across the cell layer. Transferrin (Tf), a protein known to cross 

the BBB through Tf receptor-mediated transcytosis39,40, was used as a control in its native and 

encapsulated form (denoted as n(Tf), 5-6d-f). The results showed that over 40% of native Tf, but 

only 3% of native NGF, crossed the endothelial cell layer after 24 hr incubation (Figure 5-12i), 

whereas 28% of n(Tf) and n(NGF) penetrated the endothelial cell layer. During this process, 

nAChRs and ChTs could facilitate the transcytosis of nanocapsules across the endothelial cells. For 

instance, we stained for the endosomes and nAChRs after incubating n(NGF) with bEND.3 cells for 

6 hr and found that the fluorescence signals of the endosomes, nAChRs, and n(NGF) were aligned, 

suggesting that nAChRs involved in the transport of n(NGF) across the cell monolayer (Figure 5-

6g-i). Moreover, the similar penetration efficiency between n(Tf) and n(NGF) suggests that this 

encapsulation method can be applied to various proteins (e.g., growth factors, cytokines, and 

monoclonal antibodies) to penetrate the BBB and enter the CNS for therapeutic purposes41,42. This 

can be readily achieved by encapsulating therapeutic proteins within nanocapsules that contain 

choline and acetylcholine analogues, which mediate CNS entry through the nAChRs and ChTs 

(Figure 5-6j).  
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5.4.2 In vivo BBB penetration of NGF nanocapsules. The in vivo BBB penetration was studied in 

BALB/c mice, in which n(NGF) (2.5 mg per kg of body weight) was intravenously injected. The 

plasma, cerebrospinal fluid (CSF), and CNS tissue (brain and spinal cord) were collected at various 

time points to evaluate the pharmacokinetics and BBB penetration of n(NGF). It was found that the 

half-life of native NGF in mice was ~ 4.5 hr (Figure 5-7a) following intravenous injection. In contrast, 

n(NGF) remained in the plasma with a high concentration for up to 10 days with a peak 

concentration at day 4 (780 ng/mL, 5-13a). While in the CSF, n(NGF) was detected 12 hr post-

injection and remained above 2 ng/mL for 4 days. The CSF concentration of n(NGF) reached 1.96 

and 2.61 ng/mL at 12 and 24 hr, respectively, corresponding to over 4 % of the plasma concentration. 

The CSF sample collected 24 hr after the injection was imaged with TEM (Figure 5-13b). The 

presence of nanoparticles was observed, whose morphology and size (~ 30 nm in diameter) were 

similar to those of n(NGF) obtained in buffer (Figure 5-12a). This observation provides direct 

evidence for the penetration of n(NGF) to the CNS. In addition, n(NGF) was observed from the CSF 

samples collected at all time points (Figure 5-7b), suggesting its continuous entry and residence 

within in the CNS. In the brain and spinal cord tissues, n(NGF) reached the maximal level day 1 (1~2 

ng/g) and decreased with time for 9 days (Figure 5-13c), which was similar to the CSF concentration 

profile. Given that native NGF in the brain interstitial space of rats has a half-life of ~ 45 min43, the 

ability to deliver NGF sustainedly to the CNS opens various therapeutic opportunities. Furthermore, 

the major organs were also collected at different time points for histology analysis, where no tissue 

damages were observed among the mice treated with n(NGF) (Figure 5-7c).  
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Figure 5-13. CNS entry and biocompatibility of n(NGF) in mice and non-human primates. a, 

Pharmacokinetics of n(NGF) (2.5 mg per kg of body weight) in the plasma and CSF of mice after 

intravenous injection. (n=8) b, Representative TEM image of n(NGF) in the CSF of mice one-day 

post-injection. Scale bar, 100 nm. Inset: a magnified view of n(NGF) in the mouse CSF. Scale bar, 30 

nm. c, Concentration profiles of n(NGF) in the brain and spinal cord tissues of mice after 

intravenous injection. (n=6) d, Pharmacokinetics of n(NGF) (1 mg per kg of body weight) in the 

plasma and CSF of rhesus macaque after multiple intravenous injections. Black arrows indicate 

repeated injections on days 0, 7, 14, and 21. e, Kidney and (f) liver function assessment of the rhesus 

macaque during the pharmacokinetics study. ALP: alkaline phosphatase; ALT, alanine 

aminotransferase; AST, aspartate aminotransferase. 

 

The BBB penetration of n(NGF) was further investigated in non-human primates. Healthy adult 

rhesus macaque was intravenously injected with n(NGF) (1 mg per kg of body weight) repeatedly 

every 7 days for 4 weeks (Figure 5-8a), and the plasma and CSF samples were collected at different 

time points to assess the pharmacokinetics. After the first injection, the plasma n(NGF) 



 119 

concentration decreased from ~ 71 ng/mL to ~ 28 ng/mL in 7 days. Similar concentration profiles 

were also observed after the subsequent injections (Figure 5-13d). The concentration of n(NGF) in 

the CSF decreased from 0.49 ng/mL to 0.34 ng/mL in 7 days, which is ~ 1% of the plasma 

concentration during the first week and 1.2% to 1.3% for the next three weeks after additional 

administrations (Figure 5-8b). Throughout the treatment, the concentration n(NGF) in the CSF was 

maintained near 0.4 ng/mL. Compared with native NGF concentration in the CSF of human 

newborns (18.32 ± 4.5 pg/mL)44, the concentration of n(NGF) would be sufficient to exert a 

neurotrophic effect. Furthermore, in pathological conditions, the disruption of the BBB and 

subsequent increased vascular permeability allow unspecific entry of plasma components in the 

CNS. However, recent studies suggest that, in ischemia-related CNS injuries, the BBB disruption 

follows a biphasic behavior with a pattern of ‘open-closed-open’, where a period of increased 

vascular permeability during the acute phase of the injury is followed by a return to baseline and a 

second period of increase45,46. Upon intravenous injection of native NGF, its entry to the CNS would 

only be possible during the opened BBB phase, while n(NGF) would enter the CNS in both phases 

with a broadened therapeutic window.  

Through multiple injections in rhesus macaque, we also evaluated the biocompatibility and 

systemic response of n(NGF). Renal and hepatic functions were assessed by measuring the plasma 

levels of urea, uric acid, creatinine47, alkaline phosphatase (ALP), alanine aminotransferase (ALT), 

and aspartate aminotransferase (AST)48 (Figure 5-13e,f). The concentration of the three renal 

metabolites remained stable during the treatment. Despite an initial increase of AST, the levels of 

ALP, ALT, and AST also maintained stable after multiple injections. Furthermore, the number of 

blood cells and lymphocytes were also maintained constant (Figure 5-8c,d). These results 

demonstrate that n(NGF) is highly biocompatible and can efficiently enter the CNS with extended 

blood circulation half-life without inducing systemic toxicity.  
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5.4.3 Therapeutic effect of NGF nanocapsules in spinal cord injury. The therapeutic benefit of 

n(NGF) for CNS repair after injury was evaluated in a mouse model of compression-induced acute 

spinal cord injury32,49 (Figure 5-9a-e). The injured mice were injected intravenously every four days 

for three weeks with PBS, native NGF or n(NGF) (2.5 mg per kg of body weight). To assess the 

biodistribution after spinal cord injury, mice were injected with native NGF or n(NGF), conjugated 

with Alexa Fluor 680. Mice treated with native NGF showed fluorescent signals at the injured area, 

which rapidly decreased within one day (Figure 5-14a). Meanwhile, an intense fluorescence signal 

was observed in the kidney area, suggesting a rapid renal clearance. In contrast, mice injected with 

n(NGF) continuously showed intense fluorescence at the injured area throughout the length of 96 

hr. To further study the biodistribution, we transcardially perfused the mice and collected their 

major organs at 4 hr and 24 hr post-injection (Figure 5-10a-c). At 4 hr, we observed little amount (< 

1%) of native NGF or n(NGF) in the spinal cord tissue, although the acute injury transiently 

disrupted the BBB. This result suggests that the direct entry through the injury site does not serve 

as the major route to the CNS. After 24 hr, we observed that the majority of native NGF underwent 

clearance by the kidney. In contract, n(NGF) remained in the whole spinal cord. In the whole-

animal imaging, the spinal cord injury and surgical procedures could result in the initial 

accumulation of native NGF and n(NGF) at the injury site29. Nevertheless, the effective BBB 

penetration is necessary to achieve an efficient entry to the spinal cord. After the acute spinal cord 

injury, the group with PBS (control) presents a complete loss of motion on their hind limbs for the 

entire length of the study, corresponding to a 0-point score in the Basso Mouse Scale (BMS)33. The 

group with native NGF showed slight ankle movements after 21 days, whereas the group with n(NGF) 

presented extensive ankle movements and occasional plantar stepping, representing a significant 

functional recovery in locomotion (Figure 5-10d, Supplementary videos). The quantitative 
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assessment of behavioral deficit over time using the BMS showed the significant functional recovery 

of the n(NGF) group (Figure 5-14b).  

 

Figure 5-14 (next page). Therapeutic effect of n(NGF) in mice with spinal cord injury. a, 

Fluorescence imaging of mice with spinal cord injury, after intravenous administration of 

fluorescently labeled NGF (Alexa Fluor 680) in its native or encapsulated form. Scale bar, 2 cm. b, 

Quantitative assessment of behavioral deficit over time using the Basso Mouse Scale (BMS) after 

treatment with PBS (n=6), native NGF (n=6), and n(NGF) (n=6). c, Fluorescent images of the mice 

spinal cord after injury and different treatments. Neurofilaments are stained with NF200 for the 

observation of the wound. Scale bar, 200 µm. d, Quantification of the wound size of the mice spinal 

cord 21-day after injury. e-i, Fluorescent images and quantification of astrocytes (GFAP), microglia 

(Iba-1), neurofilaments (NF200), neurons (NeuN) and vessels (Glut-1) in spinal cord sections after 

the injury and repeated treatments with PBS, native NGF, and n(NGF). The immunofluorescence 

staining was conducted on the tissues of mice 21 days after the injury. Scale bar, 50 µm. P values 

were determined by one-way ANOVA with a Tukey’s post-hoc test. *P < 0.05, **P <0.01, ***P <0.001, 

****P < 0.0001. 
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To assess whether the functional recovery observed in the n(NGF) group is associated with 

tissue repair, the spinal cord tissue was stained for markers of inflammatory cells, astrocytes (GFAP 

- glial fibrillary acidic protein) and microglia (Iba-1 - ionized calcium-binding protein 1), as well as 

neurons (NeuN - Hexaribonucleotide Binding Protein-3), axons (NF200 - Neurofilament 200 kDa) 

and vessels (Glut-1 - glucose transporter 1). As shown in Figure 5-14c,d, the tissue gap between the 

caudal and rostral lesion poles was significantly reduced from ~1500 µm (treated with PBS) and ~ 

1000 µm (treated with native NGF) to ~800 µm (treated with n(NGF)). The reduced wound size 

could be explained by a neuroprotective effect of n(NGF), which was delivered to the injury site 

soon after the compression-induced acute inflammatory reaction and released the NGF to slow the 

initial lesion expansion and promote the healing. It is also worth mentioning that the post-injury 

healing process is associated with pH changed from neutral to acidic and then to alkaline in the 

damaged tissue28. As aforementioned (Figure 5-12d), the acidic pH could accelerate the release of 

NGF with neuroprotective and neurotrophic effect. 

The level of endogenous NGF is generally elevated in inflamed tissues of patients with 

inflammatory and autoimmune diseases3. Other studies have also shown that tissue damage 

induces the secretion of mediators such as TNF-α, IL-6, and IL-1b, which could precisely modulate 

the basal production of NGF from glial cells (astrocytes and microglia), neurons, Schwann cells, 

and vascular endothelial cells50. The release of endogenous NGF after the acute injury is dynamically 

regulated to restore homeostasis and repair. In this context, a bolus delivery of high-concentration 

native NGF to an injury site could disturb the regulatory processes, which enhances injury-induced 

inflammatory response and activates the astrocytes and microglia. Consistently, the administration 

of native NGF significantly enhanced the positive surface of astrocytes (Figure 5-14e) and microglia 

(Figure 5-14f) around the lesion site, in comparison with those injected with PBS (control group). 

The controlled release of NGF in inflamed sites could mimic the physiological release pattern and 



 124 

avoid the pro-inflammatory effect observed with native NGF. As a result, the injection of n(NGF) 

rescued the inflammatory cell reaction to the control values (Figure 5-14e,f).  

Besides the inhibited inflammatory response, administration of n(NGF) also enhanced the 

surface of mature neuronal (Figure 5-14g) and axonal network (Figure 5-14h, 5-11a,b) around the 

injury site, while native NGF showed no significant difference with the control group. The 

development of neuronal network would contribute to the functional recovery of locomotion 

observed in Figure 5-14b. Note that anti-inflammation and pro-repairing are often associated with 

pro-angiogenesis, the formation of mature vascular network51. An increasing body of evidence 

reveals that vessel formation is essential to create a pro-repair environment, in which cell 

infiltration, growth, and differentiation can occur 52,53. Similarly, a significantly increased number 

of vessels (Figure 5-11a,b) and the vascular area in the injured site was observed for mice treated 

with n(NGF) compared with the other groups (Figure 5-14i). The quality of the newly formed vessels 

was further assessed by evaluating their dilatation and tortuosity. The results show that the number 

of dilated vessels with a diameter above 9 µm, the average diameter of the capillaries in 

physiological conditions and healthy tissues, was significantly decreased in the n(NGF) group 

compared with the PBS and NGF groups (Figure 5-11c-e). In addition, a vascular tortuosity index 

was calculated for a quantitative evaluation of vessel quality, revealing that the native NGF group 

was significantly more tortuous compared with the n(NGF) group (Figure 5-11f). These results 

suggest that, while the administration of native NGF induces the formation of abnormal vasculature 

in the injured spinal cord, administration of n(NGF) rescues this effect and promotes the formation 

of physiological vascular trees. 
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5.5 Conclusions 

In summary, we have developed a delivery technology that enables the efficient delivery of NGF 

into the CNS via intravenous administration. This delivery system can efficiently extend the blood 

circulation half-life without inducing a systemic response, and release NGF sustainedly at the 

injured site to promote the functional recovery, without inducing the pro-inflammatory reactions. 

This technology can be used to deliver a wide range of pro-repair motifs such as growth factors and 

immunomodulating cytokines, to promote tissue repair after injury. The efficient and safe entry of 

neurotrophins to the CNS via this nanocapsule-based system may open future directions for the 

treatments of CNS injuries and neurodegenerative diseases. 

 

5.6 Future directions 

The nanocapsule-based platform enables the efficient delivery of NGF to the brain of mice and 

nonhuman primates, while the distribution of the nanocapsules in different brain regions remains 

largely unknown. Considering the extensive vasculature in the brain and the ability of nanocapsules 

to penetrate the microvascular endothelial cells, we expect a generally uniform distribution across 

different brain structures (e.g., cerebrum, cerebellum, brain stem). If the scale extends to the single-

cell level, the distribution of nanocapsules in the CNS may have a concentration gradient, when we 

take into account the diffusion of nanocapsules after BBB penetration, the interaction between 

nanocapsules and glial cells (e.g., astrocytes and microglia), and the possible communication 

between nanocapsules and neurons. It remains an interesting question whether the high density of 

phosphorylcholine groups on the nanocapsules would interact with acetylcholine receptors or 

cholinesterase, given their molecular similarity to acetylcholine. To analyze the high-resolution 

distribution of nanocapsules in the brain thus offers a roadmap for drug delivery and neuroscience.  
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Figure 5-15. Blood vessels in the human brain (left). Image is reproduced from “Strategies to 

circumvent vascular barriers of the central nervous system,” Neurosurgery, 1998, 43(4), 877-878. 

Human brain bisected in the sagittal plane (right). Image is reproduced from “Atlas and Text-book 

of Human Anatomy Volume III Vascular System, Lymphatic system, Nervous system and Sense 

Organs” by Dr. Johannes Sobotta.  

 

To obtain information from live animals, we could consider the use of bioimaging methods for 

the continuous observation of nanocapsules in the circulation system and their penetration into 

the tissues with a spatiotemporal resolution. The use of near-infrared (NIR) fluorophores (NIR-I, 

700-900 nm; NIR-II, 1000-1700 nm) could mitigate the light scattering from animal tissues and 

provide contrast-enhanced images with anatomical details. Detailed understanding of the 

distribution of nanocapsules in the brain will guide the design of the delivery vehicle for the 

targeted delivery of therapeutic agents for specific CNS diseases.  
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Chapter 6. Intratumoral delivery of lactate oxidase inhibits tumor progression 

and improves the immunosuppressive tumor microenvironment 

6.1 The Warburg effect in oncology 

Normal differentiated cells generate energy from glycolysis and mitochondrial oxidative 

phosphorylation in the presence of oxygen, through the breakdown of glucose to carbon dioxide 

and water1. In contrast, cancer cells undergo glycolysis and lactate fermentation even in aerobic 

conditions to obtain energy and accumulate biomass, a phenomenon known as “the Warburg 

effect1–3.” This highly glycolytic metabolism relies on elevated glucose uptake and creates a tumor 

microenvironment (TME) rich in lactate. The unique biology of this tumor metabolism and the 

TME has paved the way for the development of various anti-cancer therapeutics4–9. For instance, 

given the high glucose uptake of the tumor, glucose oxidase (GOx) has been used to generate 

reactive oxygen species (ROS) for tumor supersession, while the high Michaelis constant (Km) of 

GOx to glucose limited the production of ROS and resulted in a modest efficacy4. Meantime, 

nanoparticle-based chemotherapeutic drugs (e.g., doxorubicin and paclitaxel), which were 

designed to release the drugs in response to the low pH or high ROS level in the TME, exhibited 

significant inhibition of tumor growths, but their off-target accumulation and unwanted drug 

release resulted in cytotoxicity in peripheral tissues5–7. Although immunotherapy that employs 

immune checkpoint inhibitors (e.g., PD-1 and CTLA-4 pathways) has achieved prolonged survival 

among patients with melanoma and renal cell carcinoma, the therapeutic efficacy appears poor in 

low immunogenic tumors10,11. In addition, the immunosuppressive environment in the TME often 

downregulates the activity of immune cells (e.g., cytotoxic T lymphocytes and natural killer cells) 

that are recruited by those checkpoint inhibitors, resulting in the ineffective killing of cancer 

cells12,13.  
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6.2 Harnessing the Warburg effect for cancer therapy 

It has been reported that the lactate produced from the tumor not only serves as an essential 

metabolite for cancer proliferation and metastasis but also suppresses tumor immunosurveillance 

and immune cell infiltration, thereby affording the tumor a growth advantage14,15. Given that the 

lactate accumulates predominantly in the TME, we hypothesize that the conversion of lactate to a 

cytotoxic molecule could inhibit the proliferation of cancer cells. In this context, lactate oxidase 

(LOx), which converts lactate to pyruvate with the generation of hydrogen peroxide (H2O2), 

represents a promising candidate16. Considering the presence of proteases that may degrade LOx in 

the TME, we design nanocapsules of LOx (nLOx) with enhanced stability to continuously produce 

H2O2 at the tumor site17–19. As illustrated in Fig. 1, LOx is first enriched with monomers (polyethylene 

glycol methyl ether acrylate, PEG-acrylate) and crosslinkers (N,N'-methylenebisacrylamide) via 

noncovalent interactions, followed by the in situ polymerization to encapsulate LOx within a thin 

polymer shell, forming nLOx. The polymer shell not only enhances the stability of LOx but also 

allows the fast transport of the enzymatic substrate and products. Although the intravenous 

injection allows the passive accumulation of nanoparticles in the tumor site through the enhanced 

permeability and retention (EPR) effect20–22, a statistical analysis shows that only a small fraction (< 

1%) of these nanoparticles are delivered to the tumor23. Among the ones delivered, the majority is 

taken up by the perivascular tumor-associated macrophages (TAMs) with < 0.002% nanoparticles 

ending up in the cancer cells24. To avoid the nonspecific accumulation in the peripheral tissues and 

achieve a high, local concentration of nLOx in the tumor, we therefore intratumorally administer 

nLOx to mice bearing 4T1 breast cancer, where nLOx oxidizes lactate to produce H2O2 for tumor 

suppression. Furthermore, the reduction of lactate may disrupt the original TME, thereby 

increasing the level of pro-inflammatory cytokines and recruiting a higher number of cytotoxic T 

lymphocytes and natural killer (NK) cells for more efficient tumor infiltration and killing.  
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Figure 6-1. Synthesis and delivery of lactate oxidase (LOx) for tumor suppression. 

Nanocapsules of lactate oxidase (nLOx) are synthesized through (1) the enrichment of monomers 

and crosslinkers around LOx molecules, and (2) the in-situ polymerization to form polymer shells. 

nLOx is then intratumorally administered to the tumor site, where lactate is accumulated from a 

high level of aerobic glycolysis. The oxidation of lactate by nLOx produces pyruvate and the 

cytotoxic H2O2, with the latter leading to the killing of cancer cells.  

 

6.3 Methods 

6.3.1 Reagents. Lactate oxidase (LOx) from microorganisms was purchased from Toyobo Inc (New 

York, NY). N-Acryloxysuccinimide (NAS), poly(ethylene glycol) methyl ether acrylate (PEG acrylate, 

average Mn 480), N,N’-methylenebisacrylamide (BIS), N-(3-aminopropyl) methacrylamide (APm), 

ammonium persulfate (APS), N,N,N’,N’-tetramethylethylenediamine, sodium L-lactate, catalase 

from bovine liver, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 3,3’,5,5’-

tetramethylbenzidine (TMB) were purchased from Millipore Sigma (St. Louis, MO). Methoxy 

poly(ethylene glycol) succinimidyl carboxymethyl ester (PEG-NHS, Mw. 10,000) were purchased 

from JenKem Technology USA (Plano, TX). Q Sepharose Fast Flow and PD-10 desalting columns 

containing Sephadex G-25 resin were acquired from GE Healthcare (Marlborough, MA). N-acetyl-

L-(+)-cysteine (NAC), 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA), DyLightTM 755 NHS 
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ester, and FluoroBrite DMEM were purchased from Thermo Fisher Scientific (Waltham, MA). 

CellTiter-Blue® cell viability assay kit was purchased from Promega Corporation (Madison, WI). 

Eagle’s Minimum Essential Media (EMEM), Roswell Park Memorial Institute 1640 Media (RPMI-

1640), fetal bovine serum (FBS), penicillin/streptomycin (P/S, 10,000 I.U.), and trypsin-EDTA 

(0.25%, phenol red) were purchased from Corning (Corning, NY). Amplex Red reagent (10-acetyl-

3,7-dihydroxyphenoxazine) was purchased from Cayman Chemical (Ann Arbor, MI). 8-well µ-slides 

were purchased from ibidi® GmbH (Fitchburg, WI).  

 

6.3.2 Instrument. Transmission electron microscopy (TEM) images were acquired on a 120 kV T12 

cryo-electron microscope (FEI). Dynamic light scattering (DLS) experiments were performed on a 

Zetasizer Nano ZS instrument (Malvern). Fluorescence intensity of different reagents and 

fluorophores were measured with an Infinite M200 Pro microplate reader (Tecan). Fluorescently 

stained cells and tissue sections were imaged with a TCS-SP8-SMD confocal microscope (Leica). 

Tissue sections with immunohistochemistry (IHC) staining were imaged with an Aperio ScanScope 

AT microscope. Optical imaging (bioluminescence and fluorescence) of live animals or animal 

organ samples were acquired with the IVIS Lumina II Imaging System (PerkinElmer) and analyzed 

with Living Image (PerkinElmer).  

 

6.3.3 Cell culture. 4T1, HeLa, and U87 cells were purchased from American Type Culture Collection 

(ATCC), where they have been frequently authenticated with short tandem repeat profiling. 

Luciferase-expressing 4T1 (4T1-Lu) cells were prepared through lentivirus transfection at UCLA 

core facility. 4T1 and 4T1-Lu cells were cultured on 25 or 75 cm2 tissue culture flasks and maintained 

by RMPI-1640, supplemented with 10% FBS and 1% P/S. HeLa and U87 cells were cultured on 25 

cm2 tissue culture flasks and maintained by EMEM, supplemented with 10% FBS and 1% P/S.  
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6.3.4 Synthesis of LOx nanocapsules (nLOx). LOx (~ 5 mg/mL) was first dissolved in HEPES 

buffer (50 mM, pH 8.0) and dialyzed overnight at 4˚C to remove the residual inorganic salts. 

Subsequently, LOx was functionalized with acryloyl groups with NAS (5%, w/v in DMSO) with a 

molar ratio of 1:40 (n/n, LOx:NAS). Then PEG acrylate (16000:1, n/n, PEG acrylate:LOx) and APm 

(800:1, n/n, APm: LOx) as the monomers, BIS (2400:1, n/n, BIS:LOx) as the crosslinker were added 

to the LOx solution. The in situ polymerization was initiated with APS (800:1, n/n, APS/LOx) and 

TEMED (2:1, w/w, TEMED:APS) and kept at 4˚C for 2 hr, before the reaction mixture was dialyzed 

in HEPES buffer (50 mM, pH 8.0) to remove the unreacted small molecules. The reaction products 

were purified with an anion exchange column (Q Sepharose Fast Flow), using HEPES buffer (50 

mM, pH 8.0) as the elution buffer. The purified nLOx samples were concentrated with centrifugal 

filters (MWCO, 30 kDa) and stored at -80˚C for later experiments.  

 

6.3.5 Synthesis of PEGylated LOx (pLOx). LOx (~ 5 mg/mL) was first dissolved in HEPES buffer 

(50 mM, pH 8.0) and dialyzed overnight at 4˚C to remove the residual inorganic salts. Subsequently, 

LOx was reacted with PEG-NHS (10%, w/v) with a molar ratio of 1:200 (n/n, LOx:PEG-NHS) for 2 hr 

under continuous stirring at 4˚C. The reaction mixture was dialyzed in HEPES buffer (50 mM, pH 

8.0) to remove the unreacted PEG-NHS and purified with an anion exchange column (Q Sepharose 

Fast Flow), using HEPES buffer (50 mM, pH 8.0) as the elution buffer. The purified pLOx samples 

were concentrated with centrifugal filters (MWCO, 30 kDa) and stored at -80˚C for later 

experiments.  

 

6.3.6 TEM and DLS studies. nLOx and pLOx (10 µL, 0.1 mg/mL) were added to carbon-coated 

copper grids and incubated for 5 min, followed by negative staining with uranyl acetate (2%, w/v) 

for 1.5 min. TEM images were then acquired with a T12 cryo-electron microscope. DLS 
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measurements were conducted on a Zetasizer Nano ZS instrument. LOx, nLOx, and pLOx were 

dissolved in HEPES buffer (20 mM, pH 7.0) for the hydrodynamic size and zeta potential 

measurements.  

 

6.3.7 Enzyme kinetics assay. The activity of LOx samples was measured by the generation of 

hydrogen peroxide (H2O2) during the oxidation of lactate. The concentration of H2O2 was assessed 

by the colorimetric change of TMB with the presence of horseradish peroxidase (HRP). Briefly, 

sodium L-lactate (4.5 mg/mL), TMB (1.0 mg/mL), and HRP (0.005 mg/mL) were mixed in HEPES 

buffer (50 mM, pH 8.0). And then, LOx, pLOx, or nLOx (0.0005 mg/mL) was added to the reaction 

mixture to initiate the reaction. The absorbance at 650 nm was recorded continuously with a 

UV/Vis spectrophotometer. The initial linear portion of the absorption curve was used to 

extrapolate the reaction rate.  

To measure the Km and Vmax of LOx samples, different concentrations of sodium L-lactate (0, 

0.04882813, 0.09765625, 0.1953125, 0.390625, 0.78125, 1.5625, 3.125, 6.25, 12.5, 25 mM) were added to 

the reaction mixture. Subsequently, LOx samples were added, and the absorbance at 650 nm was 

monitored for 2 min to derive the reaction kinetics using the Michaelis-Menten equation.  

 

6.3.8 Stability Assays. Thermal stability of native LOx, pLOx, and nLOx was measured by 

incubating them at 37˚C for 2 hr. Samples were taken every 20 min, and the residual LOx activity 

was measured using the activity assay described above. Proteolytic stability of native LOx, pLOx, 

and nLOx was measured using a similar method, but with the presence of trypsin (10 µg/mL) during 

incubation.  
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6.3.9 Measurement of lactate accumulation. 4T1, HeLa, and U87 cells were seeded at a low 

density (~2,000 cells/well) in 96-well plates. The culture media of these cells were collected daily 

for 5 days, and the concentration of lactate was determined using a LOx-based enzyme assay.  

 

Figure 6-2. Characterization of LOx-based modalities. a, Hydrodynamic size and b, zeta (ζ) 

potential of native LOx, pLOx, and nLOx measured by DLS. c, Enzyme kinetics of native LOx (Km 

= 0.1623 ± 0.0075 mM, Vmax = 0.2958 ± 0.0026 µmol/L·s), pLOx (Km = 0.5716 ± 0.0153 mM, Vmax = 

0.1960 ± 0.0012 µmol/L·s), and nLOx (Km = 0.5553 ± 0.0064 mM, Vmax = 0.2731 ± 0.0007 µmol/L·s) at 

different lactate concentrations. d, Thermal (in the absence of trypsin) and e, proteolytic stability 

(in the presence of trypsin, 10 µg/mL) of native LOx, pLOx, and nLOx at 37˚C. f, Generation of ROS 

in 4T1 cells after the addition of native LOx, pLOx, or nLOx for 60 min. (n=5) Data are presented as 

mean ± SEM (n=3, unless otherwise indicated).  

 

Table 6-1. Kinetic parameters of native LOx, pLOx, and nLOx.  
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6.3.10 Cell viability assay. 4T1, HeLa, and U87 cells were seeded at a low density (~2,000 cells/well) 

in 96-well plates and cultured for 3 days before the addition of LOx samples (LOx, pLOx, or nLOx) 

at different concentrations (2.5, 1.25, 0.625, 0.3125, 0.15625, 0.078125, 0.0390625, 0.01953125, and 0 

µg/mL). After incubation with LOx samples for 24 hr, the cell viability was determined by the 

CellTiter Blue assay with a microplate reader. The cell viability was also monitored by the Live/Dead 

cell staining using calcein acetoxymethyl (Calcein AM) and propidium iodide (PI) and imaged with 

a fluorescence microscope.  

To validate that the cytotoxicity was an ROS-driven mechanism, ROS scavengers (catalase and 

NAC) were incubated with the cells in the presence of LOx samples. Briefly, catalase (5 µg/mL) or 

NAC (500 µg/mL) was added to the culture media of 4T1, HeLa, and U87 cells, before the addition 

of LOx samples (LOx, pLOx, or nLOx, 2 µg/mL). After 24-hr incubation, the cell viability was 

measured by the CellTiter Blue assay.  

 

6.3.11 Detection of reactive oxygen species (ROS). The generation of ROS was detected by 

H2DCFDA, which is converted to the highly fluorescent 2’,7’-dichlorofluorescein (DCF) upon the 

cleavage of the acetate groups and the oxidation by H2O2. 4T1, HeLa, and U87 cells were seeded at 

a low density (~2,000 cells/well) in 96-well plates and cultured for 3 days. H2DCFDA (5~10 µM) were 

added to the culture media and incubated with the cells for 30 min before the addition of LOx 

samples (LOx, pLOx, or nLOx) at different concentrations (2, 1, 0.5, 0.25, 0 µg/mL). Thirty and 60 

min after the addition of LOx samples, the fluorescence of DCF (Ex = 485 nm, Em = 535 nm) was 

measured with a microplate reader.  

To observe the accumulation of intracellular ROS, we seeded 4T1, HeLa, and U87 cells at a low 

density in 8-well µ-slides and cultured for 3 days. H2DCFDA (5~10 µM) were added to the culture 

media and incubated with the cells for 30 min before the addition of LOx samples (LOx, pLOx, or 
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nLOx) at 0.5 µg/mL. Two hr after the addition of LOx samples, the cells were fixed with 4% 

paraformaldehyde (w/v), rinsed with FluoroBrite DMEM, and counterstained with Hoechst 33342. 

The slides were then observed under a confocal microscope.  

 

Figure 6-3. ROS-induced cell deaths in HeLa (a-e) and U87 (f-j) cells. a, HeLa cell viability 24-

hr after incubation with different concentrations of native LOx, pLOx, or nLOx.  b,c, Generation of 

ROS in the culture medium after the addition of native LOx, pLOx, or nLOx for 30 and 60 min. d, 

Confocal microscopy images of the intracellular ROS after incubation with native LOx, pLOx, or 
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nLOx for 2 hr. ROS and nuclei were stained by H2DCFDA and DAPI, respectively. e, HeLa cell 

viability 24-hr after incubation with native LOx, pLOx, or nLOx, in the presence of ROS scavengers 

(CAT: catalase; NAC: N-acetyl-L-(+)-cysteine). f, U87 cell viability 24-hr after incubation with 

different concentrations of native LOx, pLOx, or nLOx.  g,h, Generation of ROS in the culture 

medium after the addition of native LOx, pLOx, or nLOx for 30 and 60 min. i, Confocal microscopy 

images of the intracellular ROS after incubation with native LOx, pLOx, or nLOx for 2 hr. ROS and 

nuclei were stained by H2DCFDA and DAPI, respectively. j, U87 cell viability 24-hr after incubation 

with native LOx, pLOx, or nLOx, in the presence of ROS scavengers (CAT: catalase; NAC: N-acetyl-

L-(+)-cysteine). Scale bar in d and i, 50 µm. Data are presented as mean ± SEM (n=5). ****P < 0.0001. 

 

6.3.12 Orthotopic 4T1 tumor model in BALB/c mice. All animals were treated in accordance with 

the Guide for Care and Use of Laboratory Animals under the protocol approved by the UCLA 

Chancellor’s Animal Research Committee (ARC). Female BALB/c mice were purchased from 

Jackson Laboratory and maintained under pathogen-free conditions. 4T1-Lu cells (5 × 105 cells) in 

RPMI/Matrigel (v/v, 1:1) were subcutaneously injected to the second right mammary gland of the 

mice. Seven to 9 days after tumor transplantation, mice were weighed and regrouped randomly for 

imaging purposes or different treatments.  

 

6.3.13 Optical imaging. For imaging purposes, native LOx or nLOx were labeled with DyLightTM 

755. Seven days after 4T1-Lu cell transplantation, mice were intraperitoneally injected with D-

luciferin (30 mg/mL in PBS), and the tumor formation was validated with bioluminescence (IVIS 

Lumina II, PerkinElmer) 10-min after the injection. Six mice were randomly divided into 3 groups 

(n=2) and injected with PBS, native LOx, or nLOx intratumorally. The biodistribution of native LOx 

or nLOx was then examined with fluorescence imaging (IVIS Lumina II, PerkinElmer) at 4, 12, 24, 
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48, 72, and 120 hr post-injection. At the end of the live imaging study, mice were euthanized for 

organ (e.g., heart, liver, spleen, lung, kidney) and tumor collection, followed by ex vivo imaging.  

After optical imaging, the tumor samples were flashed frozen in liquid nitrogen and later 

embedded in optimal cutting temperature (OCT) compound prior to cryo-sectioning. The slides 

were observed under confocal microscopy to examine the accumulation of native LOx or nLOx 

(conjugated with DyLightTM 755) at the tumor site. Nuclei were stained with DAPI.  

 

Figure 6-4. Biodistribution of LOx and nLOx after intratumoral injection. Ex vivo imaging of 

the accumulation of native LOx or nLOx in major organs (e.g., heart, liver, spleen, lung, and kidney) 

and 4T1-tumor 5 days after a single intratumoral injection. 4T1-tumor expressing luciferase was 

used for bioluminescence imaging. Native LOx and nLOx were conjugated with DyLightTM 755 for 

imaging purposes. Scale bar, 1 cm.  
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Figure 6-5. Accumulation of nLOx in the tumor tissue. Post-mortem tumor tissue was stained 

with DAPI. Native LOx and nLOx were labeled with DyLightTM 755. Scale bar, 50 µm.  

  

6.3.14 Therapeutic efficacy study. Seven days after 4T1-Lu cell transplantation, 18 mice were 

randomly divided into 3 groups (n=6) and treated with PBS, native LOx, or nLOx intratumorally 

every 3 days. Tumor growth was measured with a digital caliper, and the tumor volume (mm3) was 

calculated as (length × width2)/2. When the tumor volume of the PBS-treated group reached ~1500 

mm3, mice in all 3 groups were euthanized for organ (e.g., heart, liver, spleen, lung, kidney) and 

tumor collection. The organ samples were collected for histological analysis. The tumor samples 

were weighed and harvested for biochemical and histological analysis.  

 

6. 3. 15 Measurement of the tumor ROS level. To measure the tumor ROS level with high 

sensitivity, we used Amplex Red reagent (Ex. = 530 nm, Em. = 590 nm) instead of H2DCFDA for this 

study. The tumor samples were immersed in cold PBS (1×, pH 7.4, 100 mg tissue per 100 µL buffer) 

and homogenized with a Bead Mill 24 homogenizer. The homogenate was centrifuged at 20,000 ×g 

for 15 min, and the supernatant was collected and diluted another 5~10 folds. The reaction mixture 

was prepared in a 96-well plate with 20 µL supernatant and 80 µL Amplex Red solution (50 µM with 

0.1 U/mL HRP). After 15~30 min incubation, the colorimetric changes were analyzed with a 

microplate reader.  
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Figure 6-6. Hematoxylin and Eosin (H&E) staining of major organs after different 

treatments. Heart, liver, spleen, lung, and kidney tissues were stained and compared to the ones 

from healthy mice. Scale bar, 100 µm.  
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Figure 6-7. LOx and nLOx induced tumor necrosis. a, Individual tumor growth kinetics in the 

control and treatment groups (native LOx or nLOx) (n=6). b,c H&E staining of the tumor tissue. 

Scale bar, 2 mm in b, 50 µm in c.  

 

6.3.16 Immunohistochemistry staining. Tumor samples were post-fixed in 4% 

paraformaldehyde (w/v), transferred to 70% ethanol before embedding in paraffin and sectioned at 

5 µm intervals. Immunohistochemistry staining was performed by the UCLA Jonsson 

Comprehensive Cancer Center Translational Pathology Core Laboratory following standardized 

protocols. The slides were deparaffinized, and antigens were retrieved with sodium citrate buffer 

(pH = 6) at 95˚C. After rehydration in PBST, the slides were incubated with primary antibodies 
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overnight, followed by HRP-conjugated secondary antibodies for 1 hr and then DAB (3,3′-

diaminobenzidine) reagent. The slides were scanned by an Aperio ScanScope AT microscope. 

Tumor apoptosis and necrosis were stained by cleaved Caspase-3 (CC-3). Tumor proliferation was 

stained by Ki-67. Blood vessels were stained by platelet endothelial cell adhesion molecule 1 

(PECAM1). Memory T cells and cytotoxic T lymphocytes were stained by CD4 and CD8, respectively. 

Pro-inflammatory macrophages and natural killer (NK) cells were stained by CD11b.  

 

Figure 6-8. Immunohistochemistry analysis of the expression of Ki67 in different treatment 

groups. Confocal microscopy images of the proliferating cells (Ki67) in the tumor section after the 

treatment of PBS, LOx, or nLOx. Scale bar, 50 µm.  
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6.3.17 Statistics. Data are presented as means ± SEM unless otherwise indicated. Statistical analyses 

were performed with GraphPad Prism® 7 using the one way-ANOVA with a Turkey’s post-hoc test 

for comparison of multiple groups or two way-ANOVA for comparison of multiple groups at 

different time points. The P values of 0.05 or less are considered significant. 

 

6.4 Results and discussion 

Considering that PEGylation is the gold standard for protein delivery25, we also synthesized 

PEGylated LOx (pLOx) through direct conjugation to compare its stability and bioactivity with 

nLOx. Spherical nLOx and pLOx with an average diameter of ~30 nm and ~35 nm were observed 

under transmission electron microscopy (TEM, Figure 6-9a) and dynamic light scattering (DLS, 

Figure 6-2a), respectively. The successful construction of nLOx and pLOx was also validated using 

protein gel electrophoresis (Figure 6-9b). The large size of nLOx and pLOx resulted in a short 

migration distance from the stacking gel, compared with native LOx that moved further into the 

separating gel. In addition, nLOx and pLOx exhibited zeta potentials of ~3 mV and ~0 mV (Figure 

6-2b), compared to native LOx with a zeta potential of -7.8 mV. After synthesis, nLOx retained >90% 

of the enzyme turnover efficiency, while PEGylation of LOx resulted in a decrease to ~66%, due to 

the extensive conjugation of PEG chains onto LOx (Figure 6-2c)26,27. Moreover, nLOx showed 

enhanced proteolytic stability compared to native LOx and pLOx (Figure 6-2d,e). When incubated 

at 37˚C for 2 hr in the presence of proteases (trypsin, 10 µg/mL), native LOx lost its activity within 

20 min, while pLOx maintained ~50% of LOx activity. In contrast, nLOx retained >80% of LOx 

activity, which would allow its continuous lactate oxidation in tumor tissues rich in matrix 

metalloproteases.  
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Figure 6-9. Morphology of LOx nanocapsules and the ROS-induced cell deaths. a, 

Representative transmission electron microscopy (TEM) images of nLOx and pLOx. Scale bar, 50 

nm. b, Protein gel electrophoresis of native LOx, nLOx, and pLOx. c, Daily accumulation of lactate 

in the culture media of 4T1, HeLa, and U87 cells, measured by an enzyme-based assay. d, 4T1 cell 

viability 24-hr after incubation with different concentrations of native LOx, pLOx, or nLOx.  e, 

Generation of ROS in the culture medium after the addition of native LOx, pLOx, or nLOx for 30 

min. The level of ROS was detected with H2DCFDA. f, Confocal microscopy images of the 

intracellular ROS after incubation with native LOx, pLOx, or nLOx for 2 hr. ROS and nuclei were 

stained by H2DCFDA and DAPI, respectively. Scale bar, 50 µm. e, 4T1 cell viability 24-hr after 

incubation with native LOx, pLOx, or nLOx, in the presence of ROS scavengers (CAT: catalase; NAC: 

N-acetylcysteine). Data are presented as mean ± SEM (n=5). ****P < 0.0001. 
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To examine the extent of “the Warburg effect”, we monitored the accumulation of lactate in the 

culture media of three cancer cell lines (4T1, HeLa, and U87). Five days after cell culture, the lactate 

level in the media increased to ~30 mM from ~6 mM on day 1, where 4T1 cells showed faster 

accumulation kinetics given its higher proliferation rate compared with HeLa and U87 cells. We 

then incubated serial concentrations of native LOx, pLOx, or nLOx with these cells for 24 hr and 

assessed cell viability (Figure 6-3, 6-9d). All three treatments led to the effective killing of 4T1 cells 

starting from ~0.3 µg/mL, in which native LOx achieved the highest efficacy (IC50 = 0.04 µg/mL) 

and pLOx had the least (IC50 = 0.16 µg/mL). nLOx (IC50 = 0.11 µg/mL) exhibited slightly lower efficacy 

than native LOx but outperformed pLOx. The higher IC50 values of nLOx and pLOx could be 

attributed to their lower affinity to the lactate substrate compared with native LOx, originating 

from the polymer shells around LOx proteins. Nevertheless, the in vivo tumor suppression would 

depend not only on the IC50 values but also the enzyme stability and tissue residence time. We also 

measured the generation of ROS in the culture media 30 and 60 min after the addition of LOx 

samples (Figure 6-2f, 6-9e). Using an ROS indicator (H2DCFDA)28, we observed a marked increase 

in the ROS level (20-40 fold) in all groups, which became saturated when sample concentration 

reached 2 µg/mL. Native LOx and nLOx produced a similar level of ROS, both exceeding pLOx at 

low concentrations (0.25 and 0.5 µg/mL). Moreover, we imaged the intracellular ROS level 2 hr after 

sample addition. Despite a basal level of ROS in 4T1 cells, higher DCF (the oxidized form of 

H2DCFDA) intensity was observed in the cells treated with LOx, pLOx, or nLOx. To validate that 

the ROS produced was responsible for cell deaths, we included additional ROS scavengers (catalase 

or N-acetylcysteine) in the culture media before adding LOx samples. The removal of ROS by these 

scavengers substantially rescued the viability of 4T1 cells, in which catalase rendered a stronger 

rescue effect than N-acetylcysteine, given its continuous breakdown of ROS. We also conducted 

similar in vitro studies in HeLa and U87 cells and obtained consistent results (Figure 6-3). Note that 
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native LOx and nLOx exhibited high turnover efficiency and ROS production with similar IC50 for 

cancer-killing, both exceeding pLOx. Therefore, native LOx and nLOx were employed for the next 

in vivo studies.  

The anti-tumor effect of LOx modalities was investigated in mice with 4T1 breast cancer. 

Luciferase-expressing 4T1 cells were transplanted to the subcutaneous space of the mammary 

glands, and their bioluminescence was imaged 7 days after transplantation to validate the tumor 

formation (Figure 6-10a). We first conducted the biodistribution study after the intratumoral 

administration of native LOx or nLOx into 4T1 tumors. Fluorescently-labeled (DyLight 755) native 

LOx or nLOx were injected directly to the tumor, and the mice were imaged for the next 5 days. 

The fluorescence of native LOx rapidly decreased 12-hr post-injection and became almost non-

detectable after 24 hr. In contrast, the signal of nLOx continuously remained at the tumor site even 

at 120 hr post-injection. This observation was also confirmed by ex vivo imaging 5 days post-

injection, in which only the fluorescence signal of nLOx appeared and was confined to the tumor 

region (Figure 6-4). Furthermore, we isolated the tumor samples and observed the cryosectioning 

tissues under confocal microscopy and only found DyLight 755 signals scattered in the group 

treated with nLOx (Figure 6-5). The local accumulation would not only allow nLOx to produce 

more ROS for tumor suppression but also reduce the risk of nLOx migrating into other organs and 

producing cytotoxic ROS.  

Next, we evaluated the therapeutic effects of native LOx and nLOx in the 4T1-breast cancer 

model. Seven days after tumor formation, mice were randomly grouped and treated with PBS, 

native LOx or nLOx (20 µL, 0.5 mg/mL) via intratumoral injection every 3 days, and the tumor 

growth was continuously monitored (Figure 6-10b, 6-7a). The tumor volume in mice treated with 

PBS increased exponentially and reached ~1,500 mm3 after ~3 weeks, while the group given native 

LOx showed a much slower tumor growth and reached ~750 mm3 within the same period. In 
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contrast, nLOx significantly slowed down the tumor progression, especially in the first 2 weeks, and 

gradually increased to ~550 mm3 at the end of the study. Throughout the study, the bodyweight of 

mice remained stable (Figure 6-10c), and no tissue toxicity was found in major organs (e.g., heart, 

liver, spleen, lung, and kidney) from the H&E staining (Figure 6-6). Mice were sacrificed on day 25, 

and their tumor tissues were collected for biochemical and histological analysis. Compared with 

the PBS group, the treatment of native LOx significantly reduced the tumor weight from ~1.8 g to 

~1.2 g, while nLOx further decreased it to ~0.8 g (Figure 6-10d). The tumor tissues were also 

homogenized to measure the ROS level within the homogenate using Amplex Red reagent29 (Figure 

6-10e). Whereas the PBS group exhibited a basal level of ROS within the tumor, the injection of 

native LOx or nLOx greatly elevated the ROS level by ~2.5 or ~4.6 folds, respectively. The higher 

ROS levels within the tumor tissue correlated well with the better tumor-suppression effect. These 

results were consistent with recent studies, in which the in situ increase in hydroxyl radicals by an 

enzyme-enhanced therapy (polymer dots-conjugated glucose oxidase) led to effective tumor 

suppression in the MCF-7 xenograft model4. Likewise, the delivery of FDA-approved iron oxide 

nanoparticles (ferumoxytol) catalyzed the formation of ROS in cancer cells, causing ferroptosis and 

promoting cell deaths30–32. Using a similar concept, Cramer et al. demonstrated that the systemic 

depletion of L-cysteine impaired the synthesis of the antioxidant glutathione (GSH) in cancer cells, 

resulting in an elevated ROS level and reduced tumor growth28.  
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Figure 6-10. Intratumoral injection of native LOx or nLOx for the inhibition of 4T1 breast 

cancer in vivo. a, Biodistribution of native LOx and nLOx after intratumoral injection. Luciferase-

expressing 4T1 cells were transplanted for bioluminescence. Native LOx and nLOx were conjugated 

with DyLightTM 755 for imaging purposes. Scale bar, 2 cm. b, Tumor growth curves and c, 

bodyweights of mice treated with PBS, native LOx, or nLOx. Treatment started on day 7. d, 

Comparison of the tumor weight from mice in the control or treatment groups. e, Intratumoral 

ROS level in the control or treatment groups. ROS was measured with Amplex Red reagent. f, H&E 

staining of the tumor section from mice in the control or treatment groups. Scale bar, 50 µm. Data 

are presented as mean ± SEM (n=6). *P < 0.05, **P <0.01, ***P <0.001, ****P < 0.0001.  

 

From H&E staining, we observed a large area of necrosis in the center of the tumor from native 

LOx and nLOx group (Figure 6-7b, 6-10f), while the tumor cells away from the injection site 

remained viable and proliferative (Figure 6-7c). This observation could also help to explain the 

inhibited but continuous tumor growth in the group treated with native LOx or nLOx because 4T1 

cells on the outer layer were less affected by the ROS and went on proliferation. Within the tumor 
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necrotic area, we observed a clear activation of apoptotic enzymes33 (cleaved caspase-3, CC-3) in 

both native LOx and nLOx groups, with a higher identity in the latter group (Figure 6-11a). The 

higher level of CC-3 also corresponded with the decrease in proliferation markers (Ki-67) and the 

number of blood vessels34, signifying suppressed cancer growth (Figure 6-8a, 6-11b). Meantime, the 

removal of lactate and increase in ROS could also affect the TME and induced a pro-inflammatory 

milieu. It has been reported that melanoma cells enhanced their lactate production via an elevated 

expression of lactate dehydrogenase A (LDHA), which in turn aided in their escape from 

immunosurveillance by impairing cytokine production and immune cell infiltration13. Moreover, 

the interruption of lactate uptake in cancer cells could afford an anti-cancer effect and sensitize 

tumors to radiotherapies35. To probe the change in the TME, we further stained for interferon-γ 

(IFN-γ) and pro-inflammatory macrophages and NK cells (CD11b)36 (Figure 6-11c,d). A higher level 

of IFN-γ release and a greater number of CD11b+ cells were found in groups treated with native LOx 

or nLOx, while nLOx stimulated these increases to a more significant level. The disruption of the 

immunosuppressive TME also contributed to a higher number of tumor-infiltrating CD4+ and CD8+ 

T cells (Figure 6-8b,c), which could enhance tumor surveillance and elimination, respectively37.  
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Figure 6-11. nLOx enhanced cancer-killing and promoted a pro-inflammatory TME. a-d, IHC 

staining for apoptotic caspase-3 (CC-3, a), cancer proliferation marker (Ki-67, b), the production of 

pro-inflammatory cytokine (IFN-γ, c), and pro-inflammatory macrophages and NK cells (CD11b, d). 

Scale bar, 50 µm.  
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6.5 Conclusions 

Harnessing the accumulation of lactate within the TME, we delivered LOx to produce ROS and 

inhibit tumor growth. The encapsulation of LOx enhanced enzyme stability and prolonged the 

tumor residence time, both contributing to a more effective tumor suppression effect. Moreover, 

the removal of lactate and subsequent generation of ROS also promoted a pro-inflammatory milieu, 

which stimulated cytokine production and immune cell infiltration. This strategy could be 

combined with other therapies (e.g., monoclonal antibodies, immune checkpoint inhibitors, or 

engineered lymphocytes) to enhance the therapeutic effect for solid-tumor treatment.  

 

6.6 Future directions  

From tumor initiation to malignancy and then to metastasis, the tumor immune 

microenvironment (TIME) constantly evolves and cross-talks with the whole body’s immune 

system. The complexity and diversity of the TME or TIME largely influence the clinical response to 

different treatments, especially immunotherapies38. While lactate is only one of the metabolites 

that constitute the TME, various cytokines and cell types collectively shape the TIME. For instance, 

the interplay between pro-inflammatory cytokines (e.g., IFN-γ, tumor necrosis factor-α, and 

interleukin-2) and anti-inflammatory cytokines (e.g., interleukin-6, interleukin-10, and 

transforming growth factor-β) affects the phenotypes of immune cells and the malignancy of the 

tumor. In response to the changes in the TIME, the polarization of macrophages, the antigen-

presentation of dendritic cells, and the infiltration of cytotoxic lymphocytes are altered 

accordingly39. In this context, the treatment for cancer should expand from single therapy to 

combinatorial therapy, where each class of drug molecule addresses part of the problem.  

Tumor resembles a castle with ramparts (e.g., myeloid cells and tumor-associated macrophages) 

as a defensive barrier. Current treatments (e.g., chemotherapy, radiotherapy, cytokines, immune 
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checkpoint inhibitors, and engineered lymphocytes) attempt to attack the tumor from the outside 

and gradually infiltrate the tumor stroma to inhibit its progression. The intratumoral delivery of 

LOx-based therapies, on the other hand, serve as Trojan horses that directly induce apoptosis and 

necrosis from the inside, while promoting a pro-inflammatory TIME. It would be interesting to 

examine the anti-cancer effect when LOx modalities are administered simultaneously with immune 

checkpoint inhibitors or engineered T cells.  

 

Figure 6-12. Combination therapy in combating cancer. Current treatments are designed to 

attack tumor from the outside, while LOx-based modalities enable cancer-killing from the inside.  
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Chapter 7. Intracellular delivery of proteins using peptide-based nanocapsules 

7.1 Intracellular delivery of proteins 

A mammalian cell contains millions of endogenous proteins that perform complex functions to 

structurally support and dynamically regulate its life cycle and metabolism1. The intracellular 

delivery of exogenous proteins can bring new features and functions to the cell2,3. For instance, the 

delivery of the CRISPR/Cas9 system enables genomic editing in mammalian cells4–6, while the 

delivery of cytotoxic enzymes leads to the efficient killing of cancer cells7,8. Although current 

delivery vehicles have achieved a modest efficiency, the poor protein stability and the difficulty in 

endosomal escape remain major hurdles3,9. Note that the single-protein nanocapsule technology 

affords an effective delivery of proteins into different mammalian cells7,10, whereas the synthesis 

process involves a step of in situ polymerization, which generates a large number of free radicals 

that could irreversibly damage the binding pocket or catalytic site of proteins11.  

 

7.2 Design of radical-free, peptide-based protein nanocapsules 

We design and synthesize a new class of protein nanocapsules through the radical-free, in 

situ polycondensation of monomers and crosslinkers. As illustrated in Fig. 7-1, the enhanced green 

fluorescent protein (EGFP) is activated with sulfo-SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate) and then mixed with monomers. The two monomers are a short peptide 

of tetra-lysine flanked by two cysteines (NH2-CKKKKC-COOH, abbreviated as CC6) and bis-

maleimido-triethylene glycol (BMPEG3). Through thiol-ene reaction, these two monomers can 

form oligomers and then join together to develop linear polymer chains. The polymer chains are 

subsequently connected by the crosslinkers (bis-PEG4-NHS) through reacting with the amine 

groups on CC6, forming polymer networks around the EGFP. The remaining amine groups on CC6 

provides EGFP nanocapsules (nEGFP) with a positive surface charge that aids in cellular uptake12,13, 
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while the peptide structure in the polymer backbone can be degraded by endosomal proteases to 

release the payload14,15. The resulting nEGFP can then be used for intracellular delivery. We show 

that this encapsulation strategy applies to various proteins with different molecular weights and 

surface charges and allows an efficient cell entry to perform their biological function.  

 

Figure 7-1. Design and synthesis of peptide-based protein nanocapsules. CC6 peptides were 

enriched around the protein via electrostatic interactions. The addition of BMPEG3 initiates the 

poly-condensation reaction around the protein surface, forming polymers that are subsequently 

crosslinked by bis-PEG4-NHS ester. Through this process, protein molecules are encapsulated in a 

thin layer of crosslinked polymer shell with a positive surface charge. These protein nanocapsules 

can be internalized into the cells, where the breakdown of the polymer shell by proteases releases 

the cargo into the cytosol.  
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7.3 Methods 

7.3.1 Materials. Polypeptide CC6 (NH2-Cys-Lys-Lys-Lys-Lys-Cys-COOH) and TAT peptide (NH2-

Cys-(EG)2-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-COOH) were custom-synthesized by 

GL Biochem (Shanghai, China). BM(PEG)3 (1,11-bismaleimido-triethyleneglycol), Alexa Fluor 488 

Phalloidin, Alexa Fluor 488 NHS Ester, hydrogen peroxide (30%, v/v), indole-3-acetic acid (IAA), X-

Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside), Equine Serum (ES), and Calf Bovine 

Serum (CS) were purchased from ThermoFisher Scientific (Waltham, MA). Bis-PEG4-NHS ester was 

purchased from BroadPharm (San Diego, CA). Sulfo-SMCC (sulfosuccinimidyl 4-(N-

maleimidomethyl) cyclohexane-1-carboxylate) was purchased from CovaChem (Loves Park, IL).  

Enhanced green fluorescent protein (EGFP) and S. pyogenes Cas9 (SpCas9) were overexpressed 

and purified from E. coli cells. Horseradish peroxidase (HRP) and lactate dehydrogenase (LDH) 

were purchased from Calzyme Laboratories (San Luis Obispo, CA). Ferritin (Fer), immunoglobulin 

G (IgG), beta-galactosidase (β-Gal), trypsin, N-acryloxysuccinimide, and 2-nitrophenyl β-D-

galactopyranoside (ONPG) were acquired from Millipore-Sigma (St. Louis, MO). Minimum 

Essential Medium (EMEM), Roswell Park Memorial Institute (RPMI) 1640 Medium, Fetal Bovine 

Serum (FBS), and penicillin/streptomycin (P/S) were purchased from Corning (Corning, NY). Texas 

Red-Phalloidin was obtained from Biotium (Fremont, CA). Rabbit anti-Rab7 antibody (#9367) and 

TMB substrate (#7004) were purchased from Cell Signaling Technology (Danvers, MA).  

 

7.3.2 Instrument. Transmission electron microscopy (TEM) images were acquired on a 120-kV T12 

Quick CryoEM and CryoET (FEI). Dynamic light scattering (DLS) was performed on a Zetasizer 

Nano ZS instrument (Malvern). UV-Vis absorbance and fluorescence intensity of different reagents 

and fluorophores were measured with an Infinite M200 Pro microplate reader (Tecan). 

Fluorescently stained cells and tissue sections were imaged with a confocal SP8-STED/FLIM/FCS 
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microscopy (Leica) at Advanced Light Microscopy / Spectroscopy of California NanoSystems 

Institute. Flow cytometry was performed on a MACSQuant VYB cytometer (Miltenyi Biotec).  

 

7.3.3 Cell Culture. HeLa, NIH/3T3, and PC12 cells were purchased from American Type Culture 

Collection (ATCC) within the past three years and authenticated with short-tandem repeat 

profiling by the vendor. Cells were cultured on 25 cm2 tissue culture flasks. HeLa cells were 

maintained by EMEM, supplemented with 10% FBS and 1% P/S. NIH/3T3 cells were maintained by 

EMEM, supplemented with 10% CS and 1% P/S. PC12 cells were cultured on pre-coated flasks (0.1 

mg/mL poly-D-lysine) maintained by RPMI, supplemented with 5% FBS, 5% ES, and 1% P/S. To 

induce neurite outgrowth, PC12 cells were cultured in starvation media consisting of RPMI, 1% ES, 

and 1% P/S for 12 hr. Then, the recombinant human nerve growth factor (rhNGF) was added with a 

final concentration of 50 ng/mL. PC12 cells were differentiated for five days before samples were 

added for the uptake study. CD8+ T cells were isolated from donor whole blood samples acquired 

from UCLA Blood & Platelet Center. CD8+ T cells were cultured in complete RPMI with essential 

cytokines16.  

 

7.3.4 Synthesis of nanocapsules. Proteins are first dissolved and dialyzed in HEPES buffer (50 

mM, pH 7.5) to remove the inorganic impurities. Then proteins are functionalized with sulfo-SMCC 

(20:1, n/n, sulfo-SMCC:protein) and desalted to remove the unreacted molecules. The in situ 

polycondensation was initiated by adding two monomers, CC6 and BM(PEG)3, to the protein 

solution. Thirty to 40 min after the initiation, Bis-PEG4-NHS ester was added to the reaction 

mixture as the crosslinkers. The reaction was continued for 1 hr at 4˚C before thorough dialysis in 

phosphate buffer saline (PBS, 1x, pH 7.4). After dialysis, the samples were condensed to ~0.2 mg/mL 

using centrifugal filters (MWCO, 30 kDa), and stored at 4˚C for later experiments.  
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Nanocapsules of LDH were also synthesized using free-radical polymerization, denoted as 

n(LDH)f.r.. In brief, LDH was first conjugated with N-acryloxysuccinimide and then mixed with 

monomers (acrylamide, 6000:1, n/n) and crosslinkers (N,N’-Methylenebisacrylamide, 1000:1, n/n). 

The in-situ polymerization was initiated by ammonium persulfate (400:1, n/n) and 

tetramethylethylenediamine (2:1, w/w to ammonium persulfate).  

 

Table 7-1. The ratio of monomers and crosslinkers for protein encapsulation. 

Protein Mw (Da) CC6 ratio BM(PEG)3 ratio Bis-PEG4-NHS ratio 

EGFP 32,700 8,000 8,000 1,000 

HRP 44,200 10,000 10,000 1,250 

LDH 140,000 28,000 28,000 3,500 

IgG 150,000 30,000 30,000 3,750 

CAT 232,000 50,000 50,000 6,250 

β-Gal 465,000 100,000 100,000 12,500 

Fer 474,000 100,000 100,000 12,500 

 

7.3.5 Synthesis of TAT-conjugated EGFP. EGFP was first functionalized with sulfo-SMCC (20:1, 

n/n, sulfo-SMCC:EGFP), and desalted to remove the unreacted molecules. Then the modified EGFP 

was mixed with TAT peptides for 2 hr at 4˚C. The conjugation of TAT peptide was achieved through 

the thiol-ene Michael addition between the N-terminal cysteine residue on TAT and the maleimide 

group on sulfo-SMCC-EGFP. The successful conjugation was validated using polyacrylamide gel 

electrophoresis.   

 

7.3.6 TEM and DLS studies. Protein nanocapsules (10 µL, 0.1 mg/mL) were pipetted to a carbon-

coated copper grid (Ted Pella) and incubated for 5 min, followed by 1.5-min negative staining with 
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uranyl acetate (2%, w/v). TEM images were then acquired with the Tecnai T12 CryoEM microscope. 

Ferritin and ferritin nanocapsules were also imaged without negative staining. 

 

7.3.7 Enzyme activity assays. The activity of EGFP, HRP, LDH, CAT, and β-Gal before and after 

encapsulation was measured based on established protocols. The fluorescence intensity of EGFP 

and nEGFP was recorded with a plate reader (Ex. = 395 nm). The activity of HRP and nHRP was 

determined by the oxidation of TMB (Abs. = 650 nm). LDH and nLDH activity was analyzed by the 

reduction of pyruvate to lactate with a cofactor NADH (Abs. = 340 nm). The activity of CAT and 

nCAT was assessed by the breakdown of hydrogen peroxide (Abs. = 240 nm). β-Gal and nβ-Gal 

activity was monitored by the hydrolysis of ONPG (Abs. = 420 nm) or X-Gal (Abs. = 615 nm).  

 

7.3.8 Protein release from the nanocapsules. Nanocapsules of IgG (nIgG) were used to examine 

the breakdown of the polymer shell in response to proteases (trypsin) and reducing agents (reduced 

glutathione, GSH). Trypsin (10 µg/mL) or GSH (10 mM) was incubated with nIgG (0.1 mg/mL) under 

37˚C. Samples were collected at 0, 15, 30, 45, 60, 90, and 120 min during the incubation and analyzed 

with agarose gel electrophoresis.  
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Figure 7-2. Characterization of protein nanocapsules. a, TEM images of nHRP, nCAT, nIgG, 

and nβ-Gal. Scale bar, 50 nm. b, Agarose gel electrophoresis of EGFP, nEGFP, IgG, nIgG, β-Gal, and 

nβ-Gal. Positive and negative electrodes are indicated as “+” and “-”, respectively. c, Fluorescence 

spectra of native EGFP and nEGFP. Ex. = 395 nm. d, Enzyme activity of native LDH, nLDH, and 

n(LDH)f.r. (n=3). e, Release of IgG from nIgG in the presence of GSH (10 mM). P values were 

determined by one-way ANOVA with a Tukey’s post-hoc test. *P < 0.05.  

 

7.3.9 Cellular uptake experiment. NIH/3T3 and HeLa cells were seeded in chambered coverglass 

slides two-day before the experiment. PC12 cells were seeded in the slides and pre-treated with NGF 

five-day before the experiment. These cells were incubated with native EGFP or nEGFP at 10 µg/mL 

for four hr at 37 ˚C. NIH/3T3 cells were also incubated with nCas9, where Cas9 was fused with a 

nuclear localization signal (NLS). After incubation, cells were washed extensively with FluoroBrite 

DMEM, fixed with paraformaldehyde (4%, w/v), permeabilized with Triton X-100 (0.5%, w/v), and 

stained with Phalloidin (conjugated with Texas Red or Alexa Fluor 488) and DAPI for actin and 

nuclei, respectively. HeLa and NIH/3T3 cells were also incubated with AF488-nIgG, and the 

endosomes were stained with anti-Rab7 antibodies to examine the cytosolic delivery. After staining, 

the cells were imaged with the TCS-SP8-SMD confocal microscope.  

 

7.3.11 Cell viability and HPR/IAA induced cytotoxicity. HeLa and NIH/3T3 cells were seeded in 

96-well plates (104 cells/well) and incubated with nEGFP or nIgG (0, 1, 2, 5, or 10 µg/mL) for four hr. 

Then, cell viability was assessed with the CellTiter Blue assay.  

HeLa cells were seeded in 96-well plates (104 cells/well) one-day before the incubation with 

native HRP or nHRP. After one hr incubation, cells were washed with FluoroBrite DMEM for three 
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times and further treated with IAA at different concentrations (0.0625, 0.125, 0.25, 0.5, 1, or 2 mM) 

for 12 hr. HeLa cell viability was then determined with the CellTiter Blue assay.  

 

Figure 7-3. Stability, biocompatibility, and cellular uptake of protein nanocapsules. a, 

Thermal stability of native HRP and nHRP at 37 ˚C (n=3). b,c HeLa cell viability after incubation 

with nEGFP or nIgG at different concentrations. Cell viability was measured by CellTiter Blue assay 

(n=5). d, Cellular uptake of native IgG and nIgG in NIH/3T3 or HeLa cells. Alexa Fluor 488-

conjugated IgG and nIgG were used for imaging purposes. Nuclei were stained with DAPI. Scale 

bar, 50 µm.  
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Figure 7-4. Cytosolic delivery of protein nanocapsules. a, Intracellular delivery of Alexa Fluor 

488-nIgG in HeLa and NIH/3T3 cells. Nuclei and endosomes were stained with DAPI and anti-Rab7 

antibodies, respectively. Scale bar, 50 µm. b, Fluorescence intensity of AF488-nIgG and anti-Rab7 

stained endosomes along the dashed lines in a. c, Enlarged images of HeLa and NIH/3T3 cells 

around the dashed lines in a. Scale bar, 25 µm.  
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Figure 7-5. Enzyme activity after intracellular delivery. a, Colorimetric reaction of X-Gal 

catalyzed by β-Gal or nβ-Gal. b, Colorimetric reaction of ONPG catalyzed by β-Gal or nβ-Gal. c, 

Conversion of ONPG by β-Gal or nβ-Gal after their intracellular delivery (n=4). d, Generation of 

IAA radicals by HRP in the presence of hydrogen peroxide (H2O2). e, HRP/IAA induced cytotoxicity 

in HeLa cells treated with PBS, native HRP, and nHRP (n=4). P values were determined by two-way 

ANOVA. **P <0.01, ****P < 0.0001. 

 

7.3.10 Flow cytometry. Native EGFP, TAT-EGFP, and nEGFP (30 or 50 µg/mL) were incubated with 

donor CD8+ T cells for four hr. Cells were washed with PBS, resuspended in DPBS supplemented 

with 2% FBS, and then analyzed with a MACSQuant YVB flow cytometer. Flow data were analyzed 

in FlowJo. Cells were gated for viable, singlet, and EGFP+ population to quantify the cellular uptake.  

 

7.3.12 Statistical analysis. Data are presented as means ± SEM unless otherwise indicated. 

Statistical analyses were performed with GraphPad Prism® 6. The P values of 0.05 or less are 

considered significant.  

 

7.4 Results and discussion 

To demonstrate the applicability of this method, we selected different proteins (EGFP, IgG, CAT, 

and β-Gal) with distinct molecular weights and surface charges for encapsulation. The 

encapsulation of these proteins resulted in nanocapsules with a similar shape and diameter (~30 

nm) (Fig. 7-2a, 7-6a). In addition, we imaged Ferritin before and after encapsulation to determine 

the number of proteins in each nanocapsule (Fig. 7-6b). The iron core was clearly observed under 

the TEM in native Ferritin17,18, while it became invisible in nFerritin samples that were negatively 

stained with uranyl acetate. If unstained, individual iron cores were readily discernable in the same 
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nFerritin samples, indicating that the encapsulation process did not disrupt the Ferritin structure. 

Given the size of nFerritin and the spacing between nFerritin particles, each nFerritin was likely to 

adopt a single Ferritin protein7. Aside from TEM imaging, these positively charged nanocapsules 

also migrated to the anode on agarose gel electrophoresis, compared to their native forms (Fig. 7-

2b). We also found a linear correlation between the molecular weight of the protein and the amount 

of monomers/crosslinkers used in the synthesis (Table 7-1, Fig. 7-6c). This correlation would guide 

the synthesis of other proteins with desired functions and proposes.  

To examine if the encapsulation process disturbs the structure and function of the proteins, we 

measured the fluorescence spectrum of EGFP and the activity of different enzymes (HRP, LDH, 

CAT, and β-Gal) before and after encapsulation. nEGFP exhibits a nearly identical emission 

spectrum to native EGFP (Fig. 7-2c), while the other enzyme nanocapsules also retained >90% of 

enzyme activity compared to their native counterparts (Fig. 7-6d). Note that enzymes (e.g., lactate 

dehydrogenase) could be vulnerable when free radicals are generated during the synthesis of the 

polymer shell19,20, whereas this radical-free method could mitigate such loss of enzyme activity (Fig. 

7-2d). To examine the release of the encapsulated protein, we incubated the nanocapsules of IgG 

(100 µg/mL, nIgG) with a protease (10 µg/mL trypsin) and analyzed their change in the migration 

pattern, using agarose gel electrophoresis (Fig. 7-6e). Shortly after the incubation with trypsin (~ 15 

min), nIgG exhibited a shorter migration distance toward the negative electrode, indicating a 

decrease in its surface charge. Within 45~60 min of trypsin-digestion, there was little difference 

between native IgG and nIgG on the gel, suggesting a complete degradation of the polymer shell. 

Although GSH was also present intracellularly and known to cleave the maleimide-thiol adducts21, 

the incubation of GSH (10 mM) with nIgG could not induce the fast release of IgG within 2 hr (Fig. 

7-2e). The protease-triggered release process would allow the encapsulated proteins to exert their 
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biological functions once they enter the cytosol. Moreover, the enzyme nanocapsules were 

thermally stable (Fig. 7-3a) and free of cytotoxicity (Fig. 7-3b,c).  

 

Figure 7-6. Structure, activity, and protease-triggered release of protein nanocapsules. a, 

Representative TEM image of nEGFP. Scale bar, 100 nm. b, TEM images of native Ferritin and 

nFerritin (negatively stained or unstained). Scale bar, 50 nm. c, Correlation between the number of 

monomers (CC6) used and the molecular weight (Mw) of different proteins. d, Enzyme activity of 

HRP, LDH, CAT, and β-Gal before and after encapsulation (n=4). e, Release of IgG from nIgG in the 

presence of trypsin (10 µg/mL).  

 

We then investigated the cellular uptake of the nanocapsules and their subsequent entry to the 

cytosol. Native EGFP or nEGFP were incubated with HeLa, NIH/3T3, or differentiated PC12 cells for 

two hr, and then their internalization to these cells was observed with confocal microscopy. 

Whereas native EGFP showed little fluorescence signals in HeLa, NIH/3T3, or PC12 cells, scattered 

nEGFP signals was observed in all three cell lines (Fig. 7-7a). Meantime, we observed a similar 

cellular uptake phenomenon when we incubated native IgG or nIgG with these cell lines (Fig. 7-3d). 
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These results suggested that the peptide-based polymer shells could facilitate the cell 

internalization of the nanocapsules, regardless of the payload encapsulated. Next, we examined the 

endosomal escape and cytosolic delivery using these nanocapsules. After incubating Alexa Fluor 

488-nIgG with HeLa or NIH/3T3 cells for 2 hr, we stained the endosomes and compared their 

fluorescence signal with the one from nIgG (Fig. 7-4a). The fluorescence from nIgG was separated 

from the endosomes in both HeLa and NIH/3T3 cells with limited overlaps, indicating that nIgG 

could escape from the endosomes and enter the cytosol (Fig. 7-4b,c). When we incubated 

nanocapsules of Cas9 (fused with a nuclear localization sequence, NLS) with NIH/3T3 cells, not 

only did nCas9 enter the cytosol efficiently but the NLS also led Cas9 to the nuclei, which would 

warrant the subsequent editing of genomic sequences (Fig. 7-4b).  

 

Figure 7-7. Cellular uptake of protein nanocapsules. a, Internalization of native EGFP or 

nEGFP in NIH/3T3, HeLa, and differentiated PC12 cells. Nuclei and actin were stained with DAPI 

and Texas Red-Phalloidin, respectively. Scale bar, 50 µm. b, Internalization of nCas9 (Cas9 is 

fused with a NLS) in NIH/3T3 cells. Nuclei and actin were stained with DAPI and Alexa 488-

Phalloidin, respectively. Scale bar, 50 µm. 
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We further investigated the cellular uptake of nEGFP in human primary CD8+ T cells and 

compared its efficiency with cell-penetrating peptide (CPP)-conjugated EGFP (Fig. 7-8a). At a low 

dose (30 µg/mL), native EGFP and TAT-EGFP showed negligible uptake in T cells. In contrast, a 

much higher GFP+ population was obtained with the treatment of nEGFP. While at a high dose (50 

µg/mL) where TAT-EGFP started to show moderate internalization, nEGFP still transfected a higher 

cell population. These results suggested that nanocapsules could deliver proteins to highly 

differentiated cell populations and hold potentials for ex vivo T-cell engineering.  

 

Figure 7-8. Intracellular delivery of protein nanocapsules. a, Uptake of native EGFP, TAT-

EGFP, and nEGFP (30 or 50 µg/mL) in donor CD8+ T cells. b, Conversion of X-Gal by native β-Gal 

or nβ-Gal after their intracellular delivery (n=5). P values were determined by two-way ANOVA. 

****P < 0.0001. 

 

To assess if the biological activity of the encapsulated protein still remains after their cell entry 

and endosomal escape, we incubated native β-Gal or nβ-Gal with HeLa or NIH/3T3 cells for two hr, 

followed by rinsing and the addition of a colorimetric substrate, X-Gal22 (Fig. 7-5a). Incubated for 

another eight hr, the culture media of these cells were collected to measure the blue-colored, 

reaction product of X-Gal. The culture media from the nβ-Gal incubation showed an intense blue 

color, while the media from β-Gal incubation remained clear (Fig. 7-8b). Consistently, we observed 

the yellow-colored products from nβ-Gal incubation instead of native β-Gal, when we added ONPG 
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as another β-Gal substrate (Fig. 7-5b,c). These results indicated that nβ-Gal could deliver β-Gal into 

the cytosol without sacrificing its enzymatic activity, while native β-Gal could hardly enter the cells 

during incubation. In a similar scenario, we incubated HeLa cells with native HRP or nHRP for two 

hr, rinsed the cells with PBS, and then added IAA as a substrate for HRP23,24 (Fig. 7-5d). Compared 

with the cells treated with PBS or native HRP, the group given nHRP exhibited reduced viability, 

given that the internalized nHRP could oxidize IAA and produce free radicals that led to 

cytotoxicity (Fig. 7-5e). It is reported that the HPR/IAA system produced free radicals in a dose-

dependent manner, and we observed a further decreased viability when IAA concentration was 

increased. Collectively, we demonstrated that the protein delivered to the cytosol could remain 

biologically active and perform its function. 

 

7.5 Conclusions 

In summary, we employed bioconjugate chemistry techniques and synthesized peptide-based 

protein nanocapsules for intracellular delivery purposes. This strategy applies to a variety of 

proteins and yields nanocapsules with confined structure and surface chemistry. The resulting 

nanocapsules could be internalized efficiently into different cell lines, including primary human T 

cells. We anticipate that this method could expand the current toolkit for intracellular protein 

delivery and be exploited for gene editing and ex vivo T-cell engineering.   

 

7.6 Future directions 

While the current design incorporates three small molecules as monomers and crosslinkers to 

construct the polymer network, the introduction of peptides with three cysteines or tris-maleimido-

PEG would simplify this process. Using these tri-arm (or multi-arm) molecules as monomers, the 

synthesis of nanocapsule no longer requires crosslinkers. Besides the architecture of the molecules, 
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increasing the orthogonality in the crosslinking chemistry also helps reduce the cross-reactivity 

with the residues on the protein surface. For example, click chemistry such as copper-free azide-

alkyne cycloaddition and alkene-tetrazine inverse-demand Diels-Alder reaction, would satisfy this 

demand.   

The surface chemistry of these nanocapsules is also programmable by designing different 

peptide sequences, conjugating targeting ligands, or adjusting the length of PEG in the crosslinkers. 

For instance, peptides containing negatively charged amino acids (e.g., aspartic acid or glutamic 

acid) can be used to encapsulate positively charged proteins (e.g., growth factors or cytokines). 

Peptides with an alternating sequence of positively and negatively charged amino acids can be used 

to construct nanocapsules with a zwitterionic surface. Given the diversity of amino acids, we may 

design peptides with distinct structures and chemistries. Using these peptides as building blocks 

for nanocapsule synthesis, it is possible to create a library suitable for high-throughput screening 

of cellular uptake in different cell types, thereby providing guidance for cell-specific or tissue-

specific drug delivery.  
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