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ABSTRACT 

 Photodynamic therapy (PDT) is an effective modality for cancer treatment where light is 

used to activate photosensitizers to produce toxic radicals, by direct destruction on cancer cells, 

tumor vascular damage, and initiation of immune response. However, the immunity induced by 

PDT is often inadequate to prevent systemic tumor control or tumor recurrence, because of 

immunosuppressive mechanisms involved in tumor microenvironment. Cancer immunotherapy is 

a recent discovered anti-cancer treatment, which aims to train immune cells by targeting 

immunoregulatory mechanisms to achieve tumor eliminating effect, such as PD-1/PD-L1, CTLA-

4, indolamine-2,3-dioxygenase (IDO), etc. IDO is an enzyme that catabolizes tryptophan to 

kynurenine, and recruits immunosuppressive immune cells into tumor to suppress immune system. 

Therefore, synergizing PDT with cancer immunotherapy targeting IDO holds great potential in 

anti-cancer therapies. In the first chapter, we developed PPF nanoparticles (PPF NPs) for 

simultaneous PDT and immune checkpoint blockage therapy at an optimal rate, which is consisted 

of two nanocomponents, PLGA-PEG nanoparticles carrying IDO inhibitor, NLG919, and zinc 

hexadecafluoro-phthalocyanine (ZnF16Pc) encapsulated in ferritin.  When tested in murine 

melanoma tumor model, we found that the treatment caused excellent tumor suppression while 



eliciting a strong anticancer immunity that effectively rejected a second inoculation with live 

cancer cells to prevent tumor relapse.  

Except the involvement in cancer treatments, nanomedicines can also be applied in anti-

inflammatory therapies, either as carrier to deliver anti-inflammatory agents to lesion or itself to 

against inflammation. In the second chapter, we developed dopamine melanin nanoparticles (DM 

NPs) to scavenge free radicals for osteoarthritis treatment. Unlike small molecules, DM NPs, with 

the size of ~110 nm, showed prolonged retention time in the joint, sustained radical suppression, 

great inflammatory cytokines management, slowed down the cartilage degradation. In the third 

chapter, we designed Tanshinone IIA loaded PLGA-PEG nanocarrier for anti-inflammatory 

purpose. Tanshinone IIA, an effective anti-inflammatory drug, tends to aggregate together under 

aqueous solution, which lower its administration effectiveness, bioavailability, and may cause side 

effects. Owning to the hydrophilicity given by PLGA-PEG NPs, hydrophobic Tanshinone IIA has 

the possibility to effectively reach to the lesion with enhanced stability and bioavailability for 

ischemic stroke treatment. 

 

INDEX WORDS: cancer immunotherapy; ferritin; indoleamine 2,3-dioxygenase; 

nanoparticles; photodynamic therapy, anti-inflammatory 

 

 

 

 

 

 



 

FERRITIN NANOCONJUGATES FOR AUGMENTING CANCER PHOTODYNAMIC 

THERAPY AND IMMUNOTHERAPY   

 

by 

 

XUEYUAN YANG 

BE, Chengdu University of TCM, China, 2016 

 

 

 

 

 

 

 

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial 

Fulfillment of the Requirements for the Degree 

 

DOCTOR OF PHILOSOPHY 

 

ATHENS, GEORGIA 

2021 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2021 

XUEYUAN YANG 

All Rights Reserved 

  



 

 

FERRITIN NANOCONJUGATES FOR AUGMENTING CANCER PHOTODYNAMIC 

THERAPY AND IMMUNOTHERAPY   

 

by 

 

XUEYUAN YANG 

 

 

 

 

      Major Professor: Jin Xie 
      Committee:  Jeffrey Urbauer 
         Leidong Mao 
          
 
 
 
 
 
 
 
 
 
 
Electronic Version Approved: 
 
Ron Walcott 
Vice Provost for Graduate Education and Dean of the Graduate School 
The University of Georgia 
May 2021



 

iv 

 

 

ACKNOWLEDGEMENTS 

 I would like to thank all people who taught, cared, assisted, and sometimes gave me 

suggestions to help me grow during my Ph.D. study. First, I want to thank my advisor, Pro. Jin 

Xie, for all the help, support, guidance, patience and suggestions he gave to me to learn how to 

manage my research and study. He is a great scientist and an excellent leader with knowledge, 

integrity, rigor, enthusiasm, which inspired me to learn and conduct my research projects with 

ambition.  

Also, I would like to thank all members in our group and all the help, constructive advice 

they gave to me in my research and my life. I gained a lot from all of you, not only the experimental 

skills, techniques, but also, the skills of how to show support and help each other, how to give a 

great presentation, how to live a great life with caring friends. 

 Finally, I would like to thank my families in China, my mom, dad, naughty little sister and 

my grandparents for being supportive to my study, always picking up my phone whenever I miss 

you, giving me advice and helping me to think positively whenever I feel stressed and depressed.  

  



 

v 

 

 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS ........................................................................................................... iv 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

CHAPTER 

 1 INTRODUCTION AND LITERATURE REVIEW .....................................................1 

   Photodynamic therapy  ............................................................................................1 

   Immune checkpoint blockades and cancer immunotherapy ..................................10 

   Indoleamine-2,3-dioxygenase (IDO) as a target in cancer immunotherapy ..........14 

   Nanomedicines in cancer therapy ..........................................................................21 

   Nanomedicines in combination therapy .................................................................26 

   Nanoparticles as anti-inflammatory treatment .......................................................27 

   Dissertation focus and outline ................................................................................29 

 2 NANOCONJUGATES TO ENHANCE PDT-MEDIATED CANCER 

IMMUNOTHERAPY BY TARGETING THE INDOLEAMINE-2,3-

DIOXYGENASE (IDO) PATHWAY .........................................................................31 

   Abstract ..................................................................................................................32 

   Introduction ............................................................................................................32 

   Results and Discussion ..........................................................................................34 

   Conclusion .............................................................................................................45 



 

vi 

   Materials and Methods ...........................................................................................46 

 3 DOPAMINE-MELANIN NANOPARTICLES SCAVENGE REACTIVE OXYGEN 

AND NITROGEN SPECIES AND ACTIVATE AUTOPHAGY FOR 

OSTEOARTHRITIS THERAPY ................................................................................52 

   Abstract ..................................................................................................................53 

   Introduction ............................................................................................................53 

   Results ....................................................................................................................55 

   Discussion ..............................................................................................................69 

   Conclusion .............................................................................................................71 

   Materials and Methods ...........................................................................................71 

 4 INTRACISTERNAL ADMINISTRATION OF TANSHINONE IIA-LOADED 

NANOPARTICLES LEADS TO REDUCED TISSUE INJURY AND 

FUNCTIONAL DEFICITS IN A PORCINE MODEL OF ISCHEMIC STROKE ....82 

   Abstract ..................................................................................................................83 

   List of abbreviations ..............................................................................................84 

   Introduction ............................................................................................................85 

   Results ....................................................................................................................89 

   Discussion ............................................................................................................102 

   Conclusion ...........................................................................................................106 

   Materials and Methods .........................................................................................106 

 5 CONCLUSTIONS AND FUTURE WORK ..............................................................116 

REFERENCES ............................................................................................................................118 

APPENDICES 



 

vii 

 A Supporting information for Chapter 2 ........................................................................157 

 B Supporting information for Chapter 3 ........................................................................162 

 C Supporting information for Chapter 4 ........................................................................166 

  



 

viii 

 

 

LIST OF TABLES 

Page 

Table 1.1: Overview of photosensitizers and their applications ......................................................4 

Table 1.2: Overview of IDO-mediated tryptophan catabolism inhibitors in clinical trials ...........20 

Table 1.3: Nanomedicines in cancer therapy via IDO inhibition pathway ....................................23 

Table 1.4: Ferritin-based nanomedicines in PDT ..........................................................................25 

Table 1.5: Nanoplatforms used in inflammatory diseases .............................................................28 

 

  



 

ix 

 

 

LIST OF FIGURES 

Page 

Figure 1.1: Mechanism of ROS generation by photodynamic therapy. ..........................................2 

Figure 1.2: Three main mechanisms of PDT-mediated tumor elimination. ....................................9 

Figure 1.3: Mechanisms in suppression effector T cells activation ...............................................12 

Figure 1.4: Mechanisms involved in IDO-mediated immune suppression ....................................18 

Figure 1.5: Binding mechanism of NLG919 to IDO1 ...................................................................19 

Figure 2.1: Preparation of characterizations of PPF NPs ..............................................................35 

Figure 2.2: Drug release and IDO inhibition efficiency ................................................................37 

Figure 2.3: In vivo treatment efficacy ............................................................................................39 

Figure 2.4: Antitumor immune response elicited by the combination therapy ..............................42 

Figure 2.5: Potential side effects caused by the combination treatment ........................................44 

Figure 3.1: Physical characterizations of DM nanoparticles .........................................................56 

Figure 3.2: DM nanoparticles as a radical scavenger ....................................................................57 

Figure 3.3: Chondro-protective effects of DM nanoparticles on IL-1β- induced chondrocytes ...58 

Figure 3.4: Effect of DM nanoparticles on the treatment of OA ...................................................61 

Figure 3.5: Effect of DM nanoparticles on the oxygen free radicals and autophagy ....................63 

Figure 3.5: Effect of DM nanoparticles on the oxygen free radicals and autophagy ....................63 

Figure 3.6: Effect of DM nanoparticles on ACLT-induced OA ....................................................67 

Figure 4.1: Baic, Piog, and Tan IIA are capable of undergoing NP packaging .............................91 



 

x 

Figure 4.2: Tan IIA-NPs show significantly reduced toxicity in NSCs than freeform drug and 

Tan IIA-NPs and Baic-NPs reduce oxidative stress in NSCs ............................................93 

Figure 4.3: Tan IIA-NPs reduce hemispheric swelling, MLS, and ischemic lesion volumes .......95 

Figure 4.4: Tan IIA-NPs lead to reduced cytotoxic edema and WM damage post-ischemic stroke

................................................................................................................................95 

Figure 4.5: Tan IIA-NPs lead to reduced hemorrhage post-ischemic stroke .................................98 

Figure 4.6: Spatiotemporal and kinetic gait deficits are less severe post-stroke in Tan IIA-NP 

treated pigs .......................................................................................................................101 

 



 

1 

 

 

CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Photodynamic therapy  

Light has been used as therapy over thousands of years.1, 2 At the end of the nineteenth 

century, Niels Finsen developed “phototherapy” or the use of light to treat diseases, which was the 

beginning of the modern light therapy, and, in 1903, Finsen was awarded a Nobel Prize for his 

discoveries.3 At the same year, Herman Von Tappeiner and A. Jesionek topically applied eosin 

and white light to treat skin tumors, which was termed as the “photodynamic therapy” later.3  

The modern photodynamic therapy (PDT) is a modality with superior merits compared to 

the conventional cancer therapy, owing to its minimal invasiveness, repeatability without 

cumulative toxicity and reduced morbidity.4 In recent decades, PDT has been used in the treatment 

of non-oncological diseases as well as cancers of various types and locations, in which nontoxic 

photosensitizer (PS) is administered locally or systemically, followed by activation of light at a 

specific wavelength in an oxygen-dependent manner, leading to the generation of cytotoxic species 

and consequently to cell death and tissue desctruction.3, 5, 6 When the specific wavelength light is 

applied on PS, energy from light can be absorbed by ground state (singlet state) PS and aid PS 

migrating to excited state (triplet state) via a short-lived excited singlet state and intersystem 

crossing. Then, the photochemical process of PS in the excited triplet state is undergoing two 

different pathways (Figure 1.1).6, 7 First, it can directly react with a substrate such as the cell 

membrane or biomolecule, and transfer a hydrogen atom or electron to produce radical cation or 
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anion, which can further interact with molecular oxygen to produce oxygenated products, 

specifically, the form of superoxide anion radical (O2•−), subsequently giving the hydrogen 

peroxide (H2O2) or hydroxyl radical (HO•), leading to the elevated oxidative stress rising the 

devastation of cells (type I reaction).3 Second, the triplet can transfer its energy directly to oxygen 

to produce singlet oxygen species (1O2), while it can go back to the ground state, which is 

characterized by extremely oxidizing properties causing cancer cell death (type II reaction).3 Both 

reactions occur simultaneously, but type II reaction plays major role in cell destruction. The cell 

damage efficiency induced by PDT or therapeutic outcome are multifactorial and depend on 

several aspects of the three basic elements involved in PDT, including types and localization of 

PS, dosage and delivery mode of light, and oxygen availability.3 

 

 

Figure 1.1. Mechanism of ROS generation by photodynamic therapy. 
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Effects of photosensitizer, light and oxygen on PDT 

Over the decades, trends in PDT have led to a proliferation of studies that multiple PSs 

have been discovered, moved into clinical trials, and some of them are clinically approved as 

effective treatments in various diseases.8 In general, PSs are divided into three generations based 

on the time of development and achievements (Table 1.1). The first generation photosensitizers, 

hematoporphyrin derivatives (HpD), were applied in early clinical trials of PDT, which showed 

great effects on various tumors.9 In 1993, the first PDT reagent, Photofrin®, was clinically 

approved by U.S. Food and Drug Administration (FDA) and the European Medicine Agency 

(EMA) for the use in the clinic to treat various types of cancer and pre-cancer.8 Even though HpD 

are the most widely used PS for cancer treatment, but they has some limitations, such as low light 

absorption, poor tissue specificity and inadequate tissue penetration of light.10 Thence high dosage 

of HpD is needed for sufficient therapeutic effect, which may result in prolonged patient skin 

sensitivity after PDT.11 This led to the development of second generation PSs that are consisted of 

all sorts of porphyrins generally divided into porphyrins, chlorins, pheophorbides, 

bacteriopheophorbides, texaphyrins and phthalocyanines, which possess high purity, 

reproducibility, reduced overall drug dose and tumor selectivity.9, 12 Besides these remarkable 

properties, the improvements of second generation PSs, which can be activated by the light at a 

longer wavelength, are revealed by the faster clearance, shorter circulation half-life, deeper light 

penetration to tissue, compared to the first generation.8, 9 However, PSs are normally facing low 

accumulation in site of action and low bioavailability, since most of the PSs are hydrophobic and 

tend to aggregate together. Thus, the third generation PSs are developed, which come from the 

modified second generation PSs by conjugating to or encapsulated within carrier molecules, such 

as nanocarriers, monoclonal antibodies (mAbs), liposomes and polymers to achieve designed size, 
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structure, surface charge, or other specific properties via the functional groups, and, improve their 

physical, chemical and therapeutical performance.8, 13 By conjugating with monoclonal antibodies, 

the third generation PSs can be delivered to the targeting lesion specifically to augment the 

bioavailability of PSs or the accumulation in tumor tissue, causing designated damage to the tumor 

tissue while leaving healthy normal tissue unaffected.11 Also, when the PSs packaged within the 

nanocarrier, the toxicity of the therapeutics is largely diminished because of the biocompatible 

materials applied in the preparation of nanocarriers, which also aid to increase the circulation half-

life of PSs to get enhanced therapeutic outcome. 

 

Table 1.1. Overview of photosensitizers and their applications 

Generation Photosensitizer Applications Ref. 

1st Generation Hematoporphyrin derivative 

(HpD) 

Mesothelioma, glioma, brain tumor, 

advanced gastrointestinal cancer 

9 

2nd Generation Benzoporphyrin derivative 

monoacid (BPD-MA) 

Ovarian cancer cells 14 

N-aspartyl chlorin e6, NPe6 Human cholangiocarcinoma 15 

5’-Aminolevulinic acid (5-

ALA) 

Basal cell carcinoma, squamous cell 

carcinoma 

16 

Phthalocyanines Cutaneous T-cell lymphoma, squamous 

cell carcinoma, human hepatocellular 

carcinoma, breast malignancy  

17 

Chlorin  Human lung adenocarcinoma 18 

Bacteriochlorin Bacteria 19 

Methylene blue Head and neck cancer 20 
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Toluidine blue Bacteria  21 

3rd Generation Antibody-

bis(triethanolamine)Sn(IV) 

Ce6 conjugates 

EDB domain of fibronectin* 22 

Glycoconjugated Porphyrins HeLa cells 23 

Galactose-phthalocyanines 

conjugates 

Human hepatocellular carcinoma 24 

Saccharide-porphyrin 

conjugates 

Human breast cancer cell 25 

RGD motif-chlorin conjugates Murine mammary carcinoma 26 

Arginine oligopeptide-TPC 

conjugates 

Human breast carcinoma 27 

Graphene oxide-Ce6 

conjugates 

Human lung cancer cell 28 

Gold nanorod-Ce6 conjugates Human lung cancer cell 29 

ZnF16Pc loaded RGD4C-

modified ferritin 

Human glioblastoma cells 30 

ZnF16Pc loaded fibroblast-

activation protein-modified 

ferritin 

Murine breast carcinoma 31 

Ce6 loaded nanoparticles Murine melanoma  32 

* a component of modified extracellular matrix that surrounds tumor blood vessels’ endothelia 

cells.22 
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In addition, the precise localization of PS on or in the cell is crucial for therapeutic outcome 

by evoking different cell death pathways or impairment.8 In 1991, Moan and Berg discovered that 

the half-life of singlet oxygen in biological systems is less than 40 ns, and, therefore, singlet 

oxygen’s radius of action is within 20 nm.33 Because of the high reactivity and extreme short half-

life of the singlet oxygen and radicals, only molecules or structures that are proximal to the region 

of their production, or the localization of PS, are affected by PDT.5 For example, PSs that localize 

to mitochondria are most likely to induce apoptosis.34 This is because the photodamage that 

induces permeabilization to the membrane of mitochondria, causing the leakage of cytochrome c 

into the cytosol, initiating the caspase mediated apoptotic pathway.35 Also, PSs that located in the 

plasma membrane are able to trigger necrosis, resulting in leakage of intracellular materials to the 

in vivo milieu which can arise local inflammation and systemic immune response via the cross-

talk between innate and adaptive immune system.7 

The clinical efficacy of PDT also depends on the properties and delivery mode of light.6 

There are several light sources used for PDT, such as ultraviolet light (330-400 nm), red light (600-

700 nm) and near infrared (NIR) light (700-1000).10 In general, light penetration was reported to 

be ~3 mm underneath of the skin, and light at longer wavelength has the capability to penetrate 

deeper tissue than short wavelength.36  Theoretically, we can employ the PS in the hidden tumor 

treatment, which is activated by the light at an extreme long wavelength, such as over 800 nm. 

However, light up to 800 nm can generate 1O2, since longer wavelengths have insufficient energy 

to initiate a photodynamic reaction.36, 37 As such, the window for light used in majority PDT 

application lies in the red region of the spectrum between 620 to 800 nm achieving optimal tissue 

penetration and PS activation.8 Delivery mode of light, which is another important factor 

influencing therapeutical effect, includes conventional lamp, laser and light emitting diodes 
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(LEDs).6, 8, 10 Conventional lamp was the most common light applicator for topical lesions or 

disease. Even though it’s cheap, safe and has broad emission that can be applied on several PSs, it 

has several inadequacies include significant thermal effect, low light intensity, and difficulty in 

controlling light dose.8 So far, laser is extensively employed in clinical PDT as it is powerful, 

provides monochromatic light of a specific wavelength, and also, can be used to irradiate hidden 

located tumors via optical fibres.6 LED is another emerging light source in PDT, which can provide 

light of specific bandwidth between 350 to 800 nm in a variable power for a broad range of PSs.6 

Except providing the broad range of wavelength, LED holds several potentials, like affordable, 

easy to manufacture, high-power output.6 Another parameter that can influence therapeutic 

outcome of PDT is the availability of oxygen within the tissues. Oxygen shortage can happen as a 

result of the photochemical consumption of oxygen during the photodynamic process.36, 37 

Previous studies have found that rapid and considerable reduction in the tissue oxygen tension 

during and after irradiation of photosensitized tissue, leading to the ROS diminution extenuating 

PDT therapeutic effect.38, 39 

Mechanisms of PDT-mediated tumor elimination 

It is now known that PDT has been clinically approved cancer therapy leading to systemic 

anti-cancer response, which is mediated by three main mechanisms (Figure 1.2).3 Firstly, 

apoptosis and necrosis of tumor cells are directly caused by ROS or mainly singlet oxygens 

produced via PDT as mentioned above. However, the distribution of PS in tumor tissues is non-

homogenous, and, availability of oxygen within the tissue is limited, which lead to the incomplete 

tumor elimination.3, 5 That is to say the thorough tumor eradication is not relying on this this 

mechanism solely.3 5 As such, cancer cells that have evaded death by the direct photocytotoxic 

effects of PDT can be destroyed via another mechanism, the indirect influence of PDT on tumor-
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associated vascular system.8, 37 The viability of tumor cells depends on the amount of nutrients 

supplied by the blood vessels.40 There have been numbers of reports that PDT causing 

microvascular collapse, leading to severe tissue hypoxia and anoxia.40-43 Also, it has been reported 

that ROS damages of vascular endothelial cells activates clotting cascades, aggregate platelets and 

block vessels by forming thrombi, leading to tumor infarction.3, 40 Furthermore, tumor elimination 

can be also achieved by the third pathway, systemic immune response, which is evoked after PDT 

application. PDT can exterminate the structure of the tumor and stimulates direct interaction 

between immune cells and cancer cells, by inducing an acute inflammatory response and 

immunogenic cell death (ICD), which is any type of cell death eliciting a host-defense immune 

response that promote tumor managements.44 To be more specific, direct destruction in tumor 

tissue leads to the development of a strong inflammatory reaction and neoplasm infiltration by 

leukocytes.37, 45 Membrane photodamages prime to the initiation of phospholipases and 

cyclooxygenases, thus, massive inflammatory mediators emitting.46 For example, in 1997, 

Gollnick and her group discovered that the inflammatory cytokines interleukin (IL)-6 and IL-1 

have been shown to be upregulated in response to PDT.46 In addition, as early as in the late 1980s, 

and early 1990s, there were several studies ascertained the infiltration of lymphocytes, leukocytes 

and macrophages into PDT-treated tissue, indicating the crosstalk between cancer cells and 

immune cells and the activation of the immune response.45, 47 Investigation on various cancer using 

diverse PSs has been conducted and showed promising therapeutic achievements. 
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Figure 1.2. Three main mechanisms of PDT-mediated tumor elimination 

 

Challenges remained in PDT  

Even though PDT has remarkable properties of insignificant invasiveness, reduced toxicity, 

etc., PDT as a monotherapy is still facing some challenges or limitations, such as poor phototoxic 

efficiency, insufficient tumor elimination and long-term tumor control.48-52 One reason is when the 

local inflammatory response induced by PDT, there might be compensatory anti-inflammatory 

response induced at the same time to restrict the hyperactive immune responses and thereby reduce 

nearby tissue damage, during which the expression of anti-inflammatory cytokines or other 

immunosuppressive modulator are elevated, like interleukin (IL)-10, transforming growth factor-

β (TGF-β).48, 52 In addition, PDT can induce both apoptotic and necrotic cancer cell death, which 

may indirectly interfere PDT outcome. There are some studies showed that dendritic cells (DCs) 

can efficiently activate both cluster of differentiation 4+ (CD4+) and CD8+ T cells (which is also 

called cytotoxic T lymphocytes, or CTLs) if cancer cell dies through necrosis, while the apoptotic 
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cells may only lead to CD8+ T cell activation, which may become anergic and tolerogenic with 

absence of CD4+ T cells.52, 53 Also, it is believed that damage associated molecular patterns 

(DMAPs) from PDT-treated cancer cells can induce anti-cancer immune responses, such as DNA-

binding protein high-mobility group box 1 protein (HMGB1), which is responsible for binding to 

toll-like receptors to activate immune responses.52 However, it has been also reported that ROS 

produced after PDT weighing an important role in immunoediting process, in which ROS can 

oxide HMGB1 resulting in tolerance instead of stimulation.52, 54 Another major reason associated 

with the high tumor recurrence rate is immunosuppressive tumor microenvironment (TME). Even 

though PDT has the capability to induce anti-cancer immune response, it is inadequate for 

disrupting or reversing immunosuppressive TME to immune reacting TME, where cancer cells 

develop several immune-regulatory mechanisms to escape immune attack protecting or promoting 

tumor.44, 55 In an effort to augment the effectiveness of PDT and achieve sufficient immune 

response eradicating tumor cells and possessing long-term tumor control, it can be beneficial to 

explore the combination therapy of PDT together with the engagement of cancer immunotherapy.  

 

Immune checkpoint blockades and cancer immunotherapy 

Immune cells involved in immunosuppressive mechanisms and TME 

The interaction between different immune cells and tumor cells contributes to the 

development of immune suppression and tumorigenesis, which is a complex and dynamic 

process.48, 56, 57 At the initiation of tumor, natural killer (NK) cells from innate immune system can 

recognize and kill tumor cells without exposure to tumor associated antigens (TAAs).57 Interferon 

(IFN)-γ released from cytotoxic NK cells promotes the expression of major histocompatibility 

class I (MHC-I) on cancer cells and MHC-II on antigen-presenting cells (APCs), priming 
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subsequent T cell responses.58, 59 Also, MHC-I molecules and TAAs released from dying tumor 

cells can be captured by APCs initiating and regulating the anticancer immunity by presenting 

TAAs to T cells through MHC-II molecules in secondary lymphoid organs, facilitating the 

connection of innate and adaptive immunities, priming to the activation of effector T cells against 

tumor.59 Activated effector T cells, also the CTLs, are capable to travel through tissues, infiltrate 

into tumor and bind to cancer cells by identifying TAAs presented on MHC-I molecules, 

subsequently, leading to cancer cells death in a T cell receptor (TCR) dependent manner.59 

However, CTLs encounter a tumor immunosuppressive milieu with a variety of mechanisms adopt 

by tumor cells, which can affect the phenotype and function of CTLs and finally inhibit CTLs’ 

proliferation to give assistance to maintain immunosuppressive TME, avoid immune recognition 

and immune-mediated destruction.48 For example, B7 molecules, include B7-1 (CD80) and B7-2 

(CD86) expressed on DCs, a professional APC, bind with CD28, a switch TCR of effector T cell 

activation, to achieve adaptive immune response initiation.60 However, cytotoxic T lymphocyte 

antigen 4 (CTLA4), an immune checkpoint molecule expressed on T cells discovered by Dr. James 

Allison in 1990s, can compete with CD28 and bind to B7 molecule at a higher binding affinity, 

attenuating T cells activation and compromising antitumor immunity (Figure 1.3).61, 62 In addition, 

upon TCR stimulation, although CD28 provides critical signals that are essential for T cell 

activation, programmed death 1 (PD-1), another immune checkpoint target discovered by Tasuku 

Honjo in 1992, can interfere TCR/CD28 signaling to induce or maintain peripheral tolerance for 

immune response to avoid immuopathology.63 PD-1, a homology to CD28 expressed on T cells, 

can be induced  through the TCR or the exposure to cytokines, such as interleukin (IL)-2, IL-7, 

IL-15 and IL-21.61, 64 PD-1 has two ligands, PD-L1 and PD-L2, which are found on the surface of 

APCs and tumor cells.65 Engagement of PD-1 leads to the dephosphorylation of TCR proximal 
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signaling components, through the signaling cascade mediated by immunoreceptor tyrosine-based 

inhibition motif and immunoreceptor tyrosine-based switch motif on the PD-1 intracellular tail 

(Figure 1.3).61, 66 Therefore, participation of PD-1 leads to the inhibition of T cell receptor-

mediated lymphocyte proliferation and cytokine immune response promoting tumor cell growth. 

 

 

Figure 1.3. Pathways involved in suppressing CTLs’ activation 

 

Except immune regulatory mechanisms manipulated by tumor cells to avoid immune attack, 

there are several immunosuppressive cells also contributing significantly to immunosuppressive 

TME, such as regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs) and so on. 

To be more specific, activated Tregs can directly suppress T cells by producing anti-inflammatory 

IL-10 and transforming growth factor-β, which can inhibit co-stimulatory ligands (also known as 

B7 molecule) expression on dendritic cells.67, 68 Also, tumor-infiltrating Tregs have upregulated 

expression of CTLA-4, hindering T cell stimulation and activation through CTLA-4 pathway.59, 68 
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Moreover, MDSCs, an immunosuppressive phenotype of tumor-infiltrating macrophages, secrete 

immunosuppressive agents, such as nitric oxide, arginase and reactive oxygen species (ROS) in 

tumors.67, 69, 70 Also, tumor progression promotes MDSCs infiltrating, which can inhibit CTLs’ 

proliferation and cytotoxicity, to further inhibit adaptive immunity and facilitate tumor progression 

and metastasis.59 Therefore, targeting these immunosuppressive pathways or cells provides great 

potential for modulating TME systemically and locally, in order to reprogram immune response 

to cancer.  

Cancer immunotherapy reverses immunosuppression 

Cancer immunotherapy aims to train the host immune cells in lymphoid tissues and 

antitumor immune cells in the TME to search for and destroy tumor cells, which has revolutionized 

oncology and offers new treatment options for many types of cancer.31, 59, 67, 71 Antitumor immune 

responses primed by immunotherapy can stimulate systemic immune surveillance and eliminate 

local and disseminated metastatic tumors.69 Thus, to fully realize the potential of cancer 

immunotherapy, approaches are needed to intensify anti-tumor T cell immune responses, 

converting immunosuppressive tumors into immunoreactive tumors and sensitizing tumors to 

immunotherapies with minimal off-target toxicity and immune-related adverse events.67, 72 Owing 

to the clinical success of immune checkpoint blockade (ICB) therapy, immunotherapy has now 

been established as a new pillar of cancer treatments.67 For example, immune checkpoint blockade 

therapy targeting PD-1 and PD-L1, CTLA4, have been studies extensively and achieved 

significant breakthrough in recent years.73 Anti-CTLA4 is mainly working at tumor draining 

lymph nodes where CD28 stimulation can be involved. In tumor draining lymph nodes, not only 

anti-CTLA4 antibodies target CTLA4 molecules expressed on effector T cells to release the 

negative regulation of effector T cells activation, but also they are able to deplete Tregs to induce 
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aberrant effector T cell activation and give rise to sufficient immune response to tumor.73 Also, 

based on the molecular mechanisms involved in PD-1 and PD-L1 pathway, antibodies targeting 

PD-1 or PD-L1 significantly contribute to the upregulation of antitumor immune response, which 

is mainly occurred in tumor.73 Anti-PD1 antibodies compete with PD-L1 expressed on tumor cells 

to activate CTLs, while anti-PD-L1 antibodies are utilized to block PD-L1 to prime CTLs 

activation.73 Also, anti-PD-L1 can block PD-L1+ APC cells to block the interaction between PD-

L1 and B7 molecule, giving rise to enhanced effector activity.73, 74 Conventional cancer treatment 

modalities, such as surgery, chemotherapy and radiotherapy, have limited efficacy against 

advanced cancer with adverse off-target toxicity, whereas cancer immunotherapy can ameliorate 

the toxic effects, augment protective antitumor immunity as an essential component in the curative 

mechanism, and disrupt the immune-regulatory circuits.72 Also, immune checkpoint blockers can 

be applied to durably eliminate tumors in a subset of patients with advanced metastatic disease, 

improving patient survival.67, 75, 76 Additionally, immunotherapy can establish long-term immune 

memory and mediate immune protection against tumor recurrence.  

Therefore, in an effort to augment the effectiveness of PDT and achieve sufficient immune 

response eradicating tumor cells and possessing long-term tumor control, it is beneficial to explore 

the combination therapy of PDT together with the engagement of cancer immunotherapy.77-79 

 

Indoleamine-2,3-dioxygenase (IDO) as a target in cancer immunotherapy 

IDO-mediated Trp catabolism 

Indolamine-2,3-dioxygenase (IDO), a heme-containing intracellular enzyme, is an immune 

checkpoint element frequently involved in immunosuppress TME, which catalyzes the first and 

rate-limiting step in tryptophan (Trp) catabolism.80 Trp is an essential amino acid, which is 
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important for cell survival and involved in a variety of physiological regulation and processes, 

such as being a precursor for serotonin, melatonin and proteins.80 Besides these physiological 

pathways Trp are tangled in, Trp can be oxidized into kynurenine (Kyn) by IDO pathway that 

cleaves the 2,3-double bond of the indole ring in Trp molecule with the incorporation of molecular 

oxygen merging into the unsealed molecule to produce N-formylkynurenine, which then 

transforms into Kyn rapidly and spontaneously.80, 81 There are three types of enzymes that control 

Trp homeostasis, IDO1, IDO2 and tryptophan-2,3-dioxygenase (TDO). In human, IDO is encoded 

by IDO1 gene, which is widely expressed in various tissues and cells, such as lungs, placenta and 

peripheral lymph organs, endothelial cells, APCs, fibroblasts, macrophages, DCs and cancer 

cells.82 In general, IDO1 has been shown to be upregulated in tumor site compared to normal 

tissues or organs, which is attributed by not only cancer cells that constitutively express IDO1 or 

are stimulated to do so by tumor infiltrating immune cells that secrete inflammatory cytokines, 

IFN-γ, but also tumor infiltrating dendritic cells that also express high level of IDO1.83-85 However, 

IDO2 is more narrowly expressed than IDO1 and has only 3-5 % enzymatic activity of IDO1, with 

the similar suppressive effect on the proliferation of CD4+ and CD8+ T cells as IDO1.83 Also, the 

majority of systemic Trp catabolism is attributed by IDO1, while IDO2 enzymatic activity is 

associated with particular subcellular localization, such as perinuclear/nuclear in liver.86 It is 

worthy to mention that although the functional difference between two enzymes have been 

reported, their accurate contributions to immune regulation is not yet completely understood.84, 87, 

88 Subsequently, IDO1 and IDO2 in immunoediting or immunoregulating field are sometimes 

referred as “IDO” collectively. Another type of Trp catabolic enzyme is TDO, which has much 

lower expression level than IDO, and distributed in different tissues than IDO and additionally 

present in bacteria.83, 89 
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Actions involved in IDO-mediated immune suppression and tumor progression 

IDO was originally describes as a mediator regulating innate immune response that defends 

the host organism against infections.90 However, recent studies show that IDO is correlated with 

poor patient prognosis in various cancer types and involved in multiple mechanisms in building 

immunosuppressive TME (Figure. 1.4).74, 83, 91 First, it is believed that IDO is entangled in three 

phases of immune tumor editing process contributing to the progression of tumor.81-83, 92, 93 The 

first phase of immunoediting is called “elimination”, which means the sporadically appearing 

transformed cells are recognized and destroyed by immune system, via direct eradication from 

tumor reactive antibodies produced by activated B cells, and indirect tumor growth inhibition due 

to Trp starvation in TME.81, 83 The second phase is named as “equilibrium” phase, in which existing 

tumor cells accumulate and mutate rapidly, but are still controlled by the immune system.81, 84 In 

this phase, tumor cells continuously and quickly response and acclimatize to the attack from 

immunity, whilst cultivating regulatory mechanisms as discussed above to prevent immune system 

exclusion.81, 82 When the immunity no longer blocks or destroys the abnormal and constant 

growing cells, tumor steps into the third phase, “escape”.81 High level of IDO is accompanying in 

this phase, which are predominantly expressed by tumor cells and tolerogenic immune cells, such 

as tolerogenic DCs, MDSCs, tumor-associated macrophages (TAMs).81  

During these three immunoediting phases or tumor progression, Trp depletion and Kyn 

production are involved and contributed significantly to build and maintain immunosuppressive 

TME. Specifically, in TME, Trp is reported to be nearly 100 times lower than in plasma, resulting 

the significant hindered T cell proliferation and arrested cell cycle in tumor tissue.82, 83, 94 Trp 

depletion leads to the accumulation of uncharged t-RNA, which is subsequently sensed by general 

control non-depressible-2 (GCN-2) kinase through binding to uncharged t-RNA.95, 96 In response 
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to the activated GCN-2 kinase, protein synthesis is blocked, thus attenuating CD8+ T cell 

proliferation and activation.97 In addition, because of the Trp starvation, TCR-zeta (TCR-ζ) chain 

is downregulated, which is capable to not only jeopardize the cytotoxic effector function of CD8+ 

T cells, but also hinders enzyme synthesis to reduce CD4+ T cell proliferation and altering its 

function by promoting CD4+CD25+FoxP3+ Tregs differentiation.95, 96 Trp depletion also 

upregulate inhibitory receptors expression on DCs to induce tolerogenic DCs, promoting Tregs 

differentiation, such as immunoglobulin-like transcript (ILT) 3 and ILT4.98 Moreover, Trp 

deprivation suppresses the master metabolic kinase mammalian target of rapamycin complex 1 

(mTORC1), which is responsible for protein synthesis coordinating to the diminished amino acid 

level and controls cell autophagy or growth.91, 99 When CD8+ T cells face low level of Trp, 

mTORC1 is downregulated, which initiates cell autophagy.  

Moreover, increased Kyn levels are known to suppress NK cells function, prevent the 

activation of effector T cells, stimulate the differentiation and activation of Tregs by binding to 

aryl hydrocarbon receptor (AHR), induce the differentiation of tolerogenic DCs, and promote the 

recruitment of MDSCs to tumor.85, 100-105 Kyn and kynurenic acid (KynA) are the catabolites of 

Trp, which are capable to activate AHR to reprogram immune cells.106, 107 It has been reported that 

Kyn-mediated AHR activation can increase PD-1 expression on CD8+ T cell, initiate CD8+ T 

cells mortality, and also, induce Tregs differentiation.106, 108 Additionally, anti-inflammatory 

cytokines induced by DCs are upregulated upon the AHR stimulation, such as IL-10, TGF-β.109 

Also, AHR activation by Kyn promotes C-C motif chemokine receptor 2 (CCR2) and CD39 

expression on TAMs, which in turn to aid the recruitment of TAMs into tumor and contribute to 

the dysfunction of CD8+ T cells, respectively.91, 110  As such, Trp shortage, Kyn excess and IDO 

enzymatic activity initiate several pathways to induce and sustain immunosuppressive TME, 
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which spark the interest in inhibiting IDO-mediated Trp catabolism to abrogate immune 

suppression to eradicate tumor cells and prevent future tumor recurrence.  

 

 

Figure 1.4. Mechanisms involved in IDO-mediated immune suppression 

 

Inhibitors targeting IDO-mediated Trp catabolism 

Currently, various studies in preclinic and clinical investigation support that IDO-mediated 

Trp catabolism represents a potential immune blockade therapy target, and shows amplified tumor 

suppression effect when synergizing with other treatment modalities, like ICB, chemotherapy, 

PDT, etc.91, 111, 112 There are numerous agents showed great potential in binding to IDO enzyme to 
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inhibit Trp catabolism, and some of them acquired widespread attention and impelled into clinical 

investigation (Table 1.2). For example, NLG919 or Navoximod is a highly IDO-selective inhibitor 

with an EC50 of 75 nM and high tumor regression rate, which is normally employed in cancer 

treatment with other cancer treatment to accomplish augmented therapeutic effects.113-116 NLG919 

exhibits great bind affinity to IDO1 protein by binding to the heme iron atom of IDO1 enzyme 

covalently and locating at the sixth coordination site of heme, via imidazole nitrogen of NLG919, 

which greatly contributes to IDO inhibition effect.117, 118 Not only the covalent bond came from 

the heme bind site of action promotes the binding of NLG919 to IDO1 enzyme, but also the 

imidazoleisoindole core and cyclohexylethanol moiety help to situated NL919 within IDO1 

enzyme (Figure1.5).117, 118 Imidazoleisoindole structure can stay in the binding site (pocket A) via 

the extensive hydrophobic interaction with Tyr126, Cys129, Val130, Phe163, Phe164, Gly262, 

Ala264 and porphyrin ring.117 Also, because of the strong hydrophobic interaction between 

cyclohexylethanol with Phe226, Ile354, Leu384 and Arg231 in the adjacent hydrophobic pocket 

(pocket B), NLG919 can be stabilized and bind to IDO1.117 Therefore, robust binding affinity of 

NLG919 to IDO1 can compete with Trp to achieve superior IDO1 suppression.91, 113  
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Figure 1.5. Binding mechanism of NLG919 to IDO1. Reprinted with permission from (J. Med. 

Chem. 2016, 59, 1, 282-293). Copyright (2021) American Chemical Society. 

 

Table 1.2. Overview of IDO-mediated tryptophan catabolism inhibitors in clinical trials 

Target Agent Structure Clinical Phase NCT 

mTORC1* Indoximod 

(NLG-8189) 

 

Phase II NCT04049669 

IDO1 NLG-802 

 

Phase I NCT03164603 

IDO1 Navoximod 

(NLG919) 
 

Phase I NCT02048709 

IDO1 Epacadostat 

(INCB024360) 
 

Phase I NCT03217669 

Phase II NCT02364076 

Phase II NCT03414229 

Phase II NCT03532295 

Phase III NCT03348904 

IDO1 BMS-986205 

 

Phase II NCT04106414 

Phase I NCT03192943 

Phase III NCT03329846 

Phase III NCT03417037 

Phase II NCT03854032 

N

NH2

O
OH

N

NH

O

H2N

O
O

N

N

HO

F

BrN
H

NNH

H
N

N
O N

S
OH

H2N

O

O

N

F
O

NH

Cl

H

H



 

21 

IDO1 PF-06840003 

 

Phase I NCT02764151 

IDO1 KHK2455 Not available Phase I NCT03915405 

* Instead of directly targeting IDO1, Indoximod restores mTORC1 activity, which is pivotal in 

immunoediting and downregulated in response of Trp depletion.  

 

Nanomedicines in cancer therapy  

Conventional cancer therapies tend to apply small molecules for the treatment and 

management of tumors, which remains fundamental problems to achieve adequate effect to 

eliminate tumors or deficient accumulation of these small molecule drugs in the site of action, 

mainly owing to the hydrophobic nature and fast clearance of these small molecules.4 Also, 

conventional cancer treatment generally exhibits some side effects, such as high toxicity for both 

cancer and healthy cells, acute immune response, etc.119 Different strategies have been employed 

to overcome the current limitations, often by the means of nanomaterials that not only enables a 

stable dispersion of these small molecules with improved hydrophilicity, enhanced drug loading 

and improved tumor uptake over free drugs, but also offers the remarkable capability of a direct 

effect of drugs on diseased cells and preserve the structure and function of the healthy tissue, 

preventing the high toxicity associated with conventional small molecule therapies.119, 120 Except 

these excellent properties to provide solution of the shortcomings of conventional therapies, 

nanomedicines, with 1-100 nm size, possess the merits of a) large surface to volume ratios that can 

effectively increase the amount of therapeutic agents delivered to the target site; b) capability of 

preventing prerelease of encapsulated drugs and the potential inactivation caused by plasma 

components; c) enhanced drug accumulation in tumor owing to the enhanced permeability and 
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retention (EPR) effect, which is due to the abnormally leaky tumor vascular system and 

dysfunctional lymphatic drainage within the TME; d) feasibility to be modified or conjugated with 

conjugating with functional groups, or targeting moieties to be bestowed with multiple functions, 

such as targeting performance, enhanced cell uptake, prolonged circulation half-life, and so on; e) 

ability of conjugating with other nanoparticles or carrying multiple cargoes as combination therapy 

to achieve synergized therapeutic effect and boosted tumor control.120-125 These remarkable merits 

urge nanotechnology ahead into clinical investigation. One successful example is Abraxane, an 

albumin-bound paclitaxel nanoparticle, which is approved by FDA as treatment for breast cancer, 

non-small-cell lung cancer, and pancreatic cancer.126  

Owing to the remarkable properties aforementioned, a variety of nanoparticles (NPs) with 

diverse physicochemical properties have been developed for cancer immunotherapy via IDO 

inhibitive pathway (Table 1.3). For instance, poly (lactide-co-glycolide)-polyethylene glycol 

(PLGA-PEG) nanoparticles is one of the most extensively studied nanocarriers that offers 

excellent biocompatibility and biodegradability.119 PLGA-PEG nanoparticles is prepared by 

PLGA-PEG amphiphilic copolymer with the string of hydrophobic PLGA chain and hydrophilic 

PEG chain, which are approved by FDA in clinical application.127 Also, PLGA-PEG nanoparticles 

can undergo slow hydrolysis to produce nontoxic metabolizable monomers, lactic acid and 

glycolic acid, followed by metabolism via Krebs cycle and removal as carbon dioxide and water.127, 

128 Also, nanoparticle with a hydrophilic surface is more favorable to escape from natural defense 

systems, molecular phagocytic system, which means hydrophilic PEG has the ability to grant 

polymeric nanoparticle with a biocompatible mask to extend nanoparticles’ circulation time 

accomplishing sufficient accumulation in targeted area.127 Owing to the exceptional nature of 

PLGA-PEG copolymer, a variety of hydrophobic molecules can be encapsulated in PLGA-PEG 
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nanoparticles to avoid aggregation and increase its bioavailability via hydrophobic-hydrophobic 

interaction with PLGA end. By enveloping hydrophobic drug in its cavity, PLGA-PEG 

nanoparticles offer prodrug with thermodynamic biostability, even distribution in aqueous system, 

long circulation, as well as enhanced accumulation in tumor area, due to EPR effect.127, 128 

Therefore, the above mentioned potent IDO inhibitors can take advantage of PLGA-PEG 

nanoparticle to better and elevate its chances in clinical evaluation.  

 

Table 1.3. Nanomedicines in cancer therapy via IDO inhibition pathway 

Agents Nanoformulation Tumor Model Ref. 

NLG919 Polymeric nanoparticle 4T1 129 

Indoximod Liposome  4T1 130 

Epacadostat Polymeric nanoparticle B16F10 131 

NLG919 Liposome 4T1 114 

Indoximod Mesoporous silica nanoparticle KPC 132 

NLG919 Polymeric nanoparticle 4T1 115 

Indoximod Liposome 4T1 133 

 

In addition, nanoparticles are not only widely utilized in IDO inhibition, but also in PDT 

to bestow PS with amplified solubility and stability in bioenvironment, ameliorated overall 

photosensitivity, augmented specificity to tumor and retention in tumor tissues, etc.4 As mentioned 

and summarized above, small molecule PSs are generally hydrophobic and tend to aggregate under 

aqueous bioenvironment. Encapsulating in nanocarriers or conjugates with other molecules assists 

therapeutic PS to accumulate in tumor area at an adequate dose and improved pharmacokinetic 
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properties.4 Currently, there are plentiful nanoplatforms that are utilized for PDT, which generally 

categorized into two, a) nanocarriers encapsulated with PSs, such as polymeric nanoparticles,134 

liposomes,135 mesoporous silica nanoparticles,136 dendrimer based nanoparticles,137 PS-modified 

gold nanoparticles,138 etc.; and b) PSs by itself, such as fullerenes,139 titanium dioxide 

nanoparticles,140 Zinc oxide nanoparticles,141 etc.4 Among them, ferritin (FRT), is a fascinating 

nanocarrier that spark the interest in the field of photodynamic nanomedicines (Table 1.4).  

FRT, a hollow globular intracellular protein, presents in every cell type, which acts as the 

primary iron transportation mechanisms, stores iron in a non-toxic form and recycled it in a 

controlled fashion.126, 142 FRT is composed of 24 subunits of light chain and heavy chain (L-chain, 

19 kDa; H-chain, 21 kDa).126 The molecular weight FRT alters when the composition of L-chain 

and H-chain vary, leading to different types of FRT in various tissues or species.142 For example, 

H-chain is the major component in FRT located in human heart tissue, while L-chain in FRT is 

overly expressed in human liver tissue.142 Also, ferritin in vertebrates is consisted of both light and 

heavy chains at a mass of ~450 kDa, while FRT in plants and bacteria is mostly composed by H-

chain, leading to a higher molecular weight, ~500 kDa.142 The inner and outer diameter of FRT is 

about 8 nm and 12 nm, respectively, with an unique property that 24 subunits can dissociate at 

acidic environment and self-assemble back into original cage-like structure at neutral 

conditions.126 The interior room of FRT is general occupied by iron as ferrihydrite, which can store 

up to ~4500 iron atoms.126 It has been reported that not only iron can be deposited in the cavity, 

but also other metallic species and hydrophobic molecules can be encapsulated in apo-ferritin, 

such as Cu, Co, zinc hexadecafluorophthalocyanine (ZnF16Pc), and so on.30, 143, 144 In addition, the 

surface of FRT presents multiple functional groups that can be modified as a bridge to connect 

with other moieties to achieve multifunction, such as carboxyl acid group (Aspartic acid and 
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Glutamic acid), amine group (Lysine), thiol group (Cysteine), etc.142 These multifaceted 

characterizations bestow FRT as an ideal delivery vector for a variety of drugs. Not only the high 

loading efficiency that FRT possesses, but also minimal immune response could be induced by 

FRT owing to its exceptional nature.126 FRT as a nature protein found in every cell type causes 

almost minimal immune response or side effect, leading to less clinical concerns than traditional 

synthetic carriers.126, 145  

In recent decades, FRT as nanocarrier has been extensively studied and applied in various 

treatment, showing great potential in tumor management compared to traditional therapies.146-148 

Among them, FRT has been widely discovered by our group as a nanovector in PDT.30, 31, 146, 149-

151 ZnF16Pc, a metal containing potent photosensitizer, showed high loading efficiency in FRT, up 

to 60 wt%.30 ZnF16Pc can be activated by 671 nm laser to produce 1O2 to cause damage to surround 

cells or organisms.30, 146 However, ZnF16Pc is a highly insoluble photosensitizer and tend to 

aggregate in aqueous environment, which limited its clinical evaluation. With the assistance of 

FRT, the hydrophilicity of ZnF16Pc and its homing to tumor tissue are greatly enhanced when 

systemically injected, exhibiting great improvement in tumor suppression.30 Therefore, FRT, as a 

nanocarrier, is a promising candidate in the field of photodynamic nanomedicines with long 

circulation half-live, low toxicity, easy surface modification and high loading capacity.  

 

Table 1.4. Ferritin-based nanomedicines in PDT 

Photosensitizers Ferritin-based Nanoformulation Tumor Model Ref. 

Zinc(II) phthalocyanine 

(ZnPc) 

Caspase-3 specific substrates and 

black hole quencher-3 (BHQ3) 

modified ferritin 

MDA-MB-435 145 



 

26 

Sinoporphyrin sodium 

(DVDMS) 

RGD-modified ferritin 4T1 152 

ZnF16Pc Single chain variable fragment 

(scFv) modified ferritin 

4T1 149 

ZnF16Pc Single chain variable fragment 

(scFv) modified ferritin 

bilateral 4T1 tumor 

models 

153 

ZnF16Pc RGD-modified ferritin U87MG 30 

ZnF16Pc RGD-modified ferritin 4T1, U87MG, and PC-3 151 

ZnF16Pc Folic acid modified ferritin 4T1 150 

Manganese 

phthalocyanine (MnPc) 

anti‐EGFR modified ferritin A431 154 

 

Nanomedicines in combination therapy 

As mentioned above, tumorigeneses are complex and dynamic activities, which involved 

in multiple mechanisms. Even though PDT can induce direct destruction on tumor cells and initiate 

innate and adaptive immune responses against tumor cells owing to ICD, but the monotherapy is 

still facing the incompetency to achieve complete tumor elimination and long-term tumor 

control.67, 155 This is because of not only the immunity induced after PDT is too weak to reprogram 

or reverse established immunosuppressive TME, but also it may provoke anti-inflammatory 

cytokines and oxidize DAMPs to abolish anti-tumor immune response as aforementioned. 

Therefore, the synergy of PDT with IDO-targeting cancer immunotherapy by the means of 

nanomedicines not only aims to prime the TME and to reprogram immune cells response to 

enhance therapeutic effect, but also offers a promising strategy to address current limitations faced 
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by the field of conventional cancer treatment or monotherapy to achieve systemic antitumor 

immunity and advanced long-term tumor management.77-79 

Currently, there are two types of nano-formulations employed in combination therapy, 

nanoparticle comprised of more than one prodrug, or nanoconjugates consisted of more than one 

nanocomponent. In general, nanoparticle encapsulated with more than one prodrug tends to release 

all therapeutic agents slowly and simultaneously in the bioenvironment. The released molecules 

are associated with variable hydrophilicity and pharmacokinetics, that is to say agents may be 

excluded from body with different half-live, which may end with undesired insufficient 

accumulation in targeted tissue limiting its clinical evaluation. Also, it is hard to control the actual 

drug ratio at a desire place, which may affect therapeutic outcome, due to distinctive half maximal 

effective concentration (EC50) of these molecules. However, nanoconjugates can overcome these 

shortcomings, owing to sophistically designed platform by enveloping therapeutic agents in 

separate nanocomponents, followed by conjugating them together to be one synergized nanovector. 

As such, based on the nature of prodrug, it is feasible to choose the appropriate nanocarrier to carry 

specific drug, leading to a controllable releasing profile in bioenvironment. Also, according to the 

purpose of the treatment, separately enveloped molecules in nanoconjugates can be manufactured 

at an optimal ratio to maximize their bioevaluation and achieve preferred therapeutic effects. 

 

Nanoparticles as anti-inflammatory treatment 

Except being a potent therapeutic in cancer treatment, nanomedicine can also apply in 

inflammatory diseases. Unlike the traditional anti-inflammatory medications, which are non-

selective with adverse effects and limited delivery efficiency, sophistically designed 

nanomedicines showed reduced side effects, capability to target lesions specifically, augmented 
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delivery efficiency.156 Nanomedicines generally reach their site of action by passive and active 

targeting to the specific tissues, via the functional groups on surface of these nanocarrier 

manipulated to conjugated with additional molecules/materials.119, 157 Various types of 

nanoparticles exploited in inflammatory diseases have been developed, which can be divided into 

two categories (Table 1.5). The first one is to operate as drug delivery vehicle to dispatch 

encapsulated anti-inflammatory agents to the site of inflammation, such as polymeric nanoparticles, 

liposomes, etc.119, 158 Most of the materials used in synthesizing these nanocarriers are 

biocompatible, suggesting reduced immune responses and decelerated clearance, such as PLGA, 

PEG, polyvinyl acetate (PVA), phospholipids, and so forth.119, 158, 159 Except the reduced side 

effects, the advantages of nanocarriers include not only depositing the encapsulated cargoes in a 

controlled fashion, but also protecting drug and other bioactive molecule from the interaction with 

other nontargeting biomolecules, which can definitely improve prodrugs’ bioavailability and 

therapeutic index.119, 158, 160 The second category is the nanomedicine itself can serve as anti-

inflammatory agent to capture or inhibit ROS, free radicals as well as downregulate other 

inflammatory mediator, which are elevated within the reactive sites and remain low in the healthy 

tissues, such as dopamine-melanin nanoparticles, cerium oxide nanoparticles, silver nanoparticles, 

etc.161-163  

 

Table 1.5. Nanoplatforms used in inflammatory diseases 

Nanocarrier Nanoparticles 

Nanoplatform Encapsulated Agent Ref. Nanoplatform Mechanism Ref. 
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Polymeric 

nanocarrier 

Tanshinone-IIA 164 Polydopamine-

melanin 

nanoparticles 

Radical 

scavenger 

162 

Nanoemulsion  Aspirin  165 Selenium 

nanoparticles 

Anti-

inflammation 

166 

Polymeric 

nanocarrier 

Curcumin 167 Nanocrystalline 

silver 

Anti-

inflammation 

168 

Hydrotalcite-like 

compound nanoshell 

Diclofenac 169 Hydroxyapatite 

nanoparticles 

Anti-

inflammation 

170 

Nanoemulgel Curcumin 171 Cerium Oxide 

nanoparticles 

Anti-

inflammation 

161 

Chitosan-alginate 

nanocarrier 

Benzoyl peroxide 172    

Liposome Prednisolone 

acetate 

173    

 

Dissertation focus and outline 

The next three chapters, I will discuss three different nanomedicines we developed for 

combination cancer immunotherapy and anti-inflammatory therapy, followed by a chapter 5 to 

summarize the progress of the current work and suggest future exploration in the new field of 

nanomedicine. In the first study shown in Chapter 2, we aim to efficiently deliver two therapeutic 

agents by using one nanoconjugate at an optimized drug ratio to initiate ICD process via PDT, 

followed by IDO-targeting cancer immunotherapy to achieve synergistic tumor elimination and 
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future tumor prevention. We loaded IDO inhibitive chemotherapeutic into the core 

nanocomponent, with multiple potent PS encapsulated nanosatellites. After irradiation, 

nanoconjugate acted as an effective cancer regimen with complete tumor elimination, and vaccine 

that successfully prevented second tumor inoculation. The second study in Chapter 3 was 

published on Nanoscale, 2019,11, 11605-11616. We aim to investigate whether nanoparticle itself 

can serve as anti-oxidative agents for osteoarthritis (OA) therapy. We prepared dopamine melanin 

(DM) nanoparticle that served as an incredible radical scavenger for reactive oxygen species (ROS) 

to protect chondrocytes, which diminished inflammatory cytokine release and reduced 

proteoglycan loss in rodent cartilage with undetectable side effects, suggesting DM nanoparticles 

are a safe and promising therapeutic for OA. The last study in Chapter 4 was published on IBRO 

Neuroscience Reports 2021, 10, 18-30. We engineered nano-based delivery system as an anti-

inflammatory therapy for ischemic stroke treatment, which was encapsulated with Tanshinone IIA, 

anti-inflammatory drug, showed a reduction in SOD activity and inflammatory cytokine release in 

treated neural stem cells and microglia. Also, ischemic stroke pigs exhibited reduced hemispheric 

swelling, consequent midline shift and ischemic lesion volumes, indicating Tanshinone IIA 

nanoparticles could be a novel treatment for ischemic stroke.  

 

  



 

31 

 

 

CHAPTER 2 

NANOCONJUGATES TO ENHANCE PDT-MEDIATED CANCER IMMUNOTHERAPY BY 

TARGETING THE INDOLEAMINE-2,3-DIOXYGENASE (IDO) PATHWAY1 

  

  

 
1 Xueyuan Yang, Weizhong Zhang, Wen Jiang, Anil Kumar, Shiyi Zhou, Zhengwei Cao, Shuyue Zhan, Wei Yang, Jin Xie. 
Submitted to Nanoscale Horizons, 02/16/2021. 
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Abstract: 

Herein we explore combination therapy involving photodynamic therapy (PDT) and 

immune checkpoint blockade using a composite nanoparticle. Briefly, we separately encapsulate 

ZnF16Pc, a photosensitizer, and NLG919, an indoleamine 2,3-dioxygenase (IDO) inhibitor, into 

ferritin nanocages and PLGA nanoparticles; we then conjugate these two nanocompartments to 

form a satellite/core nanostructure referred to as PPF NPs. When tested in B16F10-tumor bearing 

C57/BL6 mice, PPF plus photo-irradiation significantly improved tumor suppression and animal 

survival. The treatment increased tumor infiltration of CD8+ T cells, while reducing frequencies 

of MDSCs and Tregs. Thirty percent of the animals showed complete tumor eradication, and 

successfully rejected a second tumor inoculation. Overall, our studies introduce a unique 

nanostructure that allows for co-delivery of photosensitizer and IDO inhibitor with minimal inter-

species interference, which is ideal for combination therapy. 

 

Introduction 

Photodynamic therapy or PDT has been extensively tested for cancer treatment. During 

PDT, a large amount of reactive oxygen species such as singlet oxygen are produced, which cause 

physical damage to cancer cells or tumor vasculature.3 PDT also induces immunogenic cell death 

(ICD), eliciting an antitumor immunity that benefits long-term tumor management.44 However, 

PDT as a monotherapy is associated with a relatively high recurrence rate. While the reasons are 

multi-fold, one factor is that PDT may cause excessive inflammation that induces 

immunosuppressive mechanisms,44, 55, 174 leading to cancer cell immune escape and repopulation. 

Immune checkpoint inhibitors, which can selectively block related regulatory axes, can be used in 

combination with PDT to improve therapy outcomes.77-79 For instance, several groups, including 
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us, have demonstrated that PDT combined with anti-PD-1/PD-L1/CTLA4 antibodies augments 

immune response,175, 176 facilitating suppression of both primary and distant tumors.155  

Indoleamine 2,3-dioxygenase (IDO) is another immune checkpoint frequently implicated 

in tumor immunosuppression.44 IDO is a monomeric, heme-containing enzyme that metabolizes 

tryptophan (Trp) to kynurenine (Kyn). IDO is frequently upregulated in both cancer cells and host 

antigen-presenting cells (APCs).85 IDO overexpression leads to the depletion of Trp, which is 

essential to the survival and functions of effector T cells, causing their G1 cycle arrest and 

apoptosis.85, 94 Meanwhile, the metabolite Kyn can promote the differentiation and activation of 

regulatory T cells (Tregs);101 this in turn promotes the recruitment of myeloid-derived suppressor 

cells (MDSCs), leading to a tolerogenic tumor microenvironment (TME).85, 100, 101 Multiple 

molecule IDO inhibitors have been developed and tested in pre-clinical and clinical studies.177 

Combining PDT with IDO inhibition has only very recently been tested and shown promising 

results.44 

Herein, we report a composite, core/satellite nanoparticle that allows for co-delivery of 

photosensitizer and IDO inhibitor for combination PDT and immune checkpoint blockade (ICB) 

therapy. Photosensitizers and IDO inhibitors belong to two categories of therapeutics that have 

different physiochemical and pharmacokinetic properties. While it is possible to load both types 

of therapeutics onto one nanoplatform, the drugs may interfere with each other and negatively 

affect loading and release. To solve the issue, we construct a composite nanostructure where zinc 

hexadecafluoro-phthalocyanine (ZnF16Pc) and NLG919 are encapsulated into separate 

nanocompartments. More specifically, ZnF16Pc, a near-infrared photosensitizer (ex: ~670 nm) is 

encapsulated into ferritin (FRT) protein cage, whereas NLG919, a potent enzymatic inhibitor of 

IDO, is encapsulated into poly(lactide-co-glycolic)-block-poly(ethylene glycol) (PEG-PLGA) 
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nanoparticles. The two particles are covalently conjugated to form a core/satellite nanostructure 

(Figure 1a).177 While ZnF16Pc is minimally released from ferritin thus enabling steadfast 

production of reactive oxygen species (ROS) under photo-irradiation,30, 126 NLG919 is released 

from PEG-PLGA nanoparticles in a controlled fashion to allow for sustained inhibition of IDO 

post PDT. We administered the resulting, PEG-PLGA and FRT composite nanoparticles (hereafter 

referred to as PPF NPs), into B16F10-tumor-bearing mice to examine their tumor suppression 

efficacy and antitumor immunity.  

 

Results and Discussion 

Heavy-chain ferritin was prepared and purified according to our published protocol.178 

ZnF16Pc was encapsulated into ferritin through a pH-mediated disassembly-and-reassembly 

approach, and purified on a desalting column to remove unbound ZnF16Pc.30, 31 The resulting, 

ZnF16Pc encapsulated ferritin or ZnF16Pc@FRT, contains 40 wt% ZnF16Pc and has a diameter of 

~12 nm. Meanwhile, NLG919 was encapsulated into polymeric nanoparticles made of PLGA-b-

PEG-COOH (Mn: 7,000 Da for PLGA and 1000 Da for PEG) through nanoprecipitation. This 

yielded NLG919-encapsulated PEG-PLGA nanoparticles (NLG919@PLGA NPs) with a loading 

rate of 6.63 wt% (Figure S2.1&2.2).  

To construct PPF core/satellite nanoparticles, the surface carboxyl groups of 

NLG919@PLGA NPs were activated by ED C/NHS chemistry; the resulting nanoparticles were 

mixed with ZnF16Pc@FRT to form a covalent linkage. The ratio between the two 

nanocompartments were adjusted so that in the final conjugate (i.e. PPF NPs), the NLG919 to 

ZnF16Pc ratio was ~7:1; this ratio was chosen based on the effective doses of the two therapeutics 

according to previous studies (Supporting Information).30, 113 The successful coupling can be 
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visualized under transmission electron microscopy (TEM, Figure 2.1b). Dynamic light scattering 

(DLS) found an increased hydrodynamic diameter from 112.9 ± 0.7 to 144.0 ± 1.3 nm (Figure 

2.1c). This was accompanied by a surface charge increase from -33.30 ± 1.03 to -20.23 ± 1.72 mV 

(Figure 2.1d), also confirming the conjugation.   

 

 

Figure 2.1. Preparation of characterizations of PPF NPs. a) Schematic illustration showing the 

mechanism behind PPF NPs enabled immunotherapy. The PPF conjugate contains two 

nanocompartments, which are FRT and PLGA NPs. These two compartments are separately 

encapsulated with ZnF16Pc and NLG919, and covalently linked. Under photo-irradiation, ZnF16Pc 

is activated, leading to cancer cell death and release of tumor associated antigens. Meanwhile, 
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NLG919 causes the suppression of IDO and restored the Trp/Kyn balance; this results in reduced 

tumor infiltration of Tregs and MDSCs and increased cytotoxic T cell activity, leading to enhanced 

antitumor immunity. b) TEM images of PPF NPs. Scale bar, 50 nm. c) Hydrodynamic sizes of 

FRT, NLG919@PLGA and PPF NPs, measured by DLS. d) Zeta potential of FRT, 

NLG919@PLGA and PPF NPs. 

 

We also studied drug release using UV-vis spectrophotometry. The release of NLG919 

from PPF NPs was relatively slow at pH 7.4 (77.5% at 24 h, Figure 2.2a), and accelerated under 

acidic conditions (98.2% at 24 h, Figure 2.2a). Meanwhile, ZnF16Pc release was minimal at both 

neutral and acidic pH (Figure 2.2b), which is consistent with our previous observations.31 Notably, 

photo-irradiation did not significantly accelerate the release of either drug molecules (Figure 

2.2a&b).   

We then evaluated the cytotoxicity of PPF NPs in B16F10 cells, which are a murine 

melanoma cell line. Briefly, B16F10 cells were incubated with PPF NPs (25 µg/mL, ZnF16Pc 

concentration) in the dark and irradiated at 4 h (671 nm, 0.1 W/cm2, 200 s). PPF NPs in the absence 

of radiation showed low toxicity (Figure S2.3). Under radiation, there was a significant viability 

drop, which is attributed to PDT. We also evaluated the IDO inhibition efficacy of PPF NPs. This 

was examined in HeLa cells, which express a high level of IDO and are commonly used for in 

vitro IDO inhibition assessment.113, 179, 180 Briefly, HeLa cells were treated with IFN-γ to induce 

IDO expression, followed by incubation with PPF NPs for 48 hrs; the amounts of Kyn in the 

culturing medium were quantified using a colorimetric assay (Figure 2.2c).113 PPF NPs showed 

efficient and concentration-dependent inhibition of Kyn production. The EC50 is 1.25 µg/mL, 

which is comparable to free NLG919 (Figure 2.2c).  
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Figure 2.2. Drug release and IDO inhibition efficiency. a,b) Drug release kinetics, tested with PPF 

NPs in buffer solutions with pH 5.5 and 7.4 in the presence and absence of photo-irradiation (IR). 

a) NLG919 release profiles. b) ZnF16Pc release profiles. c) IDO inhibition, examined by measuring 

Kyn released from HeLa cells. Hela cells were first treated with IFN-γ along with either free 

NLG919 or PPF NPs. Kyn in the supernatant was quantified 48 h later, and compared to PBS-

treated cells. The experiments were conducted in triplicate. Values are presented as means ± SD. 

 

We next evaluated the therapeutic effects of PPF NPs in vivo in B16F10 tumor bearing 

C57BL/6 mice. We intratumorally (i.t.) injected PPF NPs (2.5 mg/kg NLG919, equivalent to 0.375 

mg/kg ZnF16Pc) into the animals (n=10). This was followed by photo-irradiation with a 671-nm 

laser (0.3 W/cm2, 15 min) applied to tumors at 4 h (Day 0, the treatment group was denoted as 

PPF+IR). Two more treatments were applied on Day 3 and 6. For comparison, NLG919@PLGA 

NPs in the absence of irradiation (NLG919@PLGA, n=10) and ZnF16Pc@FRT plus irradiation 

(ZnF16Pc@FRT+IR, n=10) were also tested. PBS only in the absence of irradiation was tested as 

a control (PBS, n = 8).  
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ZnF16Pc@FRT+IR caused a modest tumor suppression, inhibiting tumor growth by 51.27% 

relative to the PBS control group on Day 12 (Figure 2.3a). However, this was followed by a rapid 

tumor rebound (Figure 2.3a&c), with 40% of the animals reaching a humane endpoint point by 

Day 15. NLG919@PLGA failed to suppress tumor growth but rather promoted it in the short-term, 

although the difference was insignificant between the NLG919@PLGA and PBS groups (p = 0.81, 

Figure 2.3a&c). All animals in the NLG919@PLGA group either died or had to be euthanized by 

Day 12. As a comparison, PPF+IR resulted in remarkable tumor suppression (84.19% on Day 12, 

Figure 2.3a&c). Thirty percent of the mice in the PPF+IR group showed complete tumor 

eradication and remained alive after 6 months. For dead or euthanized animals, we harvested their 

tumors and major organ tissues for histology analysis. H&E and Ki-67 staining confirmed efficient 

cancer cell killing and tumor growth suppression in the PPF+IR group (Figure 2.3d).  
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Figure 2.3. In vivo treatment efficacy, tested in C57BL/6 mice bearing B16F10 tumors. The 

animals were i.t. injected with PPF NPs and irradiated with a 671-nm laser at 4 h (PPF+IR). A 

total of three doses of treatment were given two days apart. PBS, NLG919@PLGA NPs in the 

absence of irradiation (NLG919@PLGA), and ZnF16Pc@FRT plus irradiation 

(ZnF16Pc@FRT+IR) were tested for comparison (n = 8-10). a) Relative tumor volume change. 
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Values are presented as means ± SEM. * p < 0.05, ** p < 0.01. b) Animal survival. c) Relative 

volume change for individual tumors from different treatment groups. d) H&E and Ki-67 staining 

with tumor samples taken from all treatment groups. Scale bars, 100 μm. 

 

For animals showing complete tumor elimination in the PPF+IR group, a re-challenge 

study was performed to assess whether the treatment promoted anticancer immunity. Briefly, we 

injected live B16F10 cells into the opposite flank of these animals on Day 69 and monitored the 

tumor growth. All of the mice successfully rejected the second inoculation, and remained healthy 

through the remainder of the experiment (Figure S2.4&2.5). As a comparison, the only surviving 

animal from the ZnF16Pc@FRT+IR group succumbed to the second inoculation on Day 84. We 

euthanized animals from the PPF+IR group on Day 159, and analyzed memory T cells by flow 

cytometry. We found that both central and effector memory T cell populations were significantly 

increased relative to naïve mice (Figure S2.6a-b). These results suggested that animals treated 

with PPF+IR developed a strong antitumor immunity.   

To better understand treatment-induced immune responses, in a separate study, we treated 

animals with the same regimens (PPF+IR, PP, ZnF16Pc@FRT+IR, and PBS, single dose) and 

euthanized them one day after the treatment. We collected blood samples and analyzed serum 

concentrations of Trp and Kyn by LC-MS. We found that Trp/Kyn ratio was slightly reduced in 

the ZnF16Pc@FRT+IR group relative to the PBS control (Figure 2.4a, p = 0.28), which is 

attributable to PDT-induced IDO upregulation. In both NLG919@PLGA and PPF+IR groups, 

Trp/Kyn ratios were significantly increased (Figure 2.4a), which is owing to NLG919-based IDO 

inhibition.  
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We then repeated the therapy study but euthanized animals 7 days after the third treatment 

and collected tumor and spleen tissues to examine lymphocyte profiles. Compared to the PBS and 

ZnF16Pc@FRT groups, there was a significant decrease of MDSCs population in tumors treated 

with NLG919@PLGA (Figure 2.4b). PPF+IR led to an even greater reduction in the MDSCs 

population. More remarkable reduction was observed with Tregs, whose abundance was decreased 

by 74.03% and 68.15%, respectively, in the NLG919@PLGA and ZnF16Pc@FRT+IR groups, and 

by 95. 97% in the PPF+IR group (Figure 2.4b). Similar trends were observed in spleen tissue 

samples (Figure 2.4c). Meanwhile, PPF+IR led to a significant increase in the dendritic cell and 

cytotoxic T cell populations in both tumor and spleen samples (Figures 2.4b-c). CD8/Treg ratio 

was dramatically increased from 54.52% in the ZnF16Pc@FRT+IR group to 848.43% in the 

PPF+IR group in tumor (Figure 2.4d). Overall, these studies confirm that combination PDT and 

ICB with PPF NPs plus photo-irradiation induced a strong anticancer immunity.  
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Figure 2.4. Antitumor immune response elicited by the combination therapy. a) Serum Trp/Kyn 

ratios, measured by LC/MS. Blood samples were taken from animals one day after the treatments. 
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b,c) Lymphocyte frequencies in tumor (c) and spleen (d). Tissues were harvested 7 days after the 

third treatment. d) CD8/Treg ratios in tumor (left) and spleen (right) tissues. Values are presented 

as means ± SD. *p < 0.05, **p < 0.01.    

 

Meanwhile, the treatment was well tolerated by the animals. There were no signs of actuate 

toxicity after PDT. No body weight loss was observed throughout the studies (Figure 2.5a). We 

also harvested tissues from normal organs, such as the heart, kidney, liver, lung, and spleen, and 

H&E staining found no signs of toxicity in the PPF+IR group (Figure 2.5b).  
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Figure 2.5. Potential side effects caused by the combination treatment. a) Body weight curves. No 

significant body weight loss was observed throughout the study. b) H&E staining of normal tissues, 
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including the heart, kidney, liver, lung, and spleen. No signs of toxicity were detected. Scale bars, 

100 μm. 

 

Conclusion 

PDT can cause ICD, promoting recruitment and activation of innate immune cells such as 

dendritic cells.155 This in turn may enhance antigen cross-presentation to T cells, stimulating 

specific antitumor immune responses. However, tumors may hijack immunoregulatory 

mechanisms to subvert PDT-induced immunity. Taking the current study for instance, 

ZnF16Pc@FRT+IR only caused a modest benefit in tumor suppression and animal survival, and 

failed to induce an abscopal effect. As a comparison, PPF NPs enable combination PDT and ICB 

therapy that significantly improves tumor management, resulting in complete tumor eradication in 

30% of the treated animals and protecting them from a subsequent live cell challenge. Our unique 

composite nanoparticle is considered an important factor for effective treatment, for it enables 

efficient PDT and controlled release of IDO inhibitors. In current studies, nanoparticles were 

topically applied, which is suitable for melanoma therapy. It is postulated that this strategy can be 

used to treat stage III and recurrent melanoma, eliciting an antitumor immunity that not only 

eradicates local or residual cancer cells after surgery but also prevents metastasis. Melanoma is 

relatively resistant to PDT due to the absorbance and anti-oxidant effects of melanin.181 It is 

possible that switching to a photosensitizer with even longer excitation wavelength may improve 

the treatment. PPF nanoparticles may be systemically administered for treatment of other cancer 

types such as prostate and head and neck cancer. PPF treatment may also synergize with anti-PD-

1/PD-L1 antibodies that block other immunoregulatory pathways. These possibilities will be 

explored in future studies.  
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Materials and Methods: 

PLGA-COOH (MW: 7000, Lactel; cat#: B6013-1G); N-Hydroxysuccinimide (NHS) 

(Sigma Aldrich; cat#: 56480-25G); N-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

(Sigma Aldrich; cat#: E7750); Dichloromethane (DCM) (Sigma Aldrich; cat#: 270997); Methanol 

(Fisher Scientific; cat#: A456-4); Diethyl Ether (Sigma Aldrich; cat#: 91238); NH2-PEG-COOH 

(MW: 1000, Biochempeg Scientific; cat#:HE005017-1K); N,N-Diisopropylethylamine (DIEA) 

(Alfa Aesar; cat#:A11801); Acetonitrile (Sigma Aldrich; cat#:271004-1L);  NLG919 (Advanced 

Chemblocks; cat#:L14096); Hydrochloric Acid (HCl) (J.T.Baker; cat#:9535-03); Sodium 

Hydroxide (NaOH) (Fisher Scientific; cat#:S318-3); zinc hexadecafluoro-phthalocyanine 

(ZnF16Pc) (Sigma Aldrich; cat#:444529); Dimethyl Sulfoxide (DMSO) (Sigma Aldrich; cat#: 

276855); Uranyl Acetate 2% solution (Fisher Scientific, cat#:NC1085517); Illustra NAP-10 

columns (GE Healthcare; cat#: 17-0854-02); Dulbecco’s Modified Eagle’s Medium (DMEM) 

(ATCC; cat#:30-2002); Eagle’s Minimum Essential Medium (EMEM) (ATCC; cat#:30-2003); 

Fetal Bovine Serum (ATCC; cat#:30-2020); Penicillin-streptomycin (Sigma Aldrich; cat#: P0781-

100mL); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl Tetrazolium Bromide (MTT) (Sigma Aldrich; 

cat#:M2128); Human IFN-γ (R&D Systems; 285-IF); Trichloroacetic Acid (Fisher Scientific; cat#: 

ICN15259291); p-dimethylamino-benzaldehyde (Sigma Aldrich; cat#: 109762); Glacial Acetic 

Acid (J.T.Baker; cat#:9508-00).  

PLGA-b-PEG-COOH Synthesis: 

PLGA-PEG-COOH polymer was synthesized using EDC/NHS chemistry. Briefly, 500 mg 

PLGA-COOH (0.071 mmol) and 109 mg EDC (0.7 mmol) were dissolved in 7 mL DCM, under 

magnetic stirring at room temperature for 10 min. Then, 160 mg NHS (1.4 mmol) was dissolved 
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in 7 mL DCM, followed by dropwise addition into the above solution. The reaction was conducted 

overnight at room temperature. PLGA-NHS was washed with cold 1:1 methanol/diethyl ether 

mixture for three times, collected by centrifugation, and lyophilized. Then, 200 mg PLGA-NHS 

(0.028 mmol) was dissolved in 5 mL DCM under magnetic stirring at room temperature for 10 

min. 30 mg NH2-PEG-COOH (0.03 mmol) and 60 µL DIEA (0.28 mmol) were dissolved in 2 mL 

DCM, and dropwise added into the PLGA-NHS solution. The reaction was conducted overnight. 

The conjugated PLGA-b-PEG-COOH polymer was washed with cold, 1:1 v/v methanol/diethyl 

ether mixture for three times, collected by centrifugation, and lyophilized. The product was stored 

at -20 °C. Chemical structure was confirmed by 1H-NMR on a Varian Mercury Plus 400 system. 

NLG919@PLGA Nanoparticle Synthesis: 

NLG919@PLGA NPs were synthesized through a nanoprecipitation method. Briefly, 

PLGA-b-PEG-COOH and NLG919 were first dissolved in acetonitrile; the final concentrations 

were 5 mg/mL for PLGA-b-PEG-COOH and 1.5 mg/mL for NLG919. The mixture was dropwise 

added into sterilized nanopure water with constant stirring for 2 h in fume hood. The resulting 

NLG919@PLGA NPs were collected on an amicon ultracentrifugation unit (MWCO 100 kDa) 

and washed 3-4 times with sterilized nanopure water. Finally, the purified NLG919@PLGA NPs 

were resuspended in sterilized nanopure water and kept at 4 °C.  

Preparation of ZnF16Pc@FRT: 

Protocols for ferritin (FRT) expression and purification were published before.30 ZnF16Pc 

loading was achieved by following a published protocol with modification. Briefly, FRT was 

dispersed in PBS (pH 7.4), and the solution pH was reduced to 2.0 by adding 0.2 M HCl. ZnF16Pc 

(5 mg/mL in DMSO) was added into the above solution to reach a final FRT/ZnF16Pc w/w ratio 
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of 5:1. After gently shaking at room temperature for 30 min, the pH of the mixture was slowly 

adjusted back to 7.4 by adding 1 M NaOH. NAP-10 column was used to remove unloaded ZnF16Pc. 

Preparation of PPF NPs: 

Briefly, NLG919@PLGA NPs (10 mg/ml) were resuspended in 3 mL sterilized nanopure 

water with constant stirring. Then, 720 µL EDC (10 mg/mL) was dropwise added, followed by the 

addition of 440 µL NHS (10 mg/mL), with constant stirring for 2 hours under room temperature. 

The conjugates were collected by centrifugation for 3 times at 15 °C. The purified nanoparticles 

were suspended in 5 mL PBS (pH 7.4) with constant stirring at 4 °C in the dark, followed by the 

addition of ZnF16Pc@FRT (0.25 mg, based on FRT weight) into the solution. The mixture was 

stirred for 4 hours. Finally, the conjugated nanoparticles were collected and purified by PBS (pH 

7.4) for three times. PPF NPs were stored at 4 °C protected from light. 

The ZnF16Pc to NLG919 ratio was adjusted to be ~ 1:7, based on previous research and 

experience. ZnF16Pc@FRT at a dose of 1.5 mg/kg of ZnF16Pc is commonly tested in tumor bearing 

mice with i.v. administration. According to our experience, about 10% of ZnF16Pc@FRT could 

accumulate in the tumor site. NLG919 at a dose of 25 mg/kg on mice with i.v. injection is normally 

used in cancer immunotherapy.113 Polymeric nanoparticles are reported to accumulate in tumors 

at a rate of 3-5%. Based on our computation, a ZnF16Pc-to-NLG919 ratio of 1:7 is reasonable for 

combination therapy. 

Nanoparticles Characterizations: 

For TEM analysis, a drop of diluted sample solution was deposited onto a TEM grid, 

followed by staining with 2% uranyl acetate. TEM images were taken on a JEOL JEM-1011 

Transmission Electron Microscope operating at an accelerating voltage of 80 KV. Hydrodynamic 

size and zeta potential of nanoparticles were analyzed on a Malvern Zetasizer Nano ZS system. 
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Drug Release: 

For drug release studies, 100 µL nanoparticle solution was loaded onto a dialysis unit, with 

or without irradiation (671 nm, 0.1 W/cm2 for 200 s). The unit was floated on top of a 1.1-mL 

buffer solution (pH 5.5 or 7.4). The system was positioned on an Eppendorf shaker set at 37 °C. 

At each time point (0.5, 1, 2, 4, 8, 12, 24, 36 and 48 h), 100 µL external solution was transferred 

into a 96-well plate. The drug contents were assessed by measuring the relevant absorbance 

(NLG919: 263 nm, ZnF16Pc: 700 nm) and comparing to pre-established standard curves. 

Cell Culturing: 

B16F10 and HeLa cells were obtained from American Type Culture Collection (ATCC) 

and cultured in DMEM or EMEM medium supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin. The cells were incubated humidly at 37 °C with 5% CO2. 

Cytotoxicity Assays: 

B16F10 cells were seeded onto a 96-well plate at 8000 cells per well density and allowed 

to grow overnight. Nanoparticles of varied concentrations were added to the incubation medium. 

After 4 hours, the cells were exposed to a 671-nm laser (0.1 W/cm2 for 200 s). Cells not exposed 

to photo-irradiation were tested for comparison. After another 12 hours, cell viability was 

measured by MTT assay. 

IDO Activity: 

Briefly, HeLa cells were seeded onto a 96-well plate at a density of 8000 cells per well and 

allowed to grow overnight. Recombinant human IFN-γ was added to each well to reach a final 

concentration of 50 ng/mL. Meantime, a gradient of NLG919@PLGA NPs or PPF NPs (NLG919 

concentration 0, 0.4, 0.8, 1.5, 3, 6 µg/mL) were added to the incubation medium. After 48 hours, 

150 µL of the supernatants per well was transferred to a separate 96-well plate. 75 µL 30% 
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trichloroacetic acid was added into each well and incubated with cells at 50 °C for 30 min, 

converting N-formylkynurenine to kynurenine. The supernatant was transferred to a new 96-well 

plate, mixed with equal volume of Ehrlich reagent (2% p-dimethylamino-benzaldehyde w/v in 

glacial acetic acid), and incubated for 10 min at room temperature. Reaction product was quantified 

by measuring 490-nm absorbance using a plate reader. 

Animal Model: 

C57BL/6 mice were purchased from Envigo laboratories. The animal model was 

established by subcutaneously injecting 2 x105 B16F10 cells into the right hind limb of each mouse. 

All of the experimental procedures were conducted following a protocol approved by the 

University of Georgia Institutional Animal Care and Use Committee. 

Therapy Studies: 

C57BL/6 mice bearing B16F10 tumors were randomly divided into four groups (n=8-10): 

(1) PBS, no irradiation; (2) NLG919@PLGA NPs (NLG919 2.5 mg/kg), no irradiation; (3) 

ZnF16Pc@FRT (ZnF16Pc 0.375 mg/kg), with irradiation; (4) PPF NPs (NLG919 2.5 mg/kg, 

ZnF16Pc 0.375 mg/kg), with irradiation. All mice received i.t. injection every 3 days for 3 times. 

For the ZnF16Pc@FRT+IR and PPF+IR groups, tumors received photo-irradiation 4 hours after 

the injection (671 nm, 0.3 W/cm2 for 15 min). Tumor size and body weight were monitored every 

3 days. Tumor volume was computed using formula: tumor volume = length x (width)2/2. After 

therapy, major organs as well as tumors were collected and sectioned into 8-µm slices for H&E 

and Ki-67 staining. For re-challenge studies, each of the surviving animals was subcutaneously 

injected with 1x105 B16F10 cells to the left hind limb. Tumor size and body weight of were 

monitored every three days.  

Serum Tryptophan and Kynurenine Analysis: 
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Trp/Kyn ratios in serum samples were examined by LC/MS on a Bruker Daltonics Impact 

II system. C57BL/6 mice bearing B16F10 tumor at ~50 mm3 were treated with single-dose of PBS, 

NLG919@PLGA NPs, ZnF16Pc@FRT+IR, or PPF+IR (NLG919 2.5 mg/kg, ZnF16Pc 0.375 

mg/kg). One day after the treatment, the plasma samples were collected and mixed with methanol 

(plasma: methanol, 1:2.5, v/v) and centrifuged at 13,500 rpm for 15 min. Supernatants were 

collected and purified with TopTip for LC-MS quantification of kynurenine and tryptophan. 

Lymphocyte Profiling Studies: 

Seven days after the third treatment, animals were euthanized; spleen and tumors were 

harvested, and immune cell populations in the tissues was examined by flow cytometry. Briefly, 

single-cell suspensions from tissue samples were filtered and red blood cells were lysed. For 

extracellular staining, cells were incubated with the indicated combinations of antibodies (e.g. anti-

CD11c, -Gr-1, -CD3, -CD8α, -CD4, and -CD45). For intracellular staining, cells were fixed and 

permeabilized immediately after cell surface staining according to manufacturer’s protocol 

(eBioscience). Antibodies (e.g. anti-Foxp3) were added into the permeabilization buffer and 

incubated with cells. Animals surviving from re-challenge studies were euthanized after 30 days, 

and spleen tissues were harvested for analysis of memory T cell populations. Immune cell 

populations were examined on a Beckman Coulter CytoFLEX system. Data analyzed was 

performed using FlowJo software. 

Statistical Analysis 

Comparison of multiple assays was performed using a one-way ANOVA test. Comparisons 

of only two groups was performed using a paired t-test. Significance was set at p < 0.05. All 

experiments were performed with at least three replicates unless specified otherwise. All the data 

is represented as mean ± S.D. 



 

52 

 

 

CHAPTER 3 

DOPAMINE-MELANIN NANOPARTICLES SCAVENGE REACTIVE OXYGEN AND 

NITROGEN SPECIES AND ACTIVATE AUTOPHAGY FOR OSTEOARTHRITIS 

THERAPY2 

  

 
2 Xueyuan Yang†, Gang Zhong†, Xianfang Jiang†, Anil Kumar, Huiping Long, Jin Xie*, Li Zheng*, Jinmin Zhao († Equal 
contribution) Nanoscale, 2019,11, 11605-11616. 
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Abstract 

Anti-oxidative agents hold great potential in osteoarthritis (OA) therapy. However, most 

radical scavengers have poor biocompatibility and potential cytotoxicity, which limit their 

applications. Herein we explore dopamine melanin (DM) nanoparticles as a novel scavenger of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS). DM nanoparticles show low 

cytotoxicity and a strong ability to sequester a broad range of ROS and RNS, including superoxides, 

hydroxyl radicals, and peroxynitrite. This translates to excellent anti-inflammatory and chondro-

protective effects by inhibiting intracellular ROS and RNS and promoting antioxidant enzyme 

activities. With an average diameter of 112.5 nm, DM nanoparticles can be intra-articularly (i.a.) 

injected into an affected joint and retained at the injection site. When tested in vivo in rodent OA 

models, DM nanoparticles showed diminished inflammatory cytokine release and reduced 

proteoglycan loss, which in turn slowed down cartilage degradation. Mechanistic studies suggest 

that DM nanoparticles also enhance autophagy that benefits OA control. In summary, our study 

suggests DM nanoparticles as a safe and promising therapeutic for OA. 

 

Introduction 

Osteoarthritis (OA) is a major cause of chronic disability and it affects more than 400 

million people worldwide. OA is characterized by the gradual progression of chronic inflammation 

and cartilage degeneration, leading to stubborn joint pain and joint deformity.182 Current 

treatments, including analgesics, non-steroidal anti-inflammatory drugs (NSAIDs), and intra-

articular injection of hyaluronic acid or corticosteroid 183, aim to ease the symptoms rather than 

altering the course of disease progression. There is an urgent need for new and safe options for 

OA. 
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Recent studies reveal that ROS and RNS play an essential role in OA development and progression 

184. ROS and RNS are produced mainly by NADPH oxidase and iNOS, and remain at low levels 

in normal articular chondrocytes. In OA patients, the antioxidant mechanisms, including 

superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidise (GPX), are deregulated 

and insufficient to detoxify ROS and RNS 185-187. This leads to elevated oxidative stress that 

induces DNA, lipid, and protein damage, as well as cytotoxicity. Reagents that can suppress ROS 

and RNS in the chondrocytes are therefore promising OA therapeutics. Previously, anti-oxidants 

like melatonin and N-acetylcysteine (NAC) 188, 189 have been tested but these small molecules show 

short retention in the joint. More recently, nanozymes and metal nanomaterials such as PEGylated 

bilirubin nanoparticles 190, sialic acid-modified selenium nanoparticles 191, and TEMPO-

conjugated gold nanoparticles 192 have been explored for OA therapy. But the poor 

biocompatibility and/or biodegradability have limited their applications. 

Herein we investigate melanin nanoparticles as a novel type of radical scavenger for OA 

therapy. Natural melanin is known to protect the skin from ultraviolet (UV) irradiation. This is in 

large part attributed to its surface quinone residues that can efficiently scavenge radicals. Artificial 

melanin nanospheres have been prepared by polymerization of dopamine 193. The Shi group 

recently investigated the anti-oxidant mechanisms of these melanin nanoparticles, showing that 

materials can scavenge a broad range of radicals 194. Rageh et al. demonstrated that melanin 

nanoparticles can protect mice from DNA damage induced by γ-radiation and effectively restore 

hematopoietic tissues 195. To the best of our knowledge, however, there has been no attempt on 

exploiting melanin nanoparticles for OA treatment. Unlike small molecule scavengers, melanin 

nanospheres are large in size (~110 nm) and thereby affording much longer retention in the joint, 

which is beneficial for sustained ROS/RNS suppression and OA management. We hypothesize 
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that i.a. injected melanin nanospheres can efficiently suppress cartilage RNS and ROS levels, 

leading chondrocyte protection and OA suppression. Specifically, we first assessed whether DM 

nanoparticles can suppress ROS and RNS in IL-1β induced rat chondrocytes, and tested their 

efficacy in vivo in a rat OA model. The underlying mechanism of action was also investigated. 

 

Results 

DM nanoparticles synthesis and characterizations 

DM nanoparticles were synthesized following a published protocol with minor 

modifications 193. Briefly, we dissolved dopamine hydrochloride in an ethanol/water mixed 

solution and added into the solution ammonium hydroxide. After 24 h reaction in the open air, the 

nanoparticle products were collected by centrifugation and purified with water. Scanning emission 

microscopy (SEM) and transmission emission microscopy (TEM) showed that the products were 

uniform nanospheres, with an average diameter of 112.5 nm (Figure 3.1a, and b). Dynamic light 

scattering (DLS) found that the hydrodynamic size of the nanoparticles was ~230 nm (Figure 3.1c). 

Zeta potential analysis showed that the surface of the nanoparticles was negatively charged (-13.5 

mV, Figure 3.1d). This is attributed to the multiple catechol groups on the nanoparticle surface, 

which was confirmed by FR-IR (Figure. S3.1a). No benzene ring 1H atom was detected in DM 

nanoparticles by 1H NMR (Figure. S3.1b), suggesting successful polymerization. 
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Figure 3.1. Physical characterizations of DM nanoparticles. (a) TEM of DM nanoparticles. (b) 

SEM of DM nanoparticles. (c) DLS of DM nanoparticles. (d) Zeta potential of DM nanoparticles. 

 

We then analyzed the capacity of DM nanoparticles for scavenging radicals (Figure 3.2). 

We first assessed free radical scavenging by DPPH assay. Our studies showed effective and 

concentration dependent DPPH suppression (Figure 3.2a). Compared with PBS control, DM 

nanoparticles (80 µg/mL) inhibited the DPPH fluorescence by 64%. Similarly, Evans Blue 

bleaching, NBT reduction and deoxyribose test-tube method assays showed significant 

sequestration with peroxynitrite, superoxide, and hydroxyl radicals (Figure 3.2b, c, d). These 
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results confirm the capacity of melanin nanoparticles to efficiently scavenge a broad range of ROS 

and RNS.  

 

 

Figure 3.2. DM nanoparticles as a radical scavenger. (a) Free radical inhibition by DM 

nanoparticles. (b) The capacity of DM nanoparticles to scavenge peroxynitrite radicals. (c) 

Superoxides inhibition by DM nanoparticles. (d) The capacity of DM nanoparticles to scavenge 

hydroxyl radicals. 

 

Anti-inflammatory and chondro-protective effects of DM nanoparticles on IL-1β- induced 

chondrocytes 
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We first studied the chondro-protective effects of DM nanoparticles. This was investigated 

with rat chondrocytes with IL-1β. As shown in Figure 3.3a, DM nanoparticles showed no 

cytotoxicity below 120 µg/mL but rather increased the chondrocytes viability. In particular, DM 

nanoparticles of 10, 30 and 60 µg/mL significantly promoted cell growth compared with the IL-

1β control (P<0.001). Thus, DM nanoparticles of 10, 30 and 60 µg/mL were chosen for further 

investigation.  
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Figure 3.3. Chondro-protective effects of DM nanoparticles on IL-1β- induced chondrocytes. 

MTT assay was to detect the cytotoxicity of DM nanoparticles. (Control: only with 10ng/mL IL-

1β). (b-e) Chondrocytes were treated with IL-1β (10 ng/mL) and/or various concentrations of DM 

nanoparticles (10, 30, 60 μg/mL) for 24 hours. (b) FDA//PI stained for cell viability. (c) Flow 

cytometry for cell apoptosis. (d) Quantitative flow cytometry for apoptosis. (e) Quantification of 

matrix production of GAG (n=6) for cell proliferation. Normal (without IL-1β); IL-1β (with 

10ng/mL IL-1β); IL-1β +DM 10 (with 10ng/mL IL-1β and 10 µg/ml DM nanoparticles); IL-

1β+DM 30 (with 10ng/mL IL-1β and 30 µg/ml DM nanoparticles); IL-1β+DM 60 (with 10 ng/mL 

IL-1β and 60 µg/ml DM nanoparticles). Values are the means ± SD, n=6, * indicate p <0.05, ** 

indicate p <0.01, *** indicate p <0.001 relative to respective control groups; # indicate p <0.05, 

## indicate p <0.01, ### indicate p <0.001.  

 

This chondro-protective effect was confirmed by FDA/PI live/dead assay. As shown in 

Figure 3.3b, a significantly reduced number of live cells (green) and an increased number of dead 

cells (red) were found in chondrocytes treated with IL-1β. This toxicity was largely inhibited when 

DM nanoparticles were co-incubated, with 30 μg/ml DM showing the most prominent viability 

improvement. The cyto-protective effects of DM nanoparticles were further analyzed by flow 

cytometry. As shown in Figure 3.3c, d, IL-1β induced remarkable chondrocyte death with the 

apoptosis level increased by 7.51 fold relative to the PBS control. On the contrary, co-incubation 

with DM nanoparticles greatly attenuated IL-1β induced cell apoptosis, decreasing the population 

by 64.50%, 77.59% and 58.34%, respectively, when the DM concentration was 10, 30, 60 μg/mL. 

During cartilage development, GAGs play an important role in the integrity of the cartilage 

matrix. Loss of GAG is a hallmark for early-stage OA 196. To evaluate the impact of DM 
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nanoparticles on GAG expression, we used DMMB assay. As shown in Figure 3.3e, a significant 

loss of GAGs in chondrocytes was induced by IL-1β (up to 58.39%). However, DM nanoparticles 

rescued IL-1β induced GAG loss, restoring its contents by 50.98 %, 56.86% and 47.06% for 10, 

30 and 60 μg/mL DM nanoparticles respectively. 30 μg/ml DM in particular promoted the GAG 

production to nearly a normal level.  

Protective effects of DM nanoparticles on IL-1β-induced inflammation 

In order to further explore the effects of DM nanoparticles on mRNA levels of 

inflammatory factors such as IL-6, IL-1β, TNF-α, MMP-13, COX-2 and iNOS, chondrocytes were 

pre-treated with DM nanoparticles for 2 h, followed by IL-1β treatment for 24 h. As shown in 

Figure 3.4a, the expression of inflammatory markers was remarkably elevated after IL-1β 

treatment. As a comparison, DM nanoparticles led to significant decreased regulation of all tested 

mRNA. Particularly, 30 µg/ml DM nanoparticles induced the most prominent decline, with all 

inflammatory factors approximating normal chondrocytes. This was further confirmed by Western 

blot analysis (Figure 3.4b), which showed that DM nanoparticles at 30 µg/mL greatly inhibited 

IL-1β induced upregulation of the inflammatory factors at the molecular levels.  
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Figure 3.4. Effect of DM nanoparticles on the treatment of OA. (a) QRT-PCR was used to analyze 

the gene expression levels of IL-1β, TNF-α, IL-6, MMP-13, COX-2 and iNOS in vitro. (b) Western 

Blot was used to analyze the protein expression of IL-1β, TNF-α, IL-6, MMP-13, COX-2 and 

iNOS. Values are the means±SD, n=6, * indicate p <0.05, ** indicate p <0.01, *** indicate p 

<0.001 relative to respective control groups; # indicate p <0.05, ## indicate p <0.01, ### indicate 

p <0.001. 

 

DM nanoparticles suppressed IL-1β-induced free radicals 

Intracellular ROS generation induced by IL-1β was investigated by flow cytometry. As shown 

in Figure 3.5a, b, increased ROS was produced in IL-1β-mediated chondrocytes over time. 

Nevertheless, administration of DM nanoparticles remarkably reduced the ROS production. 

Especially at the time point of 24 h, ROS was reduced greatly, close to the level of normal cells. 

Of note, there was a slight increase of ROS production ranged from 3 h to 6 h, followed by a drop 

afterwards. These results indicated DM nanoparticles have powerful ability to scavenge 

intracellular ROS.  
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Next, we detected intracellular levels of RNS using BBoxiProbeTM R21 fluorescent probe. 

As shown in Figure 3.5c, IL-1β mediated the increase of RNS production, which was 12.43 times 

higher than that of the normal group. The treatment of DM greatly reduced the production of RNS 

in a dose-dependent manner. Administration of 30 μg/mL DM led to a decrease of 75.86 % in RNS 

levels compared with IL-1β group. 
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Figure 3.5. Effect of DM nanoparticles on the oxygen free radicals and autophagy. The 

chondrocytes stained with DCFH 30 minutes, followed by analyzed using flow cytometry. Upper-

right corner region represents Chondrocyte ROS levels. (b) Quantifying the production of ROS in 

chondrocytes from flow cytometry. (c) Quantifying the production of RNS in chondrocytes. (d) 

Production of CAT, GSH-Px, MDA was assayed by a microplate fluorescence reader. (e) Western 

Blot was used to analyze the protein expression of LC3, ATG7 and Beclin-1. (f) QRT-PCR was 

used to analyze the gene expression of LC3, ATG7 and Beclin-1 in vitro. (g) TEM was used to 

analyze the uptake of DM nanoparticles and intracellular autophagy. (h) QRT-PCR was used to 

analyze the gene expression of MMP-13, IL-6 and TNF-α after Chondrocytes Treated with 

Autophagy Inhibitor Chloroquine. IL-1β (with 10 ng/mL IL-1β); IL-1β +DM (with 10ng/mL IL-

1β and 30 µg/ml DM nanoparticles); IL-1β+DM+Chloroquine (with 10 ng/mL IL-1β, 30 µg/ml 

DM nanoparticles and 1µmol/L Chloroquine ). (i) After treated with DM nanoparticles (30 µg/mL) 

and IL-1β (10 ng/mL) for 0h, 3h, 6h, 9h, 12h and 24h, cell samples concurrently stained with Cyto-

ID Green dye and MitoSox Red dye were analyzed by confocal microscopy. (j) The fluorescence 

intensity of chondrocytes was analyzed by Image J. (Values are the means ± SD. n=6, * indicate 

p <0.05, ** indicate p <0.01, *** indicate p <0.001 relative to respective control groups; # indicate 

p <0.05, ## indicate p <0.01, ### indicate p <0.001. Scale bars, 200 µM.  

 

Further, we detected intracellular antioxidant enzymes CAT and GSH-Px, which are key 

indicators of oxidative stress. As shown in Figure 3.5d, the levels of CAT and GSH-Px in 

chondrocytes were notably down-regulated by IL-1β, while the downregulation was reversed by 

DM nanoparticles treatment. 30 μg/mL of DM nanoparticles, in particularly, upregulated the levels 

of CAT and GSH-Px the most in all the groups. MDA, which is one of compounds produced in 
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the process of lipid peroxidation was also investigated. As shown in Figure 3.5d, MDA activity 

was dramatically activated in the IL-1β group compare with normal cells, but suppressed after DM 

treatment. Especially in the IL-1β+30 group, MDA level comes up to that in normal cells. These 

results revealed that DM nanoparticles act as potent ROS scavengers protect chondrocytes from 

damage by reducing excessive intracellular oxidative stress.  

DM nanoparticles stimulate autophagy for chondrocyte protection 

Autophagy as a protective process in the pathogenesis of OA has been demonstrated 197. It 

was also shown that enhanced autophagy is linked to consumption of excessive ROS and thus 

protection of chondrocytes 198. Quantitative RT-PCR analysis showed that IL-1β led to a marginal 

increase of specific autophagy markers, including LC3-Ⅱ, ATG7 and Beclin-1, compared with 

normal chondrocytes. By contrast, DM nanoparticles drastically elevated the expression of these 

autophagy markers in IL-1β-pretreated chondrocytes (Figure 3.5f). In particular, 30 μg/ml DM 

nanoparticles showed the most prominent induction. Western blot analysis also confirmed this, 

finding that LC3, ATG7 and Beclin-1 protein levels were significantly increased upon DM 

nanoparticles treatment (Figure 3.5e). Conversion of LC3-Ⅰ to LC3-Ⅱ is an initiating step in 

autophagy. It is noteworthy that the production of LC3-Ⅱ in OA chondrocytes was facilitated by 

DM nanoparticles, indicating autophagy activation. Further, a large number of autophagosomes 

were observed in chondrocytes treated with 30 μg/ml DM nanoparticles using TEM (Figure 3.5g).  

For further validation, we con-incubated chondrocytes with chloroquine, an autophagy 

inhibitor. As shown in Figure 3.5h, quantitative RT-PCR results showed increased levels of 

inflammatory factors (MMP-13, IL-6, and TNF-α) when IL-1β-induced chondrocytes were 

incubated with DM nanoparticles in the presence of chloroquine. This indicated that autophagy 

inhibition attenuates the anti-inflammatory and chondro-protective effects of DM nanoparticle. 
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Taken together, these findings demonstrate that DM nanoparticles may suppress IL-1β-induced 

oxidative stress by activating autophagy.  

DM nanoparticles mediated ROS scavenging followed by autophagy activation 

In order to verify the sequential events of DM nanoparticle-mediated autophagy and ROS 

scavenging in IL-1β-induced OA chondrocytes, we used immunofluorescence assay with cyto-ID 

Green probe for autophagy and MitoSox Red dye for ROS at different time point. At the first 6h, 

oxidative fluorescence (red) intensified gradually, while the intensity of autophagic fluorescence 

(green) remained weak (Figure 3.5i, j). Interestingly, the autophagic fluorescence was enhanced 

dramatically in a time-dependent manner between 6 to 24 h. In contrast, the intensity of oxidative 

fluorescence decreased sharply. These indicated that ROS was cleared while autophagy was 

activated.  

Therapy studies in ACLT-induced rat OA models 

To assess the effect of DM nanoparticles on pathological manifestations of OA, we 

established an OA model of rats by conducting an anterior cruciate ligament transaction (ACLT) 

surgery at the lower end of the femur and the upper end of the tibia in the knee-joint. And i.a. 

injection of DM nanoparticles with three different doses (10, 30, and 60 μg/mL, 0.1mL) was 

performed. Degeneration of cartilage was evaluated by macroscopic observation. As shown in 

Figure 6a, characteristics of OA, such as erosion and osteophyte formation was observed in the 

femoral condyles and tibial plateau in the ACLT surgery group (OA), while the normal cartilage 

was presented with a glistening, smooth surface without any defects and osteophyte formation 

(sham-operation group). However, 4-week injection of DM nanoparticles led to markedly reduced 

cartilage damage with the glistening cartilage surfaces resembling normal cartilage. Among all the 

treatment groups, 30 μg/mL DM nanoparticles showed the best performance. Consistent with the 
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macroscopic observation, the macroscopic scores were ranked in the order of OA, DM 10, DM 60 

and DM 30 (Figure 3.6b).  

 

 

Figure 3.6. Effect of DM nanoparticles on ACLT-induced OA. SD rats were randomly divided 

into five groups: Normal group, OA group, DM 10 group, DM 30 group, DM 60 group. Normal 

group underwent sham operation, DM 10 group, DM 30 group and DM 60 group respectively 

received different concentrations of DM nanoparticles (10, 30, and 60 μg/mL), while OA group 

received with nothing in OA rats. All the samples were harvested after 8 weeks. (a) Macroscopic 

appearance. (b) Macroscopic scores of femoral condyles from normal and OA rats. (c) Histological 

analysis of OA was evaluated by Hematoxylin-Eosin staining and Safranin O staining. (d) OARSI 
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score of articular cartilage was determined. (e) (f) Quantifying the production of ROS in articular 

cartilage. (g) Quantifying the production of RNS in articular cartilage. Values are the means±SD, 

n=6, * indicate p <0.05, ** indicate p <0.01, *** indicate p <0.001 relative to respective control 

groups; # indicate p <0.05, ## indicate p <0.01, ### indicate p <0.001. 

 

Histopathological examination by H&E and Safranin-O fast green staining showed severe 

pathologic changes in the OA group, as evidenced by fissures and fibrillation, a loss of cartilage 

superficial zone and osteophyte proliferation (Figure 3.6c). On the contrary, DM nanoparticles 

significantly slowed down cartilage degeneration, manifested in a remarkable reduction in the 

severity of histologic lesions and an increased GAG content. The OARSI Score was used to assess 

cartilage degeneration and damage (Figure. 3.6d). Relative to the OA control, 10, 30 and 60 

μg/mL DM nanoparticles reduced the OARSI score by 27.28%, 52.52% and 45.46 % respectively, 

which is consistent with the macroscopic findings. 

As a marker of OA, MMP-13 is commonly used in the evaluation of OA. As shown in 

Figure 3.6e, intense positive staining of MMP-13 was observed in the cartilage layer of the OA 

group. As a comparison, much less positive staining was shown in DM nanoparticles groups, 

particularly the 30μg/mL group. In addition, we examined ROS production in the articular 

cartilage using BBcellProbeTM probe. As shown in Figure 3.6f, g, ROS and RNS levels were 

increased by 24.35 and 28.87 times, respectively, in OA group. With DM nanoparticles therapy, 

on the other hand, the ROS and RNS levels in cartilage were dramatically reduced. In summary, 

these results suggest that DM nanoparticles could effectively scavenge free radicals in the articular 

cartilage and as a result alleviate pathological progression of OA. 
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Discussion 

Under physiological conditions, minute concentrations of ROS and RNS have important 

roles in various aspects of intracellular signaling and metabolic regulation 199. Excessive ROS and 

RNS produced by injured chondrocytes accelerate cell death and cartilage degradation in OA 

progression 200-204. ROS scavengers have been demonstrated as effective OA therapeutics, but 

many are associated with poor biocompatibility, low degradation, or short drug retention. In this 

study, we are the first to explore DM nanoparticles as a safe therapeutic for OA treatment. We 

found that DM nanoparticles prevented elevated oxidative stress and autophagy, both contributing 

to inhibited cartilage remodeling in inflammatory diseases.  

It has been reported that high density of extracellular matrix (ECM) of avascular cartilage 

hinders drug penetration and that nanoparticles with a size between 100 to 300 nm are favorable 

with regard to entering the cartilage ECM while staying long in the joint 205. DM nanoparticles 

have an average diameter of 112.5 nm (Figure 3.1a, b) and a hydrodynamic size of 230 nm 

(Figure 3.1c), and are well within this optimal nanoparticle size range. The nanoparticles’ 

colloidal stability comes from their negatively charged surface (-13.5 mV, Figure 3.1d), that 

prevents nanoparticles aggregation 206.  

In this study, we found that DM nanoparticles exhibited the capacity of scavenging 

multiple types of ROS and RNS (Figure 3.2), which is beneficial for protecting chondrocytes from 

oxidative stress, inflammatory reactions, and cartilage degeneration (Figure 3.3, 3.4, 3.6). RNS 

and ROS play an essential role in OA development and progression 184, and are potential therapy 

targets. NO inhibition may maintain the articular phenotype by maintaining Dickkopf-1 (DKK1) 

and Frizzled related protein (FRZB) 207 and suppressing the release of NO, ROS, PGE2 and MMP-

13, thus attenuating chondrocyte death in OA 208. Salerno et al. reported that iNOS knockout mice 
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have lower rates of OA compared with the wild type 209. DM nanoparticles serve as a trap for 

potentially harmful radicals because they contains quinone residues 210 that can react with ROS 211. 

DM nanoparticles as a dopamine derivative can also react with RNS and thus inhibiting their 

nitrating effects 212. This includes reduced NO production and protection against LPS-induced cell 

damage 213. Previous studies showed that increased levels of ROS and RNS, can modify the Cys 

residues at the DNA-binding sites and influence the binding between DNA and transcription 

factors 214, leading to proteoglycan loss in chondrocytes215-217 and thus cartilage degradation 218. 

Interestingly, we found that DM nanoparticles exert anti-inflammatory and chondro-

protective effects by autophagy activation, which was demonstrated by the increased production 

of LC3-Ⅱ/LC3-Ⅰ, ATG7 and Beclin-1 and induced autophagic vesicles formation in chondrocytes 

(Figure 3.5e, f, g). Treatment of an autophagy inhibitor, chloroquine, reversed the anti-

inflammatory effect of DM nanoparticles, evidenced by increased production of MMP-13, IL-1β 

and TNF-α (Figure 3.5h). These results suggest that ROS and RNS scavenging effects of DM 

nanoparticles might be related to its autophagy activation. Autophagy is a vital cellular 

homeostatic mechanism for eliminating damaged cellular organelles and macromolecules 219. It 

was found that autophagic activity decreases with aging, meaning better cyto-protective effects in 

young cartilage 220 to prevent damage caused by ROS and inflammatory cytokines 221, 222. 

Pharmacological activation of autophagy is wildly used in OA therapy 197, 223, 224. Over-expression 

of iNOS inhibits autophagosome formation225 and NO inhibits autophagy by downregulating 

JNK1 by S-nitrosylation and activating the mTOR complex1 226. As a ligand of DRD3 (dopamine 

receptor D3), dopamine could induce the DRD3 internalization and LC3B upregulation, activating 

autophagy 227 through the PI3K/Akt and mTOR pathways 228. 
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Conclusion 

In conclusion, as a novel ROS and RNS scavengers, DM nanoparticles alleviated the 

pathological process of OA and cartilage degeneration. DM nanoparticles exert excellent anti-

inflammatory effects by inhibiting intracellular ROS and RNS generation and activating 

antioxidant enzymes by autophagy, thereby inhibiting cartilage degradation and OA progression. 

This study provides a novel insight for therapy of OA by nanoparticulated ROS and RNS 

scavengers.  

 

Materials and Methods: 

Materials  

Dopamine hydrochloride (Sigma-Aldrich, H8502), ammonium hydroxide (Sigma-Aldrich, 

320145), H2O2 (Fisher Chemical, H325-500), nitrotetrazolium blue chloride (NBT, Sigma-Aldrich, 

N6876), deoxyribose (Sigma-Aldrich, 121649), ferric chloride (Acros Organics, 423705000), 

ascorbic acid (Sigma-Aldrich, A5960), riboflavin (Sigma-Aldrich, PHR1054), 

ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, EDS-500G), NaCN (Alfa Aesar, 

L13278), 2,2 diphenyl-1-picryl hydrazyl (DPPH, Sigma-Aldrich, D9132), sodium nitroprusside 

(Sigma-Aldrich, PHR1423), HCl (baker analyzed, 0000170466), potassium nitrite (Fisher 

Scientific, P263-500), diethylenetriaminepentaacetic acid (DTPA, Sigma-Aldrich, D6518), 

peroxynitrite (Cayman, 81565), Evans Blue (Sigma-Aldrich, E2129), trichloroacetic acid (Fisher 

Scientific, ICN15259291) 

Synthesis of dopamine melanin nanospheres  

Two milliliters of ammonium hydroxide (28-30%) was added to a mixed solution 

containing 40 mL ethanol and 90 mL DI water. The solution was magnetically stirred at 30oC for 
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30 minutes. 0.5 g of dopamine hydrochloride in 10 mL DI water was dropwise added into the 

above solution. The color of the solution immediately turned to pale yellow and gradually become 

dark brown. The solution was magnetically stirred for another 24 hours. The products were 

collected by centrifugation and purified three times with DI water. 

Characterization of DM Nanoparticles 

Physical characterizations 

Scanning electron microscopy (SEM) images were acquired on a FEI Teneo field emission 

SEM. Transmission electron microscopy (TEM) was carried out on a FEI Tecnai 20 transmission 

electron microscope operating at an accelerating voltage of 200 kV. Particle size distribution was 

analyzed on a Malvern Zetasizer Nano ZS system. Fourier-transform infrared (FT-IR) spectra were 

recorded on a Nicolet iS10 FT-IR spectrometer 229. HNMR analysis was performed on a Varian 

Mercury Plus 400 system. Zeta potential was measured by Zetasizer Nano-ZS.  

Radical scavenging assays 

DPPH assay: Free radical-scavenging capacity of DM nanoparticles was also measured by 

the DPPH scavenging method 230. The test was carried out in a 96 well plate using a total volume 

of 200 μL methanol containing 0.004 μg DPPH and a series of sample aliquots with the final 

concentration at 1, 0.5, 0.25, and 0.125 μg/mL. The measurements were done in triplicate. DPPH 

solutions at the same concentration without the tested samples were used as control. The 520-nm 

absorbance was read every 5 min for 30 min. Samples were analyzed in triplicate.  

Peroxynitrite assay: The peroxynitrite scavenging capacity was determined by Evans Blue 

bleaching assay with slight modifications. The reaction mixture contained 50 mM phosphate buffer 

(pH 7.4), 0.1 mM DTPA, 90 mM NaCl, 5 mM KCl, 12.5 μM Evans Blue, various concentrations 

of DM nanoparticles (10–400 μg/mL), and 1 mM peroxynitrite, and the final volume of the 
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solution was 1 mL. The absorbance at 611 nm was measured 30 min later. The percentage of 

ONOO- that was scavenged was calculated by comparing the results with the blank samples. Gallic 

acid was used as the standard. 

Superoxide radical assay: The superoxide radical generated from the photo reduction of 

riboflavin was detected by NBT reduction 231. The reaction mixture in PBS (67 mM, pH 7.8) 

contained EDTA (0.1 M), 0.0015% NaCN, riboflavin (0.12 mM), NBT (1.5 mM) and various 

concentrations of DM nanoparticles (10-1000 µg/mL) and the total volume was 3 mL. The tubes 

were uniformly illuminated by light for 15 min. The optical density at 530 nm was measured before 

and after the illumination. 

Hydroxyl radical assay: The scavenging capacity against hydroxyl radicals was measured 

using the deoxyribose test-tube method with minor changes 229. All solutions used as freshly 

prepared. These include 200 μL of 2.8 mM 2-deoxy-2-ribose, 5 μL of DM nanoparticles (3.125 

µg/mL - 400 µg/mL), 400 μL of 200 mM FeCl3, 1.04 mM EDTA, 200 μL H2O2 (1.0 mM), and 

200 μL ascorbic acid (1.0 mM). The resulting mixture was incubated for 1 h at 37°C. 1.5 mL 

aqueous solution containing 2.8% TCA was added, and the solution was first kept at room 

temperature for 20 min and then at 90°C for 15 min. Afterwards, the solution was cooled down 

and the absorbance at 532 nm measured and compared. 

Isolation and culture of chondrocytes  

Primary chondrocytes were isolated from knee joint cartilage of 3-day-old Sprague-

Dawley (SD) rats (Guangxi Medical University, Experimental Animal Center). Articular cartilage 

tissue was finely minced, rinsed with phosphate-buffered saline (PBS), and digested with 2mg/mL 

of collagenase II (Solarbio,USA) at 37 °C for 4 h after treatment with 0.25% trypsin/EDTA 

(Solarbio,USA) for 30 min. And chondrocytes were obtained from articular cartilage tissue and 
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cultured in alpha-modified eagle’s medium (α-MEM, Gibco, USA) supplemented with 10% (v/v) 

fetal bovine serum (FBS, Gibco, USA) and 1% (v/v) penicillin/streptomycin (Solarbio, China). 

Cells were detached from the culture dish using 0.25% trypsin and passaged after reaching 

confluency. Passage 2 chondrocytes were used for further experiments. To induce OA 

Chondrocytes, Chondrocytes were cultured with 10 ng/mL of IL-1β for 24h. For therapeutic group, 

Chondrocytes were cultured with IL-1β and/or different concentration of DM nanoparticles (10 

μg/ mL, 30 μg/mL and 60 μg/mL) for indicated time points. 

Cytotoxicity assay 

Chondrocytes were cultured in 96-well plates at the concentration of 104 cells/well and 

added 10 ng/mL of IL-1β (Gibco, USA) and/or 10 different concentrations of DM nanoparticles 

(ranging from 0 to 180 μg/mL) after 24 hours. MTT reagent (Gibco, USA) was added to culture 

medium after 24 hours of treatment with IL-1β and DM nanoparticles, cells were then incubated 

at 37 °C for 4 hours. Absorbance of culture medium was measured using a spectrophotometer 

(Thermo, USA) at a wavelength of 490 nm. The three best concentrations of DM nanoparticle (10 

μg/mL, 30 μg/mL and 60 μg/mL) were selected for further experiments. The test is repeated three 

times. 

Flow cytometry for detection of apoptosis: 1×106 chondrocytes were seeded in a six-well 

plate and treated with IL-1β and/or DM nanoparticles for 24h. After that, cells were digested by 

trypsin without EDTA and collected by centrifugation. The resuspended chondrocytes were 

processed by using 10 μL of Annexin V-EGFP (enhanced green fluorescent protein, Key GEN Bio 

TECH, China) and 5 uL of Propidium Iodide (PI, Key GEN Bio TECH, China) in the dark for 20 

minutes. The prepared samples were tested using a flow cytometer. 

Live/dead assay 
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The chondrocytes incubated with 1 μM calcein-AM and 1 μM PI (Invitrogen, USA) in the 

dark at 37 °C for 5 minutes after washing three times with PBS. After a quick rinse in PBS, the 

image of live/death cells were acquired by laser scanning confocal microscopy (Nikon A1, Japan). 

Confocal fluorescence assay: Autophagy and intracellular ROS level of chondrocytes was 

detected using Cyto-ID Autophagy Detection Kit (green, ENZO Life Science, USA) and MitoSox 

Red mitochondrial superoxide indicator (red, Eugene, USA), respectively. Cells were incubated 

with 10 ng/mL of IL-1β and/or 30 μg/mL DM Nanoparticles for indicated times, then the mixture 

of MitoSox Red, Cyto-ID Green Dye and Hoechst 33342 (green, ENZO Life Science, USA) were 

used to treat with cells at 37 °C for 15 minutes in the dark after cells were washing by PBS. Images 

were captured by confocal microscopy (Nikon A1, Japan) immediately after chondrocytes were 

washed with α-MEM. All the relative fluorescence intensity was measure by Image J (National 

Institutes of Health, NIH, USA). 

Transmission electron microscopy (TEM) 

TEM was used to observe the localization of DM nanoparticles and Autophagosome in 

chondrocytes. 30 μg/mL of DM-treated cells were collected and centrifuged at 1000 rpm for 3 min. 

The centrifuged cell agglomerates were fixed by 2.5% (v/v) glutaraldehyde for 24h and 1% (v/v) 

osmium tetroxide for 2h to stabilize the organelles and phospholipid membranes of cell. The cells 

were dehydrated using a concentration gradient of alcohol (30%, 50%, 75%, 90%, 99%,100%) for 

15 minutes each and embedded in resin after washing with PBS. Thin sections were sliced from 

embedded cells and stained with 2% aqueous uranyl acetate for 1h in the dark. Pictures were 

captured by a TEM (Hitachi H-7650, Japan). 

Quantification of intracellular glycosaminoglycan (GAG): The content of intracellular 

DNA was detected using Hoechst 33258 (Sigma, USA) as previous described 232. In briefly, 
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cellular DNA was stained by Hoechst 33258 dye and absorbance was measured at 460 nm by using 

fluorescence spectrophotometer (Bio-Tek Instruments, USA). Calf thymus DNA was used as the 

standard. Intracellular GAG secretion was detected using 1,9-dimethylmethylene blue assay 

(DMMB, Sigma, USA) and the absorption at wavelength of 525 nm was recorded on fluorescence 

spectrophotometer (Bio-Tek Instruments, USA), and chondroitin sulfate (Sigma, USA) was used 

as a standard. Finally, intracellular GAG secretion was normalized to the DNA content of the 

chondrocytes and express as GAG/DNA. 

CAT, GSH-Px and MDA activity assay 

After 24h of treatment with three different concentrations of DM nanoparticles (10 μg/mL, 

30 μg/mL and 60 μg/mL) and/or 10 ng/mL of IL-1β, the cultured medium of cells were collected 

and subjected to detection of antioxidant capacity by using Glutathione peroxidase (GSH-Px) and 

Catalase(CAT) kit (Nanjing Jiancheng Bioengineering Institute, China) and evaluation of 

oxidative stress level by using Malondialdehyde (MDA) assay kits (Nanjing Jiancheng 

Bioengineering Institute, China) according to the instructions. Then the absorbance at 450 nm was 

recorded using a Fluorescence microplate reader (Bio-Tek Instruments, USA). All samples were 

repeated in triplicate. 

Intracellular ROS measurement 

Chondrocytes ROS level were detected by using Reactive Oxygen Species Assay Kit 

(Beyotime Biotechnology, China), respectively. Cells were washed with serum-free medium and 

loaded fluorogenic probes 2’,7’-dichlorofluorescein diacetate (DCFH-DA). After incubation with 

10 μM/L of DCFH-DA at 37 °C for 30 minutes, the cells were washed three times with serum-free 

medium. Subsequently, the DCFH- DA-loaded chondrocytes were divided into two aliquots and 

subjected to determination of relative fluorescent intensity by using a fluorescence 
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spectrophotometer and measurement of ROS levels by using Flow cytometer, respectively. All 

samples were repeated in triplicate. 

Intracellular RNS measurement 

Chondrocytes RNS level were detected by using Reactive Nitrogen Species Assay Kit 

(BestBio, China). Cells were washed and suspended with serum-free medium and loaded 

fluorogenic probes BBoxiProbeTM R21F. After incubation with 10 μM/L of BBoxiProbeTM 

R21F at 37 °C for 30 minutes, the cells were washed three times with PBS. RNS levels were 

quantified by using a fluorescence microplate reader (Bio-Tek Instruments, USA) with excitation 

wavelength of 488 nm and emission wavelength of 516 nm. All samples were repeated in triplicate. 

Quantitative real-time PCR 

Total RNA was extracted from the chondrocytes using RNA extraction kit (Tiangen 

Biotech Co., Ltd., China) and digested with DNase to remove any contaminating genomic DNA 

in accordance with the manufacturer’s instructions. First-strand complementary DNA (cDNA) was 

synthesized using reverse transcription kit (Fermentas Company, USA). The qRT-PCR was 

performed using FastStart Universal SYBR Green Master (Roche) by quantitative PCR detection 

system (Realplex 4, Eppendorf Corporation). The primer sequences were listed in Table 1. 

Relative gene expression levels were calculated using the 2-∆∆CT method and normalized to 

GAPDH. All samples were repeated in triplicate. 

Western blotting 

Protein extracts were obtained from chondrocytes by RIPA lysis buffer (BOSTER, China) 

with 1 mM phenylmethanesulfonyl fluoride (PMSF, BOSTER, China). 50 μg of protein extracts 

were subjected to electrophoresis on 10% SDS-PAGE gel, and transferred to a polyvinylidene 

fluoride (PVDF, Millipore, US) membrane after concentration of protein was detected by BCA 
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protein assay kit (Beyotime, China). The membranes were incubated with specific antibodies, 

including anti-IL-6 (BOSTER, China, 1:200), anti-IL-1β (BOSTER, China, 1:200), anti-TNF-

α(BOSTER, China, 1:200), anti-MMP-13 (BOSTER, China, 1:200), anti-COX-2 (BOSTER, 

China, 1:200), anti-iNOS (BOSTER, China, 1:200) anti-LC3 (BOSTER, China, 1:200), anti-

ATG7 (BOSTER, China, 1:200), anti-Beclin-1 (BOSTER, China, 1:200) and anti-GAPDH 

( BOSTER, China, 1:200) overnight at 4 ℃. Subsequently, membranes were incubated with 

horseradish peroxidase-labelled secondary antibody (Invitrogen, USA) for 2 hours after washing. 

The signals were visualized using Odyssey Infrared Imaging System (LI-COR Biotechnology, 

USA). 

OA model establishment and treatment in vivo 

Thirty 7-week-old female SD rats were provided by the Experimental Animal Center of 

Guangxi Medical University. The use of animals was approved by Animal Ethics Committee from 

the Experimental Animal Center of Guangxi Medical University and all animal manipulations 

were carried out strictly according to the National Institutions of Health Guide for the Care and 

Use of Laboratory Animals. To obtained rat model of OA, we used surgically induced method. 

After anesthesia with 10% chloral hydrate, anterior cruciate ligament transection (ACLT) was 

performed on the right knee of rat, meanwhile, sham surgery was performed with the same skin 

incision on the left knee of rat. The rats were randomly divided into five groups as following: 

Normal group (the rats without ACLT surgery and its joint cavity were injected with 0.2 mL of 

saline three times a week); OA group (the rats were administered by an intra-articular injection 

with 0.2mL of saline three times a week after 4 weeks of ACLT surgery); DM nanoparticles 

therapeutic group (the rats were administered by an intra-articular injection with DM nanoparticles 

three times a week after 4 weeks of ACLT surgery). The therapeutic group was divided into 3 
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subgroups base on different concentration of DM nanoparticles (10μg/mL, 30μg/mL and 

60μg/mL), which were represented by DM+10, DM+30 and DM+60, respectively.  

After 4 weeks, the rats were sacrificed by overdose of chloral hydrate, and the cartilages 

of keen joint were harvested for further investigation. The severity of OA lesions was evaluated 

based on integer score for cartilage structural changes (score range 0-6, 0= normal cartilage 

structure and 5=erosion of the cartilage down to the subchondral bone), cellular changes (score 

range 0-3), H&E and Safranin-O fast green staining (score range 0-4) and tidemark integrity 

(scored rang 0-1). 

ROS detection of articular cartilage: 50mg of fresh cartilage tissue from keen joint was 

made into homogenate with 1 mL of buffer, and homogenate was using and centrifuged at 4 °C 

for 10 minutes. 190 μL of supernatant was collected and incubated with 10 μL of BBcellProbeTM 

O11 ROS probe (BestBio, China) in a 96-well plate at 37 °C in the dark for 30 minutes. ROS levels 

were quantified by fluorescence microplate reader (Bio-Tek Instruments, USA) with excitation 

wavelength of 488 nm and emission wavelength of 530 nm. All samples were repeated in triplicate. 

RNS detection of articular cartilage 

Fifty mg of fresh cartilage tissue from keen joint was made into homogenate with 1 mL of 

buffer, and homogenate was using and centrifuged at 4 °C for 10 minutes. 190 μL of supernatant 

was collected and incubated with 10 μL of BBcellProbeTM O52F RNS probe (BestBio, China) in 

a 96-well plate at 37 °C in the dark for 30 minutes. RNS levels were quantified by fluorescence 

microplate reader (Bio-Tek Instruments, USA) with excitation wavelength of 488 nm and emission 

wavelength of 516 nm. All samples were repeated in triplicate. 

Histological staining 
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The knee tissues from rat were fixed in 4% paraformaldehyde for 48hours. After 

decalcification in 10% (w/v) Tris-EDTA for 4 weeks on a shaker, the fixed knee tissues were 

embedded in paraffin. The embedded tissues were then cut into 5μm frontal sagittal sections. Slides 

of femur and tibia were stained with Hematoxylin and Eosin (H&E) (Solarbio, China) and 

Safranin-O fast green (Solarbio, China). The morphological manifestations of cartilage and 

subchondral bone were observed in a double-blind manner using a microscope (Olympus, Japan), 

and cartilage degeneration of knee joint was evaluated using OA Research Society International 

scoring system (OARSI) as described previously 233. 

Immunohistochemical analysis 

Immunohistochemical staining was performed to detect protein expression of MMP-

13(BOSTER, China) in articular cartilage. Briefly, the slices were incubated with primary antibody 

for MMP-13 (1:100) (BOSTER, China, 1:200) at 4°C overnight after deparaffinage of paraffin-

embedded sections. After extensive washes with PBS, the sections were incubated successively 

with the second antibody (ZSGb Bio, China) for 15 minutes and biotin-labeled horse radish 

peroxidase (ZSGb Bio, China) for 15 minutes. Subsequently, the sections were counter-stained 

with hematoxylin (Solarbio, China) after processing with a 3, -3’-diaminobenzidine 

tetrahydrochloride (DAB) kit (BOSTER, China) according to the protocol. Neutral resin sealed-

slices were prepared for observation and pictures were captured by an Inverted microscope 

(Olympus, Japan). 

Statistical Analysis 

All tests are performed at least triplicate. Statistical analysis of all data (mean ± S.D, n = 

biological replicates) was analyzed by SPSS 64.0 (SPSS Inc., Chicago, Illinois, USA). Comparison 

between OA and treatment groups was examined by one-way analysis of variance (ANOVA). 
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P<0.05 was considered statistically significant. Bars with different letters are significantly 

different from each other at P<0.05, and those with the same letter exhibit no significant difference. 
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Abstract 

Background: 

The absolute number of new stroke patients is annually increasing and there still remains 

only a few Food and Drug Administration (FDA) approved treatments with significant limitations 

available to patients. Tanshinone IIA (Tan IIA) is a promising potential therapeutic for ischemic 

stroke that has shown success in pre-clinical rodent studies but lead to inconsistent efficacy results 

in human patients. The physical properties of Tan-IIA, including short half-life and low solubility, 

suggests that Poly (lactic-co-glycolic acid) (PLGA) nanoparticle-assisted delivery may lead to 

improve bioavailability and therapeutic efficacy. The objective of this study was to develop Tan 

IIA-loaded nanoparticles (Tan IIA-NPs) and to evaluate their therapeutic effects on cerebral 

pathological changes and consequent motor function deficits in a pig ischemic stroke model.  

Results: 

Tan IIA-NP treated neural stem cells showed a reduction in SOD activity in in vitro assays 

demonstrating antioxidative effects. Ischemic stroke pigs treated with Tan IIA-NPs showed 

reduced hemispheric swelling when compared to vehicle only treated pigs (7.85±1.41 vs. 

16.83±0.62%), consequent midline shift (MLS) (1.72±0.07 vs. 2.91±0.36mm), and ischemic lesion 

volumes (9.54±5.06 vs. 12.01±0.17cm3) when compared to vehicle-only treated pigs. Treatment 

also lead to lower reductions in diffusivity (-37.30±3.67 vs. -46.33±0.73%) and white matter 

integrity (-19.66±5.58 vs. -30.11±1.19%) as well as reduced hemorrhage (0.85±0.15 vs 

2.91±0.84cm3) 24 hours post-ischemic stroke. In addition, Tan IIA-NPs led to a reduced 

percentage of circulating band neutrophils at 12 (7.75±1.93 vs. 14.00±1.73%) and 24 (4.25±0.48 

vs 5.75±0.85%) hours post-stroke suggesting a mitigated inflammatory response. Moreover, 

spatiotemporal gait deficits including cadence, cycle time, step time, swing percent of cycle, stride 
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length, and changes in relative mean pressure were less severe post-stroke in Tan IIA-NP treated 

pigs relative to control pigs. 

Conclusion: 

The findings of this proof of concept study strongly suggest that administration of Tan IIA-

NPs in the acute phase post-stroke mitigates neural injury likely through limiting free radical 

formation, thus leading to less severe gait deficits in a translational pig ischemic stroke model. 

With stroke as one of the leading causes of functional disability in the United States, and gait 

deficits being a major component, these promising results suggest that acute Tan IIA-NP 

administration may improve functional outcomes and the quality of life of many future stroke 

patients. 

List of abbreviations 

Food and Drug Administration (FDA), intracerebral hemorrhage (ICH), Tanshinone IIA 

(Tan IIA), Poly (lactic-co-glycolic acid) (PLGA), Tan IIA-loaded nanoparticles (Tan IIA-NPs), 

Tissue plasminogen activator (tPA), nanoparticle (NP), reactive oxygen species (ROS), damaged-

associated molecular patterns (DAMPS), tumor necrosis factor γ (TNF-γ), interleukin 6 (IL-6), 

polyethyleneglycol–polylactic-co-glycolic acid (PEG–PLGA), blood brain barrier (BBB), cerebral 
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Roundtable (STAIR), white matter (WM), gray matter (GM), γ-aminobutyric acid (GABA), Tan 

IIA PLGA NPs (Tan IIA-NPs), midline shift (MLS), poly (lactide-co-glycolide)-b-poly 

(ethyleneglycol)-maleimide (PLGA-b-PEG-OH), Pioglitazone (Piog), Baicalin (Baic), Puerarin 

(Puer), Edaravone (Edar), Resveratrol (Resv), transmission electron microscopy (TEM), 

phosphate buffered saline (PBS), superoxide dismutase (SOD), inhibitory concentration (IC), 
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University of Georgia (UGA), intramuscular (IM), transdermal (TD), middle cerebral artery 

(MCA), middle cerebral artery occlusion (MCAO), T2 Fluid Attenuated Inversion Recovery 

(T2FLAIR), T2Weighted (T2W), T2Star (T2*), Diffusion-Weighted Imaging (DWI), and 

Diffusion Tensor Imaging (DTI), Apparent Diffusion Coefficient (ADC), fractional anisotropy 

(FA), double-distilled water (ddH2O), analysis of variance (ANOVA), arbitrary units (AU), neural 

stem cells (NSCs), lipopolysaccharide (LPS), dynamic light scattering (DLS) 

 

Introduction 

The absolute number of new stroke patients has increased to an estimated 10.3 million 

people a year 234. Unfortunately, there are few Food and Drug Administration (FDA)-approved 

treatments for ischemic stroke with each possessing potential risk factors. Tissue plasminogen 

activator (tPA), for example, has a limited administration window with potentially deadly risk 

factors including intracerebral hemorrhage (ICH) 235. The limited therapeutic time window results 

in relatively low administration rates (<5% patients) of tPA. There is a clear need for further 

investigation of novel stroke therapies and delivery approaches that lead to robust recovery. 

Therapeutic approaches that modulate key processes in the secondary injury cascade including 

inflammation and oxidative stress are promising neuroprotective options 236. Tan IIA is one such 

neuroprotectant that acts as a free-radical scavenger and has antioxidant and anti-inflammatory 

effects post-stroke 237, 238. Tan IIA has been shown to downregulate expression of IL-1β and TNF-

α and inhibit microglia activation, as well as reverse oxidative stress and apoptosis post-brain 

injury 239-242. Similar to many other neuroprotective therapeutics, administration of Tan IIA has 

resulted in reduced lesion volumes, reduced edema, and blood brain barrier permeability. These 

tissue level changes resulted in decreased mortality and improved neurological function in 
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preclinical rodent studies of neural injury 242-244. However, Tan IIA and many other 

neuroprotective therapies have demonstrated limited efficacy in human clinical trials 245, 246. One 

potential way to improve the efficacy of Tan IIA in humans is through the use of a nanoparticle 

(NP) delivery system. NP drug delivery can improve drug circulation time and control release over 

extended periods of time while simultaneously reducing toxicity 247. The disconnect in 

neuroprotectant success between preclinical rodent studies and clinical trials is likely in part due 

to major differences in size, cytoarchitecture, and physiology between rodent and human brains 

leading to dissimilar therapeutic responses 248, 249. These inherent anatomical differences have led 

to a demand from the stroke therapeutic community for the development and testing of novel 

treatments in more representative translational animal models, such as the pig, that more closely 

resemble human brain anatomy and physiology 250, 251.  

Following the primary ischemic insult, a secondary injury cascade is initiated with the 

release of the excitatory neurotransmitter, glutamate, from dying neurons causing excitotoxicity, 

peri-infarct depolarizations, production of reactive oxygen species (ROS), and inflammation 252, 

253. Generated ROS leads to the damage of DNA, RNA, and critical cellular machinery leading to 

cell death. The increase in ROS, the release of damaged-associated molecular patterns (DAMPS), 

and hypoxia triggers an immune response including an increase in neutrophils and the production 

of inflammatory cytokines such as tumor necrosis factor a (TNF-a) and interleukin 6 (IL-6) 254, 

255. The secondary injury cascade leads to rapid and substantial brain damage. Therefore, inhibiting 

ROS production and inflammation may be a promising therapeutic target.  

Tan IIA has been shown to have antioxidant and anti-inflammatory effects in rodent and 

human stroke studies 256. Rodent studies showed Tan IIA was effective in reducing brain edema 

and infarct volume in response to ischemic injury 243, 244, 256. Reduced brain edema and lesioning 
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correlated with rodent improvements in overall neurological function post-stroke including limb 

mobility, ambulation, righting reflexes, and reduced circling behavior 243. Clinical trials testing 

Tan IIA in its purified or crude form (dried Salvia miltiorhiza root) has led to mixed efficacy results 

with studies showing significant to no improvements in clinical outcomes (e.g. cerebral blood flow, 

neurological symptoms, and muscle strength) of ischemic stroke patients 246, 257. Conflicting results 

between rodent and human outcomes suggest Tan IIA may be a potentially effective treatment, yet 

further optimization is needed to achieve improved consistency in post-stroke outcomes.  

In its purified form, Tan IIA has a short circulation half-life and poor solubility, which 

limits systemic drug concentrations and consequent pharmacological responses 258, 259. 

Furthermore, the hydrophobic properties of Tan IIA reduces permeability and bioavailability, thus 

requiring higher administration doses 259. Polylactic-co-glycolic acid (PLGA) NPs are an FDA-

approved copolymer made of lactic acid and glycolic acid. PLGA or the PEGylated derivative, 

polyethyleneglycol–polylactic-co-glycolic acid (PEG–PLGA), can encapsulate large amounts of 

hydrophobic molecules, like Tan IIA, and release them at a controlled rate 260. A sustained drug 

release improves drug bioavailability and reduces the frequency of drug administration. The 

controlled release, low toxicity, high biodegradability, low immunogenicity, and significant 

clinical experience makes PLGA a favorable nanoplatform for drug delivery 261. Extensive 

preclinical and clinical studies confirm PLGA NPs are a safe and efficient delivery system 247, 260. 

A PLGA NP delivery system could significantly improve the bioavailability, solubility, and 

pharmacological efficacy of Tan IIA in ischemic stroke patients. NP treatments are commonly 

delivered intravenously (IV), however this limits the therapeutic effects of NP delivered drugs for 

ischemic stroke as NPs cannot freely transverse the blood brain barrier (BBB). Intracisternal 

delivery of NPs may overcome this challenge as NPs do not need to cross the BBB due to direct 
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administration into the cerebral spinal fluid (CSF) of the central nervous system (CNS). 

Additionally, intracisternal NP treatments are not diluted in the circulatory system, removed by 

filtering organs such as the liver, thus lower NP concentrations are required, and the potential of 

off target effects in other organ systems is reduced.   

The Stroke Therapy Academic and Industry Roundtable (STAIR) recommended 

preclinical testing of potential therapeutics in gyrencephalic species to increase the possibility of 

translating therapies to the clinic 250. The use of large animal models is an important step in the 

translational framework as most therapies that have reached and failed in clinical trials have been 

successfully tested in rodent models, indicating a need for a more predictive model. The pig has 

anatomical and physiological similarities to humans making it a robust model for studying novel 

therapeutics for ischemic stroke 262. While rodent brains are lissencephalic and composed of <12% 

white matter (WM), both human and pig brains are gyrencephalic and composed of >60% WM 263. 

These differences have proven critically important in ischemic stroke pathology as WM and gray 

matter (GM) exhibit differing sensitivities to hypoxia, with WM more consistently injured in most 

stroke cases  264, 265. The pathology of GM is believed to differ from WM in terms of lymphocyte 

infiltration, macrophage activity, and BBB alterations in response to injury 266. WM also has a 

greater dependence on Na+ and Ca2+ exchange, g-aminobutyric acid (GABA), and adenosine with 

an autoprotective feed-back loop 267. These anatomical similarities support that stroke 

pathophysiology in the pig model is likely more representative of the human condition and 

therefore more predictive of human outcomes compared to traditional rodent models. 

In this proof of concept study, Tan IIA PLGA NPs (Tan IIA-NPs) were characterized and 

demonstrated antioxidative and anti-inflammatory capabilities in vitro. Acute testing of Tan IIA-

NPs in a pig model of ischemic stroke showed Tan IIA-NPs have a neuroprotective effect leading 
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to reduced cerebral swelling, lesion volume, and improved WM integrity. These tissue level 

improvements corresponded with improved motor function suggesting Tan IIA-NPs may be an 

effective treatment for ischemic stroke.   

 

Results 

Tan IIA and Baicalin drug characteristics enable NP drug delivery  

Six neuroprotective drugs with antioxidative and/or anti-inflammatory properties were 

identified, Baicalin (Baic), Pioglitazone (Piog), Tan IIA, Puerarin (Puer), Edaravone (Edar), and 

Resveratrol (Resv), and were selected for testing as a NP based ischemic stroke therapy. These 

drugs were selected based on preclinical success in treating ischemic stroke, with some advancing 

and proving unsuccessful in human clinical trials, while also having biological characteristics that 

could benefit from the use of a NP delivery system such as a short half-life 243, 244, 246, 268-276. Puer, 

Edar, and Resv showed very low NP encapsulation efficiency (0.00, 0.125, and 0.132 %, 

respectively), due to their relatively high hydrophilicity, and therefore these drugs were eliminated 

from the study. Baic, Piog, and Tan IIA showed higher encapsulation efficiencies of 17.01, 4.90, 

and 15.90 %, respectively. Baic, Piog, and Tan IIA loaded NPs (henceforth referred to as Baic-

NPs, Piog-NPs, and Tan IIA-NPs) were imaged using TEM and had an average size of 60.80, 

74.20, and 52.20 nm, respectively (Figure 4.1A). Baic-NPs, Piog-NPs, and Tan IIA-NPs size was 

also assessed by dynamic light scattering (DLS), which found the hydrodynamic sizes to be 

89.28±1.8, 122.40±2.3, and 91.34±1.3 nm, respectively (Figure 4.1B). The relative increase of 

hydrodynamic sizes is attributed to surface PEGylation and hydration. Assessment of zeta potential 

showed that all three NPs have a negatively charged surface, 31.91, -27.39, -28.98 mV, 

respectively, which is due to the hydroxyl termini of the PEG chains (Figure 4.1C). For all three 
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formulations, the drug molecules were slowly released from NPs at acidic and more neutral pH 

levels (pH 5.5, 6.5, and 7.4; Figure 4.1D), which is beneficial from a sustained delivery 

perspective. However, while Tan IIA-NPs and Baic-NPs afford good colloidal stability, Piog-NPs 

showed a relatively high degree of aggregation after dispersing in phosphate buffered saline (PBS) 

for 2-3 hours. Hence, subsequent cellular tests focused on Baic-NPs and Tan IIA-NPs.  
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Figure 4.1. Baic, Piog, and Tan IIA are capable of undergoing NP packaging. TEM images of 

drug loaded PLGA NPs (A). The average NP sizes were 60.8, 74.2, and 52.2 nm for Baic-NPs, 
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Piog-NPs, Tan IIA-NPs, respectively. Hydrodynamic sizes of NPs were 89.3 ± 1.8, 122.4 ± 2.3, 

and 91.3 ± 1.3 nm for Baic-NPs, Piog-NPs, and Tan IIA-NPs, respectively (B). NPs zeta potentials 

were -31.91 mV, -27.39 mV, and -28.98 mV for Baic-NPs, Piog-NPs, and Tan IIA-NPs, 

respectively (C). Drug release profiles for Baic-NPs, Piog-NPs, and Tan IIA-NPs (D). 

 

Tan IIA-NPs and Baic-NPs suppress oxidative stress in NSCs and inflammation in microglia 

Tan IIA and Baic have been previously shown to be effective in ischemic stroke animal 

models at a dose range of 15 mg/kg and 90 mg/kg, respectively 277, 278. Therefore, Tan IIA-NPs, 

Baic-NPs and corresponding free drugs were tested for cytotoxicity and efficacy in a comparable 

dose range. MTT assays were performed to determine the relative cytotoxicity of Tan IIA-NPs, 

Baic-NPs and corresponding free drugs on neural stem cells (NSCs). MTT assays at 24 hours 

showed reduced viability of the cells at 33 µM of Tan IIA-NPs and 672 µM of Baic-NPs (Figure 

4.2A-B). Notably, while Baic-NPs showed very similar profiles to the Baic free molecules, Tan 

IIA-NPs showed significantly (p<0.05) less toxicity compared to free Tan IIA 6.6 µM. This may 

be attributed to NP-mediated, slow release of Tan IIA at early timepoints.  
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Figure 4.2. Tan IIA-NPs show significantly reduced toxicity in NSCs than freeform drug and Tan 

IIA-NPs and Baic-NPs reduce oxidative stress in NSCs. MTT assays at 24 h showed reduced 

viability of the cells at 33 µM of Tan IIA-NPs and 672 µM of Baic-NPs (Fig. 2A−B). * or # 

indicates a significant difference between vehicle only control and treatment. & indicates a 

significant difference between drug only and drug loaded NP. SOD assay results showed a 

significant reduction in SOD at 2 µM and 336 µM for Tan IIA-NPs (C) and Baic-NPs (D), 

respectively. * or # indicates a significant difference between positive control and treatment. & 

indicates a significant difference between drug only and drug loaded NP. (N = negative control, P 

= positive control). 
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To study the antioxidative efficacy of Tan IIA-NPs and Baic-NPs, NSCs were treated with 

H2O2 (250 µM) and incubated with drug-loaded NPs and corresponding free drugs. A series of 

dilutions (determined from respective inhibitory concentration (IC)20 doses) were tested. Oxidative 

stress was tested by measuring superoxide dismutase (SOD) activity at 24 hours (Figure 4.2). Both 

Tan IIA-NPs and Baic-NPs showed a concentration-dependent reduction of SOD activity, 

indicating an antioxidative effect (Figure 4.2C-D). Tan IIA-NPs resulted in a greater reduction in 

SOD levels than Baic-NPs at their respective IC20 (2 vs. 672 µM, respectively) and IC2.5 (0.25 vs. 

84 µM, respectively) doses.  

To assess the potential anti-inflammatory effect of Tan IIA-NPs and Baic-NPs, microglia 

cells were treated with lipopolysaccharide (LPS) and then incubated with drug-loaded NPs and 

free drugs. The inflammatory response was assessed by measuring TNF-α and IFN-γ. Positive 

controls treated with LPS showed a significant (p<0.05) increase in TNF- α and IFN-γ levels 

(128.03±26.21 and 45.92±1.02 pg/ml, respectively). Treatment of microglia with Tan IIA-NPs and 

Baic-NPs at IC20 and IC2.5 doses resulted in undetectable levels of TNF-α and IFN-γ. The absence 

of TNF-α and IFN-γ after treatment with Tan IIA-NPs and Baic-NPs demonstrates these NPs have 

an anti-inflammatory response in vitro (data not shown). Based on these combined cytotoxicity, 

oxidative stress, and inflammatory test results, Tan IIA-NPs were selected for further testing in an 

ischemic stroke pig model.  

Tan IIA-NPs reduce hemispheric swelling, consequent MLS, and ischemic lesion volumes post-

ischemic stroke 

T2Weighted (T2W) sequences collected 24 hours post-stroke revealed Tan IIA-NP treated 

pigs (Figure 4.3B) exhibited a reduced percent change in ipsilateral hemispheric swelling when 
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compared to PBS controls (Figure 4.3A) (7.85±1.41 vs. 16.83±0.62%, respectively; Figure 4.3C). 

This mitigation of hemispheric swelling resulted in a decreased MLS (1.72±0.07 vs. 2.91±0.36mm; 

red lines; Figure 4.3D). Acute ischemic lesion volumes were also reduced in Tan IIA-NP treated 

pigs 24 hours post-stroke (9.54±5.06 vs. 12.01±0.17cm3; Figure 4.3E), which suggests a reduction 

in acute tissue injury.    

 

Figure 4.3. Tan IIA-NPs reduce hemispheric swelling, MLS, and ischemic lesion volumes. 

Compared to PBS pigs (n = 2) (A), Tan IIA-NP treated pigs (n = 2) (B) exhibited a reduction in 

ipsilateral hemispheric swelling (7.85 ± 1.41 vs. 16.83 ± 0.62%, respectively; C), MLS 

(1.72 ± 0.07 vs. 2.91 ± 0.36 mm mm, respectively, red lines; D), and lesion volumes (9.54 ± 5.06 

vs. 12.01 ± 0.17 cm3, respectively; E) at 24 h post-stroke. 
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Tan IIA-NP treatment leads to reduced cytotoxic edema, WM damage, and ICH post-ischemic 

stroke 

Hypointense lesioned areas were observed on Apparent Diffusion Coefficient (ADC) maps, 

which are indicative of restricted diffusion and cytotoxic edema (Figure 4.4A-B, white arrows). 

Tan IIA-NP treated pigs (Figure 4.4B) had a reduced percent change in mean ADC values when 

compared PBS control pigs (Figure 4.4A) (-37.30±3.67 vs. -46.33±0.73%; Figure 4.4C). To 

determine the neuroprotective effect of Tan IIA-NPs on cerebral WM, internal capsule fractional 

anisotropy (FA) values were evaluated in Tan IIA-NP and PBS treated animals at 24 hours post-

stroke. Tan IIA-NP treated animals showed a decreased reduction in FA value relative to PBS 

treated animals (-19.66±5.58 vs. -30.11±1.19%; Figure 4.4D). T2Star (T2*) sequences showed 

hypointense acute ICH in PBS and Tan IIA-NP treated pigs 24 hours post-stroke (Figure 4.5A-B, 

respectively).  However, Tan IIA-NP treated pigs had smaller hemorrhage volumes compared to 

PBS treated pigs (0.85±0.15 vs 2.91±0.84cm3; Figure 4.5C). This data supports that Tan IIA-NPs 

lead to a reduction in restricted diffusion, cytotoxic edema, WM damage, and ICH in ischemic 

stroke animals.  
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Figure 4.4. Tan IIA-NPs lead to reduced cytotoxic edema and WM damage post-ischemic stroke. 

Hypointense lesioned areas were observed on ADC maps in PBS (n = 2) (A) and Tan IIA-NP (n = 2) 

(B) treated pigs. Tan IIA-NP treated pigs had a smaller percent change in mean ADC relative to 

PBS treated pigs (−37.30 ± 3.67 vs. −46.33 ± 0.73%, respectively; C). Treated pigs showed a 
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decreased reduction in FA values relative to PBS treated pigs (−19.66 ± 5.58 vs. −30.11 ± 1.19%, 

respectively; D). 

 

Figure 4.5. Tan IIA-NPs lead to reduced hemorrhage post-ischemic stroke. T2* sequences showed 

acute ICH in PBS (n = 2) (A) and Tan IIA-NP (n = 2) (B) treated pigs 24 h post-stroke. Tan IIA-

NP treated pigs had smaller hemorrhage volumes compared to PBS treated pigs (0.85 ± 0.15 vs 

2.91 ± 0.84 cm3, respectively; C). 

 

Tan IIA-NPs reduce circulating band neutrophils in post-stroke pigs 

To assess changes in the stroke immune response, band neutrophil and lymphocyte 

populations were measured in blood samples collected pre-stroke, 4, 12, and 24 hours post-stroke. 

At 12 hours post-stroke, the percentage of circulating band neutrophils was lower in Tan IIA-NP 

treated animals than in the PBS control animals at 12 (7.75±1.93 vs. 14.00±1.73%) and 24 

(4.25±0.48 vs 5.75±0.85%) post-stroke (Supplemental Figure 4.1-B). Conversely, the percentage 

of circulating lymphocytes was similar in both treatment groups at all assessed time points 

(Supplemental Figure 4.1C-D).  
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Spatiotemporal and kinetic gait deficits are less severe post-stroke in Tan IIA-NP treated pigs  

Changes in key spatiotemporal and kinetic gait parameters were measured to detect 

differences in functional outcomes post-Tan IIA-NP treatment. A decrease was noted for both 

treatment groups in the average cadence of the pigs from pre-stroke to post-stroke indicating a 

decrease in speed. However, the decrease in cadence was more severe for the PBS treated pigs 

compared to Tan IIA-NP treated pigs (133.9±2.71 to 64.8±5.86steps/min vs. 135.7±7.08 to 

109.98±0.00steps/min, respectively, Figure 4.6A). The limb contralateral to the stroke lesion is 

often more affected as compared to the ipsilateral limb, which in this study are the limbs of the left 

side. In addition, pigs typically carry more weight on the forehand, typically making deficits more 

severe in the left forelimb.  Deficits were noted for the left forelimb in both treatment groups for 

multiple gait parameters.  The cycle time of the left front limb increased post-stroke for both 

treatment groups, with a more drastic increase in cycle time noted for the PBS treatment group as 

compared to the Tan IIA-NP treated pigs (0.46±0.02 to 0.94±0.08 vs. 0.44±0.02 to 0.55±0.00sec, 

respectively, Figure 4.6B). Similarly, the left front step time increased post-stroke in both groups, 

with a greater increased step time in PBS pigs compared to Tan IIA-NP pigs (0.24±0.01 to 

0.49±0.07 vs. 0.22±0.01 to 0.27±0.00sec, respectively, Figure 4. 6C). Decreases in cycle time and 

step time indicated an overall slower gait post-stroke, opposed to pre-stroke performance. The 

swing percent of cycle decreased for the left front limb of all pigs, with PBS pigs decreasing further 

than Tan IIA-NP pigs (49.4±0.26 to 33.3±1.77 vs. 49.1±1.90 to 43.2±0.00%, respectively, Figure 

4.6D). A reduction was noted in the left front stride length of all animals, with PBS pigs displaying 

a greater reduction in stride length relative to Tan IIA-NP pigs (78.38±2.37 to 63.19±3.94 vs. 

84.87±1.78 to 77.44±0.00cm, respectively, Figure 4.6E). Finally, the mean pressure of the left 

front limb decreased in both treatment groups with a larger decrease in pressure noted for the PBS 



 

100 

pigs opposed to the Tan IIA-NP pigs (2.93±0.03 to 2.67±0.03 vs. 2.87±0.03 to 2.88±0.00 arbitrary 

units (AU), respectively, Figure 4.6F). Post-stroke deficits were noted for all parameters in both 

treatment groups, however more pronounced deficits were seen in the gait of PBS pigs, thus 

indicating administration of Tan IIA-NP in the acute phase post-stroke leads to less severe gait 

deficits. 
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Figure 4.6. Spatiotemporal and kinetic gait deficits are less severe post-stroke in Tan IIA-NP 

treated pigs. A decrease in the average cadence of the pigs from pre-stroke to post-stroke was more 

severe in PBS control pigs opposed to Tan IIA-NP treated pigs (133.9 ± 2.71–64.8 ± 5.86steps/min 

vs. 135.7 ± 7.08–109.98 ± 0.00steps/min, respectively; A). The cycle time of the left front limb 

increased more drastically in PBS control pigs as compared to Tan IIA-NP treated pigs 

(0.46 ± 0.02–0.94 ± 0.08 vs. 0.44 ± 0.02–0.55 ± 0.00 s, respectively; B). The left front step time 

increased post-stroke in PBS pigs more so than Tan IIA-NP pigs (0.24 ± 0.01–0.49 ± 0.07 vs. 

0.22 ± 0.01–0.27 ± 0.00 s, respectively; C). The swing percent of cycle decreased more for the left 

front limb of PBS control pigs than Tan IIA-NP pigs (49.4 ± 0.26–33.3 ± 1.77 vs. 49.1 ± 1.90–

43.2 ± 0.00%, respectively; D). The left front stride length of pigs treated with PBS displaying a 

greater reduction in stride length relative to Tan IIA-NP pigs (78.38 ± 2.37–63.19 ± 3.94 vs. 

84.87 ± 1.78–77.44 ± 0.00 cm, respectively; E). A larger decrease in mean pressure of the left front 

limb was noted for PBS control pigs but not Tan IIA-NP treated pigs (2.93 ± 0.03–2.67 ± 0.03 vs. 

2.87 ± 0.03–2.88 ± 0.00 AU, respectively; F). 

 

Discussion 

In this study, we demonstrate for the first time Tan IIA-NP treatment leads to 

improvements in clinically relevant MRI-based stroke tissue injury parameters and functional 

deficits in a translational ischemic stroke pig model. Tan IIA-NP therapy was selected from a 

number of drug candidates based on in vitro assessment of biochemical properties that augment 

NP delivery of a drug and efficacy in antioxidative and anti-inflammatory studies. Tan IIA-NP 

therapy resulted in considerable reductions in MLS, lesion volumes, WM damage, and ICH in the 

pig stroke model; parameters that closely correlate with functional deficits and mortality in human 



 

103 

patients 279-281. Tan IIA-NP treatment and associated reduction in overall brain injury corresponded 

with less severe spatiotemporal and relative pressure gait deficits including parameters that are 

often affected in human patients including stride length and cadence 282, 283. These promising 

preclinical results in the pig model suggest that Tan IIA-NP therapy is ready for the next step in 

the STAIR criteria for translating pre-clinical studies into human clinical trials including expanded 

studies with additional animals of both genders and therapeutic window and dose finding studies.  

To improve drug bioavailability, Tan IIA was encapsulated into PLGA-PEG NPs. The 

nanoplatform allows for controlled release of Tan IIA, potentially leading to prolonged ant-

inflammatory and oxidative effects. In addition, Tan IIA-NPs were injected intracisternal into the 

subarachnoid space rather than IV. This injection route bypasses the BBB that would otherwise 

prevent the delivery of therapeutics to the ischemic areas. Combining NP delivery and 

intracisternal administration represents a novel approach in drug delivery. A recent study 

performed in mice also observed efficient distribution and good tolerance of NPs after 

intracisternal injection 284. Because the entire CNS can be accessed through the CSF, this approach 

may be extended for the treatment of other CNS diseases.  

Infarct volume, cerebral swelling, and consequent MLS have been shown to play a key role 

in the development of neurological deficits and high patient mortality rates 244, 280, 281, 285. In the 

present study, the acute treatment window of Tan IIA-NPs demonstrated potential in mitigating 

these clinical presentations by decreasing hemisphere and lesion volumes. In a study of free form 

Tan IIA, Tang et al. provided evidence that lesion volumes were significantly reduced in 1 and 4 

hour post-stroke Tan IIA treatment groups versus 6 and 12 hour Tan IIA treatment groups in their 

rat study of ischemic stroke 256. Additional studies have indicated Tan IIA possesses a 

neuroprotective effect in cerebral ischemia-reperfusion rodent models, whereby encephaledema 
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and hemispheric swelling were relieved, infarction volumes decreased, and neurobehavior scores 

were significantly improved 286, 287.  

Measures of ICH and ADC and are also strong predictors of clinical outcomes with 

increased hemorrhage and decreased ADC values being closely associated with poor clinical 

outcomes and higher mortality rates 288, 289. In the current study, Tan IIA-NP treated animals 

showed a decreased hemorrhage volume and a decreased percent change in ADC values relative 

to PBS treated animals. A recent study in a middle cerebral artery occlusion (MCAO) ischemic 

stroke mouse model showed that free form Tan IIA has a protective effect on the BBB, which 

would result in reduced hemorrhage 287. This study demonstrated increased presence of the tight 

junction protein claudin-5 and reduced BBB leakage in Tan IIA treated animals. In a study 

assessing the ability of Tan IIA to maintain vascular integrity in a rat aneurysm model, researchers 

demonstrated Tan IIA reduced aneurysm size and increased vascular wall thickness improving 

vascular integrity relative to control animals 290. Zhou et al. showed in an ICH zebrafish model, 

Tan IIA reduced ICH area and incidence 291. In a follow-up in vitro study with human umbilical 

vein endothelial cells, they demonstrated that Tan IIA inhibits actin depolymerization near cell 

borders and cell contraction, which would result in destabilization of cell-cell adheren junctions 

critical to maintaining the BBB. These results in multiple unique disease models across three 

different species demonstrates Tan IIA leads to increased stability in intracerebral vasculature that 

would result in reduced ICH as observed in this study. Preservation of diffusivity observed in this 

study is likely a direct result of decreased injury due to acute Tan IIA-NP treatment. This 

corresponds with previous Tan IIA studies in rodent models showing improved cerebral blood 

flow, reduced free radical formation, inflammation, and a decrease in infarcted brain tissue 243, 256.   
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Gait deficits constitute a significant portion of disabilities related to stroke. Unsurprisingly, 

many patients report improvement in mobility as a main goal for post-stroke recovery, making this 

an important benchmark for stroke therapeutic treatment potential 292. Human stroke patients are 

often left with hemiparesis resulting in gait deficits including decreased cadence and stride length 

with associated increased swing percent of cycle and cycle time 283. Similarly, pigs in the current 

study exhibited a post-stroke decrease in stride length and cadence with an associated increase in 

cycle time and step time in the left forelimb. These alterations in gait patterns mirror what is seen 

in humans and are likely reflective of the decreased velocity that typically accompanies postural 

instability following stroke. Further, pigs in the current study showed decreased swing percent of 

cycle of the affected contralateral forelimb post-stroke.  While this is opposite of what is often 

seen in human stroke patients, a decrease in relative swing and increase in relative stance has been 

reported as a hallmark gait change in pig models for both stroke and traumatic brain injury and is 

likely due to an increased need for ground contact to stabilize the gait along with decreased 

propulsion 293-295. In the present study, changes in spatiotemporal gait properties were noted in all 

pigs in the acute time frame following stroke, however a more pronounced deficit was noted in the 

gait of PBS pigs as compared to Tan IIA-NP pigs post-stroke. Additionally, PBS pigs in this study 

also showed a reduction in mean hoof pressure of the contralateral forelimb, indicating 

compensatory balance mechanisms to distribute weight away from the affected contralateral side, 

while Tan IIA-NP pigs showed no kinetic changes. Several studies have demonstrated Tan IIA 

administration in rodent stroke models led to a reduction in severity of functional neurologic 

deficits (determined by factors such as failure to extend the forepaw of the contralateral limb, 

circling, lack of balance, or inability to walk) as compared to control animals 243, 296. The results 

of the present study are in agreement with these rodent models and suggest the administration of 
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Tan IIA-NPs in the acute phase post-stroke mitigates cerebral injury and thereby results in less 

severe functional deficits.  

 

Conclusion 

This proof of concept study demonstrated Tan IIA-NPs have notable potential to be a novel 

treatment for ischemic stroke. Utilizing a highly translatable pig model of ischemic stroke, Tan 

IIA-NP treatment leads to reduced hemispheric swelling, MLS, lesion volumes, cytotoxic edema, 

WM damage, and ICH 24 hours post-stroke. These manifested improvements in acute ischemic 

stroke pathophysiology led to marked improvements in a number of spatiotemporal and kinetic 

gait parameters. These promising results support the idea Tan IIA-NPs are ready for further 

preclinical studies assessing safety and efficacy in a larger cohort of animals in both sexes in order 

to evaluate dosing and administration windows in accordance with the STAIR criteria for 

therapeutic translation to clinical trials. 

 

Materials and methods 

The overarching aim of this study was to characterize and evaluate Tan IIA-NPs and their 

efficacy as a potential acute stroke therapy in a clinically relevant pig model of ischemic stroke. 

Tan IIA-NPs were synthesized and characterized. Ischemic stroke was induced, and Tan IIA-NPs 

were delivered intracisternally as single dose 1 hour post-stroke induction. MRI was performed 24 

hours post-stroke. Venous blood was collected pre-stroke, 4, 12, and 24 hours post-stroke. Gait 

analysis was performed pre and 48 hours post-stroke. Only two animals were included in each 

treatment group for a total of 4 animals for in vivo studies, therefore statistical analysis was limited 

to in vitro studies. 
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Synthesis of PLGA-b-PEG-OH 

PLGA acid (PLGA-COOH;1.0 g, 0.170 mmol, Mn = 7,000; Lactel), polyethylene glycol 

(HO-PEG-OH;2.29 g, 0.684 mmol, Mn = 2,000; Sigma Aldrich), and deoxyadenosine 

monophosphate (dMAP; 0.023 g, 0.187 mmol; Alfa Aesar) were dissolved in 30 mL of anhydrous 

dichloromethane (CH2Cl2 ; Sigma Aldrich). Next, a 10 mL CH2Cl2 solution of 

dicyclohexylmethanediimine (DCC; 0.141 g or 0.684 mmol; Sigma Aldrich) was added dropwise 

to the reaction mixture at 0 °C with magnetic stirring. The mixture was warmed up to room 

temperature and stirred overnight. Insoluble dicyclohexylurea (C13H24N2O) was filtered out. The 

raw product was precipitated out by adding 50 mL of 50:50 diethyl ether ((C2H5)2O; Sigma Aldrich) 

and methanol (CH3OH; Sigma Aldrich) to the mixture. The mixture was centrifuged for 15 minutes 

at 4 °C. The purification step was repeated 4-5 times, followed by 1H NMR analysis that was 

performed on a Varian Mercury Plus 400 system. 

NP synthesis 

PLGA NPs were synthesized through a nanoprecipitation method. Briefly, poly (lactide-

co-glycolide)-b-poly (ethylene glycol)-maleimide (PLGA-b-PEG-OH) was first dissolved in 

dimethylformamide (DMF) at a concentration of 50 mg/mL. 100 μL of the polymer solution was 

mixed with drug-to-be-loaded (150 μL, 0.15 mg; Tan IIA, TCI America; Piog, Sigma Aldrich; 

Baic, Sigma Aldrich; Puer, Sigma Aldrich; Edar, Sigma Aldrich; Resv, Sigma Aldrich) for 30 % 

feeding and diluted with DMF (Fisher Scientific) to a final polymer concentration of 5 mg/mL. 

The mixture was added dropwise to sterile nanopure water with constant stirring, and the resulting 

solution was agitated in a fume hood for 2 hours. Drug loaded NPs were collected on an amicon 

ultracentrifugation unit (100 kDa cut-off) and were washed 3-4 times with water. Finally, the NPs 

were resuspended in sterilized nanopure water. 
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NP characterizations 

A drop of diluted NP solution was deposited onto a transmission electron microscopy 

(TEM) grid, followed by staining with 2% uranyl acetate. TEM images were taken on a FEI Tecnai 

20 transmission electron microscope operating at an accelerating voltage of 200 kV. 

Hydrodynamic size and surface charge of NPs were analyzed on a Malvern Zetasizer Nano ZS 

system.  

Drug loading and release 

For drug loading analysis, a 50 μL aqueous solution of NPs was diluted to 900 µL and 100 

μL 0.1 mM sodium hydroxide (NaOH; Sigma Adrich) was added to the solution. The mixture was 

incubated at room temperature overnight. Next, the solution was sonicated for 30 minutes and 

centrifugated at 5000 rpm for 10 minutes. 100 μL supernatant was transferred into a 96-well UV 

transparent plate and its absorbance at the relevant wavelength was measured (Tan IIA: 258 nm; 

Baic: 320 nm; Piog: 270 nm). To test drug release, 100 μL NP solution was loaded onto a dialysis 

unit and allowed to float on a 1.1 mL PBS solution (pH: 5.5, 6.5, or 7.4; Gibco). The system was 

put on an Eppendorf shaker set at 37 °C. At each time point (0.5, 1, 2, 4, 8, 12, 24, 36, and 48 

hours), 100 μL PBS solution was transferred to a 96-well UV transparent plate. The drug content 

was assessed by measuring the relevant absorbance (Tan IIA: 258 nm; Baic: 320 nm; Piog: 270 

nm) and compared to a standard curve. 100 μL of fresh PBS solution was added back to the dialysis 

system.  

Cell culture 

Neural stem cells (NSCs; HIP™ hNSC BC1, GlobalStem) were maintained on Matrigel-

coated (Corning) tissue culture treated plates in NSC media composed of Neurobasal medium 

(Gibco), 2% B-27 Supplement (Gibco), 1% non-essential amino acids (Gibco) 2 mM L-glutamine 
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(Gibco), 1% penicillin/streptomycin (Gibco), 20 ng/mL basic fibroblast growth factor (bFGF; 

R&D Systems). NSCs were incubated at 37 °C with 5% CO2 and a complete media change was 

performed every other day. When NSCs reached confluence, cells were enzymatically passaged 

using Accutase (Gibco).  

Microglia cells (ATCC) were maintained on tissue culture treated plates in microglia media 

composed of Eagle’s Minimum Essential Medium (ATCC), 11% fetal bovine serum (ATCC) 1% 

penicillin/streptomycin (Gibco). Microglia were incubated at 37 °C with 5% CO2 and a complete 

media change was performed every other day. When microglia reached confluence, cells were 

enzymatically passaged using 0.05% trypsin (Gibco). 

MTT assay 

The MTT assay was performed according to the manufacturer’s protocol (Sigma Aldrich).  

Briefly, 8x103 NSCs were seeded into each well of a 96 well plate. After 8 hours of incubation at 

37 °C in a humidified atmosphere with 5% CO2, a gradient of the tested drugs or NPs were added 

into the wells. After 24 hours of incubation, the medium was removed, and cells were washed. 10 

µL MTT solution (10 mg/mL) was added into each well and incubated with cells for 4 hours. The 

absorbance at 570 nm was measured on a plate reader. Viability was calculated by computing 

relative absorbance with regard to PBS treated cells. 

SOD activity assay 

The SOD activity assay was performed according to the manufacturer’s protocol (Cayman). 

Briefly, 1×106 NSCs were seeded into each well of a 6-well plate. After 24 hours, the cells were 

incubated with 250 µM hydrogen peroxide (H2O2) to induce oxidative stress. After 30 minutes, 

the cells were washed with PBS and then incubated with drugs or drug-containing NPs at different 

concentrations for 24 hours. The cells were then detached from plate using a cell scraper, collected 
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by centrifugation, and washed 3 times with PBS. The resultant cells were homogenized by 

sonication and then centrifuged at 3600 rpm at 4 °C for 10 minutes. The supernatant was 

immediately collected and diluted with assay buffers by 4 times the supernatant amount. The 

diluted solutions were transferred into a 96-well plate at a volume of 200 µL per well. 20 µL of 

diluted xanthine oxidase was added into the solution and the plate was covered with foil and shaken 

at room temperature for 30 minutes. The absorbance at 450 nm was then read on a plate reader. 

The SOD activity was calculated as µ/mL of protein by comparing to SOD standards.  

ELISA assays 

Anti-inflammatory efficacy was tested by TNF-α and IFN-γ enzyme-linked 

immunosorbent assay (ELISA) assays according to the manufacturer’s protocol (Invitrogen). 

Briefly, 2x104 microglia cells in microglia media were seeded in 12 well plates overnight. To 

induce an inflammatory response in microglia cells, 150 ng/mL LPS was added in each well and 

incubated at 37 °C with 5% CO2. After 24 hours, cells were washed with PBS 2 times and then 

incubated with either drugs or at each respective drugs IC 20, IC 6.7, IC 2.2, IC 0.74, IC 0.25 or 0 

based on the previously performed MTT assay and 150 ng/mL LP S. Negative control samples 

were not treated with LPS or drug.  After 24 hours, supernatant was collected from each well, 

processed and absorbance was read at 450nm. Cytokine values were calculated as pg/mL. 

Animals and housing 

All work performed in this study was approved by the University of Georgia (UGA) 

Institutional Animal Care and Use Committee (IACUC; Protocol Number: 2017-07-019Y1A0) 

and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals guidelines to ensure appropriate and humane use of animals. Sexually mature, castrated 

male Landrace pigs, 5-6 months old and 48-56 kg were enrolled in this study. Male pigs were used 
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in accordance with the STAIR guidelines that suggests initial therapeutic evaluations should be 

performed with young, healthy male animals 297. Pigs were individually housed at a room 

temperature approximately 27 ºC with a 12-hour light/dark cycle. All pigs were fed standard 

grower diets.  

MCAO and NP delivery 

One day prior to surgery, antibiotics and pain medication were administered (Excede; 5 

mg/kg intramuscular (IM) and fentanyl patch; 100 mg/kg/hr transdermal (TD)).  Pre-induction 

analgesia and sedation were achieved using xylazine (2 mg/kg IM) and midazolam (0.2 mg/kg IM). 

Anesthesia was induced with IV propofol to effect and prophylactic lidocaine (1.0 mL 2% 

lidocaine) topically to the laryngeal folds to facilitate intubation. Anesthesia was maintained with 

isoflurane (Abbott Laboratories) in oxygen.  

As previously described, a curvilinear skin incision extended from the right orbit to an area 

rostral to the auricle 298. A segment of the zygomatic arch was resected while the temporal fascia 

and muscle were elevated and a craniectomy was performed exposing the local dura mater. 

Following a local durectomy, the distal middle cerebral artery (MCA) and associated branches 

were permanently occluded using bipolar cautery forceps resulting in ischemic infarction. The 

temporalis muscle and epidermis were routinely re-apposed.  

At 1 hour post-stroke, PBS (n=2) or Tan IIA-NPs (n=2) (total animals =4) were 

intracisternally delivered via a 20 gauge, 3.5 or 6” spinal needle inserted through the skin on the 

midline of the dorsal neck, at an anatomical intersection of a vertical line created by the rostral 

aspect of the wings of the first vertebral body and a horizontal line connecting the dorsal arch of 

C2 with the occipital protuberance. Once the needle was through the cutaneous tissues, the stylet 

was removed and advanced until CSF appeared in the needle hub confirming entry into the cistern. 
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A small volume (3-5 mLs) of CSF was removed while the spinal needle was in place and the 

volume removed was replaced with PBS or Tan IIA-NPs. The volume of NPs delivered was 

determined by the NP encapsulation efficiency and each animal received a dose of 133µg/kg Tan 

IIA.  

Anesthesia was discontinued, pigs were returned to their pens upon extubation, and 

monitored every 15 minutes until vitals including temperature, heart rate, and respiratory rate 

returned to normal. Monitoring was reduced to every 4 hours for 24 hours, and then twice a day 

thereafter until post-transplantation sutures were removed. Banamine (2.2 mg/kg IM) was 

administered for post-operative pain and fever management every 12 hours for the first 24 hours 

post-stroke and then every 24 hours for 3 days. 

MRI acquisition and analysis 

MRI was performed 24 hours post-stroke on a General Electric 3.0 Tesla MRI system. Pigs 

were sedated and maintained under anesthesia as previously described for MCA occlusion surgery. 

MRI of the cranium was performed using an 8-channel torso coil with pigs positioned in supine 

recumbency. Multiplanar MRI sequences were acquired including T2 Fluid Attenuated Inversion 

Recovery (T2FLAIR), T2W, T2*, Diffusion Weighted Imaging (DWI), and Diffusion Tensor 

Imaging (DTI). Sequences were analyzed using Osirix software (Version 5.6). Cytotoxic edema 

consistent with ischemic stroke was confirmed 24 hours post-stroke by comparing hyperintense 

regions in T2FLAIR and DWI sequences to corresponding hypointense regions in DWI generated 

ADC maps.  

Hemisphere volume was calculated using T2W sequences for each axial slice by manually 

outlining the ipsilateral and contralateral hemispheres, while excluding the ventricles. The 

hemisphere areas were multiplied by the T2W slice thickness (3 mm) to obtain total hemisphere 
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volumes. Lesion volume was calculated using DWI sequences for each axial slice by manually 

outlining hyperintense regions of interest (ROI). The area of each ROI was multiplied by the DWI 

slice thickness (2 mm) to obtain the total lesion volume. ADC values were calculated for each 

axial slice based on hypointense ROI and directly compared to identical ROI in the contralateral 

hemisphere. DTI was utilized to generate FA maps. FA values of the internal capsules were 

manually calculated on the slice where the internal capsules and the splenium of the corpus 

callosum were visualized.  FA values were expressed as a percent change in the ipsilateral 

hemisphere relative to the contralateral hemisphere. ICH volume was calculated based on 

hypointense ROIs in T2* sequences and multiplied by the slice thickness (2 mm).  

Blood collection and analysis 

Venous blood samples were collected pre-stroke, 4 hours, 12 hours, and 24 hours post-

stroke into K2EDTA spray coated tubes (Patterson Veterinary). Samples were stored at room 

temperature for 30 minutes. 4μL of blood was then pipetted onto a ColorFrost microscope slide 

(ThermoScientific) approximately 1 cm from the bottom. A spreader slide was placed in front of 

the blood at a 45° angle and retracted while maintaining even pressure until the blood sample 

spread evenly along the width of the slide. Care was taken to ensure each blood smear covered 

approximately two-thirds of the slide and exhibited an oval feathered end. Each slide was air-dried 

for 10 minutes and fixed with methanol for 2 minutes. Once dry, the slide was stained with 

Rowmanosky stain for 5 minutes. The stained slide was then submerged in double-distilled water 

(ddH2O) for 10 minutes. Finally, the slide was rinsed and allowed to air dry prior to applying a 

cover slip. Trained, blinded personnel completed manual cell counts of lymphocytes and band 

neutrophils at the monolayer, beginning approximately 1 mm away from the body of the smear. 

The first 100 cells visualized were identified and cell counts were expressed as a percentage. 
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Gait Analysis 

Pre- and post-stroke, all pigs underwent gait analysis to measure differences in 

spatiotemporal and relative pressure gait parameters between treatment groups. 2 weeks prior to 

stroke induction, all pigs were trained to travel across a gait mat at a consistent, two-beat pace. 

Pigs received food rewards at each end of the mat for each successful run in which the pig was not 

distracted and moved at a consistent pace. For each pig, pre-stroke data was collected on 3 separate 

days. At each time point, pigs moved across the mat until 5 consistent repetitions were achieved, 

with no more than 15 total repetitions collected.   

All data was automatically captured using a GAITFourâ electronic, pressure-sensitive mat 

(CIR Systems Inc., Franklin, NJ) that is 7.01 m in length and 0.85 m in width with an active area 

that is 6.10 m in length and 0.61 m in width. In this arrangement, the active area is a grid, 48 

sensors wide by 480 sensors long, totaling 23,040 sensors. Gait data was then semi-automatically 

analyzed using the GAITFourâ Software. All resulting data was analyzed for cadence (steps/min). 

Further measurements were quantified for the left forelimb, contralateral to the stroke lesion. These 

measurements included stride length (distance between successive ground contact of the left 

forelimb), swing percent of cycle (percent of a full gait cycle in which the left forelimb is not in 

contact with the ground), cycle time (amount of time for a full stride cycle), and mean pressure 

(amount of pressure exerted by the left forelimb).    

Statistical analysis 

All quantitative data was analyzed with SAS (Version 9.3; Cary, NC) and statistical 

significances between groups were determined by one-way analysis of variance (ANOVA) and 

post-hoc Tukey-Kramer Pair-Wise comparisons. Treatments where p-values ≤0.05 were 
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considered significantly different. Only two animals were included in each treatment group for a 

total of 4 animals for in vivo studies, therefore statistical analysis was limited to in vitro studies.  
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CHAPTER 5 

CONCLUSTIONS AND FUTURE WORK 

PDT is an effective modality against tumor, by direct destruction on cancer cells, tumor 

vascular damage, and activation of immune system. ICD induced by PDT involves in the 

recruitment of innate immune cells and consequently adaptive immune system, stimulating 

specific antitumor immune responses. However, tumors have the capability to develop 

immunosuppressive TME via several mechanisms, such as PD-1/PD-L1, CTLA-4, IDO, etc., 

which cannot be overcame sorely by the PDT-induced immune responses. Cancer immunotherapy 

is a recent discovered anti-cancer treatment, which aims to train immune cells to thwart 

immunosuppressive TME and consequently achieve great tumor eliminating effect. IDO is an 

immunosuppressive enzyme that catabolize tryptophan to kynurenine and also assist to recruit 

immunosuppressive immune cells into tumor to build up its unique regulatory mechanisms.  

Therefore, with the assistance of IDO inhibition, therapeutic effect of PDT can be largely 

boosted, owing to the augmented immune response toward tumor. For example, we developed 

nanoconjugate, PPF NP, that is consisted of two nanocomponents to achieve synergized 

therapeutic effect, PLGA-PEG nanoparticles as the core to deliver NLG919, while ZnF16Pc loaded 

ferritin as satellites for PDT. Compared to PDT monotherapy, PPF NPs enabled improved tumor 

management, showing prolonged tumor inhibition control in all treated mice, complete tumor 

elimination effect in 30 % treated mice, and also success in against live cancer cells challenge.  

Except the involvement in cancer treatments, nanomedicines can also be applied in anti-

inflammatory therapies, either as carrier to deliver anti-inflammatory agents to lesion or itself to 
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against inflammation. For instance, we developed dopamine melanin nanoparticles (DM NPs) to 

scavenge ROS and RNS for osteoarthritis treatment. Unlike small molecules, DM NPs, with the 

size of ~110 nm, offers longer retention time in the joint, which can benefit to scavenge radicals 

for sustained radical suppression. Also, owning to the remarkable properties of nanocarrier, 

hydrophobic anti-inflammatory agents have the chance to effectively reach to the lesion and 

receive improved clinical evaluation by encapsulating into nanocarriers. Tanshinone IIA, an 

effective anti-inflammatory drug, tends to aggregate together under aqueous solution, which lower 

its administration effectiveness, bioavailability, and may cause side effects. Owing to the 

hydrophilicity bestowed by PLGA-PEG nanoparticles, Tanshinone IIA became more stable under 

bioenvironment with enhanced bioavailability and achieved great anti-inflammatory effect in pigs 

with ischemic stroke. 

In the future, I will continue to explore the potential of nanoparticles in combination 

therapies for augmented PDT therapeutic effect against tumor. In current study, PPF NPs were 

intratumorally administrated to evaluate their anti-tumor capability. In the future, I will explore 

how PPF NPs performs in tumor management via systemically administration for not only 

melanoma, but also prostate cancer, non-small-lung cancer, and other cancer types. Also, I will 

investigate whether the employment of PD-1/PD-L1, CTLA-4 or other immunosuppressive 

pathways can improve PDT outcome, which will also be evaluated by intravenous injection.  
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APPENDICES 

A Supporting information for Chapter 2 

 

Scheme S2.1: Schematic illustration to show the preparation of PPF NPs. 

 

 

Figure S2.1: 1H-NMR spectrum of PLGA-b-PEG.  
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Figure S2.2: Schematic illustration to show the preparation of NLG919@PLGA NPs. 

 

 

Figure S2.3: Cytotoxicity, measured with B16F10 cells by MTT assays. Cells were incubated 

with ZnF16Pc@FRT or PPF NPs for 4 h and then irradiated by a 671-nm laser (0.1 W/cm2 for 200 

s). MTT assays were conducted 12 h later. *, p < 0.05; **, p < 0.01; ns, no significant difference.  
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Figure S2.4: Relative tumor volume after live cell re-challenge. B16F10-tumor bearing mice 

surviving the initial ZnF16Pc@FRT+IR or PPF+IR treatments were inoculated with live B16F10 

cancer cells to opposite flank sixty on Day 60. 
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Figure S2.5: Animal survival throughout the experiment, including the re-challenge study. 

 

 

Figure S2.6: a,b) Central (a) and effector (b) memory T cells abundance, based on flow cytometry 

analysis of spleen tissues taken from animals treated with PPF+IR. *p < 0.05, **p < 0.01; n=3. 

Spleen tissues from naïve animals were tested as a comparison. 
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Figure S2.7: Absorbance spectra of ZnF16Pc, NLG919, and PLGA-b-PEG in DMSO. 
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B Supporting information for Chapter 3 

 

Figure S3.1. (a) FT-IR spectrum of DM nanoparticles. The peak at ~3200 cm-1 corresponds to the 

stretching vibrations of -OH and N-H. The peaks at 1574 cm-1 and 1281 cm-1 were attributed to the 

C=O and C-O bonds, respectively. The peak at 1442 cm-1 corresponds to C=C. (b) 1H NMR 

spectrum of DM nanoparticles. The peak at ~4.7 ppm in the 1H NMR spectrum is attributed to the 

D2O solution.  
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Figure S3.2. Quantitative analysis immunohistochemical staining of MMP-13 in rat cartilage 

tissue by Image J. Values are presented as means ± SD, n=6. * indicates P <0.05; **, P <0.01; 

***, P <0.001, relative to the normal group. #, indicate, P <0.05; ##, P <0.01; ###, P <0.001, 

relative to the OA group.  
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Figure S3.3. Effect of autophagy on free radical scavenging of DM nanoparticles. (a) 

Chondrocyte samples concurrently stained with Cyto-ID Green dye and MitoSox Red dye were 

analyzed by confocal microscopy. (b) The fluorescence intensity of chondrocytes was analyzed 

by Image J. (c) After treated 30 μg/mL DM Nanoparticles and/or Chloroquine for 0, 3, 6, 9, 12 

and 24 h, the chondrocytes were stained with DCFH for 30 minutes, and the intracellular ROS 

levels were analyzed on a fluorescence microplate reader. IL-1β (with 10ng/mL IL-1β); IL-1β 

+DM (with 10ng/mL IL-1β and 30 μg/ml DM nanoparticles); IL- 1β+DM+Chloroquine (with 10 

ng/mL IL-1β, 30 μg/ml DM nanoparticles and 1μmol/L Chloroquine). Values are presented as 

means ± SD. * indicates P <0.05; **, P <0.01; ***, P <0.001, relative to the normal group. #, P 

<0.05, ##, P <0.01, ###, P <0.001, relative to the IL-1β+DM group.  

 

Table S3.1. Primer Sequences Used in qRT-PCR experiments  

Gene name Forward primer Reverse primer 

GAPDH  
5’-AGGGCCCTGACAACTCTTTT-3’ 

5’-AGGGGTCTACATGGCAACTG-

3’ 

IL-1β  5’-TGAGCTCGCCAGTGAAATGA-3’ 5’-CATGGCCACAACAACTGACG-

3’ 

MMP-13  5’-GCCATTACCAGTCTCCGAGG-3’ 5’-TACGGTTGGGAAGTTCTGGC-

3’ 

TNF-a  5’-TCAGAGGGCCTGTACCTCAT-3’ 5’-GGAGGTTGACCTTGGTCTGG-

3’ 
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IL-6  5’-TCTGCGCAGCTTTAAGGAGT-3’ 5’-CCCAGTGGACAGGTTTCTGA-

3’ 

COX-2 5′-ACACTCTATCACTGGCATCC-3′ 5′-GAAGGGACACCCTTTCACAT-3′ 

iNOS 5′GTGTTCCACCAGGAGATGTTG3′ 5′CTCCTGCCCACTGAGTTCCGTT

C3′ 

LC3 5’-GACGTCACCGGGCGAGTTA-3’ 5’-GCTGTACCTCCTTACAGCGG-3’ 

Beclin-1 
5’-TCCGGGCTCCCGAGG-3’ 

5’-GGGGGATGAATCTGCGAGAG-

3’ 

ATG7 
5’-TGGTTACAAGCTTGGCTGCT-3’ 

5’-TCAAGAACCTGGTGAGGCAC-

3’ 
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C Supporting information for Chapter 4 

 

Figure S4.1: Tan IIA-NPs reduce circulating band neutrophils. Band neutrophil (A) and 

lymphocyte (C) populations were determined in blood samples collected pre-stroke, 4, 12, and 24 

hours post-stroke. At 12 hours post-stroke the percentage of circulating band neutrophils was lower 

in Tan IIA-NP treated pigs than in the PBS control pigs (7.75±1.93 vs. 14.00±1.73%, respectively; 

B). The percentage of circulating lymphocytes was similar in both treatment groups at all assessed 

time points (D). 

 

 


