
University of Nebraska Medical Center University of Nebraska Medical Center 

DigitalCommons@UNMC DigitalCommons@UNMC 

Theses & Dissertations Graduate Studies 

Fall 12-17-2021 

Development of Polymeric CXCR4 Targeting Carriers for siRNA Development of Polymeric CXCR4 Targeting Carriers for siRNA 

Delivery to Treat Acute Kidney Injury Delivery to Treat Acute Kidney Injury 

Weimin Tang 
University of Nebraska Medical Center 

Tell us how you used this information in this short survey. 

Follow this and additional works at: https://digitalcommons.unmc.edu/etd 

 Part of the Biomaterials Commons, Biotechnology Commons, and the Polymer Science Commons 

Recommended Citation Recommended Citation 
Tang, Weimin, "Development of Polymeric CXCR4 Targeting Carriers for siRNA Delivery to Treat Acute 
Kidney Injury" (2021). Theses & Dissertations. 582. 
https://digitalcommons.unmc.edu/etd/582 

This Dissertation is brought to you for free and open access by the Graduate Studies at DigitalCommons@UNMC. It 
has been accepted for inclusion in Theses & Dissertations by an authorized administrator of 
DigitalCommons@UNMC. For more information, please contact digitalcommons@unmc.edu. 

http://www.unmc.edu/
http://www.unmc.edu/
https://digitalcommons.unmc.edu/
https://digitalcommons.unmc.edu/etd
https://digitalcommons.unmc.edu/grad_studies
https://unmc.libwizard.com/f/DCFeedback/
https://digitalcommons.unmc.edu/etd?utm_source=digitalcommons.unmc.edu%2Fetd%2F582&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/233?utm_source=digitalcommons.unmc.edu%2Fetd%2F582&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/111?utm_source=digitalcommons.unmc.edu%2Fetd%2F582&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/246?utm_source=digitalcommons.unmc.edu%2Fetd%2F582&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unmc.edu/etd/582?utm_source=digitalcommons.unmc.edu%2Fetd%2F582&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@unmc.edu


Development of Polymeric CXCR4 Targeting Carriers for 

siRNA Delivery to Treat Acute Kidney Injury 

 
by 

Weimin Tang 

A DISSERTATION 

Presented to the Faculty of 

the University of Nebraska Graduate College 

in Partial Fulfillment of the Requirements 

for the Degree of Doctor of Philosophy 

 

 

Pharmaceutical Sciences 

Graduate Program 

 

 

Under the Supervision of Professor David Oupický 

 

 

University of Nebraska Medical Center 

Omaha, Nebraska 

 

October, 2021 

 

Supervisory Committee: 

 

                      David Oupický, Ph.D.                              Rongshi Li, Ph.D.                           

                      Daryl J Murry, Pharm.D.                         Erika I Boesen, Ph.D.  

  



 

 

Acknowledgments 

 
I would like to express my most profound and sincere thanks to my mentor and 

advisor, Prof. David Oupický for all his guidance, support, and patience during the five- 

year journey as his PhD student. His unlimited passion for science, innovation and his 

impressive talent have inspired me since the first day I joined the lab. His advice on my 

research as well as my career have been priceless. It is my great honor to be his student, 

and I couldn’t ask for a better PhD mentor.  

I would also like to sincerely thank my committee members, Profs. Daryl J. Murry, 

Rongshi Li, Erika I. Boesen, and Babu Padanilam for their professional guidance and 

valuable suggestions for my research.  

My thanks also go to Dr. Jing Li and Dr. Fei Yu for continues guidance and 

teaching me cell culture and polymer synthesis techniques. I would like to thank Dr. Hee-

Seong Jang for teaching me the ischemia-reperfusion animal model and helping with p53 

IHC staining.  I thank Dr. Kirk W. Foster for helping me with the kidney injury score and 

teaching me how to analyze the tissue slides. I also thank Dr. Heather Jensen Smith for 

helping me with the intravital imaging studies. I thank Dr. Panja Sudipta for helping with 

the C-CS synthesis and characterization. I thank all my former and current lab mates for 

their help and support in and out of the lab. I also thank the Department of Pharmaceutical 

Sciences, University of Nebraska Medical Center for providing me the great opportunities 

and study experiences. I also thank the financial support from the UNMC fellowship 

program. 



 

 

Last but not least, I would like to thank my family for their endless love and 

unlimited encouragement. And thanks for all my friends for their company and support 

during those five years.  

  



 

 

Abstract: 

Development of Polymeric CXCR4 Targeting Carriers for siRNA Delivery to Treat 

Acute Kidney Injury 

Weimin Tang, Ph.D. 

University of Nebraska Medical Center, 2021 

Supervisor: David Oupický, Ph.D. 

Acute kidney injury (AKI) is a major kidney disease that is characterized by a sudden 

loss of renal function which manifests by a decrease in urine output and an increase in 

serum creatinine. AKI is a global healthcare burden associated with high morbidity, 

mortality, and increasing cost. Currently there are no effective pharmacological 

treatments available. Apoptosis induced by p53 has been demonstrated as an important 

pathological mechanism for the development of AKI. Meanwhile, CXCR4/SDF-1 axis has 

been associated with the inflammation during AKI, and CXCR4 is overexpressed on 

injured tubules. This dissertation hypothesized that polycations with CXCR4 targeting 

ability could enhance the accumulation of p53 siRNA in injured tubule cells, and 

simultaneous blockade of CXCR4 would lead to enhanced AKI therapy. 

An overview of renal anatomy, pathophysiology and biomarkers of AKI, the 

application of nanomedicine in AKI is given in Chapter 1.  

Chapter 2 reports that PCX can effectively deliver siRNA into the injured renal tubule 

cells due to the CXCR4 binding effect, and PCX/sip53 showed great anti-apoptosis effect 

in cisplatin challenged HK-2 cells. Moreover, the in vivo bio-distribution study showed 



 

 

that PCX can enhance the accumulation of siRNA in the injured kidneys, especially the 

tubules. Renal p53 and CXCR4 expressions were confirmed in two widely used AKI mice 

models. Finally, the enhanced renal accumulation of PCX/sip53 showed great therapeutic 

potential in the cisplatin induced AKI (CIS-AKI) mice model.   

Chapter 3 reports that modified chitosan (CS) with α-cyclam-p-toluic acid (CPTA) can 

introduce CXCR4 binding ability. After formulating with siRNA, CPTA modified CS (C-

CS) showed improved siRNA protection ability. In vitro studies showed enhanced 

cellular uptake of C-CS/siRNA and gene knockdown effect. Moreover, in vivo 

biodistribution showed C-CS/siRNA can effectively accumulate in the injured kidney and 

retain there for at least 24 hours due to its CXCR4 binding ability. Finally, the treatment 

with C-CS/sip53 showed great therapeutic potential in ischemia-reperfusion induced AKI 

(IRI-AKI) mice model.  

Chapter 4 reports the synthesis and characterizations of polymeric plerixafor (PP) 

derivatives. All the polymers showed excellent CXCR4 binding ability in vitro. The 

hydrophilic moieties modified PP (PP-OH) showed less protein binding, which may 

benefit for in vivo applications. Finally, the biodistribution study was conducted and PP-

OH showed the highest accumulation in injured kidneys, which may provide advanced 

ideals for the development of CXCR4 binding carriers for drug delivery to injured kidneys. 

In chapter 5, conclusions and future directions are given.
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Chapter 1. Introduction 

1. Renal Anatomy 

The kidneys are bean-shaped structures located in the retroperitoneal space on the 

posterior abdominal wall on each side of the spine. Because of the position of the liver, 

the right kidney is often located slightly more inferior and lower than the left kidney. 

During renal filtration, the blood enters the kidney through the renal arteries and exits 

through the renal veins. Furthermore, through the ureters, the urine is transported to the 

bladder after renal filtration. The kidneys could be divided into three regions: the renal 

cortex, medullar, and pelvis (Scheme. 1A). The basic structure and functional units of 

kidneys are called nephrons, and they locate in the cortex and medullar of the kidneys. 

The adult human kidneys contain 1-2.5 million nephrons, those basic kidney unites are 

fundamentally necessary for maintain the balance between fluid homeostasis, 

osmoregulation, and waste filtration [1]. Nephrons are composed of the renal corpuscle, 

distal tubule, proximal tubule, loop of Henle, collecting ducts, and peritubular capillaries 

which surround the tubules in the tubulointerstitium (Scheme. 1B) [2]. According to the 

position of glomeruli and the length of the loop of Henle, nephrons have been divided 

into two types. The cortical nephrons with shorter loops of Henle with glomeruli locate in  

the outer cortex, and the juxtamedullary nephrons, which have long loops of Henle with 

glomeruli near the corticomedullary border. The ratio of cortical to juxtamedullary 

nephrons is around 85:15 and 75:25 in humans and mice, respectively [3]. As shown in 

Scheme 1C, the blood is transported into the renal corpuscle through the afferent arteriole, 
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then further transported to the glomeruli. The relatively high blood pressure in the 

glomerular cavity induces the blood fluids filtered into the Bowman’s space, then further 

flow to the proximal tubules for further reabsorption and secretion. The proximal tubules 

are covered with microvilli which play an important role in keeping the balance between 

urinary reabsorption and secretion of the filtered blood fluids. The unfiltered residual 

blood is then outflowed through the efferent arteriole to the peritubular capillaries and 

renal vein and finally join to the main bloodstream [4].  

The renal filtration of the blood fluids happens in the glomerulus (Scheme. 1D), and 

the glomerular filtration membrane (GFM) [5-10], which is supported by mesangial cells, 

plays a pivotal role in renal filtration. The GFM consists of four different layers: 

endothelial glycocalyx, endothelial cells, glomerular basement membrane (GBM), and the 

podocytes (Scheme. 1E). Each layer has its unique size cut-off or charge properties. The 

layer of endothelial glycocalyx is composed of glycosaminoglycans like heparin sulfate, 

hyaluronic acid, and chondroitin sulfate, and it plays an essential role in preventing 

protein leakage during renal filtration due to its negatively charged property [9]. A 

monolayer of endothelial cells forms the endothelial cell layer, which has 70-90 nm 

fenestrations. The GBM with a pore size in the range of 2-8 nm, and mainly consist with 

laminin, proteoglycans and type IV collagen. The laminin and proteoglycans (mainly 

heparin sulfate) form the network and the collagen forms the backbone of GBM. The layer 

of podocyte faces the Bowman’s space and locate on another side of GBM, it has a pore 

size in the range of 4-11 nm and covered with a glycocalyx with a thickness around 200 

nm [4]. Based on this specific four-layer structure of GFM, the permeability for renal 
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filtration not only depends on size [11] but also charge [12]. Under normal conditions, the 

size and charge selectivity of GFM ensures that only small solutes and water could be 

filtrated from plasma to the urine [13]. High molecular-weight components such as red 

blood cells and albumin are retained in the blood during renal filtration. The impairment 

of this barrier results proteinuria which is a hallmark of glomerular diseases [14].  
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Scheme 1. Renal anatomy. (A) The bean shaped structure of kidney and is divided into 

three regions: renal cortex, medulla and pelvis. (B) Detailed structure of nephron which 

consist of the renal corpuscle, distal tubule, proximal tubule, loop of Henle, collecting duct 

and peritubular capillary. (C) The cross section of renal corpuscle. (D) Detailed structure 

of glomerulus, it composed of mesangial cells, glomerular capillary lumen, and GFM. (E) 

Detailed structure of GFM which consist with glycocalyx, endothelial cells, GBM, 

podocyte, and podocyte glycocalyx. (Adapted from [4]). 
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2. Acute Kidney Injury 

Acute kidney injury (AKI) is characterized by a sudden decrease in renal function 

which is associated with complex pathophysiological mechanisms [15, 16]. Despite the 

progresses in understanding the underlying pathophysiology, AKI continues to be a 

public health concern in the global and impacting ~13.3 million patients every year and 

without any pharmacological treatments available [17, 18]. In 266 studies (included a total 

of 4,502,158 patients) that used KDIGO (Kidney Disease: Improving Global Outcomes) 

definition of AKI, this disease affected 21% of hospital admissions of LMICs (low-to-

middle income countries), which broadly agree the worldwide incidence of AKI (Scheme 

2) [19]. AKI is mainly caused by decreased blood flow, direct damage to kidneys, blockage 

of the urinary tract clinically, and frequently diagnosis with an incident around 5.0% to 

7.5% in hospitalized patients and 50% to 60% in critical ill patients [15, 20-24]. Moreover, 

AKI usually associate with high morbidity, mortality, and increased cost, about 1.7 million 

death every year [18]. With the improvements in patients care and the availability of low 

nephrotoxic drugs, the mortality rates in critically ill patients with AKI have declined, 

however the mortality rates are still significantly high, especially in AKI patients who 

require dialysis [25-27]. Patients who survive from AKI are at increased risk of developing 

chronic kidney disease (CKD) which is defined by continued kidney disease for a period 

of more than 90 days [28], and end-stage renal disease (ESRD) which can lead to poor life 

quality and high long-term costs for patients who recovered from AKI [29-31]. Given those 

many reasons, treatments are needed to decrease AKI associated high morbidity, 

mortality and cost.   
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Scheme 2. Published estimates of the incidence of AKI as defined using KDIGO criteria 

vary widely across the world. The percentages shown in the scheme indicate the ratio of 

the hospitalized population with AKI. (Adapted from [19]) 
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2.1. Pathophysiology of AKI  

Filtration and excretion of nitrogenous waste produces from blood is one of the most 

important functions of kidney, and the elevated level of blood urea nitrogen (BUN) and 

serum creatinine (Scr) served as an indicator for decreased renal function which resulted 

from kidney injury. AKI is defined by rapid decrease glomerular filtration rate (GFR) 

which result in retention of BUN and Scr, thus the diagnosis of AKI is based on the 

measurement of these blood substances in patients over time and the rapid decrease of 

GFR usually occurs over the course of hours to days for AKI patients [32, 33]. The 

underlying pathophysiology of AKI has been well studied by scientists in the last few 

decades. Animal models of AKI which represent nephrotoxicity and ischemia-reperfusion 

injury provided important insights for us to understand the behind mechanism of AKI 

[17]. Based on the AKI animal models, scientists have disclosed fundamental information 

on disease mechanisms of AKI. 

2.1.1. Animal models for AKI study 

Ischemia reperfusion induced AKI (IRI-AKI) and cisplatin induced AKI (CIS-AKI) 

are the most two widely used animal models for AKI study. Ischemia is a leading cause 

of AKI clinically, which could result from several conditions, such as renal vascular 

occlusion or obstruction, cardiac surgery, and kidney transplantation. Even the in vitro 

studies of isolated renal cells are valuable to study the pathophysiology of ischemic AKI, 

it is imitated to mimic the complexity of human body. Thus, the in vivo animal models 

are needed to better understand the pathophysiology of AKI. Various animal models of 
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ischemic AKI have been developed and tested in the decades and currently there are two 

kinds of renal ischemia-reperfusion (IR) models are mainly used: the bilateral renal 

ischemia reperfusion [34-44] and unilateral renal ischemia reperfusion  model [45-51]. 

Based on whether the contralateral kidney is removed, unilateral renal ischemia 

reperfusion model can be further divided into two subtypes: with contralateral 

nephrectomy or without contralateral nephrectomy. Because of the more relevance to 

human pathologic conditions where both kidneys are normally affected by blood supply, 

the bilateral ischemia reperfusion AKI model is the most used one in many studies [34, 

52-56]. The initial ischemia reperfusion AKI models were developed with large size 

animals, then rat and mice became the most popular models since 1960 and 1990 

respectively. The small size animal model requires less drug consumption for 

experimental testing when compared with large size animals [57].  

Except ischemia reperfusion induced kidney injury, chemical agents induced AKI is 

a frequent entity in clinical medicine. The kidneys are the major target organ for toxic 

effect drugs [58]. Even it is difficult to estimate nephrotoxic AKI due to the variation of 

patient populations and the standards for AKI, nephrotoxicity has been reported that 

associate with about 8-60% of hospitalized AKI cases [59]. Cisplatin, a platinum-based 

chemotherapeutic drug that have been widely used in the treatment of a variety of solid 

tumors [60], is frequently limited by various significant side effects, especially its 

nephrotoxicity. Almost one-third of patients develop nephrotoxicity after a single dose of 

cisplatin at the dose of 50-100 mg/m2 [61, 62]. To prevent the AKI and improve the survival 

rate in cancer patients who receiving cisplatin-based chemotherapy, it is necessary to 
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understand the pathogenesis of cisplatin induced renal injury. The decreased renal 

plasma flow and GFR, and the increased renal vascular resistance make the cisplatin 

nephrotoxicity an idea model for nephrotoxic AKI study [63].  

2.1.2. Inflammation and immune cells infiltration in AKI 

Inflammation is complex process that is needed to eliminate harmful pathogens and 

mediate tissue repair after injury. Nevertheless, excess and unresolved inflammation 

could promote autoimmune disorder, fibrosis, and tissue damage [64, 65]. The release of 

cytokines and recruitment of neutrophiles and macrophages at the site of injury are 

recognized as hallmarks of the early inflammation response. Moreover, recent data 

showed that T cells also participate in early inflammatory responses in AKI [66]. The 

Immune mechanisms involved in the pathogenesis of AKI have been studied most 

extensively in IRI-AKI and CIS-AKI animal models. This part is focused on the 

introduction of the involvement of immune cells in AKI (Scheme 3). 

The infiltration of neutrophils has been detected in mouse kidneys subjected to 

ischemia reperfusion injury [67, 68] and biopsy samples from patients with early AKI [69, 

70]. As one of the important effector cells in the innate immune system, neutrophils 

transmigrate into kidney by using adhesion molecules like intracellular adhesion 

molecule-1 (ICAM-1) and P-selectin after kidney insult. The released cytokine, proteases, 

and reactive oxygen species (ROS) from infiltrated neutrophils finally promote kidney 

injury [71]. Recent studies have shown that inhibiting vascular adhesion protein-1 and 

leukotriene B4-leukotriene B4 receptor axis could block neutrophils infiltration in injured 
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kidneys, and finally attenuate IRI-AKI and CIS-AKI respectively [72, 73]. Therefore, 

neutrophils are expected to have an important role in the development of AKI.  

Macrophages are also suspected to have an important role for kidney injury. Even 

the number of resident macrophages in normal kidneys are few, the amount markedly 

increases soon after IRI, especially in the outer medulla [74]. The activated macrophages 

has the potential activity of phagocytic and release several cytokines, like IL-1, IL-6, IL-8, 

IL-12, and TNF, which facilitate the inflammatory cascade and contribute to the 

establishment of kidney injury [75]. The depletion of monocytes and macrophages 

systemically, attenuated early kidney injury in an IRI-AKI mice model [76]. Macrophages 

also play a role in renal repair. By switching from a proinflammatory M1 phenotype to an 

anti-inflammatory M2 phenotype, the renal repair process promoted [77]. The M2 

phenotype switching of macrophages might be due to the phagocytic uptake of 

neutrophils by macrophages and the change of intrarenal microenvironment [78, 79]. The 

role of macrophages in cisplatin induced AKI (CIS-AKI) model is not well studied. The 

renal infiltration of macrophages preceded loss of renal function; however, the inhibition 

of macrophages infiltration was not enough to prevent CIS-AKI [80, 81].  

Except neutrophiles and macrophages, renal dendritic cells and lymphocytes are also 

play very important role in the development and repairment of AKI. The dendritic cells 

are act as messengers between innate and adaptive immune systems as they present 

antigens to T cells. The renal resident dendritic cells mostly consist of TNF-secreting cells 

at the early phase of IRI-AKI. Moreover, the process of endothelium binding and 
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migration of dendritic cells might be facilitated during the initial renal inflammatory 

response after IR [82]. However, the dendritic cells show renal protective effect in the CIS-

AKI mice model. The depletion of dendritic cells before and during cisplatin treatment, 

associated with more severe renal injury and greater mortality [83], which was different 

to IRI-AKI [84]. Further studies will be needed to extensively understand the role renal 

dendritic cells in the development of AKI.  

The lymphocytes are main cells of the adaptive immune system, and they consist of 

nature killer (NK) cells, T cells, and B cells [85]. NK cells kill infected cells directly and 

secrete cytokines that facilitate the inflammatory process and active macrophages as well 

as neutrophils [86, 87], thus NK cells are expected to play a role in the initiation of AKI. 

The depletion of NK cells could attenuate renal injury after IRI [88], however, to fully 

understand the role of NK cells in AKI, more studies are required. The T cells show 

dynamic changes in amount and phenotype depend on the phase of IRI-AKI (Scheme 2). 

The CD4+ T cells plays a role in inducing damage of renal tissue in the early phase of injury. 

The CD4-knockout mice showed less susceptible to IRI-AKI, and after the transfer of CD4+ 

T cells, the CD4-knockout mice showed severe renal injury in the early injury phase of 

IRI-AKI [89]. Also, the CD4+ T cells are important mediators in renal injury for CIS-AKI 

[90, 91]. As for the regulatory T cells, they play a role in renal regeneration and protection. 

Depletion of regulatory T cells exacerbated renal tubular damage, increased cytokine 

production, and reduced tubular proliferation, and adoptive transfer of regulatory T cells 

associated with improved repair and reduced generation of pro-inflammatory cytokines 
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in IRI-AKI [92]. The renal protective role of regulatory T cells also has been found in CIS-

AKI [93, 94].   
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Scheme 3. Important immune cells in each phase of renal IRI. Neutrophils and NK T cells 

infiltrate into kidney at the early phase of injury and initiation of the inflammatory 

cascade. At the early and late injury phases, the amount of renal dendritic cells increases 

and are activated to mediate inflammation. Macrophages have multiple roles in the 

pathogenesis of renal IRI. At the injury phase, M1 macrophages induce inflammation and 

tissue injury; At the late injury and recovery phase, M2 macrophages exert anti-

inflammatory functions and facilitate renal tubular regeneration during the recovery stage. 

T cells also show dynamic changes in number and phenotype depending on the phase of 

renal IRI. B cells are activated and differentiate in the injury phase, and limit tubular 

regeneration in the recovery phase (Adapted from [75]). 
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2.1.3. Role of oxidative stress in AKI 

Oxidative stress plays a pivotal role in the pathophysiology of AKI. It well studied 

that the early burst of reactive oxygen species (ROS), which mainly come from 

mitochondria, are the dominant injurious effector upon reperfusion [95, 96]. Even there 

are other superoxide sources like the xanthine oxidase pathway and NADPH oxidases 

also play an important role in IRI-AKI, the activation of those pathways is occurred after 

the mitochondrial burst of superoxide formation [95, 97, 98]. After IR, the ROS which 

generated by mitochondria have been shown to act directly as a damage-associated 

molecular patterns (DAMPs), and the activation of innate and adaptive immune response 

by DAMPs further induce tissue damage [99]. A specific metabolic pathway of superoxide 

generation has been identified by Chouchani et al. recently (Scheme 4). They reported that 

the superoxide was generated through reverse electron transport at complex I of the 

electron transport chain. And this process was shown to be driven by the pool of the citric 

acid cycle metabolite, succinate, that accumulates during ischemia [100]. Mitochondria 

play an important role in the process of necrosis and apoptosis which underlie tubular 

injury and cell death following IRI [96]. The apoptosis pathway which associates with 

mitochondrial is characterized by the increasing of the permeability of outer 

mitochondrial membrane (MOMP) with the release of proapoptotic factors like 

cytochrome c. The released proapoptotic factors triggers the formation of the apoptosome 

which consist with cytochrome c, apaf-1 and caspase-9. The downstream caspase-

activation pathways then are activated by the apoptosomes and finally result in apoptosis 

[101].  
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Scheme 4. Mitochondrial generation of reactive oxygen species (ROS) during IRI. Under 

normoxic conditions, the electron transport chain (ETC) transfers electrons from NADH 

and FADH2 to oxygen via a series of redox reactions. In this process, H+ is pumped out 

of the mitochondria generating a proton motive force. It is this proton motive that drives 

the production of energy, in the form of adenosine triphosphate (ATP), by ATP synthase. 

(A) During ischaemia, without oxygen to accept electrons, the ETC rapidly ceases and the 

electron donors and carrier pools such as NADH and coenzyme Q (CoQ) become 

maximally reduced. Mitochondria briefly compensate for this by the oxidation of 
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fumarate to succinate thereby replenishing the reduced carrier pools but generating a pool 

of succinate in the process. (B) On reperfusion, the succinate that accumulates during 

ischaemia is rapidly oxidised maintaining a reduced CoQ pool and an environment that 

favours reverse electron transport (RET) and the generation of ROS (Adapted from [99]). 
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2.1.4. Role of p53 in AKI 

p53, a well-known tumor suppressor protein, has been reported has a much broader 

role in the development of a variety of human diseases [102]. p53 is a key component of 

the cell response to cells stress which including oncogene expression, DNA damage, 

hypoxia, ROS, and nutrient deprivation. In response to those cell stresses, p53 is rapidly 

induced and undergoes reversal post-translational modifications (PTMs) allowing for its 

stabilization and activation [102-104]. The pivotal role of p53 in the pathogenesis of AKI 

has been well studied in the past years (Table 1). p53 participates in the development of 

AKI and renal repairment is mainly through the regulation of apoptosis, cells cycle arrest, 

and autophagy (Scheme 5) [105]. p53 regulates different types of cell death such as 

apoptosis, necrosis, and ferroptosis [106-108], and renal tubular cell death which caused 

by p53 is the major contributor to the pathogenesis of AKI [109]. The mechanism of p53 

induced apoptosis has been demonstrated in both CIS-AKI and IRI-AKI models. In 

cisplatin induced AKI, the pro-apoptotic protein p53 upregulated modulator of apoptosis 

(PUMA), executioner caspase-6 and -7, and p53-induced protein with a death domain 

(PIDD) are the primary mediators of p53 induced tubule cells apoptosis [105, 110, 111]. 

Following ischemia reperfusion, the PUMA, BCL2-associated X protein (BAX) and SIVA1 

apoptosis inducing factor (SIVA1) are responsible for tubule cells apoptosis [112, 113]. 

Meanwhile, the translocation of p53 to mitochondrial during AKI has been reported [114] 

and the directly binding between p53 and BCL-2 family could directly induce cell 

apoptosis by activating the caspase cascade [115].   
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Scheme 5. Regulation of p53 in AKI development and progress to CKD. After renal insults, 

hypoxia, DNA damage, and/or ROS production in kidney cells subsequently activate p53 

through phosphorylation. Upon activation, nuclear p53 transactive a wide range of genes 

involved in apoptosis, cell cycle arrest, and autophagy. Cytoplasmic p53 functions in a 

transcription-independent manner by its direct interactions with cytoplasmic proteins, 

such as apoptotic effectors (Adapted from [105]).
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Table 1 (Adapted from [105]) 

Summary of animal studies on the effect of p53 inhibition in kidney injury and repair. 

 

  

AKI model 
Approach for p53 

inhibition 

Time of p53 

deletion or 

inhibition 

Effects on AKI 

and 

renalfibrosis 

References 

IRI in rat p53 siRNA 
Single dose at 4 h 

post IR 
Attenuate AKI [116] 

IRI in mice 
Targeted p53 

deletion in RPTECs 

Germline deletion 

by Pepck-cre 

Attenuate 

AKI, reduce 

renalfibrosis 

[117] 

IRI in mice 
Targeted p53 

deletion in RPTECs 

Germline deletion 

by Pepck-cre 
Attenuate AKI [113] 

IRI in mice Global p53 deletion Germline deletion 

Aggravate 

AKI and 

renalfibrosis 

[118] 

IRI in mice Pifithrin-α 

At the time of renal 

surgery andthen 

daily for 7 days 

Aggravate 

AKI and 

renalfibrosis 

[118] 

IRI in mice 

Chimeric mice 

lacking p53 in 

leukocytes 

At the time of 

surgery and then 

dailyfor 7 days 

Aggravate 

AKI and 

renalfibrosis 

[118] 

IRI in rats Pifithrin-α 
At day 14 after r 

surgery 

Aggravate 

renalfibrosis 
[119] 

UIRI in mice Pifithrin-α 

At 4 h before 

cisplatin and then 

dailyfor 2 days 

Aggravate 

renalfibrosis 
[120] 

IRI in rat p53 siRNA 
Germline deletion 

by Pepck-cre 
Attenuate AKI [116] 

Cisplatin-AKI in 

mice  

Targeted p53 

deletion in RPTECs 

A single dose at the 

same time of 
Attenuate AKI [113] 

Cisplatin-AKI in 

mice  
Pifithrin-α cisplatin treatment Attenuate AKI [121] 

Cisplatin-AKI in 

mice  
Global p53 deletion Germline deletion Attenuate AKI [121] 

AA-AKI in mice  Global p53 deletion Germline deletion Attenuate AKI [122] 

AA-AKI in mice  Pifithrin-α 

At the time of AA 

injection and 

thendaily for 3 days 

Attenuate AKI [122] 

Glycerol-AKI in 

rats 
Pifithrin-α 

Before glycerol 

injection 

Protection 

against AKI 
[123] 

VAN-AKI in mice Global p53 deletion Germline deletion 
Protection 

against AKI 
[124] 
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2.1.5. Role of CXCR4 in AKI 

Inflammation is another significant pathophysiology component of AKI. Cytokines and 

chemokines were involved in response to nephrotoxicity or renal ischemia-reperfusion 

induced kidney injury. The renal expression of CXC chemokine receptor 4 (CXCR4) and 

its ligand stromal cell-derived factor (SDF-1) are greatly increased after AKI [125]. It has 

been demonstrated that SDF-1 plays as a chemotactic for a number of leukocytes, such as 

neutrophils, monocytes, and lymphocytes [126-128], those leukocytes are believed as the 

key mediators of kidney injury [129, 130]. It has been reported that CXCR4 express on 

hematopoietic stem cells (HSCs) which locate in the bone marrow. The interaction 

between CXCR4 and SDF-1 results in the retention of HSCs within the bone marrow [131, 

132]. CXCR4 also expressed on endothelial progenitor cells (EPCs) [133]. Both HSCs and 

EPCs showed the renal protection effect in preclinical rodent models of AKI [134-138]. 

Using CXCR4 antagonist like AMD3100, could disrupt CXCR4/SDF-1 interactions, and 

mobilize HSCs from bone marrow into the systemic circulation [139], which may improve 

the treatment of AKI. A study from Zuk et al. showed that single injection of AMD3100 

improved renal function as indicated by the improved renal histology, reduced vascular 

leak and cell death, and the reduction of proinflammatory cytokines and chemokines [140]. 

Either by local anti-inflammatory effects or by systemic stem cells mobilization, inhibition 

of CXCR4 shows great potential for AKI therapy. Moreover, the overexpressed CXCR4 on 

renal tubule cells in injured kidneys [125] may could be used as a target for the delivery 

of therapeutic agent for AKI treatment.   
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Scheme 6. Correlation between CXCL12 and AKI. Various pathological stimuli induce 

HIF-1α, which enhances the CXCL12/CXCR4 axis, ultimately improving AKI 

regeneration. On the one hand, the CXCL12/CXCR4 axis promotes angiogenesis by VEGF 

and eNOSmediated BMCs differentiation into ECs, SP cells-initiated recovery via Shh/Gli 

1-ABCG2 pathway. In addition, diverse signaling pathways are also involved, such as 

PI3K and JNK/STAT signaling pathways. Additionally, the CXCL12/CXCR4 axis also 

increases tubular cell proliferation due to BMCs differentiation into the tubular epithelia 

and diverse pathways activation, such as PI3K/Akt and MAPK/Erk signaling pathways. 

Furthermore, CXCL12-induced inflammatory infiltration including neutrophils 

infiltration, T-cell depletion, and macrophage initiation is also involved in AKI. AKI, acute 

kidney injury; EC, endothelial cell; BMC, bone marrow-derived cell; eNOS, endothelial 

nitric oxide synthase; SP, side population; TEC, tubular epithelia cell (Adapted from [141], 

the final, published version of this article is available at 

http://www.karger.com/?doi=000514913).   
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2.2. Diagnosis, biomarkers, and management of AKI  

Unlike another acute organ injures, AKI does not come with any immediate 

symptoms like chest pain, blindness, and dyspnea; thus, the diagnosis of AKI requires 

specific technical assessment. GFR has been used as an overall index of renal function for 

decades, and usually the GFR is measured by using serum markers, such as creatinine. 

However, the direct measurement of GFR is difficult, existing evidence indicate that 

worse outcome of AKI is associated with small increase of serum creatinine (Scr) [142, 143]. 

Meanwhile, urine output is another sensitive maker of renal function and tubular injury 

[144], but the relationship between GFR, tubular injury and urine output is complex [145]. 

According to the guideline of 2012 Kidney Disease Improving Global Outcome (KDIGO) 

for the diagnostic criteria of AKI and acute kidney disease (AKD), the adequate fluid 

resuscitation is no longer required to be performed before using the criteria, also the 

urinary obstruction is excluded [146]. Moreover, patients with chronic kidney disease 

(CKD) are pre-disposed to develop AKI, since CKD is an independent risk factor for AKI 

[147-151]. Nevertheless, the diagnosis of AKI from patients with CKD is difficult, due to 

the impaired renal function of those patients [152]. Patients with abnormal urine output 

and serum creatinine levels (62.1%) have a higher incidence of AKI than patients with 

abnormal serum creatinine levels alone (17.7%) [153, 154]. However, there are several 

limitations by using creatinine and urine as biomarkers for AKI, as (i) the serum creatinine 

levels increase only if the kidney lost 50% of the functional nephrons, and it has low 

sensitivity in healthy kidneys; (ii) the urine output has a low specificity because it can be 

influence by several factors, like hypovolemia and the use of diuretics [145]. After more 
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than a decade of intensive research, several novel biomarkers has been identified, 

including IL-18, kidney injury molecule 1 (KIM-1), neutrophil gelatinase–associated 

lipocalin (NGAL), and so on [155]. Those novel biomarkers were not listed in the 2012 

KDIGO guidelines [146]. Although those biomarkers have a good predictive value, the 

clinical use is unclear and limitations are existing, such as the poor predictive performance 

if the timing of renal injury is unknown [156-158]. Different biomarkers relate to 

multifarious pathophysiological processes of AKI, and it might be helpful for detecting 

AKI earlier [159]. Those markers might be critical for developing targeted therapy for AKI 

patients and for clinical trials designing.  

As one of those novel biomarkers of AKI, NGAL is a widely expressed 25-kD protein 

of the lipocalin family, and released by the kidney and immune cells [160]. The levels of 

urine NGAL are very low in healthy individuals. However, after ischemic or nephrotoxic 

kidney injury, the NGAL levels in plasma and urine are increase dramatically, indicating 

a role of NGAL for the kidneys that is comparable to that of troponin for the heart [161]. 

In children who undergoing congenital heart surgery, NGAL has been shown to have 

high sensitivity and specificity for predicting AKI [162]. However, when patients have 

different comorbidities, NGAL have been shown limited predictive performance, it might 

because immune cell derived NGAL is not necessary for AKI predicting [163, 164]. NGAL 

has a good prediction value for AKI only when patients with a previously normal kidney 

function, hence it can be used in patients who has normal renal function and a well 

described kidney insult or in patients with precedent CKD [161, 165, 166].  
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Another one of the well-studied novel biomarkers called KIM-1, which is a 38.7-kD 

transmembrane protein [167]. The expression of KIM-1 is low in the healthy kidneys, 

however, after ischemia-reperfusion injury, the expression of KIM-1 is upregulated. After 

48 hours of injury, the over expressed KIM-1 can be localized to the proliferating 

dedifferentiated epithelial cells of the proximal tubule [167]. Moreover, the role of KIM-1 

is more than a marker for kidney injury, it might have a functional role in the molecular 

and cellular biology of AKI. In cultured primary kidney cells, the expression of KIM-1 

could promote the phagocytosis of apoptotic cells and necrotic debris, thus it has been 

proposed that KIM-1 might play a role in kidney recovery and regeneration after AKI 

[168]. KIM-1 alone may not be able to diagnosis AKI with high accuracy because the 

increased urinary KIM-1 may indicate either injury or the repair response of renal injury, 

and the combination of KIM-1 with other biomarkers may provide a highly useful way 

for AKI diagnosis. A study in 2014 has shown the combination of KIM-1 and IL-18 had 

the best ability to predict severe AKI with an correlation coefficient = 0.93 [169].  

  



25 

 

3. The application of nanomedicine in AKI  

With the extensive effort in the mechanistic research of AKI, several chemical and 

biological agents have been proved to have therapeutic benefit in the preclinical AKI 

models [170, 171]. However, the poor bioavailability limits most potential drugs 

application in AKI, for example some drugs are highly hydrophobic, and some of them 

are easily degradable in vivo before reach to the target. Moreover, most small molecules 

and some biological drugs are cleared from kidney very quick and cannot achieve desired 

therapeutic effect in the injured kidneys. Thus, high doses are usually required and may 

cause undesired side effects [172]. Nanomedicine might be a game changer for AKI 

treatment due to one of the most common uses of nanomedicine is in the delivery and 

controlled release of therapeutic molecules. Nanomedicine holds the greatest for the 

change of drug pharmacokinetics [173]. The engineered nanomaterials have been used to 

incorporate small molecule drugs as well as macromolecule drugs such as nucleic acids, 

proteins, and peptides. One of the advantages of encapsulating drugs in nanoparticles is 

the suspension of insoluble drugs [174]. Nanoparticles with specific tissue or cells 

targeting ability would allow for reduction of off-targeting side effects. The targeting 

ability often achieved by using molecular recognition entities, such as small molecules, 

peptides, antibodies, and nucleic acids which may chemically or physically attached to or 

coat nanoparticles [175, 176]. This part focuses on recently developed novel nanoparticles 

for AKI treatment and discuss the engineered nanocarriers with kidney targeting ability 

that can deliver therapeutic reagents to kidneys for enhanced AKI therapy. Finally, 

discuss the future directions of nanomedicine in the application of AKI therapy.   
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3.1. Passive targeting and active targeting  

Based on the physiochemical properties, the targeted delivery can be divided to 

categories: passive targeting and active targeting. Both targeted delivery methods have 

significant effects on enhanced therapeutic efficacy and reduced side effects by 

specifically delivering the therapeutic agents to the targets [177]. For passive targeting, 

the distribution of formulation in the sites of interest mainly depends on their size, charge, 

and molecular weight. This is due to at the site of interest like tumor and inflammation, 

the endothelium of blood vessels (a typical biological barrier for nanomedicine) changes 

with higher permeability than in the normal condition, which gives nanoparticles with 

specific size to pass through and reach to the site of interest [178, 179]. For renal delivery, 

due to the specific biological structures of kidney (as mentioned in the section of renal 

anatomy), in addition to vascular endothelium, the biological barriers also include the 

GFM which also plays a pivotal role in renal passive targeting. Generally, formulations 

sized less than 10 nm or with molecular weight lower than 70 kDa are easily filtrated 

through GFM to access tubules [180, 181]. Nanoparticles with size from 10 nm to 130 nm 

are mostly accumulated in glomeruli after diffusing through the glomerular vasculature 

[182, 183]. As for particles with larger size (200-400 nm), they can access the proximal 

tubule by secretion [184]. The charge of nanoparticles is another important factor for 

passive targeted delivery, due to the negatively charge of GFM, particles with positive 

charge generally show higher renal accumulation [179, 181, 185, 186]. However, a high 

level of surface positive charge may associate with nonspecific protein binding [187]. 

Hence, it is necessary to balance the surface change of particles for enhanced drug delivery.  
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Active targeting is achieved by introducing the delivery systems with specific ligands 

which receptors are overexpressed by the target cells [177]. Through active targeting, the 

specific interaction between ligands and receptors would enhance the endocytosis of 

nanoparticles and ultimately increase the efficiency of drugs when compare with free 

drug or passive targeted delivery. In the development of AKI, there are several receptors 

over expressed in the injured renal cells, such as CXCR4 [125], CD44 [188-191], KIM-1 

[192], megalin [180, 193-195], and so on. The ligands for those receptors could be utilized 

in the design of targeted delivery system for the treatment of AKI. During the circulation, 

passive targeting can help the formulation to cross the biological barriers before it reaches 

to the targets for subsequent active targeting. Thus, the combination of passive and active 

targeting gives the best targeting ability for therapeutic drug delivery, and this strategy 

has been widely used in the design of kidney targeted delivery for AKI therapy.  

3.2. Targeted drug delivery systems for AKI therapy   

As mentioned earlier, renal tubular injury is one of the main pathological 

mechanisms that cause AKI. Thus, renal tubule cells are the main targeting site for the 

design of drug delivery carriers. The biological structure of kidney decides that the drug 

delivery systems can reach tubule cells by two ways: from the apical or the basolateral 

side [196]. For the main way, apical side, formulations need to pass the glomerular 

filtration barriers, like GFM, podocytes, and endothelial cells, then reach the tubule lumen. 

Under injury conditions, the size restrictions for drug delivery systems will be relaxed 

due to the enlarged pore in GFM and the loss of podocytes and endothelial cells [197]. As 
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for the basolateral side, formulations get uptake by proximal tubular cells mainly by 

penetrating through the endothelial cell of the peritubular capillary [184]. This part is 

focus on the introduction of several novel advanced renal targeting delivery systems for 

AKI therapy.  

3.2.1 Targeted delivery for antioxidant therapy 

Renal cleared materials hold a great potential for renal targeted drug delivery as they 

can easily pass the glomerular filtration barriers and reach to tubule cell through the apical 

side. Moreover, some of the ultrasmall particles are composed elements with a readily 

variable valence state which have the antioxidant ability, such as molybdenum [198], 

copper [199], and cerium [200]. As mentioned earlier, oxidative stresses play pivotal role 

in the pathophysiology of AKI. Thus, formulations with ROS scavenging ability are 

beneficial for applying in the treatment or prevention of AKI. A study from Ni et al. 

showed a novel multi-antioxidant in the form of POM nanoclusters for antioxidative 

therapy of AKI in living animals. Those hydrodynamic size of those particles were 10 nm 

and the particles showed a high level and a long period (>24 h) of accumulation in the 

injured kidneys. The POM nanoclusters exhibited broad antioxidative activities against 

multiple toxic ROS from both in vitro and in vivo studies. Based on the renal targeting 

and ROS scavenging abilities, POM nanoclusters could effectively attenuate AKI and 

restore renal functions in AKI mice [201]. A type of ultrasmall iridium nanoparticles which 

were coated with polyvinylpyrrolidone (Ir NPs-PVP) has been reported by Zhang et al. 

Iridium based nanoparticles showed multienzyme activities including peroxidase, 
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superoxide dismutase, and catalase, which help maintain cellular redox balance. This kind 

NPs-PVP showed rapid accumulation in both healthy and injured kidneys, and longer 

retention was observed in the injured kidneys. Moreover, the NPs-PVP had the ability to 

alleviate rhabdomyolysis- or cisplatin-induced AKI [202]. In addition of spherical 

nanoparticles, some other formulation with different shapes also showed favorable renal 

accumulation and ROS scavenging ability, such as DNA origami and black phosphorus 

nanosheets (BPNSs) which is a novel material can be oxidized into phosphorus oxides and 

has the potential to decrease cellular ROS level [203-205]. Hou et al. showed the BPNSs 

can significantly accumulated in the injured kidneys which because the flake-like 

structure. And due to the ROS scavenging ability of BPNSs, it ultimately relieved AKI 

[203]. The ROS sensitivity of DNA bases has been reported, and can be oxidized after 

interacting with ROS, thus it can be used ROS scavenger. A study from Jang et al. showed 

the delivery of DNA origami nanostructures (DONs) can clear ROS in the injured kidney 

(especially the renal tubules) and finally attenuated AKI [204].  

Except ultrasmall particles, some other macromolecular materials are also easily 

cleared from kidney, such as lysozyme, immunoglobulin, and insulin which are 

endogenous low molecular weight proteins [206]. Also, polymers like low molecular 

weight chitosan (LMWC) have been reported as a kidney-targeted material due to the 

interaction with megalin [180]. Directly conjugation of therapeutic drugs to LMWC might 

improve their renal accumulation due to the targeting ability of the carriers. Liu et al. 

modified chitosan with L-serine and they found this polymer can rapidly accumulate in 

kidneys and has a long retention time in injured kidneys, especially in renal tubules, 
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which may because the specific interaction between KIM-1 and serine.  Based on the 

favorable renal targeting ability of serine modified chitosan, they then continued 

conjugate a mitochondrial-targeted antioxidative peptide (SS-31) to form a chitosan-based 

prodrug for AKI treatment. In their study, this prodrug successfully attenuated IRI-AKI 

through the antioxidant effect of SS-31 [192]. Another SS-31 based nanoparticle developed 

by the same group also showed excellent therapeutic effect for AKI. In this study, they 

encapsulated SS-31 with chitosan and hyaluronic acid (HA) through electronic attraction. 

CD44 is over expressed on renal tubule cells after kidney injury, and due to the specific 

interaction between HA and CD44, the nanoparticles showed high accumulation in the 

injured kidneys. Moreover, the treatment successfully relive kidney injury due to the 

antioxidant effect of SS-31 [189].  

3.2.2 Targeted delivery of p53 siRNA for anti-apoptosis therapy 

As mentioned before, p53 induced apoptosis has been reported that play a pivotal 

role in the pathogenesis of AKI. Acute inhibition of p53 can greatly inhibit cell apoptosis 

and holds a great potential for AKI therapy. Bruce et al. treated p53 siRNA to IRI-AKI and 

CIS-AKI rats through hydrodynamic injection for AKI attenuation. The results showed 

the successfully p53 downregulation and it associated with improved renal function [116]. 

RNA interference (RNAi) has been acknowledged as a promising novel therapeutic 

strategy through gene regulation. The mechanism of RNAi involves the specific targeting 

of messenger RNA (mRNA) with complementary small interfering RNA (siRNA) 

resulting mRNA degradation. Thus, siRNA-based therapeutics can mute genes that 
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regulate disease and injury temperately and holds great therapeutic potentials. However, 

due to the poor serum stability and off-target effects, its necessary to develop siRNA 

carriers that can overcome these obstacles in vivo for siRNA delivery. One of the 

representative renal siRNA delivery systems is ammonium-functionalized signal-walled 

carbon nanotubes (fCNTs), this kind materials have a very favorable renal glomerular 

filtration characteristic, and part of the filtrated fCNTs are reabsorbed by the renal 

proximal tubular cells [207]. A study from Simone et al. showed that the fictionized fCNT 

could selectively deliver siRNA to the renal proximal tubule cells with high efficiency in 

animal models with AKI. Compare to free siRNA, the enhanced delivery with fCNT 

allowed effective downregulation of several target genes, including Trp53, Mep1b, Ctr1, 

and EGFP. In the cisplatin included AKI mice model, the treatment with a combination of 

fCNT/siTrp53 and fCNT/siMep1b significantly improved the progression-free survival 

when compared with to controls via the reduction of meprin-1β and p53 expression. 

Moreover, the fCNT/siRNA didn’t show toxicological consequences and the rapid 

pharmacokinetic profiles was observed in primates, suggests that this technology is 

amenable for use in patients for the prevention of AKI to safely overcome the 

nephrotoxicity during medical intervention [208]. A recent study from Thai et al. reported 

that the potential of small-sized DNA tetrahedrons (sTds) for renal siRNA delivery. They 

prepared four sTds with different sugar backbones, and the biodistribution study showed 

that the small-sized L-DNA tetrahedron (L-sTd) is the one has most preferential localized 

into the kidney. After loading p53 siRNA on L-sTd, the formulation can successfully 
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deliver p53 siRNA to kidney and uptake by the kidney cells. The downregulation of p53 

was finally attenuate renal injury [209].  
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Chapter 2. Selective siRNA delivery to injured kidneys for combined p53 and CXCR4 

inhibition in the treatment of acute kidney injury 

1. Introduction 

Acute kidney injury (AKI) is characterized by a sudden loss of renal function and is 

associated with high morbidity and mortality [210-212]. Each year, AKI affects over 13 

million people worldwide and leads to about 2 million deaths [213]. AKI may be caused 

by various insults including nephrotoxins, ischemia-reperfusion, and sepsis. Importantly, 

AKI has the potential to develop into chronic kidney disease [214] and ultimately result 

in kidney failure [29]. Despite considerable advances in basic research and the growing 

understanding of the underlying pathophysiology, AKI remains a significant unmet 

medical need without effective pharmacological treatments [17]. Clinically, the 

management of AKI mostly relies on renal dialysis or transplantation, which come with a 

considerable cost and unacceptable mortality [28, 215, 216]. Thus, the development of 

effective therapies for AKI is necessary and urgently needed.  

Inflammation is a complex biological response that is essential for the elimination of 

microbial pathogens and repairing of injured tissue, as well as a major pathophysiological 

component of AKI [217]. Inflammatory mediators, such as cytokines and chemokines, are 

released from activated or injured renal cells, which attract leukocytes to the injury sites, 

leading to a pro-inflammatory microenvironment [218-220]. C-X-C chemokine receptor 4 

(CXCR4) plays a vital role in the inflammatory process [221-224]. After binding with its 

ligand, stromal cell-derived factor-1 (SDF-1, also known as CXCL12), divergent 
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intracellular signaling transduction pathways are activated and lead to a variety of 

responses such as chemotaxis, cell proliferation, recirculation, and hematopoiesis of 

leukocytes [225, 226]. Growing evidence shows that CXCR4 and SDF-1 are involved in the 

pathology of AKI [223]. The CXCR4 axis is implicated in regulating trafficking and 

invasion of inflammatory cells into the injured kidneys. Sustained high expression of 

CXCR4 in tubules and leukocytes exacerbates the pathology of AKI and contributes to the 

formation of renal fibrosis. CXCR4 inhibition appears to have beneficial therapeutic effect 

in experimental AKI animal models, either by local anti-inflammatory effects or by a 

systemic stem cell-mobilization dependent mechanism [227, 228]. For example, the 

treatment with a CXCR4 antagonist AMD3100 (Plerixafor) before and after bilateral renal 

ischemia ameliorated kidney injury [228] as well as attenuated renal fibrosis [227]. Based 

on that evidence, the inhibition of the CXCR4/SDF-1 axis shows exciting potential as a 

promising therapeutic method for the treatment of AKI.  

One of the most well-known tumor suppressor proteins, p53, has received increasing 

attention as a therapeutic target in AKI [229]. There are several main factors associated 

with the activation of p53 during AKI, including DNA damage, hypoxia, and generation 

of reactive oxygen species (ROS) [229, 230]. The role of p53 in regulating different types 

of cell death has been reported, including apoptosis, necrosis, and ferroptosis [231-233]. 

Linkermann et al. have demonstrated that p53-dependent cell death is the major 

contributor to the pathogenesis of AKI [234, 235]. In cisplatin (CIS) injury model, p53 was 

phosphorylated and upregulated early during CIS treatment. Inhibition of p53 by 

pifithrin-α  or dominant negative mutant p53 significantly attenuated CIS-induced 
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apoptosis [236, 237]. Additional recent studies have demonstrated the beneficial effect of 

p53 inhibition in AKI models [238-242]. The involvement of p53 in renal ischemia-

reperfusion injury (IRI) was first described by Kelly et al., who showed that p53 

expression was upregulated 24 h post IRI, and the chemical inhibition of p53 by pifithrin-

α resulted in the protection of renal functions in a rat model [243]. Targeting of p53 by 

using short interfering RNA (siRNA), is a viable tactic to prevent or treat AKI as it protects 

proximal tubule cells (PTCs) and renal function [238]. Also, siRNA-mediated inhibition of 

p53 target TIGAR, prevents IRI by restoring glycolysis in the ischemic kidney and protects 

the kidneys from functional and histological damage [244]. These results offer compelling 

support for the critical role of p53 in the pathogenesis of AKI, and its role as a therapeutic 

target in AKI.  

Although free siRNA displays natural renal tropism, there are several 

pharmaceutical challenges to the use of free siRNA in the treatment of AKI. The strong 

negative charge and macromolecular character of siRNA results in a poor ability to cross 

cell membranes and locate to its site of action in the cytoplasm. This, in turn, required a 

“hydrodynamic” dosing of large amount of free siRNA (12 mg/kg body weight) to achieve 

the desired gene silencing effect [238]. Furthermore, as a potent activator of the innate 

immune system, the large doses of free synthetic siRNA increased the likelihood of 

adverse immunostimulatory effects [245]. siRNA delivery vehicles could overcome those 

challenges by protecting siRNA during systemic circulation and improve intracellular 

delivery, thus minimizing the required siRNA doses [245-247]. Several approaches have 

been reported to improve the renal siRNA delivery using synthetic and natural polymers. 
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We reported that negatively charged or neutral polymers with low or intermediate 

molecular weight selectively accumulate in the AKI kidneys [248]. Low molecular weight 

chitosan has been one of the most widely used polymeric carriers for renal delivery of 

siRNA and drugs. A chitosan-based siRNA delivery system and N-acetylated chitosan 

could specifically target to kidneys [249, 250]. Yang et al. prevented kidney damage by 

using chitosan/siRNA nanoparticles [251]. Besides chitosan, other polymeric 

nanoparticles also hold strong potential for drug/siRNA delivery to the kidney. 

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles with a diameter ~100 nm could 

selectively accumulate in injured mouse kidneys. The Oltioraz-loaded PLGA nanoparticle 

effectively reduced tubule necrosis in the ischemic AKI mouse model [252]. Interestingly, 

the PEG modified PLGA mesoscale nanoparticles (MNP) were selectively localized in 

renal proximal tubules after intravenous injection while avoiding the typical hepatic 

distribution. Treatment with MNP loaded with toll-like receptor 9 (TLR9) antagonist 

effectively attenuated renal injury [253-255]. Alidori et al. demonstrated that ammonium-

functionalized single-wall carbon nanotubes could deliver Trp53- and Mep1b-targeted 

siRNA to PTCs and decreased renal injury in a CIS-induced AKI mouse model [256]. 

Successfully delivery of p53-targeted siRNA to tubule cells was reported using small-

sized mirror DNA tetrahedrons (sTds), and the treatment attenuated AKI [257]. 

In the present study, we hypothesized that combining CXCR4 targeting and 

inhibition with downregulation of p53 expression in the injured kidney could not only 

improve selectivity of the delivery but also significantly alleviate AKI because of the 

established role of CXCR4 and p53 in AKI pathology (Scheme. 7). We have used 
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previously reported polymeric CXCR4 inhibitors (PCX) that showed effective siRNA 

delivery ability and strong CXCR4 inhibition [258] to evaluate their properties in vitro, 

renal accumulation in AKI mouse models, and therapeutic potential of their polyplexes 

with p53 siRNA (sip53).  
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Scheme 7. Selective accumulation and proposed mechanism of action of PCX/sip53 

polyplexes in the treatment of AKI.   
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2. Results 

2.1. Formulation and characterization of PCX/siRNA polyplexes 

We have previously developed several types of PCX that act as inhibitors of CXCR4 

and demonstrated their advantageous activity as part of combination treatments of 

multiple cancers [259-265]. The PCX can be synthesized as either branched or linear 

polycations. In this study, we have used the linear PCX that was synthesized by Michael 

addition copolymerization of phenylene-cyclam derivative with 

hexamethylenebisacrylamide (Figure 1). The composition and molecular weight of PCX 

were characterized by 1H NMR (Figure 2) and gel permeation chromatography. The PCX 

used in the present study had a weight-average molecular weight of 5.9 kDa and 

dispersity (Đ) of 1.2. The Đ was lower than expected for this type of polymerization due 

to dialysis purification step, which removed the lower molecular weight fractions and 

narrowed the molecular weight distribution.  

Electrostatic complex formation of PCX with siRNA was first evaluated by gel 

retardation assay. Polyplexes were prepared by adding PCX solution to siRNA solution 

at increasing PCX/siRNA (w/w) ratios (Figure 3A). PCX fully complexed the siRNA at 

w/w ratios ≥ 2. Partial condensation was observed at lower w/w ratios (0.5-1) as indicated 

by the smear siRNA band in the gel. The hydrodynamic size and zeta-potential of 

PCX/siRNA polyplexes prepared at w/w ratios of 2, 5, and 10 were measured by dynamic 

light scattering (DLS) (Figure 3C). The polyplexes prepared at w/w of 2 showed a 

relatively large size (~300 nm) and were deemed unsuitable for renal delivery. The size 
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significantly decreased when we increased the w/w to 5 (~127 nm) and 10 (~107 nm). The 

polydispersity index of the particle size distribution was less than 0.2 for all the tested 

w/w ratios. As expected, due to the excess PCX adsorbed on the surface of the polyplex 

nanoparticles, increasing the w/w ratio resulted in an increase of the zeta-potential. The 

shape and morphology of PCX/siRNA polyplexes were analyzed by transmission electron 

microscopy (TEM). All the polyplexes had a spherical shape, and higher w/w ratios 

resulted in smaller sizes, which was in full agreement with the DLS results (Figure 3D).  

An ideal siRNA delivery system not only requires stable interactions between siRNA 

and the carrier during systemic circulation, but also the ability to pass through biological 

barriers before reaching its cytoplasmic target. One obstacle for nanoparticles to reach the 

tubule cells is the glomerular filtration barrier (GFB) which consists of glomerular 

endothelial cells, the glomerular basement membrane (GBM), and the podocyte filtration 

slits. In those three layers that form GFB, GBM is a 300-nm tissue membrane which 

consists of abundant heparan sulfate and plays a role in the disassembly of polycation-

based nanoparticles [266]. Most of siRNA polyplexes usually have a short blood 

circulation times due to rapid renal clearance and phagocytic uptake. The renal clearance 

of polyplexes is most likely due to their binding and disassembly by the heparan sulfate 

in GBM [266-268]. The concentration of heparin in human plasma is 1 - 2.4 μg/mL [269], 

which may also contribute to dissociation of polyplexes during the systemic circulation. 

The sensitivity of the PCX/siRNA polyplexes to heparin-medicated polyelectrolyte 

exchange was thus analyzed by a displacement assay. Briefly, PCX/siRNA polyplexes 

(w/w 5) were incubated with different concentrations of heparin for 30 min. As shown in 
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Figure 3, the polyplexes completely released siRNA at ≥ 80 μg/ml of heparin, which 

indicated PCX protection against the influence of plasma heparin.  

 

 

Figure 1. Synthesis of PCX. 

 

Figure 2. 1H-NMR spectrum of PCX. 
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Figure 3. Physicochemical characterization of PCX/siRNA polyplexes. (A) siRNA 

condensation by PCX in 10 mM HEPES buffer (pH 7.4) using agarose gel electrophoresis. 

(B) Heparin induced siRNA release from the polyplexes. The polyplexes were prepared 

at w/w 5 and incubated with increasing concentration of heparin for 1 h at room 

temperature. (C) Hydrodynamic size and zeta potential of PCX/siRNA polyplexes at 

different w/w. (D) Representative TEM images of PCX/siRNA polyplexes at w/w 2, 5 and 

10. Scale bar, 100 nm. (Please note this study was performed by Dr. Yi Chen and data were 

adapted from [270]) 
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2.2. In vitro cytotoxicity and cellular uptake of PCX/siRNA polyplexes in tubule cells 

We confirmed the CXCR4 antagonism of PCX by using a receptor redistribution assay 

described in our previous studies (Figure 4). As expected, PCX displayed CXCR4 

antagonism with a complete inhibition seen at 2 μg/mL. Toxicity associated with the use 

of polycations remains a major concern for their application as siRNA delivery vectors. 

We have measured cytotoxicity of PCX and PCX/siRNA polyplexes in human tubule cell 

line HK-2. PCX was incubated with the cells for 24 h and the IC50 value was calculated 

from cell viability data as 9 µg/mL (Figure 5). The cytotoxicity of the PCX/siRNA 

polyplexes prepared at w/w 5 was measured at 50-200 nM siRNA concentration range. As 

shown in Figure 5B, the PCX/siRNA polyplexes were safe up to 100 nM siRNA, with cell 

viabilities exceeding 90%. Elevated cytotoxicity was observed at 150 and 200 nM siRNA.  

We next examined the efficacy of the siRNA delivery to HK-2 cells in vitro. 

Fluorescently labeled PCX (PCX-Cy3) and siRNA (siRNA-Cy5.5) were used in this study 

to visualize the cellular uptake. Confocal microscopy showed both PCX-Cy3 (red) and 

siRNA-Cy5.5 (green) were effectively internalized by the cells (Figure 6). Flow cytometry 

analysis showed that 89% of the HK-2 cells internalized both PCX and siRNA (Figure 6). 

Both experiments suggested that PCX could deliver siRNA into HK-2 cells effectively. We 

next studied the transfection activity of the polyplexes in HK-2 cells. PCX/siRNA 

polyplexes were prepared with 50 nM of p53 siRNA, and incubated with HK-2 cells for 

48 hours. At the end of incubation, cells were harvested and the mRNA level of p53 was 

evaluated by RT-PCR. As shown in Figure 7, the PCX/sip53 polyplexes downregulated 
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the expression of p53 mRNA (30%), as compared with PBS and scrambled siRNA (siScr) 

control which showed no effect. Those results confirmed that PCX/siP53 nanoparticles 

could effectively deliver functional sip53 into HK-2 cells and downregulate the mRNA 

level of p53. 
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Figure 4. CXCR4 antagonism of PCX vs. AMD3100. CXCR4 redistribution assay in U2OS 

cells expression GFP-tagged CXCR4 (green). Scale bar = 200 µm.  

 

 

 

Figure 5. Cytotoxicity of PCX and PCX/siRNA polyplexes in HK-2 cells. (A) Cytotoxicity 

of PCX in HK-2 cells. (B) Cytotoxicity of PCX/siRNA polyplexes in HK-2 cells at different 

siRNA concentrations (w/w 5). 
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Figure 6. Cellular uptake and in vitro transfection effect of PCX/siP53 in HK-2 cells. (A) 

Flow cytometry analysis of HK-2 cells treated with PCX-Cy3/siRNA-Cy5.5 for 4 h. (B) 

Confocal microscopy observation of cellular uptake of PCX-Cy3/siRNA-Cy5.5 polyplexes 

in HK-2 cells after 4 h of incubation. SiRNA = 50 nM. Scale bar, 20 μm.  
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Figure 7. Transfection effect of PCX/siP53 in HK-2 cells. Cells were treated with 

PCX/siP53 at 25nM of siP53 (w/w 5). n = 3, *p < 0.05, n.s.=no significance difference, as 

compared with PBS group. 
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2.3. Upregulation of p53 and CXCR4 in CIS injury model in vitro  

We first established the in vitro CIS-induced cell injury model in HK-2 cells. To find 

optimal conditions for cell injury, the cytotoxicity of CIS in HK-2 cells was evaluated and 

5 µM concentration selected as suitable due to its about 50% decrease in cell viability 

(Figure 8). The effect of CIS on the expression of p53 and CXCR4 was measured by qRT-

PCR (Figure 9A and B). The expression of both p53 and CXCR4 mRNA increased 

significantly with increasing CIS dose. Increased surface CXCR4 receptor expression after 

CIS injury was also confirmed by flow cytometry (Figure 9). The surface CXCR4 staining 

increased with increasing CIS incubation time from 19% positive cells at 12 h, to 32% at 24 

h, and 75% at 48 h. 

After confirming that CIS causes upregulation of both of our therapeutic targets in 

tubule cells, we next assessed the potential involvement of the CXCR4 receptors in the 

tubular cell uptake of the PCX/siRNA polyplexes using fluorescently labeled PCX (PCX-

Cy3). Cell uptake of the polyplexes in CIS-treated cells was higher than in the untreated 

cells at all tested time points (Figure 9C). The increased cell uptake may be associated with 

the overexpression of the CXCR4 receptors in the injured tubule cells. This assumption 

was confirmed by competitive binding experiment in Figure 9D, where anti- CXCR4 

antibody treatment decreased the cell uptake of the polyplexes by 24% and 29% at 2 and 

4 h post-incubation, respectively.  
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Figure 8. Selection of concentration of cisplatin used for injured cell modeling. A 

concentration of 5 µM was chosen as optimal cisplatin concentration for modeling injured 

cells used for the analysis of anti-apoptosis effect of PCX/siP53 owing to the moderate cell 

viability presented. Cisplatin was used to incubated with cells for 24 h at different 

concentration, then the cell viability was determined by CellTiter-Blue assay, and three 

experiments were repeated for each group. 
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Figure. 9. Effect of cisplatin-induced in vitro cell injury on CXCR4 and p53 expression 

and PCX/siRNA uptake in HK-2 cells. Characterization of CXCR4 (A) and p53 (B) mRNA 

expression in healthy and cisplatin-treated HK-2 cells (n = 3 , * p < 0.05, ** p < 0.01, *** p < 

0.001 vs. 0 uM group). (C) Flow cytometry analysis of cell uptake of PCX-Cy3/siRNA 

polyplexes in healthy and cisplatin treated HK-2 cells (n = 3 , * p < 0.05, *** p < 0.001, **** 

p < 0.0001 vs. cisplatin group). (D) Competitive binding assay with anti-CXCR4 antibody 
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and its effect on cell uptake of PCX-Cy3/siRNA polyplexes (n = 3 , ** p < 0.01, **** p < 

0.0001 vs. CXCR4 antibody treated group). (E) Cell surface CXCR4 expression. HK-2 cells 

were incubated with 5 μM cisplatin for 12 h, 24 h, and 48 h, then anti-CXCR4-APC were 

used to stain the cells (n = 3, **** p < 0.0001, vs. healthy group). (Continued Figure 9)  
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2.4. Attenuation of the CIS injury by PCX/sip53 polyplexes in vitro  

We next determined whether treatment with the PCX/sip53 polyplexes protects HK-

2 cells from CIS injury. The cells were treated with the PCX/sip53 polyplexes and control 

PCX/siScr polyplexes at siRNA concentration of 80 nM. Injury was then induced by 

incubation with 5 μM CIS for 20 h. As shown in Figure 10B, the PCX/sip53 treated group 

significantly increased HK-2 cell viability when compared with the siScr and untreated 

(PBS) control groups. Effect of the treatment on apoptosis was also evaluated to further 

study the protection mechanism of the PCX/sip53 polyplexes. Figure 10A shows that 

PCX/sip53 had less apoptotic nuclei and more live cells when compared with the 

untreated and PCX/siScr controls. The apoptotic cells were further quantified using 

Annexin V-FITC/PI kit (BD Biosciences). The percent of apoptotic cells in PCX/sip53 

treated group showed no significant difference with healthy control cells and even 

PCX/siScr showed decreased percent of apoptotic cells when compared with the 

untreated CIS group (Figure 10B and C). Similar effect of p53 knockdown was shown in 

a previous study [271]. Our results extend the finding by demonstrating the role of both 

p53 and CXCR4 inhibition in protecting tubule cells against injury by CIS. 
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Figure 10. Protective antiapoptotic effect of PCX/siP53 polyplexes in tubule cells in 

vitro. HK-2 cells were pretreated with PCX/siP53, PCX/siScr and PBS for 24 h and then 

treated with cisplatin for another 20 h. (A) DAPI staining for cell apoptosis determination 

(apoptotic cells indicated by arrows, scale bar = 50 µm). (B) Cell viability and percentage 

of apoptotic cells. For cell viability, n = 6, **** p < 0.0001 vs. PCX/sip53 group. For apoptosis, 

n = 3, **** p < 0.0001, ** p = 0.0075, n.s.=no significant difference, vs. healthy group. (C) 

Flow cytometry analysis of apoptosis using Annexin V-FITC staining.  
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2.5. Biodistribution of PCX/siRNA polyplexes in CIS- and IRI-AKI models 

Sufficient accumulation of therapeutic agents in their target tissues is the prerequisite 

for successful treatment. It is necessary to determine the distribution profiles of 

PCX/siRNA in vivo before investigating its therapeutic potential. We investigated how 

the PCX/siRNA polyplexes accumulate in injured kidneys using two widely accepted AKI 

models. First, intraperitoneal CIS injection was used to establish the CIS-AKI model. The 

fluorescently labeled polyplexes were injected intravenously three days after the CIS 

injection and biodistribution assessed after 4 h and 24 h [270]. Free unformulated siRNA-

Cy5.5 was used as a control. Free siRNA showed similar levels of renal accumulation in 

healthy and CIS-AKI mice. In contrast, when the siRNA was given in the form of 

PCX/siRNA polyplexes, significantly higher accumulation (up to 1.64 fold) in the injured 

kidneys was observed both at 4 h and 24 h post-injection. Similarly, renal distribution of 

fluorescently labeled PCX (PCX-Cy3) was determined. We found that both free PCX-Cy3 

and PCX-Cy3/siRNA polyplexes accumulated preferentially (up to 5.8 fold) in the injured 

kidneys than in healthy kidneys. To identify the location of both PCX and siRNA in the 

kidneys, we applied confocal microscopy to frozen kidney sections. The fluorescence 

signal from both PCX and siRNA was mostly localized in the tubule area (white arrows 

point to glomeruli), and with higher fluorescence intensity observed in the injured kidney 

sections. Importantly, both the siRNA and the PCX were found in the same tubule areas 

of the injured kidneys as suggested from the yellow color in the merged images. The co-

localization of the two fluorescence signals indicates that PCX successfully improved 
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delivery of siRNA to tubules of the injured kidneys. Overall, these results indicate 

preferential renal tubule targeting ability of PCX/siRNA in CIS-AKI model [270]. 

To validate general applicability of the CXCR4-directed polyplexes for improved 

selectivity of siRNA delivery to injured kidneys, we have used another widely used AKI 

model based on bilateral IRI (Figure 11). The polyplexes were given by intravenous 

injection and kidneys and major organs harvested for ex vivo IVIS imaging as above. 

Similar to the CIS-AKI model, we found significantly enhanced distribution of the 

polyplexes to the injured kidney when compared with the sham surgery group (Figure 

11A). After quantifying the fluorescence intensity, we found that the polyplex 

accumulation was ~ 2.1 and 3.0 times higher in the injured kidneys than in healthy ones 

at 4 h and 24 h after injection respectively. Similar to the CIS-AKI model, the frozen kidney 

sections showed that the polyplexes were mainly accumulated in the tubule area in the 

injured kidney, and the co-localization of siRNA and PCX was confirmed after merging 

the fluorescent signals of siRNA with PCX (yellow) (Figure 11B).  

  



56 

 

 

Figure 11. Effect of injury on renal accumulation of PCX/siRNA polyplexes in IRI-AKI. 

(A) Organ distribution at 4 or 24 h after intravenous injection of PCX-Cy3/siRNA-Cy5.5 

polyplexes in healthy and IRI-AKI mice and ex vivo fluorescence imaging and signal 

quantification (n = 3 (sham), n = 4 (IRI-AKI), **** p < 0.0001, ** p < 0.01 vs. healthy group. 
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(B) Representative confocal images of healthy and CIS-AKI kidney sections after 

intravenous injection of PCX-Cy3/siRNA-Cy5.5 polyplexes (nuclei – blue, siRNA – red, 

PCX – green, PCX/siRNA colocalization – yellow; arrows indicate glomeruli, scale bars, 

50 µm). (Continued Figure 11) 

  



58 

 

2.6. AKI treatment by PCX/sip53 polyplexes 

Before proceeding to testing therapeutic efficacy of the PCX/sip53 polyplexes, we 

validated the expression of our two targets in mouse models of AKI. We investigated the 

effect of renal injury on the expression of the two targets in commonly used mouse models 

of AKI, namely the CIS-AKI model and bilateral IRI-AKI model. Immunohistochemistry 

staining confirmed increased renal expression of both CXCR4 and p53 in injured kidneys 

in both AKI models. When compared with healthy mice, both AKI models showed 

increased renal expression of CXCR4 in cortex tubule cells, with positive cytoplasmic and 

plasma membrane staining (Figure 12A and C). The AKI kidneys also showed increased 

expression of p53, which was located in both cortex and medulla and found in the nucleus 

and the cytoplasm (Figure 12B, D and E). 

Having confirmed preferential renal accumulation of the PCX/siRNA polyplexes in 

AKI mouse models, the ability of PCX/sip53 to alleviate AKI was investigated using the 

CIS-AKI model. Mice were divided into four treatment groups: PCX/sip53, PCX/siScr, 

commercial CXCR4 antagonist AMD3100, and PBS. This experimental design allowed us 

to examine the role of both p53 and CXCR4 in the treatment outcomes. As shown in Figure 

13A, eight weeks male C57BL/6J mice were treated by tail vein injection on four 

consecutive days. On the second day, the animals received a single nephrotoxic dose of 

CIS (15 mg/kg) to induce AKI. After 4 days of CIS injection, blood was collected for kidney 

function analysis, mice were sacrificed, and kidneys harvested for periodic acid-Schiff 

(PAS) staining and in vivo p53 knockdown evaluation. Serum creatinine (SCr) and blood 
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urea nitrogen (BUN) are important biomarkers of kidney function [272, 273]. The levels of 

SCr and BUN in the PCX/sip53 polyplex treatment group significantly decreased when 

compared with the untreated (PBS) control group (Figure 13B and C). Treatment with the 

CXCR4-inhibiting AMD3100 and PCX/siScr also showed beneficial effects signified by a 

statistically significant decrease in SCr levels but not in BUN levels. The p53 gene silencing 

effect of the PCX/sip53 polyplexes was determined from qRT-PCR analysis of the p53 

mRNA levels (Figure 13D). Treatment with PCX/sip53 polyplexes showed nearly 50% 

silencing of the p53 mRNA expression when compared with the untreated group. The 

treatment with AMD3100 and PCX/siScr showed no significant effect on the p53 

expression.  

Histological analysis of the kidney sections was used to further examine the 

therapeutic effect of the PCX/sip53 polyplexes (Figure 13F). Untreated (PBS) CIS-AKI 

group showed significant extent of necrosis, tubule injury indicated by severe dilation, 

large areas of cast formation, presence of cytoplasmic protein droplets, loss of brush 

border, and dead epithelial cells. Although the AMD3100 and PCX/siScr groups showed 

similar injury profiles to the untreated group, thre was a significant decrease in the cast 

formation and amount of protein droplets, suggesting beneficial effects of CXCR4 

inhibition alone. As expected, the combined CXCR4 and p53 inhibition by the PCX/sip53 

polyplexes showed the least tubule injury as indicated by negligible cast formation and 

decrease in epithelial cell death. The tubule morphology in the treatment group was 

restored as evidenced by more intact brush borders and few dilated tubules. Finally, the 

histological damage score in each treatment group was determined in a blind manner by 
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a renal pathologist (Figure 13) to quantify the therapeutic effect. Overall, these findings 

show that the combined CXCR4 inhibition and p53 knockdown could restore renal 

function in the CIS-AKI model. 
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Figure 12. Immunohistochemical staining of CXCR4 (A) and p53 (B) renal expression in 

CIS-AKI and IRI-AKI mouse models, and the quantification of CXCR4 positive cells (C) 

and p53 positive cells (D, E), scale bar = 50 µm.  
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Figure 13. Treatment efficacy of PCX/sip53 polyplexes in CIS-AKI in vivo. (A) 

Experimental design and treatment plan. Treatment effect on (B) BUN, (C) serum 

creatinine (SCr), (D) renal p53 mRNA expression, and (E) histological kidney damage 

score. (F) PAS staining of kidney tissues. Renal injury is shown by cast formation 

(asterisks), dilatation of tubules (black arrowheads), and sloughing of injured cells (red 

arrowheads).  Data expressed as mean ± SD. n = 4 and 5, * p < 0.05, ** p < 0.01, *** p < 0.001, 

n.s. no significant difference vs. PBS group, scale bar = 50 µm.  
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3. DISCUSSION 

No effective pharmacological options exist for the treatment or prevention of AKI, 

contributing to the high mortality and morbidity of the disease [274]. To improve renal 

therapeutic delivery in AKI, nanomedicine approaches are being increasingly explored 

for both conventional small molecule drugs and new biologics-based therapeutics such as 

siRNA. Despite the great potential, use of siRNA is limited by degradation, ineffective 

delivery, and off-targets effects. In mice, hydrodynamic injection of large doses of free 

siRNA is a feasible option but one that cannot be translated to humans due to safety risks 

[116]. To overcome the drawbacks, siRNA can be encapsulated within polyplexes as in 

this study. We found that polyplexes greatly enhance intracellular uptake of siRNA in 

HK-2 cells. The internalization in cells injured by CIS treatment was even more efficient, 

suggesting potential for preferential accumulation in injured kidneys due to 

overexpression of CXCR4 receptor. 

In vivo biodistribution studies showed that the PCX/siRNA polyplexes have the 

ability to preferentially accumulate in the tubules of the injured kidneys, both in CIS-AKI 

and IRI-AKI models.  The favorable renal tubule targeting ability of PCX/siRNA 

polyplexes in injured kidneys may be contributed by several factors, including CXCR4-

mediated effects and pathophysiological changes that allow transport of nanosized 

polyplexes to the tubules. The structure and permeability of GFB in injured kidneys 

change significantly. Reduction in charge and size selectivity were observed after 

ischemia reperfusion, which indicated an increased formation of large pores in GFB that 
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allowed for nanoparticles to pass through (Scheme. 7) [275, 276]. There is also the 

possibility that the anionic charge of GFB may dissociate some of the polyplexes and the 

free siRNA and PCX may reassemble after the filtration. Once the intact or reassembled 

polyplexes reach the tubule area, there is increased likelihood of their interaction with the 

tubule cells that overexpress CXCR4 in response to the injury. Renal tubules are involved 

in the pathogenesis of multiple renal diseases apart from AKI. Thus, the renal tubule 

targeting ability of PCX/siRNA polyplexes in injured kidneys positions PCX as a potential 

carrier for functional siRNA delivery in AKI and other renal diseases. However, some 

limitations of the proposed mechanism of renal accumulation of PCX/siRNA should be 

noted. Early in AKI, circulating immune cells, including neutrophils and macrophages, 

rapidly infiltrate into the injured kidneys in response to the inflammatory cytokines and 

chemokines [75, 277]. Given that both neutrophils and macrophages express CXCR4, there 

is a possibility that the polyplex renal transport may be at least partially aided by the 

immune cells [278, 279]. The participation of the immune cells in the polyplex renal 

accumulation and the potential role of PCX on the immune microenvironment in the 

injured kidneys is an important aspect but one that is beyond the scope of the present 

study.  

Based on the biodistribution study, we studied the therapeutic potential of the 

polyplexes in the CIS-AKI mice model. Chemokines and chemokine receptors like CXCR4 

form a vital part of the inflammation process through chemotactic signals for leukocyte 

activation and migration [125, 140]. Several experimental studies have provided 

supportive evidence for the pivotal role of p53 in the pathogenesis of AKI [105, 113, 114, 



65 

 

117, 280]. Above, we showed simultaneous activation of both p53 and CXCR4 in the 

tubule cells after challenge with CIS (Figure 4). Our study showed that PCX based siRNA 

delivery system could significantly improve the therapeutic effect of p53 siRNA with a 

less amount of siRNA (0.6 mg/kg), which is indicated by renal function recovery, efficient 

gene knockdown, and histological damage reduction. There are several reasons related to 

this improved therapeutic effect. First, p53 siRNA was protected during systemic 

circulation by the PCX. Second, specific interaction between CXCR4 and PCX enhanced 

the uptake of PCX/sip53 in the injured renal tubule cells. And third, efficient release of 

p53 siRNA in injured renal tubule cells facilitated effective therapeutic response (Scheme. 

7). 

In summary, we developed and tested siRNA polyplexes for selective delivery to 

injured kidneys with the goal of developing a novel treatment of AKI. We have 

successfully used CXCR4-directed delivery with PCX to enhance the renal accumulation 

and deliver therapeutic siRNA to silence the expression of p53. This is the first report that 

shows the potential of combined CXCR4 inhibition with p53 gene silencing as a 

therapeutic modality in AKI.  
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4. MATERIALS AND METHODS  

4.1. Materials 

N,N′-hexamethylenebisacrylamide (HMBA) was obtained from Polysciences, Inc. 

Cyclam (1,4,8,11-tetraazacyclotetradecane) was ordered from Alfa Aesar. Dulbecco’s 

modified Eagle medium (DMEM), Dulbecco’s phosphate buffered saline (PBS), and FBS 

were from Thermo Scientific. Cell culture plates and flasks were ordered from BD 

Biosciences. Human SDF-1α was purchased from Shenandoah Biotechnology, Inc. 

Keratinocyte Serum Free Medium (K-SFM) and its supplements were ordered from Gibco. 

RPMI-1640 medium was purchased from Gibco. Pre-designed p53 siRNA was ordered 

from Sigma Aldrich. Cy5.5 labeled siRNA (siRNA-Cy5.5) were from Dharmacon. Real-

time PCR (RT-PCR) primers were ordered from Invitrogen. CXCR4 antibody was ordered 

from Boster Biological Technology. p53 antibody was ordered from Santa Cruz 

Biotechnology, Inc. All other reagents were from Fisher Scientific and used as received 

unless otherwise noted.  

4.2. Formulation and characterization of PCX/siRNA polyplexes 

Electrophoresis in a 2% agarose gel containing 0.5 ug/mL of ethidium bromide was 

used to determine the siRNA condensation ability of PCX. Polylexes were prepared by 

mixing predetermined equal volume of PCX and siRNA solution in 20uM HEPES buffer 

to achieve the desired w/w ratio. After being vigorously vortexed for 10 s and incubated 

in room temperature for 30 min, 20 ul of polyplexes prepared at different PCX-to-siRNA 

weight ratios (0, 0.5, 1, 2, 5, 10) were loaded (containing 0.5 μg of siRNA) and run for 15 
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min at 110 V in 0.5 × Tris/Borate/EDTA buffer. A KODAK Gel Logic 100 imaging system 

were used to visualize the gel under UV illumination. In a heparin displacement assay, 

the polyplexes were prepared at a w/w ratio of 5 and incubated with increasing 

concentrations of heparin for 30 min at room temperature. Then 20 ul of each samples 

were analyzed by agarose gel electrophoresis. Dynamic light scattering (DLS) using a 

ZEN3600 Zetasizer Nano-ZS was used to determine the hydrodynamic size and zeta 

potential of the polyplexes. 

4.3. Cell culture 

Human renal tubular cells (HK-2) were grown in Keratinocyte Serum Free Medium 

(K-SFM) suspended with 0.05 mg/ml of bovine pituitary extract (BPE) and 5 ng/ml of 

human recombinant epidermal growth factor (EGF). Mouse cortical tubule cells (MCT) 

were grown in RPMI-1640 supplemented with 10% FBS, penicillin (100 U/mL), 

streptomycin (100 μg/mL). Human epithelial osteosarcoma U2OS cells stably expressing 

functional EGFP-CXCR4 fusion protein were purchased from Fisher Scientific and were 

cultured in DMEM supplemented with 2 × 10−3 M L-glutamine, penicillin (100 U/mL), 

streptomycin (100 μg/mL), G418 (0.5 mg/mL), and 10% FBS. All cells were maintained in 

an incubator at 37 °C and 5% CO2. 

4.4. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

HK-2 cells were seed in 6-well plates (2 × 105 cells/well). After 24 hours, the cells were 

treated with different treatments (different concentrations of CIS for 24 h, PCX/sip53 at 

the concentration of 25nM sip53 for 48 h). Total RNA from cells or kidney tissues was 
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extracted using the TRIzol reagent (Invitrogen, USA). The QuantiTect reverse 

transcription kit (Qiagen) was used to reverse-transcribe total RNA (0.5μg) to cDNA. The 

relative level of mRNA was quantified by RT-PCR with QuantiFast SYBR Green PCR kit 

(Qiagen) on a Rotor-Gene Q (Qiagen). The following siRNAs were used: human p53 

siRNA (sense: 5’-GAGGUUGGCUCUGACUGUA-3’; anti-sense: 5’-

UACAGUCAGAGCCAACCUC-3’), mice p53 siRNA (sense: 5’-

CCACUACAAGUACAUGUGU-3’; anti-sense: 5’-ACACAUGUACUUGUAGUGG-3’), 

scramble siRNA (Sense: 5’-AUGAACGUGAAUUGCUCAAUU-3’; anti-sense: 5’-

UUGAGCAAUUCACGUUCAUUU-3’).The following primers were used: human p53 

(forward 5’-ACCTATGGAAACTACTTCCTG-3’; reverse, 5’-

ACCATTGTTCAATATCGTCC-3’), mice p53 (forward 5’-

TAGGTAGCGACTACAGTTAG-3’; reverse, 5’-GGATATCTTCTGGAGGAAGTAG-3’), 

human CXCR4 (forward 5’-AACTTCAGTTTGTTGGCTG-3’; reverse, 5’-

GTGTATATACTGATCCCCTCC-3’), mice CXCR4 (forward 5’-

AGGTAGCAGTGAAACCTC-3’; reverse, 5’-ATACTCACACTGATCGGTTC-3’), human 

GAPDH (forward 5’-ACAGTTGCCATGTAGACC-3’; reverse, 5’-

TTGAGCACAGGGTACTTTA-3’), and mice GAPDH (forward 5’-

CAATGACCCCTTCATTGACC-3’; reverse, 5’-GATCTCGCTCCTGGAAGATG-3’). The 

Ct values were used to calculate the relative levels of mRNA.  
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4.5. CXCR4 Antagonism Assay 

The CXCR4 antagonism efficacy of PCX was determined by CXCR4 redistribution 

assay. U2OS cells with the EGFP-CXCR4 fusion protein were seeded in black 96-well 

microplates for 24 hours. Then, assay buffer was used to wash the cells for 3 times before 

treatment, then cells were treated with tested compounds for 30 min. SDF1 was added for 

another 1 h incubation. Cells were fixed and visualized under EVOS xl microscopy by 

using the GFP channel.  

4.6. Analysis of CXCR4 Expression on Cell Surface 

After the treatment of CIS, allophycocyanin (APC) labeled CXCR4 antibody (BD 

Biosciences, CA) was used to incubate with cells for 1 h at 4 °C. The isotype-matched 

antibody was used to assess the background fluorescence. Cells were subjected to analysis 

using a FACS Calibur (BD Bioscience, Bedford, MA) and the results were analyzed by 

FlowJo software (Tree Star Inc., OR). 

4.7. Animal models 

C57BL/6J male mice were ordered from Jackson Laboratories. Animal experiment 

protocols have been approved by the University of Nebraska Medical Center Institutional 

Animal Care and Use Committee. The cisplatin-induced AKI model (CIS-AKI) was 

established after 3 days of intraperitoneal injection of 15 mg/kg of cisplatin to mice. The 

ischemia-reperfusion induced AKI model (IRI-AKI) was established as previously 

reported [57]. Briefly, mice were anesthetized by intraperitoneal administration of 

ketamine (15 mg/kg) and xylazine (5 mg/kg). Renal ischemia was induced by clamping of 
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the bilateral renal pedicles. During the ischemic period, mice body temperature was 

maintained by placing the mice on a 37 °C heating table. After 30 min of clamping, both 

clamps were released for reperfusion.  

4.8. Biodistribution of polyplexes 

Eight-week old male C57BL/6J mice were injected intravenously with 200 ul of 

fluorescently labeled siRNA-Cy5.5, PCX-Cy3, and PCX-Cy3/siRNA-Cy5.5 polyplexes (3 

mg/kg PCX-Cy3, 0.6 mg/kg siRNA-Cy5.5). Mice were sacrificed at 4 and 24 h post injection, 

and imaged using a Xenogen IVIS 200. Kidneys and major organs were harvested for ex 

vivo fluorescence imaging. The fluorescence signals from each organs were analyzed by 

using the instrument software. To observe the locations of PCX and siRNA in the kidneys, 

an OCT compound was used to embed the kidney tissues. The final frozen tissue blocks 

were cut into 10 μm sections, stained with DAPI, and observed using a confocal 

microscopy.  

4.9. Statistical Analysis 

Results are presented as mean ± standard deviation. The differences among multiple 

groups analyzed by ANOVA and followed by Tukey’s multiple comparison test. The 

statistical significance between the two groups were analyzed by using student’s t test. A 

minimal level of significance was considered as P < 0.05. GraphPad Prism 8 was used to 

perform all statistical analyses. 
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Chapter 3. Modified chitosan for effective renal delivery of siRNA to treat acute 

kidney injury 

1. Introduction 

Acute kidney injury (AKI) is a complex syndrome characterized by an abrupt 

reduction in kidney function that manifests by an increase in serum creatinine and a 

decrease in urine output [281]. AKI has become a significant clinical problem and health 

care burden with rapidly increasing healthcare costs. Currently there is no effective 

pharmacological treatment available for AKI [282, 283]. Renal ischemia-reperfusion injury 

(IRI) associated with major surgery is a leading cause of AKI, with patients having 50-80 % 

chance of developing AKI [284, 285]. The pathogenesis of IRI-AKI is complicated and 

involved multiple mechanisms, including tubule cells apoptosis/necrosis, oxidative stress, 

and vasculature damage [286-290]. A well-known tumor suppressor p53 has been shown 

to have a pivotal role in the pathogenesis of AKI and renal repair after AKI [229]. 

Upregulation of p53 in tubule cells is a key component of cell response to cellular stress 

like DNA damage, hypoxia, and reactive oxygen species (ROS) [291]. Upregulation of p53 

in renal medulla tubules is observed within 24 h of IRI. The administration of guanosine 

or pifithrin-alpha could prevent tubule apoptosis and restore renal function [243]. 

Intravenous injection of synthetic siRNA targeted to p53 (sip53) protected proximal tubule 

cells (PTCs) and restored the renal function [238]. Furthermore, specific deletion of the 

p53 gene from renal PTCs protected kidneys against IRI [239, 240]. Treatment with 
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mesenchymal stem cells-derived exosome (MSC-exos) ameliorated kidney injury due to 

the repression effect of miR-125b-5p to p53 [292].  

Inflammation is another important pathophysiological component of IRI-AKI. As a 

response to renal IRI and nephrotoxicity, elevated cytokines and chemokines create a pro-

inflammatory microenvironment [217]. Renal expression of a chemokine receptor CXCR4 

and its ligand stromal cell-derived factor (SDF-1) are greatly increased in AKI [223]. 

CXCR4/SDF-1 axis is involved in recirculation and hematopoiesis of leucocytes, which are 

the key cellular mediators of renal injury [293-295]. CXCR4 is also expressed on 

hematopoietic stem cells (HSCs) and endothelial progenitor cells (EPCs). The renal 

protective effect of both cells has been shown in preclinical rodent AKI models [296-298]. 

Disrupting of CXCR4/SDF-1 interactions by a CXCR4 antagonist mobilizes HSCs from the 

bone marrow to peripheral circulation [299], which results in the attenuation of renal 

immune response followed by improvement in the course of AKI [227, 228]. Hence, the 

inhibition of CXCR4/SDF-1 interaction is a potential strategy to treat AKI, either by the 

local anti-inflammatory effect or by the systematic stem cell mobilization mechanism. 

Previous reports showed that sip53 is a potential therapy for AKI. However, the poor 

stability, large size and strong negative charge make naked siRNA hard to cross the cell 

membrane and to traffic to its site of action in cytoplasm. Hence, a large dose (12 mg/kg) 

was required to achieve the desired therapeutic potency [238], which may potentially 

activate the innate immune system [245]. Thus, there is a need for the development of 

injured kidney-specific targeted delivery system to improve the siRNA intracellular 
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delivery, to overcome the off-target and stability challenges, and to minimizing the 

required siRNA doses. Several approaches for kidney targeted siRNA delivery have been 

reported to improve the renal distribution and specific cell delivery [256, 257]. Regardless 

of other delivery systems, the polycationic carriers showed strong potential for AKI 

treatment. Chitosan is one of the promising carriers for renal drug and gene delivery. 

Chitosan/siRNA nanoparticles showed good therapeutic potential in unilateral ureteral 

obstruction AKI [251]. The megalin-mediated specific uptake of chitosan/siRNA in mouse 

proximal tubule cells allowed successful gene silencing [300]. A recently developed 

chitosan-based delivery system showed specific renal targeting and exhibited a great 

therapeutic potential in IRI-AKI [301]. Motivated by the favorable properties of chitosan 

for renal delivery, we have chosen chitosan as a parent polymer for our study. 

Modification of chitosan with CXCR4 antagonists/targeting moieties can further 

strengthen our delivery system in two specific ways. It can increase the cellular uptake to 

injured tubule cells by the combined effect of CXCR4 receptos, and it can attenuate AKI 

by inhibiting the CXCR4 [258, 302, 303].  

We designed and synthesized a cyclam modified chitosan (C-CS) as a new class of 

cationic polymer for targeted delivery of sip53 to the tubule cells of injured kidneys 

(Scheme. 8). Biocompatibility of C-CS and C-CS/siRNA polyplexes were measured in 

human renal tubule cells HK-2. The biodistribution in AKI was examined by using IVIS 

imaging system. Pharmacokinetics of C-CS/siRNA was evaluated in sham and IRI-AKI 

mice. The therapeutic potential of C-CS/sip53 was evaluated in the IRI-AKI mouse model.  
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Scheme. 8. Chemical structure of cyclam-modified chitosan (C-CS) and the schematic 

illustration showing the distribution and therapeutic potential of C-CS/siRNA in IRI-

AKI mice. After intravenously administration, C-CS/siRNA polyplexes goes through 

renal filtration from renal artery. In healthy kidneys, few C-CS/siRNA could be 

transported to tubule areas due to the intact structure of GFB. However, the impaired 

structure of GFB in injured kidneys enhances the permeability of C-CS/siRNA from 

glomeruli to tubules. Specifically expressed CXCR4 receptors on injured tubule cells 

would enhance the internalization of C-CS/siRNA. The upregulation of p53 in kidney 

tubule cells is associate with AKI, therefor, the released p53 siRNA from C-CS/siRNA 

polyplexes after endocytosis, could downregulate p53 expression and attenuate AKI 

condition. 
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2. Results and discussion 

2.1. Synthesis of α-cyclam-p-toluic acid conjugated chitosan (C-CS) 

CS is a copolymer of N-acetyl glucosamine (GlcNAc) and D-glucosamine (Glc) with 

a well-known renal targeting ability [196]. Aqueous solubility of CS has been a challenge 

for its delivery application. The solubility can be improved by increasing the degree of 

GlcNAc deacetylation [304]. Increasing the fraction of Glc units in CS can increase not only 

the solubility but also its gene condensation ability. Hence, here we have completely 

deacetylated the commercially available CS by NaOH under reflux condition [305]. 

Percent of deacetylation was calculated from the NMR spectrum (Figure 14) as 99%.  

To further strengthen the renal targeting propensity, we have conjugated the 

deacetylated CS with a CXCR4-targeting moiety α-cyclam-p-toluic acid (CPTA) (Figure 

19A) [306, 307]. CPTA was synthesized by bromo-alkylation of α-bromo-p-toluic acid 

with cyclam in the presence of LiOH. 1H NMR spectrum of CPTA showed signals at 8.05 

(-CH-; d) and 7.55 (-CH-; e) which were assigned to the aromatic protons of the toluic acid 

(Figure 15). The spectrum also showed benzylic proton signals at 4.26 (-CH2-N; c) along 

with the methylene proton signals of the cyclam moiety at 3.44-3.11 (-CH2-NH-, and-CH2-

N-; b), and 2.08 ppm (-CH2-CH2-NH; a). Synthesis of CPTA was further supported by the 

appearance of mass spectrum peak at m/z 335.24 corresponds to the exact mass of CPTA-

H+ (Figure 16).  

CPTA was conjugated to CS by coupling with the amine group of deacetylated CS 

followed by dialysis to remove the low molecular weight unreacted impurity and finally 



76 

 

yield the desired CS derivative (C-CS) (Figure 19A). The 1H NMR spectrum of C-CS 

showed aromatic proton signals at 7.80 (-CH-; b) and 7.38 (-CH-; a) along with the 

appearance of CS protons between 4.00 to 3.32 ppm (Figure 17). The signals between 3.28 

to 2.67 ppm were assigned to the methylene protons of the cyclam moiety. Coexistence of 

NMR signals corresponding to the aromatic protons, CS-backbone and cyclam protons 

suggested the conjugation of CPTA on the backbone of CS. Subsequently, SEC trace 

(Figure 18) of C-CS displayed a shifting towards lower elution volume (with respect to 

CS) which revealed an increase of molecular weight from 56.7 (dispersity, Đ =1.91) to 72.3 

kDa with dispersity Đ = 1.97. The increased molecular weight of C-CS (in comparison with 

CS) along with the coexistence of NMR signals (Figure 17) corresponding to cyclam and 

CS protons confirmed the successful synthesis of C-CS. The amount of CPTA conjugated 

to CS was calculated as 7.9 mol% of the Glc unit as determined from the NMR peak 

integrations. Both the CS and C-CS were tagged with a fluorescent dye Cy3 (0.7 wt%.)   
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Figure 14. 1H NMR spectrum of deacetylated chitosan (CS) in D2O, 25°C. 

 

 

 

 

Figure 15. 1H NMR spectrum of CPTA in D2O, 25°C. 
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Figure 16. Mass spectroscopy of CPTA in D2O, 25°C 

 

 

 

Figure 17. 1H NMR spectrum of CPTA conjugated chitosan (C-CS) in D2O, 25°C  
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Figure 18. Size exclusion chromatography of deacetylated chitosan (CS) and CPTA 

conjugated chitosan (C-CS) in acetate buffer (pH 5) at 25 °C.    



80 

 

2.2. Formulation and characterization of polyplexes 

The ability of C-CS and CS to bind siRNA was studied by gel retardation and SYBR-

safe assays. Polyplexes were prepared by mixing polymer solutions with siRNA solution 

at increasing polymer/siRNA (w/w) ratios. In the gel retardation assay, partial retardation 

of siRNA movement was observed at w/w ratios of 0.5 and 1, as indicated by the siRNA 

smear. Both C-CS and CS fully complexed siRNA at and above w/w ratios of 2 (Figure 

19B). In the SYBR-safe assay, the fraction of SYBR-safe stained free siRNA at different w/w 

ratios was quantified by a plate reader (excitation = 502 nm and emission = 530 nm), the 

result also showed the fully condensation of siRNA starting from w/w ratio of 2 (Figure 

19C).  

The hydrodynamic size and zeta potential of the CS and C-CS polyplexes at w/w 

ratios 2-12 were measured by dynamic light scattering (DLS) (Figure 20A, B, C). 

Polyplexes prepared at w/w ratio of 2 showed large particle size (>1000 nm) and lower 

positive zeta potential (< 5mV). As expected, the increase of polymer amount resulted in 

the formation of smaller sized particles with higher zeta potential. In particular, the w/w 

ratio of 8 gave the smallest unimodal size distribution for both C-CS/siRNA (~130 nm) 

and CS/siRNA (~200 nm) and with a PDI around 0.2. The zeta potential for both 

polyplexes was around 15 mV (Figure 19F). In comparison with CS, C-CS formed smaller 

sized particles. In TEM, the C-CS/siRNA polyplexes appeared as a spherically shaped 

nanoparticles with an average size ~110 nm that agreed well with the DLS results (Figure 

19E). 
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We next measured the siRNA release from the polyplexes in a heparin displacement 

assay. The agarose gel results indicating that all polyplexes prepared at w/w ratios of 2-

10 showed siRNA releasing with the heparin concentration increasing. Polyplexes 

prepared at higher w/w ratios required higher heparin concentrations to start siRNA 

release, for example 20 ug/ml of heparin for polyplexes prepared at w/w 2 and 100 ug/ml 

of heparin for polyplexes prepared at w/w 8. (Figure 20D). The percent of released siRNA 

were then quantified by SYBR-safe assay (Figure 20E), the results indicated that 

polyplexes prepared at higher w/w ratios showed less released siRNA at each 

concentrations of heparin.  

Poor stability of polyplexes in the presence of serum may limit its in vivo applications 

as unstable delivery carriers might release drugs or genes by dissociation of polyplexes in 

the blood stream. The polyplexes were prepared at w/w 8 and incubated with 50% FBS 

for designated times, and the remaining encapsulated siRNA in polyplexes were released 

by using 400 ug/ml heparin and analyzed by gel electrophoresis. In comparison with free 

siRNA and CS/siRNA, C-CS/siRNA can protect the siRNA for at least 18 hours as 

indicating by the signal of SYBR-safe stained siRNA coming out from the wells, however 

CS/siRNA only can protect siRNA for around 6 hours (Figure 19G). This difference might 

indicate the CPTA modification could improve the siRNA protection ability of CS, which 

would be beneficial for in vivo applications.  
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Figure 19. Characterization of C-CS/siRNA and CS/siRNA polyplexes. (A) Schematic 

presentation of the synthesis of cyclam (CPTA) modified chitosan (deacetylated) (C-CS). 

The coupling agents CDMT represents 2-Chloro-4,6-dimethoxy-1,3,5-triazine and NMM 

represents N-methylmorpholine. (B, C) siRNA condensation by C-CS and CS in 10 mM 

HEPES buffer (pH 7.4) using agarose gel electrophoresis and SYBR safe assay. (D) 

Representative hydrodynamic size distribution of C-CS/siRNA (w/w 8) polyplexes from 

DLS (n = 3). (E) Representative TEM image of C-CS/siRNA polyplexes (w/w8), scale bar = 

500 nm. (F) Representative zeta potential of C-CS/siRNA polyplexes (w/w8) (n = 3). (G) 

siRNA stability study from C-CS/siRNA and CS/siRNA polyplexes (w/w8) in 50% FBS. 
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Figure 20. Characterization of C-CS/siRNA and CS/siRNA polyplexes. (A) Schematic 

presentation of the synthesis of cyclam (CPTA) modified chitosan (deacetylated) (C-CS). 

The coupling agents CDMT represents 2-Chloro-4,6-dimethoxy-1,3,5-triazine and NMM 

represents N-methylmorpholine. (B, C) siRNA condensation by C-CS and CS in 10 mM 

HEPES buffer (pH 7.4) using agarose gel electrophoresis and SYBR safe assay. (D) 

Representative hydrodynamic size distribution of C-CS/siRNA (w/w 8) polyplexes from 

DLS (n = 3). (E) Representative TEM image of C-CS/siRNA polyplexes (w/w8), scale bar = 

500 nm. (F) Representative zeta potential of C-CS/siRNA polyplexes (w/w8) (n = 3). (G) 

siRNA stability study from C-CS/siRNA and CS/siRNA polyplexes (w/w8) in 50% FBS. 
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2.3. Cell compatibility and CXCR4 binding of the polyplexes  

Cellular cytotoxicity was determined in human renal tubule cells (HK-2). The cells 

were incubated with increasing concentrations of free polymers for 24 h, then cell viability 

was measured by CellTiterBlue (CTB) assay and IC50 values were calculated as 42.1 µg/ml 

for C-CS (Figure 21B). Higher zeta potential of polycations usually associate with higher 

cellular toxicity [308]. And after C-CS/siRNA polyplexes formation, a part of the positive 

charge of polycations is neutralized by negative charged siRNA, which may decrease its 

cellular toxicity compared with the same amount of free polycation. Thus, the cellular 

toxicities of C-CS/siRNA polyplexes and free polymers were studied in HK-2 cells. As 

expected, starting from 50 nM siRNA onwards, polyplexes showed significantly higher 

cell viability than free C-CS (Figure 21C). Moreover, cells were treated with C-CS/siRNA 

and CS/siRNA (w/w 2, 5, 8, and 10) at 100 nM of p53 siRNA (sip53) and negative control 

siRNA (siNC) showed >85% cell viability at a w/w ratio up to 10 (Figure 21D). Those 

results indicating that C-CS/siRNA was safe for further biological studies. 

Given the potential of CPTA conjugation could introduce the delivery systems with 

CXCR4 antagonism [264, 309, 310], we next performed a CXCR4 redistribution assay in 

human bone osteosarcoma epithelial cells (U2OS) to study the CXCR4 antagonism of C-

CS as described in the methods part. As shown in Figure 22, C-CS and Cy3 labeled C-CS 

(C-CS-Cy3) treated group could block the internalization of cell surface CXCR4 receptors 

as AMD3100 treated group, indicating excellent CXCR4 antagonism of both C-CS and C-

CS-Cy3. However, the same concentration of CS was unable to show any CXCR4 
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antagonism. The half maximal effective concentration (EC50) of tested compounds were 

then measured by using a plate reader to quantify the cellular GFP fluorescence intensity 

(Figure 23A). C-CS-Cy3 (7.4 ug/ml) had a slightly higher EC50 value than C-CS (5.5 ug/ml), 

indicating that the introduction of Cy3 on C-CS interfered with CXCR4 binding at some 

extend, this might because some of the fluorophores were conjugated directly to the 

cyclam moieties and blocked the binding of C-CS to CXCR4 receptors. Moreover, both 

EC50 values were much lower than their IC50 (Figure 21A), 

This CXCR4 redistribution study indicating the great binding affinity of C-CS to 

CXCR4 receptors, and this might increase the chance for C-CS/siRNA endocytosis. We 

next performed cellular uptake study of C-CS/siRNA in U2OS cells to prove this 

hypothesis. Fluorescently labeled polyplexes were prepared with 50 nM siRNA at w/w 

ratios of 2, 5, 8 and 10, and incubated with U2OS cells for 3 h. As shown in Figure 24A, 

compared with free siRNA, both C-CS/siRNA and CS/siRNA treated cells showed >90% 

positive, indicating C-CS and CS improved the cellular uptake of siRNA. However, after 

quantification, C-CS/siRNA showed significantly higher cellular uptake than CS/siRNA 

at w/w ratios of 5, 8, and 10 (Figure 23B). The significantly higher cellular uptake of C-

CS/siRNA in U2OS cells may be associated with the specific binding between cell surface 

CXCR4 receptors and CPTA moiety of C-CS. To further prove it, anti-CXCR4 antibody 

was used to block cell surface CXCR4 receptors. As shown in Figure 23C, after CXCR4 

blocking, the cellular uptake of C-CS/siRNA was significantly decreased at 30 min, 1 h, 

and 2 h of incubation when compared with cells with no anti-CXCR4 antibody 

pretreatment. This might because the CXCR4 receptors intronization induced by anti-
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CXCR4 antibodies reduced the amount of cell surface CXCR4 receptors [311], which gave 

less chance for the binding of C-CS/siRNA to the cells. This result was further confirmed 

by using confocal microscopy, fluorescence images showed that with the pretreatment of 

anti-CXCR4, the uptake of C-CS/siRNA was decreased as indicated by the less 

fluorescence intensity of siRNA-Cy5.5 (green) and C-CS-Cy3 (red) when compared with 

no anti-CXCR4 pretreated group (Figure 23D). Those studies indicated the specific 

binding between CXCR4 receptors and C-CS played a role in the enhanced endocytosis of 

C-CS/siRNA in U2OS cells. It worth to note that as a CXCR4 antagonism (Figure 23A), C-

CS may would not induce the endocytosis of CXCR4 receptors. However, our study 

showed the improved cellular uptake of C-CS/siRNA, this might because the specific 

binding between CXCR4 and C-CS increased the chance for C-CS/siRNA to attach to cell 

membrane, which at the same time increased the chance for the endocytosis of polyplexes. 

Similar enhanced endocytosis were also been reported for other AMD3100 modified 

formulations in other CXCR4 expressed cell lines, like the PLGA nanoparticles [312, 313], 

lipoplexes and polyplexes [314]. 
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Figure 21. Cytotoxicity of CN, CC and CC/siRNA in U2OS and HK-2 cells. (A, B) 

Cellular toxicity of C-CS and CS in U2OS and HK-2 cells. (C) Cellular toxicity of CS/siRNA 

and C-CS/siRNA polyplexes in HK-2 cells. Polyplexes were prepared at w/w ratios of 2, 

5, 8 and 10 at the siRNA concentration of 100nM. (D) Cellular toxicity of C-CS/siRNA 

(w/w 8) in HK-2 cells. Polyplexes were prepared at different concentrations of siRNA. All 

data are shown as n = 3, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ns = no significance difference. 
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Figure 22. CXCR4 antagonism of CC vs. AMD3100. CXCR4 receptor redistribution assay 

in U2OS cells expression GFP-tagged CXCR4 (green). AMD3100 (300 nM), C-CS and C-

CS-Cy3 (10 µg/ml), CS (10 ug/ml). Scale bar = 100 µm. 
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Figure 23. CXCR4 antagonism of C-CS vs. AMD3100 and CXCR4-associated 

endocytosis in vitro. (A) EC50 values of CXCR4 antagonism determined from receptor 

redistribution in U2OS cells (n = 3). (B) Flow cytometry assay to determine the cellular 

uptake of CS/siRNA-Cy5.5 and C-CS/siRNA-Cy5.5 in U2OS cells. Polyplexes were 

prepared at w/w ratios of 2, 5, 8, and 10 at the concentration of 50 nM of siRNA-Cy5.5 (n 

= 3). (C)  Flow cytometry assay for the cellular uptake of C-CS/siRNA-Cy5.5 (w/w 8, 50 

nM of siRNA-Cy5.5) in U2OS cells. The cells were pretreated with 10 µg/ml of CXCR4 

antibody or equal amount of PBS, after washing with PBS, cells were incubated with 

polyplexes for 30 min, 1h, and 2h, then the uptake amount of polyplexes were determined 
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by flow cytometry (n = 3). (D) Representative confocal images from C-CS-Cy3/siRNA-

Cy5.5 treated U2OS cells. The cells were pretreated with 10 µg/ml CXCR4 antibody or 

equal amount PBS for 30 min, after washed with PBS, further incubated with C-CS-

Cy3/siRNA-Cy5.5 at the concentration of 50nM siRNA for another 4 hours, then 

visualized the uptake under a confocal microscopy. Scale bar = 50 µm. ∗P < 0.05, ∗∗∗∗P < 

0.0001, ns = no significance difference. (Continued Figure 23) 

 

 

Figure 24. Cellular uptake of CC/siRNA and CS/siRNA in U2OS and HK-2 cells. (A, B) 

C-CS and CS enhanced siRNA uptake in U2OS (A) and HK-2 (B) cells. Polymers were 

labeled with Cy3 and siRNA were labeled with Cy5.5, cells were treated at 50nM of siRNA 

(w/w 8). Compared with free siRNA treated group, C-CS/siRNA and CS/siRNA treated 

cells showed over 90% cells were positive with Cy3 and Cy5.5.  

 



91 

 

2.4. Anti-apoptosis effects of C-CS/sip53 in vitro   

The upregulation of renal CXCR4 in tubule cells has been reported from an ischemia-

reperfusion induced AKI mice model [223], however, it hasn’t been reported in vitro. Here, 

we used 5 µM cisplatin and 500 µM H2O2 as cell stressors. As shown in Figure 25B and 

C, treatment with cisplatin and H2O2, caused HK-2 cells to overexpress CXCR4. Moreover, 

with the longer times under stress, more CXCR4 were expressed. Confocal microscopy 

was used to visualize the expression of CXCR4 receptors. As shown in Figure 25A, CXCR4 

(red) was specifically expressed on H2O2 and cisplatin stimulated cells surface while 

normal cells didn’t show any CXCR4 expression. After confirming the CXCR4 expression 

on injured cells surface, we next performed cellular uptake experiment to determine if the 

expressed CXCR4 on HK-2 cells would enhance uptake of C-CS/siRNA like in U2OS cells.  

As shown in Figure 26, the siRNA (green) and C-CS (red) showed similar uptake in 

normal cells and in stimulated cells with anti-CXCR4 antibody pretreatment. However, 

for the stimulated cells without anti-CXCR4 antibody pretreatment showed higher siRNA 

and C-CS uptake. This result was consistent with the results from U2OS cells, which 

further confirmed the specific binding between C-CS and CXCR4 could enhance the 

endocytosis of C-CS/siRNA. Hence, it has been demonstrated that the use of CPTA as a 

potential CXCR4 binding moiety can specifically enhance the delivery of therapeutic 

siRNA in injured tubule cells. 

As a well-known tumor suppress gene, p53 is markedly up-regulated when tubule 

cells are under stress and it plays an essential role in apoptosis induction after cell injury 
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[315].  As shown in Figure 25D, the Western blot results obtained in our study showed 

that the H2O2 and cisplatin stimulation significantly up-regulated the levels of p53 in HK-

2 cells, which is consistent with previous report [316, 317]. Similar to the protein levels, 

the mRNA levels of CXCR4 and p53 were significantly increased after stimulation (Figure 

25E and F). In vitro studies showed evidence that chemical or genetic inhibition of p53 

protects renal tubule cells against cisplatin induced injury [121, 271, 318]. Polyplexes were 

prepared with 50 nM of p53 siRNA or negative control siRNA and incubated with HK-2 

cells for 36 h. As shown in Figure 25G, C-CS/sip53 significantly downregulated around 

70% of p53 mRNA as compared with untreated and C-CS/siNC control groups. 

Encouraged by the excellent transfection effect of C-CS/sip53 in HK-2 cells, we next 

studied its anti-apoptosis effect in vitro. HK-2 cells were pretreated with C-CS/sip53, C-

CS/siNC, and PBS for 12 hours, after being stimulated with 5 uM of cisplatin for additional 

20 hours, the apoptotic cells were quantified by using an Annexin V-FITC/PI apoptosis 

detection kit. The number of apoptotic cells in C-CS/sip53 treated group was significantly 

lower as compared with PBS and C-CS/siNC treated groups (Figure 25H and I), 

suggesting that silencing of p53 could relief cisplatin-induced apoptosis.  
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Figure 25. Upregulation of CXCR4, p53, and relief of apoptosis in vitro. (A) 

Representative confocal images of injured HK-2 cells surface CXCR4 expression. The cells 

were previously stimulated with H2O2 (500 µM) for 6 hours or cisplatin (5 µM) for 24 

hours, then cells were incubated with APC labeled CXCR4 primary antibody at a 

concentration of 10 µg/ml for half hours, after wash with 3 times of PBS, the expression of 

CXCR4 was visualized under a confocal microscopy. Nuclei were stained with DAPI 

showing as blue and the expressed CXCR4 receptors were showing as red. Scale bars = 20 

µm. (B, C) Determination of HK-2 cells surface CXCR4 expression by flow cytometry 
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assay in normal condition and H2O2 or cisplatin stimulated condition. (D) Western 

blotting analysis of p53 expression using lysates from healthy and H2O2 or cisplatin 

stimulated HK-2 cells. (E) Levels of p53 mRNA in HK-2 cells after stimulated by 5 µM of 

cisplatin for different time points. (F) Levels of CXCR4 mRNA in HK-2 cells after 

challenged with cisplatin for 6h, 12h, 24h and 36h. (G) Levels of p53 mRNA level in HK-2 

cells after being treated with C-CS/siRNA nanoparticles (50 nM siRNA) for 48 hours. (H) 

The mean percentage of apoptotic cells in (I). (I) Flow cytometry-based apoptosis assay by 

the Annexin V-FITC Apoptosis Kit. Data are shown as n = 3, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 

0.001, ∗∗∗∗P < 0.0001, ns = no significance difference, as compared with untreated or 

healthy group. (Continued Figure 25) 
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Figure 26. Representative confocal images of HK-2 cellular uptake of C-CS-Cy3/siRNA-

Cy5.5 under normal and H2O2 induced injured conditions. The injured cells were 

pretreated with 5 µg/ml CXCR4 antibody or PBS for 30 min before further incubate with 

fluorescence labeled CC/siRNA polyplexes, then the uptake of C-CS/siRNA was 

visualized under a confocal microscopy. Scale bar = 50 µm. 
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2.5. Blood clearance kinetics of C-CS/siRNA  

Intravital microscopy can be used to monitor the blood circulation of polyplexes and 

provide a more convenient way to discern the different pharmacokinetic parameters of 

nanoparticles in different animal models [319-322]. The blood circulation of C-CS/siRNA 

was studied in both normal (sham) and IRI-AKI mice by measuring changes in the 

fluorescence intensity of the polyplexes in an ear vein continuously imaged by intravital 

microscopy for 30 min [323]. Our results showed different pharmacokinetic properties in 

sham and AKI mice (Figure 27). As shown in Table 2, the area under the curve for C-

CS/siRNA in sham was roughly three times higher than in AKI mice. Average circulation 

half-life of C-CS/siRNA in sham and AKI mice were 1.7 and 1.3 h, respectively.  Those 

results indicating the quicker systemic clearance of C-CS/siRNA in AKI mice when 

compared with sham mice, and it might be because of the difference in renal structure of 

GFM between healthy and injured kidneys. Previous studies showed significant changes 

in the glomerular filtration membrane (GFM) structure and permeability in IRI-AKI mice 

during the initial injury phase. The injured GFM usually characterized by the enlarged 

fenestration of endothelium, enlarged gaps between podocytes, fewer crosslinks in GBM, 

enlarged gaps of endothelium, and fewer negative charges [4]. These changes induce large 

pores in GFM and can allow nanoparticles to freely pass through [252, 324-326]. However, 

the intact GFM in healthy kidneys gives nanoparticles less chance to pass through and the 

rest of them will join the systemic circulation again [4]. In addition, in the IRI-AKI stage, 

kidney loss their size and charge selectivity, which may further increase the chances of C-
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CS/siRNA to reach to tubule areas and prolong its accumulation in the injured tubule cells 

through CXCR4 receptor binding and finally enhance its endocytosis (Scheme 8). 

 

Figure 27. Pharmacokinetics of C-CS-Cy3/siRNA polyplexes in sham and IRI-AKI mice. 

(A, B) A panel of intravital microscopy images of mouse ear vein for visualization of 

pharmacokinetic differences of C-CS/siRNA in IRI-AKI (A) and sham (B) mice. (C, D) 

Quantified average intravascular fluorescence intensity curves from IRI-AKI (C) and 

sham (D) mouse ear vessel imaging. 
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2.6. Biodistribution of C-CS/siRNA   

Since CXCR4 was upregulated in tubules of injured kidneys [223], and we have 

confirmed the excellent CXCR4 targeting ability of C-CS/siRNA in vitro, here we 

hypothesized that the specific interaction between C-CS/siRNA and CXCR4 may enhance 

the accumulation of C-CS/siRNA in the injured kidneys during systemic circulation. To 

confirm this hypothesis, in vivo biodistribution study of fluorescently labeled polyplexes 

was carried out in a bilateral IRI-AKI model. Fluorescence labeled polyplexes C-CS-

Cy3/siRNA-Cy5.5 or CS-Cy3/siRNA-Cy5.5 were injected intravenously, and the 

biodistribution of polyplexes was assessed after 4 h of injection by using an IVIS 

imagining system. The ex vivo fluorescence images (Figure 28A and B) showed a 

preferential accumulation of C-CS-Cy3/siRNA-Cy5.5 in the injured kidneys as detected 

by the higher intensity of both C-CS and siRNA. In contrast, for CS/siRNA treated group, 

the CS and siRNA showed higher accumulation in the liver and kidney respectively, the 

poor colocalization of CS and siRNA in kidneys could be because of the poor serum 

stability of CS/siRNA polyplexes (Figure 19F), which may result in their dissociation 

during systemic circulation. After quantifying the fluorescence intensity from different 

organs, we found that C-CS-Cy3 showed a 4.8-fold higher kidney to liver ratio than CS-

Cy3, indicating the targeting ability of C-CS to injured kidney (Figure 28C). Considering 

the targeting ability of C-CS to injured kidneys, one could assume that kidney to liver 

ratio of siRNA in the C-CS polyplexes should be similarly increased. However, the results 

revealed a similar kidney to liver ratio (Figure 28D) for both groups. We hypothesized 

that there must be a higher accumulation of C-CS/siRNA group in the kidney, but because 
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of the rapid dissociation of CS-Cy3/siRNA-Cy5.5 polyplexes followed by accumulation of 

free siRNA to the kidney, we are detecting a similar kidney to liver ratio of siRNA-Cy5.5.  

To further investigate the targeting ability of C-CS/siRNA to injured kidneys, in vivo 

biodistribution of C-CS/siRNA was performed in sham and IRI-AKI mice. After injecting 

fluorescence labeled C-CS/siRNA nanoparticles, ex vivo images of major organs from the 

sham and IRI-AKI mice were captured at 24 h post injection. As shown in Figure 29A, 

compared with the sham mice, IRI-AKI mice displayed a significantly higher fluorescence 

intensity in the kidneys for both C-CS and siRNA. After quantifying the fluorescence 

intensity of each organ, we found that the accumulation of C-CS was ~2.5 times and 

accumulation of siRNA was ~1.5 times higher in the injured kidneys in comparison with 

healthy ones (Figure 29B, C). This study further suggested the targeting ability of C-

CS/siRNA to the injured kidneys. 

To identify the location of C-CS/siRNA in kidneys, we took the images of the frozen 

kidney section under confocal microscopy. As shown in Figure 29D, at post 4 hours of 

injection, C-CS (red) and siRNA (yellow) were mostly located in the tubules in the injured 

kidney; as for the sham kidneys, C-CS and siRNA were located in tubules and glomeruli. 

After 24 h of polyplexes injection, we found that most C-CS and siRNA were located in 

the tubules of the injured kidney; however, in the sham kidneys, the fluorescence signals 

of C-CS/siRNA were very weak and the rest of them were mostly accumulated in the 

glomeruli. The C-CS/siRNA polyplexes showed a significantly higher accumulation in the 

injured kidney than the sham kidney at 4 and 24 hours of post-injection, as indicated by 
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the fluorescent intensity and the positive areas. The different accumulation of C-

CS/siRNA in sham and IRI kidneys might be because of the different size and charge 

selectivity of sham and injured kidneys as mentioned earlier. The enhanced accumulation 

of C-CS/siRNA in renal tubules in injured kidneys might be attributed to the CXCR4 

helped endocytosis. To prove our hypothesis, frozen tissue slides were stained with anti-

CXCR4-FITC and colocalization between C-CS/siRNA and CXCR4 was analyzed as merge 

them together (Figure 29D). The result reveled the CXCR4 expression was only in the 

injured kidney, which was consistent with our in vitro study (Figure 25A). More 

importantly, strong colocalization of CXCR4 and C-CS/siRNA was observed. In this study, 

we found that C-CS/siRNA polyplexes were mainly located in tubules in injured kidneys 

for at least 24 hours. However, in sham kidney, we could only see the tubule accumulation 

at earlier time point (4h), and most of the polyplexes were accumulated in glomeruli after 

24 hours of injection. The enhanced accumulation of C-CS/siRNA in injured kidneys could 

be because of two main reasons: firstly, the loss of size and charge selectivity of GFM in 

injured kidneys [4, 275, 276] and secondly, the specific binding between CXCR4 and C-

CS/siRNA. We hypothesized that the injured kidney with a large pore size of GFM may 

allow the C-CS/siRNA polyplexes to pass through followed by preferential accumulation 

of C-CS/siRNA polyplexes in the injured tubule cells through CXCR4 mediated 

endocytosis. These findings further suggesting the potential role of CXCR4 as a target for 

enhanced delivery of therapeutic siRNA to injured renal tubule cells for AKI treatment. 
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Figure 28. Biodistribution of polyplexes in IRI-AKI mice. Polymer were labeled with 

Cy3, and siRNA were labeled with Cy5.5. (A, B) Ex vivo fluorescence images of the main 

organs (from left to right, thymus, heart, lung, liver, spleen, kidneys) at 24 hours post 

intravenous injection of fluorescence labeled polyplexes. One of three independent 

experiments is shown. Renal ischemia was induced by clamping the bilateral renal 

pedicles for 30 min with a micro clamp and then removed clamping for reperfusion to 

induce IRI-AKI. After the induction of AKI, polyplexes (w/w 8, 0.5 mg/kg of siRNA) were 

administered intravenously. 4 hours later, the main organs were harvested for 

fluorescence visualization. (C, D) Kidney to liver ratios of polymer and siRNA 

fluorescence intensity. **p<0.01. 
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Figure 29. Biodistribution and renal accumulation of C-CS-Cy3/siRNA-Cy5.5 in IRI-

AKI and sham mice. (A) Ex vivo fluorescence images of the main organs (thymus, heart, 

lung, liver, spleen, kidneys) at 24 hours post intravenous injection of C-CS-Cy3/siRNA-

Cy5.5 polyplexes. One of three independent experiments is shown. Renal ischemia was 
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induced by clamping the bilateral renal pedicles for 30 min with a micro clamp and then 

removed clamping for reperfusion to induce IRI-AKI. Sham surgery was induced as the 

same procedures as IRI-AKI mice, but no renal vasal clamping. After the induction of AKI 

or sham, C-CS-Cy3/siRNA-Cy5.5 polyplexes (w/w 8, 0.5 mg/kg of siRNA) were 

administered intravenously. 24 hours later, the main organs were harvested for 

fluorescence visualization. (B, C) Region of interest analysis of the major organ uptake of 

C-CS-Cy3/siRNA-Cy5.5 polyplexes in sham and AKI mice at post 24 hours injection. n = 

3 (sham) and 4 (BIRI) independent mice, ****p<0.0001 as compared with sham group. (D) 

Representative confocal images of kidney sections after 4 and 24 hours of C-CS-

Cy3/siRNA-Cy5.5 injection. Sections were stained with FITC labeled CXCR4 antibody for 

the visualization of renal CXCR4 expression (green). The glomerular were indicated by 

the white circle dots. Scale bars = 50 µm. (Continued Figure 29) 
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2.7. Therapeutic effect of C-CS/sip53 in IRI-AKI model 

We next investigated if the enhanced distribution of C-CS/siRNA in renal tubules 

would enhance the therapeutic effect of C-CS/sip53 in AKI. Prior to the animal study, the 

gene knockdown efficiency of three different p53 siRNA candidates was tested in mouse 

renal tubule cells (MCT), and the candidate (siRNA-3) with best gene knockdown effect 

(~92.5% gene silencing) was chosen for the following studies (Figure 30). The ability of the 

C-CS/sip53 polyplexes to alleviate AKI was studied in IRI-AKI mouse model. PBS, 

AMD3100 (1 mg/kg), C-CS/siNC and C-CS/sip53 (0.8 mg/kg of siRNA, w/w 8) were 

administrated through intravenous injection, then blood and major organs were collected 

for further analysis. It is worth mentioning that a high level of serum creatinine (Scr) and 

blood area nitrogen (BUN) usually indicates the loss of renal function [327, 328]. At this 

moment, to determine the level of Scr and BUN, serum was collected form the blood and 

detected by using a Scr and BUN detection kit. The results reveled a significantly lower 

Scr and BUN in C-CS/sip53 treated group (Figure 31B and C). We further analyzed the 

weight ratios between kidney and mice body for each treatment group (Figure 31D). The 

C-CS/sip53 treated group showed lowest ratio compared with other AKI mice, indicating 

less renal edema, which might be associated with decreased renal inflammation after 

treatment. P53 induced tubule cells apoptosis plays a pivotal role in the development of 

AKI. Kidney tissues were homogenized and levels of p53 mRNA were determined by 

using qRT-PCR. As shown in Figure 31E, AKI mice with PBS, AMD3100, and C-CS/siNC 

treatment showed significantly higher p53 levels when compared with sham mice, 

indicating that the treatment of CXCR4 antagonisms had no influence on p53 expression. 
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Whereas, after the treatment with C-CS/sip53, the renal p53 mRNA level was similar as 

sham mice, indicating the excellent gene knockdown efficiency of C-CS/sip53, which is 

consist with our in vitro study (Figure 25G). Moreover, downregulated p53 expression 

level by treatment with C-CS/sip53 was also revealed by immunofluorescence analysis of 

the kidney tissue sections (Fig 32E and I), and other AKI mice with different treatments 

did not show p53 downregulation, which was consist with our qRT-PCR result. We 

further analyzed H&E stained kidney slides for each group. Normal renal morphology 

was observed in the sham group. Several tubule damages were shown in AKI mice with 

PBS, AMD3100, and C-CS/siNC treatments, evidenced by that hyaline cast and sloughed 

cells filled in many tubules. However, the C-CS/sip53 treated AKI mice showed less cast 

formation and slough cells, indicating the great potential of C-CS/sip53 for AKI therapy 

(Figure 31G). 

The number of macrophages increases in the ischemic kidneys soon after reperfusion, 

especially in the outer medulla [329]. The increased infiltration of macrophages facilitate 

the inflammatory condition in the injured kidneys through secretion of cytokines, 

induction of apoptosis and the recruitment of neutrophils, which finally establish renal 

injury [330]. As shown in Figure 32 (A and F), C-CS/sip53 treated AKI mice showed less 

macrophages infiltration, whereas there was an obvious increase of macrophages in other 

AKI mice, suggesting that C-CS/sip53 holds strong anti-inflammatory effect among all the 

treatment groups. As another inflammation player in IRI-AKI, neutrophils, also showed 

increased infiltration in the injured kidneys. However, C-CS/sip53 treated AKI mice 

showed decreased neutrophil infiltration (Figure 32B and G). We further evaluated the 
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apoptosis in injured kidneys by measuring their apoptotic cells using cleaved caspase 3 

staining. The apoptotic cells were obviously decreased in C-CS/sip53 treated group when 

compared to other groups at 48 h after surgery (Figure 32C and H), indicating the 

favorable anti-apoptosis effect of C-CS/sip53 for IRI-AKI. We didn’t see obviously change 

for CXCR4 expression in different treatment groups (Figure 32D). 

At the end of treatment, we investigated whether C-CS/sip53 treatment had any 

adverse effect in other organs. Thus, the heart, liver, spleen and lung from each group 

were collected, weighted and tissue sections were conducted with H&E staining (Figure 

33).  By analyzing the H&E staining of tissue slides, we found that each group organs 

showed normal tissue structures and no obvious difference after different treatments. 

Also, the organ to body weight ratios showed no significant difference between each 

treatment group. Moreover, hematology analysis for each group showed the parameters 

were in normal ranges. These results clearly demonstrate biocompatibility of C-CS and 

indicate its potential as a siRNA carrier for AKI treatment. 
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Figure 30. Screening of p53 siRNA candidates. 50nM of three mice p53 siRNAs were 

loaded by lipofectamine and incubated with MCT cells for 48 hours. Then the cells were 

harvested for RT-PCR analysis. 
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Figure 31. Attenuation of renal injury by CC/sip53 in vivo. (A) Six hours before the 

initiation of IRI-AKI, different treatment agents (PBS, AMD3100, C-CS/siNC, and C-

CS/sip53) were administrated intravenously. After release clamps from kidney vessels, 

treatment agents were administrated intravenously at post 0 hour, 8 hours, and 24 hours 

of reperfusion. At post 48 hours of reperfusion, blood and major organs were collected for 

further evaluation. (B, C) Blood chemistry analysis for serum creatinine and BUN level 

after different treatments. (D) Kidney to body weight ratio (w/w %) from different 

treatment groups. (E) The mRNA level of p53 in the kidneys from different treatment 

groups. (F) Kidney damage scores for outer strip of the outer medulla (OSOM) in different 

treatment groups. (G) Representative H&E staining images for kidneys tissues in the 
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OSOM. The sham group showed normal tubules architecture and no evidences of injury. 

Serious injury was observed in kidneys of PBS, AMD3100, and C-CS/siNC treated mice. 

∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, ns = no significance difference, as 

compared with sham or PBS groups (n=4 or 5). Scale bar, 50 um. (Continued Figure 31) 
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Figure 32. CC/sip53 treatment reduced renal immune cells infiltration, apoptotic cells, 

p53 expression in AKI mice. (A) Renal macrophage immunostaining using anti-F4/80 

antibody. (B) Renal neutrophil immunostaining using anti-Ly6g antibody. Scale bar, 

50um. (C) Renal cleaved caspase 3 immunostaining using anti-CC3 antibody. (D) Renal 

CXCR4 immunostaining using anti-CXCR4 antibody. (E) Renal p53 immunofluorescent 
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staining by using anti-p53 antibody. (F) The number of F4/80 positive cells per high-power 

field (hpf) in sham and AKI groups after different treatment. (G) The number of Ly6g 

positive cells per high-power field (hpf) in sham and AKI groups after different treatment. 

(H) The area percentage of apoptotic cells per high-power field (hpf) in sham and AKI 

groups after different treatment. (I) The area percentage of p53 positive cells per high-

power field (hpf) in sham and AKI groups after different treatment. ∗P < 0.05, ∗∗∗∗P < 

0.0001, ns = no significance difference, as compared with PBS group (n = 5). Scale bar, 

50um. (Continued Figure 32) 
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Figure 33. Assessment of treatment toxicity to major organs. (A) H&E staining of major 

organs (heart, liver, spleen, lung) from different treatment groups. (B - D) Organs (heart, 

lung, liver) to body weight ratio. Scale bars = 100 µm.  
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3. Conclusion 

Here, we synthesized cyclam modified chitosan (C-CS) to deliver bioactive p53 

siRNA to tubule cells in the injured kidneys as a pharmacological intervention to prevent 

IRI-AKI. We found that without cyclam modification, CS barely showed renal 

accumulation in AKI mice when compared with C-CS. Surprisingly, with the modification 

of cyclam, C-CS could effectively retain in the injured kidneys for at least 24 hours rather 

than be rapidly eliminated, which is essential to reach therapeutic effect and could 

effectively protect the kidney from serious damage. The enhanced renal accumulation and 

retention of C-CS/siRNA in the injured kidney is attributed to the preferential 

intronization by injured tubule cells through CXCR4 mediated endocytosis. The activation 

of CXCR4 in the pathology of IRI-AKI has been reported. However, use CXCR4 as a target 

for RNAi delivery is a new field. Our study showed the potential of combine CXCR4 

targeting with p53 gene silencing as an effective treatment for IRI-AKI therapy.  
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4. Materials and methods 

4.1. Materials 

Chitosan (degree of deacetylation 85%, CAS# 9012-76-4) was purchased from 

Polyscience, Inc. Cyclam was purchased from ChemScene LLC. α-bromo-p-toluic acid 

was purchase from Sigma Aldrich. Chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) and N-

methylmorpholine (NMM) were purchased from TCI America, Inc. Cy3-NHS was 

purchased from Lumiprobe Corporation. All the chemicals were used without further 

purification unless it mentioned. FITC Annexin V Apoptosis Detection kit I, APC labeled 

anti-CXCR4, and IgG isotopy (Table 4) were purchased from BD Bioscience. SYBR-Safe 

DNA Gel Stain (S33102) was ordered from Thermo Fisher. Negative control siRNA (siNC) 

(Table 5) was ordered from Horizon Discovery. P53 siRNA (Table 5) and primers (Table 

3) were ordered from Sigma-Aldrich. Serum creatinine (DICT-500) and BUN (DIUR-100) 

detection kit were ordered from BioAssay Systems. TrueBlack® Lipofuscin 

Autofluorescence Quencher (#23007) was ordered from Biotium. Micro clips (RS-5424) for 

ischemia reperfusion surgery were ordered from Roboz Surgical Instrument Co. The 

information about other used antibodies are listed in Table 4. 

4.2. Synthesis of α-Cyclam-p-toluic acid (CPTA) 

Cyclam derivative of p-toluic acid was synthesized by alkylation of α-bromo-p-toluic 

acid using LiOH as an alkylating agent [331]. Cyclam (5 g, 24.96 mmol) was taken in a 250 

mL reaction flask and dissolved in 100 mL 80% ethanol. The reaction flask was then sat in 

an ice bath and LiOH (1.195 g, 49.87 mmol) was added in the flask with continuous stirring 
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for 30 min. Thereafter, α-bromo-p-toluic acid (1.073 g, 4.98 mmol) was added in the 

reaction flask and continue to stir until get homogenize. Flask was then connected with 

reflux condenser and placed in preheated oil bath for overnight reflux. Thereafter, 

reaction mixture was cool down to room temperature and ethanol was removed under 

reduced pressure followed by washing with excess volume of chloroform to remove any 

unreacted cyclam. Reaction mixture was then concentrated under reduced pressure to 

1/10 of its initial volume followed by recrystallization from ethanol/water/con. HCl. The 

product in the form of white solid was then characterized by 1H NMR and mass 

spectrometry. 1H NMR (400 MHz, D2O, 25°C): δ 8.05 (-CH-; d), δ 7.55 (-CH-; e), δ 4.26 (-

CH2-N; c), δ 3.44 to 3.14 (-CH2-NH-, and-CH2-N-; b), δ 2.08 (-CH2-CH2-NH; a). HRMS (m/z): 

[M+H]+ calculated for C18H31N4O2, 335.2442; found, 335.2440.  

4.3. Deacetylation of chitosan (CS) 

In brief, 1 g of CS was taken in 50 mL flask followed by addition of 15 mL NaOH 

solution (40 wt%) [305, 332]. The reaction flask was then connected with reflux-condenser 

and placed on a preheated oil bath at 100 °C. After two days, reaction mixture was cooled 

down to room temperature and the precipitated CS was collected by filtration through a 

filter paper followed by multiple water washes to remove the remaining NaOH. Finally, 

CS precipitate was dissolved in 20 mL of 1 M HCl followed by dialysis using regenerated 

cellulose acetate membrane (cut off 3.5 kDa) against deionized water for 4 days with 

frequent water changes. The solution was then lyophilized to achieve solid deacetylated 

CS. Deacetylated CS was then characterized by 1H NMR and SEC. 1H NMR chemical shifts: 
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(400 MHz, D2O, 25°C) δ 3.89-3.65 (-CH-O; f), (-CH-CH2OH; h), (-CH2OH; g), (-CH(O-); d), 

(-CH(OH); c), δ 2.99 (-CH(NH2)-; b), δ 2 (-CH3). The molecular weight of the polymer was 

analyzed by Agilent 1260 Infinity LC system equipped with a miniDAWN TREOS multi-

angle light scattering (MALS) detector, a Optilab T-rEX refractive index detector, and a 

column (TSKgel G5000PWXL-CP). Sodium acetate buffer (0.1 M, pH 5.0) was used as an 

eluent at a flow rate 0.5mL/min. Results were analyzed using Astra 6.1 software from 

Wyatt Technology. 

4.4. Synthesis of CPTA conjugated chitosan (C-CS) 

CPTA was conjugated with pendant amine group of deacetylated CS by acid-amine 

coupling (Scheme S1) [333]. CPTA (0.165 g, 0.49 mmol) was taken in 100 mL reaction flask 

and dissolved with 10 mL of water. CDMT (0.0866 g, 0.49 mmol) was separately dissolved 

in 10 mL acetonitrile and added into the reaction flask. The flask was then set in ice bath 

and N-methylmorpholine (0.0749 g, 0.74 mmol) was directly added. After 1 h, reaction 

flask was allowed to come to room temperature followed by addition of 10 mL aqueous 

solution of CS (10 mg/mL) and continued the reaction for overnight under stirring. 

Thereafter, the reaction mixture was purified by dialysis (cellulose acetate, 3.5 kDa 

molecular weight cut-off) against water over 4 days. The solution was then lyophilized, 

and solid product was characterized by SEC and 1H NMR. The mol% of CPTA conjugation 

was calculated by using the ratio of NMR peak integration areas corresponding to the 

aromatic protons of CPTA and backbone protons of CS. 1H NMR (400 MHz, D2O, 25°C): 

δ 7.80 (-CH-; b), δ 7.38 (-CH-; a),  δ 4.00 to 3.32 (-CH-O; j), (-CH-CH2OH; h), (-CH2OH; i), 



117 

 

(-CH(O-); g), (-CH(OH); f), (-CH2-N-, k), δ3.28 to 2.67 (-CH2-NH-, and-CH2-N-; d), δ 2.08 

(-CH2-CH2-NH; c). 

4.5. Synthesis of Cy3-labeled C-CS 

C-CS was fluorescently labeled with Cy3 using NHS activated esterification reaction 

[334]. C-CS (50 mg) was dissolved with 5 mL DI-water followed by addition of 0.5 mg of 

DMSO-dissolved Cy3-NHS. The reaction was continued with overnight stirring at room 

under dark condition. The reaction mixture was then dialyzed (cellulose acetate, 3.5 kDa 

cut off) over 7 days and lyophilized under dark to get Cy3-C-CS. Amount of Cy3 

conjugated in the polymer was determined by UV-visible absorption spectroscopy using 

a calibration curve. 

4.6. Polyplex formulation and characterization 

Gel retardation assay in was used to determine siRNA binding to CS and C-CS. 

Polyplexes were prepared at increasing w/w ratios (0-20) by mixing equal volume of 

polymer and siRNA solution in 10 mM HEPES buffer (pH7.4) and running at 15 min at 

110 V in 0.5 × Tris/Borate/EDTA buffer. E-Gel® Imager System with blue light base was 

then used to visualize the gel. In the heparin displacement assay, the polyplexes were 

prepared at w/w ratio of 2, 5, 8, 10 and incubated with increasing concentrations of 

heparin for 30 min at room temperature. Then 30 ul of each sample were analyzed by 

agarose gel electrophoresis. In the serum stability assay, polyplexes were prepared at w/w 

of 8, after being incubated with 50% FBS for determined time points, 400 ug/mL of heparin 

was used to release siRNA and analyzed by using agarose gel electrophoresis. Dynamic 
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light scattering (DLS) using a ZEN3600 Zetasizer Nano-ZS was used to determine the 

hydrodynamic size and zeta potential of the polyplexes. TEM was used to determine the 

morphology of polyplexes prepared at w/w 8. 

4.7. CXCR4 antagonism and binding 

U2OS cell line based CXCR4 redistribution assay was used to determine the CXCR4 

antagonism of C-CS, C-CS-Cy3 and CS. The CXCR4 receptors on U2OS cells is tagged 

with green fluorescent protein (GFP), and this cell line has been widely used to determine 

the CXCR4 antagonism of potential compounds [259, 335, 336]. Briefly, cells were seeded 

in black 96-well plates for 24 h. After washing with assay buffer for three times, the cells 

were treated with tested compounds for 30 min, then SDF-1 was added for 1 h incubation. 

Finally, cells were fixed, and the fluorescence intensity of internalized CXCR4 were 

measured by a plate reader as described from previous study [336]. To investigate the 

CXCR4 binding of C-CS/siRNA, U2OS cells were seeded into 12-well plates and cultured 

overnight. The cells were pretreated with CXCR4 antibody (30 ug/mL) for 30 min before 

incubating with fluorescently labeled C-CS/siRNA for 30 min, 1 h, and 2 h, then cells were 

detached for flow cytometry.  

4.8. Cytotoxicity  

Human proximal tubule cells HK-2 were cultured in the Keratinocyte Serum Free 

Medium (K-SFM) suspended with 0.05 mg/ml of bovine pituitary extract (BPE) and 5 

ng/ml of human recombinant epidermal growth factor (EGF). Human epithelial 

osteosarcoma U2OS cells stably expressing functional EGFP-CXCR4 fusion protein were 
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purchased from Fisher Scientific and were cultured in DMEM supplemented with 2 × 10−3 

M L-glutamine, penicillin (100 U/mL), streptomycin (100 μg/mL), G418 (0.5 mg/mL), and 

10% FBS. All cells were maintained in an incubator at 37 °C and 5% CO2. Cytotoxicity was 

measured in cells seeded in 96-well plates for overnight and treated with C-CS, CS and 

polyplexes for 24 h. Cell viability was determined by the CellTiter-Blue assay. Apoptosis 

was evaluated by staining with PI and Annexin V-FITC.  

4.9. Western blot 

HK-2 cells stimulated by H2O2 and cisplatin were lysed with a buffer containing 

Protease Inhibitor Cocktail (1:100) on ice for 30 min. The concentration of protein was 

determined by a BCA protein assay kit. Equal amounts of proteins for each group were 

loaded on a Midi Protein Gel. Following electrophoresis at 120 V for 2 h and gel transfer, 

the membrane was then probed overnight at 4 °C with primary antibody for p53 (1:300). 

After washing, the membrane was incubated with secondary antibody (anti-rabbit IgG 

HRP-linked antibody 1:2000) for 2 h at room temperature and the secondary antibody was 

imaged using Pierce ECL Western Blotting Substrate.  

4.10. Real-time PCR 

Total RNA from cells or kidney tissues was extracted using the TRIzol reagent 

(Invitrogen, USA). Then 0.5 ug of total RNA from each group was reverse-transcribed to 

cDNA with the QuantiTect reverse transcription kit (Qiagen). The relative level of mRNA 

was quantified by RT-PCR with QuantiFast SYBR Green PCR kit (Qiagen) on a Rotor-
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Gene Q (Qiagen). Relative levels of mRNA were calculated based on the Ct values. 

Primers sequences used are provided in Table 3. 

4.11. IRI-AKI mouse model 

C57BL/6J mice (male, 8 weeks) were ordered from Jackson Laboratories. Male mice 

were used in all the animal experiments due to the female mice are generally more 

resistant to ischemia AKI than male mice [57]. Animal experiment protocols have been 

approved by the University of Nebraska Medical Center Institutional Animal Care and 

Use Committee. To establish the IRI-AKI model, mice were anesthetized by 

intraperitoneal administration of ketamine (15 mg/kg) and xylazine (5 mg/kg). Shortly 

after anesthesia, 50 μg/kg of buprenorphine was administered subcutaneously for pain 

relief. After buprenorphine injection, the hair on both side of the mice were removed with 

hair remover. Then the skin in the surgical area were wiped with povidone-iodine prep 

pad and clean with 70% alcohol pad. After skin preparation, the mice are immediately 

placed on a heating table for 20 minutes before surgery to stabilize body temperature and 

make sure they are in deep anesthesia. Then the left side skin and muscle were cut open 

firstly with an incision (size around 1 to 1.5 cm), the kidney was then pushed out from the 

incision with a sterile cotton swap, and the tissue around renal pedicle was removed by 

using a fine-point tweezer to expose the blood vessel for renal pedicle clamping. The right-

side renal pedicle was prepared by a similar procedure. Renal ischemia was then induced 

by clamping of both renal pedicles with micro clips. During the ischemic period, mouse 

body temperature was maintained by placing on a 37 °C heating table. After 30 min of 
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clamping, both micro clips was released for reperfusion. The sham mice underwent the 

same surgery process as IRI-AKI mice, but without the clamping. 

4.12. Blood clearance by intravital microscopy 

An upright, Olympus FVMPE-RS Multiphoton Laser Scanning Microscope equipped 

with a Spectra Physics Dual line InSight X3 near infrared laser and 25x (1.05 NA) water-

immersion objective was used to obtain real-time intravital images of vasculature within 

the inner ear and clearance of fluorescently labeled polyplexes. Vasculature was identified 

using 920 nm excitation of FITC-labeled tomato lectin (8 mg/kg, Vector Laboratories) 

injected intravenously into the proximal tail vein 30 min prior to the onset of imaging. A 

tail vein catheter was used to perform a single, timed injection of 100 ul of C-CS-

Cy3/siRNA (w/w 8, 0.5 mg/kg of siRNA) through the tail vein and obtain time-dependent 

measurements of C-CS-Cy3/siRNA fluorescence intensity (1040 nm excitation) changes 

post polyplex injection. Matched diameter blood vessels, image acquisition, and analysis 

settings were used for all samples.  Changes in fluorescence intensity were quantified by 

using NIH ImageJ. Mice were prepared for intravital imaging according to approved 

Institutional Animal Care and Use Committee protocols and NIH guidelines.  Briefly, 

mice were anesthetized by intraperitoneal administration of ketamine (15 mg/kg) and 

xylazine (5 mg/kg). Once anesthetized, a depilatory cream was used to remove hair on the 

left ear, a tail vein catheter was inserted, and the ear was gently embolized in vacuum 

grease sealed imaging chamber using a custom stage platform and #1 coverslip. Mice were 

supplemented with 1% isoflurane during imaging and a temperature-controlled heating 
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system was used to maintain a body temperature of 37 °C for the duration of the 

experiment. 

4.13. Biodistribution 

Fluorescently labeled polyplexes (w/w 8, 0.5 mg/kg of siRNA) were injected 

intravenously and the animals were sacrificed at predetermined time points. The 

fluorescence intensity of major organs was measured by a Xenogen IVIS 200 system. To 

observe the locations of polyplexes in kidneys, kidney tissues were embedded in an OCT 

compound, cut into 10 μm frozen sections, stained with DAPI, and observed using a 

confocal microscope. The frozen kidney sections were applied with TrueBlack® 

Lipofuscin Autofluorescence Quencher then stained with FITC-labeled anti-CXCR4 

antibody. 

4.14. Treatment of IRI-AKI 

C57BL/6J mice (male, 8 weeks) were randomly assigned to five groups with five 

animals per group (n = 5). The groups IRI-AKI animal groups were treated with PBS, 

AMD3100 (30 ug/mouse), C-CS/siNC (16ug siNC/mouse, w/w 8), and C-CS/sip53 (16ug 

sip53/mouse, w/w 8). PBS, AMD3100 and polyplexes were intravenously injected 8 h 

before renal ischemia. Another dose was given immediately after clamp removal and 8 

and 24 h post-reperfusion. At the end of the experiment, blood was collected from the 

retro-orbital venous plexus for serum biochemistry tests. Mice were sacrificed, and 

kidneys and major organs were harvested, fixed in 4% paraformaldehyde solution, 

embedded in paraffin, and sectioned for histological analysis. Part of the kidney tissues 
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was set aside for RT-PCR analysis. The tissue slides were stained with hematoxylin and 

eosin (H&E) and the histological damage scores were blindly evaluated by a renal 

pathologist. Five fields of approximately 100 tubules from cortex area were counted at 

200X by using a Lumenera Infity3 equipped microscopy. The cast formation, tubule 

dilation, and sloughed cells were counted as evidence of injury. Score 0 indicated normal 

kidney, score 1 indicate injury between 10% and 25%, score 2 indicate injury between 26% 

to 50%, score 3 indicate injury between 51% to 75%, and score 4 indicate injury over 75%. 

The tissue slides were also stained with F4/80, Ly6G, cleaved caspase 3 for the observation 

of macrophages, neutrophiles, and apoptotic cells, respectively. Immunofluorescence 

staining was performed to analyze the expression of p53, with the autofluorescence 

quencher applied before the staining.  

4.15. Statistical Analysis 

Results are presented as mean ± standard deviation. The differences among multiple 

groups analyzed by ANOVA and followed by Tukey’s multiple comparison test. The 

statistical significance between the two groups were analyzed by using student’s t test. A 

minimal level of significance was considered as P < 0.05. GraphPad Prism 9 was used to 

perform all statistical analyses. 
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Chapter 4. Determinations of Renal Targeted Accumulation of Polymeric Plerixafor 

Derivatives in Acute Kidney Injury  

1. Introduction 

Acute kidney injury (AKI) is characterized by a rapid reduction in renal function with 

high morbidity and mortality [337]. As one of the global healthcare burdens, AKI is 

impacting 13.3 million people around the world, and around 1.7 million people die from 

it annually [338-340]. Clinically, AKI is mainly triggered by sepsis, kidney ischemia-

reperfusion injury (IRI), and nephrotoxins [341-343], and it has been recognized as a 

common complication of coronavirus disease 2019 (COVID-19) [344]. The incidence of 

AKI has a higher chance for the development of chronic kidney disease (CKD) and end-

stage renal disease (ESRD) [337, 345]. Despite the progress in renal replacement therapy 

and the growing understanding of the pathophysiology, AKI remains an unmet medical 

need and without any effective pharmacological treatment available [19]. Hence, it is 

necessary to develop alternative pharmacological treatments for AKI alleviation. 

The pathogenesis of AKI is complicated and is associated with inflammation, 

oxidative stress, vascular damage, and so on [33, 346, 347]. Among them, inflammation 

has been considered to play a pivotal role in the development of AKI [33, 130, 330, 348]. 

The pro-inflammatory cytokines and chemokines were released by leukocytes and renal 

tubular cells during AKI, and they are the important components both in the initiation 

and extension of inflammation in AKI [349]. The greatly increased expression of C-X-C 

chemokine receptor 4 (CXCR4) and its ligand stromal cell-derived factor (SDF-1) are 
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found in the injured kidneys [125] and their interaction is considered as a critical mediator 

of renal injury due to the recruitment of leucocytes [293-295]. Either by local anti-

inflammatory effects or by systemic stem cells mobilization, treatment with CXCR4 

antagonists to disrupt the interaction between CXCR4 and SDF-1 has been shown 

potentials for the alleviation of AKI [139, 140, 350-354]. Thus, CXCR4 holds excellent 

potentials in AKI treatment, either by inhibiting inflammatory immune cells renal 

infiltration and mobilizing stem cells in circulation or act as a target for therapeutic 

reagents delivery to the injured renal tubule cells for combinational therapy to attenuate 

AKI. 

 As the predominant cell type in the mammalian kidney, proximal tubule cells (PTCs) 

are the primary target of injury and progression of renal disease [355, 356]. Thus, renal 

tubule is an ideal target for AKI treatment. Drug targeting to injured PTCs could enhance 

the therapeutic effect to AKI by lower the doses and undesired side effects in other organs. 

Several native or synthetic polymers have been shown the renal tubule cells targeting 

ability [357]. Either by chemically conjugation or physically encapsulation of therapeutic 

reagents, those polymer candidates may could be used as drug carriers for targeted drug 

delivery for AKI treatment. Among them, a natural cationic polysaccharide, low 

molecular weight chitosan (LMWC) has been widely used as a drug carrier for targeted 

renal drug delivery to treat AKI based on its megalin targeting ability [206, 358, 359] and 

the excellent biocompatibility and biodegradation [360]. L-serine modified chitosan 

showed extensively improved accumulation in the injured kidneys due to the specific 

interaction between l-serine and KIM-1, and the delivery of therapeutic peptide SS31 by 



127 

 

this carrier showed an excellent therapeutic effect in an IRI mouse model [192]. 

Hyaluronic acid (HA) is another commonly used anionic natural polymer and based on 

the expression of CD44 in injured kidneys [361], the role of HA as a drug carrier for 

targeted AKI therapy has been exploited. Either by electronically coated on the surface of 

payload [189, 191], or by chemically conjugation with small therapeutic molecules [188], 

HA plays an important role in the enhancement accumulation of payloads in injured 

kidneys due to the specific interaction between HA and CD44. Moreover, several 

synthetic polymers have also been shown great renal targeting ability. Like the 

polyvinylpyrrolidone-co-dimethyl maleic an-hydride reported by Kamada er al [362], and 

the negatively charged 21 kDa HPMA copolymer reported by Mitra et al [363]. Our recent 

study reported that two synthetic polymers, the negatively charged pMAA and neutral 

pHPMA, showed the most selective accumulation in the injured kidneys at 24 h of 

reperfusion (about 4 times higher than normal kidneys) [364]. These studies suggest that 

polymers with specific targeting ability to receptors or modified with specific molecular 

weight or charges could influence their renal accumulation, which may provide ideas for 

the development of novel polymeric materials for targeted drug delivery in the injured 

kidney.  

In this report, we synthesized a panel of polymeric CXCR4 antagonists with different 

modification moieties, like hydrophilicity, hydrophobicity, negatively charged, and 

positively charged moieties. We hypothesized that compared with PEI, those polymers 

with CXCR4 binding ability might show higher accumulation in the injured kidneys due 

to the overexpression of CXCR4 in injured renal tubules [125]. Furthermore, the different 
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properties of those modifications might influence their renal accumulation (Scheme 9). To 

prove our hypothesis, we first characterized the zeta potentials of those polymers, tested 

their CXCR4 binding ability and cellular uptake in vitro, and measured their protein 

binding amount in mice serum. Finally, the biodistribution study of those polymers was 

conducted in a unilateral IRI mice model.  
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Scheme. 9. Proposed schematic illustration showing the protein absorption and renal 

accumulation of polymeric plerixafor and its derivatives. After establishing the 

unilateral ischemia-reperfusion induced AKI mouse model, fluorescently labeled 

polymers were intravenously administrated. At post 24 h of injection, the hydrophilic 

modified polymers (PP-OH) showed the greatest accumulation in the injured kidneys due 

to its CXCR4 binding ability and less surface protein absorption.  
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2. Results and discussion 

2.1. Polymer synthesis and characterization 

Polymeric materials have been widely applied in the field of nanomedicine for drug 

delivery to treat various diseases, including AKI. Either by chemically conjugation or 

physically encapsulation/coating of therapeutic payload or targeting moieties, polymeric 

carriers have been shown great advantages in the improvement of stabilities, 

pharmacokinetics, and biodistribution of payloads.[365-371] Moreover, polymeric 

pharmacophore as drug delivery carriers have been shown great potentials for 

combinational therapy, such as the polymeric plerixafor (PP) as gene delivery carriers for 

cancer treatments.[259, 372] Based on the facts that CXCR4 overexpressed on injured renal 

tubule cells, and the renal infiltration of immune cells during AKI, here we hypothesized 

that PP and its derivatives might be considered as promising drug delivery carriers 

candidates for combinational AKI therapy as they might have the potentials like 

AMD3100 for reducing renal leukocyte infiltration, and mobilizing stem cells circulation 

due to their CXCR4 antagonism. Moreover, it might be modified to deliver therapeutic 

cargo to the injured kidneys through the specific binding with CXCR4. Properties like 

molecular weight, charge, hydrophilicity, and hydrophobicity usually influence the 

distribution of polymeric carriers. For drug delivery carriers equipped with targeting 

moieties, those properties might play a role in decreasing or enhancing their accumulation 

in the target.  
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In this report, we synthesized a panel of nine polymeric CXCR4 antagonisms and 

evaluated their candidacy as drug carriers for targeted delivery in injured kidneys. One 

(PP) without modification as previously reported[373], and another eight ones were co-

polymerized through Michael polyaddition with different moieties which have 

hydrophilicity (PP-OH), hydrophobicity (PP-CH3), negatively charge (PP-COOH), and 

positively charge (PP-NH2) properties (Figure 34). Table 6 shows the polymerization 

conditions in which polymers were prepared by copolymerization of the predetermined 

molar ratios of monomers (HMBA/ AMD3100/ modification moieties). All polymers were 

characterized by GPC and 1H-NMR (Figure 35). The molecular weight range was from 

11kDa to 20kDa, with a low dispersity (Đ) in a range from 1.3 to 1.6. The GPC curves of 

synthesized polymers were shown in Figure 36, in which well-defined, monomodal, and 

symmetric peaks were observed. Cy3-NHS was used to label the polymers with 

fluorescence to track the subcellular fate and the distribution of the polymers both in vitro 

and in vivo. The content of Cy3 was quantified for each polymer based on a 

predetermined standard curve (Table 6). Since the introduction of other copolymerized 

moieties decreased the feed ratio of AMD3100, and the negatively charged moieties can 

neutralize part of the positive charge, we next measured the zeta-potential values for all 

the polymers. As expected, without any modification, PP showed the highest zeta-

potential value (~11mV), and other polymers with different moieties copolymerization 

showed lower zeta-potential values, especially the one modified with higher in feed ratio 

of negatively charged moieties (PP-COOH(H)) showed the lowest zeta-potential (~1mV). 
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Figure 34. Synthesis and modification of polymeric CXCR4 antagonists. AMD3100, 

HMBA, and different modification moieties were reacted at predetermined molar ratios; 

reactions were carried out in methanol and water (7/3 v/v) under 37 °C for 3days. (A) PP. 

(B) PP-OH. (C) PP-COOH. (D) PP-NH2. (E) PP-CH3. 
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Figure 35. Representative 1H NMR spectrum of PP, PP-OH, PP-COOH, PP-NH2, and PP-

CH3 in D-TFA, 25°C 
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Figure 36. Characterization and CXCR4 antagonism assessment of synthesized 

polymers. (A) GPC curves of each polymer. (B) Zeta potential values of each polymer (n 

= 3). Polymers were dissolved in HEPES buffer (pH = 7.4) at 5 mg/mL. (C) Dose response 

curve of CXCR4 antagonism of synthesized polymers vs. AMD3100 and PEI (n = 3).   
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2.2. Cytotoxicity and CXCR4 antagonism of polymers 

As drug delivery carriers, the safety is paramount important, especially in the 

condition like AKI. Cellular cytotoxicity for all the polymers was determined in mice 

tubule cells (MCT) and human tubule cells (HK-2), PEI was used as control. The cells were 

incubated with increasing concentrations of polymers for 24 h, then the cell viabilities 

were measured by CellTiterBlue (CTB) assay (Figure 37), and the calculated IC50 values 

for each polymer were in the range of 6-14 ug/mL for HK-2 cells and 12-18 ug/mL for MCT 

cells (Table 7).  

Given those modifications may decrease the containing of AMD3100 in the polymers 

and might influence their CXCR4 antagonism at some extend. We next performed a 

CXCR4 redistribution assay in human bone osteosarcoma epithelial cells (U2OS) to study 

the CXCR4 antagonism of all the synthesized polymers. As shown in Figure 38, the PP 

and its derivatives treated cells could block the internalization of cell surface CXCR4 

receptors like cells treated with AMD3100, indicating that after being introduced with 

different moieties, derivatives of PP remain their CXCR4 antagonism. However, the same 

concentration of PEI was unable to show and CXCR4 antagonism. Then, the half-maximal 

effective concentrations (EC50) of tested polymers were measured by quantifying the 

internalized EGFP-CXCR4 fluorescence intensity (Figure 36C). The EC50 values for all the 

AMD3100 containing polymers were located in the range from 0.05 to 0.22 ug/mL (0.004 

to 0.014 uM) (Table 7). 

  



136 

 

 

Figure 37. Cell viability responsible curve of MCT and HK-2 cells for different 

polymers. Polymers at different concentrations were incubated with MCT and HK-2 cells 

for 24 hours, then cell viabilities were determined by CTB assay (n=3).  
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Figure 38. CXCR4 antagonism of synthesized polymers vs. AMD3100 and PEI in vitro. 

CXCR4 receptor redistribution assay was performed in U2OS cells with EGFP-tagged 

CXCR4 (green), the endocytosis of CXCR4 receptors was observed in PBS and PEI treated 

groups. AMD3100 (300 nM), each polymer (0.5 ug/mL). Scale bar = 100 µm.  
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2.3. Cellular uptake and intracellular trafficking  

The results from the CXCR4 redistribution study indicate the remarkable binding 

affinities of all the synthesized polymers to the CXCR4 receptor. This may enhance their 

intracellular uptake in the CXCR4 expressing tubule cells in injured kidneys. To mimic 

the ischemia-reperfusion induced injury in vitro, a widely used hypoxia-reoxygenation 

cell culture method was performed. Basically, MCT cells were cultured in serum-free 

medium under hypoxia for 24 h, then replaced with fresh medium containing 10% FBS 

and cultured in normal condition for 6 h before studies. We first tested if the hypoxia-

reoxygenation would stimulate the expression of CXCR4 receptors on the surface of MCT 

cells by flow cytometry. After staining with anti-CXCR4-APC antibody, we found that the 

hypoxia-reoxygenation condition was able to significantly stimulate cell surface CXCR4 

expression as indicated by the significantly increased fluorescence intensity of APC and 

the percent of CXCR4 positive cells (Figure 39A). Confocal fluorescence images have 

further confirmed the expression of CXCR4 on the hypoxia-reoxygenation stimulated 

MCT cells, as indicated by the pink fluorescence signals located at the cell surface area 

(Figure 40). 

Having confirmed MCT cells surface CXCR4 expression, we next investigated if the 

specific binding between CXCR4 and AMD3100 containing polymers would enhance 

their cellular uptake in the hypoxia-reoxygenation stimulated MCT cells, and if the 

modified moieties would influence their intracellular uptake amount. Cy3 labeled 

polymers (2 ug/mL) were incubated with hypoxia-reoxygenation stimulated and normal 



139 

 

MCT cells for 3 h under normal cell culture conditions. Then flow cytometry was used to 

quantify the cellular uptake of polymers, then fluorescence intensity ratios of hypoxia to 

normoxia were calculated for each polymer (Figure 39B). All the AMD3100 containing 

polymers showed significantly higher ratios than PEI, indicating their specific CXCR4 

binding abilities play a role in their enhanced cellular uptake. Similar results were 

observed by confocal microscopy, and fluorescence images showed that the uptake of all 

the AMD3100 containing polymers in hypoxia-reoxygenation stimulated MCT cells were 

increased as indicated by the higher fluorescence signals of polymers when compared 

with normal cells (Figure 39C). Due to the lack of CXCR4 binding moieties, PEI didn’t 

show significantly improved uptake in hypoxia-reoxygenation stimulated cells. In 

particular, polymers containing hydrophilic moieties (PP-OH) showed the highest 

hypoxia to normoxia uptake ratios, indicating hydrophilic moieties somehow enhanced 

the cellular uptake of PP-OH. It might be because of less protein absorption on their 

surface due to the hydrophilic modification[374] and therefore allowed more CXCR4 

antagonism moieties exposed to cell surface CXCR4 receptors. However, further studies 

are needed to investigate if the introduced modification moieties would influence the 

surface protein absorption of those polymers. 
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Figure 39. Cellular uptake and intracellular trafficking of synthesized polymers in 

hypoxia stimulated and normal MCT cells.  (A). Expression of CXCR4 on hypoxia 
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stimulated MCT cells. (B). Cellular uptake study of Cy3 labeled polymers by using flow 

cytometry to quantify the mean fluorescence intensity ratios from hypoxia stimulated to 

normal MCT cells. (C). Intracellular trafficking of polymers in hypoxia stimulated and 

normal MCT cells by using confocal microscopy, one of three studies for each polymer 

was presented. For all the hypoxia related cell culture studies, MCT cells were incubated 

in a hypoxia chamber (1% O2, 94% N2, and 5% CO2) for 24 h, then cells were transferred 

to a normal incubator for 6 hours before other studies. Data are shown as mean ± SD (n = 

3). ****P < 0.0001, ***P < 0.001, **P < 0.01. (Continued Figure 39) 

 

 

Figure 40. Confocal microscopy for the determination of MCT cell surface CXCR4 

expression. MCT cells were stimulated with hypoxia for 24 h in a hypoxia cell culture 

chamber, then cells were transferred to normal incubator for another 6 h before anti-

CXCR4-APC staining. The expression of CXCR4 (pink) on hypoxia stimulated MCT cells 

was observed.  
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2.4. Polymer protein binding 

The primary function of the kidney is for blood filtration and reabsorption. Every day, 

around 180 liters of primary urine without macromolecules are formed in the kidneys. 

After the reabsorption and excretion performed by renal tubular systems, the final daily 

excretion is around 1-1.5 liter [375]. Thus, the intravenous injection might be the best way 

for the administration of renal targeted delivery systems, as they can travel with a large 

volume of blood and reach to the kidneys, and release their payload at the target. 

However, there are several biological barriers that may limit the functionality of 

polymeric carriers for effective drug delivery, such as the formation of the protein corona, 

the opsonization by the mononuclear phagocyte system (MPS), nonspecific distribution, 

and so on [376]. In our case, nonspecific surface protein absorption may hinder the CXCR4 

binding ability of polymeric carriers, and it may therefore limit their following 

applications. Hence, to understand the impacts of polymer with different properties 

modification on the formation of the protein corona, we analyzed adsorbed proteins by 

polymers. First, the protein corona from each polymer was analyzed using SDS-PAGE 

after proteins were dissociated from polymers (Figure 41A). After staining with 

Coomassie brilliant blue, the proteins bands were appeared, indicating that various serum 

proteins were adsorbed to the surface of polymers. The protein identities were 

represented by the molecular weight of each band, and the intensity of each band 

indicated amounts of absorbed proteins. In particular, proteins around 55kDa were the 

most absorbed ones for each polymer, which might be hemopexin [377]. After quantifying 

the intensity of absorbed proteins with ImageJ, we observed that PEI, PP-OH(L), and PP-
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OH(H) showed relatively lower absorbed proteins amounts; and the polymers containing 

hydrophobic moieties (PP-CH3) showed the highest protein binding amounts among all 

the polymers (Figure 41B and C). In a more quantitative measurement, the BCA protein 

assay was performed to measure the concentrations of isolated proteins. As shown in 

Figure 41D, the PEI, PP-OH(L), and PP-OH(H) absorbed about 0.22 mg, 0.28 mg, and 0.31 

mg proteins per milligram of polymers, respectively. While the amounts of absorbed 

proteins increased with introducing hydrophobicity to polymers, PP-CH3(L) and PP-CH3(H) 

absorbed about 1.09 mg and 0.91 mg proteins per milligram of polymers, respectively, 

which might be because the higher surface energy of hydrophobic polymers allows 

stronger hydrophobic interactions between polymers and proteins, thus resulted in the 

increased protein adsorption [378].  
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Figure 41. Protein absorption of synthesized polymers in mouse serum. (A) Scheme 

illustration of polymers surface absorbed protein analysis. Polymers (2 mg/mL) were 

mixed with 200 ul of mice serum at 37 °C for 1 h (1), after precipitation (2), the polymer 

and protein mixtures were washed with cold PBS for 3 times (3), then after dissociation 

with cell lysis RIPA buffer and precipitation, the absorbed proteins were obtained from 
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the supernatants (4). Finally, the amounts of proteins were quantified by BCA protein 

assay and SDS-PAGE. (B) The absorbed proteins were determined by SDS-PAGE. (C) 

Quantification the intensity of absorbed proteins in SDS-PAGE by ImageJ. (D) Protein 

binding to polymers was determined by BCA protein assay (Wprotein/Wpolymer = 

protein (mg)/polymer (mg). (Continued Figure 41) 
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2.5. Biodistribution 

In the previous studies, we have confirmed the CXCR4 binding ability of PP and its 

derivatives in the CXCR4 redistribution assay (Figure 36C). Moreover, we have confirmed 

that the hydrophilic modified polymers (PP-OH) showed less surface protein binding 

(Figure 41) and higher hypoxia to normoxia ratio in the cellular uptake study (Figure 39). 

Those advantages of PP-OH from in vitro studies might make it a promising carrier for 

targeted drug delivery to the injured kidney for AKI therapy. However, further in vivo 

studies are needed to confirm it. Hence, to understand how different modifications affect 

renal accumulation, we conducted the biodistribution study for all the polymers in an 

unliteral ischemia-reperfusion induced AKI mouse model, where the renal injury was 

induced in the left kidney with left renal artery clamping (I/R), while the right kidneys 

were performed as left kidneys without clamping (Sham). Mice were sacrificed at 24 h 

after intravenous administration with Cy3 labeled polymers, and major organs were 

collected for ex vivo fluorescence imaging by an IVIS system (Figure 42A), and the 

fluorescence intensities of the region of interest (ROI) from each organ were quantified for 

each group (Figure 43). Generally, we found that all the polymers were mainly 

accumulated in the liver and injured kidneys. In particular, PP, PP-OH, PP-COOH(L), and 

PP-CH3 showed relatively more selective accumulation in the injured kidneys. However, 

PEI, PP-COOH(L), and PP-NH2 showed higher selective accumulation in the liver when 

compared with other organs in the same group. Using ROI ratios between I/R kidney to 

the liver in the same mouse, we found that PP-OH(L) and PP-OH(H) showed the highest I/R 

kidney to liver ratios, and it is around 2.4 times higher than PEI. Other polymers like PP, 
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PP-COOH(L), and PP-CH3(L) also showed a significant higher I/R kidney to liver ratio than 

PEI. However, PP-COOH(H), PP-HN2, and PP-CH3(H) didn’t show any difference with PEI 

(Figure 42B). Moreover, after quantifying the I/R kidney to sham kidney ROI ratios and 

compared with the PEI group, we found that PP-OH(L) and PP-CH3(H) showed the 

highest ratio. The PP, PP-OH(H), and PP-CH3(L) showed relatively significantly higher 

ratios; however, PP-COOH and PP-NH2 didn’t show any difference with PEI (Figure 42C). 

Based on those results, we found that polymers with hydrophilic modification showed 

great selectivity accumulation ability in the injured kidneys as indicated by the 

significantly higher ratios of both I/R kidney to the liver and I/R kidney to the sham kidney. 

This further enhances the role of PP-OH as a potential renal drug delivery carrier for AKI 

treatment. The favorable accumulation of PP-OH in injured kidneys might be because of 

the less surface protein absorption on PP-OH. In this way, more CXCR4 targeting moieties 

are exposed on the surface and increase their chance to bind to CXCR4 receptors in the 

injured renal tubule cells. As for PEI, even less protein absorption was observed. It 

showed low I/R kidney to the liver and I/R kidney to sham kidney ROI ratios, which might 

be because of the lack of CXCR4 targeting ability due to no CXCR4 binding moieties on it.   
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Figure 42. Biodistribution study of synthesized polymers in unilateral IRI-AKI mice. 

(A) Represent ex vivo imaging of detected organs at 24 hours post intravenously injection. 

From left to right: thymus, heart, lung, liver, spleen, injured kidney, normal kidney, femur. 

(B, C) Region-of-interest (ROI) ratios of injured kidney to liver (B), and ROI ratios of 

injured kidney to normal kidney (C) at post 24 hours post injection. Data are shown as the 

mean ± SD (n = 3). *** p < 0.001, ** p < 0.01, * p < 0.05, ns = no significant difference.  
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Figure 43. Region of interest analysis of the major organ uptake of synthesized polymers 

at post 24 hours injection in unilateral IRI-AKI mice, PEI was used as control (n=3).  
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3. Conclusions 

In this study, we have synthesized a panel of nine polymers. One is polymeric 

plerixafor and another eight were based on polymeric plerixafor, introduced with 

different modifications moieties. Those polymers were showed excellent CXCR4 binding 

effects either in the CXCR4 redistribution assay or in the cellular uptake study in MCT 

cells. Moreover, we found that after introducing hydrophilic moieties, PP-OH showed less 

protein absorption, which might relate to their enhanced accumulation in the injured 

kidneys. These findings not only enhance our fundamental understanding the 

relationship between the surface modification of polymers and their transportation in 

normal and injured kidneys, but also provide us initial insights into improved CXCR4 

targeted drug delivery system to AKI.  
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4. MATERIALS AND METHODS 

4.1. Materials 

5-Amino-1-pentanol, 6-Aminocaproic acid (EACA), 1,5-Diaminopentane, 1-

Aminohexane, and N,N′-Diacetyl-1,6-hexanediamine (HMBA) were purchased from 

Sigma-Aldrich. AMD3100 was obtained from BioChemPartner. Cy3-NHS was purchased 

from Lumiprobe Corporation. APC labeled anti-CXCR4, and IgG isotopy were purchased 

from BD Bioscience. RPMI-1640 medium and Fetal bovine serum (FBS) were obtained 

from Hyclone. CellTiter-Blue reagent was purchased from Promega. Mouse renal tubular 

epithelial cells (MCT) and human tubular cells (HK-2) provided by Dr. Padanilam. 

4.2. Polymer synthesis and characterization 

Polymers were synthesized by Michael polyaddition of predetermined ratio of 

AMD3100, HMBA, and modification moieties as previously reported [373] (Figure 34). In 

a typical reaction, HMBA (112.2 mg, 0.5 mmol), AMD3100 (200.8 mg, 0.4 mmol), and 

EACA (13.1 mg, 0.1 mmol) were added into a glass vial containing methanol/water 

mixture (4 mL, 7/3 v/v). Polymers were synthesized under nitrogen atmosphere in dark 

at 37 °C for 3 days. Then, additional 20 mg of plerixafor was added to and the mixture 

was stirred for another 6 h to consume any residual acrylamide groups. The reaction 

mixture was then added dropwise to excess of 1.25M HCl in ethanol to keep pH was 

around 3. The resulting precipitated HCl salt of polymers was isolated by centrifugation. 

The polymers were washed twice in ethanol, dried in vacuum, and dissolved in water and 

dialyzed (MWCO 3.5 kDa) against water for 2 days before freeze-drying. The feed ratio, 
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reagent, and reaction time were according to Table 1. The weight- and number- average 

molecular weights and dispersity (Đ) were determined by size exclusion chromatography 

using Viscotek GPCmax chromatography system equipped with a refractive index 

detector and a low- and right-angle light scattering detector (Malvern Instruments, UK). 

A single pore AquaGelTM columns (cat# PAA-202 and PAA-203) from PolyAnalytik 

(London, ON, Canada) was used in this study. Sodium acetate buffer (0.1 M, pH 5.0) was 

used as an eluant with flow rate of 0.3 mL/min.  

4.3. Synthesis of Cy3-labeled polymers 

PEI and synthesized polymers were fluorescently labeled with Cy3 using NHS 

activated esterification reaction [334]. Briefly, 50 mg polymers were dissolved in 5 mL DI 

water, then 0.5 mg of Cy3-NHS in DMSO were dropwise into the polymer solutions 

followed by overnight stirring at room temperature under dark condition. The reaction 

mixtures were then dialyzed for 7 days to remove the unreacted Cy3-NHS. Then the Cy3 

labeled polymers were obtained after lyophilization, and the amount of conjugated Cy3 

was determined by UV-visible absorption spectroscopy using a calibration curve. 

4.4. Cell culture 

MCT cells were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin. HK-2 cells were cultured in Keratinocyte Serum Free 

Medium (K-SFM) with 0.05 mg/ml bovine pituitary extract (BPE) and 5 ng/ml epidermal 

growth factor (EGF) supplements. Human bone osteosarcoma U2OS cells stably 

expressing human CXCR4 receptor fused to the N-terminus of enhanced green fluorescent 
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protein (EGFP) were cultured in DMEM supplemented with 2 mM L-Glutamine, 10% FBS, 

1% penicillin/streptomycin and 0.5 mg/mL G418. All the cells were cultured in 37 °C cell 

incubator with 5% CO2.  

4.5. In vitro cytotoxicity  

The Cell Titer Blue assay was used to determine the cytotoxicity of the polymers. 

Briefly, mice tubule cells (MCT) and human tubule cells (HK-2) were seeded in 96-well 

plates at 8000 cells/well for 24 hours. Then polymers were suspended in fresh cell culture 

medium with different concentrations and incubated with cells. After 24 h of incubation, 

the medium was replaced with a mixture of 100 ul of serum-free medium and 20 ul of 

CellTiter-Blue reagent for 2 h. Then the fluorescence (560/590 nm) was measured by using 

a SpectraMax iD3 Multi-Mode Microplate Reader (MolecularDevices, CA). The relative 

cell viability (%) was determined as [fluorescence]sample/[fluorescence]untreated× 100%. 

4.6. CXCR4 redistribution assay 

CXCR4 redistribution assay was used to determine the CXCR4 antagonism of all the 

synthesized polymers as described before[373], PEI, PBS, and AMD3100 were used as 

controls. Briefly, U2OS cells expressing EGFP-CXCR4 receptors were seeded in black 96-

well plates at the density of 8000 cells per well for 24 h. Cells were washed twice with 

assay buffer (DMEM supplemented with 2 mM L-Glutamine, 1% FBS, 1% Pen-Strep and 

10 mM HEPEs) and then incubated with polymers and controls in assay buffer containing 

0.25% DMSO at 37 °C for 30 min. SDF-1 was then added to each well with a final 

concentration of 10 nM for 1h. Then cells were fixed with 4% formaldehyde at room 
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temperature for 20 min and washed 3 times with PBS. Then cell nuclei were stained with 

1 uM Hoechst in PBS containing 0.5% Triton X-100. Images were taken by EVOS 

fluorescence microscope at 20 X. Then high-content analysis was performed to quantify 

the CXCR4 antagonistic activity according to the internalized EGFP-CXCR4 receptors. 

4.7. Cell hypoxia-reoxygenation and CXCR4 expression 

The MCT cells were plated in 6-well plates at a density of 3x106 cells per well and 

incubated until they reached approximately 90% confluence for experiment. To mimic the 

ischemia-reperfusion injury in vitro, the cells were cultured for 24 h under hypoxic 

conditions (1% O2, 94% N2, and 5% CO2) in serum free medium to induce hypoxic injury. 

After hypoxic treatment, the cells were transferred back to regular culture medium with 

oxygen for 6 h for reoxygenation. Control cells were incubated in complete culture 

medium in a regular incubator (5% CO2 and 95% air). Then cells were detached from the 

plate and sained with anti-CXCR4-APC antibody or control IgG isotype according to 

manufacturer’s protocol. After washing three times with could PBS, flow cytometry was 

used to quantify the expression of cell surface CXCR4 receptors, and the results were 

processed using FlowJo software.  

4.8. Cellular uptake and intracellular trafficking of polymers 

Flow cytometry was conducted to study the cellular uptake of polymers. MCT cells 

were seeded in 12-well plates at the density of 3 × 104 per well and cultured to 

approximately 80% confluence. Then cells were incubated with Cy3 labeled polymer 

(2μg/mL) at 37 °C for 3 h. After washing with PBS twice, cells were detached and subjected 
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to analysis using a BD FACS Calibur flow cytometer (BD Bioscience, Bedford, MA). The 

results were processed by using FlowJo software. The intracellular trafficking was 

observed by LSM 800 Laser Scanning Microscope (Zeiss, Jena, Germany). Briefly, MCT 

cells were cultured in an 8-well cell culture chamber with coverslip glass at 2× 104 cells per 

well for overnight. After 24 h, cell culture medium was replaced with fresh medium 

suspended with Cy3 labeled polymers at the concentration of 2 μg/mL for 3 h. After 

washing with cold PBS three times, the cells were fixed with 4% formaldehyde at room 

temperature for 20 min, then stained with 1 uM Hoechst in PBS for another 10 min. 

4.9. Protein binding affinity 

Polymers at the concentration of 2 mg/mL were incubated with 200 ul of mice serum 

on a shaker at 37 °C for 1 h. Then the mixtures were centrifuged at 1.4x104 g for 1 h at 4 °C. 

After washing three times with cold PBS, the protein pellets were resuspended in 50 ul of 

RIPA lysis buffer containing 1% HaltTM Protease Inhibitor Cocktail to release proteins 

from the surface of polymers. Then the mixtures were centrifuged at 1.4x104 g for 30 min 

at 4 °C, and the supernatants were collected. After collection, 5 ul of each supernatant was 

diluted 20 times with 95 ul saline, and 25 ul of each diluted solution was applied in the 

protein BCA assay to determine their concentrations. To visualize the molecular weight 

distribution of absorbed proteins by the polymers, 25 ul of the supernatant was loaded to 

SDS-PAGE for protein separation. After staining with Coomassie Brilliant Blue for 30 min 

and washing with DI water for 24 h, the proteins in the gel were visualized by ChemiDoc 
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Imaging Systems (BIO-RAD). Finally, ImageJ was used to quantify the relative protein 

amount from the gel image.   

4.10. Induction of unilateral ischemia-reperfusion kidney injury 

Male mice were used in this study due to female mice are generally more resistant to 

ischemia AKI than male mice [57]. Animal experiment protocols have been approved by 

the University of Nebraska Medical Center Institutional Animal Care and Use Committee 

(IACUC). To establish the unilateral ischemia-reperfusion kidney injury model, mice were 

anesthetized by intraperitoneal administration of ketamine (15 mg/kg) and xylazine (5 

mg/kg). After anesthesia, 50 μg/kg of buprenorphine was given subcutaneously for pain 

relief. Then both side hair of the mice was removed with hair remover, and the skin in the 

surgical area was wiped with a povidone-iodine prep pad and clean with a 70% alcohol 

pad. Mice were placed on a heating table immediately after skin preparation for 20 

minutes before surgery to stabilize body temperature and allow them are in deep 

anesthesia. The left side skin and muscle were then cut open with an incision (around 1 to 

1.5 cm), and the left kidney was then pushed out from the incision by using a sterile cotton 

swap. Then the tissue around the renal pedicle was removed by a fine-point tweezer to 

expose the blood vessel for renal pedicle clamping. The right-side renal pedicle was 

prepared by a similar procedure without clamping. After 30 min clamping for the left side 

kidney, the micro clamps were released for renal reperfusion. The body temperature of 

mice was maintained at 37 °C on a heating plate until they were fully awake.  
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4.11. In vivo biodistribution study 

Biodistribution of polymers in unilateral IRI-AKI mice was analyzed by ex vivo 

fluorescence imaging. After 24 hours of reperfusion, Cy3 labeled polymers were 

administrated to mice via tail vein injection at the concentration of 2 mg/kg. Then mice 

were sacrificed at 24 h after administration, and major organs were isolated and imaged 

using a Xenogen IVIS 200 system. Emission wavelength of 569 nm and excitation 

wavelength of 555 was used to image the organs. The fluorescence intensities of organs 

were quantified by using Living Image® 4.5 software, and the radiant efficiency was 

measured as (photons/sec/cm2/sr)/(μW/cm2). Finally, the fluorescent ratios of injured 

kidney to sham kidney, and injured kidney to liver were studied. 

4.12. Statistical analysis 

Results are showed as mean ± SD. ANOVA was used to analyze the differences 

between multiple groups followed by Tukey’s multiple comparison test. P < 0.05 was 

considered as a minimal significance. All statistical analysis was processed with 

GraphPad Prism v9. 
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Chapter 5. Summary and Future Directions 

Acute kidney injury affects over 13 million people worldwide and leads to about 2 

million deaths each year. Patients who survive from AKI are in the high risk to develop 

chronic kidney disease or end stage renal disease, and ultimately result in kidney failure. 

Despite the extensive basic research and the growing understanding of the underlying 

pathophysiology, AKI remains a significant unmet medical requirement, and no effective 

pharmacological treatments are available. Due to the complicate pathophysiology of AKI, 

it may be necessary to develop combinational treatment methods to simultaneously treat 

AKI for better treatment outcomes.  

As one of the most well-known tumor suppressor proteins, p53 has been attracted 

increasing attentions as a therapeutic target in AKI. p53 induced cell death has been 

considered as the major contributor for the development of AKI. Inhibition of p53 by 

siRNA has been demonstrated the beneficial effect both in IRI-AKI and CIS-AKI animal 

models. However, large amount of free siRNA was required to achieve desired 

therapeutic outcomes due to the lack of renal targeted siRNA delivery systems. Growing 

evidence shows that CXCR4/SDF-1 axis is involved in the pathology of AKI, and block 

CXCR4 by antagonism could inhibit renal immune cells infiltration and improve renal 

function. Moreover, CXCR4 has been reported overexpression on injured tubules, which 

could be used as a target for therapeutic reagents delivery to the injured renal tubule cells.  

Taking advantage of the role of CXCR4 and p53 in AKI, we have developed two 

polycations, one is PCX and another one called C-CS. Both polymers were showed 
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excellent CXCR4 binding ability and siRNA condensation ability. In our in vitro studies, 

the PCX/siRNA and C-CS/siRNA showed excellent gene silencing effect. Moreover, the 

enhanced cellular uptake in the injured renal tubule cells which expressing CXCR4 

receptors were observed. In the biodistribution studies, both polycations showed 

enhanced siRNA delivery in the injured kidneys as indicated by the higher fluorescence 

intensity and longer retention times when compare with normal kidneys, and the sub-

organ images showed polymer and siRNA were mainly located in tubule areas, which 

might because the specific CXCR4 binding of polyplexes. In the study from C-CS/siRNA, 

the CXCR4 staining was further confirm the CXCR4 targeting ability of C-CS. The 

favorable accumulation of PCX/siRNA and C-CS/siRNA in the injured kidneys 

encouraged us to test their therapeutic effect. As expected, PCX/sip53 and C-CS/sip53 

successfully downregulated the expression of p53 in the injured kidneys and showed 

great therapeutic for CIS-AKI and IRI-AKI respectively, as indicated by the improved 

renal functions, less immune cells infiltration, and less renal damage. Our studies showed 

we have successfully used CXCR4-directed delivery with PCX and C-CS to enhance the 

renal accumulation of therapeutic siRNA for p53 silencing. This is the first report showed 

the potential of combined CXCR4 inhibition with p53 gene silencing for AKI therapy.  

Based on our previous studies, we proposed to develop polymer-siRNA conjugates 

for effective AKI treatment in our future directions. The polymer will be equipped with 

CXCR4 binding ability and the siRNA can be any therapeutic siRNA which benefit for 

AKI. The use of sample polymer-siRNA conjugates could enhance the stability and 

activity of siRNA, meanwhile decrease the amount of polymers injection. Thus, an pilot 
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study was conducted with the aim to find a polymer candidate for future siRNA 

conjugation. In our pilot study, a panel of polymeric CXCR4 antagonists with different 

modification moieties were synthesized. All the polymers showed enhanced cellular 

uptake in the CXCR4 overexpressed MCT cells. Moreover, the hydrophilic moiety 

modified polymer (PP-OH) showed the lowest protein binding in mice serum and the best 

accumulation ability in the injured kidneys. This polymer might be suitable for future 

siRNA conjugations.   
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