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Utilization of nucleic acids to manipulate genetic information within a cell is known as gene 

therapy. It has provided researchers with unprecedented opportunities in treatment and mitigation 

of several life-threatening diseases. Gene therapy is an attractive alternative to conventional 

chemotherapy or radiation therapy due to its high efficiency, minimal side effects, and potential to 

evade drug resistance. The versatility of gene therapy makes it useful for the treatment of diseases 

dangerous disease like cancer. However, delivery of nucleic acid payloads to the intended target 

has been the bottleneck in clinical translation of such therapies. Here, we have developed and 

evaluated three different delivery systems (lipid based, polymer based and lipid-polymer hybrid) 

which can complex nucleic acid payloads, able to target specific cell types and get dissembled on 

cellular internalization to release the therapeutic payload. Our lipid and lipid-polymer hybrid 

delivery systems utilize a novel bacterial peptide sequence which enables these vectors to “stick” 

to fibronectin present in tumor extracellular matrix making them attractive for intravesical 

administration in bladder cancer management. Additionally, these systems have pH responsive 

modalities which aids in vector dissemble under acidic endosomal pH conditions for efficient 

release of therapeutic cargos after internalization into target cells.  

 

In our efforts to develop an ideal delivery system with a tunable the assembly/disassembly 

properties, we synthesized a library of pendent polymer with biodegradable polycarbonate 

backbone. The ability of the pendent groups to form host-gest interaction with hydrophobic core 

of cationic cyclodextrins determined the stability of the delivery system. We demonstrate the 

capability of such polymer systems to form nano-dimensinal complexes with nucleic acid and 

transfect cancer cells. The above-mentioned property of cyclodextrins to form host-guest 

interaction with hydrophobic molecules also forms the basis of its utilization in the treatment of a 

rare metabolic disorder called Niemann Pick type C disease where there the cells loses the ability 
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to remove stored cholesterol from endo-lysosomal compartments. Cyclodextrin forms host-gest 

complexes with aberrantly stored cholesterol and helps normalization of cellular cholesterol level. 

However, the soluble nature and small size of the cyclodextrin causes very rapid clearance for the 

body necessitating dosage levels as high as 9000mg/kg for therapeutic benefit. We have also 

developed a library of polyrotaxanes, where multiple cyclodextrins are threaded onto linear 

polymer chains and end-capped with bulky groups to prevent slippage. This kind to assembly 

drastically increases the systemic circulation time by preventing rapid renal clearance. We 

evaluated the ability of these constructs to serve as a long circulation delivery system for delivery 

of β-cyclodextrins for potential treatment of Niemann Pick type C disease. Finally, we have studied 

the structure-function relationships of these supramolecular assemblies to aid in rational design of 

therapeutic polyrotaxanes.  
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 GENE THERAPY: AN INTRODUCTION 

Adapted (Reprinted) from the book chapter titled “Nucleic acid is cancer therapeutics” authored 

by S.Samaddar and D.H.Thompson. Currently the chapter is under preparation for Biomaterials 

for cancer therapeutics (Elsevier group).  

1.1 Introduction 

Proteins are an essential part of any living organism and are associated with almost every function 

of the cell1. All the proteins produced with in the cells are coded by DNA2. Human DNA contains 

about 19,000 to 20,000 protein coding genes3. The production of functional proteins from 

genetically encoded DNA sequences is referred to as central dogma of biology4-5. The first step in 

this process is called Transcription, wherein RNA polymerase and transcription factors bind to the 

promoter sequence on the DNA strand to initiate transcription of a downstream gene. The 

hydrogen bonding between base pairs in the DNA double helical structure is disrupted to form a 

transcription bubble. The RNA polymerase then recruits RNA nucleotides in a complimentary 

fashion to the DNA strand being transcribed to form a pre-mRNA strand. This pre-mRNA is then 

processed by addition of a polyadenosine tail6-7 and 5’-end capping8-9. These two structural 

features are essential for maturation of pre-mRNA to mature mRNA to enable transport outside 

the nucleus for protein synthesis in the ribosome. Additionally, another very important event called 

splicing occurs at this step. Splicing involves alterations where non-coding regions (introns) of the 

pre-mRNA are discarded or sometimes retained along with the coding regions (exons) to give 

mature-mRNA10. By altering the length of the retained exons and/or skipping intron sequences in 

the final mRNA sequence, the same pre-mRNA can be a precursor to a wide diversity of proteins 

produced by different cells under a variety of cellular conditions. This is a major mechanism 

underlying how ~20,000 protein coding sequences in the human genome can produce over 2 

million different proteins. 

 

Once the mRNA is exported outside the nucleus, the ribosomal machinery comprising of the 30s 

ribosomal subunit, tRNA carrying the amino acid methionine, and the 50s ribosomal subunit are 

recruited to the start codon of the mRNA. The methionine is then transferred to the tRNA of the 

neighboring codon before leaving the ribosomal machinery. The ribosome then shifts to the 
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following codon allowing the next codon to be occupied by the complimentary tRNA and amino 

acid for chain extension. This process continues sequentially until a stop codon is reached, wherein 

the polypeptide chain is released to fold into its active structure. 

 

High-throughput phenotypic screening, gene silencing by RNA interference, time-lapse 

microscopy, and computational image processing efforts have shown that about 600 genes in the 

human genome are involved in cell division11. Mutations in any of these genes can alter the 

expression profiles of a given protein. If this occurs for proteins involved in cell cycle control or 

apoptosis, uncontrolled cell division and proliferation – the hallmarks of cancer – can ensue. Thus, 

once the protein responsible for various aberrant cellular behaviors is identified, manipulation of 

the pathway at any of the above steps of the central dogma can theoretically be employed to alter 

the production of that protein from a therapeutic perspective. For the purposes of this chapter, we 

will categorize the nucleic acid therapies based on the cellular targets responsible for aberrant gene 

expression: (A) oligonucleotides targeting RNA; (B) oligonucleotides targeting DNA; and (C) 

oligonucleotides targeting protein. 

 

Figure 1. Schematic representation of strategies involved in developing nucleic acid anti-cancer 

agents. (SSO = Splice switching oligonucleotides; TFO = Triple helix forming oligonucleotides; 

siRNA = small interfering ribonucleic acids; shRNA = short hairpin ribonucleic acids; miRNA = 

micro ribonucleic acids; TLRs = Toll-like receptors; RISC = RNA induced silencing complex) 
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1.2 Oligonucleotides targeting RNA 

1.2.1 siRNA (Short interfering RNA) 

The first instance of gene silencing using a 742 base-pair long double stranded RNA to knock 

down an abundant myofilament protein was demonstrated by Fire and Mello in C. elegans12. In 

2006, they were awarded the Nobel Prize in Physiology or Medicine for their discovery13. Long 

double stranded RNA (dsRNA) are identified by endogenous RNase III endonuclease or Dicer in 

the cytoplasm of the cell. Dicer causes enzymatic cleavage of the dsRNA to form smaller 20 – 24 

nucleotide long fragments with 3′ two-nucleotide overhangs, known as short interfering RNA. 

siRNA becomes associated with the protein called Argonaut 2 prior to recruitment of other proteins 

involved in the silencing mechanism to form the RNA Induced Silencing Complex (RISC). 

Argonaut 2 unwinds the siRNA, leading to cleavage of one of the strands and leaving behind a 

single stand of guide RNA (anti-sense strand) bound to the RISC complex. This complex can 

identify specific mRNA target based on sequence complementarity and catalytic cleavage of the 

targeted mRNA mediated by Argonaut 2.  Thus, if the sequence of the protein responsible for 

aberrant cellular behavior is identified (e.g. an overexpressed oncogene), appropriately designed 

siRNA can silence the gene via cleavage of the corresponding mRNA strands, thus making it a 

promising therapeutic strategy. Interestingly, it was observed that doubled stranded RNA (sense 

and anti-sense pair) cause much more potent gene silencing effects than the antisense strand alone. 

Unlike C. elegans, however, introduction of longer double stranded RNA (>30 bp) into the 

cytoplasm of mammalian cells can mimic a viral infection, thereby inducing an immune response 

characterized by activation of the protein kinase R (PKR) pathway and upregulation of pro-

inflammatory cytokine genes like interferons that promote cell death by apoptosis14. Elbashir et al. 

demonstrated that introduction of synthetic short 21 nt long siRNA sequences, thus eliminating 

the need of DICER processing, avoided the immune response and showed potent gene silencing 

in mammalian cells15. The ability of RNA interference to cure multiple undruggable diseases 

attracted private investment and developmental siRNA therapeutic programs at many major 

pharmaceutical companies. Candidate siRNA molecules with little in vivo stabilization and/or 

targeting strategies were rushed to the clinic. These candidates required very high dosages and 

caused significant off-target effects, leading to failure of multiple late stage clinical trials of siRNA 

therapeutics and a disappointing start for RNAi technology field16.  
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The recent FDA approval of Alnylam’s Onpatrro (patisiran) in 2018 for treating hereditary 

transthyretin-mediated amyloidosis in liver, however, has rejuvenated interest in the field17. This 

was enabled by the development of novel and potent lipid-based delivery vehicles capable of 

delivering unmodified/minimally modified versions of nucleic acids to their target site without 

significant toxicity issues. A Phase I/II study of 43 patients with advanced hepatocellular 

carcinoma to evaluate safety and preliminary anti-tumor activity of TKM-080301, a lipid-based 

delivery of PLK1 siRNA, was conducted by Arbutus Biopharma18. Poor survival of hepatocellular 

carcinoma patients has been linked to enhanced expression of polo-like kinase 1 (PLK1) protein, 

therefore, silencing of PLK1 has attractive therapeutic potential. Although their results showed 

that the therapy was well tolerated (MTD of 0.6 mg/kg), a 46.2% stable disease rate (independent 

RECIST 1.1 criteria) and 23.1% of partial response (Choi’s criteria) indicated that it had a limited 

antitumor effect as a single agent therapy19. A dual target knockdown strategy is currently 

undergoing clinical evaluation by Alnylam for advanced metastatic hepatocellular carcinoma20-21. 

The candidate therapy, ALN-VSP, is a lipid nanoparticle containing siRNA for simultaneous 

knockdown of VEGF (Vascular Endothelial Growth Factor) and KSP (Kinesin spindle protein) 

involved in neo-angiogenesis and cell division, respectively. This Phase I study demonstrated the 

safety, RNAi mediated target mRNA cleavage products within tumor cells, and antitumor 

effectiveness of biweekly intravenous administration of the drug candidate20. Atu-027, a lipoplex 

formulation of 23-mer chemically stabilized (alternating 2’-O-methyl) oligonucleotides which 

inhibits the expression of PKN3 protein, is another anti-cancer siRNA under Phase I clinical 

investigation by Silence Therapeutics22. PKN3 is a downstream effector of the phosphoinositide-

3-kinase (PI3K) signaling pathway involved in endothelial cell migration control during tumor 

angiogenesis and metastasis23-24. This study in patients with advanced solid tumors showed that 

the therapy was efficacious and well tolerated up to a dose of 0.120 mg/kg, without cytokine 

activation25. In a Phase Ib/IIa study with advanced pancreatic cancer patients, Atu-027 was tested 

at a dose of 0.253 mg/kg in combination with gemcitabine26. Reports showed that the combination 

was safe and well tolerated. Disease control was observed in 58% of the patients receiving the 

therapy twice weekly and 36% of the patients who received a dose once per week27. Unfortunately, 

both dosage regimens were associated with a very high percentage (92 and 82%, respectively) of 

Grade 3 adverse reactions27. 
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1.2.2 shRNA (Short Hairpin RNA) 

Although siRNA delivery can be an effective way to inhibit the expression of a target protein, the 

silencing effect is transient (days), especially in rapidly diving cells (hours)28-31.  Although this can 

be advantageous in cases where short-term suppression of a gene is needed (e.g., viral infections), 

it could become a severe limitation when long term suppression of an oncogene is desired for 

cancer therapy. This challenge was overcome by Paddison et al. in 2002 who demonstrated that 

RNAi can be achieved by delivering a plasmid DNA which codes for the shRNA and integrates 

into the host cell genome to achieve heritable gene silencing32. These plasmids are transcribed into 

shRNA endogenously with help of a RNA polymerase III promoter in the nucleus. shRNA are 

about 70 nucleotides long, with a 19 – 29 base pair stem bearing 3′ two-nucleotide overhangs and 

a short loop of 4 to 10 nucleotides. shRNA are exported from the nucleus via Exportin 5 to the 

cytoplasm. Alternatively, synthetically produced shRNA can also be delivered to the cytosol 

directly. In the cytoplasm, shRNA is recognized by DICER and the loop removed to form smaller 

20 – 24 nucleotide long siRNA strands that perform RNAi as described above. Thus, shRNA 

results in sustained RNAi which cannot be achieved by synthetic siRNA. One of most advanced 

therapies in this class was developed by Gradalis Inc.33. Their cationic liposome formulation 

encapsulates a plasmid coding for a bifunctional shRNA that silences stathmin 1 (STMN1) 

protein33. STMN1 is a cytosolic protein with major pro-mitotic responsibility that is upregulated 

in tumors and aids in cancer cell survival and proliferation33-35. Their Phase I study in superficial 

advanced refractory cancer patients demonstrated the safety of intratumoral injections of the 

formulation over a 0.7 – 2 mg plasmid dose range36. Additionally, they produced evidence of 

shRNA mediated silencing based on the detection of predicted targeted-sequence cleavage 

products using next generation sequencing (NGS) and RT-PCR techniques33.  

1.2.3 microRNA (miRNA) 

miRNA was first identified in 1993 by Lee et al. who reported that two Lin4 non-coding gene 

products, one 22 and the other 61 nucleotides long, in C. elegans, had sequence complementarity 

to the 3’-untranslated region (UTR) of lin-14 mRNA. They suggested a post-transcriptional 

regulatory effect of the Lin4 transcripts on Lin14 protein expression via an antisense RNA 

interaction type mechanism37. Since then, miRNA has established itself as an evolutionary 

conserved master regulator of multiple genes. miRNA precursors (pri-miRNA) are transcribed in 
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the nucleus by RNA polymerase II and further processed into ~70 nucleotide long pre-miRNA by 

DROSHA and its cofactor DGCR8. Pre-miRNA has a looped structure like shRNA and is also 

exported from the nucleus via the same Exportin 5 protein. These are then processed further by 

DICER in the cytoplasm to remove the loop domain and produce 20-22 nucleotide long mature 

miRNA that can then be loaded into the RISC complex. The miRNA within the RISC complex 

then guides the mRNA of the target gene to be regulated, typically via imperfect complimentary 

to target mRNA’s 3’-UTR region. Once bound, the target mRNA is either cleaved into two pieces, 

marked for early degradation by deadenylation of the polyA tail, or sterically prevented from 

translation into protein. Additionally, because of imperfect base paring, this allows the same 

miRNA sequence to target multiple mRNA and the same mRNA to be targeted by multiple miRNA 

for silencing, unlike siRNA or shRNA where the targeting is very specific. This promiscuity adds 

another level of challenge for clinical translation of miRNA therapeutics since the chance for 

unintended off-target effects are high. Transcriptional downregulation of oncogenes recognizing 

miRNA or upregulation of tumor suppressors recognizing miRNA have been suggested in the 

pathogenesis of multiple cancers. 

1.2.3.1 miRNA mimics 

From a therapeutic perspective, cytosolic delivery of synthetic mimics of miRNA can be utilized 

to downregulate multiple cancer-causing genes at the same time. For example, miRNA-34a has 

been shown to downregulate expression of over 30 oncogenes as well as genes involved in immune 

evasion38. Expression levels of miRNA34a are severely compromised in multiple solid tumors39. 

A liposome incorporated synthetic mimic of miRNA-34a developed by Mirna Therapeutics, 

MRX34, was the first miRNA-based therapy to enter the clinic for patients with advanced stages 

of cancer including hepatocellular carcinoma40. Although MRX34 showed evidence of antitumor 

activity in a subset of patients with refractory advanced solid tumors, the study had to be halted 

due to serious immune-related adverse events41. 

1.2.3.2 Antagomirs 

An alternative strategy would be to downregulate miRNAs responsible for suppressing genes that 

prevent tumor growth. Antagomirs are RNA strands having perfect complementarity to a miRNA 

sequence. It binds to guide miRNA strand within the RISC complex and prevents it from 
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downregulating other genes. Since it highly improbable that the exact same RNA sequence will be 

involved in different gene modulations, chances for off-target effect of antagomirs are limited. 

Antagomirs are often chemically engineered to improve its nuclease stability in vivo.  For example, 

miR-100 promotes tumor metastasis and invasion capacity via a mTOR pathway mechanism42. 

Intratumorally injection of miR-100 antagomirs demonstrated significant reduction in tumor 

progression and lung metastasis in an orthoptic 4T1 mouse breast cancer model. Additionally, 

antitumor effects were enhanced when antagomir was used as a combination therapy with 

cisplatin42. Similarly, co-delivery of antagorR-21 and antagomir-10 in a systemic injection of 

RGD-targeted PLGA nanoparticle increased temozolomide chemosensitivity in a mouse 

xenograft tumor model of human glioblastoma multiforme cells43. 

1.2.3.3 miRNA sponges or ‘miRNA decoys’ 

These are long RNA sequences having multiple sites that can competitively bind to the seed 

regions of guide miRNA targets and thus block an entire miRNA seed family. This was first 

developed in 2007, as endogenously produced RNA from a vector plasmid utilizing RNA 

polymerase II promoter. It can be used for both transient expression or incorporated in 

chromosomal DNA for stable transfection44. These transcripts have a bulge at the sites that are 

generally cleaved by the Argonaut proteins of RISC. This enables stable interaction of the 

construct with the target guide miRNA loaded within RISC without actually being cleaved. 

Recently, nuclease resistant miRNA sponge was developed by a group of researchers at John 

Hopkins, which could inhibit cancer cell proliferation and suppress activity of miR-21 in multiple 

gastric cancer cell lines in vitro45. They demonstrated that miRNA sponges could be effectively 

used to suppress targeted miRNA functions in vitro and showed potential for treating diseases in 

vivo.  

1.2.4 Splice-switching ODNS (SSO) 

As mentioned earlier, splicing is a major mechanism for maintaining protein diversity. Over 90% 

of the proteins produced in cells undergo splicing46-47. Thus, splicing regulation provides an 

attractive therapeutic choice for aberrantly behaving proteins, especially those that arise from 

mutations causing an abnormal protein due to altered splicing events.  Over 15,000 alternative 

splicing events have been associated with various forms of cancer and its pathogenesis48. Splice-
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switching ODNs are typically 15-30 nucleotides long. They can be directed towards splicing sites 

based on their sequence complementarity to mRNA regions involved in splicing and the introns 

that modulate the position of spliceosome recruitment. These ODNs can then correct an altered 

splicing event of a tumor suppressor protein or induce altered splicing to prevent formation of an 

aberrant protein. Already two SSO, nusinersen (Ionis Pharmaceuticals) and eteplirsen (Sarepta 

Therapeutics) received FDA approval in 2016 for treatment of muscular diseases showing the 

promise of this class of therapy in safely treating human disorders49-50. Multiple research efforts 

have already focused on regulating altered alternative splicing events using SSO in an attempt to 

enhance expression of tumor suppressor proteins or downregulate oncogenes. For example, 

alternative splicing of kinase MNK2 pre-mRNA could lead to production of Mnk2a or Mnk2b 

mRNA51. Mnk2a induces apoptosis through the p38-MAP kinase pathway and acts as tumor 

suppressor, whereas Mnk2b fails to activate the p38-MAP kinase pathway and acts as a 

protooncogene51. Mogilevsky et al. developed SSO to mask the 3’ splice site of exon 14b of MNK2 

pre-mRNA which resulted in upregulation of Mnk2a as the major spliced variant52. Treated cells 

showed inhibition of oncogenic properties in glioblastoma, hepatocellular carcinoma, and breast 

cancer cells and re-sensitized the glioblastoma cells to chemotherapeutic effects of doxorubicin, 

cisplatin, and temozolomide52. Additionally, the ability of the SSO to inhibit tumorigenesis was 

demonstrated in an orthotopic mouse xenograft model of human glioblastoma52.  

1.2.5 Gapmer 

These are chimeric oligonucleotides having a central region (known as the GAP) comprised of 6 

– 10 nucleotide long deoxynucleotide sequences that are designed to induce RNAse H cleavage, 

while the flanking regions are chemically modified to prevent nuclease degradation. The central 

region binds to the target mRNA or lncRNA by Watson-Crick complementarity and induces 

RNAse H mediated cleavage to cause gene silencing. Amodio et al. provided the first pre-clinical 

demonstration of the effectiveness of a novel gapmers oligonucelotide in silencing an oncogenic 

lncRNA called metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)53. MALAT1 

is responsible for abnormal proliferation of plasma cells within bone marrow, leading to the 

fatal B cell malignancy, multiple melanoma54. The 16mer Gapmer was capable of inhibiting 

cell proliferation and inducing apoptosis in multiple melanoma and primary plasma cell lines 

from patients53. The potent anti-tumor effectiveness was also translatable to a murine xenograft 
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model of human multiple melanoma53. Custirsen and Apatorsen from OncoGenix, represent the 

most advanced therapeutic candidates in this class that have reached the clinic. Custirsen 

induces silencing of testosterone-repressed prostate message-2 (TRPM-2), an anti-apoptotic gene 

associated with chemoresistance55. Currently, it is being evaluated as a combination therapy with 

docetaxel in a Phase III study in advanced metastatic (stage IV) non-small cell lung cancer56. 

Apatorsen inhibits expression of Heat shock protein 27 (HSP27) gene57. HSP27 is a chaperon 

protein that promotes cell survival under stress conditions58.  Silencing of HSP27 with Apatorsen 

has been shown to induce apoptosis and sensitize cancer cells towards chemotherapy57. In a 

randomized Phase II study of Apatorsen in combination with docetaxel in advanced metastatic 

bladder cancer, patients showed significant survival benefits over docetaxel alone59.  

1.2.6 DNAzyme 

DNAzymes are single stranded DNA molecules that bind to target mRNA by Watson-Crick base 

pairing and cause catalytic cleavage of target mRNA. A typical DNAzyme contains an active 

size for catalytic cleavage surrounded by two binding arms responsible for mRNA recognition. 

Joyce et al. pioneered the development of catalytic DNA strands using in vitro selection 

techniques60. The first in class anticancer therapy using the DNAzyme called Dz13 was 

evaluated in a Phase I trial with nodular basal cell carcinoma patients61. Dz13 catalytically 

cleaves JUN mRNA, preventing its translation to c-JUN that contributes to cell growth and 

survival and is over expressed in cancer cells62-63. Intratumoral administration of the agent using 

a lipid based delivery system at all the administered doses produced no drug related adverse 

effects61. It was recently demonstrated that the intratumorally administered Dz13 lipid 

formulation reduced the sizes of satellite untreated tumors along with the primary treated tumors 

in a murine melanoma model, suggesting involvement of adaptive immunity64. 

1.3 Oligonucleotides targeting DNA 

1.3.1 Triplex folding oligonucleotides (TFO)  

TFO are strands of nucleic acids that bind to a DNA duplex along the major groove to form a triple 

helix, following the rules of Hoogsteen or reverse Hoogsteen base pairing65. The bases of the TFO 

form hydrogen bonds with the matching base pair to create a complex, allowing for a high degree 

of selectivity with respect to its position along the DNA duplex. This class of oligonucleotides has 
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not yet entered clinical trials, however, several in vitro and in vivo studies suggest that they may 

have significant anti-cancer therapy potential. For example, Catapano et al. developed a TFO 

directed towards the P2 promoter region of the c-MYC gene to inhibit its transcription66. Enhanced 

expression of the c-MYC gene product is associated with multiple human cancers. Protein binding 

studies showed that the TFO inhibited binding of nuclear transcription factors to the promoter 

sequence at a concentration of 1 µM. TFO have also been used in combination with gemcitabine67. 

In this case, the TFO activates the machinery that recognizes the triple helix as DNA damage and 

in the process of excision repair creates strand breaks68. This initiates an unscheduled DNA repair 

synthesis (UDS) at the site of the human c-MYC gene and enhances the incorporation cytotoxic 

gemcitabine into the oncogene, resulting in tumor suppresion. The tumor reduction efficacy of the 

TFO and gemcitabine combination therapy was also demonstrated in a mouse xenograft model of 

COLO 320DM human colon carcinoma. A 3’-propalknolamine modification was utilized to 

enhance the TFO stability for in vivo applications. 

1.4 Oligonucleotides targeting proteins 

1.4.1 Oligonucleotides that stimulate the immune system  

Although an important strategy for designing oligonucleotides for DNA or RNA targets is to 

escape detection by the immune system, another paradigm for cancer therapy is based on the ability 

of nucleic acids to illicit an immune response by binding to protein receptors. This approach seeks 

to not only to kill cancer cells directly in the initial immune reaction, but also to develop an anti-

cancer memory to prevent future tumorigenic outgrowths. The human immune system has 

developed a host of receptors called pattern recognition receptors (PRR) that can recognize 

exogenous nucleic acid sequences as pathogen associated molecular patterns (PAMPs)69. These 

foreign nucleic acid patterns can trigger an immune response by activating a signaling cascade 

resulting in secretion of Type I and pro-inflammatory cytokines. This, in turn, results in enhanced 

tumor infiltration of activated immune cells (e.g., dendritic, macrophages, cytotoxic T 

lymphocytes, natural killer cells, and other immune cells) that contribute to tumor rejection. CpG 

motifs have served as the initial approach to this modality. Unmethylated CpG motifs are abundant 

in the microbial genome and are recognized as PAMPs by the endosomal PPR called Toll Like 

Receptor 9 (TLR9). Although multiple clinical studies failed to produce significant survival benefit 
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as monotherapy, the use of CpG in combination with other therapies are now undergoing clinical 

evaluation. One such example is a Phase I trial designed to evaluate the safety and efficacy of 

intratumorally injected SD101, (Dynavax Technologies) a CpG oligonucleotide candidate 

administered to patients with advanced metastatic solid tumors in combination with an anti-OX40 

antibody that enhances T cell activation70. Preliminary results from a Phase I/IIb evaluating the 

same SD101 candidate in combination with pembrolizumab (PD1 blocker) demonstrated that the 

therapy resulted in increased Type I IFN levels and CD8+ T-cell tumor infiltration71. The treatment 

showed an overall response rate (ORR) of 78% in patients without previous exposure to anti-PD1. 

The 12-month progression free survival rate was 88% in this study and the overall survival was 

89%, whereas the ORR in patients with prior PD-1 therapy was only 15%72. 

1.4.2 Aptamers 

Aptamers are 15-100 nucleotide DNA or RNA sequences that can adopt complex tertiary or 

quadruplex structures due to hybridization of complementary sequences73. Aptamers can be 

evolved to bind with high avidity and specificity to targets ranging from inorganic molecules, 

synthetic polymers, and large protein complexes. Their small size, manufacturability, high 

specificity, and low immunogenicity make them an attractive alternative to antibodies for targeted 

therapeutic applications. The first-in-class aptamer drug, pegaptanib (Macugen) from Eyetech 

Pharmaceuticals, was approved in 2004 for age related macular degeneration74. Pegaptanib is an 

antagonist for VEGF that contributes to the aberrant neovascularization implicated in this ocular 

disease. Although the same strategy was targeted for inhibition of angiogenesis at tumor regions 

which allows metabolically active cancer cells to survive, this approach could not be substantiated 

in pre-clinical models75. Since the route of administration for tumor treatment required I.V. 

administration, the short half-life of the aptamers in blood may account for the poor therapeutic 

outcome. Subsequent efforts have focused on stabilization strategies that improve the half-life of 

aptamers as in the case of AS1411, a nucleolin binding aptamer designed with G-rich quadruplex 

motifs to provide enhanced nuclease resistance and polyethylene glycol modification to provide 

extended blood circulation76. Nucleolin is a multifunctional protein involved in remodeling of 

nucleolar chromatin, maturation of pre-RNA, rDNA transcription, and ribosome assembly that is 

overexpressed in multiple cancers77. In a Phase II study in patients with relapsed acute myeloid 

leukemia, administration of AS1411 in combination with high dose of cytarabine demonstrated 
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good tolerability and better efficacy (overall response rate of 15%) at 10 or 40 mg/kg/day than 

cytarabine alone78. Another Phase II study evaluating the effect of AS1411 as monotherapy in 

metastatic refractory renal carcinoma patients demonstrated a limited overall response rate of only 

2.9%76, however, the responding population had a dramatic response with over 84% reduction in 

tumor size and remained progression free even after 24 months without any requirement of 

additional therapy76. Importantly, the responding patients had missense mutations in the mTOR 

and FGFR2 genes providing mechanistic insights into the mechanism of action and selection 

criteria of patients for future therapy. 

1.4.3 DNA decoys 

DNA decoys are short double stranded DNA oligonucleotides that mimic conserved genomic 

regulatory elements of the gene of interest and compete for the transcription protein machinery to 

downregulate its expression. Sen et al. performed the first-in-human trial of a STAT3 (a key 

mediator of oncogenic signaling) decoy oligonucleotide in head and neck cancer patients79. The 

candidate oligonucleotide was a 15 base pair DNA with sequence homology to the conserved hSIE 

genomic element of the c-fos gene promoter79. The sequence was modified with phosphorothioate 

modifications at the 5’ and 3’ nucleotides for nuclease resistance79. In a phase 0 study involving 6 

patients, intra-tumoral injection of STAT3 decoys demonstrated a significant pharmacodynamic 

signature of biologic activity such as decreased expression of STAT3 target genes, including cyclin 

D1 and Bcl-XL as compared to pre-treated tumor biopsies79.  

1.5 Chemical modifications of nucleic acids to boost their in vivo efficacy 

The major challenge of oligonucleotide-based therapies is their serum stability during systemic 

circulation while the agent seeks to engage the target site of action. Additionally, other important 

properties are high target binding affinity and avoidance of undesired immune system stimulation. 

Clinical applications of nucleic acid therapies heavily depend on the ability of these 

oligonucleotides to survive and function in such complex biological environments they encounter 

without producing off-target effects. Many different chemical modifications have been introduced 

into oligonucleotide constructs in an effort to address these challenges. The following summary of 

chemical modifications highlight the most frequently encountered strategies to enhance the 

bioactivity of oligonucleotide agents. 
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1.5.1 Carbohydrate modifications 

Modifications to the furanose ring of the oligonucleotide sequence have been extensively used to 

modulate binding affinities, serum stability, and oligonucleotide activity. Multiple studies have 

shown that the interaction between nucleic acids can be arranged in the order of RNA-RNA > 

DNA-RNA > DNA-DNA80-81. The inclusion of electron withdrawing “hydroxy” groups at the 

ribose 2’ position shift the conformation of the RNA sugar towards a C3′-endo sugar pucker, 

resulting in a gauche conformation between 2′ and 4′-oxygen atoms82-83. This results in a shorter 

distance between 3′- and 5′-phosphodiester moieties that increase the duplex stability82. On the 

basis of this understanding, multiple sugar modifications have been made to enhance their efficacy. 

An example of this effect is the naturally encountered, nontoxic 2’-methoxy (2’-OMe) ribose 

modification that can be effectively incorporated via chemical synthesis methods by alternating 

ribonucleotide bases with 2’-OMe-ribonucleotides. This strategy is believed to conferr significant 

nuclease stabilization, enhanced biding affinity, and reduced off target effects84-87. Teprasiran 

(Quark Pharmaceuticals) is an example of an siRNA therapeutic containing alternate 2’-OMe 

modifications88. Methoxyethyl incorporation at the 2’ oxygen atom (MOE) of the ribose sugar 

locks the two oxygen atoms in a gauche conformation that is thought to sterically protect the 3’ 

phosphodiester linkage from nuclease digestion. MOE modifications are found in the marketed 

antisense drugs mipomersen (Kynamro) and nusinersen (Spinraza). Substitution of the 2’-OH 

group with fluorine also confers nuclease resistance and thermal stability to the oligonucleotide87, 

89. Enhanced enthalpic stabilization of the Watson-Crick paring to complementary RNA sequence 

(1 to 2°C per substitution) is aided by 2’ fluoro polarization of the 2’-H atom involved in hydrogen 

bonding with complementary strand90-91. Every uracil and cytosine nucleotide in pegaptanib 

(Macugen) has this modification92. Sulfur replacement of the 4’ oxygen atom of the sugar ring has 

also been shown to form stable duplexes with complementary sequences and improved resistance 

to endonucleases, but not 3’-exonuleases93-94. Locked nucleic acids (LNA) and bridged nucleic 

acids (BNA), wherein the 2’-O and 4’-C are covalently linked using methylene bridges to lock the 

furanose conformation into the 3’ endo sugar pucker, have greatly enhanced binding affinities (3 

to 9 °C per substitution) due to improved base stacking and resistance to endo and exonucleases95-

96. The antisense drug miravirsen, currently developed by Santaris Pharma and having completed 

Phase II clinical trials, uses this strategy to confer nuclease protection via methylene bridges that 

lock in 8 of its 15 nucleotides97. 



30 

 

1.5.2 Backbone modification 

The 3′- and 5′-phosphodiester linkages in the RNA and DNA backbone are the primary sites of 

nuclease digestion. Hence, multiple strategies have been employed to make this linkage resistant 

to endo or exonuclease exposure. One of the most common backbone modifications is substitution 

of an oxygen atom of phosphodiester bond with sulfur98. Although this substitution greatly reduces 

the reactivity of oligonucleotides towards nuclease digestion and allows for RNAse H functionality, 

significant loss in binding affinity (0.5°C per substitution) towards the target complementary 

sequence is associated with this modification99. Additionally, the phosphorothioate backbone 

makes the sequence very “sticky”, leading to serum protein binding that can alter the 

pharmacokinetic properties of the oligonucleotide and increase cellular uptake100. This increased 

stickiness, however, can also enhance non-specific immune detection due to increased interaction 

with immune receptors101-102. The first FDA approved antisense drug, Fomivirsen (Isis 

Pharmaceuticals), was a fully phosphorothioate linked 21 mer synthetic oligonucleotide. SD101, 

a nuclease resistant CpG oligonucleotide from Dynavax Technologies also belongs to this class.  

Substitution of the 3’ oxygen atom with a nitrogen (e.g., N3’-phosphoramidates), also enhances 

nuclease stability and promotes greater binding affinity towards complementary sequences (2.5 ºC 

per substitution)103. Further modification of phosphoramidates to thiophosphoroamidates also 

improves the acid stability of the oligonucleotide while retaining the binding affinity of the parent 

phosphoramidate construct104. Modest improvements in the thermal stability of RNA duplexes 

(0.5ºC per substitution) has also been demonstrated by replacing the phosphodiester linkage of the 

nucleic acid with amide linkages105. Thermal stability can be further increased by incorporation of 

2’-O-methyl groups on the ribose units106. Replacement of the phosphodiester bonds with 

methylene-methylimino (MMI) linkages also renders the oligonucleotides resistant to nuclease 

activity. This alteration does not support RNAse H activity and can lead to solubility issues when 

used at higher modification percentages, resulting in faster renal clearance107. 

 

Unlike backbone modifications that retain the anionic character of the oligonucleotide, morpholino 

phosphorodiamidate (PMO) and peptide nucleic acid (PNA) modifications results in a neutral 

backbone108-109. Although these neutral nucleic acids are not electrostatically repelled by 

negatively charged cell membranes as occurs with unmodified oligonucleotides, the cellular 

uptake of these uncharged constructs remains poor, thus necessitating novel cellular delivery 
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mechanisms for efficient internalization. In PMO, morpholino rings substitutes the sugar moiety 

and links them with the phosphorodiamidate backbone108. In PNA, the sugar moiety and the 

phosphodiester linkage are replaced by a peptide backbone109. In spite of such drastic modification 

to the natural nucleic acid structure, PMO and PNA can form base pairs with complementary 

sequences and have very high nuclease resistance108-109. They typically form more stable duplexes 

as well since they lack the electrostatic repulsion between the phosphodiester linked strands of 

conventional oligonucleotides. Since they do not support RNAse H activity, they are mainly used 

for mRNA silencing and splice switching functions108, 110-113. Eteplirsen (Sarepta) is an FDA 

approved 30-mer phosphorodiamidate morpholino oligomer.  

1.6 Summary 

According to International Agency for Research on Cancer (IARC); there was an estimated 18.2 

million new cases and 9.6 million deaths worldwide in 2018114. United States alone is predicted to 

have 1.7 million new cancer cases and over 0.6 million related cancer related deaths in 2019115. 

Although this number seems to be staggeringly high, deaths due to cancer in U.S. declined by 27% 

from 1991 to 2016115. With tremendous technological advancement in past century and rigorous 

experimentation to understand underlying molecular mechanism of cancer progression, multiple 

new therapies are coming to horizon and nucleic acid therapy has been a forerunner in this field. 

Nucleic acids offer the ability to manipulate expression of oncogenes in a highly specific and safe 

manner. The global market for nucleic acid therapies was $2.3 billion in 2018116. It is expected to 

grow at a rate of 49.9% CAGR to a 17.4 billion dollar market by 2023116. Global revenue for gene 

therapies in cancer management is estimated to reach $4.3 billion by 2024117. In United States, 

cancer gene therapy market is projected to grow at a steady rate of 20.9% over next seven years117. 

This rapid growth is fueled by recent rush of gene therapy approvals that has rejuvenated the 

interest of large pharmaceutical companies which are looking to expand drug pipeline and increase 

revenue inflow. This has also been aided by advancement of gene delivery strategies. On one hand 

viral delivery systems are becoming more and more biocompatible and on other hand, non-viral 

systems are overcoming its traditional limitation of limited in vivo transfection capabilities. 

Multiple gene therapies in late stage clinical trials have shown compelling evidence of safety and 

efficacy and are expected to gain market access in coming years. These therapies hold great 

promises in not only mitigation but complete cure of fatal disease like cancer in near future. 
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 DEVELOPMENT AND IN VITRO 

CHARACTERIZATION OF LIPID COATED POLYPLEX FOR DUAL 

DELIVERY OF GENE AND SMALL MOLECULES TO BLADDER 

TUMOR CELLS 

Adapted from the research article titled “Development and in vitro characterization of lipid coated 

polyplex for dual delivery of plasmid and small molecules to bladder tumor cells” authored by 

S.Samaddar, J.K.Mazur, D.Boehm and D.H.Thompson. Currently the article is under 

consideration for publication in a peer-reviewed journal. 

2.1 Introduction 

The ability to co-deliver small molecule drugs and a therapeutic gene has attracted significant 

attention as a potential cancer treatment118.Since, delivery of single agent therapies often leads to 

development of multi-drug resistance (MDR), co-delivery of two pharmacologically active 

ingredients has the potential to overcome MDR by manipulating the expression profile of the MDR 

gene or activating synergistic pathways. Drug synergism can also lead to lower therapeutic doses 

that can also contribute to lower side effects.  Zhang et al. reported a pH-responsive amphiphilic 

star polymer capable of co-delivering an immunostimulatory agent, imiquimod and green 

fluorescent protein (GFP) reporter plasmid for synergistic delivery of gene-based 

immunotherapeutics and vaccines119. The Li group has reported a folate targeted lipid-based carrier 

system to co-deliver docetaxel and an iSur plasmid (a suppressor of metastatic and resistance 

related gene called survivin). Their data showed an enhanced anti-tumor effect in a xenograft 

model of mouse hepatocellular carcinoma120.  Han et al. developed a transferrin receptor-targeted 

solid lipid nanoparticle (SLP) platform that co-delivered doxorubicin and a GFP reporter plasmid 

that displayed enhanced efficiency for the targeted SLP formulation relative to non-targeted SLP 

in A549 tumor bearing mice121. 

 

Non-muscle invasive bladder carcinoma (NMIBC) has the highest recurrence rate among all types 

of cancer122. This requires constant monitoring and frequent hospitalization making NMIBC very 

expensive to manage on a cost-per-patient basis from diagnosis to death123. Recently, there has 

been an increased appreciation regarding the role of MDR in poor prognosis of patients with 

recurring tumors after first-line chemotherapeutic therapy124-128. Kunze et. al. reported that 
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silencing of genes like B-cell lymphoma 2 (BCL2), BCL2-like 1 (BCLXL), X-linked inhibitor of 

apoptosis (XIAP), and survivin using siRNA, led to sensitization of MDR expressing bladder 

carcinoma cells such as T24 and J82 cells towards mitomycin-C and cisplatin chemotherapy129. In 

a similar study, it was shown that downregulation of the MDR-associated protein-1 (MRP1) by 

emodin, a natural anthraquinone analogue, increased cisplatin mediated apoptosis in cisplatin 

resistant T24 and J82 cells130. However, the biggest challenge in successful co-therapy is 

availability of suitable carrier system that can load two therapeutic molecules with dramatically 

different physical properties131. Genes or nucleic acids are anionic and hydrophilic nature with 

large molecular weights, whereas chemotherapeutics are mostly hydrophobic molecules with 

much lower molecular weights. 

 

An additional problem for urothelial carcinoma patients is that intravesical administration of 

therapeutics has poor retention within bladder due to constant urine influx and bladder voiding, 

resulting in sub-optimal therapeutic concentrations and clinical outcome132. Development of a 

bladder tumor-targeted dual delivery system which can ‘stick’ to cancerous sites and release dual 

payload may have advantages in treating urothelial carcinoma.  We report a tumor-targeted dual 

delivery system as a potential model for delivery of small molecules and nucleic acids to bladder 

tumor cells. We used EGFP-NLS as our reporter gene and pyrene as a fluorescent small molecule 

for mimicking the properties of a hydrophobic drug to demonstrate the capability of this system 

for delivery of functional payloads to target cells133-134.  

 

High molecular weight (M.W.; e.g. 10k and 25k) polyethyleneimine (PEI) has been widely used 

as a gene transfection agent in vitro135. Unfortunately, these cationic polymers are highly cytotoxic, 

thereby limiting their in vivo applications136-137. On the contrary, low molecular weight PEI has a 

better toxicity profile, however, it lacks the high transfection efficiency of its high molecular 

weight counterparts138. Conjugating β-CD to PEI has been shown to enhance luciferase gene 

transfection in HEK293 cells by almost 4 times relative to unmodified PEI and significantly 

decreases the toxicity of the polymer139.  Our formulation utilize β-CD and linear PEI (M.W. 2.5kD) 

as a conjugate (CD2.5kD-PEI) to electrostatically condense the plasmid into a polyplex. The 

polyplex is then further coated with a layer of fusogenic lipid mixture to produce a lipid coated 

polyplex (LCP) that is also capable of encapsulating hydrophobic small molecules such as pyrene 
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(Figure 1). The exterior of the LCP is decorated with a lipopeptide that binds fibronectin 

attachment peptide (GNRQRWFVVWLGSTNDPV). The peptide mimics a fragment of the 

bacterial adhesive protein known as fibronectin attachment protein present on the surface of 

Mycobacterium bovis. This peptide sequence has been shown to be responsible for  the functional 

activity of fibronectin attachment protein and the tetrapeptide RWFV within it is absolutely critical 

for fibronectin engagement140. Our formulation approach uses a microfluidic mixing technique to 

form LCP with enhanced targeting to bladder tumor cells when the GNRQRWFVVWLGSTNDPV 

peptide is present on the particle surface. 

 

 

Figure 2: Conceptual diagram of a single Lipid Coated Polyplex (LCP) in cross-section 

2.2 Materials and methods:  

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

2000] (DSPE-mPEG2k), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE) and cholesterol hemisuccinate was purchased from 

Avanti Polar Lipids. Linear poly(ethyleneimine) (2.5kD) was purchased from Polysciences. β-

Cyclodextrin and pyrene were purchased from Sigma. DNAase-I was purchased from New 

England Biolabs. EGFP-NLS was obtained as a gift from Prof. Rob Parton (Addgene plasmid# 

67652). Slide-a-Lyzer dialysis cassettes (MWCO 20K, 3 mL) and cell culture reagents like 
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Dulbecco’s modified Eagle medium (DMEM), Opti-MEM® reduced serum medium, 1X 

Phosphate buffered saline solution (PBS) and GibcoTM TrypLE express enzyme (1X) were 

purchased from Fisher Scientific. Fetal bovine serum (FBS), Penicillin-Streptomycin 10/10 (100X) 

and L-glutamine - 200mM (100X) were purchased from Atlanta Biologicals. Ultrapure water (18.2 

MΩ) was used for preparation of 20 mM HEPES buffer (pH 7.4) and in all experiments. All 

solvents were of analytical grade, purchased from commercial sources. Buffers and solvents were 

filtered through 0.22 µm CA syringe filters (Macherey-Nagel Inc.) before use.  

 

Synthesis of CD-PEI. Poly(ethylenimine) (2.5 kDa) was used to introduce a single modification 

onto the primary β-cyclodextrin rim as previously described141-143.  

 

Synthesis of lipopolymer conjugates. The FAP sequence (GNRQRWFVVWLGSTNDPV) with 

a propargylglycine modification at C termini was synthesized by solid phase peptide synthesis. 

Similarly, a control peptide sequence (scrambled peptide: (SCR) GNRQWVRFVWLGSTNDPV) 

was also prepared where the order of the critical RWFV tetrapeptide was scrambled to WVRF. 

The alkyne modification on the peptide was utilized for a copper-catalyzed azide−alkyne 

cycloaddition (CuAAC) conjugation to DSPE-PEG2k-Azide. A detailed description of the method 

has been reported previously144.  

 

Formulation of polyplex and lipid coated polyplex (LCP). The formulation set-up comprised 

two syringes attached to a tube of 1/16” I.D. connected by a T-junction. The T junction was 

followed by 6’ length tubing of the same I.D. wrapped around a plastic support 10 cm in length, 

2.5 cm in width and 0.5 mm in height. Optimal conditions for polyplex formation were determined 

by mixing the HEPES solution (20 mM) of CD2.5kD-PEI and 60 µg/mL EGFP-NLS at different 

N/P ratios of 5,10,15 and 20. Flow rates were varied from 10 µL/min to 5 mL/min.  

The polyplex formed above were then mixed with an 80% ethanolic solution of 0.5 mM, 1 mM, 2 

mM, 4 mM or 8 mM mixture of lipids (CHEMS:DOPE:DSPC:DSPE-mPEG-RWFV = 34:54:10:2). 

The flowrate was kept constant in this step at 5mL/min for each syringe. The resulting LCP were 

immediately diluted in HEPES buffer to < 16% ethanol after collection. The diluted particles were 

then dialyzed using 20K MWCO dialysis cassettes against 500 volumes of 20mM HEPES for 24 

h. The collected particles were then analyzed for size, polydispersity and zeta potential. For loading 
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pyrene, 5 mol% of pyrene was mixed with the ethanolic lipid solution. Non-targeted and scrambled 

LCP were prepared as controls using the method described above except that the DSPE-mPEG-

RWFV was replaced by DSPE-mPEG (non-targeted control) or DSPE-mPEG-SCR (scrambled 

control). A schematic representation of the formulation steps are shown in Figure 2.  

 

Figure 3A Schematic representation of LCP formulation steps. Step 1: Cationic CD2.5kD-PEI and 

plasmid are mixed at the desired N/P ratio within a microfluidic reactor. Step 2: Polyplex and a 

lipid mixture dissolved in 80% ethanol solution are mixed in the same microfluidic reactor. Step 

3: The LCP are dialysed to remove ethanol and free pyrene from the formulation. A total flow rate 

of 10 mL/min and flow rate ratio of 1:1 was used for mixing. 

Dynamic light scattering (DLS) measurements. The hydrodynamic diameters (Number mean), 

polydispersity index (PdI) and zeta potentials (ζ) of the materials were evaluated using a particle 

size analyzer (Zetasizer Nano ZS, Malvern Instruments Ltd.) at 25 °C with a scattering angle of 

173°. 30 µL Particle solutions were diluted to 1 mL with sterile filtered NanoPure water before 

analysis. 

 

Gel-shift assay. The pDNA complexation ability of polymers mixed within the flow channel was 

determined by 1% agarose gel electrophoresis. The agarose gels were precast in 1X TBE buffer 

with GelRed dye (Biotium Inc.) at 1:10,000 dilution. Polyplex containing 0.1 μg of pDNA at 

different N/P ratios was added to loading dye (5:1 dilution) and loaded onto the gel, prior to 

initializing electrophoresis at a constant voltage of 55 V for 1.5 h in 1X TBE buffer. The pDNA 

bands were then visualized under a UV transilluminator at 365 nm. 
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TEM images. Transmission Electron Microscopy images of LCP were collected using a Tecnai 

G2 20 microscope equipped with a 200 kV LaB6 filament and fitted with a bottom mount 2k X 2k 

Gatan US1000 CCD camera. Samples were deposited onto Formvar/carbon-coated Cu 400-mesh 

grids and stained with 2% uranyl acetate prior to visualization.  Further image analysis was 

performed using ImageJ software (NIH).  

 

Quantifying plasmid content. Encapsulation efficiencies and loading efficiencies of plasmid 

DNA in LCP were determined using the membrane impermeable dye PicoGreen (Molecular 

Probes, Eugene, OR, USA) that binds specifically to double-stranded DNA and fluoresces only 

when bound. Picogreen fluorescence was measured with a spectrofluorometer (Biotek Synergy) 

using excitation and emission wavelengths of 490 and 525 nm, respectively. Plasmid content was 

determined by measuring the PicoGreen fluorescence after treating the LCP for 30 min at 25 ºC 

with 1% Triton X-100 for disrupting the lipid coat, followed by another 30 min treatment with 

0.15 mg/mL of heparin sulphate solution for decomplexing the polyplex145-146. Plasmid 

concentration was calculated by comparing PicoGreen fluorescence values to the calibration curve 

prepared using plasmid standards. The encapsulation efficiency (EE) and loading efficiencies (LE) 

were calculated using the following formula:  

𝐸𝐸 =
µg of plasmid in formulation

µg of plamid added
X100 

𝐿𝐸 =
µg of plasmid in formulation

µg of LCP
X100 

 

Quantifying pyrene content. HPLC technique was used to measure the amount of pyrene that 

was encapsulated within the LCP. Briefly, 50 µL of the LCP was dried using a Vacufuge TM 

(Eppendorf) at 40 ºC for 2 h. NanoPure water (30 µL) was added to the dried pellet, followed by 

addition of 70 µL of acetonitrile to dissolve the LCP. An Agilent 1200 HPLC system equipped 

with a XBridgeTM C18 column (2.1 mm X 100 mm, pore size 3.5 μm) and employing Mobile phase 

A (water with 10 mM NH4OAc) and mobile phase B (75% acetonitrile:25% methanol with 10 mM 

NH4OAc) was used for analysis. A gradient elution was used from 95% A to 95% B over 4 min at 

a flow rate of 250 µL/min, with pyrene absorbance monitored at 338 ± 4 nm using a diode array 

detector. Pyrene concentrations was calculated by comparing the pyrene absorbance for LCP to a 

calibration curve prepared using absorbance values obtained from standard pyrene concentration. 
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The encapsulation efficiency (EE) and loading efficiencies (LE) were calculated using the 

following formula:  

𝐸𝐸 =
µg of pyrene in formulation

µg of pyrene added
X100 

𝐿𝐸 =
µg of pyrene in formulation

µg of LCP
X100 

DNAase protection assay. The ability of the LCP to protect the complexed DNA against 

nucleases was evaluated by incubation with DNase-I147. In brief, LCP formed at N/P = 10 were 

incubated at 37 °C in 20 mM HEPES buffer containing 2U DNase I. The reaction was quenched 

by addition of 10 mM EDTA solution to a final EDTA concentration of 2.5 mM and heating at 65 

ºC for 10 mins using a heat block.  The particle solutions were then treated with 1% Triton X-100 

for 30 min at 25 ºC to strip the lipid coating followed by another 30 min treatment at 25 ºC with 

0.15 mg/mL heparin to decomplex the polyplex and release the pDNA. Next, CHCl3 was added at 

a 1:1 ratio, the mixture vortexed and incubated for 15 min to effect phase separation. The aqueous 

layer containing pDNA was collected and concentrated using an Eppendorf vacufuge under 

reduced pressure at 20 ºC. The extracted pDNA was analyzed using 1% agarose gel electrophoresis.  

 

Quantifying transfection efficiency. MB49 cells were seeded in 96-well plates at a density of 

15,000 cells per well in 100 μL of complete medium (DMEM containing 10% FBS, supplemented 

with 1% penicillin-streptomycin and 1% L-gluatmine) and incubated for 24 h prior to transfection. 

The medium was replaced, and naked plasmid, non-targeted LCP, scrambled LCP, or targeted 

LCP were added at 0.1 μg DNA per well in 100 μL in Opti-MEM® media for 4 h. Then, the cells 

were rinsed with PBS and incubated at 37 °C for an additional 4 h, 12 h or 24 h in complete media. 

Next, the cells were trypsinized and analyzed using a FC500 (Beckman Coulter) flow cytometer 

equipped with a 488 nm laser and 525 ± 20 nm detector. As positive control, Lipofectamine™ 

LTX was used according to the manufacturer's protocol. All transfection experiments were 

performed in triplicate.  

 

Quantifying pyrene delivery. MB49 cells were seeded in 24-well plates at a density of 2 x 105 

cells per well in 500 μL of complete medium and incubated for 24 h prior to transfection. Media 

was replaced with either non-targeted LCP, scrambled LCP or targeted LCP at an equivalent dose 

of 0.05 μg/mL pyrene in 500 μL opti-MEM® media for 4 h. Opti-MEM® media without LCP was 
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used as a negative control. Next, the cells were rinsed with PBS and incubated at 37 °C for an 

additional 4 h or 24 h in complete media.  Cells were trypsinized and analyzed using a BD Fortessa 

flow cytometer equipped with a 355 nm UV laser and 379 ± 14 nm detector.  

 

Cytotoxicity evaluation. Cell viability was measured using CellTiter 96® AQueous One Solution 

Cell Proliferation Assay (Promega). MB49 cells were seeded at 15,000 cells per well in 96-well 

plates in growth medium and allowed to adhere overnight at 37 °C. Cells were washed with PBS 

and incubated with LCP samples in Opti-mem media for 4 h. The cells were then washed with 

PBS and incubated overnight in complete DMEM media. Next, 20 µL of the MTS reagent was 

added into each well and incubated for another 1 h at 37 ºC before recording the absorbance at 490 

nm using a Synergy Biotek plate reader. The absorbance of the wells without any cells was 

subtracted from the untreated controls and treated sample wells for background correction. The 

cell viability (%) relative to untreated cells was calculated as [A]sample/ [A]untreated × 100%, where 

[A]untreated is the absorbance of the wells without LCP and [A]sample is the absorbance of the wells 

treated with LCP. All experiments were performed in triplicates and the cytotoxicity values 

reported are the mean from three different measurements. 

2.3 Results and discussion 

2.3.1 Formulation and characterization of lipid coated polyplex 

A sonication- and extrusion- free technique for formulating dual loaded LCP was developed. First, 

we studied the N/P ratio needed for complete complexation of CD2.5kD-PEI and the 5.2 kB plasmid. 

For all the N/P ratios studied, the flow rate was kept constant at 5mL/min for each syringe. The 

positively charged polymer was mixed with the anionic plasmid to produce electrostatically 

condensed polyplex. The hydrodynamic diameter of the polyplex were 133 ± 9 nm, 97 ± 3 ,87 ± 8 

and 78 ± 10 nm at N/P of 5, 10, 15 and 20, respectively (Figure 3a). At N/P ratios of 5 and 10, the 

polydispersities were 0.26 ±0.01 and 0.27 ± 0.03 respectively which increased to 0.32 ± 0.03 and 

0.33 ±0.06 for N/P of 15 and 20, respectively (Figure 3b). At a low N/P of 5, the measured ζ of the 

polyplex was -18.2 ± 1.1 mV, suggesting that the plasmid was incompletely complexed by the 

polymer. At an N/P of 10, the polyplex displayed a positive ζ = 14.8 ± 2.9 mV, suggesting complete 

complexation of the plasmid cargo. For higher N/P ratios, we did not observe any significant 
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increase in surface charge, such that ζ = 12.6 ± 3.0 mV and 16.3 ± 0.8 mV at N/P 15 and 20, 

respectively (Figure 3c). These findings are consistent with our gel-shift assay results (Figure 3d). 

At N/P 5, there was a significant amount of uncomplexed plasmid as revealed by the migrated 

electrophoretic bands visible on the agarose gel. At N/P ≥ 10, however, no bands were visible due 

to the absence of free plasmids. Thus, all subsequent lipid coated polyplex formulations employed 

N/P = 10.  

 

Figure 4 Effect of N/P ratio on polyplex properties. A. Hydrodynamic diameter (number mean); 

B. Polydispersity; C. Zeta Potential; D. Gel-shift assay for polyplex prepared by mixing 60 µg/mL 

plasmid with CD2.5kD-PEI in 20mM HEPES buffer at different N/P ratios. The total flow rate was 

10 ml/min and flow rate ratio was 1:1. Results are the mean ± SD (n=3). 

When T junctions are used in flow reactor systems, mixing occurs primarily due to diffusion at the 

contact surface between the two fluid streams, thereby necessitating the use of long mixing 

channels148. Alternatively, higher flow rates can be utilized to promote the formation of eddies and 

vortices within the fluidic channels to aid in efficient mixing149-150. We evaluate the effect of flow 

rate on polyplex formation at N/P = 10 by increasing the total flow rate (TFR) from 0.02 mL/mins 

to 10 mL/min while maintaining a flow rate ratio of 1:1. Increasing the TFR produced a polyplex 

size decrease from 234 ± 57 nm at lowest flow rate to 97 ± 3 nm at the highest flow rate of 10 
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mL/min (Figure 4a). Improvement in polyplex polydispersity was also observed from 0.66 at the 

lowest TFR to 0.28 at a TFR of 10 mL/min (Figure 4b). Additionally, the ζ of the polyplex 

increased from 8.6 ± 1.5 mV to 14.8 ± 2.9 mV (Figure 4c). These results confirm that higher flow 

rates ensure efficient mixing between the cationic polymer and the pDNA streams, resulting in 

smaller and more highly condensed polyplex of greater homogeneity. All subsequent formulation 

experiments used a TFR of 10 mL/min.  



42 

 

 

Figure 5. Effect of total flow rate on polyplex properties. A. Hydrodynamic diameter (number 

mean); B. Polydispersity; and C. Zeta Potential. Polyplex were prepared by mixing 60 µg/mL 

plasmid with CD2.5kD-PEI in 20mM HEPES buffer at a N/P ratio of 10. The flow rate ratio was 

kept constant at 1:1. Results are the mean ± SD (n=3). 

Next, we studied the concentration of lipid needed for efficient coating of the polyplex (N/P = 10). 

The effects of 0.5 mM, 1 mM, 2 mM, 4 mM and 8 mM lipid on the size, surface charge and 

polydispersity of the LCP was evaluated. At a concentration of 0.5 mM lipid, the LCP diameters 

were 259 ± 68 nm, a larger diameter than expected that we attribute to LCP aggregation.  At 1, 2, 

4 or 8 mM lipid concentrations, the LCP sizes decreased to an essentially uniform size of 108 ± 

10 nm, 118 ± 40 nm, 110 ± 10 nm and 127 ± 20 nm, respectively (Figure 5a). Polydispersities 

were found to follow a similar trend wherein the LCP had high polydispersity (0.67 ± 0.15) at 0.5 

mM, that became similar above 1mM lipid concentration (0.16 ± 0.01 at 1 mM, 0.18 ± 0.01 at 

2mM, 0.15 ± 0.01 at 4mM and 0.19 ± 0.01 at 8 mM) (Figure 5b). In contrast, ζ were found to 

display a significant decrease from -14.8 ± 2.2 mV at 0.5 mM to -26.8 ± 1.0 at 4 mM (Figure 5c). 

Increasing lipid concentration to 8 mM did not result in any significant change in surface charge 

in the zeta potential. Thus, we conclude that 4 mM lipids were sufficient to produce a complete 

coating of the polyplex, such that further increases in lipid concentration would only result in 

depositing multiple lipid coats onto the polyplex core.  

 

Figure 6. Effect of lipid mixture concentration on LCP properties A. Hydrodynamic diameter 

(number mean); B. Polydispersity; and C. Zeta Potential. LCP were prepared by mixing 1 mL of 

polyplex solution with 1 mL of ethanolic lipid mixture (DOPE:CHEMS:DSPC:DSPE-mPEG2k = 

34:54:10:2) solution of varying concentration. The total flow rate was 10 mL/min and flow rate 

ratio was 1:1. Results are the mean ± SD (n=3). 
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2.3.2 DNase protection assay 

Next, we evaluated the ability of the delivery system to protect the plasmid from nuclease 

degradation. The LCP containing pDNA at its core were treated with and without 2U DNAse-I at 

37 ºC for 4 h. After exposure to the enzyme, the DNase was inactivated using EDTA before 

extracting the plasmid from the LCPs. Plasmid extracted from DNase treated and untreated LCPs 

showed identical band plasmid patterns on agarose gels, indicating that the plasmid inside the LCP 

was protected from enzymatic degradation. In contrast, the naked plasmid treated with same 

amount of DNAase did not show any electrophoretic bands on the gel, indicating that the DNAase 

enzyme was active and completely digested the naked plasmid (Figure 6).   

 

Figure 7. Ability of LCP to protect loaded plasmid from DNAase degredation. LCPs were treated 

for 4 h with 2U DNase-I at 37 ºC before quenching the enzymatic reaction with 2.5mM EDTA and 

heating at 65 ºC for 10 mins. The entrapped pDNA was released using sequential treatment with 

1% Triton X-100 and 0.15 mg/mL Heparin. The released pDNA was concentrated using vacuum 

centrifugation before agarose gel (1%) electrophoresis to analyze for plasmid integrity. 

2.3.3 TEM Images 

The morphology of the polyplex and LCP was evaluated using negative stain transmission electron 

microscopy. TEM images showed that polyplex formed at N/P = 10 were smaller than 100 nm in 

diameter (Figure 7a), in good agreement with our DLS data. Lipid coating of the polyplex 

increased the particle diameter (Figure 7b). Size analysis of the TEM images using ImageJ 

revealed that the LCP are made up of about 90 nm diameter polyplex that are coated with a 12 nm 

lipid layer around the polyplex core, resulting in LCPs that are about 114 nm in diameter. Since a 
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single bilayer of lipid is approximately 5 nm in thickness, we can expect that there are about 2 

bilayers around each polyplex at 4 mM concentration151.  

 

Figure 8. Negative stain TEM images of A. Polyplex and B. LCP. Polyplex were made using N/P 

ratio of 10; LCP were coated with 4 mM lipid solution (CHEMS:DOPE:DSPC:DSPE-mPEG2k = 

34:54:10:2) 

2.3.4 Quantifying plasmid and pyrene content 

Plasmid and pyrene content analysis showed that there was no significant difference between the 

encapsulation and loading of the payload amongst the targeted, scrambled and non-targeted 

controls. The plasmid encapsulation efficiencies for non-targeted, scrambled, and targeted 

formulations were 48.5 ± 0.1%, 50.0 ± 0.4%, 48.7 ± 2.9%, respectively (Figure 8a). To determine 

the % mass of plasmid within the LCP, loading efficiencies were calculated and was found to be 

0.33 ± 0.01% for all the different formulations (Figure 8b). Similarly, the encapsulation 

efficiencies of pyrene were found to be 17.9 ± 1.3%, 15.2 ± 0.6% and 15.7 ± 0.4% for the non-

targeted, scrambled, and targeted LCPs, respectively (Figure 8c) indicating that the different 

formulations were each composed of 0.15 ± 0.01% of pyrene by mass. (Figure 8d). These findings 

indicate a 1:2 pyrene:plasmid mass ratio within the LCP. Considering that the 5.2 kB EGFP-NLS 

plasmid molecular weight is ~3380 kD (650 da/bp), it can be calculated that for every molecule of 

plasmid there are approximately 8300 pyrene molecules loaded within the LCP particles.  
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Figure 9. Encapsulation and loading efficiency of (A,B) plasmid and (C,D) Pyrene. Plasmid 

content was measured via PicoGreenTM assay after decomplexing the LCP using 1% Triton-X100 

to disrupt the lipid layer and 0.15 mg/mL heparin to release the plasmid from the polyplex. Pyrene 

content was measured by dissolving the LCP in 70% ACN solution to release pyrene, followed by 

HPLC separation and pyrene detection using absorbance at 338 ± 4 nm. Results are reported as 

mean ± S.D. (n=3). 

2.3.5 Quantifying cellular delivery of plasmid and pyrene:  

The developed delivery system utilizes a novel bacterial adhesin peptide that enables the delivery 

system to engage exposed fibronectin matrix at the tumor site152. We anticipate that this interaction 

will prevent loss of vehicle from the bladder tumor sites due to the urine influx and bladder voiding. 

Previously, we have reported the empty Cy5.5 labelled liposomes displaying the RWFV targeting 

peptide was able to associate with murine bladder cancer cells (MB49) is a sequence specific 

manner144. Unfortunately, those dispersions were prepared using sonication and extrusion 

techniques, making it impossible to effect the delivery of fragile nucleic acid payloads in a 

functional manner. The formulation technique used here avoids both sonication and extrusion to 

enable the encapsulation and delivery of functional plasmid. Interestingly, weak transfection 

activity was observed for CD2.5kD-PEI polyplex alone (i.e., no lipid coating or targeting peptide) 

(Figure 9). This can be attributed to the fact that the polyplex associates with cells electrostatically 

in a non-specific manner due to its positive zeta potential, however the transfection efficiency is 

low because it lacks endosomal escape properties such that the cargo is degraded degraded within 

the lysosomal compartment. To facilitate endosomal escape, we utilized CHEMS and DOPE to 

coat the polyplex. At acidic endosomal pH, CHEMS becomes protonated and loses its ability to 

stabilize bilayers such that the inverted hexagonal phase forming lipid, DOPE, promotes fusion 
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with the endosomal membrane153-154. Since coating of the positively charged polyplex with a lipid 

mixture containing anionic CHEMS introduces a negative surface charge on the LCP, non-targeted 

LCP are electrostatically repelled from the cell surface, thus limiting entry of the LCP into the 

target cell population. Introduction of RWFV peptide onto the LCP particle surface, however, 

overcomes this barrier. To examine the impact of sequence specificity of the targeting peptide on 

transfection efficiency, we synthesized two versions of the targeting peptide-lipopolymer construct. 

One contained the critical RWFV tetrapeptide sequence and other contained WVRF (a scrambled 

version of the key RWFV binding motif) in the targeting peptide. Scrambled peptides are often 

used as negative controls to show that a specific sequence is critical for function155-156. Naked DNA 

and Lipofectamine LTX were used as negative and positive controls, respectively. Cellular 

internalization of FAP-FBN-integrin complexes, the pathway by which RWFV constructs enter 

the cells via the caveolar uptake pathway,  are known to occur with very slow kinetics in MB49 

cells152. Our results show that at 4 h and 12 h time points, transfection by targeted LCPs are 

significantly lower than the transfection achieved by Lipofectamine LTX. However, after 24 h, the 

presence of the targeting ligand resulted in four times greater GFP expression as compared to the 

scrambled peptide and comparable to positive controls. These results demonstrate that the RWVF 

tetrapeptide sequence is crucial for boosting the plasmid expression profile. Similar results were 

observed for pyrene delivery (Figure 10 a,b). After 4 h incubation, targeted LCP resulted in 2-fold 

enhancement in pyrene delivery to cells relative to scrambled LCP and 4-fold relative to non-

targeted LCP. After 24 h, the pyrene fluorescence decrease, possibly due to metabolism by the 

cellular polycyclic aromatic hydrocarbon (PAH) metabolizing enzymes157-158. Secondly, these data 

show that although the internalization of the FAP targeted LCP-FBN-integrin complex occurs via 

slow uptake kinetics compared to cationic LipofectamineTM LTX, the endocytosed targeted LCPs 

can efficiently decomplex and deliver similar quantity of functional payload to the nucleus for 

translation to occur. Additionally, to make sure that the developed formulation was non-toxic to 

MB49 cells, we performed MTS assays. Our toxicity data suggests that all the developed 

formulations resulted in similar cellular viability as compared to untreated cells showing that the 

LCPs were non-toxic to cells at concentrations used (Figure 11).  
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Figure 10. A. EGFP-NLS plasmid transfection efficiency of the non-targeted, scrambled and 

targeted LCP. B. Histogram plot for GFP fluorescence distribution in MB49 cell population at 24 

h. Cells were treated with LCP formulations for 4 h at 37 °C, followed by PBS washing to remove 

unbound complexes. The cells were further incubated for 4 h, 12 h or 24 h and then trypsinized, 

and resuspended in PBS for flow cytometry analysis. Error bars indicate the standard deviation of 

the mean (n=3). 

 

Figure 11. A. Pyrene delivery of the non-targeted, scrambled and targeted LCP B. Histogram plot 

for pyrene fluorescence distribution in MB49 cell population at 4 h. MB49 cells were treated with 

LCPs for 4 h at 37 °C, followed by PBS washing to remove non-specific interactions. After further 

4 hrs or 24 hrs incubation, cells were trypsinized, and resuspensed in PBS for quantification of 

pyrene fluorescence using flow cytometer. Error bars indicate the standard deviation of the mean 

(n=3).  
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Figure 12. Cytotoxicity analysis of LCP formulations. MB49 cells were treated with different LCP 

formulations for 4 h followed by washing to remove uninternalized particles. The particles were 

incubated another 24 h before adding the MTS reagent. After incubating for 1 h, the absorbance 

of soluble formazan formed due to bio-reduction of MTS by live MB49 cells population was 

measure at 490 nm. All treatments for each formulation was performed in triplicates and error bars 

represents standard deviation of mean (n=3). 

2.4 Conclusion 

In conclusion, we have developed a carrier system for co-delivery of plasmid DNA and small, 

hydrophobic molecules to MB49 bladder cancer cells in a targeted manner. The fabrication utilizes 

an easy microfluidic mixing approach that can be readily scaled-up145, 159. The inner cationic and 

outer hydrophobic character of the LCP allows for simultaneous entrapment of nucleic acids and 

small molecules, suggesting that these formulations may be useful for dual delivery 

approaches.  The use of a lipid shell conveniently allowed the incorporation of the RWFV-

lipopeptide, that confers tumor-targeting and internalization properties for the LCP 

formulations.  The non-toxic nature of the RWFV targeted LCP combined with the efficient 

transfection and small molecule delivery characteristics of these formulations warrants further 

investigation. 
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 FAP TARGETED LIPID NANOPARTICLES FOR 

BLADDER CANCER IMMUNOTHERAPY 

Adapted (Reprinted) from the research article titled “FAP targeted Lipid nanoparticle for bladder 

cancer immunotherapy” authored by S.Samaddar, J.K.Mazur, J.Sargent and D.H.Thompson. 

Currently the article manuscript is under preparation. 

3.1 Introduction 

Bladder cancer is the 9th most common form of cancer worldwide. In US alone, 81,190 new cases 

and 17,240 deaths are expected in 2018160. Projected economic burden of bladder cancer on U.S. 

economy has risen from $3.98 billion in 2010 to $5.25 billion in 2020161.  Nearly 80% of the cases 

are classified as non-muscle invasive bladder cancer (NMIBC) and most are treated with surgery. 

After surgery; however, disease frequently recurs, making NMIBC, the most expensive type of 

cancers to treat due to the need for long-term patient follow-up and repeat procedures2,3. Thus, 

effective new therapeutic countermeasures against bladder cancer are urgently needed. 

 

The bladder displays unique structures and challenges as a therapeutic target. Epithelial cells lining 

the luminal surface (i.e., umbrella cells) are engaged in tight junctions that prevent access to the 

lower transitional cell layers.162-163 Umbrella cells also express extracellular uroplakin proteins that 

assemble into semi-rigid plaques that shield the apical surface. The urothelium is further isolated 

from the bladder lumen by a glucosaminoglycan (GAG) layer that is produced and assembled on 

the apical surface of the umbrella cells.164 In addition, well-differentiated umbrella cells have 

limited secretory and endocytic capacity.162 In contrast, malignant bladder cells are usually less 

differentiated, less polarized, and exhibit diminished levels of uroplakin expression and GAG layer 

synthesis.165 Consequently, neoplastic cells are exposed to the lumen of the bladder, leading to 

increased accessibility of tumor lesions to instilled therapeutic agents compared to the well-

protected normal regions of the bladder. Unfortunately, constant urine influx and bladder voiding 

limits the impact of direct instillation of drugs on these tumors.  

 

In 1976, Morales et.al. first demonstrated the effectiveness of BCG in treating NMIBC166. 

Intravesicular instillation of live BCG has remained the adjuvant therapy of choice for the post-
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operative treatment of NMIBC since its FDA approval in 1990. Multiple meta-analysis and large 

scale randomized studies comparing BCG with intravesical chemotherapy with small molecule 

drugs such as mitomycin C, doxorubicin, epirubicin, thiotepa has concluded the inability of these 

small molecule drugs to match the reduction in recurrence rates and disease progression that is 

achieved by BCG167-176. Unfortunately, intravesical BCG is associated with high local morbidity 

and significant risk of systemic mycobacterial infection. Additionally, multiple instillations also 

leads to increased toxicity, thus limiting patient tolerance for the treatment regimen required for 

effective anti-cancer activity177. To overcome adverse effect associated with BCG, Morales et.al; 

developed a Mycobacterium phlei cell wall nucleic acid complex to mimic therapeutic benefits of 

BCG. Two international multi centered clinical trials have demonstrated the safety and efficacy of 

this approach as compared to BCG178-179. Unfortunately, the heterogenous population of the trials 

and lack of clear study endpoints led to its FDA failure.  

 

  Recent studies have led to the identification of Fibronectin attachment protein (FAP) as the 

adhesin protein in mycobacterial cell wall used by BCG for binding to fibronectin rich tumor 

microenvironment of bladder tumor preventing easy removal form the cancerous sites.  FAP-

fibronectin interaction provides a novel and potentially powerful approach for the high local 

delivery of therapeutic agents to tumor area greatly enhance therapeutic outcome which is a current 

drawback for intravascular delivery of drugs. Since full length FAP is prone to aggregation, we 

have developed a robust synthetic peptide, derived from full length FAP, that is presented at the 

distal terminus of a lipopolymer180-181. The key binding motif of FAP ‘RWFV’ has been encoded 

within this synthetic peptide sequence. The amino acid sequence (GNRQRWFVVWLGSTNDPV) 

from FAP has been used as the key binding motif that promotes site specific binding to the FBN 

network surrounding the bladder tumor cells5, as well as additional flanking sequences that 

enhance FBN affinity. Previously we have shown the sequence specific targeting capabilities of 

FAP lipopolymer incorporated liposomes in in vitro and orthotopic bladder tumor models proving 

that carriers displaying FAP as a targeting moiety may serve as an effective delivery system for 

immunostimulatory nucleic acid for triggering an immunotherapeutic response for bladder cancer 

treatment and a potential replacement for BCG therapy. 
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  Here we formulated a pH sensitive FAP targeted lipid nanoparticles (LNP) for delivery of CpG, 

a well know immunostimulatory gent using a scalable Chemtrix®3321 flow reactor. The 

developed size-controlled lipid/CpG complexes from a mixture of lipids that promote cellular 

targeting and membrane fusion within target cell membrane (Figure. 1). We used a cationic lipid 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) for efficient complexation of anionic 

CpG182. The presence of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) provides 

fusogenic properties to the LNP so that it can fuse with cellular membranes183. Cholesterol 

hemisuccinate (CHEMS) under neutral conditions stabilizes DOPE in lamellar phase. However, 

within acidic endosomal pH conditions, protonation of CHEMS causes it to lose its stabilizing 

property and DOPE transitions into inverted hexagonal phase releasing the cargo154. The novel 

FAP-mPEG2K-DSPE ligand was incorporated into the lipid mixture for targeting bladder tumor. 

We show that FAP targeted LNPs produced using flow reactor shows enhanced association with 

fibronectin secreting cells and a greater immunostimulatory potential.  

 

Figure 13. 35nm FAP targeted LNPs attaches to Fibronectin (FBN) on cell surfaces causing in 

dimerization of α5 and β1 subunits of surface integrin followed by endocytosis via caveolar 

pathway.  After endosomal acidification, the pH sensitive nature of the LNPs enables it to release 

CpG payload in close proximity to TLR9 receptors resulting in release of proinflammatory 

cytokines and an efficient immunostimulation.  
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3.2 Materials and methods 

Reagents. 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-PEG2000 

(PEG2K-DSPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-Cyanine 5.5 (Cy5.5-DSPE), 

Cholesterol hemisuccinate (CHEMS) and cholesterol (CHOL) were purchased from Avanti Polar 

Lipids. Cellulose acetate (CA) syringe filters were purchased from Macherey Nagel Inc. FITC-

CpG 1826 was purchased from Invivogen.  CpG 1826 having the sequence 

“TCCATGACGTTCCTGACGTT” was synthesized by Integrated DNA Technology, Iowa. 

LysoTracker Red DND-99 and Hoechst 33342 were purchased from Life Technologies. Slide-a-

lyzer dialysis cassettes (MWCO 20K, 3ml), Amicon™ ultracentrifugation filters (100K MWCO) 

as well as cell culture reagents such as Dulbecco’s modified eagle medium (DMEM), Opti-MEM® 

reduced serum medium, 1X Phosphate buffered saline solution (PBS) and GibcoTM TrypLE 

express enzyme (1X) was purchased from Fisher Scientific. Fetal bovine serum (FBS), Penicillin-

Streptomycin 10/10 (100X) and L-Glutamine - 200mM (100X) were purchased from Atlanta 

Biologicals. Ultrapure water (18 MΩ) was used for preparation of all buffers and in all experiments. 

All solvents were of analytical grade, purchased from commercial sources. Buffers and solvents 

were filtered through 0.22 µm CA syringe filters before use.  

 

Synthesis of FAP Peptide-Lipopolymer. The alkyne terminated FAP was synthesized on wang 

resin using standard solid phase peptide synthesis methods following its conjugation with N3-

PEG2K-DSPE lipid via copper-catalyzed azide−alkyne cycloaddition as previously reported180.  

 

LNP formulation. The CpG solution was prepared at 50µg/ml concentration in 20 mM HEPES 

buffer (pH 7.4).  Lipids DOTAP, DOPE, CHEMS, and DSPE-mPEG2K were dissolved in 

methanol at a molar ratio of respectively 45:30:23:2 to produce LNPs at a N/P of 1, 5, 10 and 

15.  For tumor-targeted formulations, equimolar FAP- mPEG2K-DSPE was used in place of DSPE-

mPEG2K. For pH non-sensitive formulation, CHOL was used in place of CHEMS. These aqueous 

and organic solutions were then mixed in a Chemtrix 3221 SOR chip at a 3:1 flow rate ratio (v/v; 

respectively) and total flow rate 2 mL/min. The LNP solution is immediately diluted to   ̴ 15% 

methanol before being dialyzed against a 500-fold volume of 20mM HEPES (pH 7.4) using a 20K 

MWCO cassette to remove methanol and unencapsulated CpG.  
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Size, Zeta potential and encapsulation. Particle sizes, size distributions, and ζ-potentials of the 

different preparations were determined using a Malvern Zetasizer Nano ZS dynamic light 

scattering device. All measurements were conducted at 25°C in triplicate and reported as the 

number mean ± SD.  For encapsulation efficiency, LNP samples were incubated with 1% Triton 

X-100 dissolved in HEPES buffer for 1hrs following addition of Quant-iT™ OliGreen ssDNA 

dye.  Fluorescence generated by the intercalation of single-stranded oligonucleotide to dye was 

measured using the Synergy Biotek plate reader (excitation/emission wavelength 485/535 

nm).  Encapsulation efficiency was calculated as the fraction of fluorescence generated after 

dialysis compared to the fluorescence generated before dialysis.   

 

Cryo-Transmission Electron Microscopy. Cryo-TEM experiments were conducted following 

the general procedures reported previously, except that C-Flat lacey carbon film on 400-mesh 

copper grids were used as sample substrates184-185. Images were obtained using a Talos F200C 

cryo-electron microscope operating at 200 kV under low-dose conditions at a nominal 

magnification of 120,000 or 150,000X and using different degrees of defocus (-3 to -7 nm) to 

obtain adequate phase contrast. Images were recorded using a Ceta 16 Mpixel CMOS camera. 

Image processing and analysis was performed with TIA (FEI, Inc). Image were acquired for LNP 

prepared at N/P of 1,5 and 10. Prior to freezing samples for cryo-TEM analysis, LNPs were 

concentrated to 10-15mg/ml using Amicon™ ultra centrifugation filters (100K MWCO) at 7,500 

rcf for 2hrs.  

 

Small Angle X-ray Scattering (SAXS). Small-angle X-ray scattering (SAXS) experiments were 

carried out utilizing a SAXSpoint 2.0 (Anton Paar) with a copper Kα source (λ = 1.54 Å). An 

incident beam, fixed at 8.05 keV and collimated under vacuum using an advanced scatterless beam 

collimation (Anton Paar), was employed using a sample to detector distance of 350 mm. An 

EIGER R series Hybrid Photon Counting detector was used for data collection. Particles were 

concentrated to 10-15 mg/ml using Amicon™ ultra centrifugation filters (100K MWCO) at 7,500 

rcf for 2hrs and placed in 1mm quartz capillaries (Anton Paar). Each data set was collected by 

averaging three frames of 5-minute exposures per frame. Data reduction was performed using 

SAXS analysis Version 2.50 (Anton Paar). Further background subtraction was performed using 
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Igor Pro 8.00 with Irena macros (Jan Ilavsky). Experiments were carried out at N/P ratio of 1,5 

and 10.  

 

Cell Viability Assay. Cell viability was measured using CellTiter 96® AQueous One Solution 

Cell Proliferation Assay from Promega. RAW 264.7 cells were seeded at 30,000 cells per well in 

96-well plates in complete DMEM medium (supplemented with 10%FBS, 1% Penicillin-

Streptomycin, 1% L-Glutamine) and allowed to adhere overnight at 37 °C, 5% CO2, and 95% 

relative humidity. Cells were washed with PBS and incubated with LNP samples in Opti-MEM® 

media for 2 h. The cells were then washed with PBS and incubated overnight in complete DMEM 

media. Next, 20 µl of CellTiter 96® AQueous One Solution Reagent was added into each well and 

incubated for another 1 hr at 37ºC before recording the absorbance at 490nm using a Synergy 

Biotek plate reader. 

 

LNP cellular association studies. Cellular association with RAW 264.7 cells and MB49 cells was 

studied by seeding 30, 000 cells per well in 96-well plates and culturing them at 37 °C, 5% CO2, 

and 95% relative humidity in complete DMEM media for 24 h to reach 80−90% confluency. 

Various Cy5.5 labelled LNP formulations were incubated with the cells for 2 h at 37 °C in Opti-

MEM® media. The unbound LNPs were removed by aspirating the spent medium and washing 

the cells with 100 µl PBS thrice. The attached cells were detached by trypsinization and diluted 

with 160 µl PBS for flow cytometric analysis using a BD LSRForrtessa equipped with a robotic 

high throughput sampler. The Cy5.5-tagged LNPs were excited with a 627nm red laser and 

emission was monitored using 670/14 filter.  

 

Cellular localization studies in RAW264.7 cells. Spatio-temporal tracking analysis FITC-tagged 

CpG containing LNPs was performed using multiphoton confocal microscopy. RAW264.7 cells 

were cultured at 37 °C, 5% CO2, and 95% relative humidity in complete DMEM at a cell density 

of 100,000 cells/well in 4 chambered slides. After 24 hrs, the culture media was replaced with 

Opti-MEM® media containing the non-targeted, targeted and targeted pH non-sensitive LNPs. 

Cells were treated for 2 h at 37 °C, followed by removal of the LNP suspension and rinsing of the 

cells three times with PBS. Next, the cells were incubated for 4 or 12 h in complete DMEM media. 

For imaging, nucleus was stained with Hoechst 33342 and acidic endosomal and lysosomal 
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compartments were stained with lysotracker red DND 99. Confocal images were acquired using 

Nikon A1R multiphoton confocal microscope with a 60X oil objective equipped with 405nm, 

488nm and 561nm lasers for Hoechst 33342, FITC and Lysotracker red DND 99 respectively. 

 

Release of TNF-α from Macrophage. RAW 264.7 cells were seeded at 30,000 cells per well in 

96-well plates in DMEM medium and allowed to adhere overnight in a 37 °C incubator. Cells were 

washed with PBS and incubated with LNP samples in Opti-MEM® media for 2 hrs. The cells were 

then washed with PBS and incubated for 24 hrs in complete DMEM media. The spent media was 

collected and centrifuged at 10,000 rcf for 5 mins to remove any cellular debris. The supernatant 

was used to quantify the amount of TNF-α released using an ELISA kit from Invitrogen Inc 

according to manufacturer’s protocol.  

 

Human bladder tumor association studies. Bladder tumors obtained from a cystectomy section 

of 85-year-old white female suffering from papillary urothelial carcinoma was used to monitor the 

ability of FAP targeted LNPs to associated human tumors. Post-surgery the tumors were isolated 

and stored overnight in DMEM media at 4ºC prior to treatment. Obtained tumor was washed 

extensively to remove any blood or serum stains. Then, tumors were incubated with Cy5.5 labelled 

targeted or non-targeted LNPs at a CpG dose of 10 µg/ml for 2 hrs at 37ºC in 20mM Hepes buffer. 

Next, the tumor chips were washed three times with 15 ml of 1X PBS. The tumors were imaged 

for LNP associated fluorescence using an IVIS Lumina II optical imaging system from Perkin 

Elmer equipped with Andor ikon CCD camera. Acquisition parameters for the epi-illumination 

image were as follows: Field of view: 5 cm; object height: 5 cm; excitation: 640/25 nm; emission: 

732.5/37.5 nm; exposure time: 1 s; f/stop: 2; Binning: 2. 

3.3 Results and discussion 

Utilizing FAP as a targeting strategy to delivery drugs at bladder tumor sites has shown lot of 

promise for an enhanced therapeutic outcome. It leverages on the ability of BCG to “stick” to 

tumor sites without the adverse effects associated with bladder instillation of live bacterium. 

Previous studies show that FAP mediated uptake occurs via a caveolae mediated pathway with a 

strict 70nm cutoff. Liposomes represent one of the most clinically successful delivery system 

capable of delivering therapeutic molecules to target site186. However, traditional methods of 
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downsizing liposomes to fit the 70nm cutoff involves extensive extrusion and sonication 

procedures which are not amenable for fragile immunostimulatory nucleic acids187. Recently, 

another type of lipid-based delivery system, LNPs, formulated using microfluidic devices has 

shown unprecedented control over size, encapsulation of nucleic acid, therapeutic integrity of 

payload as well as scalability188. Here we hypothesize that utilizing microfluidics approach to 

develop sub 70nm FAP targeted pH sensitive LNPs will significantly improve the therapeutic 

response of CpG oligonucleotide which is a well-studied nucleic acid for bladder cancer 

immunotherapy.  

3.3.1 Physicochemical characterization of LNPs  

Chemtrix microfluidic reactors used here consists of microfluidic channels (300 µm × 120 µm) 

itched on to glass surfaces having a total reactor volume of 1µl. Two static micromixers, called 

staggered oriented ridge (SOR) are employed where the two phases meet to increase the mixing 

efficiency (Tmix <0.3s)189. Self-assembly of dissolved lipids into LNPs occur as the lipids in organic 

solvent is rapidly diluted with the aqueous stream containing CpG oligonucleotides. The positively 

charged lipids interact with the anionic oligonucleotides to form nuclei around which further 

nanoprecipitation of lipid molecules can occur as the polarity is increase (Figure 2). Faster the 

mixing of aqueous and organic phase, faster is the increase in polarity and smaller is the size of 

LNPs produced. We have employed a fractional flowrate of 3:1 (aqueous: methanol) and a total 

flow rate of 2ml/min for formulation. LNPs were made at N/P of 1,5,10 and 15 to optimize for 

size, polydispersity and encapsulation. As seen in the Figure1. the size of LNPs reduces 

significantly from 40 nm N/P 1 to 13nm at N/P of 15. Surface charge of LNPs increase from -

10mV at N/P of 1 to 16mV. This is because, at lower N/P ratio, as polarity increase, the fusion of 

metastable vesicles gives rise to larger LNPs with lamellar arrangement of CpG and lipids (Figure 

2, inset A) The fusion will continue unless outer surface is stability sterically by PEGylation or 

prevented by membrane rigidity due to presence of CHEMS. However, higher N/P ratios leads to 

formation of more positively charged particles which gets primarily stabilized owing to its positive 

surface potential by electrostatic repulsion. These positive charged vesicles can easily recruit 

anionic CHEMS leading to membrane rigidity with further prevents fusion (Figure 2, inset B). 

Stabilization of LNPs at a much earlier stage of formation is the main reason for the marked 

difference in particle size and lamellarity. It should also be noted that at same N/P ratio of 5, 
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CHEMS leads to 37nm LNPs (Targeted pH sensitive LNPs) which is slightly larger particles as 

compared to CHOL (Targeted pH non-sensitive LNPs) which gives 30nm LNPs (Supplementary 

Figure 1). This is because recruitment of anionic CHEMS leads to decrease in cationic surface 

potential and subsequent membrane fusion. This is not in case of neutral CHOL, whose recruitment 

is albeit, slower due to lack of electrostatic attraction. 

 

Figure 14. Lipid nanoparticles characteristics. (a) hydrodynamic diameter (number mean), (b) 

Polydispersity (c) Zeta Potential (d) % Encapsulation for LNPs manufactured by Chemtrix 3221 

reactor at a CpG concentration of 50 µg/ml and lipid composition of DOTAP, DOPE, CHEMS, 

and DSPE-mPEG2K (ratio 45:30:23:2). Aqueous to organic flow rate ratio was 3:1 whereas the 

total flow rate was 2 ml/min. Results are the mean± SD (n=3). 

 

Figure 15. Physicochemical characterization of developed formulations at N/P of 5 (a) Size (b) PdI 

(c) Zeta Potential. Results are the mean±SD (n=3). 
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We also find an increase in polydispersity as N/P ratio increases. One probable reason for this at 

higher N/P ratios formation of empty lipid vesicle is encouraged due to presence of more lipids. 

These empty vesicles undergo lipid exchange (Oswald ripening) increasing the polydispersity. 

Additionally, because of the smaller size the particles at high N/P ratio, the curvature on the surface 

of particles increases exposing hydrophobic acyl chains of the lipids to aqueous environment 

introducing thermodynamic instability in the system.  

 

Figure 16. Proposed mechanism of LNP formation: The mixing of methanol phase with aqueous 

phase the cationic lipids are the first to interact with anionic CpG molecules forming inverted 

micelles. These micelles act as nuclei around which nanoprecipitation of lipids occur to form 

bilayer structures. These bilayer vesicles continue to fuse together forming larger vesicle with 

lamellar structures (A). At high N/P enhanced presence of cationic lipids on outer surface prevents 

membrane fusion by electrostatic repulsion and membrane rigidity due to faster recruitment of 

anionic CHEMS (B). 

This was further supported by our Cryo-TEM data. At N/P 1 particles exhibit a very small interior 

core which is surrounded by electron dense layer. However, as N/P increases we find increase size 

of the interior core to almost a vesicular system of empty LNPs at N/P of 10. To understand if the 

A 

B 
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electron dense outer layer arises from stacking of oligonucleotides and lipid molecules we 

performed SAXS studies on developed LNPs. It is seen that SAXS produces scattering patterns 

suggestive of a stacked layer of lipids and oligonucleotide at a repetitive distance of 6.04 nm. It 

closely relates to the arrangement of siRNA and lipids (distance repeat of 5.8nm) in LNP 

formulation which recently completed phase 3 clinical trial to treat transthyretin (TTR)-induced 

amyloidosis 190.  Also, it is worthwhile to mention here that multiple studies have shown that 

cationic lipids and plasmid DNA show characteristic peaks at q=0.1Å-1.191-192  At N/P of 5 and 10 

the peak reduced in intensity and broadened indicating a transition from primarily lamellar 

structure to a vesicular formulation of amorphous nature. 

 

Figure 17.Cryo-TEM image of LNPs at (a) N/P 1 (b) N/P 5 (c) N/P 10 displaying a transition from 

electron dense system to vesicular system at high N/P ratios. Inset represents the Fast Fourier 

Transform (FFT) of respective images. LNPs were concentrated to 10-15mg/ml by ultra-

centriguation using 100K MWCO centrifuge filter at 7,500 rpm for 2 hrs 

 

Figure 18. Small Angle X-Ray scattering data for CpG LNPs at different N/P ratio showing 

characteristic q value peak at 1Å-1 suggesting a scattering pattern associated with bilayer systems. 

LNPs were concentrated to 10-15mg/ml by ultra-centrifugation using 100K MWCO centrifuge 

filter at 7,500 rpm for 2 hrs. 
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Next, we evaluated the effect of N/P ratio on encapsulation efficiency of developed LNPs. 

Interestingly we found similar encapsulation efficiency as we go from N/P 1 to 15. Increase in 

cationic lipids did not result in a significant increase in encapsulation of payload. Since N/P of 5 

gave the optimum balance between size, polydispersity and surface potential we use this ratio for 

development of FAP-targeted pH sensitive for further biological evaluation. 

3.3.2 Cellular association studies 

Numerous studies have taken the advantage of utilizing peptide sequences to enhance cellular 

targetability of delivery systems. For e.g., Zhao et.al. utilized arginine-glycine-aspartic acid 

tripeptide (RGD) functionalized sterically stabilized liposomes to deliver paclitaxel to ovarian 

cancer cells expressing integrin receptors193. Dai et.al. utilized N-acetyl-proline-histidine-serine-

cysteine-asparagine-lysine (PHSCNK) sequence to functionalize pegylated liposomes to deliver 

doxorubicin to cells of tumor neovascular overexpressing α5β1 integrin receptors194. More recently, 

Sakurai et.al. utilized a non-standard macrocylic peptide to deliver siRNA to epithelial cell 

adhesion molecule (EpCAM) overexpressing cancer cells195.   

 

Previously we have established that “GNRQRWFVVWLGSTNDPV” peptide displaying 

liposomes show sequence specific cellular association with MB49 cells both in vitro and in 

orthotopic bladder cancer model180. Altering the critical “RWVF” to a scrambled sequence of 

“WVRF” resulted in suboptimal association180. Additionally, lipopeptide was optimized at 2 mol% 

of lipids for liposomal formulations180. However, self-assembly of lipids in microfluidic reactors 

poses challenge where by the targeting ligand could get buried inside the core of the LNPs during 

self-assembly process of LNP formation.  

 

Thus, we evaluate the ability of FAP targeted LNPs formulated using microfluidics reactor to 

associate with fibronectin secreting cells of bladder tumor microenvironment. We used two cells 

lines, first MB49 and second a macrophagic cell line RAW264.7, also known to secrete fibronectin 

in extracellular matrix 196-200. Our flow cytometry data (figure 4) suggest an enhanced cellular 

association of our targeted formulation as compared to our non-targeted formulation or untreated 

(no LNPs) in both cell lines. Thus, proving that FAP targeting ligands are still exposed on the 

surface and available to bind to the fibronectin rich cellular surfaces. It is also important to mention 
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here, recent literature suggests a preferential accumulation of saturated lipid towards the periphery 

of LNPs for stabilization of outer shell during self-assembly process using microfluidics chip 

reactors190, 201. Computer stimulation data also predicts distribution of PEG-lipid on the surface of 

LNPs202. These studies indicate the advantage of conjugating targeting moieties to a PEG-saturated 

lipid construct for surface modifications of LNPs formulated using microfluidic devices. 

Additionally, in comparison to non-targeted formulations, we observed 200% higher LNP 

associated fluorescence of targeted formulations in MB49 cells as compared to 75% in case of 

RAW264.7 cells which is suggestive of relative higher presence of fibronectin in extracellular 

surface of MB49 cells. Further, for non-targeted LNPs, nominal cellular association was also seen 

in both cell lines due to cationic nature of the LNPs.  

 

Figure 19. Flow cytometric evaluation of Cy5.5 labelled targeted and non-targeted LNPs for 

cellular association with (a) MB49 cells and (b) RAW264.7 cells. Cells were treated with LNPs 

for 2 h at 37 °C, followed by PBS washing to remove non-specific interactions, trypsinization, and 

resuspension in PBS for flow cytometry analysis. Error bars indicate the standard deviation of the 

mean (n=3, t-test, ****p<0.0001, ***p<0.001) 

3.3.3 Enhanced immunostimulation by pH-sensitive targeted LNPs 

For enhanced therapeutic outcome achieving a high delivery efficiency of payload to target cell is 

very important203. But, equally important is the ability of the delivery system to release the payload 

near the target effector within the cell204-206. A failure to do so, causes the delivery system to get 

degraded in lysosomal compartment and hence produces a sub optimal immunostimulatory 

 

(b) (a) 



62 

 

response. The presence of CHEMS and DOPE in our LNP formulation ensures efficient release of 

the payload within the acidic endosomal/lysosomal compartments where the target receptors 

(TLR9) responsible for CpG detection are present. Cholesterol hemisuccinate (CHEMS) under 

neutral conditions stabilizes DOPE in lamellar phase. However, within acidic endocytic 

membranes, protonation of CHEMS causes it to lose its stabilizing property and DOPE transitions 

into inverted hexagonal phase releasing the cargo 154, 207. Although CpG is a well-studied 

immunostimulatory oligonucleotides using orthotopic bladder cancer models of MB49 cells208-210, 

the is no reports on positive immunostimulatory effects of CpG on MB49 cells in in vitro setting. 

This is due to the lack of TLR9 expression in these cells211. So, it can be concluded that the 

established therapeutic benefits of CpG in bladder tumors is mainly due to stimulation of 

infiltrating immune cells. Here, we used macrophagic RAW 264.7 cells, also capable of secreting 

fibronectin, to monitor the ability of CpG LNPs to elicit a therapeutic immune response by 

quantifying the release of TNFα under in vitro conditions. The cells were treated at a CpG dose of 

1µg/ml for 2 hours. 12 hrs post-treatment, our targeted pH sensitive formulation showed the 

highest release of TNFα. However, both the non-targeted and pH non-sensitive formulation 

resulted in lower immunostimulation. This proves that both enhanced cellular association and 

endosomal release properties is essential for a successful therapeutics outcome.  To ensure that the 

treatment did not result in cytotoxicity for cells we performed cellular viability by MTS assay. 

MTS assay is based on bio-reduction of MTS tetrazolium compound by living cells to colored 

formazan which is soluble in cell culture medium. As shown in supplementary figure 2, all 

treatment conditions were non-toxic to cells proving that the developed LNPs were biocompatible. 
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Figure 20. ELISA data for TNFα release by RAW264.7 cells to compare immunostimulatory 

potential of FAP-targeted pH sensitive LNPs vs Non-targeted or pH non-sensitive formulation. 

Cells were treated with LNPs at CpG dose of 1µg/ml for 2 hrs at 37ºC followed by PBS wash. 

Cells were further incubated for 12hrs in FBS supplemented media after which supernatant was 

collected for ELISA. Error bars indicate standard deviation of the mean (n=3, one-way ANOVA, 

****p<0.0001) 

 

 

Figure 21. Cytotoxicity analysis of LNPs on (A) RAW264.7 cells (B) MB49 cells. Cells were 

treated with LNP formulations at a CpG dose of 1µg/ml for 2 hrs at 37ºC followed by PBS wash. 

Cells were further incubated for 12hrs in FBS supplemented media. Cytotoxicity was measure by 

MTS assay. Error bars indicate standard deviation of the mean (n=3, one-way ANOVA, p=ns) 

 

 

b 
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3.3.4 Cellular localization studies 

Therapeutic outcome is function of the delivery system’s ability to provide entry of the payload 

into the cell as well as it releases within the endosomes 212-213. To track the efficiency of our pH 

sensitive targeted LNPs in delivering payload we used a FITC labelled CpG oligonucleotide and 

treated cells with non-targeted, targeted and targeted (pH non-sensitive) formulations. As seen in 

figure 8. we find minimal cellular entry, demonstrated by low FITC channel signal, for non-

targeted CpG formulation (figure 8a) as compared to targeted formulations (figure 8 b, c) after 

4hrs post-treatment.  At this point, the Z-stack images of cells demonstrate that for targeted 

formulations (both pH sensitive and non-sensitive), FITC-tagged CpG gets colocalization within 

endosomal/lysosomal compartments stained with LysoTracker Red and visualized as yellow 

overlap (figure 8 g, h). However, after 12 h post-treatment, we find that for pH non-sensitive LNPs 

(figure 8 f) much higher amounts of FITC labelled CpG remaining within the 

endosomal/lysosomal compartments as compare to the pH sensitive formulation (figure 8 e) 

showing the capability of pH sensitive LNPs to release the therapeutic payload. This perfectly 

supports our ELISA results which show lower immunostimulation for targeted pH non-sensitive 

LNPs due inability to release the payload effectively under endosomal pH conditions. 
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Figure 22. LNP tracking analysis by confocal microscopy in RAW 264.7 cells showing enhanced 

cellular entry of FITC tagged CpG for targeted formulations(b,c) as compared to non-targeted 

LNPs(a) after 4 hrs.  After 12 hrs, reduced FITC-CpG signal for pH sensitive formulation (e) vs 

pH non-sensitive LNPs (f) shows endosomal release capability of pH sensitive LNPs.  Z-stack 

images showing endosomal localization of FITC-CpG for targeted formulations after 4 hrs (g,h). 

3.3.5 Human tumor association studies 

Finally, to demonstrate the translational potential of FAP targeting we have performed preliminary 

association studies with human bladder tumor samples. Incubation was performed for 2 hrs at 37ºC 

which the recommended retention time for intra-vesicular BCG therapy in clinics. Enhanced 

fluorescence of tumor sample treated with targeted formulation shows the ability of developed 
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targeting ligand to achieve higher association with human bladder tumor. Although we find a 34% 

increase fluorescence signal with our targeted formulation as compared to non-targeted 

formulations, further studies are underway to optimize formulation for enhanced penetration in 

clinically relevant tumors.  

 

Figure 23. Tumor samples from a cystectomy section were incubated with Cy5.5 labelled LNPs at 

a CpG concentration of 10ug/ml for 2 hrs at 37ºC. Fluorescent images were taken with IVIS 

Lumina II optical imaging system (excitation: 640/25 nm; emission: 732.5/37.5 nm). 

3.4 Conclusion 

We have developed a biocompatible pH sensitive targeted lipid nanoparticle system capable of 

delivering immunotherapeutic oligonucleotides to cells in bladder tumor microenvironment. The 

presence of FAP targeting ligand enables enhanced cellular association followed by internalization 

within endosomal compartments. The inherent pH sensitive nature of the LNPs enable release of 

the incorporated payload with the acidic endosomal compartments where they interact with TLR9 

receptors to initiate a potent immune stimulatory response. Absence of either the targeting moiety 

or pH sensitive nature of the LNPs results in a sub optimal therapeutic response showing the 

importance of both FAP-targeting ligand and pH sensitivity of LNPs in developing a delivery 

system for bladder cancer immunotherapy. 
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 NON-VIRAL GENE DELIVERY VECTORS BASED ON 

CYCLODEXTRIN POLYMERS 

Adapted (Reprinted) from the review article titled “Non-viral gene delivery vectors based on 

cyclodextrin polymers” co-authored by S.Samaddar, A.Kulkarni, and D.H.Thompson. Currently, 

the article manuscript is under preparation. 

4.1 Introduction 

Gene therapy is the utilization of nucleic acids to manipulate genetic information within a cell. It 

has provided researchers with unprecedented opportunities in treatment and mitigation of several 

life-threatening diseases. Gene therapy is an attractive alternative to conventional chemotherapy 

or radiation therapy due to its high efficiency, minimal side effects, and potential to evade drug 

resistance. The versatility of gene therapy makes it useful for the treatment of diseases as varied 

as cancer, viral, cardiovascular, neurological and production of DNA vaccines214-215. These genetic 

interventions can be broadly categorized into two different sub-genres. First, is the introduction of 

a new gene or transcript into the cell to help in production of a functional protein. Second, is down 

regulating the expression of mutated protein which is functioning improperly. An additional 

genetic intervention category is genome editing via Zinc finger nucleases (ZFNs), Transcription 

Activator Like Effector Nucleases (TALENs) or more recently discovered CRISPR/Cas9 system.  

Introduction of new gene involves the delivery of pDNA to augment naturally occurring proteins, 

produce cytotoxic proteins, prodrug-activating enzymes, or expression of viral genes that can 

result in immune responses.215-217 Downregulation or “knocking down” the expression of a 

mutated protein is achieved by introducing 21 – 23 nucleotides long fragments of RNA known as 

small interfering RNA (siRNA). On delivery, siRNA gets incorporated into the RNA-interference 

silencing complex (RISC) in the cytoplasm of the cell. The antisense strand is retained within the  

multi-functional protein present inside the RISC known as Argonaut 2 then unwinds the siRNA, 

leading to cleavage of the sense strand. activated RISC where it helps to selectively bind and 

degrade its complementary mRNA target. Due to its catalytic nature, appropriately designed 

siRNA can theoretically silence any gene in the body via cleavage of multiple mRNA strands, thus 

making it much more effective than antisense therapy and a promising therapeutic strategy.218-219. 

Administration of naked nucleic acids has been shown to have extremely poor efficacy due to poor 
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serum stability and their anionic nature, which results in low cellular uptake. The successful 

clinical translation of gene therapy is hence limited due to the absence of a controllable and safe 

method for gene delivery. Extensive research is being carried out in the development of efficient 

vectors for gene delivery that can circumvent the aforementioned barriers, however very few of 

them have achieved clinical success. Gene delivery vectors can be broadly classified into viral 

vectors and non-viral vectors. 

 

Figure 24 Viral and non-viral vectors 

Viruses were a natural choice for delivery vectors due to their innate ability to infect specific cells. 

Viruses such as lentivirus, retrovirus, and adenovirus have been previously transformed into 

vectors for gene delivery by replacing the infectious part of the genome with a therapeutic gene. 

Despite advantages such as high efficiency and stable transfection, viral vectors received a major 

setback due to safety concerns such as toxicity and immunogenicity and difficulties with large-

scale production. Viruses have a possibility to revert back to its original infectious form hence 
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making them unsafe for human therapy. They are also extremely immunogenic restricting their 

repeat administration due to possible dangers of severe immune reactions. Due to these reasons 

non-viral vectors are gaining prominence over viral vectors.220-222 In December 2017, the FDA 

approval of first ever gene therapy, LUXTURNA®, an adeno associated virus based gene delivery 

strategy for patients suffering from hereditary bialleic RPE65 mutation associated retinal 

dystrophy. Although the approval has invigorated the enthusiasm in viral community, the 

treatment comes at a hefty price tag of $850,000 for a single dose. Additionally, eye being a 

immuno-privileged region has advantage of less exposure to human immune system. Translation 

to systemic delivery without significant toxicity issues is still a major challenge yet to be overcome 

by viral delivery systems. Another milestone achievement in field of gene therapy came in August 

2018 with the FDA approval of first ever gene silencing therapy. Onpattro®, a lipid-based siRNA 

nanodelivery system to treat hereditary transthyretin mediated amyloidosis showed that non-viral 

systems are now starting to break the low transfection barrier. However, additional challenges are 

now needed to be met to target organs beyond liver since systemic delivery for nanoparticles 

naturally tends to be cleared by liver. Additionally, at an annual price tag of $345,000 it is still 

very expensive treatment. 

 

Non-viral vectors are relatively less immunogenic when compared to viral vectors, safer, and 

highly scalable. However, most non-viral vectors suffer from issues such as low efficacy and 

transient transfection223. Most commonly, non-viral vectors are cationic materials that can 

electrostatically complex with the nucleic acid and condense it into positively charged 

nanoparticles that can protect the cargo and internalize into cells. The most commonly used non-

viral vectors include cationic lipids 224. Cationic polymers such as poly(ethylene imine) (PEI) 225, 

or polypeptides such as polylysine (PLL) (Fig. 1) 226. Other materials that are being studied and 

developed for gene delivery include PAMAM dendrimers 227-228  Polyaminoesters229-230, 

polyamidoamines231, polyphosphoesters232, chitosans233, and gold nanoparticles234. All these 

vectors are capable of condensing nucleic acids into stable positively charged nanoparticles that 

enter cells via non-specific uptake mechanisms. While these materials can successfully protect the 

nucleic acid from degradation and increase their cell permeability, most of them suffer from 

significant cytotoxicity, lack of specificity, and low circulation times in the body 235-236 .The barrier 

for clinical translation  is to create non-viral vectors that have high transfection efficiencies while 
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maintaining high specificity, in vivo stability, low toxicity. This requires an integration of various 

factors such as serum stability, specific binding to target cells, and efficient un-packaging and 

release of the cargo upon cellular internalization.  

 

The use of low-cost materials that are considered as GRAS (Generally Regarded As Safe) in the 

formulation of vectors is a promising strategy to ensure low-toxicity and minimal off-target effects. 

Several formulations have employed carbohydrate vehicles such as chitosan19, hyaluronic acid237, 

and cyclodextrins (CDs). Cyclodextrin based materials were first used for gene delivery in 1999238. 

Since that time several, CD containing polymers have been developed and studied as vectors for 

gene delivery. This review focuses on CD based materials that have been developed and used for 

nucleic acid delivery between the period of 2012 till 2018. 

 

Figure 25. Types of cyclodextrin with cavity diameter 

CDs are a family of cyclic oligosaccharides that have extensive applications in the food, 

agrochemical, and pharmaceutical industries. The three main types of CDs that exist are α, β, and 

γ, which are oligosaccharides of 5, 6 or 7, glucose units (Fig. 2)239. There are numerous variations 

of these CDs that are used for different applications. CDs have a large number of hydroxyl groups 

hence making them extremely water-soluble. The water solubilities of α-, β- and γ-CD at ambient 

conditions are approximately 13%, 2% and 26% (w/w), respectively240. Despite the high solubility 

of the CDs, the interior of the cup is relatively less polar making it a hydrophobic 

microenvironment. CDs hence have a hydrophilic exterior and a hydrophobic interior allowing 

α-CD β-CD γ-CD

0.56 nm 0.70 nm 0.88 nm
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them to encapsulate and solubilize hydrophobic “guest” molecules.25 This ability to form 

host:guest complexes with hydrophobic moieties makes them extremely attractive in the 

pharmaceutical industry for solubilization of hydrophobic drug molecules (Figure 3)241 242 . 

 

Due to their biocompatibility and non-toxic nature, CDs are Generally Regarded As Safe materials 

by the FDA and hence are commonly used in the pharmaceutical industry for improving the 

solubility, bioavailability and stability of drugs. There are more than 45 approved CD based 

formulations of drugs in world markets239. Due to their unique structures and host:guest 

complexation abilities, CDs are also used extensively in constructing nanoparticle based drug 

delivery vehicles26. The most successful example is the design and development of IT-101 by 

Davis and coworkers for the encapsulation and delivery of camptothecin to tumors243. The 

biocompatibility, water solubility, and binding affinity of CDs for a wide range of compounds can 

hence be exploited for the construction of novel and effective vectors for gene delivery. The unique 

property of CDs to act as nanometric containers244, their ability to improve drug bioavailability, 

their ability to enhance membrane absorption, and most importantly their ability to stabilize 

biomolecules in physiological media by shielding them from non-specific interactions245, makes 

them extremely attractive for the construction of gene delivery vectors. 

4.2 CD-based polyrotaxanes  

 

Figure 26. Diagramatic representation of polyrotaxane with arrows showing degrees of freedom 

Polyrotaxanes (PRs) are self-assembled structures consisting of a molecular macrocycle(s) 

threaded onto a polymeric chain. These structures are then entrapped by bulky blocking groups 

Cyclodextrin (CD) Endcap Polymeric chain
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(also referred to as endcaps) attached to the polymer terminus, which prevent the macrocycles 

from dethreading (Fig 4). The efficacy of the threading is governed by the non-covalent 

interactions between the polymer and the macrocycle(s) and the adjacent macrocycles. If the 

polymer lack endgroups or if the size of the endgroups is not large enough to prevent the 

dethreading of the macrocycles, the complex is termed as a pseudopolyrotaxane (i.e., false wheel 

and axle)246-249. 

 

The construction of PRs from FDA approved materials such as CDs for the macrocyclic moiety 

and PEG/Pluronics based polymers as the polymeric axle make them highly attractive for 

biomedial applications. Attachment of cationic groups to the CDs gives them the ability to complex 

nucleic acids. The facile rotation and translational motion of the CDs across the polymeric axle 

make the PRs highly effective agents for complexing genes at lower N/P ratios (ratio of +ve 

charges on polymer to –ve charges on nucleic acid). This hence results in a lower overall positive 

charge resulting in a significantly lower toxicity profile and higher stability in vivo250. 

 

Cellular entry of cationic PR polyplexes occurs primarily by two pathways, at least in absence of 

serum. First is the non-specific electrostatic interactions between the cationic complexes and 

anionic cellular membrane. Second, if the polyplex presents a ligand for a receptor at its surface, 

receptor mediated endocytosis can be the predominant mode of cellular internalization. However, 

in presence of serum, one must be aware that the cationic polyplex can bind to serum proteins 

(protein corona) which then bind to cells through their specific receptors. Once internalized within 

the cells, inability to release nucleic acid payload in the cytoplasm can mark the endosomal content 

for lysosomal degradation, resulting in sub-optimal biological outcome. Cationic polyplex (e.g., 

polyplexes with amine containing polycations) are thought to rupture endosomes by creating 

osmotic pressure (proton sponge effect), thereby enabling the carrier system to escape the 

endosomal compartment. However, the exact location of release of payload from delivery system 

is ambiguous.  In the case of siRNA payloads, cytoplasmic release is sufficient for the nucleotide 

to engage RISC complex and cause gene suppression. But for gene expression using plasmid DNA, 

the payload must be able to translocate to the nucleus for the transcription mechanism to happen. 

Under such situations, release of pDNA far away from the peri-nuclear space can lead to loss of 

protection and cytosolic degradation. Multiple studies have underscored the importance of 
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cytoskeletal motor proteins to transport genetic materials along microtubules from periphery of 

cytoplasm to the perinuclear regions39, 251-252. However, whether the transport occurs as endosomes 

containing polyplex, polyplexes themselves or naked pDNA is not clear. Once delivered to 

perinuclear space, the pDNA must get past the nuclear membrane to express the coded protein. 

For this, it can rely on either of nuclear localization sequences which can be tethered to the pDNA 

to enable its energy dependent transport into the nucleus or it should wait (which depending on its 

cellular life time) for mitosis for nuclear membrane to break down to gain access by an energy 

independent mechanism253-254. 

 

Figure 27 Diagrammatic representation of cellular pathways involved in gene delivery via 

polyrotaxanes. 

The most common type of CD-PR gene delivery vehicle consists of CDs threaded on a single 

polymeric block. The resulting PRs are then post-modified by grafting the surface with cationic 

groups in order to enhance the overall PR solubility and ability to condense nucleic acids. Li and 
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coworkers have reported the synthesis of a series of cationic PRs with multiple 

oligoethylenimine(OEI)-grafted α-CDs threaded on a PEO chain as gene delivery vectors (Fig 

6a)255 256. The PRs were able to compact pDNA efficiently into nanoparticles of 100-200 nm in 

size and demonstrated low cytotoxicity with comparable or higher transfection efficiency as 

branched PEI (25K) in BHK-21 and MES-SA kidney cell lines. The authors showed that higher 

concentrations of cations in the PRs promoted better transfection performance. Interestingly, in 

some cases the presence of serum produced higher transfection efficiency than without serum 

when compared to PEI at N/P ratio of 10257.The authors further expanded the scope of their study 

by synthesizing PRs wherein the α-CDs were threaded onto a poly[(ethylene oxide)-ran-

(propylene oxide)] (P(EO-r-PO)) random copolymer chain258. The authors demonstrated that their 

synthesized cationic PRs had a molecular weight of 2370 Da and an EO/PO molar ratio of 4:1, 

while the cationic α-CDs that were grafted with linear or branched oligoethylenimine (OEI) of 

various chain lengths had molecular weights up to 600 Da. The OEI-grafted alpha-CD rings were 

located selectively on the EO segments of the polymer while the PO segments had no CDs 

complexed onto them. This in turn resulted in increased mobility of the α-CDs and greater 

flexibility of the PRs. It was anticipated that this increased flexibility would enhance the interaction 

of the cationic groups with the nucleic acid and/or the cellular membrane resulting in higher 

transfection efficiency. The authors studied the biological activity of these PRs in a range of cell 

lines such as HEK293, COS7, BHK-21, SKOV-3, and MES-SA. Cytotoxicity studies revealed that 

that the PRs with linear OEI chains of molecular weights up to 423 Da exhibited much less 

cytotoxicity than the branched PEI (25 kDa) in both HEK293 and COS7 cell lines. The cationic 

PRs also displayed high transfection efficiencies in all the cell lines with significantly higher 

transfection efficiency than branched PEI (25 kDa) in HEK 293 cells. 
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Figure 28. PRs with multiple oligoethylenimine(OEI)-grafted (a) α-CDs threaded on a PEO chain. 

K=15; x=1/5/9; y=5.2/4.9/2.3 (b) α-CDs threaded on a poly(EO-r-PO) random copolymer chain. 

K=12; x=1/5/9/14; y=4.4/4.8/2.6/3.1 (c) β-CDs threaded on a PEO-b-PPO-b-PEO triblock chain. 

K=13; x=1/5/9; y=6.7/5.3/3.4 (d) α-CDs threaded on a PPO-b-PEO-b-PPO triblock backbone K=8; 

x=1/5/9/14; y=5.3/5.0/2.3/3.5 

Li and coworkers also synthesized cationic PRs consisting of multiple OEI-grafted β-CD rings 

threaded on a PEO-b-PPO-b-PEO triblock copolymer chain(Fig 6b)259. In this case, β-CD was 
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complexed selectively on the PPO block followed by endcapping with TNB-endcaps. 

Fluorescence titration assay confirmed the ability of the cationic PR to condense pDNA at N/P 

ratios higher than 2. In vitro studies of the cationic PRs in SKOV-3 and PC3 cancer cells lines 

revealed low cytotoxicity and high transfection efficiency of the PRs comparable or significantly 

higher than that of the PEI (25 kDa) standard. While PEI transfection efficiency is known to 

decrease with increasing N/P ratio, the cationic PRs display a sustained gene delivery capability 

in PC3 cell, both in presence and absence of serum. 

Similarly, this group has also explored the triblock polymers based on PPO-b-PEO-b-PPO for the 

synthesis of amphiphilic cationic PRs as potential gene delivery carriers(Fig 6c). They have 

synthesized cationic PRs consisting of α-CD rings grafted with OEI chains threaded on PPO-b-

PEO-b-PPO amphiphilic triblock polymers255. These novel amphiphilic supramolecules have very 

low cytotoxicity in both HEK293 and COS7 cells in comparison with PEI (25K) due to the low 

positive charge density of the cationic PRs/pDNA complexes. Studies revealed that the PRs had 

very high transfection efficiency as much as 7 to 10-fold higher than PEI (25k) in HEK293 cells 

lines. Moreover, the cationic PRs displayed sustained gene delivery capabilities in both serum and 

serum free conditions while the PEI efficiency decreased with increased expression duration. 

As a further development, this group also explored the use of polyrotaxane as a hydrogel-based 

gene delivery system. They prepared a few biodegradable triblock copolymers of methoxy-

poly(ethylene glycol)-b-poly(ε-caprolactone)-b-poly-[2-(dimethylamino)ethyl methacrylate] 

(MPEG-PCL-PDMAEMA) with well-defined cationic block lengths to condense pDNA260. The 

mPEG-PCL-PDMAEMA copolymers exhibit good ability to condense pDNA into 275–405 nm 

polyplexes with hydrophilic mPEG in the outer corona. The mPEG corona imparted greater 

stability to the pDNA polyplexes and also served as an anchoring segment when the pDNA 

polyplexes were encapsulated in α-CD-based supramolecular pseudopolyrotaxane hydrogels. 

More interestingly, the resultant hydrogels were able to sustain release of pDNA up to 6 days. The 

pDNA was released in the form of polyplex nanoparticles as it was bound electrostatically to the 

cationic segment of the mPEG-PCL-PDMAEMA copolymers. The overall results showed protein 

expression levels that were comparable to PEI. These materials also displayed thixotropic 

properties  and were easily prepared without using organic solvent, suggesting that they may 

be useful as injectable materials for sustained gene delivery. 
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Figure 29. (Reprint) PR based supramolecular hydrogels. Amphiphilic ECD forms micelles under 

aqueous environment with PCL core and mPEG/PDMAEMA corona. PDMAEMA at the corona 

is responsible for pDNA binding while MPEG serves both as stabilizing moiety for the resultant 

ECD/pDNA polyplex and hydrogel anchoring segment. Sustained release of pDNA polyplexes is 

achieved via hydrogel dissolution over time 

Liu and coworkers have also synthesized two pseudoPRs based on anthryl-grafted β-CDs 

threaded on PPG chain261. Addition of the pseudoPRs to calf thymus DNA in solution promoted 

the formation of spherical nanoparticles with an average diameter of 100 nm. The group findings 

confirm the ability of the anthryl-grafted pseudoPRs as intercalators for condensing DNA again 

suggesting potential applications for gene delivery. An improved design utilized a 2-dimensional 

pseudopolyrotaxane constructed by threading ω-aminohexylamino βCD on a PPG4000 polymer 
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backbone, followed by complexing cucurbit[6]uril units (20) on the branches of the modified CDs 

(Fig. )262-263. 

Figure 30. (a) Anthryl grafted β-CD pseudopolyrotaxane. m=4.5,5 for n=0,1 respectively (b) 2-

dimensional pseudopolyrotaxane. a+b+c=24 

A related intercalation strategy was adopted by Sakurai et al who synthesized PRs with groups for 

binding and condensing DNA into nanocomplexes . They have developed α-CD PRs threaded on 

a PEG chain (M.W. 2 or 20 kDa) endcapped with fluorene groups, a known DNA intercalator with 

a high binding constants (106 M-1)264. AFM imaging revealed that only the PR with 20 kda PEG 

chain when mixed with DNA was able to acts as a bridge between the DNA strands by holding 

them with fluorene end groups. This work demonstrated that DNA intercalators could be used for 

complexation and manipulation of DNA. 

 

Figure 31. Fluorene capped DNA intercalating PR. m=n/a; (n  ̴ 23 or 230) 
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Figure 32. Spermine grafted PR where m=5.5 

A unique approach, developed by Pérès and coworkers involves two hydrolysable cationic PRs 

spermine grafted α-CD synthesized by two distinct pathways265. They used polyethylene oxide 

(M.W 1100) as their backbone and pyrene molecule as endcaps . Their first strategy consisted of 

post modifying α-CD PRs with spermine moieties by first selectively oxidizing all the secondary 

alcohols of the CDs following by the addition of spermine groups via reductive amination. To 

improve their control in the CD grafting reaction, a second strategy was designed in which the α-

CDs were first modified by the same oxidation reductive amination sequence, followed by the 

synthesis of the PR. This strategy provided better control over the degree of substitution on the α-

CDs hydroxyl groups and the amount of threading. Small Angle Neutron Scattering (SANS) 

analysis of the developed PRs showed a rod-like asymptotic behavior. These novel cationic PRs 

showed rapid degradation at cytoplasmic pH 6.5 and were proposed as a biodegradable gene 

delivery vehicle. 

 

Figure 33. Spermine modified αCD where n = 2,3 or 6  

m
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Figure 34. Diagrammatic representation of cyclodextrin delivery using pH sensitive polyrotaxane.  

Yui and coworkers have developed a library of bio-cleavable PRs for enhanced gene 

transfection consisting of modified α-cyclodextrins with dimethylaminoethyl groups (DMAE-α-

CDs) threaded on PEO chain and capped with benzyloxycarbonyl-L-tyrosine via disulfide linkages 

(DMAE-SS-PRX) (FIG 13).266-268 # # # All the synthesized DMAE-SS-PRXs were able to form 

stable polyplex with pDNA at low N/P ratios. Remarkably, most of the DMAE-SS-PRX/pDNA 

complexes were stable even after exposure to dextran sulfate as a pDNA binding competitor, 

indicating a stable complex. In contrast, most of the supramolecular complexes dissociate in the 

presence of DTT (10 mM) and dextran sulfate to release the pDNA. These observations were 

attributed to the cleavage of the disulfide bond by the DTT, thereby promoting dethreading of the 

PR and disassembly of the complex. Most of the DMAE-SS-PRX complexes resulted in high gene 

transfection efficiency independent of the N/P ratios above 2. The transfection was significantly 

enhanced with those PRs having the lowest number of α-CDs and amino groups with the exception 

of the lowest threaded α-CDs PR with the lowest amount of amino group. These findings suggest 

that premature pDNA release in the cytosol may cause pDNA degradation by cytosolic nucleases. 

Hence, the transfection efficiency is strongly dependent on the time of pDNA release within cells. 

This group has further  demonstrated the application of the bio-cleavable PRs for siRNA 

complexation269  # and delivery270 # , as well as their use in PR:DNA complexes within lipid 

nanoparticles for improved bioavailability. Yui and coworkers demonstrated that the bio-cleavable 

PRs had gene silencing efficiency comparable to linear PEI (25 kDa) and superior to non-cleavable 

PRs hence emphasizing the importance of the degradability of the PR271 # . Moreover, in attempt 

to achieve targetability, functionalized PRs were utilized to investigate the relation to multivalent 

interactions between the mannose moiety and Con A immobilized surfaces. The SPR spectroscopy 

results showed a higher response of the mannose-conjugated PRs than any other mannose 

conjugate on both surfaces of high- and low-density Con A. A further investigation using FRET 

Endosomal cleavage

pH 7.4 pH 4.5

Thiol or 

pH sensitive linkages

http://pubs.acs.org/doi/abs/10.1021/ja055868%2B
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studies revealed that the mobility of α-cyclodextrins in the PR more efficiently contributes to their 

binding interactions in a multivalent manner. The studied system was shown to have control over 

ligand density, ligand mobility, and gives an efficient response to the biological interaction 

receptor, which has not been easy to achieve in covalently bound polymeric systems272. 

 

Figure 35. Disulfide linked PRs (DMAE-ss-PR) 

 

The Harashima and Yui groups have performed a detailed mechanistic study into the PR mediated 

nucleic acid delivery. The study was aimed at imaging the nuclear condensation/decondensation 

status of pDNA in nuclear subdomains using fluorescence resonance energy transfer (FRET) 

between quantum dot (QD)-labeled pDNA as donor, and rhodamine-labeled polycations as 

acceptor. This pDNA/polycation nanoparticle assembly was encapsulated in a nuclear delivery 

system - a tetra-lamellar multifunctional envelope-type nano-device (T-MEND), designed to 

overcome the endosomal membrane and nuclear membrane via stepwise fusion. They used DOPE 

and Cardiolipin (1:1) as inner envelope composition for nuclear entry and an outer layer of octa-

arginine decorated DOPE/PA (7:2) layer for endosomal escape. Nuclear subdomains (i.e. 

heterochromatin and euchromatin) were revealed by difference in fluorescence intensity peaks for 

Hoechst 33342 staining. Thereafter, a Z-series of confocal images were captured by confocal laser 

scanning microscopy. The pDNA condensation/decondensation status in heterochromatin or 

euchromatin was quantified based on the pixel area of the signals derived from the QD and 

rhodamine fluorescence. The results obtained indicate that modulation of the supra-molecular 

structure of PR (DMAE-ss-PRX), a condenser that is cleaved in a reductive environment, 

conferred euchromatin- preferred decondensation273.  
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Figure 36. Gene delivery by tetra-lamellar multifunctional envelope-type nano-device (T-MEND) 

Another example of pH sensitive polyrotaxane was recently developed by Hu et.al.274 They 

threaded α-CDs onto a linear 2.5k PEI backbone and endcapped it with 2, 4-dinitrobenzene 

formaldehyde via  acid stimuli responsive –C=N– moiety. For acid non-sensitive PRs, endcapping 

was done via –C–NH– linkage.  When compared to the acid non-sensitive PRs, in vitro on 

HEK293T (human embryonic kidney cell lines) using EGFP as a reported plasmid, the acid 

cleavable PRs showed higher transfected cell percentage and mean fluorescence intensity at N/P 

of 10, 20 and 30. 

 

Figure 37. pH sensitive PR with PEI backbone  

 

Thompson and coworkers synthesized and screened a family of α-CD:PEG cationic PRs grafted 

with DMAE groups constructed from PEGs of different molecular weights (2000, 3400, and 10000 
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Da) for siRNA delivery275. Their study revealed that the PRs demonstrated a size-activity 

relationship wherein the PRs constructed from higher molecular weight PEGs (3400 and 10000 

Da) had superior gene silencing efficiency compared to the PR constructed from the lower 

molecular weight PEG (2000 Da). The authors demonstrated that these PRs can condense siRNA 

into positively charged particles that are <200 nm in diameter, enabling their facile internalization 

into mammalian cells. The cationic PRs displayed cytotoxicity profiles that were >102-fold lower 

than the commercial standard branched PEI (25 kDa) and gene silencing efficiencies that are 

comparable to Lipofectamine 2000 and branched PEI (25 kDa) standards. 

 

Figure 38. α-CD:PEG cationic PRs grafted with DMAE groups 

Thompson and coworkers also developed a family of novel multi-armed cationic PRs for siRNA 

delivery276. They synthesized the multi-armed PRs by threading multiple cationic α-CDs onto a 

multi-armed poly(ethylene glycol) (PEG) core followed by endcapping with TNBS. The studies 

revealed that the multi-armed PRs formed stable, positively charged complexes with diameters of 

150-250 nm at N/P ratios as low as 2.5. While the materials were shown to have gene-silencing 

efficiencies comparable to those of Lipofectamine 2000 and branched PEI (25 kDa), toxicity 

profiles were also in the same range as the commercial standards. 
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Figure 39. PRs with DMAE modified α-CD grafted onto multi-arm PEG  

Badwaik et al. 277 developed a family of cationic Pluronic-based PRs (PR(+)), threaded with 2-

hydroxypropyl-β-cyclodextrin (HPCD), for pDNA delivery into multiple cell lines. All PR(+) 

formed highly stable, positively charged pDNA complexes that were < 250 nm in diameter. The 

cellular uptake and pDNA transfection efficiencies of the PR(+):pDNA complexes was enhanced 

relative to the commercial transfection standards L2K and bPEI, while displaying similar or lower 

toxicity profiles. Charge density and threading efficiency of the PR(+) agent significantly 

influenced the colloidal stability and physical properties of the complexes, which impacted their 

intracellular transfection efficiencies. 

This family of PRs was also evaluated for siRNA delivery into multiple cell lines. Moreover, this 

group studied the relationship between molecular structure, supramolecular assembly, and 

polyplex structure on toxicity, siRNA loading, complexation behavior, stability and cellular 

localization on gene silencing efficiency278. The biological data showed that PR(+):siRNA 

complexes were well tolerated (∼90% cell viability) and produced efficient silencing (>80%) in 
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HeLa-GFP and NIH 3T3-GFP cell lines. A multi-parametric approach was used to identify 

relationships between the PR(+) structure, PR(+):siRNA complex physical properties, and 

biological activity. Small angle X-ray scattering and cryoelectron microscopy studies revealed 

periodicity and lamellar architectures for PR(+):siRNA complexes, whereas the biological assays, 

ζ potential measurements, and imaging studies suggested that silencing efficiency was influenced 

by the effective charge ratio (ρeff), polypropylene oxide (PO) block length, and central PO block 

coverage (i.e., rigidity) of the PR(+) core. Their findings suggested that more compact 

PR(+):siRNA nanostructures arise from lower molecular weight, rigid rod-like PR(+) polymer 

cores that produced improved silencing efficiency relative to higher molecular weight, more 

flexible PR(+) vectors of similar effective charge. This study revealed that PR(+):siRNA complex 

formulations can be produced having higher performance than Lipofectamine(®) 2000, while 

maintaining good cell viability and siRNA sequence protection in cell culture. 

 

Figure 40. Folate targeted PRs 

Chen and coworkers developed the first of its kind targeted PRs by using folic acid (FA) as endcaps 

for the PR279. The authors synthesized PRs composed of PEI (600 kda; branched chain) grafted α-

CD threaded onto PEG which were endcapped with folic acid that can target folic acid receptors 

that are overexpressed on the surface of cancer cells. The PRs exhibited a lower cytotoxicity, 

strong specificity to folate receptors, and higher efficiency of delivering p53 tumor suppressor 

gene to target cells in vitro and in vivo. Interestingly, their in vitro data showed an enhanced 

transfection in presence of serum. The authors proposed electrostatic interaction between cationic 

complexes and anionic serum protein may reduce the cytotoxicity associated with the PRs and 

increase the endocytosis of the complex. Therefore, it was unclear if the enhancement in 

endocytosis was folate mediated or not. The intravenous tail vein injection of folate end-capped 
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PR:DNA complexes showed an enhanced antitumor effect in a KB melanoma bearing nude mice 

model when compared with non-targeted complexes or PEI-25K, hence suggesting that the FA 

targeted PRs maybe a promising targeted delivery vehicle for cancer gene therapy. 

 

Figure 41. Polyaspartic acid endcapped PR 

More recently, Xu and coworkers, developed a high-performance cationic PR with polypeptide 

endcaps280. They threaded α-CDs modified with three ethanolamine (EA) arms functionalized with 

poly (glycidyl methacrylate) onto a polyethylene glycol backbone. Poly aspartic acid was used as the 

biodegradable peptide endcaps where degradation of peptide would allow the α-CDs to slide off the 

backbone, disassembling the complex and release the nucleic acid payload. Multiple hydroxyl and 

secondary amine groups within the branched arm of CDs allowed complexation of nucleic acids to 

sub-250 nm particles for efficient transfection and low cytotoxicity. The synthesized PRs showed 

significantly improved cellular uptake and transfection capabilities in C6 glioma and HepG2 cell lines 

in vitro compared to the monomeric assembly units of functionalized α-CDs or standard PEI-25k. 

Further, the PRs were evaluated in vivo in a C6 glioma tumor model via intra-tumoral delivery. Cationic 

PRs and p53 anti-oncogene polyplex demonstrated slower growth of the tumor, resulting in the lower 

weights and volumes at the end of study as compared to modified α-CDs polyplex treatment or PBS 

control. 
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Figure 42. PAMAM G1 modified αCD PR 

To overcome the instability of polyplex while undergoing dilution in the body, Huang et al 

developed the dilution-stable PAMAM G1-grafted PR (PPG1) supramolecular assemblies in 

which PAMAM G1-grafted α-cyclodextrins are threaded onto a PEG chain capped with 

hydrophobic adamantanamine. The PPG1/pDNA polyplex ~ 100 nm was very stable and kept its 

initial particle size and a uniform size distribution at ultrahigh dilution, whereas DNA/PEI 25K 

polyplex was above three times larger after at a 16-fold dilution than their initial size. Particle size 

distribution analysis revealed multiple peaks, mainly due to the formation of loose and 

noncompacted aggregates. They also found that the PPG1 assemblies delivered DNA into 

HEK293A through a caveolae-dependent pathway but not a clathrin-dependent pathway as occurs 

with PEI 25K. These findings suggest that the caveolae-dependent pathway of PPG1/pDNA 

polyplex avoid lysosomal degradation to produce high transfection efficiency. The dilution-stable 

PPG1 polyplex that undergoes caveolae-dependent internalization has the potential to surmount 

the challenges of high dilution in the body and lysosomal degradation that limit the utility of many 

non-viral delivery vehicles281. 

PAMAM 

G1

PAMAM 

G1
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Figure 43. PR with hexacationic α-CD grafted on an ionene backbone 

The Wenz group developed an endcap free PRs produced by the temperature activated threading 

of hexacationic α-CD onto a cationic ionene polymer.282 The cationic αCD threaded the polymer 

very slowly at 70°C due to steric hindrance from the bulky dimethylammonium groups of the 

ionene backbone.  These endcap free PRs were stable at room temperatures for up to 10 days. At 

N/P of 2, these endcap free PRs formed sub-100 nm complexes with pDNA. When compared with 

PEI standards, these polyplexes showed 10-30 times higher transfection efficiency of luciferase 

gene in A549 (human alveolar basal epithelial cells) and C2C12 (mouse myoblasts) with lower 

toxicity profile. For siRNA delivery the same group developed a more labile PR by threading 

heptacationic β-CDs on to ionene backbone and used unmodified α-CD as supramolecular 

stoppers283. At N/P of 2, these PRs formed stable 140 nm particles when used at a pDNA and 

siRNA combination of 1:3 wt/wt. These polyplexes achieved a luciferase gene knockdown 

efficiency 60% in A549 cells. The ease of synthesis of these PRs unlike most others that require 

post-modification of the PRs with cationic groups make them highly attractive for further 

development as gene carriers.  

 

 

++ + +

+ + + +
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4.3 Polymers containing CDs in the backbone 

 

 

Figure 44. Formation of nucleic acid-containing particles with CDs embedded in cationic 

polymer backbone (A) Cyclodextrin oligomer chemical structure. (B) Schematic of particle 

assembly 

Mark E. Davis and coworkers pioneered the development of CD containing polymers for gene 

delivery applications.238, 284-286 Linear, cationic, β-cyclodextrin (β-CD)-containing polycation 

(CDP) were synthesized by copolymerizing difunctionalized β-CD monomers (AA) with other 

difunctionalized comonomers (BB) such that an AABBAABB product is formed. The β-CD 

polymers were able to bind ∼5 kbp pDNA above N/P ratios of 1.5. The pDNA complexes were 

100−150 nm in size at N/P above 5,and transfect cultured cells at N/P above 10. In vitro 

transfections with these vectors were comparable to the best results obtained with PEI and 

Lipofectamine. Although some of these compositions exhibited toxicity in vitro, no toxicity was 

apparent at charge ratios as high as 70 for transfections conducted in 10% serum. Moreover, single 

IV and IP doses as high as 200 mg/kg in mice showed no mortalities. 
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This group also developed cyclodextrin polymer:adamantane based host:guest system for 

delivering nucleic acids.284, 286-290. They demonstrated that the CDP based materials could 

efficiently complex DNA and deliver it systemically to the target site. Extensive studies were 

performed to understand the impact of structural parameters such as carbohydrate size289, charge 

center type290, and cyclodextrin type288 on their performances. Furthermore, the detailed in vitro 

and in vivo behavior of these materials291-292 was studied in a gene delivery for cutaneous wound 

healing model293. 

 

Based on the mechanistic understanding of how the CDP materials performed, Davis and 

coworkers designed a 3 component formulation that included a short β-CD polycation to condense 

the nucleic acid cargo, a therapeutic siRNA for knockdown of M2 subunit of ribonucleotide 

reductase protein (RRM2), and a combination of adamantane modified PEG (Ad-PEG) and 

adamantane modified PEG conjugated transferrin (Ad-PEG-Tf) (Fig. 21). This CDP material was 

the first targeted siRNA delivery system to be tested in human patients with solid tumors as 

summarized below294.  

 

The CDP component was able to condense siRNA into nanoparticles and was designed to escape 

endosome on cellular internalization. The CDP system exhibited the “proton sponge” effect due 

to the presence of titratable amine groups. The proton sponge effect involves the buffering of the 

endosome by amines, which in turn results in the swelling of the vesicle due to osmotic pressure 

and eventual rupture. The Ad-PEG component was able to complex with the CD cavity in the 

polymer chain, with the PEG conferring steric stabilization, serum stability and prolonging 

circulation time of the nanoparticles. The PEG corona also reduces the apparent zeta potential of 

the particles making them closer to neutral. The Ad-PEG-Tf provided the nanoparticle with 

targeting capabilities for tumors. The final formulated nanoparticles were found to have sizes in 

the range of 50 – 70nm and zeta potentials between 15 – 25 mV. MicroPET/CT experiments to 

study the effects of targeting on the biodistribution and clearance rates of the particles revealed 

that the presence of Tf did not affect the clearance rate significantly with both non-targeted and 

targeted particles having identical clearance profiles. 295  Multimodal imaging indicated that while 

the distribution profiles and clearance rates of the targeted and non-targeted particles were very 

similar, the targeted particles showed a higher knockdown of the luciferase gene compared to the 
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non-targeted particles. This indicated that a larger amount of functional siRNA was delivered to 

the tumors in case of the targeted nanoparticles295. 

 

The authors then conducted the first in-human phase I clinical trial for the systemic administration 

of the targeted siRNA nanoparticle294, 296. The tumor biopsies further revealed that there was a 

dose-dependent tumor localization of the nanoparticles which was a first for any kind of 

nanoparticles administered IV. Their qRT-PCR and western blot studies revealed RRM2 

knockdown both at mRNA and protein level respectively. Additionally, 5’-RNA ligand-mediated 

rapid amplification of cDNA ends (5’-RLM-RACE) PCR technique was used to identify cleavage 

products of RRM2 mRNAs proving that the delivered siRNA was able to engage the siRNA 

machinery and cause the gene knockdown. These studies strongly suggested that the CDP 

materials were promising candidates for human siRNA therapy. 

 

Although the particles were designed to avoid rapid renal clearance, PET imaging studies indicated 

that a majority of the dose is cleared from the kidney within the first 10 minutes. To further 

investigate the clearance mechanism, the authors performed a combination of confocal microscopy, 

PET/CT, and TEM experiments. The experiments revealed that one of the major reasons for renal 

filtration of the polycationic CDP:siRNA nanoparticles was their disassembly at the glomerular 

basement membrane (GBM) 296. The results from the electron microscopy demonstrated that the 

CDP:siRNA nanoparticles accumulated and disassembled in the GBM but not in blood. This could 

be attributed to the high concentration of heparin sulfate at the GBM, which competitively binds 

to the complexes resulting in their disassembly. The authors also generalized that this kind of 

decomplexation can be extended to any kind electrostatically self-assembled nanoparticles. 

 

Few recent reports including the above results have demonstrate feasibility of nanoparticle 

therapeutic delivery to the glomerulus with reduced off-target effects and toxicities297-300. Based 

on these findings, Davis group has recently explored the hypothesis that intravenously 

administered polycationic cyclodextrin nanoparticles containing siRNA (siRNA/CDP-NPs) can 

be used for delivery of siRNA to the GBM301.They demonstrated that siRNA/CDP-NPs localize 

to GBM with limited deposition in other areas of the kidney after intravenous injection. 

Additionally, it was found that both mouse and human mesangial cells rapidly internalize 
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siRNA/CDP-NPs in vitro and that nanoparticle uptake can be enhanced by attaching the targeting 

ligands mannose or transferrin to the nanoparticle surface. Efficient knockdown of mesangial 

enhanced green fluorescent protein expression in a reporter mouse strain following i.v. treatment 

with siRNA/CDP-NPs was reported.  

 

Based on these experiments, it can be concluded that the CDP materials are effective vectors for 

siRNA delivery. The Davis group showed the ability of these nanoparticles to mediate RNAi in 

mouse xenograft model of head and neck squamous cell carcinoma (HNSCC)302. Additionally, 

they also showed the ability of transferrin targeted gold nanoparticles to cross blood brain barrier 

via a receptor mediated transcytosis. However, these strategies met with limited clinical success. 

303. A major reason for this could be the fast renal excretion rates and stability of the particles in 

vivo which limits its ability to accumulate at target site beyond GBM. The relatively low stability 

and the easy disassembly of the particles at the GBM can be attributed to the oligomeric nature of 

the CDP materials and the relatively week individual host:guest binding affinities (e.g. β-CD: 

adamantane Kd  ̴ 105). Increasing the multivalency of the host:guest interactions could be a possible 

strategy to avoid this issue. 

 

Thompson and coworkers designed a pendant polymer:CD guest: system based on the inclusion 

complex formation of Ad:CD (Fig. 6). 304 This system employed cationic β-CD derivatives with a 

pendant polymer comprised of adamantane-modified (Ad) poly(vinyl alcohol)-poly(ethylene 

glycol) (PVA-PEG), whose Ad units were linked through an acid-labile acetal motif. It was 

anticipated that pDNA compaction could be achieved via complexation with self-assembled 

amino-β-CD:Ad-PVA-PEG host:guest pendant polymer complexes via multivalent electrostatic 

interactions between the cationic β-CD derivatives and the nucleic acid cargo.  The amino-β-CD 

units were then held into place via multivalent hydrophobic interactions between the β-CD host 

cavities and the pendant benzylidene acetal-linked Ad groups on the PVA backbone. This design 

enabled the compaction of nucleic acid cargo into stable nanometer-size particles that could then 

be internalized and degraded within the acidic endosomes of target cells by acid-catalyzed 

cleavage of the acetal linkage. Their initial study utilized a poly(vinyl alcohol) MW 27kDa (PVA) 

main chain polymer bearing poly(ethylene glycol) MW750 (PEG) or MW2000 PEG and acid-

labile adamantane-modified (Ad) grafts appended via an acid-sensitive benzylidene acetal linkage. 
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Two different complexation methods were used to formulate the pDNA complexes with the 

aforementioned pendant polymers and cationic β-CD: either precomplexation of the pendant Ad-

PVA-PEG polymer with the cationic β-CD derivatives before pDNA condensation (Method A) or 

pDNA condensation with the cationic β-CD derivatives prior to addition of Ad-PVA-PEG to 

engage host:guest complexation (Method B). The pendant polymers were observed to degrade 

under acidic conditions, while remaining intact for more than 5 d at pH 7. HeLa cell culture data 

showed that these materials had over 103-fold lower cytotoxicity than 25 kDa branched PEI, while 

maintaining transfection efficiencies that were superior to those observed for PEI when the Method 

A assembly scheme is employed. These results suggested that the pendant polymer:cationic CD 

system has potential as a safe and effective gene delivery vector. 

 

Figure 45. Thompson group pendent polymer system for plasmid delivery 
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This group explored the mechanistic details of this system by synthesizing a family of pendant 

polymers whose pendant groups had a wide range of binding affinities for the β-CD cavity. 305 

This study was performed to elucidate the effect of the binding group affinity for the CD cavity on 

the stability of the complexes formed and their biological performance. Cytotoxicity studies 

revealed that all of the cationic-β-CD:pendant polymer host:guest complexes have 102 to 103-fold 

lower toxicity than bPEI, with pDNA transfection efficiencies that are comparable to branched 

polyethylenimine (bPEI) and Lipofectamine 2000 (L2K). Complexes formed with pDNA at N/P 

ratios greater than 5 produced particles with diameters in the 100 – 170 nm range and ζ-potentials 

of 15 – 35 mV. To elucidate the stability of the complexes in presence of high concentrations of 

heparin which are present in the glomerular basement membrane of the kidney, the authors 

performed competitive binding studies with the complexes. These studies revealed that adamantyl- 

and noradamantyl-modified complexes displayed the best resistance toward heparin-induced 

decomplexation, which were corroborated by in vitro FRET studies. These findings suggest the 

high affinity host:guest binding constant between the  pendant polymers and the β-CD cavity are 

needed to confer excellent colloidal stability to the complexes. Indeed, pendant groups with lower 

binding affinities were shown to have lower colloidal stability. Their work further showed that 

pDNA delivery occurred via acid catalyzed hydrolysis of the acetal linked pendent groups. The 

authors concluded that the host:guest binding constant had a significant impact on the colloidal 

stability in the presence of serum, cellular uptake efficiency, endosomal disassembly, and 

transfection performance of cationic-β-CD:pendant polymer complexes, with the Ad pendant 

polymer demonstrating optimal stability and performance.  

 

The pendant polymer concept was further extended for applications in siRNA delivery wherein 

cholesterol was used as a pendant group on PVA instead of adamantane. The authors demonstrated 

that the pendant polymer system had 103-fold lower toxicity than commercial branched PEI (25 

kDa) while having gene silencing efficiencies comparable to PEI and Lipofectamine 2000 in CHO-

GFP cells. 
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Figure 46.(a) Hyaluronic acid -adamantane pendent polymer (b) β-CD PEI2.5k 

 

Thompson and coworkers have also used a commercial micro-reactor to assemble cationic-β-

cyclodextrin: hyaluronic acid-adamantane host:guest pDNA nanoparticles using a layer-by-layer 

approach. 306 These studies reveal that the particles formulated via microfluidic assembly have 

much smaller sizes, lower polydispersity, lower ζ-potentials, and comparable cell viability and 

transfection profiles in HeLa cells than bulk mixed particles. The complexes also showed a flow 

rate-dependent stability, with particles formed at slower flow rates giving rise to more stable 

complexes as determined by heparin challenge. These findings suggest that microfluidic reactors 

offer an attractive method for assembling reproducible, size-controlled complexes from multi-

component transfection complex assemblies. Moreover, this system provides a targeting element 

to the pendant polymer family towards CD44 positive cells lines.  

 

Spatial and dynamic tracking of the cationic-β-cyclodextrin:hyaluronic acid-adamantane 

host:guest pDNA transfection complexes was reported by Badwaik et.al. 307 Confocal microscopy 

and multicolor flow cytometric techniques was used to evaluate the target specificity, subcellular 

localization, and endosomal escape process in an effort to gain better mechanistic insights into the 

performance of these materials. The results showed that only the cells expressing CD44 undergo 

enhanced cellular uptake and transfection efficiency with HA-Ad:CD-PEI:pDNA complexes. This 

transfection system, comprised noncovalent assembly of cyclodextrin:adamantamethamidyl-

modified hyaluronic acid via host:guest interactions to condense pDNA, is a potentially useful tool 

for targeted delivery of nucleic acid therapeutics. 
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Most recently, to overcome reproducibility issues of the PVA- and HA-based material syntheses 

and nonbiodegradability vinylic polymers backbone (e.g., PVA), the Thompson group designed 

of a new generation of biocompatible pendant polymers with a backbone made of well-defined 

mPEG−polycarbonate diblock copolymers. 142 Polycarbonate were chosen as backbone material 

because they have controlled degradation rates as well as yields nonacidic and nontoxic cellular 

degradation byproducts. The synthesized materials were able to form stable 100 to 250 nm pDNA 

complexes with β-CD-PEI2.5k via host guest interaction. In vitro studies in HeLa cells showed that 

these complexes had transfection efficiencies similar to L2k at N:P ≥ 30. However, the transfection 

efficiencies did not vary significantly with change in backbone molecular weight or difference in 

pendent groups. The authors attributed these findings to acid-catalyzed ester hydrolysis of the 

pendant group that led to subsequent disassembly of the complex within the acidic endosomal 

compartment after internalization, yielding a plasmid complex of similar bioavailability regardless 

of the initial pendant group type. 

 

O’Driscoll et al. pioneered the use of polycationic CDs to complex pDNA. They modified 6 

hydroxy position of β-cyclodextrins with pyridylamino, alkylimidazole, methoxyethylamino or 

primary amine groups to show that the constructs form stable nanocomplexes with nucleic acids308. 

On evaluating transfection efficiency in COS-7 cells, it was shown that CDs with amino, 

pyridylamino or butylimidazole group at the 6-positions along with unmodified 2- and 3-hydroxyl 

groups were efficient in delivering the pCMVluc gene. However, chloroquine (an endosomolytic 

agent) treatment resulted in a 10-400 fold increase in transfection efficiency suggesting that the 

complexes were not able to the escape endosome efficiently. The group also showed that 

amphiphilic cyclodextrin molecules bearing acyl chains on the primary OH groups and short 

oligo(ethylene glycol) chains on the 2-OH groups were capable of forming bilayer vesicles in water 

with a diameter of 30–35 nm (when acyl chain was 16 carbons long) or nanoparticles with a diameter 

of 120 nm (when acyl chain was 6 carbon long). 309 Incorporation of oligo(ethylene) chains also helped 

in reducing immunogenicity and improving water solubility. Addition of primary amine groups to the 

polar chains enabled the amphiphilic molecules to form complex with nucleic acids310. Transfection 

efficiency was governed by length of the alkyl chain where C16 was superior to C12, C6 or C2 in 

delivering pCMVluc gene to HepG2 cells and comparable to the commercially available 

transfecting agent DOTAP. 311  
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They further expanded their system by conjugating galactose targeting ligands to the termini of 

the oligo(ethylene glycol) chains to effect targeting to asialoglycoprotein receptors (AGPR) of  

hepatocytes. The delivery system was a co-formulation of targeted and cationic amphiphilic CDs 

along with helper lipid, DOPE, to enable efficient endosomal escape. Their results demonstrated 

galactose-specific targeting via lecithin and resulted in enhanced transfection of HepG2 cells 

expressing AGPR. Addition of DOPE to the formulation resulted in a 8-fold enhancement in gene 

expression312. Recently, this group has used dilysine modified CDs to complex siRNA. PEGylated 

adamantane derivatives with anisamide were synthesized to form inclusion complexes with CDs 

to produce sub-300nm complexes which showed sigma receptor mediated cellular uptake in 

prostate cancer cells and substantial PLK1 gene knockdown313.  They have also utilized targeting 

ligand conjugated with phospholipids via a polythylene glycol spacer(DSPE-PEG-folate / DSPE-

PEG-Fab / DSPE-PEG-anisamide) in co-formulations with amphiphilic CDs to achieve receptor 

specific gene delivery314-316. 

  

Figure 47. CDs developed for gene delivery by Fernandez and Mettel 

Fernandez and Mettel et al. described the use of glycosyl and glycopeptidyl derivatives of 

thioureido-β-CDs as molecular carriers with higher solubility and reduced hemolytic properties as 
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compared to parent β-CDs. 317 The further modification of their CDs to produce amphiphilic 

constructs by incorporating a multivalent cationic group (aminoethyl, 7 copies) at the primary rim 

and hydrophobic chains (hexanoyl, 14 copies) at the secondary 2,3-hydroxyl groups formed 

species there were capable of self-assembly into nanometric complexes (40-110 nm) in presence 

of pDNA and mediate efficient transfection. 318 Next, they included a bio-recognizable glycosyl 

moiety, mannose, on the hydrophilic rim in the CD scaffold. 319 The mannosylated cationic 

amphiphilic CDs complexed pDNA into optimal complexes at N/P of 5. These glyco-CD 

complexes were shown to be recognized by mannose specific lectins like Concanavalin A and 

human macrophage mannose receptors. Their capacity to transfect in a mannose specific manner 

was demonstrated in vitro using mannose-fucose receptor expressing RAW 264.7 cells. 

 

 Biophysical analysis of the amphiphilic CD-plexes by SAXS and Cryo-EM revealed 

multilamellar lyotropic liquid crystal phases which is characterized by a layer-by-layer 

arrangement of amphiphilic CDs and pDNA sandwiched between them. 320 Additionally, they 

showed that in biological milieu, cationic CD-plexes adsorb serum protein to form a protein corona 

where by their hydrodynamic diameter increases from 114 nm to 153 nm and surface potential 

decreases from +30 mV to -17 mV. 320 LC/MS/MS analysis showed that the corona was mainly 

comprised of complement factors, lipoproteins and coagulation proteins. Minor amount of 

immunoglobulins, tissue leakage and acute phase proteins were also detected. In depth analysis 

into the mechanism of cellular uptake of the CD-plexes showed that chlorpromazine (inhibitor of 

clathrin mediated endocytosis) reduced internalization by 76% without significantly inhibiting 

transfection. 321 On other hand, genistein (a inhibitor of caveolae mediated endocytosis) resulted 

in only partial decrease in internalization but complete abolition of transfection. The authors 

concluded that transfection by CD-plexes with pDNA cargo was mediated primarily by the 

caveolar uptake. The authors also suggested that the lack of release of the payload at endosomal 

pH may occur in the case of clathrin mediated endocytosed particles. Since this represents the 

majority of the internalized CD-plexes, the bulk of these complexes are degraded within the 

lysosome. To overcome this challenge, the authors replaced the hydrophobic hexanoyl chains on 

the secondary hydroxyl face of the CD with hydrophobic xylylene moieties. 322 Xylylene was 

linked to a single glucopyranosyl unit via a hinge-type diether linkage to prevent self-inclusion 

into the CD cavity. The hydrophobic interaction between xylylene groups promotes dimerization 
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at physiological pH, imparting a pre-organization before DNA complexation. Endosomal 

acidification causes electrostatic repulsion between the cationic cluster in the dimer, resulting in 

destabilization of the CD-plex and release of payload. In vitro evaluation of xylylene modified 

CD-plexes in Cos 7 cells with luciferase reporter gene showed a 10-fold increased in transfection 

efficiency as compared to bPEI25k without any toxicity issues. 

 

Arima et al. evaluated the ability of CDs conjugated to PAMAM dendrimer to enhance transfection 

efficiency of luciferase plasmid in NIH3T3 and RAW264.7. 323 The α-CD conjugated dendrimers 

(αCDE) showed highest transfection amongst β-CD and γ-CD conjugates and was approximately 

100 folds higher when compared to dendrimer alone. Since there was not a significant difference 

in cellular uptake of the different conjugates, the authors suggested that the enhancement in 

transfection could be due to changes in the intracellular trafficking of pDNA. Based on these 

finding, the authors developed a folate targeted αCDE based siRNA delivery system and 

demonstrated its ability to achieve high gene silencing effect in folate positive KB cell induced 

tumor in vivo after intra-tumoral injection and but not under I.V administration. 324 They also 

developed a similar non-viral vector targeted to AGPR expressing hepatocytes via lactose moiety 

to knockdown tranthyretin protein325. 

Figure 48. Plasmid delivery strategy based on αCD conjugated to dendrimers 

R = H OR
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The developed particles were nontoxic and showed effective hepatocyte specific gene silencing 

effect in vitro and low RNAi at a dose of 9mg/kg upon I.V administration. The authors concluded 

that on systemic administration the complexes faced serum stability issue which led to low RNAi 

efficiency. To overcome this problem, the author utilized a polyanion, sacran (M.W. 100), to coat 

their cationic particles326. They developed a ternary complexes that were approximately 180 nm 

in diameter (which was drastically more than the 20 nm binary complex) and had a moderate 

polydispersity of  ̴ 0.3 at N/P of 50. Unexpectedly, there was an increase in zeta potential from  ̴ 

+7 mV to  ̴ +14mV after incorporation of the polyanion. These data may suggest that multiple 

particles aggregated to form larger particles in presence of sacran. Nevertheless, these complexes 

showed high serum stability and endosomal escaping properties in HepG2 cells. The sacran coated 

particles also had higher liver accumulation as compared to uncoated particles after I.V. 

administration. Subsequently, there was a significant improvement in gene silencing efficiency of 

the delivery system in vivo at a dosage of 5mg/kg. The authors concluded that these ternary 

complexes made of AGPR targeted αCDE, siRNA and sacran is promising as a gene silencing 

system for hepatocytes. 

4.4 Conclusions and perspectives 

We have briefly summarized the findings from recent studies demonstrating the application of CD-

based polymers as gene delivery vectors. Most reports have shown the ability of CDs to improve 

the transfection efficiency of existing cationic polymers, lipids, or dendrimers. These reported 

materials take advantage of the ability of CDs to permeate cell membranes, as well as their 

enhanced solubilizing properties to improve the cellular uptake and transfection efficiency of 

existing non-viral vectors while keeping the toxicity profile low. The innate anisotropiy of the CDs 

and their ability to encapsulate hydrophobic molecules in their cavity confers the CDs with 

capabilities to form several interesting self-organizing supramolecular structures. Additionally, the 

commercial availability, ease, and relatively inexpensive synthesis of the target materials, as well 

as their stability, biocompatibility, lack of immunogenicity, and safety, make CDs an extremely 

attractive platform for development of non-viral vectors. 

While there have been several reports of CD-polymer based non-viral vectors, the CDP materials 

developed by Davis and coworkers have met with the greatest success. These materials have taken 

advantage of the inclusion properties, solubility, and cell permeation capability of the CDs to 
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construct a system that can form a targeted self-assembling nanoparticle that can encapsulate 

siRNA and deliver the therapeutic cargo to the target tumor site. The CDP materials were clinically 

translated for therapy against melanoma and were the first in-human targeted nanoparticle based 

gene delivery vectors to be tested. Despite their clinical success and efficacy, detailed mechanistic 

studies revealed an extremely low residence time (< 5min) of the materials in blood hence 

potentially requiring larger doses to elicit a therapeutic response. 

 

Hence there still is an unmet need for development of an effective delivery vector that can not only 

have high delivery efficiency and low toxicity, but also be stable in vivo for effective clinical 

translation. Finally, with two gene therapy getting FDA approval within a year has shown that 

novel development in delivery system is the key for success of the field. 
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 EVALUATION OF POLYCARBONATE PENDANT 

POLYMER:β-CYCLODEXTRIN-BASED NUCLEIC ACID DELIVERY 

VECTORS  

Reprinted (adapted) from the journal article titled “Organocatalytic Synthesis and Evaluation of 

Polycarbonate Pendant Polymer:β-Cyclodextrin-Based Nucleic Acid Delivery Vectors”, authored 

by Kyle J. Wright, Vivek D. Badwaik, Shayak Samaddar, Seok-Hee Hyun, Kristof Glauninger, 

Taeyoon Eom, and David H. Thompson. Shayak Samaddar was involved in physicochemical and 

biological characterization of transfection complexes which includes particle formulation, gel-shift 

assay, dynamic light scattering and transfection experiments. Published: Macromolecules, 

2018,5,13,670-678. 

5.1 Introduction 

There has been considerable recent interest in the development of non-viral nanoparticle-based 

nucleic acid delivery systems.327-331 These agents typically load the cargo via coacervation, 

physical entrapment, or covalent conjugation to alter the pharmacokinetic and pharmacodynamic 

properties of the nucleic acid agent.332-336 Amphiphilic block copolymers have been one of the 

most extensively studied delivery platforms owing to their synthetic accessibility, modular 

properties, and the variety of nanoparticle types that can be formulated using these materials.337 

These agents are used to effect gene delivery wherein the transfer of nucleic acids to knock-in, 

knock-out, or repair the genetic composition of target cells. Non-viral gene therapy offers the 

potential for improved safety, greater flexibility in accommodating large cargo, and more facile 

and robust design and production strategies relative to viral vectors. Non-viral vectors typically 

bind their nucleic acid cargo via electrostatic interactions that condense the cargo into particles, 

protect the cargo from degradation, and mediate cellular entry. Many different material strategies, 

including cationic lipids and polymers, have been proposed as non-viral gene-delivery vectors.332, 

338-340 A particularly promising class of cationic polymers that have recently been developed for 

this application are the biocompatible and degradable polycarbonates bearing amidine 

modifications that promote nucleic acid complexation via the arginine fork motif.330, 341-342 

 

In recent years, organic catalysis has become an increasingly attractive and powerful alternative 

for the synthesis of functional amphiphilic copolymers compared to traditional metal-based 

catalysis.343 Ring-opening polymerization (ROP) is the most common method for synthesis of 
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well-defined biodegradable block copolymers. Most organocatalysts used in ROP are relatively 

inexpensive commercially-available chemicals, generally easily purified, have long shelf lives, 

and are well-suited for a range of reaction conditions, solvents and monomers. Traditional metal-

based catalysts generally function via the coordination-insertion mechanism as in the case of the 

polymerization of L-lactide by tin(II) 2-ethylhexanoate. These catalysts have generated concerns 

related to trace contamination of the polymer with toxic Sn containing byproducts arising from the 

ROP catalyst. 

 

Common organocatalysts for ROP include N-heterocyclic carbenes, organic “super base” 

catalysts344-345 and bifunctional catalysts. Bifunctional thiourea-amine catalysts were first applied 

to the polymerization of lactide.346 These systems involve simultaneous activation of monomer by 

the thiourea (a Lewis acid) and the initiator (an alcohol) by the amine-component. This strategy 

was applied to two-component systems of thiourea and organic base and bifunctional thiourea-

amine (TU/A) catalysts.346 The most common super-base catalysts include 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU), 1,4,5-triazabicyclo[4.4.0]dec-5-ene (TBD), 7-methyl-

3,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), and other phosphazene-based compounds.343 These 

catalysts are more active than the TU/A system, display different activities (TBD > MTBD > DBU) 

and have been applied for the polymerization of many different cyclic monomers.341, 347 TBD, in 

particular has been shown to exhibit very high reactivity for monomers with low ring strain or 

which exhibit low conversion with other catalysts. TBD functions via dual activation of the 

monomer and initiator in an analogous fashion to the TU/A-based catalysts. Alternatively, TBD 

has been shown to polymerize L-lactide via an H-bonding mechanism which does not involve acyl 

transfer.348 Urea anions have also recently been reported as rapid and selective ring opening 

polymerization catalysts.349  

 

Kulkarni et al. first introduced the concept of pendant polymer-based nucleic acid delivery with a 

system composed of poly(vinyl alcohol) (PVA) main chain polymer that was modified with 

methoxypoly(ethylene oxide) (mPEG) and acid-sensitive cholesteryl benzylidene acetal 

linkages.339, 350 This polymer was used in combination with amine-modified-β-cyclodextrin 

derivatives, wherein the latter were used to condense the nucleic acid cargo and the former served 

as a consolidating agent that created a passivating layer via host:guest complexation. These 
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materials effectively formed transfection complexes in the 120-170 nm range by engaging multiple 

host-guest interactions between the cationic β-CD:nucleic acid core via binding affinities in the 

100.5-105 M-1 range in aqueous media.351 The pendant polymer concept was further applied to 

microfluidic assembly of transfection complexes composed of siRNA, β-CD-PEI2.5kDa conjugate 

(-CD-PEI), and hyaluronic acid (HA)-modified with adamantyl substituents.352  

 

Although these materials showed good performance, several issues related to the reproducibility 

of the PVA and HA-based material syntheses, and the limitations associated with non-

biodegradable vinylic polymers (e.g., PVA), prompted the design of a new generation of 

biocompatible pendant polymers that would improve on this concept by utilizing organocatalytic 

ROP to synthesize a library of well-defined block-copolymers. This approach could allow for a 

more tunable synthesis and enable the incorporation of guest moieties of varying density within a 

biodegradable platform. 

 

An oligocarbonate-based non-viral gene delivery system described by Hedrick, Waymouth, 

Wender and coworkers341-342 suggested an approach using a novel family of pendant polymers 

derived from PEG-polycarbonate diblock copolymers (Figure 1). This library of mPEG-b-PC 

diblock copolymers bearing hydrophobic pendant moieties of varying affinity for the β-CD cavity 

was sought to evaluate the effects of overall molecular weight, relative block length, and pendant 

group densities along the linear polycarbonate backbone on their transfection performance. TBD 

and the DBU/thiourea organocatalysts346 were utilized due to their high activities and ability to 

generate well-defined copolymers with low polydispersity.344 Polycarbonate diblocks were chosen 

due to their controlled degradation rates, yielding non-acidic and non-toxic degradation by-

products within the transfected cell. In addition to homopolymerization of cyclic carbonate 

monomers initiated by mPEG,353 copolymers where the cyclic carbonate monomer is blended with 

trimethylene carbonate (TMC, 12) are also included in the library to evaluate the effect of pendant 

group density on nanoparticle formation and efficacy of transfection complexes derived from 

mPEG-b-PC and β-CD-PEI materials.339, 352 We found that the performance of the materials was 

highest for pendants having the weakest β-CD association, yielding transfection efficiencies at N:P 

 30 that were modestly higher than the commercial agent, Lipofectamine 2000 (L2k), as 

benchmark. 
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Figure 49. Conceptual Diagram for Polycarbonate Pendant Polymer-Based Non-Viral Gene 

Delivery. (A) Polyplex formation (i) is accomplished via precomplexation of β-CD-PEI and pDNA. 

(ii) Polycarbonate diblock copolymers are used to coat the core β-CD-PEI:pDNA complex via 

host:guest interactions between the pendant groups and the surface-exposed β-CD cavities. (iii) 

Nanoparticles are targeted to cellular surfaces via electrostatic adsorption of the slightly positively 

charged particles prior to endocytosis (iv). Disassembly of the transfection complexes (v) is 

promoted by pendant group and polycarbonate block hydrolysis, thus leading to endolysosomal 

escape of the pDNA cargo. (B) Diblock copolymer structures derived from (i) 

homopolymerization of cyclic carbonate monomers, or (ii) copolymerization of cyclic carbonate 

monomers with trimethylene carbonate. The (iii) organocatalysts, (iv) pendant groups, and (v) β-

cyclodextrin-poly(ethyleneimine) conjugate (β-CD-PEI) are also shown  
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5.2 Experimental methods 

Synthesis of Pendent polymer systems. Materials, methods and synthetic procedures for cyclic 

carbonate monomer synthesis are detailed in the publication.  

 

pDNA-Pendant Polymer Transfection Complex Formation. mPEG-b-PC pendant polymers 

solutions (1 mM equivalent of pendant groups) were vortex mixed with equal volumes of -CD-

PEI (1mM equivalent of PEI cyclodextrin units) solution in water to form mPEG-b-PC:β-CD-PEI 

complexes. Transfection complexes were formed by adding appropriate amount of mPEG-b-PC:β-

CD-PEI complexes to the 1 µg of pDNA (unmodified or FITC-labelled) dissolved in 30 µL of TE 

buffer in 1.5 mL centrifuge tubes. The amount of mPEG-b-PC:β-CD-PEI added to DNA varied 

from 1-3 µL to produce the desired N/P ratios of 5, 10, 20 & 30. These solutions were then 

incubated at 4 °C for 1 h before use in transfection experiments. 

 

Particle Size and Zeta (ζ) Potential Measurements. The diameters, size distributions, and ζ-

potentials of the materials were evaluated by dynamic light scattering (DLS) using a Zetasizer 

Nano S (Malvern Instruments Ltd.) at 20 °C with a scattering angle of 90°. At least 40 

measurements were made and averaged for each sample. The particles were diluted to 1 mL with 

HEPES buffer (20 mM, pH 7.4) prior to analysis. 

 

Gel Shift Assay. The complexation ability of mPEG-b-PC:-CD-PEI with pDNA was determined 

by low melting point 1% agarose gel electrophoresis. The agarose gels were precast in TBE buffer 

with GelRed® dye at 1:10,000 dilution. mPEG-b-PC:-CD-PEI:pDNA complexes containing 0.2 

μg of pDNA at different N/P ratios were loaded onto the gel before addition of loading dye (1:5 

dilution) to each well and electrophoresis at a constant voltage of 55 V for 2 h in TBE buffer. The 

pDNA bands were then visualized under a UV transilluminator at  = 365 nm. 

 

In Vitro Transfection Assay in HeLa Cells. HeLa cells were cultured in complete DMEM 

medium with 10% FBS. All cells were incubated at 37 °C, 5% CO2, and 95% relative humidity, 

respectively, at a cell density of 10,000cells/well in a 96-well plate. After 24 h, the culture media 

was replaced with Opti-MEM® media, with addition of mPEG-b-PC:-CD-PEI:pDNA complexes 

containing 0.1 μg of AcGFP, at N/P ratios of  10, 20,30 and 60. The cells were incubated with the 
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complexes for 24 h, after which the spent media was aspirated . Then the cells were washed with 

PBS, trypsinized, and analyzed by flow cytometry using a FC500 flow cytometer The %GFP mean 

fluorescence intensity was calculated relative to L2k controls, considered as 100%. All treatment 

conditions were performed at n=4.  

5.3 Results and discussion 

5.3.1 Diblock Copolymer Synthesis and Characterization. 

Please refer to attached publication.  

5.3.2 Transfection Complex Formulation. 

Next, select members the homopolymer library generated via TBD-catalyzed ROP were tested for 

their abilities to effectively form nanoparticulate transfection complexes upon bulk mixing with 

β-CD-PEI339, 352 and pDNA. β-CD-PEI and pDNA were pre-complexed before addition of the 

diblock copolymer, yielding a layer-by-layer type of transfection complex that is stabilized by 

multiple host:guest interactions between the pendant groups in the polycarbonate block with the 

cavities of the β-cyclodextrin units in a manner described by Thompson and coworkers.339, 350 

5.3.3 Physico-chemical Charecterizations. 

Next, a gel retardation assay was performed to determine the ability of the mPEG-b-PC:β-CD-

PEI-based materials to condense pDNA at various N/P ratios (Figure 2). Higher molecular weight 

diblock copolymers (e.g., 15e-g) required N/P ratios >20 to effectively condense pDNA, whereas 

lower molecular weight diblock copolymers (e.g., 15j-l) effectively condensed pDNA at N/P = 5, 

likely due to lower entanglement/steric interference of the mPEG block during the initiation of 

host:guest interactions between the β-CD-rich core and the polycarbonate pendant groups. 
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Figure 50. Gel Shift Analysis of Transfection Complexes at Various N/P Ratios. 

Dynamic light scattering (DLS) was used to determine size and polydispersity of the transfection 

complexes generated using 15e-g and 15j-l (Figure 3). These complexes ranged between 100 - 

250 nm in diameter, a size regime that is capable of cellular internalization.354 Transfection 

complexes formed from lower molecular weight diblock copolymers showed relatively larger sizes 

compared to those of higher molecular weight polymers at N/P = 10; however, they were of 

comparable size and polydispersity at N/P  20. There was no apparent correlation between 

particle size or polydispersity and pendant group identity observed. 

 

Figure 51. Size Analysis of Transfection Complexes at Various N/P Ratios by DLS 
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Zeta potential () analysis of transfection complexes formed by 15e-f and 15j-l revealed 

values in the range of +5-10 mV (Figure 4). These modestly positive  are generally preferred in 

order to promote internalization via electrostatic interaction of the positively-charged nanoparticle 

surface with the negatively-charged cellular surface. Transfection complexes formed at N/P = 10, 

20, and 30 resulted in particles with similar . β-CD-PEI alone exhibited an elevated  = +24 mV. 

Copolymers 15e and 15j both exhibited a neutral charge in solution, whereas mixtures of these 

copolymers with β-CD-PEI resulted in positive  that were lower in magnitude than β-CD-PEI. 

We infer from these findings that the diblock copolymers effectively screen the positive charge of 

β-CD-PEI both in the host:guest complex form and in the final transfection complex. Furthermore, 

since the β-CD-PEI:diblock copolymer complexes showed zeta potentials similar to the 

transfection complexes, we conclude that the plasmid is likely not surface exposed and, thus, may 

be protected from nuclease degradation. 

 

Figure 52. Zeta (ζ) Potential Analysis of Transfection Complexes at Various N/P Ratios. 

5.3.4 In vitro Performance of Transfection Complex. 

Transfection complexes prepared from mPEG-b-PC 15e, 15f, 15j, or 15l as mentioned earlier. and 

were evaluated for their transfection efficiencies in HeLa cells (Figure 5). Transfection complexes 

made of benzyl modified materials showed similar efficiency relative to L2k as benchmark 

(Figure 5A). Block copolymer molecular weight also seemed to have little impact on transfection 

efficiency, although higher N/P tended to give higher transfection efficiencies. We attribute these 
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findings to acid-catalyzed ester hydrolysis of the pendant group and subsequent disassembly of 

the complex within the acidic endolysosomal compartment after internalization, yielding a plasmid 

complex of similar bioavailability regardless of the initial pendant group type. The modest boost 

in transfection performance for the benzyl derivatives is attributed to pendant exchange between 

the endosomal membrane and the weaker host:guest interactions of these species with the β-CD-

PEI:pDNA core. When transfection efficiency is evaluated in terms of % mean fluorescence 

(Figure 5B), similar trends were apparent, with no clear correlation between transfection 

efficiency and polymer molecular weight, or pendant group. 

 

 

Figure 53. Transfection performance of mPEG-b-PC coated polyplexes. (A) % GFP Positive HeLa 

Cells Treated with Transfection Complexes Containing AcGFP pDNA. (B) % Mean Fluorescence 

of HeLa Cells Treated with Transfection Complexes Containing AcGFP pDNA. 

5.4 Conclusions 

The pendant polymer-based gene delivery concept has shown significant potential as a novel non-

viral gene delivery strategy. We sought to address material-specific limitations of previously 

reported pendant polymer materials by using organocatalytic ROP to develop a more well-defined 

new generation of degradable pendant diblock copolymers. A family of mPEG-b-PC pendant 

polymers was successfully synthesized from several novel and previously reported cyclic 

A 

B 
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carbonate monomers via organocatalytic ROP using either TBD or the DBU/TU co-catalyst 

system. Several copolymerizations of the cyclic carbonate monomers were performed to generate 

materials having tunable pendant group density alone the polymer backbone and polydispersities 

of ~1.2. These diblock copolymers formed nanoparticles in the 100 - 250 nm size range, with 

slightly positive , when compared with -CD-PEI and -CD-PEI:pDNA complexes at N/P ratios 

> 10. The favorable transfection performance of these complexes relative to Lipofectamine 2000 

suggests that these materials may be useful agents for in vivo gene delivery applications. 
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 EVALUATION OF CHOLESTEROL EFFLUX 

POTENTIAL FOR HYDROXYPROPYL-β-

CYCLODEXTRIN:POLY(DECAMETHYLENEPHOSPHATE) 

POLYROTAXANES IN NIEMANN-PICK C1 CELL 

Reprinted (adapted) from the journal article titled “Synthesis of Hydroxypropyl-β-

cyclodextrin:Poly(decamethylenephosphate) Polyrotaxane and Evaluation of its Cholesterol 

Efflux Potential in Niemann-Pick C1 Cells”, authored by Kerstin Egele, Shayak Samaddar, Nina 

Baudendistel, David Thompson, Gerhard Wenz. Shayak Samaddar performed in vitro biological 

characterization of polyrotaxanes which includes fillipin staining, high content imaging, 

cytotoxicity evaluations, confocal microscopy and flow cytometry experiments. Published: J. 

Mater. Chem. B, 2019,7, 528-537  

 

6.1 Introduction 

Cyclodextrins (CDs) are cyclic oligomers of glucose known to complex hydrophobic or 

amphiphilic guest molecules in aqueous environments due to hydrophobic interactions355-356 This 

binding ability has been widely exploited for the solubilization of active pharmaceutical 

ingredients (APIs) for improvement of their bio-availability and reduction of undesirable side 

effects357-358. Hydroxypropyl-β-CD (HP-β-CD), a highly water-soluble derivate of β-CD, is 

already commercially used for several drug formulations, for example for itraconazole 

(“Sporanox”)359, hydrocortisone (“Dexocort”)360, and indomethacin (“Indocid”)361. Furthermore, 

HP-β-CD itself can exhibit pharmacological action due to solubilization and transport of 

cholesterol as well as influencing the lipid rafts of cells362-363. HP-β-CD forms a water-soluble 2 :

1 complex with cholesterol as demonstrated by solubility measurements364-365, thus offering 

therapeutic potential for the treatment of lysosomal metabolic disorders such as Niemann-Pick 

Type C (NPC)366-368.This rare genetic disease (incidence ∼1 : 120 000) leads to an accumulation 

of cholesterol and sphingolipids in the lysosome because of mutations in either the NPC1 or NPC2 

proteins. Aberrant accumulation of cholesterol as microcrystalline deposits leads to damage of 

liver, spleen and brain, causing progressive degeneration of the patient369. Administration of HP-

β-CD promotes cholesterol normalization within late endosomal/lysosomal compartments to 

enable its metabolism and excretion370. Subcutaneous administration of 4000 mg kg−1 body weight 

of HP-β-CD 4 days a week produced a 72% reduction of total cholesterol content in the liver of 

npc−/− mice after treatment for 77 d371. Despite this success, the poor pharmacokinetics of HP-β-
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CD require frequent administrations that are cumbersome and potentially toxic (e.g., lung 

damage)372-373.These side effects can be mitigated by intracisternal administration; however there 

is still a risk of ototoxicity374-375. Therefore, alternative methods for a safer administration of HP-

β-CD are desirable. We report a new material for cyclodextrin delivery based on a water-soluble 

polyphosphate HP-β-CD polyrotaxane. 

 

In general, polymers are attractive as potential carriers for the controlled delivery of APIs. 

Polymeric delivery vehicles have been employed to improve both the solubility and bioavailability 

of drugs to improve their efficacy and/or diminish their toxicity376-377.These vehicles can improve 

the retention of the drug in the human body due to reduced renal clearance212, 378. Targeting is also 

possible through incorporation of ligands that promote active transport into specific cells via 

receptor-mediated endocytosis379. 

 

Covalent linkage of APIs to degradable polymers produces polymeric pro-drugs that are new 

molecular entities, thus requiring extensive toxicity and efficacy testing380. More commonly, a 

strategy of physically mixing small molecules and polymeric carriers, such as PLGA or modified 

starch, is employed to produce vehicles with improved delivery characteristics, although burst 

release of the API due to weak intermolecular interactions is often observed for these formulations. 

Polyrotaxanes, molecules where many macrocyclic rings are strung onto a polymer chain, are 

interesting alternative carrier entities since they are kinetically less stable than polymeric prodrugs, 

but by far more stable than physical mixtures due to the topological bond between the threaded 

rings and the polymeric backbone381-382.The dissociation rate of a polyrotaxane can be controlled 

by the type of stopper groups attached along the polymer or at the chain ends to allow slow release 

of the threaded rings381, 383.  

 

Polyrotaxanes have been synthesized from various ring shaped molecules, such as crown ethers, 

cucurbiturils and cyclodextrins384. Among these macrocyclic precursors, cyclodextrins have been 

the most widely explored since they are produced on an industrial scale, display very low toxicity 

under physiological conditions, and have been widely used as excipients in FDA-approved small 

molecule drug formulations359, 385. Amphiphilic polymers are suited best for the formation of CD 

polyrotaxanes since CDs spontaneously thread onto hydrophobic chain segments in water driven 
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by hydrophobic interactions381, 386.So far, neutral and cationic polymers like polyethylene glycol387, 

polypropylene glycol70, 388, poly(oligomethylenimine)s381 and derivatives of them, as well as 

polyamides389 and polyesters have been complexed by CDs to form polyrotaxanes. Among them, 

the neutral CD polyrotaxanes show very low water solubilities and require further 

derivatization356. Rapid normalization of cholesterol levels in NPC cells370 and the mouse model 

of NPC disease382 has been reported for polyrotaxanes composed from HP-β-CD (or 2-(2-

hydroxyethoxy)ethyl carbamate-modified β-CD) and PEG–PPG–PEG block polymers36, 370, 382, 

390Although the PEG backbone provides modest improvements in polyrotaxane solubility, it could 

potentially contribute to immune responses, liver accumulation, and poor bio-degradability. 

Cationic CD polyrotaxanes391-392 are known to be highly water-soluble; however, these materials 

are often accompanied by significant toxicity266, 282. These potential shortcomings in the 

development of an effective CD polyrotaxane-based NPC therapy led us to explore the synthesis 

and performance testing of anionic polyrotaxanes derived from poly(decamethylenephosphate), a 

nontoxic water-soluble polymer that is degradable by hydrolysis in aqueous media. Polymeric 

phosphoric acid diesters are synthetic analogs of polynucleotides that are known to be degradable 

by nucleases to generate non-toxic byproducts393. They can be readily prepared by oxidation of 

polymeric phosphorous acid diesters. The latter are typically prepared by transesterification of 

diphenyl phosphite with α,ω-diols394. Polymeric phosphodiesters have already been used as 

prodrugs, hydrogels and drug carriers395-397. A pseudopolyrotaxane based on biodegradable 

polyphosphoester ionomers obtained by ring opening polymerization has been described by 

Tamura et al.398 Polyrotaxane formation was only observed with α and γ-CD and the resulting 

polyrotaxanes formed precipitates in aqueous solution. No inclusion complexes were obtained 

with β-CD. 

 

We herein describe for the first time the homogenous assembly of a water-soluble polyrotaxane 

from HP-β-CD and an anionic polymeric phosphodiester. The resulting HP-β-CD polyrotaxane 

displays cholesterol normalization activity in NPC cells. 
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6.2 Materials and methods 

Synthesis and TNS assay. Please refer to published manuscript.  

 

Filipin Staining of NPC1 cells. NPC1-deficient cells (Coriell Institute) were seeded in 96 well 

tissue culture dishes at a density of 1600 cells/well in Eagle’s minimum essential medium, 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The cells were 

incubated for 24 h at 37 °C in 5% CO2 before treatment with 6 or free HP-β-CD solution in 

triplicate. A 100 µL solution containing 0.24 mg of 6 to give a HP-β-CD equivalent concentration 

of 800 µM in the cell culture media was used per well as the highest concentration. HP-β-CD 

equivalent concentrations of 400, 200, 100, 25, 12.5 µM and untreated control were used to 

evaluate the dose-response relationship of 6 in NPC1-deficient cells. α-CD (0.4 µg) and 3.4 µg 

polydecamethylene phosphate 1 per well (amount of 1 present in 25 µM HP-β-CD equivalent of 

6) were additional controls. After 24 h, the cells were washed with PBS and fixed using 3.7% 

paraformaldehyde solution. Total unesterified cholesterol content within the cells was determined 

by staining with 50 µg/mL Filipin III in PBS for 1.5 h. Next, the cells were washed and the nuclei 

were stained with a solution of 16 µM Nuclear Red DCS1 (AAT Bioquest) in PBS. Cells were 

imaged using the 5× objective on an Opera Phenix High-Content Imaging System (Perkin Elmer). 

Harmony Software (v4.1, Perkin Elmer) was used to quantify the data collected from one field per 

well while excluding border cells. Nuclei were identified in the Cy5.5 channel and unesterified 

cholesterol content was evaluated using the mean filipin intensity above the background in the 

DAPI channel. Mean filipin intensity in treated cells were compared to that of untreated cells and 

expressed as % Fillipin stain ± SEM. One-way ANOVA analysis was performed in GraphPad 

Prism (v7.03, GraphPad Software). MTS assays were performed as per manufacture’s protocol to 

evaluate the apparent toxicities of 6 at the concentrations used.  

 

Cellular Tracking of α-CD End-capped Polyrotaxanes. NPC1-deficient cells were treated with 

25 µM CD equivalent FITC-tagged polyrotaxane 6a in Opti-MEM media and incubated for either 

4 h or 24 h at 37 ◦C, 5% CO2 and 95% relative humidity. After 24 h treatment, the polyrotaxane 

solution was removed and the cells washed with 1X PBS to remove non-internalized polyrotaxane 

6a and incubated for another 24 h under the same conditions. For imaging, the nuclei were stained 

with Hoechst 33342 and the acidic endosomal and lysosomal compartments were stained with 
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Lysotracker Red DND 99. Confocal images were acquired using a Nikon A1R multiphoton 

confocal microscope with a 60X oil objective equipped with 405 nm, 488 nm and 561 nm lasers 

for Hoechst 33342, FITC and Lysotracker Red DND 99, respectively. 

 

FACS Analysis. NPC1-deficient cells treated with 25 µM CD equivalent FITC tagged PR 6a in 

Opti-MEM media and incubated for 4 h or 24 h at 37 C, 5% CO2 and 95% relative humidity. 

After 24 h treatment, the PR solution was removed by aspiration and washing the cells with 1X 

PBS to remove non-internalized 6a and incubated for another 24 h under the same conditions. 

FACS analysis for cellular association was performed using a BD LSR Fortessa flow cytometer 

equipped with a 488 nm laser to quantify mean fluorescence of 5000 NPC1 cells (n=3, one-way 

ANOVA, ****p<0.0001) 

6.3 Results and discussion 

6.3.1 Polymer Synthesis 

Refer to Publication 

6.3.2 Cholesterol efflux potential of developed polyrotaxanes 

The therapeutic potential of polyrotaxane 6 was evaluated in primary NPC1 fibroblasts. In brief, 

NPC1-deficient cells (1600 cells/well in 96-well plates) were incubated with 6 for 24 h at 37 °C 

with different equivalent concentrations of free HP-β-CD in the cell media. The cells were then 

rinsed, fixed, stained with filipin, and the relative degree of cholesterol accumulation in the treated 

cells compared with untreated controls. Filipin staining correlates with the relative cholesterol 

accumulation in cells. A significant decrease in filipin staining (~10%) was observed in treated 

NPC1 cells relative to untreated cells upon incubation for 24 h with a single dose of polyrotaxane 

6 at an equivalent HP-β-CD concentration of 25 M (i.e., polyrotaxane 6 concentration = 25 M 

HP-β-CD ÷ 14 HP-β-CD/PR = 1.825 M 6). Additionally, treatment monomeric α-CD (at a 

concentration present in 1.825 M 6) did not result in any cholesterol efflux. This is most likely 

because the hydrophobic cavity of α-CD is too small of accommodate cholesterol molecule as 

reported by Davidson et al.63 Increasing the concentration of 6 results in enhanced cholesterol 

efflux with about 20% and 40% decrease in fillipin staining at 200 M and 800 M HP-β-CD 
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equivalent concentrations, respectively. The observed smaller effect of polyrotaxane 6 compared 

to free HP-β-CD was attributed to the slow release of the threaded rings leading to a much lower 

bioavailability of the polyrotaxane-borne HP-β-CD. A cytotoxicity profile evaluation of 6 using 

MTS assay (Figure 7), however, reveals a sharp increase in toxicity of 6 above 200 M HP-β-CD 

equivalent dose. We infer from these findings that 6 is dethreaded after internalization by the cells 

to release the HP-β-CD payload to effectively mobilize the aberrantly stored cholesterol deposits 

in NPC1-deficient cells as previously reported by Mondjinou et al.370  Although monomeric dose 

of HP-β-CD performs betters in cholesterol efflux from the cells after a single 24 hours treatment 

in comparison of 6 (Figure 8), the potential of 6 as a long circulating and slow HP-β-CD releasing 

platform makes them an attractive candidate for NPC therapeutics.  

 

Figure 54. Filipin staining of primary fibroblasts after treatment with α-CD, poly-

(decamethylenephosphate) 1, HP-β-CD and 6 for 24 h (25 µM equivalent HP-β-CD dose, Filipin 

was used at 50 µg/mL). 
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Figure 55. Filipin staining of primary fibroblasts after treatment with α-CD, poly-

(decamethylenephosphate) 1, HP-β-CD and 6 for 24 h (25 µM equivalent HP-b-CD dose. Nuclei 

were stained with Nuclear Red. Cells were imaged with a 5 x objective. 

 

Figure 56. Cytotoxicity of 6 evaluated via MTS assay after 24 h exposure to NPC1-deficient cells. 

 

Figure 57. Dose-response curve in NPC1 cells after a single 24 h treatment with 6 and HP-β-CD. 
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6.3.3 Confocal studies for cellular tracking of polyrotaxanes in NPC1 cells 

A FITC tagged polyrotaxane 6a was prepared for cellular tracking studies by co-threading a small 

amount of fluorescein-labeled β-CD 7 (shown in Figure 9, synthesis described in Supporting 

Information) with HP-β-CD and subsequently stoppered by α-CD. 

 

Figure 58. Structures of FTIC-tagged polyrotaxane 6a and the fluorescent CD-derivative 7. 

NPC1-deficient cells begin to internalize polyrotaxane 6a within 4 h, however, the polyrotaxane 

appears only within non-acidic vesicles (i.e, compartments that are not stained by Lysotracker). 

These are most likely to be endosomes at an earlier stage of maturation.65,66 Extensive association 

of the polyrotaxane with the extracellular matrix of NPC1-deficient cells was also observed as 

indicated by prominent extracellular staining. Significant cellular uptake and localization within 

the acidic late endosomal/lysosomal compartment was observed after 24 h of treatment (Figure 

10C) Next, the non-internalized polyrotaxane was removed and cells were washed to prevent 

further uptake of 6a before incubating for another 24 h to monitor the cellular fate of the already 

internalized polyrotaxane (Figure 10D). The latter images show decreased fluorescein signal 

intensity indicating that the cyclodextrins escape the endosomal/lysosomal compartments of the 

cell or are degraded within them. 

7 
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Figure 59. NPC1-deficient cells treated with 25µM CD-equivalent FITC tagged polyrotaxane 6a 

in Opti-MEM media. (A) untreated cells, (B) 4 h 6a treatment (c) 24 h 6a treatment, and (D) C + 

24 h post-treatment. i : all fluorescence channel; ii : DAPI channel; iii : fluorescein channel, and 

iv : Lysotracker channel. Localization within acidic endosomes/lysosome (red, stained with 

Lysotracker) peaked at 24 h after addition of 6a, after which the cells were washed to remove 6a 

and incubated for another 24 h in complete MEM media. Confocal images acquired 24 h post 

treatment show a decrease in the FITC signal indicating either cyclodextrin escape from the acidic 

compartments or fluorescein degradation within them. The scale bar = 100 µm. 

6.3.4 FACS analysis Polyrotaxane cellular association with NPC1-deficient Cells 

As suggested by our confocal data, NPC1-deficient cells show cellular association by 4 h. Mean 

fluorescence intensities peaked at 24 h after treatment. The cells were washed to remove non-

internalized PR and prevent further uptake of PR before incubating for another 24 h to monitor the 

cellular fate of the already internalized PR. This is referred to as the 48 h timepoint. The 48 h time 

point images show decreased mean FITC intensity, indicating that all cells internalize the PR. The 

data also suggest that the PR are capable of escaping from the endosomal/lysosomal compartments 

of the cell or are degraded within them (Figure 11). 
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Figure 60. a) Histogram Plot for FITC intensity distribution among NPC1-deficient cell population. 

b) Cellular association of Polyrotaxane 6a with NPC 1-deficient cells. 

6.4 Conclusions 

A new HP--CD polyrotaxane containing a decamethylenephosphate core has been synthesized 

and its cholesterol normalization capacity evaluated in NPC1-deficient cells. The degree of 

polymerization in preparation of the decamethylenephosphate polymeric precursor was 

determined to be 76. The degree of -CD threading to produce 5 was estimated to be 48.5% after 

2.9 d, whereas the HP--CD coverage was 18% and -CD endcapping was approximately 3% in 

polyrotaxane 6. Reduction in filipin staining, indicative of cholesterol depletion, was found to be 

approximately 20% at a polyrotaxane concentration of 0.3 g/L after 24 h incubation, similar in 

magnitude to the reductions observed by Mondjinou et al.399 with mixed HP--CD:SBE--CD 

Pluronic polyrotaxanes that were used in 6 h exposures to NPC1 cells. Taken together, the findings 

shown in Figures 5, 6 and 8, suggest that polyrotaxane 6 may be a useful tool for the delivery of 

HP-β-CD as a therapeutic payload for normalizing cholesterol levels in Niemann-Pick Type C 

cells. The main advantages of our system is the simple release of HP-β-CD from the polymer by 

slippage397 and the expected slow renal clearance due to the high molecular weight of the 

polyrotaxane 6 of around 35 kDa. There is no need for any cleaving enzymes to release the drug 

in the cells. 
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 STRUCTURE-FUNCTION RELATIONSHIPS OF 

CHOLESTEROL MOBILIZATION BY -CD POLYROTAXANES IN 

NPC1-DEFICIENT HUMAN CELLS 

Adapted (Reprinted) from the research article titled “Structure-function relationships of 

cholesterol molbilization by β-CD polyrotaxanes in NPC1-deficient human cells” authored by 

Shayak Samaddar, Debosreeta Bose, Bradley P. Loren, Joseph L. Skulsky, Olga Ilynytska, 

Zachary J. Struzik, Judith Storchand David H. Thompsona. Shayak Samaddar was involved in 

cholesterol efflux, flow cytometry and cytotoxicity studies. Currently the article is under 

consideration for publication in a peer reviewed journal. 

7.1 Introduction 

Niemann-Pick Type C disease (NPC) is a fatal, neurodegenerative, lysosomal lipid trafficking 

disorder resulting from aberrant accumulation of unesterified cholesterol and glycosphingolipids 

in the late endosomal/lysosomal (LE/LY) compartment in many organs including brain, liver, 

lungs, and spleen400. This rare autosomal recessive disease has a broad spectrum of clinical 

phenotypes, including severe liver disease, breathing difficulties, developmental delay, seizures, 

decreased muscle tone, lack of coordination, feeding problems, and vertical gaze palsy401. Life 

expectancy for NPC patients is generally below 20 years of age, although later onset cases have 

also been reported402. Its prevalence in Western countries has been reported to be as low as 

1:120,000 to 1:150,000 live births402. The genetic cause of the disease has been traced to loss of 

function mutations in the genes encoding for Niemann-Pick Type C1 (NPC1) or Niemann-Pick 

Type C2 (NPC2) proteins403-404. Most patients (90-95%) diagnosed with NPC have mutations in 

the NPC1 gene403. At present, there is no FDA approved therapy for this rare genetic disorder, 

making it a serious unmet medical need.  

2-Hydroxypropyl-β-cyclodextrin (HP-β-CD) has shown efficacy in reducing cellular cholesterol 

levels in both the mouse and cat models of NPC405-406. Weekly s.c. administration of HP-β-CD in 

NPC mice reduced cholesterol levels in most organs except lungs and brain405. Notably, its poor 

pharmacokinetic properties due to rapid renal excretion necessitated the use of high doses (4000 

mg/kg) administered at frequent intervals to achieve the therapeutic effect405. The severity of the 

disease and the apparent inability of HP-β-CD to cross the blood-brain barrier efficiently has led 

the FDA to approve two clinical trials for HP-β-CD derivatives, one where the drug is administered 

by the intrathecal route (VTS-270)407 and the other where it is administered intravenously 
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(Trappsol)408. Phase 1 clinical trials with VTS-270 showed encouraging safety and effectiveness 

data when administered via monthly i.t. injection at a 900 mg dose.409 VTS-270 was evaluated in 

a Phase IIb/III prospective, randomized, double-blind, sham-controlled study to further probe its 

safety and efficacy via i.t. injections every 2 weeks at doses of either 900, 1200, or 1800 mg407. 

Although the clinical data are encouraging, high doses of HP-β-CD have been reported to cause 

lung damage and ototoxicity407. Consequently, a safer formulation that improves the 

pharmacokinetic profile and avoids off-target toxicity of this promising drug candidate is highly 

desirable.  

We have previously reported the synthesis and cellular cholesterol normalization performance of 

-cyclodextrin (-CD)-based polyrotaxanes (PR) as potential NPC therapeutics;410-413 findings that 

were subsequently corroborated using compounds of similar structure414-415. Polyrotaxanes are 

non-covalent self-assemblies derived from macrocycles that are threaded onto a polymer core 

followed by the attachment of a bulky molecule (or endcap) to prevent dethreading of the 

macrocycle. Our efforts have focused on threading various -CD derivatives onto Pluronic triblock 

copolymers. The hydrophobic central polypropylene glycol (PPG) block of these copolymers 

provides a driving force for interaction with the hydrophobic central core of the -CD molecules. 

The number of -CD molecules threaded onto the polymer impacts not only the molecular weight 

of the assembly, but also the rigidity of the PR structure. This, in turn, has an impact on the 

pharmacokinetics and pharmacodynamics of the PR in vivo, with highly threaded variants 

exhibiting longer blood residence times and depositing primarily in the liver412. Variants with 

lower threading efficiencies, however, are more rapidly cleared through the kidneys.412 

In an effort to more thoroughly explore how PR structure impacts its ability to clear cholesterol 

from NPC1-deficient cells, we now report the synthesis and testing of two different PR libraries. 

The first compound collection was synthesized using a previously reported solvent-assisted 

threading protocol,410 wherein both the polymer core structure and -CD type were varied. A 

simplified solvent-free mechanochemical synthesis approach was also developed and used to 

produce the second compound library. This solid phase method, conceptually related to the method 

of Tanaka and coworkers,416 was used to fabricate PR containing a nominal 7:3 molar ratio of 2-

hydroxypropyl--cyclodextrin (HP--CD) and 4-sulfobutylether--cyclodextrin (SBE--CD) 

with similar polymer cores to evaluate the effect of threading efficiency on the ability of these PR 

to normalize cholesterol levels in NPC1 patient fibroblasts.417 
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7.2 Materials and methods 

Materials. Pluronic triblock copolymers L35 (EO 22, PO 16) and L81 (EO 6, PO 43), HP-β-CD 

(DS 7-8), methyl-β-cyclodextrin, carbonyldiimidazole (CDI), triethylamine (TEA), and tris(2-

aminoethyl)amine (TAEA) were purchased from Sigma-Aldrich. SBE-β-CD (DS 6.5) was a gift 

from Ligand Pharmaceuticals (San Diego, CA). Toluene, dichloromethane (DCM), and 

acetonitrile (ACN) were dried using a PPT Solvent Drying Apparatus (Nashua, NH) prior to use. 

Slide-A-Lyzer™ cellulose dialysis cassettes (2 kDa molecular weight cutoff (MWCO)) were 

obtained from Thermo Fisher Scientific and immersed in deionized water for at least 30 min prior 

to use. Ultrapure water (resistivity ≈ 18.2 MΩ/cm−1) was generated from a 

Barnstead MicroPure water purification system. Human fibroblasts from an NPC1 disease patient 

(GM03123) were obtained from Coriell Institute of Medical Research (Camden, NJ). Filipin III 

and Heparin sodium salt (from porcine intestinal mucosa) were purchased from Sigma.  

 

Nuclear Magnetic Resonance Spectroscopy. 1H NMR spectra were collected using a Bruker 

AV-III-500-HD spectrometer fitted with a cryoprobe. Spectra were recorded at 25 °C at a 

concentration of approximately 10 mg PR/1 mL in DMSO-d6. 

 

General Procedure for Preparation of EDA-modified Pluronics. (Procedure conducted by 

Brad Loren) The Pluronic precursor (5 g) was azeotropically dried four times from toluene and 

evaporated overnight under a < 100 m Hg vacuum. The Pluronic was then suspended in dry ACN 

(95 mL) before addition of CDI (10.67 g) with stirring for 5 h. Water was then added (4 mL) to 

quench unreacted CDI, followed by addition of ethylenediamine (EDA, 8.8 mL) and stirring at 20 

C overnight. Partial solvent removal by rotary evaporation to reduce the volume by approximately 

two thirds was performed before adding water (37.5 mL) and dialyzing the mixture for 3 d against 

30% ethanol in water using 2 kD MWCO dialysis cassettes. The dialysate was then subjected to 

rotary evaporation to remove as much solvent as possible before azeotropically drying the product 

three times from toluene. 

 

General Method for Decaarginine Endcapping of EDA-modified Pluronics (PR1 & PR2). 

(Procedure conducted by Joseph Skulsky) EDA-modified Pluronic (0.62 g) was suspended in 38 

mL hexanes and stirred overnight at 20 °C before adding 6.37 g of HP--CD. The resulting 
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suspension was bath sonicated for 1 h, probe sonicated for 30 min, and then stirred at 20 °C for 3 

d. The solvent was removed by rotary evaporation, followed by addition of 20 mL of dry ACN 

and CDI (67 mg) with stirring of the mixture for 5 h at 20 °C under Ar. Solid decaarginine (0.992 

g) was added to the reaction mixture with stirring at 20 °C under Ar. After stirring for 12 h, 

triethylamine (0.59 mL) was added and the mixture stirred for an additional 24 h at 20 °C under 

Ar. The mixture was then processed by rotary evaporation of the solvent, dissolution of the solid 

in ~25 mL deionized water, and dialysis of the aqueous solution against deionized water using 6-

8 kD MWCO dialysis cassettes. 

 

General Method for Preparation of α,ω-Bis-tris(2-aminoethyl)amine-modified Pluronics. 

(Procedure conducted by Brad Loren) The method used for the synthesis of all TAEA modified 

Pluronics in this study generally followed the approach described by Mondjinou et al.410 Pluronic 

L81 (3.64 mmol) was azeotropically dried with toluene and placed under a < 100 m Hg vacuum 

overnight before dissolving in dry ACN (200 mL) and adding CDI (37.5 mmol). The solution was 

stirred under an Ar atmosphere overnight. DI water (8 mL) was then added to quench the unreacted 

CDI and the reactor vented to air to enable CO2 gas evolution for 20 min. Tris(2-aminoethyl)amine 

(181.8 mmol) was then added and the solution stirred at 20 °C overnight. Roughly one third of the 

ACN was removed by rotary evaporation before addition of 30% EtOH and transfer of the solution 

to 2 kDa MWCO dialysis cassettes. The product was dialyzed over 3 d against 30% EtOH. The 

solvent was then removed and dried under vacuum to yield α,ω-bis-tris(2-aminoethyl)amine 

Pluronic intermediate (Pluronic-TAEA) as a viscous liquid. 

 

Solvent-Assisted Synthesis of Cholesterol-endcapped HP-/SBE-/Me-β-CD Polyrotaxanes 

(PR3 – PR8). (Procedure conducted by Brad Loren) These compounds were prepared as 

previously described.410, 417 In brief, the β-CD derivative(s), at a total CD equivalency of one CD 

unit per two PPG monomer repeats in the Pluronic, was added to a solution of TAEA-Pluronic in 

hexanes and the slurry briefly bath and probe sonicated before stirring vigorously for 3 d. 

Cholesteryl chloroformate in DCM was then added and the mixture stirred for 1 d before 

purification by dialysis (6-8 kDa MWCO membranes) against DMSO for 1 d and deionized H2O 

for 4 d. Lyophilization yielded the product as a white powder. Threading efficiencies were 

determined by integration of the protons on the cyclodextrin derivatives relative to the CH3 group 
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of the PPG block of the Pluronic polymer, wherein 100% threading efficiency occurs at a 2:1 ratio 

of PPG monomer units:CD. 1H NMR (500 MHz, DMSO-d6): δ = 4.1 – 5.1 (b, C1-H and C6-OH of 

CDs), 3.5-3.8 (m, C3,5,6-H of CD), 1.6 (b, (CH2)-SO3
-), 1.0 (d, CH3 of PPG). 

 

Mechanochemical Synthesis of Cholesterol-endcapped HP-/SBE-β-CD Polyrotaxanes (PR9 

– PR 20). (Procedure conducted by Brad Loren)A mixture of solid TAEA-Pluronic and the desired 

-CD variants (500 mg of Pluronic + -CD mixture at varying ratios) were loaded into agate jars 

with agate balls and processed in a planetary ball mill (PQN04, Across International) at 350 rpm 

for varying periods of time (24 – 96 h). For each sample, the number of 6 mm (30-35) and 10 mm 

(0-5) balls varied. Endcapping with cholesteryl chloroformate and TEA was performed in DCM 

as previously described.417 In all cases, purification was accomplished by multiple ether washes 

and the product collected by centrifugation, followed by dialysis against deionized H2O using 6-8 

kDa MWCO dialysis cassettes. Each sample was lyophilized to obtain the PR as a white powder. 

Threading efficiencies were determined as described above. 1H NMR (500 MHz, DMSO-d6): δ = 

4.5 – 5.1 (b, C1-H and C6-OH of CD), 3.5-3.8 (m, C3,5,6-H of CD), 1.6 (b, (CH2)-SO3
-), 1.0 (d, CH3 

of PPG). 

 

Evaluation of Cholesterol Mobilization by -CD and PR Derivatives in NPC1 Cells. Cell 

culture was performed as previously described11 with minor modification.  Briefly, NPC1-deficient 

cells were seeded in 12 well cell culture plates with cover slips using Eagle’s minimum essential 

medium with Earle’s salts supplemented with 15% FBS, 1% PenStrep and 1% L-glutamine. Cells 

were seeded at a density of 2 X 104 cells per well and incubated at 37 °C with 5% CO2 for 36 – 48 

h until they reached 85 – 90% confluency. The compounds were solubilized in DMSO (with 

sonication if needed) and diluted in culture medium to yield a final concentration equivalent to 25 

μM -CD monomer. The final DMSO concentration was < 0.01% v/v.  Cells were treated with 

these solutions for 24 h at 37 °C with 5% CO2. Following the incubation period, cells were washed 

with PBS and fixed with 4% paraformaldehyde solution for 30 min. After fixation, cells were 

washed with chilled PBS and stained twice with 0.05 mg/mL filipin III for 1 h at 37 °C, with PBS 

washing after each staining period. The cover slips with filipin-stained cells were mounted on glass 

slides with Fluoromount G and sealed with clear nail polish. Images were taken at 40x 

magnification on an Olympus FSX microscope equipped with a DAPI filter set. Filipin 
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accumulation in cells was determined using NIS-Elements selection tools as previously described11. 

The results in treated cells were normalized to filipin accumulation in untreated NPC1-deficient 

fibroblasts. MTS assays were performed as per the manufacture's protocol (Promega®) to evaluate the 

apparent toxicities of the polyrotaxanes at the concentrations used. 

 

Synthesis of Fluorophore-labeled PR Derivatives (PR1* and PR2*). (Procedure conducted by 

Zach Struzik) Fluorescently labeled PRs (PR1* and PR2*) were synthesized according to the 

following procedure. The polyrotaxane (1 equivalent) was placed in a septum sealed 2-neck round 

bottom flask equipped with a magnetic stir bar. Dry DMF (5 mL) was added under Ar and the 

mixture stirred before adding CDI (3 equivalents) to the solution from a 9 mg/mL stock solution 

in dry DMF. This mixture was stirred for 3 h before adding 2,2’-(ethylenedioxy)bis(ethylamine) 

(3 equivalents) to the reaction from a 2.5% stock solution in dry DMF and stirring for an additional 

16 h. Fluorescein isothiocyanate (3 equivalents) was then added to the reaction mixture with 

stirring for another 12 h. The solution was then diluted with 15 mL of DI water and dialyzed 

against DI water using 6-8 kDa MWCO regenerated cellulose dialysis membranes over 3 d. The 

dialyzed polyrotaxane was then centrifuged to remove any water insoluble particles and the final 

product lyophilized to yield 29 mg of an orange powder.  

 

Localization of Fluorescently-labeled PR Derivatives. NPC1-deficient cells were grown on 

glass coverslips. FITC-conjugated PRs were reconstituted in DMSO; the final polymer 

concentration used for the treatment yielded the equivalent of 25 µM free HP-β-CD. Compounds 

were added to NPC1-deficient fibroblasts for 1, 2, 6, 16 and 24 h. After incubation, the cells were 

rinsed with PBS and incubated with 75 nM Lysotracker Red DND 99 (Thermo Fisher Scientific, 

Waltham, MA) for 45 min in complete medium. Cells were rinsed with PBS, fixed in 4% 

paraformaldehyde (Electron Microscopy Sci., Halfield, PA) for 10 min, stained with DAPI to 

visualize nuclei (Thermo Fisher Scientific) and mounted using Fluoromount-G Slide Mounting 

Medium (Electron Microscopy Sci). Images were acquired using a Zeiss LSM710 confocal 

microscope (Carl Zeiss Inc., Thornwood, NY) equipped with a 63x, 1.4-numerical-aperture Zeiss 

Plan Apochromat oil objective.  
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FACS Analysis for cellular uptake of Fluorescently-labeled PR. NPC1-deficient cells were 

grown in 12 well plates as described above. At 80% confluency, cells were treated with 25 µM 

HP-β-CD equivalent PR1* and incubated for 2, 8 or 24 h under 37 °C, 5% CO2 and 95% relative 

humidity. Additionally, to inhibit heparan sulfate proteoglycans (HSPG) receptor mediated uptake 

of PR1*, cells were incubated in the presence of 30 µg/mL heparin for 24 h. After incubation, cells 

were thoroughly rinsed with 1X PBS before trypsinization. Trypsinized cells were resuspended in 

1 mL 1X PBS for flow cytometric analysis with BD LSR Fortessa equipped with a 488nm laser to 

quantify FITC fluorescence. Mean fluorescence from at least 500 cells were quantified. The 

experiment was performed in triplicate.  

7.3 Results and discussion 

Two libraries of compounds were prepared for this study, one using hexane-assisted synthesis and 

the other using a solid state mechanochemical synthesis approach. The materials were 

characterized by 1H NMR to determine the relative ratios of β-CD, threading efficiency, 

cholesteryl endcapping extent, and molecular weight. The results are summarized in Tables 1 

(solvent-assisted) and 2 (solid state). 

Table 1. Compositions Observed for TAEA-Pluronic Polyrotaxane Library Prepared by Hexane 

Solvent-Assistance. R10 = Decaarginine endcaps. Chol = Cholesteryl endcaps. 

 

Pluronic 

core 

Ave. # 

HP-β-

CD/PR 

Ave. # 

SBE-β-

CD/PR 

Ave. # 

Me-β-

CD/PR 

Total # 

CD/PR 

Endcap 

(# & Type) 

Threading 

Efficiency 

(%) MW (kDa) 

PR1 L81 18 0 0 18 2, R10 82 31.9 

PR2 L35 4 0 0 4 2, R10 50 11.4 

PR3 L81 17 0 0 17 4, Chol 75 32.6 

PR4 L35 6 0 0 6 4, Chol 77 17.3 

PR5 L35 4 0 0 4 4, Chol 50 9.6 

PR6 L35 4 2 0 6 4, Chol 75 13.6 

PR7 L81 0 0 10 10 4, Chol 47 17.7 

PR8 L81 12 6 0 18 4, Chol 82 34.0 
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Table 2. Compositions Observed for Cholesterol-endcapped TAEA-L81 Pluronic Polyrotaxane 

Library Prepared by Mechanochemical Synthesis. 

 Pluronic 

Core 

Ave. # 

HP-β-CD/PR 

Ave. # 

SBE-β-CD/PR 

Total # 

CD/PR 

Endcap 

(# & Type) 

Threading 

Efficiency 

(%) 

MW (kDa) 

PR9 L81 7 3 10 1.4, Chol 46 20.1 

PR10 L81 2 3 5 0.1, Chol 23 12.4 

PR11 L81 0 4 4 0.44, Chol 18 11.5 

PR12 L81 6 4 10 1.6, Chol 46 20.7 

PR13 L81 7 9 16 3.8, Chol 73 32.8 

PR14 L81 4 3 7 1.6, Chol 30 15.8 

PR15 L81 2 4 6 0.5, Chol 27 14.4 

PR16 L81 12 6 18 1.3, Chol 81 33.0 

PR17 L81 2 3 5 0.3, Chol 23 12.4 

PR18 L81 6 4 10 0.8, Chol 46 20.2 

PR19 L81 5 3 8 0.6, Chol 36 16.8 

PR20 L81 3 4 7 0.9, Chol 32 15.9 

 

7.3.1 Effect of polyrotaxane structure on cellular cholesterol mobilization  

We have previously shown that PR with cholesterol endcaps recruit a variety of serum proteins, 

particularly apolipoproteins A-I, A-II, A-IV, C-I, C-II, C-III, and E lipoproteins.412 The cholesterol 

endcapped polyrotaxane derivatives were designed with this association in mind to serve as a 

potential Trojan Horse strategy by promoting their delivery to the LE/LY of NPC cells via LDL 

receptor mediated endocytosis. Satisfyingly, we found that incubation with these PR compounds 

led to cholesterol clearance from the LE/LY compartment, presumably via receptor mediated 

endocytosis since a fluorescent analogue of these compounds was shown to colocalize with 

Lysotracker,10 although bulk phase endocytosis may also be contributing to some of the PR 

delivery observed418. 

 

Cell-penetrating peptides are known to efficiently transport a variety of molecular and 

macromolecular cargo across plasma membranes419-420 via energy-dependent and/or energy-

independent pathways depending on the nature of the construct421. We therefore sought to evaluate 

the effect of a positively charged decaarginine PR endcap on cholesterol normalization. Multiple 

studies have suggested that oligoarginine sequences do not cross the plasma membrane of live 

cells directly (i.e., by electrostatic interaction with negatively charged lipid of cell membrane); 
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rather, they bind to heparan sulfate proteoglycans (HSPG) present on the cell surface, resulting in 

heparan sulfate-mediated endocytosis422-426. Once inside this compartment, HSPG is cleaved by 

heparinase into oligosaccharide fragments. In the event that the oligoarginine endcapped PR 

materials follow this pathway, these constructs would be released into the cytosol.  Although 

oligoarginine constructs can also escape into cytoplasm by endosomal leakage, this phenomenon 

has not been reported at the low micromolar concentrations used in our study 421. Under these 

conditions, the PR containing endosomes are likely to mature into lysosomes, where the carbamate 

bonds linking the decaarginine endcaps to the PR core are enzymatically cleaved to enable HP--

CD dethreading411. Once the HP--CD units have been dethreaded, they are then available to 

mobilize accumulated cholesterol. Our Filipin III staining data suggest that PR1 and PR2, HP-β-

CD polyrotaxanes with decaarginine endcaps led to cholesterol mobilization from cells, reducing 

cholesterol accumulation by 35 – 40% relative to untreated controls (Figure 1A). LDL receptor 

mediated endocytosis of LDL occurs predominantly by caveolar uptake427, whereas HSPG 

mediated endocytosis is a clathrin- and caveolin-independent, but dynamin- and flotillin-

dependent, pathway428. Since both L81- and L35-based polyrotaxanes resulted in similar 

internalization kinetics and localizations, these findings reveal that cellular uptake is independent 

of the polymer backbone length. Interestingly, PR3 and PR4, species having similar HP-β-CD 

content, but with cholesterol endcaps and internalized via LDL receptor mediated pathways, were 

less effective than the decaarginine-endcapped PR1 and PR2, although this difference may also 

reflect the comparatively poor solubility of PR3 and PR4 relative to PR1 and PR2. 

 

Inclusion of SBE-β-CD in the HP-β-CD polyrotaxane formulation was intended to boost the PR 

solubility in physiological saline solutions417. Cholesterol mobilization improved when SBE-β-CD 

was included in the polyrotaxane scaffold. Our results show that PR6 and PR8 produced 

cholesterol mobilization levels that were almost as effective as the monomeric β-CD controls. 

Direct comparison of PR4 (6 HP-β-CD) and PR6 (4 HP-β-CD and 2 SBE-β-CD), both having the 

same total number of β-CD threaded onto a Pluronic L35 core, shows that inclusion of SBE-β-CD 

boosted sterol efflux to approximately 60% of control, while the compound with HP-β-CD alone 

led to efflux of only about 25%. The same trend is apparent for PR3 and PR8 with Pluronic L81 

cores, where threading of HP-β-CD along with SBE-β-CD lowers the accumulated cholesterol by 

70% compared to untreated NPC1 deficient cells, while the compound with HP-β-CD alone 
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reduced sterol by 40%. We infer from these findings that, as intended, the solubility enhancement 

provided by inclusion of SBE-β-CD units can substantially improve the performance of the 

polyrotaxanes429-430.  Interestingly, the length of the polymer chain and number of CDs threaded 

on it did not result in a significant difference in cholesterol mobilization effectiveness, as had been 

expected; for example, between PR3 and PR4, or between PR1 and PR2, two groups of compounds 

with the same endcaps and Pluronic cores and 3-fold differences in β-CD units per molecule, 

similar cholesterol efflux levels were found. Our observations suggest that solubility of the PRs is 

a critical determinant of therapeutic outcome at a fixed dose of CD units. 

 

 

Figure 61. Cholesterol accumulation in NPC1-deficient cells as determined by filipin III staining 

after exposure to polyrotaxanes for 24 h at 25 M equivalent -CD monomer concentration. A. 

Controls and polyrotaxanes PR1 – PR8 prepared by the solvent-assisted method. B. Controls and 

polyrotaxanes PR9 – PR20 prepared by solid state mechanochemical synthesis. Data are expressed 

relative to DMSO-treated controls and are an average +/- S.D. of two separate experiments with 

>25 cells imaged per condition in each experiment. 
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We also evaluated the cholesterol efflux efficacy of the materials made via solid state 

mechanochemical synthesis (Figure 1B). Since previous results suggested L81 as the best Pluronic 

core for cholesterol mobilization activity and long circulation in vivo, we utilized this polymer core 

in these preparations.412 Additionally, we also incorporated SBE-β-CD in all the PRs of 

mechanochemical synthesis as the PRs made in the hexane phase demonstrated the therapeutic 

benefit of its inclusion. Highly threaded PR such as PR13 (7 HP-β-CD, 9 SBE-β-CD) and PR16 

(12 HP-β-CD, 6 SBE-β-CD), with threading efficiencies of 73% and 81%, showed the greatest 

ability to lower cholesterol accumulation, with reductions of approximately 70% and 80%, 

respectively, compared to untreated NPC1 cells.  PR9 and PR12, which had only 46% threading 

efficiency, reduced cholesterol levels by approximately 40% relative to untreated controls. PR18, 

with a similar CD loading and threading efficiency, showed somewhat increased effectiveness in 

cholesterol clearance; this may be attributed to the lower cholesterol endcap content in this PR, 

thereby enabling the β-CD rings to dethread more easily once inside the LE/LY compartment. It 

should be noted that the higher threading efficiency would lead to more rigid rod like structure 

compared to PR with low threading efficiencies that have greater flexibility. Previously, we have 

analyzed in depth the effect of PR rigidity on the pharmacokinetics of the PR in mice. These studies 

showed that rigid PR circulate longer and preferentially accumulate in liver412 relative to their 

more flexible congeners. The data in Table 1 suggests that PR rigidity is linked with increased 

cholesterol efflux. This is consistent with the recent finding that high aspect ratio rod-like particles 

have an enhanced ability to enter cells431. Consistent with this interpretation, PR having threading 

efficiencies below 32% (e.g., PR10, PR11, PR14, PR15, PR17, and PR20) were not as effective 

in cholesterol clearance, reducing sterol accumulation by 50% or less relative to untreated cells. 

(Fig.2). 
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Figure 62. Cholesterol normalization as a function of polyrotaxane threading efficiency in NPC1 

deficient cells. A. Cellular cholesterol content as a function of polyrotaxanes with Chol/PR > 1. B. 

Cellular cholesterol content as a function of polyrotaxanes with Chol/PR < 1. Cellular cholesterol 

levels are shown relative to untreated cells (100%). 

We further explored the role of endcapping extent in the PR library to evaluate the impact of 

dethreading on cholesterol clearance efficiency. Our findings reveal some important trends that 

can guide subsequent polyrotaxane designs. First, at a Chol/PR ratio of >1, it can be clearly seen 

that the cellular cholesterol percentage decreases (i.e. efficacy increases) as the threading 

efficiency increases (R2=0.87). Second, for polyrotaxanes with low end capping extent (Chol/PR 

ratio of <1), no trends in polyrotaxane composition were evident (R2 = 0.16).  Third, as was 

observed for the polyrotaxane materials derived from solvent-assisted synthesis, more extensive 

cholesterol endcapping is essential for producing highly threaded PRs.  

7.3.2 Cellular localization of Decaarginine-endcapped PR by confocal microscopy 

The effectiveness of the PR compounds in cholesterol mobilization likely requires their 

localization within the lysosomal compartment where sterol accumulates. To directly examine the 

subcellular localization of these compounds, two fluorescent-tagged PR (PR1* and PR2*) were 

generated as described above. Fluorescence microscopic imaging demonstrated that partial co-

localization of HP-β-CD with a lysosomal marker was detected at 6h, and more prominent co-

localization was detected after 16 h treatment, indicating that over time the fluorescent PR 

compounds accumulate in the lysosomes (Figure 3). These data suggest that the decaarginine 

A B 
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endcapped PR were efficiently endocytosed possibly via a receptor mediated endocytosis and were 

thus able to mobilize cholesterol from their late endosomal/lysosomal sites of accumulation. 

 

Figure 63. Time course of FITC-conjugated PRs (PR1* and PR2*) localization in NPC1-deficient 

fibroblasts. Cells were incubated with the compounds for the indicated times (h) and then washed 

and stained with lysotracker for an additional 45 min. The cells were fixed with paraformaldehyde, 

followed by staining of nuclei by DAPI. Cells were imaged by confocal microscopy as described 

in Methods.  

7.3.3 FACS analysis for cellular uptake of Fluorescently-labeled PR.  

Flow cytometry analysis with FITC-labelled PR (PR1*) confirms our confocal data, and shows 

that internalization of oligoarginine end-capped PRs begins within 2 h of incubation resulting in 
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enhanced FITC associated fluorescence of NPC1 deficient cells (Figure 4). The cellular 

fluorescence is maximum after 24 h of incubation with PR1*.   Mani et al. reported the presence 

of HSPG receptors in NPC1 fibroblast cells432. To probe whether the oligoarginine end-capped 

PRs utilize the HSPG receptor for cellular internalization, we antagonized the HSPG receptor with 

30 µg/mL heparin and monitored its effect on PR1* uptake433-435. Our results show that after 24 h 

of incubation, only ~7% of cells internalized PR1* (FITC positive) in the presence of heparin in 

comparison to ~62% cells that internalized the oligoarginine end-capped PR in the absence of 

heparin. These findings suggest that the oligoarginine endcapped PRs are most likely internalized 

via an energy dependent HSPG pathway. 

 

Figure 64. Histogram plot for FITC fluorescence distribution following PR1* uptake within NPC1 

deficient fibroblast cells. B. Cellular internalization of PR1* in the absence (2,8 and 24 h) and 

presence (24 h) of 30 µg/mL of heparin. Cells were treated for 24 h at 25 M equivalent -CD 

monomer concentration and analyzed by flow cytometry as described in the methods. 

7.3.4 Cytotoxicity evaluation PR materials  

The clinical success of any drug delivery strategy depends on the ability of system to elicit 

therapeutic benefit without significant toxic effects. In fact, our design approach was devised to 

use only precursors found in FDA approved materials to obtain the final PR products that would 

have an “FDA-friendly” toxicity profile. Here, PR9, PR13, PR16 and PR18 were used as 

representative of materials prepared by the solid phase method, while PR1 and PR8 were used as 

representative of compounds prepared by the solvent-assisted route. Our cytotoxicity evaluations 
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revealed that the materials synthesized by the solvent-assisted method were much less cytotoxic 

than the compounds prepared by solid phase synthesis.  As shown in Figure 5, MTS assay results 

revealed that the solvent-assisted materials PR1 and PR8 did not display significant cytotoxicity 

at the concentrations tested. By contrast, over this same concentration range, the enhanced toxicity 

of the compounds prepared by solid phase synthesis was clearly evident.  At a concentration of 

100 µM, compounds prepared by solid phase synthesis (PR9, PR13, PR16, PR18) were 

significantly more toxic than those prepared by the solvent-assisted method (PR1 and PR8). 

Further analysis using GraphPad Prism revealed that PR9, PR13, PR16 and PR18 had IC50 values 

of 34 µM, 24 µM, 48 µM and 56 µM, respectively, which severely limits their therapeutic potential. 

Since both synthesis methods did not contain materials that could contribute to their toxicity and 

were analytically similar by 1H NMR, we attribute the toxicity to a side reaction of the ball milling 

process that may produce a difficult-to-detect crosslinked PR structures that are cytotoxic. 

Additional studies to understand the source of this toxicity are needed before further pursuing the 

solid phase synthesis approach for biological experimentation. 

 

Figure 65. Cytotoxicity analysis of compounds prepared by solid phase synthesis vs solvent-

assisted synthesis. NPC1-deficient cells (1500 cells/well) were plated in a 96 well plate for 36 h 

before treatment with varying concentrations of PRs. Cells were incubated for a further 24 h before 

measuring toxicity of the compounds by MTS assay according to manufacturer’s protocol. 
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7.4 Conclusions 

In conclusion, we demostrate that polyrotaxnes prepared by solvent-assisted synthesis are capable 

of mobilizing trapped cholesterol from the late endosomal/lysosomal compartments of Niemann-

Pick Type C1 deficient cells. The use of decaarginine endcaps helped enhanced the internalization 

of these compound via a HSPG mediated pathway such that they become localized in late 

endosomes/lysosomes where they promote cholesterol egress. Cholesterol normalization in NPC1 

cells is shown to be dependent on the threading efficiency and solubility of the compounds. Rigid 

rod-like materials with a high number of threaded CDs show better cholesterol efflux than those 

with lower CD content. Incorporation of SBE-β-CD to enhance the solubility of the compounds 

also improves the performance of the PR toward cholesterol normalization.  Although solid phase 

synthesis is an attractive approach for scalable production of polyrotaxanes, it likely results in 

cyclodextrin polymers that are more toxic than their polyrotaxane counterparts. Challenges 

associated with mechanochemical synthesis will need to be addressed before this method can be 

used to produce material for biological experiments. 
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techniques and bioassays. Managed multiple interdisciplinary projects as a part of cross-functional 
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Technical skills 

 Bio-analytical: HPLC (Agilent 1100, 1200), MALDI TOF MS (Sciex 4800), Size-exclusion 

chromatography, Dynamic Light Scattering (Zetasizer Nano ZS, DynaPro II), 

UV/Vis/Fluorescence spectroscopy (Synergy Neo, SpectraMax M5, DTX 880) Transmission 

Electron Microscopy (Tecnai T20), Small Angle X-ray Scattering (SAXSpoint 2.0), 
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Development of lipid-based formulations for delivery of oligonucleotides  

 Formulated and optimized of peptide targeted lipid nanoparticles (LNPs) using Labtrix® Start 

flow reactor system for bladder cancer immunotherapy 

 Characterized for size, shape, structural morphology and encapsulation of LNPs 

 Evaluated immunostimulatory effect of LNPs in vitro in cell culture models and 

demonstrated its ability to suppress bladder tumors in vivo using a murine orthotopic bladder 

cancer model 

 

Evaluation of polycarbonate pendant polymer: β-cyclodextrin based nucleic acid delivery vectors      

 Developed strategies to formulate and optimized polymer-nucleic acid complex  

 Characterized size, polydispersity, zeta potential, encapsulation, cytotoxicity and gene 

delivery efficiency of polymer library in vitro  

 Analyzed structure-function relationship of pendent groups on complex formation and 

biological performance  

 

Evaluation of polyrotaxanes as drug delivery vehicles for treatment of a rare metabolic disorder 

 Evaluated toxicity profile, structure-function relationships, dose-response relationships of 

synthesized polyrotaxane library in primary cell culture models of Niemann-Pick Disease 

type C 

 Studied cellular uptake and intracellular biodegradability of candidate polyrotaxane 

University of Missouri - Kansas City, MO 

Graduate researcher, Dept. of Pharmaceutical Sciences                Sept 2013 – May 2014 
Screening and characterization of novel Hypoxia Inducible Factor (HIF) inhibitors 

 Studied and demonstrated relative inhibition of HIF dependent genes, expression of Hypoxia 

inducible proteins, antiangiogenic effect of inhibitors and DNA protein interactions by various 

cell-based assays  

Harvard Medical School/Dana-Farber Cancer Institute, Boston, MA 

Summer Intern, Dept. of Microbiology and Immunobiology            Jun 2013 – Aug 2013 
Formulation of albumin nanoparticle for lymphatic targeted drug delivery 

 Developed and characterized albumin nanoparticles for delivery of proprietary kinase inhibitor 

and demonstrated it cytotoxic effects on multiple cancer cell lines 
 Synthesized drug-protein conjugate and labeled them with near IR dye for in vivo imaging 

 
 

Northeastern University, Boston, MA 

Graduate Researcher, Dept. of Pharmaceutical Sciences                 Jan 2012 - May 2013 
Development of enzyme based polymeric nanosensor for detection of biologically relevant 
analytes with a smart phone device 
 Formulated polymeric nanosensors for quantification of cellular pH and oxygen concentration. 
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 Established and optimized enzymatic reactions and coupled it with nanosensor platform for 
fluorometric detection of bioanalytes like glucose, urea, creatinine, dopamine, glutamate and 
acetylcholine. 

 Improved shelf stability of the sensor solution by screening cryoprotectants for lyophilization.  

Angel Laboratories Private Limited, Kolkata, India 
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 Performed quality analysis of incoming raw materials and finished dosage forms  
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 Ensured safety and productive learning experience for each lab sections 
 Enforced course policies, headed weekly staff meetings and performed other administrative tasks 
 
Mentor for Undergraduate Researchers                                                   Oct 2016-Present 
 Mentored several high-achieving undergraduate students in conducting efficient research and 

lead them to task completion to attain project goals in time 
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       Purdue University, West Lafayette, IN 
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       Materials Research Society Spring Meeting, Phoenix, AZ 
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 Center for Cancer Research Graduate Travel Award                                    Jan 2018 
       Purdue University, West Lafayette, IN  
 
 School of Graduate Studies Fellowship                                                         Sept 2013  
       University of Missouri, Kansas City, MO                                                   
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 Synthesis of the polyrotaxane hydroxypropyl-β-cyclodextrin: poly(decamethylenephosphate) 

and evaluation of its cholesterol efflux potential in Niemann-Pick C1 Cells  

K.Egele, S.Samaddar, N.Baudendistel, D.H.Thompson, G.Wenz                                  
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 Organocatalytic synthesis and evaluation of polycarbonate pendant polymer: β-cyclodextrin 
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IEEE 30th Int. Conference on Micro Electro Mechanical Systems (MEMS)   Feb 2017 

 

 Fluorescent sensors for the basic metabolic panel enable measurement with a smart phone 

device over the physiological range 
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Analyst,139 (20), 5230-5238                                                                              Aug 2014                                                                                            

 

 

 

 

  

http://pubs.rsc.org/en/results?searchtext=Author%3ABecker%20Awqatty
http://pubs.rsc.org/en/results?searchtext=Author%3ABecker%20Awqatty
http://pubs.rsc.org/en/results?searchtext=Author%3AJ.%20Matthew%20Dubach


176 

 

PUBLICATIONS  

 



177 

 

 



178 

 

 



179 

 

 



180 

 

 



181 

 

 



182 

 

 



183 

 

 



184 

 

 



185 

 

  

 



186 

 

 

 



187 

 

 

 



188 

 

 

 



189 

 

 

 



190 

 

 



191 

 

 



192 

 

 



193 

 

 



194 

 

 

 


