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ABSTRACT 

Nanosystems for Gene Editing and Targeted Therapy 

Yeh-Hsing Lao 

 

Nanomedicine has emerged in the past decades, and a variety of designs for drug/gene delivery 

have been reported since the concept of nanomedicine was first demonstrated. However, with the 

exception of a few notable successes, the clinical translation of nanomedicine has been slow. 

Specificity and delivery efficiency are the major obstacles; only a few nanomedicine systems can 

effectively reach and release the therapeutic payload at the target site, thereby limiting the 

therapeutic efficacy. To tackle these issues, this work aims to design new strategies to improve 

nanomedicine systems at the gene-, protein- and tissue- levels. 

We applied CRISPR/Cas9 technology for gene targeting. Delivering CRISPR/Cas9 elements, 

including Cas9 endonuclease and a corresponding guide RNA, allows for specific gene 

mutagenesis. A conventional gene delivery carrier often has a highly positive charge density for 

higher transgene expression, but this may result in unfavorable effects on the Cas9 plasmid 

transfection. As a large plasmid, strong interaction between the Cas9 plasmid and the polycation 

with high charge density may hinder the plasmidôs intracellular release. Moreover, high Cas9 

expression usually leads to undesirable off-target effects. We addressed these two major obstacles 

by designing a low-charged density micelle, composed of quaternary ammonium terminated 

poly(propylene oxide) and amphiphilic Pluronic F127. We tested this design on a human 

papillomavirus (HPV)-induced cervical cancer model to target the HPV oncogene, E7. Our 

micellar carrier enabled effective Cas9 transfection with a transient Cas9 expression, which offered 



 

 

enhanced Cas9 on-target specificity. This nonviral Cas9 mediated E7 mutagenesis resulted in 

significant inhibition of HPV induced cancerous activity both in vitro and in vivo.  

Although CRISPR/Cas9 technology is a powerful toolkit for gene manipulation, gene editing 

might not be practical for therapeutics in the cancers that develop from endogenous mutations, 

which may vary among patients and disease stages. Protein-targeting, therefore, may be a more 

efficient approach. Aptamer and its selection technology, namely SELEX, offer direct evolution 

to obtain a nucleic acid ligand that specifically recognizes the protein target. Yet, aptamer 

screening remains unsatisfactory, and the success rate of SELEX is limited. We designed two 

approaches to improve the aptamer screening. We first employed a microarray platform to 

deconvolute the aptamer sequence and identified the aptamer functional motif. The resulted 

protein-targeting motif with an optimal length and showed enhanced structural and functional 

characteristics compared with its parental sequence. In addition to sequence optimization, 

conjunction of two distinct aptamers that recognize different epitopes of the protein target is 

another approach to improve the aptamerôs affinity. In looking for a rapid way to screen this 

bivalent aptamer pair, we designed a quantum dot (QD)/ Förster resonance energy transfer (FRET) 

sensor. Using a thrombin aptamer as a model system, we conjugated an anti-thrombin aptamer 

with QD and stained the other one with the intercalation dye, YOYO-3. If the two aptamers 

recognized different epitopes of thrombin, the conformational change of the two aptamers would 

take place when interacting with thrombin, and this would induce YOYO-3 dyeôs translocation.  

YOYO-3 would be transferred from the aptamer to QD surface, resulting in a strong FRET signal. 

In contrast, if they recognized the same epitope, binding competition between two aptamers would 

inhibit dye translocation, thereby giving a minimal FRET signal. By measuring the FRET signal, 

we can verify if the two aptamers may form a bivalent pair. 



 

 

Lastly, we integrated mesenchymal stem cell (MSC) with a nanomedicine system to achieve 

active tissue-targeting. MSC is known to migrate toward certain types of cancer cells by chasing 

the chemotaxis release from the cancer cells, but the therapeutic payload that MSC can carry is 

limited. Forming an MSC spheroid allowed the loading of the nanomedicine system with another 

type of anti-cancer drug. We therefore designed a hybrid MSC/nanomedicine spheroid, which 

functioned as an active tumor-targeting platform, enabling effective delivery for both cytotoxic 

protein and chemotherapeutic drugs. In a heterotopic glioblastoma model, the hybrid spheroid 

significantly improved the retention of the nanomedicine system at the tumor site, leading to 

enhanced tumor inhibition in vivo.  

Collectively, this work demonstrated the effective approaches for gene, protein and tissue 

targeting by addressing the issues of low specificity and limited delivery efficiency that many 

current nanomedicine systems face. Particularly, the results may add to the armamentarium of 

cancer therapeutics, which remains largely challenging and intractable.
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Chapter 1 Rationales and Research Strategies 

1.1 Background 

Nanomedicine, aiming to engineer nanomaterials to deliver therapeutic payloads for disease 

therapy, has emerged in the past decades. Since the concept of drug delivery using low-

inflammatory polymers was first demonstrated [1], the field has been growing exponentially. 

Based on a search in PubMed database, there were more than 3,500 papers with the term 

ñnanomedicineò published in 2018, while only 829 and less 10 were published in 2010 and 2000, 

respectively. Particularly, cancer nanomedicine is one of the largest sub-field among all the 

therapeutic applications in this area; around 50% of the published nanomedicine papers are for 

cancer therapeutics (Figure 1). The main driving force may be that cancer is one of the major 

leading cause of death; current therapeutic approaches and the drug development remain 

unsatisfactory [2, 3].  

 

Figure 1. Growth of the publications with a term ñnanomedicineò or ñcancer nanomedicineò from 

1999 to 2018. Data were collected from searches in PubMed database. 
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According to the latest estimation, in 2018, around 1.7 million new cases and 600 thousand 

Americans are expected to be diagnosed and die of cancer, respectively [4]. Although overall 

survival has been improved since the 1970s for some cancer types, such as hematopoietic and 

lymphoid malignancies, cancer therapy against solid and metastasized tumors remains ineffective 

[5]. Current approaches mainly rely on the concept of ñone-size-fits-allò ï using the same set of 

chemotherapeutic drugs for treatments for all the patients. This may be the main reason leading to 

a failure of the treatment because most cancers are genetically heterogeneous; inter- and intra-

patient heterogeneity is significant [6]. Moreover, clonal evolution occurs over time, which may 

contribute to the resistance against therapy and to the disease recurrence [7]. If the treatment could 

be tailored to patientôs genetic profile and stage, the therapeutic efficacy should be significantly 

improved; thus, precision medicine-based therapeutic approaches have increasingly attracted 

attention, especially since the CRISPR/Cas9-based gene editing system was reported [8].  

The CRISPR/Cas9 system for gene editing includes two major elements, Cas9 endonuclease 

and a corresponding guide RNA (gRNA). The Cas9 endonuclease is originally part of the immune 

system that defends against phage infection in certain bacteria, and it can create a blunt-end double-

stranded DNA break under the gRNA guidance. Since the CRISPR/Cas9 system was first 

optimized and tested in mammalian cells, it has been a widely-used toolkit for targeted genome 

mutagenesis, including frameshift mutation, gene insertion and alteration [9]. Compared with other 

gene manipulation techniques, such as RNA interference (RNAi) [10], the CRISPR/Cas9 system 

enables more precise gene targeting with fewer undesirable off-targeting effects [11]. For example, 

recent studies using CRISPR/Cas9 technology to revalidate the potential oncogene target, maternal 

embryonic leucine zipper kinase (MELK), verified that MELK was not necessary for breast cancer 

cell fitness [12] and found that the efficacy of MELK antagonist or RNAi used in clinical trials 
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and the preclinical pipeline was from an off-targeting mechanism [13]. Although CRISPR/Cas9 is 

a more viable strategy for gene targeting, due to Cas9 endonucleaseôs size (particularly 

Streptococcus pyogenes Cas9), delivery of its elements is a main barrier hindering the translation 

of this technology. Currently, this relies mainly on viral transduction, especially using lentivirus 

[14], but the undesired integrations mediated by virus may lead to a safety concern [15]. Besides, 

while being efficient, virus-based Cas9 transduction also induces strong off-targeting activity, 

which can be attributed to the high and sustained expression of Cas9 enzyme [16]. In contrast, 

non-viral delivery of CRISPR/Cas9 components offers a safer alternative, but the delivery 

efficiency is a major issue. The commercially-available liposomal carrier could only give very 

limited efficiency even on the easy-to-transfect cell lines, and notably, when delivering Cas9 

plasmid, this carrier showed similar sustained Cas9 expression profile on the transfected cells, 

thereby also inducing significant off-targeting activity [17]. As shown in Figure 2, a better 

delivery strategy tackling the efficiency and specificity of CRISPR/Cas9 is an unmet need for 

therapeutic gene editing.  

 

Figure 2. The Cas9 expression profile when delivered by viral transduction and lipofection. 
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On the other hand, as aforementioned, cancers are highly heterogenous and often develop from 

endogenous mutations, which may make the direct gene targeting relatively difficult because of 

the heterogeneity between patients and stages. Targeting a protein marker may be another viable 

strategy. Although antibody is the most common ligand used for this application, and some have 

been approved by FDA [18, 19], its intrinsic properties limit the delivery efficiency and lower the 

specificity. The large size (molecular weight ~150 kD) impedes antibodyôs penetration and uptake 

[20], and its Fc domain may reduce the specificity by interacting with other Fc receptor-presenting 

cells in bloodstream [21, 22]. Aptamer is an engineered nucleic acid that holds targeting capability 

similar to antibody without the aforementioned drawbacks because of its smaller molecular weight 

(3 to 60 kD) and lack of Fc domain [23]. Aptamer-targeting strategy may be therefore more 

suitable for delivery to target cancers. Recent studies showed that aptamer-functionalized 

nanomedicine systems could enhance tumor penetration ability [24, 25], and, when with the 

optimal density on nanoparticle surface, the delivery efficiency could be enhanced from 0.5 to 2.0 

% [25]. However, this improvement on delivery efficiency may be not enough for effective cancer 

therapy. To date, the aptamer selection method, known as systematic evolution of ligands by 

exponential enrichment (SELEX), typically generates specific aptamer with a dissociation 

constant (KD), ranging from sub micro- to nano-molar [26], which is 10- to 10,000-fold worse than 

antibodyôs typical affinity. Therefore, given better affinity, aptamer-based targeted delivery 

systems might have better tumor penetration capability.  

However, for solid tumor, due to the rapid proliferation, the vessel architecture in the tumor is 

usually disorganized and immature. Also, with poor blood support, a population of cancer cells is 

under a hypoxia microenvironment, and the lack of functional lymphatics further leads to a high 

interstitial fluid pressure in the microenvironment. These cause poor convention and exacerbate 
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the efficiency of drug delivery [27]. Even with the development of nanomedicine, the overall 

delivery efficiency has not improved much. A recent survey, analyzing the cancer nanomedicine 

systems in the past 10 years, revealed that only 0.7 % of administrated nanoparticles could reach 

and penetrate into tumor, indicating that most of the designs were low efficient and with limited 

specificity [28]. Under this condition with an assumption of a 20 % chemodrug loading efficiency, 

the required amount of nanoparticle for treating a cancer patient would be 2.4 to 6.7×1014, which 

is impractical for cancer therapeutics. Strategies to significantly improve the therapeutic efficacy 

by enhancing specificity as well as the delivery efficiency are clearly needed. 

Cell-based delivery is an emerging strategy for active tumor cell recognition. A certain class 

of stem cells, particularly mesenchymal stem cell (MSC), holds tumor tissue-tropic ability. 

Because of highly expressed C-X-C chemokine receptor type 4 (CXCR4) on its cell surface, MSC 

is known to migrate towards tumor by tracing the C-X-C motif chemokine-12 (CXCL-12) gradient 

created by the cancer cells [29]. Using this property, MSC has been used to deliver cytotoxic 

proteins or zymogens for cancer therapy via genetic modification of MSC [30]. However, this 

MSC-based delivery is limited to protein drugs. For other types of drugs, another engineering 

would be needed to couple with MSC. For instance, we previously introduced chemodrug-loaded, 

micron-sized graphene oxide flakes (GO) for MSC coupling and found that MSC/GO-chemodrug 

complex could still specifically migrate and kill the cancer cells [31]. Furthermore, as we reviewed 

previously, other engineering approaches have been reported for therapeutic payload loading [30]. 

In light of these results, MSC may be able to further enhance the delivery efficiency in vivo, when 

associated with nanoparticles.  
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1.2. Objective and Specific Aims 

The overall objective of this study is to explore effective strategies to enhance the delivery 

efficiency of nanomedicine system at the gene-, protein and tissue- levels. Three major approaches 

are designed to genetically disrupting an oncogene, to enhance aptamer ligandôs affinity, and to 

actively target tumor (Figure 3). To achieve the goals, three specific aims are proposed to: 

(1) Design a non-viral CRISPR/Cas9 system for effective oncogene mutagenesis 

(2) Design screening methods to improve aptamer ligandôs affinity  

(3) Design an active delivery platform for combinational delivery to tumor  

Approaches to treat cancer in clinical trials and preclinical pipeline are mainly 

chemotherapeutic drugs that target and kill the cancer cells directly. These may be inefficient and 

also toxic to normal cells. Rather we propose to gene-, protein- and cell- specifically recognize the 

cancer cells with superior delivery efficiency. The proposed novel nanotherapeutics may improve 

the outcome of cancer therapy that remains largely intractable.  

 

Figure 3. The proposed targeting strategies in this study 
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1.3. Research Strategies and Rationales 

This study integrates three platform technologies and aims to resolve the issues that 

conventional cancer therapy holds ïlow specificity and unsatisfactory delivery efficiency. In order 

to achieve this goal, each specific aim is designed to strategize: 

 

Specific Aim 1: Design a non-viral CRISPR/Cas9 system for effective oncogene mutagenesis 

Limited delivery efficiency and sustained protein expression are the two major issues that the 

current CRISPR/Cas9 delivery systems have, leading to low editing efficacy as well as significant 

off-targeting activity (Figure 2). To tackle these two obstacles, we designed a non-viral delivery 

system to enable effective Cas9 transfection and more transient expression, so that we could 

maximize the editing efficacy and minimize Cas9ôs off-targeting activity as well (Figure 4).  

 

Figure 4. The proposed non-viral delivery strategy for effective transfection and transient Cas9 

expression. 
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A polycation with a high charge density is typically used for gene transfection to have better 

plasmid protection and to have higher transgene expression [32]. We hypothesized that using a 

carrier with a lower charge density may be more beneficial for Cas9 plasmid delivery instead, as 

it may give a faster release and could shorten the half-life of the Cas9 plasmid on the transfected 

cells. We therefore designed a self-assembled micelle, composed of quaternary ammonium-

terminated poly(propylene oxide) (PPO-NMe3) and amphiphilic Pluronic F127, for CRISPR/Cas9 

delivery. We tested this carrier with on an HPV model to target HPV18-E7 oncogene. HPV E7 is 

a virus-derived oncoprotein known to degrade retinoblastoma protein (Rb) via the ubiquitin-

proteasome pathway and leads to aberrant cell proliferation [33]. This may be a suitable target to 

demonstrate Cas9-based cancer therapy, because only HPV-infected or cervical cancer cellôs 

genome is integrated with this viral sequence. The side effect of this gene editing could be therefore 

minimized. 

 

Specific Aim 2: Design screening methods to improve aptamer ligandôs affinity 

Currently, there are more than 900 aptamers generated by SELEX for different applications 

[23]. To generate a specific aptamer, a nucleic acid library composed of random sequences plus 

two primer binding regions is applied [34, 35]; yet, the generated aptamer comprises both the 

protein-binding motif and some redundant sequences. When applied to the systemic circulation, 

these redundant sequence may affect its affinity and specificity [36]. As a result, a strategy to 

prefect the aptamerôs affinity by sequence optimization would be necessary. Although some works 

demonstrated the sequence optimization through simple truncations [37], there is a lack of a 

systematic way for aptamer sequence deconvolution to identify its functional motif. DNA 
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microarray is a mature technique for gene expression measurement, and we have previously used 

that to develop an aptamer-based protein sensor [38]. Its high-content feature would allow us to 

optimize aptamerôs sequence and find the functional motif.   

In addition, multivalent construction of aptamer may be the strategy that could significantly 

improve aptamerôs affinity, but none of the current methods are able to directly generate bivalent 

or multivalent aptamers that recognize different target epitopes. A screening approach is therefore 

needed. We previously developed an aptameric QD beacon, which detected the protein based on 

DNA intercalating dye dissociation during the process that aptamer underwent a conformational 

change in the presence of its target [39]. During the development of this beacon system, we 

observed that the non-specific interaction between QD and DNA intercalating dye itself could lead 

to a FRET effect, properly due to the dye aggregation on QD surface. In other words, QD and the 

intercalating dye could act as a FRET pair. Inspired by this, we designed another beacon system 

constructed by two aptamers recognizing different epitopes on the protein target, which enabled a 

rapid, signal-on screening for bivalent aptamers.         

 

Specific Aim 3: Design an active delivery platform for combinational delivery to tumor 

Although the delivery efficiency of nanoparticle could be enhanced by ligand functionalization, 

the improvement is not enough to realize the targeted therapy in human [28]. Based on otherôs and 

our in vitro findings, MSC could actively trace the cancer cells and thus enhanced the delivery 

efficiency [30, 31]. We employed this idea to couple MSC with targeted nanoparticle. Also, 

learning from our previous work that the 3D spheroid formation could upregulate some certain 

proteins of the cultured cells, compared with normal 2D culture [40], we designed a 
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MSC/nanoparticle hybrid spheroid for this application. To maximize the therapeutic efficacy, we 

loaded a chemodrug, mitoxantrone (MTX), in the nanoparticle and genetically modified MSC to 

secrete a cytotoxic protein, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). And 

we tested this concept and its delivery as well as therapeutics on a glioblastoma-xenografted mouse 

model.  
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Chapter 2 Non-viral CRISPR/Cas9 System for Effective Oncogene Mutagenesis 

Portions of this section are included in the following published papers and conference proceedings: 

1. Y.-H. Lao*, M. Li*, M.A. Gao, D. Huang, S. Chakraborty, T.-C. Ho, W. Jiang, H.-X. 

Wang, K.W. Leong, Advanced Science, 2018, 5, 1700540. 

2. R.L. Mintz* , Y.-H. Lao* , C.-W. Chi, M. Li, C.H. Quek., D. Shao, B. Chen., J. Han, S. 

Wang, K.W. Leong, Bioengineering & Translational Medicine, 2019, under review. 

(*contributed equally) 

 

2.1. Introduction  

Gene mutations and allele variations usually contribute to disease heterogeneity, which may 

result in treatment failure; thus, precision medicine based therapeutic approaches have 

increasingly attracted attention, especially since the CRISPR/Cas9 system was reported [8, 9]. The 

CRISPR/Cas9 system allows targeted genome editing, including frameshift knockout, gene 

insertion, and alteration, under the guidance of a specific gRNA. Since the first system engineered 

from Streptococcus pyogenes Cas9 endonuclease [41], many Cas9 variants (e.g., Staphylococcus 

aureus Cas9 [42]), analogues (e.g., CRISPR/Cpf1 [43] and FEN 1/FokI fused endonuclease [44]) 

have emerged. To date, delivery of these gene editing systems relies mainly on viral vectors or 

electroporation [14]. While being efficient, these methods hold drawbacks that may hinder clinical 

translation. Viral transduction may introduce random insertions as well as immunogenicity and 

toxicity [15, 45], while electroporation may cause high cell death rates and is not applicable for 

systemic delivery [46]. Nonviral delivery offers an alternative. Yet, nonviral delivery of these 

systems remains a challenge, especially for the plasmid based CRISPR/Cas9 system. A recently 

published work reports that the commercially available liposomal carrier shows limited 

efficiencies in several cell lines with the Cas9 plasmid [17]. In addition, this widely used carrier 

demonstrates significantly low gene targeting specificity with the plasmid based CRISPR/Cas9 



 

12 

 

system, which is 1.6 fold to 20 fold lower than the specificity with mRNA based and protein

based systems. Therefore, although more studies on nonviral delivery of the CRISPR/Cas9 system 

have been published recently, they were mostly based on mRNA based and protein based systems 

and did not address the aforementioned issues on Cas9 plasmid delivery [47-50]. 

 

Conventional thinking of a nonviral carrier design for plasmid delivery is to have a polycation 

with a high charge density, so that the carrier can prevent the plasmid from degradation in order 

to achieve higher transgene expression [32]. However, this may have a negative effect on plasmid

based CRISPR/Cas9 delivery because of the relatively large size of Cas9 plasmid. Moreover, a 

sustained Cas9 expression could also lead to undesired off targeting [17]. Herein, hypothesizing 

that a carrier with a lower charge density may be a better choice for Cas9 plasmid delivery, we 

designed a self assembled micelle, composed of PPO NMe3 and amphiphilic Pluronic F127, 

optimized for delivering the plasmid based gene editing and manipulation systems (Figure 5A). 

The composition of the micelle was optimized and tested on a human papillomavirus (HPV) model 

to target HPV18E7 oncogene. HPV E7 is a well known oncoprotein that inhibits retinoblastoma 

protein (Rb) via the ubiquitin proteasome pathway and leads to aberrant cell proliferation [33]. In 

conjunction with an all in one Cas9 construct (termed pCas9), encoding Cas9 green fluorescent 

protein (GFP) and gRNA against HPV18E7, the optimized micelle efficiently disrupted the E7 

oncogene in HeLa cell's genome, thereby inhibiting the downstream cancerous activity both in 

vitro and in vivo. Furthermore, we evaluated the delivery potential of our micellar carrier with 

Natronobacterium gregoryi Argonaute (NgAgo). NgAgo was first reported as a gene editing 

enzyme [51]. We initially sought to benchmark these two different gene editing systems using the 

same, optimized nonviral carrier. Unfortunately, we observed the same irreproducibility of the 
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NgAgo system in gene editing as reported by several other groups [52-56]. Learning that NgAgo 

may interfere with RNA rather than double stranded DNA (dsDNA) in a cell free assay [57], we 

subsequently evaluated the gene silencing potential of the NgAgo system on the same HPV model 

with the F127/PPO NMe3 micelle. 

 

 

2.2 Methods and Materials 

Chemicals. Poly(propylene oxide) bis(2 aminopropyl ether) (PPO NH2, average Mn 4000), 

Pluronic copolymer F127, PEI, and methanol were purchased from Sigma Aldrich (St Louis, MO) 

and used without further purification. Dichloromethane, iodomethane, potassium carbonate, and 

3 (4,5 dimethyl thiazol 2 yl) 2,5 diphenyl tetrazolium bromide (MTT) were obtained from Alfa 

Aesar (Tewksbury, MA). 

 

Synthesis of PPO NMe3. PPO NMe3 was synthesized through the quaternization of PPO NH2 

(Figure 5B). PPO NH2 (2.0 g, 0.5 mmol) was first dissolved in dichloromethane/methanol (3/1, 

v/v) and then potassium carbonate (1.378 g, 1.0 mmol) was gently added. The mixture was mixed 

at room temperature (RT) for 30 min, followed by an addition of iodomethane (9.35 mL, 150 

mmol). The resulting mixture was further heated at reflux for 48 h under a dry nitrogen atmosphere. 

After cooling to RT, the mixture was filtered, and the solvents were removed by rotary evaporation. 

The given oily product was further purified by dialysis against 0.5% NaCl solution (48 h) and 

distilled water (72 h). The final product was obtained in the form of an oily liquid after 

lyophilization of the dialyzed solution. 1H NMR spectrum of the product was recorded on Bruker 
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AV 400 NMR spectrometer (Billerica, MA) in DMSOd6, with tetramethylsilane as the internal 

standard. 

 

Preparation of F127/PPO NMe3 micelle. F127 and the plasmids were mixed in a desired w/w ratio 

by gentle vortexing. After 5 min incubation at RT, PPO NMe3 was added, and the mixture was 

vortexed again, followed by a transfection process or other characterizations. 

 

Size and zeta potential measurements. Particle size and zeta potential were measured using 

ZetaSizer NanoZS 90 (Malvern Instruments, Southborough, MA), with a fixed pCas9 (w/o gRNA) 

concentration at 1 µg mLī1. For size measurement, the scattering angle was fixed at 90°. To 

evaluate the stability of the complexes in Opti MEM (Thermo Fisher, Waltham, MA), size 

measurements were conducted at 30 min intervals over a 4 h period. Zeta potential measurements 

were performed using a capillary flow cells in water. 

 

All inone pCas9 construct preparation. The all in one pCas9 constructs were established by 

following the previously published protocol [58] without a significant revision. The gRNA

encoding dsDNAs for cloning were synthesized by IDT (Coralville, IA). The cloned plasmids were 

transformed into One Shot Stbl2 competent cells (Thermo Fisher) and then purified using 

NucleoBond Xtra Midi Plus EF kit (Clontech, Mountain View, CA). The gRNA sequences were 

verified by Eton Bioscience (Union, NJ) with the LKO 1 5ô primer. 

 

Cell culture, cytotoxicity, and transfection. HeLa cells were maintained in the complete medium, 

composed of DMEM (Thermo Fisher, Waltham, MA) with 10% FBS (Atlanta Biologicals, 
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Flowery Branch, GA), 100 U mLī1 of penicillinïstreptomycin (Thermo Fisher), and 1 × MEM 

Non Essential Amino Acids (Thermo Fisher), at 37 °C in a humidified atmosphere containing 5% 

CO2. 

 

The cytotoxicity of F127/PPO NMe3/pCas9 complexes was evaluated by MTT assay against 

HeLa cells. Briefly, HeLa cells were first seeded in a 96 well plate (2 Ĭ 104 cells per well) for 24 

h. The culture medium was replaced with Opti MEM containing F127/PPO NMe3/pCas9 

complexes, followed by changing the medium back to complete medium after 4 h. After another 

24 h incubation, the cells were subjected to the MTT assay. The absorbance of the solution was 

measured with BMG Lab tech FLUOStar Optima microplate reader (Germany) at 570 nm. 

 

For transfection, the cells were seeded in a 24 well plate (7.5 Ĭ 104 cells per well) one day 

prior to the transfection. The transfection was carried out in Opti MEM. After 4 h incubation, the 

Opti MEM was replaced by the complete medium for further culture. The transfection efficiency 

was determined using BD LSR Fortessa flow cytometer (San Jose, CA). In general, the transfected 

cells were harvested in complete media, and Cas9 GFP+ cells were gated based on the florescence 

intensity on the FITC channel of the flow cytometer. The results were analyzed by FlowJo 7.6.1 

(FlowJo, LLC, Ashland, OR). 

 

Confocal laser scanning microscopy (CLSM) measurement. HeLa cells were transfected in a 24

well plate by following the transfection protocol as aforementioned. At 24 h post transfection, 

cells were washed three times with phosphate buffered saline (PBS) and fixed with 4% 

formaldehyde. Then, the cells were counterstained with 4ô,6 diamidino 2 phenylindole (DAPI) 
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and Alexa Fluor 647 labeled phalloidin (Thermo Fisher) for nucleus and actin staining, 

respectively, following the manufacturer's instructions, and then visualized under the laser 

scanning confocal microscope (ZEISS LSM 800, Germany). 

 

Downstream proteasome assay. HeLa cells were seeded and transfected in a 96 well plate first. 

After 72 h of incubation, the cells were subjected to proteasome and MTT assays. For the 

proteasome assay, the cells were washed once with PBS and then incubated with 1 × proteasome 

assay buffer containing the proteasome substrates (Sigma Aldrich) at 37 ÁC for 2 h. After 

incubation, the supernatant was transferred to a 96 well opaque plate, and the fluorescence was 

detected using BMG Biotech FLUOstar OPTIMA microplate reader with a 490 nm band pass 

excitation and 520 nm band pass emission filters. Data were normalized to the fluorescence 

intensity of the group treated only with Cas9 plasmid. 

 

Gene disruption validation. To validate the gene disruption, the transfected HeLa cells were sorted 

with the GFP marker. At 24 h post transfection, the cells were harvested in Opti MEM with a 

concentration of ~2 × 107 cells mLī1. In addition, DNase I (10 U per sample; Thermo Fisher) was 

added to prevent cell aggregation. Samples were then filtered and sorted using BD Influx Cell 

Sorter under the assistance of the staff in the Flow Cytometry Core Facility, Columbia Center for 

Translational Immunology (CCTI). GFP+ cells were collected in a 96 well plate (1.5 Ĭ 104 cells 

per well) in complete media for further culture and validation. 

 

The sorted cells were harvested and lysed using Clontech Guide it Mutation Detection kit. The 

Cas9 targeting locus was amplified using 2 step PCR (98 ÁC for 10 s and 68 ÁC for 1 min) with 
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Clontech Terra Polymerase (1.25 U per sample) and 0.3 × 10ī6 M of the primers for 35 cycles. 

After amplification, PCR amplicon was purified with NucleoSpin Gel and PCR Clean up column 

(Clontech). DNA concentration was determined by UVïVIS. 

 

For the T7 endonuclease I assay, 200 ng of the PCR product was reannealed in 1 × NEB buffer 

2 (New England Biolabs, Ipswich, MA) to form mismatched heteroduplexes via a temperature 

gradient process. The reannealed sample was subsequently incubated with 10 U of T7 

endonuclease I (New England Biolabs) for 15 min at 37 °C. Then, HPV oncogene disruption was 

verified on an ethidium bromide prestained 2% TAE agarose gel. 

 

For mutation identification, the PCR product was cloned into a pUC19 vector (Clontech) and 

transformed to the Clontech Stellar competent cells by following manufacturer's protocol. After 

overnight culture of the transformed bacteria, the clone was picked up and directly amplified using 

the same 2 step PCR for 30 cycles. The PCR product was verified using gel electrophoresis and 

sequenced by Eton Bioscience with the primer pUC19_SEQ_F. 

 

HPV E7 gene knockdown with micelledelivered NgAgo. NgAgo was first delivered to HeLa cell 

with the optimized micelle or Lipofectamine. At 24 h post pNgAgo transfection, the cells were 

transfected with the corresponding gDNAs using the same transfection protocol. After another 48 

h incubation, the cells were lysed with Trizol reagent (Thermo Fisher), and the total mRNAs were 

extracted using Zymo Research Direct zol MiniPrep Plus kit (Irvine, CA) with DNase I treatment. 

The total mRNAs were quantitated by UVïVIS and converted to cDNA using Bio Rad iScript 

cDNA synthesis kit (Hercules, CA). 
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To quantify the HPV18E7 gene expression level, the cDNA product was amplified and 

monitored real time on a Thermo Fisher StepOne Plus PCR machine. Each reaction mix contained 

20 ng of the cDNA products, 0.25 × 10ī6 M of primers, 1 Ĭ Bio Rad SsoAdvanced Universal 

SYBR Green reagent. The reaction was carried out under a thermal cycling process (98 °C for 10 

s, 60 ÁC for 60 s) with an initial heat activation step (98 ÁC for 30 s). To calculate the knockdown 

efficiency, the HPV18E7 gene expression level was obtained by normalization to the internal 

glyceraldehyde 3 phosphate dehydrogenase (GADPH) control, and the result was then normalized 

to that of the group treated with only NgAgo without gDNA. 

 

In vivo transfection and antitumor effect validation. All the animal studies were performed 

following the protocol approved by the Institutional Animal Care and Use Committee of Columbia 

University. Female nude (nu/nu) mice in the 4ï6 week age range were purchased from Charles 

River (Wilmington, MA). To establish the xenograft model, each mouse was subcutaneously 

injected with HeLa cells suspended in PBS. For Cas9 validation, when the tumor size reached 

~100 mm3, PBS (n = 5), carrier (F127/PPO NMe3 micelle w/o plasmid; n = 5), or pCas9 loaded 

micelle (w/o gRNA, with gRNA E71 or E72; n = 6 for each group) was administered 

intratumorally with a dosage equivalent to 5 µg of the plasmid every four days for a month. Tumor 

volume and body weight of each mouse were recorded every two days. The tumor volume was 

calculated based on the length of its long and short axes: volume = 1/2 × long axis length × (short 

axis length)2. 
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After the treatment, the mice were sacrificed, and tumors were extracted. A portion of the 

tumor tissue (~25 mg) was directly digested in Zymo Research Solid Tissue Buffer supplemented 

with protease K (1 mg mLī1) at 55 °C for overnight, and the genomic DNAs were then extracted 

using Zymo Research Quick DNA Miniprep Plus kit. Using the same protocol for in vitro mutation 

identification, the target HPV18E7 locus was subsequently amplified, and the Cas9 induced 

mutations were detected by Sanger sequencing. On the other hand, the rest of tumor tissue and the 

major organs (lung, heart, liver, spleen, kidney) were fixed in 4% paraformaldehyde for 24 h and 

dehydrated in 70% ethanol. The tissues were processed by the Molecular Pathology Core of 

Herbert Irving Comprehensive Cancer Center at Columbia Medical Center for H&E, HPV18 E7, 

and Rb staining. 

 

The NgAgo validation was carried out with the same subcutaneous xenograft setting. When 

the tumor reached ~100 mm3, the treatment course was given every 4 d for a month. For each 

course, all the mice were administered intratumorally with pNgAgoïEGFP loaded micelle first, 

and two days later, PBS, gDNA E71, or E72 was given using the optimized micelle through the 

same local route (n = 5 for each group). Each injection contains either pNgAgoïEGFP or gDNA 

with an equivalent amount of 5 µg. After the treatment, part of the tumor tissue was extracted, and 

the total RNAs were obtained via direct tissue homogenization in TRIzol reagent. The RNAs were 

further purified and quantitated with the aforementioned protocol. Similar to Cas9 validation, the 

rest of the tumor tissues and major organs were also fixed and processed for histochemical and 

immunohistochemical staining. 
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2.3 Results 

Micellar carrier design and optimization. To condense the plasmids for gene manipulation, we 

chose a linear, low charge density PPO as it matches the hydrophobic part of Pluronic family. We 

first introduced quaternary ammonium to the terminus of PPO NH2, as quaternary ammonium 

possesses stronger nucleic acid binding affinity [59-61] without increasing the charge density 

(Figure 5). The modified product, quaternary ammonium terminated PPO (PPO NMe3), was 

confirmed with 1H NMR (Figure 5; the peak b of PPO NMe3 shifted downfield because of the 

solvent difference between PPO NH2 and PPO NMe3 samples; PPO NH2 was dissolved in CDCl3, 

while PPO NMe3 was dissolved in dimethyl sulfoxided6 (DMSOd6) along with a more positive 

zeta potential (Figure 5). To boost transfection efficiency and enhance the stability, we added the 

FDA approved F127 because of the similar molecular weights between its hydrophobic PPO 

segment and the PPO NMe3 (Mn = 4000), as well as its biocompatibility and extensive application 

in medicine, particularly drug delivery in vivo [62, 63]. 
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Figure 5. Design and optimization of the proposed micellar system for gene manipulation. (A) 

HPV oncogene manipulation with the micelle proposed in this study. (B) Synthesis, (C) 1H NMR, 

and (D) zeta potential characterization of PPO NMe3. Data are represented as average ± standard 

error of mean (SEM; n = 3). Two tailed Student's t test was used for p value calculation. The 

significant level is represented as ᶻᶻᶻ (p < 0.001). (E) Influence of DNA condensation and F127 

blending ratios on micelle's Cas9 transfection efficiency. 

 

 

The mixing of PPO NMe3, F127, and the plasmid produced micelles formulated through the 

hydrophobic and electrostatic self assembly of the three components. The DNA condensation ratio 

(PPO NMe3/plasmid) and the F127 blending ratio (F127/PPO NMe3) were important factors 

determining the transfection efficiency. We systematically screened these two factors and checked 

their influence on the micellesô size, polydispersity (PDI), and zeta potential. We compared the 
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transfection efficiency of Cas9 GFP plasmid (w/o gRNA) in HPV18+ HeLa cells with that of 

branched polyethylenimine (PEI; 25 kD) and Lipofectamine 2000. 

 

When the DNA condensation ratio was at 10 (w/w), the complex without F127 was smaller 

than 200 nm in reduced serum medium (Opti MEM) because of its negatively charged surface 

(Figure 6), but this yielded a limited Cas9 transfection efficiency (Figure 7A). By contrast, when 

the DNA condensation ratio was over 20, PPO NMe3/pCas9 became a positively charged complex, 

and F127 conferred colloidal stability to the nanocomplex (Figure 6). This can be explained by 

the polyethylene glycol (PEG) corona that imparts colloidal stability and reduces nonspecific 

protein adsorption [64]. 
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Figure 6. Optimization of micelle formulation. (A) Zeta potential, (B) size and (C) PDIs of the 

F127/PPO-NMe3/pCas9 micelle in different compositions. Data are presented as average ± SEM 

(n = 4). 

 

Increasing the F127 blending ratio did not significantly reduce the size of the complex or 

change its zeta potential. However, reduced transfection efficiency was observed (Figure 5), likely 

attributed to the undesired blocking effect of the PEG corona on endocytosis [65, 66]. When the 

F127 blending ratio was kept at 1 while the DNA condensation ratio was increased to over 30, the 
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micelle was able to transfect HeLa cells with an efficiency of 101.7 to 238.3%, and 60.9 to 121.7%, 

compared with the optimized formulation of PEI and Lipofectamine 2000, respectively (Figure 

5E and Figure 7A). Whereas the transfection efficiency of the micelle plateaued at the DNA 

condensation ratio of 50, its cytotoxicity also increased. As a result, we chose the ratios of 40 for 

DNA condensation and 1 for F127 blending for the subsequent experiments. Under this condition, 

the micelle was able to transfect 30.3 Ñ 2.93% of the HeLa cells with pCas9 GFP (24 h post

transfection; data obtained from three independent experiments), and was less toxic than PEI, with 

16.5 ± 4.21% versus 72.7 ± 0.28% cell death at the same polymer dose ([cationic polymer] = 40 

µg mLī1; Figure 7B). The micelle was stable in Opti MEM as well as in the complete medium 

with 10% fetal bovine serum (FBS) (Figures 7C and 7D) and could prevent the Cas9 plasmid 

from enzymatic degradation under the physiological DNase I condition (Figure 8).  

 

Cas9 delivery using F127/PPO NMe3/pCas9 micelle. The cellular uptake and protein expression 

profiles of the optimized micellar formulation (F127/PPO NMe3/pCas9 = 40/40/1, w/w/w) were 

then examined to characterize the nanocomplex internalization and Cas9 turnover rate. To study 

the cellular uptake, a similar Cas9 construct without a GFP tag (Addgene #62934) was used. We 

first stained it with TOTO3 using our previously established DNA staining protocol [23] and 

formed the micelle with fluorescein isothiocyanate (FITC) labeled F127. After 4 h incubation at 

37 ÁC, the HeLa cells efficiently internalized the micelles, and the TOTO3 labeled plasmid could 

be observed in both the cytoplasm and nucleus (Figure 9A). Furthermore, the uptake was 

quantitated using fluorescence activated cell sorting (FACS). While naked Cas9 plasmid showed 

negligible endocytosis, the micelle delivered the Cas9 plasmid to 91.0 ± 6.61% of the cells after 4 

h incubation (Figure 9B and 9C).  
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Figure 7. Characterization of the optimized micelle. (A) Relative Cas9 transfection efficiencies of 

PEI in different polymer/pCas9 ratios. The transfection efficiency was determined using FACS 

based on the GFP signal. Relative efficiency was calculated via normalization to the efficiency of 

PEI with the polymer/pCas9 ratio of 10/1. Data are presented as average ± SEM (n = 5). (B) In 

vitro cytotoxicity of PEI/pCas9, PPO-NMe3/pCas9 and F127/PPO-NMe3/pCas9 in HeLa cells. 

Cytotoxicity was determined by MTT assay. Data are presented as average ± SEM (n = 3). (C) 

Stability of PEI/pCas9 and F127/PPO-NMe3/pCas9 micelle in Opti-MEM. (D) Stability of 

F127/PPO-NMe3/pCas9 micelle in complete medium (with 10% FBS). Data are presented as 

average ± SEM (n = 4).  

 

 

Figure 8. Enzymatic degradation evaluation for the pCas9-encapsulated micelle. The naked pCas9 

plasmid or pCas9-encapsulated micelle was incubated with DNase I under the physiological 

condition for 0, 2, 4, 8 or 24 h. Afterwards, DNase I was inactivated, and the samples were further 

incubated with heparin at 37oC. The plasmid and its degraded products were visualized on a 1.5% 

TAE-agarose gel stained with ethidium bromide. 



 

26 

 

 

Figure 9. Cellular uptake of pCas9-encapsulated micelle. (A) Fluorescent images of the HeLa 

cells treated with FITC-F127/PPO-NMe3/TOTO3-pCas9 micelle for 4 h.  Scale bar represents 100 

mm. (B) Total plasmid-accessible cell % and (C) micelle-mediated plasmid-accessible cell %, 

quantified using FACS. For the cellular uptake study, cells were seeded in a 24-well plate one day 

prior to transfection. The Cas9 plasmid (Addgene #62934) was first stained with TOTO3 under a 

base-pair/dye molar ratio of 10/1 and complexed with PPO-NMe3 and FITC-F127. Cells were 

treated with the micelle for 4 h in Opti-MEM and then either fixed for microscope measurement 

or harvested for FACS analysis. Cellular uptake rate (TOTO3+% and FITC+ TOTO3+ %) are 

presented as average ± SEM (n = 3). 

 

 

Next, we measured the Cas9 GFP protein expression profile using FACS. As shown in Figure 

10A, 22.5 Ñ 3.05% of HeLa cells started expressing Cas9 GFP at 4 h post transfection. To quantify 

the Cas9 expression level, we normalized the mean fluorescent intensity of the GFP+ cells at each 

time point to that at 4 h. The Cas9 expression peaked at 24 h with 32.1% transfection efficiency 

(Figures 10A and 10B). Unlike our observation, previous work has shown that Cas9 was 

cumulatively expressed in HEK293T cells when using the plasmid loaded liposomal carrier. This 

suggests that this micellar approach may have lower off target effects on CRISPR/Cas9 editing 
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due to its faster turnover rate. We also measured the protein colocalization by confocal microscopy. 

Similar to the cellular uptake result, Cas9 GFP protein was found in the cytoplasm and also 

colocalized in the nucleus because of the nuclear localization signal (NLS) (Figure 10C). 

Furthermore, compared with Lipofectamine treated cells, more micelle treated cells were Cas9

GFP positive at 24 h post transfection, showing the micelle's superior transfection efficiency 

(Figure 10C). 

 

 

Figure 10. Cas9 transfection using optimized F127/PPO NMe3/pCas9 (40/40/1) micelle. (A) 

Transgene expression kinetics in HeLa cells. (B) Relative Cas9 expression level in transfected 

HeLa cells (data normalized to the Cas9 GFP fluorescent intensity at 4 h post transfection). Data 

are represented as average ± SEM (n = 3). (C) CLSM images of HeLa cells incubated with 

F127/PPO NMe3/pCas9 micelle or pCas9 loaded Lipofectamine for 24 h. 

 

 

 

HPV oncogene disruption using F127/PPO NMe3/pCas9 micelle. To target HPV18E7 oncogene, 

we built the all in one pCas9 construct, encoding both Cas9 GFP gene and a specific gRNA. 

Briefly, we followed the method published by Ran et al., [58] and used their pSpCas9(BB) 2A
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GFP plasmid to clone three different types of gRNAs: two targeting HPV18E7 oncogene (gRNAs 

E71 and E72) and one control (Figure 11A). Although a nucleotide mismatch was designed at the 

5ô end of gRNA E71's targeting region, due to gRNA E71's need for transcription with the human 

U6 promoter, it should not affect the Cas9 recognition ability as previously reported [67].  The 

cloned sequences of these gRNAs, as well as the plasmid backbone, were verified by Sanger 

sequencing technique (Figures 11A and 12). 

 

To evaluate the potential of our micelle for therapeutic applications, we chose to target HPV18 

E7 oncogene as a therapeutic model. HPV E7 is known to promote aberrant cell proliferation and 

therefore HPV pathogenesis. In cancerous transformations, E7 protein directly binds to Rb tumor 

suppressor, resulting in Rb degradation. Hypothesizing that disruption of the E7 oncogene salvages 

Rb expression and hence inhibits cancer cell proliferation, we designed two gRNAs targeting the 

E7 locus. In HPV infected cells, HPV E7 regulates Rb protein via the ubiquitin proteasome 

pathway. Ubiquitination directly activates proteasome 26S and induces protein degradation. 

Additionally, E7 boosts the proteasome's enzymatic activity through interaction with the S4 

ATPase subunit domain on proteasome 26S. Thus, we first tested if our nonviral approach on E7 

oncogene disruption could inhibit the proteasome activity. At 72 h post transfection, we found the 

proteasome activity reduced by 31.9% and 25.7% on the cells treated with gRNAs E71 and E72, 

respectively (Figure 11B). As Rb is a tumor suppressor, rescuing Rb expression levels could result 

in inhibition of cell proliferation. As presented in Figure 11C, both the groups treated with gRNAs 

E71 and E72 grew significantly slower, reaching 68.1% and 73.1% cell viability of the Cas9 

control. 
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We next investigated the mutation induced by our F127/PPO NMe3/pCas9 micelle. Following 

a published protocol [67], we sorted the live, GFP+ HeLa cells and then reseeded the cells on a 

96 well plate. We also introduced a gRNA control to prevent possible false positive results in the 

following experiments. The genomic DNA of each sample was extracted at 96 h post transfection. 

After amplification and purification, the polymerase chain reaction (PCR) products were 

reannealed, and mutations were detected with T7 endonuclease I. The expected PCR product was 

551 bp; after T7 endonuclease I digestion, the expected Cas9 induced cleaved products of the E71 

and E72 groups were 281 + 270 bp and 303 + 248 bp, respectively. As shown in Figure 11D, 

mutations were indeed detected in the cells treated with Cas9 and E7 targeting gRNAs, but not in 

either group with Cas9 only or Cas9 with the control gRNA. In addition, sequencing identified the 

mutation; 23 clones from the cells treated with Cas9 and E7 targeting gRNAs were analyzed. 

Among these, we observed 52.1% (12/23) and 34.8% (8/23) of the clones mutated in the E71 and 

E72 groups, respectively. Sequencing readings across the predicted double strand break site on the 

E71 group showed 2 clones (8.7%) with large deletions, 9 (39.1%) with single base insertions, 1 

(4.3%) with large insertion, and 11 (47.9%) wild type clones (Figures 11E and 13A). Similarly, 

for the E72 group, sequencing reads contained 1 site with single base deletion, 3 (13.1%) with 

large deletions, 2 with single base insertions, 2 with large insertions, and 15 (65.2%) wild type 

clones (Figures 11E and 13B). We also sequenced the cells treated only with Cas9 and found that 

all were wild type in the 10 identified clones (Figures 11E and 13C). These results confirmed 

again that our micelles could deliver pCas9 and precisely disrupt the HPV E7 oncogene. 

Furthermore, as Lipofectamine was more potent than PEI, we compared our approach with 

Lipofectamine side by side on T7EI assay and sequencing. On T7EI assay, we detected these 

products on both micelle transfected and Lipofectamine transfected HeLa cells with a comparable 
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efficiency (Figure 14A). Nevertheless, sequencing data showed that the proposed micelles 

induced more disruptions than the Lipofectamine induction on the transfected cells (34.8% vs 

26.1%; Figure 14B). 

 

On the other hand, as aforementioned, the Cas9 expression profile on the F127/PPO

NMe3/pCas9 micelle is more likely to be transient due to a faster turnover rate (Figure 10B). We 

hypothesized that our micellar carrier might therefore have a reduced off target effect and verified 

the possible off target sites on both gRNAs E71 and E72. Using Cas OFFinder, an off target 

prediction website [68], we also identified potential off target sites. With a parameter tolerant to 

2 bp mismatch, one potential off target site was identified on each gRNA (Figure 15A). However, 

as shown in Figure 11F, no significant editing occurred in these two groups. Moreover, we tested 

different potential off target sites directly identified by blasting our gRNA's 20 mer targeting 

region with the protospacer adjacent motif (PAM). Using the default setting on the NCBI BLAST 

website as the criteria, more potential off target sites were identified on gRNA E72, rather than 

gRNA E71. Since gRNA E72 had an increased possibility of recognizing a wrong position, we 

further evaluated the off targeting on its top 3 ranked predicted sites on chromosomes 2, 6, and 10 

(Figure 15B). Again, no detectable editing was observed on these three sites (Figure 11G). 
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Figure 11. HPV E7 disruption using F127/PPO NMe3/pCas9 micelle. (A) pCas9 construct design 

and gRNAs. (B) Proteasome activity of Cas9 transfected HeLa cells. Data are represented as 

average ± SEM (n = 3). (C) Cell viability of Cas9 transfected HeLa cells. Proteasome activity and 

cell viability were measured at 72 h post transfection. Data are represented as average Ñ SEM (n 

= 4). One way ANOVA with Dunnett's multiple comparison test was used for p value calculation. 

The significant level is represented as  z(p < 0.05); z  z(p < 0.01). (D) T7EI assay to verify E7 gene 

disruption. (E) Sequencing analysis of micelle transfected cells. T7EI assays to verify the off

targeting based on the prediction using (F) Cas9 OFFinder and (G) BLAST (for (C) through (G), 

the cells were sorted using GFP marker at 24 h post transfection and genomic DNAs were 

extracted at 96 h post transfection). 
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Figure 12. Sequence verification of the pCas9 constructs used in this study. The gRNA sequences 

are colored red, and the 20mer targeting region of each gRNA is underlined. Three plasmids were 

purified using Macherey-Nagel NucleoBond® Xtra Midi Plus EF plasmid purification kit 

(Germany), and the sequences were identified by Eton Bioscience (Union, NJ). 
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Figure 13. Sequencing validation of the micelle-delivered CRISPR/Cas9. Sequence alignments of 

the verified sequences from the HeLa cells transfected with (A) gRNA E71-, (B) gRNA E72-

encoded pCas9 and (C) pCas9 w/o gRNA. Sequencing was done by Eton Bioscience with the 

primer pUC19_SEQ_F. (insets: representative sequencing results) 
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Figure 14. HPV18-E7 knockout using Lipofectamine 2000. (A) Gene editing efficiency 

comparison using T7EI assay (CTRL: w/o any transfection; micelle: micelle-transfected; Lipo2k: 

Lipofectamine 2000-transfected). (B) Sequencing validation of Lipofectamine-delivered 

CRISPR/Cas9. (Sequencing was done by Eton Bioscience with the primer pUC19_SEQ_F).  

 

 

Figure 15. Potential off-target sites of the gRNAs used in this study. The off-target sites predicted 

using (A) Cas9-OFFinder and (B) BLAST. Mismatched bases and the PAM motif were colored 

red and underlined, respectively. The numbers represent the locations of each locus and its 

corresponding primer pair; these correspond to the locations in the chromosomes of GRCh38.p7 

Primary Assembly. Primers were designed using NCBI Primer BLAST.  
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HPV E7 mRNA knockdown using F127/PPO NMe3/pNgAgo micelle. Although CRISPR/Cas9 

system is a powerful tool for genome editing, the size and GC rich sequence preference of Cas9 

endonuclease limits its efficacy and target selection [14]. More studies on improving the fidelity 

and finding an alternative have been reported [9, 43]. To broaden the applicability of our delivery 

system, we explored other gene editing alternatives. NgAgo was originally reported as one 

alternative that could achieve higher fidelity because of no target sequence preference [51]. 

However, like other groups reported previously [52-56], we failed in demonstrating gene editing 

with NgAgo, even using the virally transduced NgAgo with NLS signaling peptides (FLAGï

NgAgoïNLS) on our HeLa model. With the two NgAgo preferred DNA guide strands (gDNAs), 

modified from gRNAs E71 and E72, there was no detectable gene mutation caused by FLAGï

NgAgoïNLS on T7EI assay (Figure 16). 

 

In trying to understand the reasons for the failure of NgAgo in gene editing, we checked the 

NgAgo protein sequence using Protein BLAST and found a PIWI domain on this protein, implying 

that it may have a function similar to RNase H [69]. To prove this, again with the virally transduced 

NgAgoïNLS, we found a reduction on E7 mRNA expression level with the two gDNAs (Figure 

17). This is in agreement with the recently reported result demonstrating that NgAgo as a DNA

guided ribonuclease [57]. As an RNA effector, NgAgo with an NLS motif might reduce its efficacy. 

Thus, we built a nonviral NgAgoïenhanced GFP (EGFP) construct without NLS (pNgAgoïEGFP) 

for gene knockdown applications (Figure 18). This construct could be condensed and formed a 

micelle when incubated with PPO NMe3 and F127. With the previously optimized condition 

(F127/PPO NMe3/plasmid = 40/40/1), pNgAgoïEGFP encapsulated micelle held the size and 

zeta potential similar to those of the micelle carrying pCas9 (Figure 19A). We also observed 
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similar shape and size between the micelles carrying pNgAgoïEGFP and pCas9 under 

transmission electron microscopy measurement (Figure 19B). Furthermore, the encapsulation of 

pNgAgoïEGFP did not affect the micelle's cellular uptake kinetics, and the micelle carrying 

pNgAgoïEGFP could be internalized by the cell efficiently during the transfection process 

(Figure 20). 

 

 

Figure 16. Validation on FLAG-NgAgo-NLS expressing HeLa cell line generation and HPV18-

E7 oncogene knockout. (A) Immunofluorescent staining of FLAG-NgAgo-NLS stable line. The 

transduction efficiency was calculated from 20 individual images. (B) T7EI validation on the 

HPV18 E7 knockout. Virally-transduced HeLa cells were transfected with the gDNAs (E71, E72 

or GFP-targeting) using either the optimized micelle or Lipofectamine 2000. At 48 h post-gDNA 

transfection, genomic DNAs were extracted, and the T7EI enzyme was used to detect NgAgo-

induced mutations.   
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Figure 17. HPV18-E7 knockdown in the FLAG-NgAgo-NLS expressing HeLa cell. Virally-

transduced HeLa cells were transfected with the gDNAs (E71, E72 or GFP-targeting) using 

Lipofectamine RNAiMax by following manufacturerôs protocol. At 68 h post-gDNA transfection, 

total mRNAs were extracted, and RT-qPCR was carried out with the protocol mentioned in the 

Experimental Section. Data are presented as average ± SEM (n = 3). One-way ANOVA with 

Dunnett's multiple comparison test was used for p-value calculation. The significant level is 

represented as z (p < 0.05).   

 

 

 

 

Figure 18. Plasmid map and NgAgo CDS of the pNgAgo-EGFP construct. 

  



 

38 

 

 

Figure 19. Physicochemical characterization of pNgAgo-EGFP-encapsulated micelle. (A) Size 

and zeta potential of F127/PPO-NMe3/pNgAgo micelle (40/40/1). Data are presented as average 

± SEM (n = 24). (B) Representative TEM images of pNgAgo- and pCas9- encapsulated micelles. 

Micelles were marked in each image. Scale bar represents 1 mm. 

 

 

Figure 20. Cellular uptake of pNgAgo-encapsulated micelle. (A) Fluorescent images of the HeLa 

cells treated with FITC-F127/PPO-NMe3/YOYO3-pNgAgo micelle for 4 h.  Scale bar represents 

100 mm. (B) Total plasmid-accessible cell % and (C) micelle-mediated plasmid-accessible cell %, 

quantified using FACS. For the cellular uptake study, cells were seeded in a 24-well plate one day 

prior to transfection. The NgAgo plasmid (Addgene #78253) was first stained with YOYO3 and 

complexed with PPO-NMe3 and FITC-F127. Cells were treated with the micelle for 4 h in Opti-

MEM and then either fixed for microscope measurement or harvested for FACS analysis. Cellular 

uptake rate (YOYO3+% and FITC+ YOYO3+ %) are presented as average ± SEM (n = 3). 
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For validation, we first transfected the HeLa cell using the optimized micelle with pNgAgoï

EGFP. At 24 h post transfection, the gDNAs were then introduced using the same optimized 

micelle. After culturing for another 48 h, total mRNAs were extracted and DNase I treated for 

reverse transcription quantitative PCR (RT qPCR) quantitation. As shown in Figure 21A, the 

HPV18E7 mRNA expression levels in the cells treated with gDNAs E71 and E72 were reduced 

by 34.3 ± 4.93% and 42.7 ± 2.62% compared with the control without gRNA transfection, 

respectively. When treated with a gDNA control, the HPV18E7 mRNA expression was not 

significantly inhibited. In addition, NgAgo mediated RNA interference was gDNA dose 

dependent. Even at a low dosage of 10 ng with the potent gDNA (E72), our micellar platform still 

inhibited HPV18E7 expression by 22.9 ± 3.63% (Figure 21A). To avoid false positive results, 

we also validated the RT qPCR quantitation with another primer pair published previously [70], 

and tested the mRNA inhibition using Lipofectamine 2000. With another primer pair, we obtained 

similar results with less than 3% variations (2.7% for the E71 group, 0.9% for the E72 group, and 

0.1% for the Luc control; Figure 22). Lipofectamine also gave a similar, but less efficient, result 

for NgAgo mediated RNA inhibition (Figure 23), indicating that our micellar platform is more 

effective for both Cas9 and NgAgo applications. Similar to Cas9 mediated knockout, knockdown 

of HPV18E7 oncogene inhibited both proteasome and cell proliferation as well. Nonvirally 

delivered NgAgo reduced the proteasome activity by 36.1 ± 2.89% and 51.2 ± 8.37% with the 

gDNAs E71 and E72, respectively (Figure 21B). A similar result was observed for cell 

proliferation inhibition; the cells treated with both gDNAs showed lower cell viability at 72 h post

NgAgo transfection (73.5% and 73.3%; Figure 21C). However, in the absence of NgAgo 

transfection, micellar delivery of gDNA alone could mediate gene knockdown at the highest 

dosage of 500 ng (Figure 21D), although this phenomenon was not observed in the other study 
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using a Zebrafish model [54]. We must allow for the possibility that the gDNA acts like an 

antisense oligonucleotide to interfere with the mRNA level. 

 

 

Figure 21. HPV E7 knockdown using the optimized micelle with the NgAgo system. A) HPV18

E7 mRNA expression level in NgAgo transfected HeLa cell at 48 h post gDNA transfection. Data 

are presented as average ± SEM (n = 3). B) Proteasome activity of NgAgo transfected HeLa cells. 

Data are presented as average ± SEM (n = 4). C) Cell viability of NgAgo transfected HeLa cells. 

Data are presented as average ± SEM (n = 6). Proteasome activity and cell viability were measured 

at 72 h post NgAgo transfection. (D) HPV18E7 mRNA expression level in the cells transfected 

with gDNA only (n = 4). One way ANOVA with Dunnett's multiple comparison test was used for 

p value calculation. The significant level is represented as  z(p < 0.05); ᶻ z(p < 0.01); z ᶻᶻ (p < 

0.001). 

 

 

 

Figure 22. Validation on real-time PCR result variation. The result variation was defined as the 

ratio of the mRNA expression level determined using the previously reported primers 

(qPCR_E7_F2/R2) to that using the primers used in this study (qPCR_E7_F1/R1). For each group, 

the variation was calculated from at least 10 individual results. Data are presented as average ± 

SEM. 
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Figure 23. HPV18-E7 gene knockdown with Lipofectamine-delivered NgAgo. NgAgo and 

corresponding gDNAs were delivered using Lipofectamine 2000. Transfection and gene 

knockdown validation were carried out with the protocol mentioned in the Experimental section. 

Data are presented as average ± SEM (n = 3). One-way ANOVA with Dunnett's multiple 

comparison test was used for p-value calculation. The significant level is represented as ᶻ z(p < 

0.01). (abbreviation used in the figure: TF, transfection)  

 

 

Tumor suppression. We further examined these systems in vivo. We tested the Cas9 system on a 

subcutaneous HeLa xenograft model. The E7 targeting pCas9 loaded micelle (equivalent plasmid 

dosage = 5 µg per mouse) was administered intratumorally every four days for a month, in 

comparison with blank micelle and micelle carrying control Cas9 construct (w/o gRNA). As 

shown in Figure 24A, micelle delivered Cas9 with E7 targeting gRNA efficiently delayed the 

tumor growth, while the group treated with either the carrier or the Cas9 control did not show any 

significant tumor inhibition (p < 0.05; One way ANOVA). By day 31, the tumors in the E71 and 

E72 groups only reached 38.2 ± 3.99 and 36.2 ± 9.42% of the tumor volume of the Cas9 control 

group (Figure 24B). Additionally, we did not observe significant weight loss and organ toxicity 

on the treated mice (Figures 24C and 25). Histological results correlated with the result of tumor 

growth measurement. The tumor tissues extracted from the control groups showed strong E7 
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expression, whereas tumors from mice treated with E7 targeting pCas9 (gRNA E71 and E72) held 

reduced E7 expression (Figure 24D). Furthermore, compared with the controls, we also observed 

the Rb restoration and increased coagulative necrosis in both E71 and E72 groups (Figures 24E 

and 24F). In addition to qualitative histological measurements, we also sequenced the tumor 

tissues extracted from E72 and Cas9 control groups. For the E72 group, we detected four Cas9

induced mutations from randomly selected 36 colonies (Figure 24G). By contrast, all of the 

selected colonies from the tumor treated with Cas9 control were wild type (Figure 26). Notably, 

we detected an A to G substitutional mutation at the target 10 nucleotide upstream of the PAM 

motif in E72 group and the controls from both in vitro and in vivo experiments (Figures 13B, 13C 

and 26), which may be due to the heterogenicity of HeLa itself, so we excluded those from the 

calculation.  

 

  



 

43 

 

 

Figure 24. Therapeutic effect of using micelle delivered Cas9 on the HeLa xenograft model. (A) 

Tumor growth in response to locally administered micelle, pCas9 loaded micelle, and E7 targeting 

pCas9 loaded micelles (E71 and E72). (B) Tumor volume comparison on the day when mice were 

sacrificed (day 31). (C) Changes in body weight throughout the whole treatment course. Data are 

presented as average ± SEM (n = 5 for PBS and micelle controls; n = 6 for pCas9 control and the 

E71, E72 groups). One way ANOVA with Dunnett's multiple comparison test was used for p

value calculation. The significant level is represented as  z(p < 0.05). Representative images of (D) 

E7 stained, (E) Rb stained, and (F) H&E stained tumor tissue sections. Scale bar represents 100 

µm. (G) Sequencing analysis for the genomic DNAs extracted from the tumor tissue treated with 

micelle delivered pCas9 and gRNA E72 (insets: representative sequencing results). 
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Figure 25. H&E staining for the major organs extracted from the pCas9-micelle-treated mice. 

Scale bar represents 100 mm. 

 

 

Figure 26. Sequencing validation of the extracted tumor from the Cas9 control group. Sequencing 

was done by Eton Bioscience with the primer pUC19_SEQ_F.  
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We next tested if the treatment of micelle delivered NgAgo could also give similar therapeutic 

outcome. The micelle carrying NgAgo or the corresponding gDNA was administered locally in a 

similar fashion. The treatment course included two injections, and each course was given every 

four days for a month as well. The pNgAgo loaded micelle was first injected, and gDNAloaded 

micelle given two days later. Each injection contained equivalent amounts of 5 µg DNA for each 

mouse. Similar to Cas9 treatment, no significant changes on body weight and organ toxicity were 

observed for NgAgo treatment (Figures 27A and 27B). However, from a month long 

measurement, although micelle delivered NgAgo with gDNA showed slight tumor inhibition, the 

difference between groups was not significant (Figures 27A and 28). Also, only <10% E7 

inhibition was observed in the group treated with both pNgAgo and E7 targeting gDNA (7.8% and 

8.7% for the E71 and E72 groups, respectively; Figure 27B). We also did not detect any notable 

E7 reduction nor Rb restoration from the histological analyses (Figures 27C and 27D). Moreover, 

when compared with the control, no obvious necrosis was found in the tumors treated with both 

NgAgo and E7 targeting gDNA (Figures 27E). 
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Figure 27. Therapeutic effect of using micelle delivered NgAgo on the HeLa xenograft model. 

(A) Tumor growth in response to locally administered pNgAgo loaded micelle and pNgAgo

loaded micelles with E7 targeting gDNAs (E71 and E72). (B) HPV18E7 mRNA expression level 

in the NgAgo treated tumor data are presented as average Ñ SEM (n = 5). One way ANOVA with 

Dunnett's multiple comparison test was used for p value calculation. Representative images of (C) 

E7 stained, (D) Rb stained, and (E) H&E stained tumor tissue sections. Scale bar represents 100 

µm. 

 

 

Figure 28. In vivo evaluation of micelle-delivered NgAgo. (A) Changes in body weight throughout 

the whole treatment course. (B) Tumor volume comparison on the day when mice were sacrificed 

(Day 31). Data are presented as average ± SEM (n = 5). One-way ANOVA with Dunnett's multiple 

comparison test was used for p-value calculation. The significant level is represented as n.s. (no 

significance). (C) Representative images of the H&E stained organs extracted from the pNgAgo-

micelle-treated mice. Scale bar represents 100 mm. 
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2.4 Discussion 

Although nonviral gene delivery is considerably mature for certain applications after almost 

three decades of development, it still encounters difficulty on efficiency and gene targeting 

specificity for the delivery of genome editing systems. Especially for the plasmid based 

CRISPR/Cas9 system, for example with the commonly used liposomal transfection reagent, a 

previously reported work has shown limited efficiencies (<15%) in the easy to transfect cell lines, 

such as U2OS and A549, and relatively low gene targeting specificity (off/on target ratio is å0.6ï

1.5) [17]. In this work, based on the hypothesis that a low charge density polycation could transfect 

those systems better with less off targeting, we have designed a self assembled micelle, containing 

quaternary ammonium modified PPO (PPO NMe3) and amphiphile F127 (Figure 5A). The 

quaternary ammonium modification (Figures 5BïD) benefits the DNA binding as well as 

enhances the cell penetration capability, without any undesirable increase of charge density. On 

the other hand, the Pluronic family has been widely used both in vitro and in vivo to transfect genes, 

to enhance the transfection efficiency of polycations, or to stabilize DNA/polycation complexes 

[71-74]. Similarly here, F127 stabilizes the DNA/PPO NMe3 complex in the serum containing 

condition and improves the transfection efficiency. For the in vitro HPV model with pCas9, this 

approach holds superior transfection efficiency compared with both PEI and Lipofectamine 2000 

(Figure 5E). 

In addition to the efficiency, our micellar platform enables a faster protein turnover rate 

(Figure 10). The transient Cas9 expression does not affect the efficacy; the micelle delivered Cas9 

is able to inhibit E7 oncoprotein's downstream proteasome pathway and thus slows down cervical 

cell proliferation (Figures 11B and 11C). Both T7EI and Sanger sequencing results confirm 

HPV18E7 oncogene disruption and a higher gene disruption rate compared with Lipofectamine 
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2000 indicates that our micellar carrier is more advantageous (Figures 11D and 14). Interestingly, 

we found large insertions in both the groups treated with gRNAs E71 and E72, and the inserted 

sequences were from the pCas9 backbone itself (Figures 11E, 13A and 13B). Because there is no 

sequence homology between pCas9 backbone and the E7 oncogene region, and the insertion was 

not found on the group treated with Lipofectamine, our carrier might play a role in boosting gene 

insertion. The mechanism behind this is unclear, and a detailed study is in progress to gain a better 

understanding. 

On the other hand, the transient Cas9 expression profile on the F127/PPO NMe3/pCas9 micelle 

leads to a reduced off target effect. Earlier works have studied the specificity of the gRNA design. 

Although Cong et al. reported highly specific gRNA targeting and abolished gRNA function, 

caused by mismatches at the last 11 bases on the 20 mer targeting region [41], subsequent work 

indicated that any mismatches on the 20 mer targeting region of gRNA might cause Cas9 off

targeting [75]. With the optimized micelle, no significant editing was observed in the off targeting 

sites identified by both Cas OFFinder and BLAST (off/on ratio ~0; Figures 11F and 11G). This 

establishes that our micelle has lower off target effect because of its transient transfection kinetics 

and the high gene targeting specificity of the CRISPR/Cas9 system. 

While the findings with pCas9 suggest the proposed micelle's potential for genome editing 

applications, the intrinsic sequence preference of Cas9 limits the fidelity of this therapeutic 

approach. Streptococcus pyogenes Cas9 prefers targets with a PAM motif of NGG, which is 

difficult for AT rich sequence targeting [41].  Although several Cas9 variants have been developed 

to tackle this issue, for example, Acidaminococcus sp. BV3LC Cpf1 can target the AT rich region 

as its PAM motif preference of TTTV (V = A, C, or G) [43], the field is still looking for a more 
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universal solution. Prokaryotic Argonaute proteins are potential options because they have much 

lower sequence preference. Thermus thermophilus Argonaute is one example, but it only functions 

at a relatively high temperature (75 °C) [76]. NgAgo was the first reported Argonaute system that 

could digest dsDNA at 37 °C [51]. Inspired by the report that NgAgo could perform gene editing 

functions guided by DNA, we therefore explored the possibility to deliver NgAgo, which may 

allow for higher flexibility on gene targeting, using our micelle. However, after detailed studies in 

our lab and reported by other groups [52-56], we could not reproduce the gene editing function of 

NgAgo. Instead, it may function as an RNA effector [57]. The optimized micelle is able to deliver 

NgAgo and interferes with the HPV18E7 expression in HeLa cells. Compared with the typical 

siRNA action, NgAgo acts as a single component, multi turnover RNA effector; it is also not 

involved in any intrinsic RNAi pathway. Theoretically, this system may be more efficient on gene 

silencing. In this study, we observed an effective knockdown of 22.9% efficiency at a gDNA 

dosage as low as 10 ng (1.4 pmol) at 48 h post gDNA transfection (Figure 21A). This gene 

knockdown also consequently affects the downstream proteasome activity and cell proliferation 

rate (Figures 21A and 21C). However, because of the gene knockdown observed with gDNA 

alone at the high dosage of 500 ng, we cannot be certain that NgAgo possesses the RNA 

interference effect. It suggests that gDNA alone may affect the gene expression under the antisense 

oligonucleotide mechanism (Figure 21D). 

In the in vivo setting, our micelle was able to transfect the HeLa xenografted tumor with E7

targeting pCas9 and delayed the tumor growth without affecting the physiological conditions of 

the mice (Figures 24Aï24C and 26). The histological analysis confirms the observation on tumor 

inhibition. E7 oncoprotein expression was reduced, and the downstream tumor suppressor Rb was 

rescued by the micelle delivered, E7 targeting pCas9 (Figures 24Dï24F). From the Sanger 
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sequencing analysis, out of 36 randomly selected colonies obtained from the tumor tissue treated 

with micelle delivered Cas9 and gRNA E72, we detected four Cas9 induced mutations (Figure 

24G). Although the editing efficiency in vivo (4/36, 11.1%) is lower than the in vitro efficiency 

(8/23, 34.8%), our micelle still shows at least 3.7 fold improvement on gene editing using 

nonvirally delivered Cas9, when compared with the recently reported Cas9 plasmid delivery 

system demonstrating 3% gene disruption rate [77]. 

By contrast, micelle delivered NgAgo did not show significant effects on tumor inhibition 

(Figures 27A and 28C), but only slight reduction in E7 expression in the extracted tumor tissues 

(Figures 27B). Moreover, unlike Cas9 treatment, no obvious difference between groups was 

detected on the histological samples with E7 staining, Rb staining, or even H&E staining (Figures 

27Cï27E). The reason causing the discrepancy between the two systems could be their different 

gene manipulation mechanisms. Further studies would be needed to clarify the mechanism of 

NgAgo's RNA interference and the interaction between NgAgoïgDNA complex and the RNA 

target. In addition, other similar RNA guided riboendonucleases, such as Cas13a/C2c2 [78] and 

Csm, were recently reported for RNA silencing application. Those enzymes including NgAgo may 

serve as potential alternatives to RNAi, but more studies, especially more in vivo characterization, 

would be needed. 

In summary, we designed and optimized a F127/PPO NMe3 micelle for plasmid based Cas9 

and NgAgo delivery. This micelle enables a more transient protein expression, which reduces 

potential Cas9 off targeting. Compared with other gene carriers, the micelle optimized in this study 

is colloidally more stable, less toxic, and more potent in both Cas9 and NgAgo deliveries. For both 

in vitro and in vivo HPV models, this micelle efficiently delivered Cas9 plasmid and disrupted the 



 

51 

 

HPV18E7 oncogene to suppress the cancer progression. In addition to Cas9 delivery, the micelle 

was also capable of delivering NgAgo for gene manipulation. However, no signification E7 

inhibition was observed in vivo, although the micelle delivered NgAgo may interfere with E7 

expression and regulated its downstream pathway in vitro. Nevertheless, these findings suggest 

the promise of this F127/PPO NMe3 micellar carrier for therapeutic gene manipulation. 
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Chapter 3 Screening Methods to Improve Aptamer Ligandôs Affinity  

Portions of this section are included in the following published papers and conference proceedings: 

1. Y.-H. Lao*, C.-W. Chi*, S.M. Friedrich, K. Peck, T.-H. Wang, K.W. Leong, L.-C. Chen, 

ACS Applied Materials & Interfaces, 2016, 8, 12048ï12055. 

2. Y.-H. Lao, K.K.L. Phua and K.W. Leong, ACS Nano, 2015, 9, 2235ï2254. 

3. Y.-H. Lao, C.-W. Chi, H.-Y. Chiang, K. Peck, L.-C. Chen and K.W. Leong, Biophysical 

Journal, 2015, 108, 328a. 

(*contributed equally) 

 

3.1 Introduction  

The concept of SELEX was independently demonstrated by Goldôs and Szostakôs groups in 

the 1990s [35, 79]. Aptamer is screened from a nucleic acid library composed of 1014 to 1016 

different candidates, and each candidate comprises 30ï60 random nucleotides between two fixed 

primers. Due to sequence differences, candidates fold into different secondary and tertiary 

structures. When candidates are incubated with the target, only those that bind with high affinity 

against the target can be eluted from the targetïcandidate complex. The target-specific candidates 

are amplified either by polymerase chain reaction (PCR). Subsequently, enriched candidates are 

activated by single-strand isolation (DNA aptamer) or in vitro transcription (RNA aptamer) for the 

next selection round. Through round-by-round selection, the dissociation constant (KD) of the 

candidate pool can be improved from micromolar (ɛM) to low nanomolar (nM) or even picomolar 

(pM) range. Candidates will eventually converge to several representative aptamers that recognize 

the target with high affinities and specificities. This iterative process continues until the best 

performing aptamer is obtained from the SELEX process and the resulting aptamer is capable of 

target recognition. However, the generated aptamer candidates may contain some redundant 

sequences that may affect its affinity and specificity, and thus, additional optimization is usually 
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necessary to maximize aptamerôs performance [36, 37, 80]. Because only few tertiary structures 

of aptamer have been reported, there is no precise prediction available that could determine the 

binding or functional motif of the aptamer. Conventional secondary structure prediction for a DNA 

or RNA sometimes fails in aptamerôs motif prediction. Therefore, there is a need to systematically 

study aptamer structure. We previously optimized microarray platform to design aptamer-based 

protein sensor [38] and to screen aptamer candidates [36, 80]. Here, we further demonstrate a high-

throughput, microarray-based method to identify the major protein-targeting motif of an aptamer. 

An aptamer microarray with 12,000 features was created to deconvolute the sequence information 

of six anti-prothrombin aptamers. 

In addition to the microarray platform for aptamer sequence optimization to maximize the 

aptamer performance. Our previous aptamer avidity concept [38] and the intercalation dye-based 

FRET beacon [39] may also help to find a bivalent aptamer pair, which may further improve the 

affinity. To do so, we chose YOYO-3 (quinolinium, 1,1ô-[1,3-propanediylbis[(dimethyliminio)-

3,1-propanediyl]] bis[4-[3-(3-methyl-2(3H)-benzoxazolylidene)-1-propenyl]]-tetraiodide), a 

cyanine dye that intercalates a DNA duplex backbone with a corresponding increase in its quantum 

yield [81]. This property has been exploited widely for nucleic acid detection [82, 83]. In addition 

to DNA, cyanine dyes (e.g., carbocyanine and indolenine cyanine families) are known to interact 

with nanomaterials such as tin dioxide nanocrystallite [84], gold nanoparticle [85], and QD [86]. 

In this study, we report a unique interaction between YOYO-3 and carboxyl-QD, which leads to a 

similar interaction with DNA, changing YOYO-3ôs quantum yield and thus enhancing its 

fluorescence response. If QDôs emission and YOYO-3ôs excitation spectra overlap, the interaction 

induces a FRET effect between them. Hypothesizing that it can be used as a readout for sensing 
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applications, we have designed a beacon construct for protein detection based on aptamerôs 

conformational change and the translocation of YOYO-3 between the aptamer and the QD. 

 

As a highly specific ligand, aptamer is an attractive antibody alternative for diagnostics 

because of its small size, chemical and thermal stability, and easy modification and immobilization 

[23, 87]. It has been applied in many formats of immunoassays [88-90]. Moreover, a certain group 

of aptamers such as anti-thrombin, anti-PDGF (platelet-derived growth factor), and anti-cocaine 

aptamers exhibit a target-induced conformational change [91-94]. This structural property inspires 

another dimension of specificity in target recognition: the conformational change as a subsidiary 

signal of the binding event. Herein, as illustrated in Figure 29, we use this property to store 

YOYO-3 onto the backbone of the aptamer-recognizing thrombin exosite II (HTDQ29 [37]) so 

that there is no YOYO-3 on the QD surface and no FRET emission in the absence of thrombin. In 

the presence of thrombin, HTDQ29 and the other aptamer on QD surface (HTQ37; the exosite I 

binding aptamer, HTQ37 [95]) bind to the two distinct motifs of thrombin and change their 

conformations. As a result, the dye is expelled from the HTDQ29 backbone and translocates onto 

the QD surface, which leads to a signal-on FRET response. 

 

To date, the vast majority of QD-aptamer beacons rely on DNA strand-displacement for target 

protein detection [96-102], which may require laborious optimization [101]; otherwise, undesired 

strand interactions (e.g., when the interaction within the beacon is stronger than the beaconïprotein 

interaction) would reduce the sensitivity. In contrast, this method provides a simple and rapid 

approach for protein sensing. Using thrombin as a model protein, we demonstrate the operating 

principle of this beacon design. We also propose that this design may be useful for the screening 
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of two distinct aptamers binding to the same target protein, a feature that no other aptameric-QD 

beacons can offer [39, 96-105]. 

 

Figure 29. Beacon comprises a QD565-aptamer conjugate and a nonconjugated aptamer stained 

with YOYO-3. The recognition of thrombin target causes structural folding and sandwich 

association of two aptamers. YOYO-3 is then transferred from the nonconjugated aptamer to the 

QDôs unblocked surface to yield a FRET signal. 

 

 

3.2 Methods and Materials 

Aptamers. Two reported anti-thrombin DNA aptamers, HTQ37 [95] (CCCGG TTGGT GTGGT 

TGGAT TGATC GTAGG TACAA CC; an aptamer derived from a G-quadruplex aptamer HTQ15 

[34]) and HTDQ29 [37]  (AGTCC GTGGT AGGGC AGGTT GGGGT GACT), were synthesized 

and investigated in this study. HTQ37ôs parental aptamer HTQ15 (the underlined part of HTQ37 

sequence) and its complimentary sequence were synthesized as well in this study. HTQ37 was 

modified with an amino C6 linker at the 5ô-end for coupling with carboxyl QD. Our previous work 
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and another published work have already shown that the modification with an amino C6 linker 

does not significantly influence the affinity of anti-thrombin aptamers [38, 106]. All of the 

oligonucleotides were obtained from either Purigo Biotech, Inc. (Taipei, Taiwan) or Integrated 

DNA Technologies (Coralville, IA). The lengths of aptamer probes were confirmed by either urea-

PAGE or ESI-MS. 

 

Aptamer microarray and functional motif verification. An prothrombin aptamer microarray with 

12,000 features was created using our previous method [38]. All the features comprised truncated 

probes with 23 to 35 nucleotides, which represented sub-motifs of six anti-prothrombin aptamers 

screened from conventional SELEX. These were designed by a ñbase-by-base shiftò strategy and 

in situ synthesized on the microarray. The major protein-targeting motifs and the optimal lengths 

for the aptamers were accordingly determined through this microarray platform. In addition, a 

previously-reported anti-prothrombin aptamer, namely F16 [107], was also synthesized as a 

control on the microarray to validate this method.  Also, the structural and functional 

characteristics between the optimized aptamers and their parent sequences were compared in 

support of the microarray approach.  

 

 

Preparation of QD-HTQ37 conjugate. We slightly modified the protocol for QD-aptamer 

conjugation from our previous work [39]. Through EDC/sulfo-NHS chemistry, QD was 

conjugated with aptamer probe. First, 0.5 nmol carboxyl-QD (Qdot 565 ITK®; Invitrogen) was 

activated by an EDC/sulfo-NHS mixture in PBS buffer (10 mM phosphate, pH 7.4, 137 mM NaCl 

and 3 mM KCl) for 15 minutes. Subsequently, 5 nmol amine-modified HTQ37 was added to the 
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activated mixture and incubated for 2 hours. QD-aptamer reporter was purified with a 50 kDa 

molecular weight cut-off centrifugal filter (Amicon Ultra-0.5, Milipore Corp., Billeria, MA). Prior 

to use, QD-HTQ37 reporters were quantitated by UV-VIS and stored at 4oC in the dark. 

 

Determination of the conjugation efficiency and the ratio of free to conjugated HTQ37s. The 

conjugation efficiency and free to conjugated HTQ37 ratio were determined by gel electrophoresis. 

TOTO-3 (Invitrogen) was used to stain free and conjugated HTQ37s because the excitation (peak 

at 642 nm) and emission (peak at 660 nm) spectra of TOTO-3 do not overlap with QD565. To 

calculate the conjugation efficiency, unpurified QD-HTQ37 samples were directly stained with 

500 nM of TOTO-3 and subsequently loaded on a 0.5 % agarose-TBE gel. The gel was run and 

then visualized by Typhoon 9410 (GE Healthcare) with a 633 nm excitation laser and a 670 

bandpass filter for TOTO-3 signal detection. The conjugation efficiency was determined using 

Image J with the equation 1: 

ὅέὲὮόὫὥὸὭέὲ ὩὪὪὭὧὭὩὲὧώ Ϸ  

  
     (1) 

where F represents the fluorescent intensity at 670 nm. The ratio of free to conjugated HTQ37s 

was determined with a similar fashion. The QD/HTQ37 conjugation mixtures (5 mL) after the first 

through the fifth purification were sampled and stained with TOTO-3 (500 nM). Free and 

conjugated HTQ37 was also visualized on the 0.5 % agarose-TBE gel and detected by Typhoon 

9410. The ratio was therefore determined by the signal of free HTQ37 divided by that of 

conjugated HTQ37. 

 

Detection of protein analytes. Before detection of protein analytes, 40 base-paired poly-TA duplex, 

HTDQ29 or HTQ37 (200 nM) was stained by 500 nM YOYO-3 dyes for 1 hour. The QD-HTQ37 
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reporter (15 nM) and human a-thrombin (Haematologic Technologies Inc., Essex Junction, VT) 

were incubated with YOYO3-stained aptamers for an additional 1 hour. The fluorescent changes 

were measured by SpectraMax Gemini EM (with 365 nm excitation); the signal was normalized 

and presented as a relative signal compared to the signal intensity at the emission peak of QD (565 

nm). In addition, to evaluate the specificity of this system, the confirmation of non-specific binding 

was carried out using 500 nM of BSA (Sigma-Aldrich) as analyte, and the thrombin detection was 

also tested in the presence of 0.1 % and 1 % of 0.22 mm-filtered human serum (Sigma-Aldrich). 

Each measurement was performed in triplicate to determine the standard errors of this sensing 

format. 

 

Dye translocation measurement on the CICS platform via free solution hydrodynamic separations. 

Free solution hydrodynamic separations were performed in a fused silica microcapillary 

(Polymicro, Molex) with a nominal inner diameter of 2 mm and a length of 48 cm. A 1-cm section 

of the polyimide coating was burned away from the capillary to create a viewing window of low 

background fluorescence approximately 40 cm from the capillary inlet. The elution buffer used for 

all separations was PBS with 0.5% polyvinylpyrrolidone (PVP).  

 

For the samples used on the CICS platform, HTDQ29 or HTQ37 (1.67 mM) was first stained 

with TOTO-3 for 30 minutes at RT (dye-to-DNA molar ratio = 1:1), and subsequently incubated 

with 500 nM of thrombin and 15 nM of QD-HTQ37 conjugate for an additional 30 minutes.  To 

perform a separation, the capillary was first filled with the elution buffer. A short sample plug was 

loaded into the capillary for 10 seconds at 200 psi. The sample was driven down the length of the 
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capillary by pressure driven flow of the elution buffer at 400 psi. The capillary was flushed for at 

least 20 minutes at 450 psi with elution buffer before injecting a new sample for analysis. 

 

The separated fluorescent species were detected using the CICS platform described elsewhere. 

The center of the capillary viewing window was aligned within the 1 x 7 mm CICS observation 

volume. A He-Ne laser with a power of 3 mW served as the excitation source, and fluorescence 

was detected with an avalanche photodiode. Photon counts were collected in 0.1 ms bins using a 

custom LabVIEW program. The raw fluorescence data were corrected for chromatic inefficiency 

and re-binned in 1-sec intervals for plotting. 

 

3.3 Results and Discussion 

Aptamer microarray for function motif optimization. A representative image of the microarray is 

shown in Figure 30A. All the features were in uniform sizes with high signal-to-noise ratios 

(SNRs). The assay reproducibility was analyzed by a comparison of two individual experiments, 

and the results were highly correlated (Slope = 0.989 with R = 0.930) (Figure 30B), which 

indicated the high reproducibility of this deconvolution approach. We collected the positives by 

defining the data with both high SNRs (SNR>3) and high fluorescence intensities (intensity higher 

than at least one standard deviation from the mean). After the analysis, the previously-reported 

aptamer F16 [107] and the aptamer RA1 gave the most positive hits. And these two aptamers 

shared some similarity in their sequences (Figure 31A). We then further deconvoluted and mapped 

the major binding motif of RA1. The major binding motif was observed from the tenth base 

position of RA1 (Figures 31B and 31C). Five RA1 motifs with full-length RA1 were evaluated in 

the prothrombin activity assay. Full-length RA1 slightly inhibited the prothrombin activity, and 
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the RA1.29.10 motif further improved this antagonistic activity (Figure 32A). In addition, we 

characterized the structures of each RA1 motif and the its parental sequences using the circular 

dichroism technique, and the RA1.29 was structurally conserved from the parental sequence, 

compared with other truncated motifs (Figure 32B). 

 

 

Figure 30. (A) The representative image and (B) the reproducibility analysis of this approach 

 

 

Figure 31. (A) The cluster of the positive hits analyzed from the aptamer microarray results. (B) 

Fluorescence intensity mapping of all the truncated RA1 probes. (C) The binding motif mapping 

of the aptamer RA1. 
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Figure 32. (A) Functional and (B) structural analyses of RA1 analogues 

 

Interactions of YOYO-3 on QD and dye translocation. In this work, we report a new protein sensing 

approach based on the conformational change of aptamers induced by target recognition, 

facilitated by a protein that has two distinct aptamer-binding epitopes. In this proof-of-concept 

study, human thrombin binds to HTQ37 which is immobilized on the surface of a QD, as well as 

HTDQ29 in solution and stained with YOYO-3. When a HTQ37-captured thrombin molecule 

interacts with HTDQ29 in solution, the conformational change of the latter expels the YOYO-3 

and deposits the dye on the QD surface (Figure 29). YOYO-3 interacts with the carboxyl-QD 

surface to yield a significant FRET output (Figure 33). Therefore, this can be used as a readout. 

To maximize this effect, different concentration ratios of QD to YOYO-3 were first tested. We 

incubated YOYO-3 in various concentrations (from 100 to 500 nM) with a fixed amount of 

unconjugated and unblocked QD (15, 20, or 25 nM) for 1 hour. The FRET response (F619/F565) 

was proportional to the concentration of YOYO-3 but inversely proportional to the concentration 

of QD (Figure 34). Theoretically, YOYO-3 shows very low quantum yield in the absence of 

double-stranded DNA (< 0.01) [108]; yet, we have observed that YOYO-3 interacted with the 
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unblocked carboxyl-QD surface and responded to energy transfer from the QD. Presumably, it is 

due to the electrostatic interaction. Unblocked QD surface provides additional negative charges to 

attract the dimeric cyanine dye, although this interaction should be different from the known 

DNA:YOYO-3 interaction. Similar interactions have been observed on  QD with thiacyanine [86] 

and QD with Ru complex (Ru(bpy)2(dppz)2+) [105]. However, the underlying mechanism is 

unclear, and it warrants further investigation. 

 

 

 

 

Figure 33. Fluorescent spectra of QD and YOYO-3-absorbed QD. Carboxyl-QD (15 nM) was 

incubated with or without 100 nM of YOYO-3 in PBS for 1 hour at RT. The mixture was 

transferred to a 96-well opaque plate. The emission from 541 to 649 nm was recorded with an 

excitation at 365 nm. 
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Figure 34. Relative dye emission signal (excitation at 365 nm) as a function of dye concentration 

with respect to a given amount of QD565 in PBS after 1 hour of incubation. Inset: the FRET 

spectra in the case of 15 nM QD. Data are represented as mean ± SEM (n = 3). 

 

 

We subsequently confirmed that the dye translocation would occur during the target 

recognition of anti-thrombin aptamers, which is directly related to the DNA structural selectivity 

of YOYO-3. If the dye did not show affinity difference toward different aptamer conformations, 

YOYO-3 would not be released from the folded HTD29 aptamer. To investigate this, we used 

HTQ37ôs parental aptamer HTQ15 as a control, which has no intra-base parings and folds into a 

pure G-quadruplex (GQ) structure with the assistance of potassium ions [91, 92]. Here, the duplex 

and GQ structure of HTQ15 were formed through a temperature-gradient annealing in the presence 

of its complementary sequence and in the presence of potassium ion, respectively. As shown in 

Figure 35, YOYO-3 bound to the DNA duplex with high nano-molar affinity. The dissociation 

constant against the duplex structure is 280.6 nM, five-fold higher than that against a GQ structure. 

This indicates that YOYO-3 dissociates from the aptamer during the duplex-GQ transition. Both 
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HTDQ29 [109] and HTQ15 family [92] have been reported to fold into GQ-like structures when 

they bind to thrombin, so this result justifies the  basic principle of our approach: YOYO-3 can be 

stored on the HTDQ29 backbone and be released when the aptamer interacts with thrombin and 

undergoes a conformational change.  

 

 

Figure 35.  Comparison between the fluorescence intensity of a YOYO3-stained duplex (formed 

by HTQ15 and its antisense sequence) and that of a YOYO-3-stained quadruplex (obtained by 

annealing of HTQ15 in Tris-HCl buffer with KCl) DNA structures. Data are fitted by the total 

binding assay model, and the dissociation constant of YOYO-3 against HTQ15 duplex is 

determined to be 280.6 nM. Data are represented as mean ± SEM (n = 3). 

 

 

QD-HTQ37 preparation. To maximize the sensitivity of this system, in addition to HTDQ29, 

another anti-thrombin aptamer HTQ37 was conjugated onto QD surface, which helped to localize 

the YOYO-3 near QD surface. For the HTQ37 conjugation, sulfo-NHS was used to enhance the 

efficiency, and the ratio between sulfo-NHS and EDC was optimized. The QD-HTQ37 conjugates 

obtained under different ratios of sulfo-NHS to EDC were visualized through 0.5 % agarose gel 
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with TOTO-3 staining. The conjugation efficiency of QD and HTQ37 was determined to be 11.7 

± 1.99 % at the sulfo-NHS/EDC ratio of 0.1, which could be improved to 26.8 ± 0.88 % as the 

ratio of sulfo-NHS to EDC was increased to 0.5 (Figure 36A). When the ratio was greater than 

0.5, no significant enhancement in QD-HTQ conjugation was observed. Under this optimal 

condition, the mean aptamer-to-QD ratio was determined to be 2.68, which is close to the value 

obtained by analyzing the unconjugated aptamer in the reaction mixture (3.20 ± 0.80). In addition, 

after the QD was decorated with HTQ37s, we could observe a mobility change of QD under gel 

electrophoresis analysis (Figure 36B) although the zeta potential of QD was not significantly 

changed (Figure 36C). This may be because HTQ37 itself is also negatively-charged. We thus 

expect that the interaction between negatively-charged QD and YOYO-3 would remain after the 

aptamer conjugation. 

 

On the other hand, if there was free HTQ37 in solution, it may interfere with the capture of 

YOYO-3 on the QD surface and reduce the detection sensitivity. To minimize this potential 

interference, we used a molecular weight-cutoff column to purify the QD-HTQ37 conjugates and 

to remove free HTQ37 from the conjugation mixture. For complete removal of free HTQ37, we 

carried out five rounds of purification, and the products were sampled and analyzed after each 

purification. As shown in Figure 36D, the free-to-conjugated HTQ37 ratio was reduced from 2.16 

± 0.08 to 0.65 ± 0.15 after five rounds of purification.  
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Figure 36. (A) Comparison of QD-aptamer conjugation efficiency in different ratios of sulfo-NHS 

to EDC. (B) A gel image and (C) zeta potentials of unconjugated QD and QD-HTQ37 conjugates. 

(D) Investigation on post-conjugation purification. Conjugation efficiency and free/conjugated 

HTQ37 ratio were determined by ImageJ. Data are represented as mean ± SEM (n = 3). 

 

 

Protein detection. For protein detection, HTDQ29 (200 nM) was first stained with 500 nM of 

YOYO-3. The secondary structure of HTDQ29 comprises only five base-pairs (bp) (predicted 

using IDT® OligoAnalyzer 3.1), so we used a bp-to-dye ratio of 2. We assumed that in this 

condition there would be minimal excess free dye after staining because the minimum binding site 

for YOYO family is 3.2 ± 0.6 bp per dye [110], which is close to the ratio used in this study. As 

shown in Figure 37A, before target recognition, the QD and the YOYO-3 are apart from each 

other, and this results in no FRET response (FRET off). When thrombin is present, HTDQ29 and 
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HTQ37 associate with thrombin together by binding to different epitopes. As a result, a sandwich 

complex of QD-HTQ37: thrombin: HTDQ29 is formed, and both aptamers become folded, which 

then induces the dye translocation and turns on the beacon (FRET on).  Figure 37B shows the 

stability as well as the responsive rate of this beacon system. When thrombin was introduced, the 

dye translocation-triggered FRET signal reached the saturation at once and was maintained for at 

least one hour. Less than 10 % signal decay was observed during one hour of continuous 

measurement. Compared with conventional immunoassays, this beacon design is advantageous for 

on-site and rapid diagnosis. 

 

Protein detection using our QD-HTQ37/HTDQ29 FRET system is shown in Figure 38. The 

FRET signal indeed increases with thrombin concentration ï a clear signal-on feature. Our bi-

aptameric QD beacon was able to detect thrombin ranging from 10 to 500 nM. This satisfies the 

need to monitor thrombin generation at the clotting initiation phase for thrombosis diagnostics 

[111, 112]. The previous work demonstrating QD-Ru(bpy)2(dppz)2+ interaction was also designed 

for thrombin detection [105]. However, in that design, the aptamer was used to compete with 

Ru(bpy)2(dppz)2+ from QD surface to trigger dye (Ru(bpy)2(dppz)2+) translocation. Compared 

with that study, our design enhances the LOD of dye translocation sensing approach. On the other 

hand, testing bovine serum albumin (BSA, 500 nM) as non-target analyte, we observed that the 

target signal at the same concentration was significantly higher than that of BSA (Figure 39), but 

BSA also contributed to a notable signal, which may be caused by a false-negative response. To 

further evaluate the source of the false-negative response, we first tested our design with thrombin-

spiked human serum. We could detect thrombin from the protein complexes, but the detection 

encountered interference with a high level of serum proteins (>1 %), resulting in a significant 
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signal decrease (Figure 40). In addition, we used a 40 bp double-stranded polyTA to investigate 

another possible false-negative response to thrombin, which was generated from this nonfunctional, 

dummy DNA. As shown in Figure 38B, the false-negative response to thrombin was not 

significantly higher than the background signal; we can therefore exclude the possibility that the 

response is from the non-specific interaction between thrombin and any types of DNA and 

conclude that the specificity of this system is primarily based on the selectivity of YOYO-3-

brearing aptamer. Although the false-positive response restricts this dye translocation approach to 

a detection scenario only with a low concentration of background proteins, compared with other 

QD-aptamer beacons, the system presented in this work still offers comparable performance with 

a rapid readout and a long-term stability for protein sensing in pure buffer condition. More 

importantly, this strategy does not rely on reporter strand displacement, so it can be more easily 

adapted for other target-sensing applications [39, 96-105]. 

 

Figure 37. (A) FRET spectra of the beacon system, which comprises YOYO-3-bearing HTDQ29 

and QD-HTQ37 reporter, before and after incubation with 500 nM of thrombin. (B) FRET signal 

stability of the beacon system. Relative signal (%) is obtained by normalizing the FRET 

florescence at each time point to that at t = 0. Data are represented as mean ± SEM (n = 3). 
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Figure 38. (A) Detection of thrombin in PBS using the signal-on QD-apt FRET beacon composed 

of QD-HTQ37 and HTDQ29: YOYO-3. (B) The investigation of false negative response to 

thrombin using a dummy DNA (poly TA; 40bp). Samples were incubated for 1 hour at room 

temperature prior to detection. Data are represented as mean ± SEM (n = 3). Two-tailed Student 

T-test was used for p-value calculation. The significant level is represented as * (p < 0.05), *** (p 

< 0.001) or n.s. (no significance).   

 

 
Figure 39. FRET spectrum of QD-HTQ37+YOYO-3:HTDQ29 in response to 500 nM of thrombin 

or BSA. 
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Figure 40. Thrombin detection in the presence of human serum. The signal was normalized as 

percentage (%) of the signal with 500 nM thrombin in PBS. Data are represented as mean ± SEM 

(n = 3). 

 

 

Recognition mechanism. We have demonstrated that the bi-aptameric QD FRET beacon featuring 

target-induced dye translocation can be used for protein detection. To confirm the mechanism 

behind this detection approach, we used CICS coupled to free solution hydrodynamic separation 

(FSHS) to verify if thrombin led to a dye translocation or not. The CICS platform creates a highly 

uniform observation volume that spans the cross section of a microchannel for enhanced mass 

sensitivity of fluid scanning. This technology has been used to analyze circulating DNA integrity 

[113] and to determine the DNA loading level of polyplex [114]. Moreover, integration of this 

modified confocal spectroscopy technique with pressure-driven flow through a long 

microcapillary can achieve highly sensitive free solution hydrodynamic separation and 

characterization of DNA molecules based on their length and conformation [115]. Herein, we used 

this integrated separation and spectroscopy platform to separate the dye-QD complexes from free 

HTDQ29 and free dye. HTDQ29 was first stained with TOTO-3, followed by incubation with 

thrombin and QD-HTQ37. HTDQ29- or QD-bound TOTO-3 was detected using a 633 nm 

excitation laser and a 670/40 nm band-pass filter. In the presence of thrombin and QD-HTQ37, 
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TOTO-3 was released from HTDQ29, which resulted in a significant TOTO-3 signal decrease at 

the free HTDQ29 peak (Figure 41), and it translocated onto QD-HTQ37 (Figure 41 inset). In the 

absence of thrombin, this phenomenon was not observed (Figure 42). These results confirmed the 

working principle of this protein-sensing approach.   

  

 

Figure 41. Dye translocation measured by CICS. HTDQ29 (1.67 mM) was first stained with 1.67 

mM of TOTO-3, and then incubated with thrombin (500 nM) and QD-HTQ37 (15 nM) or without 

both thrombin and QD-HTQ37 for 30 min at RT. The sample was separated, and the TOTO-3 

signal was measured on the CICS platform. Background subtraction was performed on each data 

set. The background was calculated as the average fluorescent intensity of the first 5 seconds of 

minute 15 and was subtracted from the total fluorescence intensity for the full -time trace.   

 

 
Figure 42. Dye translocation between HTQ29 and QD-HTQ37 in the absence and presence of 

thrombin. HTDQ29 (1.67 mM) was first stained with 1.67 mM of TOTO-3, and then incubated 

with 15 nM of QD-HTQ37 with or without thrombin (500 nM) for 30 min at RT. Subsequently, 

the sample was separated, and the TOTO-3 signal was measured on the CICS platform.    



 

72 

 

We propose two possible recognition mechanisms to explain how our beacon works. (i) 

Thrombin is first captured by QD-HTQ37 and then HTDQ29:YOYO-3 docks on the other exosite 

of thrombin. In this case, the dye is directly transferred from the folded HTDQ29 to the vacant QD 

surface. (ii) The recognition sequence is reversed and based on two-step dye translocation. The 

dye is transferred from the folded HTDQ29 to unfolded HTQ37 first, and then the subsequent 

folding of HTQ37 push the dye to the vacant QD surface. It has been reported that HTDQ29 holds 

sub nano-molar affinity against thrombin exosite II, but the affinity of exosite I-binding aptamer 

(HTQ family) is nearly ten times weaker [37]. As a result, we speculate that mechanism (ii) is 

likely predominant (Figure 43). The dye is transferred from the folded HTDQ29 to unfolded 

HTQ37 on the QD surface, which causes the first stage of dye translocation. Second stage of dye 

translocation occurs when HTQ37 interacts with thrombin, and the dye is subsequently localized 

on the carboxyl-QD surface.  

 

 

Figure 43. Possible mechanism for the target-induced dye translocation:  Thrombin is first 

captured by HTDQ29, and YOYO-3 is released due to the conformational change of HTDQ29. 

The dye is accordingly transferred from the folded HTDQ29 to unfolded HTQ37, and then the 

subsequent folding of HTQ37 pushes the dye to the negatively-charged carboxyl-QD surface. 
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Potential use for bivalent aptamer screening. To date, only a few protein targets have more than 

two distinct aptamers for different binding site recognition [37, 116]. Most screening techniques 

do not allow for bi- or multiple-valent aptamer identification [23]. To take advantage of the 

working principle of the proposed beacon system, we also explored the possibility of using this 

beacon for aptamer screening in addition to protein sensing. We tested both ñidenticalò anti-

thrombin pair (YOYO-3-bearing HTQ37 with QD-HTQ37 conjugate) and a ñdistinctò pair 

(HTD29+QD-HTQ37) of aptamers to study on their protein detection performance and dye 

translocation. Although the identical pair was able to detect thrombin, sensitivity was reduced by 

36 % (p < 0.001; Figure 44). Moreover, the CICS result confirmed that there was only subtle 

translocation happening between YOYO-3 stained HTQ37 and QD-HTQ37 conjugate. As a result, 

the avidity effect afforded by two distinct aptamers would show better sensitivity. Owing to the 

signal difference between two synergistic and competitive aptamers, we believe this system can 

be useful for post-SELEX aptamer screening to assess whether two aptamer candidates recognize 

the same epitope of the target protein, which cannot be done by other aptameric QD beacons. 

 

Figure 44. Emission signals at 619 nm for the beacons with a distinct aptamer pair (QD-

HTQ37+YOYO-3:HTDQ29) or an identical pair (QD-HTQ37+YOYO-3:HTDQ37) recognition. 

Data are represented as mean ± SEM (n = 3). Two-tailed Student T-test was used for p-value 

calculation. The significant level is represented as *** (p < 0.001).   
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3.4 Conclusions 

A unique interaction between cyanine dye and carboxyl-QD analogous to that of cyanine-DNA 

interaction is used to design a beacon for protein sensing. We report a rapid and stable signal-on 

QD biaptameric beacon composed of a YOYO-3-bearing HTDQ29 and a QD-HTQ37 conjugate 

for thrombin detection. When thrombin is sandwiched between HTDQ29 and HTQ37, the 

conformational change of HTDQ29 releases YOYO-3 and transfers the dye to the HTQ37 or QD 

surface to generate a FRET signal. Two characteristics have been validated to support the rationale 

of this beacon design. First, YOYO-3 selectively binds to duplex DNA rather than a GQ structure 

to allow for the dye translocation as confirmed by CICS spectroscopy. Second, an unblocked 

carboxyl-QD spontaneously associates with the translocated YOYO-3 to yield a stable FRET 

signal. This sensing format does not require a reporter strand optimization, rendering it readily 

adaptable to other protein detection. As a proof-of-concept, this beacon can instantaneously detect 

submicromolar to nanomolar thrombin. The signal is highly stable, with less than a 10% FRET 

signal decay over 1 h of measurement. In addition, this dye translocation approach may allow a 

post-SELEX screening for two distinct aptamers. 
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Chapter 4 Active Delivery Platform for Combinational Delivery to Tumor 

Portions of this section are included in the following published papers and conference proceedings: 

1. S. Suryaprakash*, Y.-H. Lao*, H.-Y. Cho*, M. Li, H.Y. Ji, D. Shao, H. Hu, C.H. Quek, 

D. Huang, R.L. Mintz, J.R. Bagó, S.D. Hingtgen, K.-B. Lee, K.W. Leong, Nano Letters, 

2019, in press. 

2. Y.-H. Lao, S. Suryaprakash, K.K.L. Phua and K.W. Leong, Frontiers in Bioengineering 

and Biotechnology, 2016, DOI: 10.3389/conf.FBIOE.2016.01.02880. 

(*contributed equally) 

 

4.1. Introduction  

Certain types of stem cells, including MSC, neural stem cell, and hematopoietic stem cell, 

show tumor-homing capability. They pursue the chemotaxis gradient, such as C-X-C motif 

chemokine 12, generated by cancer cells [30, 117]. With genetic modification, engineered stem 

cells could act as drug carriers homing to tumor and repressing tumor growth via the secretion of 

cytotoxic proteins [118]. Especially for glioblastoma (GBM), preclinical studies have shown that 

treating GBM-bearing animals with engineered stem cells improves the therapeutic outcome. The 

phase I clinical trials, administering stem cells at the resection cavity after tumor removal, confirm 

the safety of this therapeutic strategy [119]. 

 

However, cell retention is a major obstacle limiting the efficacy of engineered stem cell-based 

therapy. For example, a recent study in the preclinical mouse GBM model showed that >90% of 

the stem cells that were locally administered at the tumor resection site were lost within 7 days, 

and rapid GBM relapse was consequently observed [120]. Limited payload option is another 

obstacle. Transduced stem cells can only biosynthesize protein- and peptide-based drugs, which 

may not be sufficient to treat GBM. For example, the tumor necrosis factor-related apoptosis-
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inducing ligand (TRAIL), a protein drug that can initiate the formation of death-inducing signaling 

complex via the interaction with its receptors and subsequently induces cell apoptosis, is used to 

treat GBM in clinical trials and the preclinical pipeline [121, 122]. However, it showed limited 

efficacy for treating certain types of the GBM cells such as U87MG and LN229. 

 

 

 

4.2 Methods and Materials  

Cell culture. MSC used in this study was obtained from Institute for Regenerative Medicine at 

Texas A&M Health Science Center. MSC in passage 3-6 was used and cultured in alpha Minimum 

Essential Medium Eagle (Thermo Fisher, Waltham, MA) supplemented with 20% fetal bovine 

serum (FBS; Atlanta Biologicals, Flowery Branch, GA) and 100 U/mL penicillin-streptomycin 

(Thermo Fisher). The cancer cells (U87MG, T98G, LN229 and LN18) were cultured using 

Dulbeccoôs Modified Eagleôs Medium (Thermo Fisher) with 10% FBS and 100 U/mL penicillin -

streptomycin. The GBM8 cell was cultured in Neurobasal medium (Thermo Fisher) supplemented 

with 2 mM L-Glutamine, B27, N2, heparin, fibroblast growth factor, epidermal growth factor and 

100 U/mL penicillin-streptomycin. All the cells were cultured at 37 oC with 5% CO2 atmosphere.  

 

Drug response evaluation. The cancer cell (U87MG, T98G, LN229 or LN18) was seeded at a 

density of 10,000 cells/well in a 96 well plate. At 24 h post-seeding, the cells were treated with 

MTX (Sigma-Aldrich, St. Louis, MO), TRAIL protein (Thermo Fisher) or a combination of MTX 

with TRAIL for 24 h. Subsequently, the cell viability was determined using Promega CellTiter-

GloÊ Luminescent Cell Viability Assay Kit (Fitchburg, WI) by following the manufacturerôs 
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instruction. The luminescent intensity was measured using a BMG Fluostar Optima plate reader 

(Germany).  

 

Microfluidic device fabrication. The PDMS chips were prepared using our previously established 

design and protocol [40]. The PDMS prepolymer and the curing agent were mixed at a weight 

ratio of 10:1 (Sylgard 184 Silicon Elastomer Kit, Dow Corning, Midland, MI). The mixture was 

thoroughly mixed, and the generated bubbles were removed under vacuum. The prepolymer was 

added to the silicon wafer and cured at 80 oC for 45 min. The inlet and the outlet of the microfluidic 

chips were punched, and the chips were bonded to a cover slide using oxygen plasma for 40 s with 

a power of 20 W (Plasma Asher, Quorom Technologies, UK). To create a hydrophilic surface on 

the microfluidic chip surface, we used a two-step sol-gel coating procedure. The sol-gel solution 

was prepared by mixing tetrathylorthosilicate, methyltriethoxysilane, (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)-triethoxysilane, trifluoroethanol and 3-(trimethoxysilyl)-propylmethacrylate at a 

volume ratio of 2:1:4:1. Subsequently, the sol-gel mixture, methanol, trifluoroethanol and 

hydrochloric acid solution (pH 5.2) were mixed at a ratio of 5:9:9:1 and heated at 85 oC for 2 min. 

The device was then filled with the activated solution using a pipette and heated at 180 oC for 2 

min. A mixture of deionized water (500 mL), acrylic acid (200 mL), ammonium persulfate (10 wt%) 

and tetramethylethylenediamine (16 mL) was injected into the device at 20 mL/min, and the device 

was then heated at 80 oC. 

 

Spheroid generation. The MSCs were resuspended in the complete media containing 0.3% 

Pluronic F-127 (Sigma-Aldrich) and 0.7% alginate (Pronova SLG 100) at MSC input 

concentration of 1, 2 or 3 ×107 cells/mL. This cell solution was used as the inner layer. The middle 
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oil layer was prepared using oil phase-based surfactant (1% Sphere Fluidics Pico-SurfÊ). The 

outer layer was made from 2.5% Pluronic F-127. First, the water-in-oil droplet was generated in 

the first chip with a flow-focusing design, and its channel width and height were 200 and 150 ɛm, 

respectively. The flow rate for the cells and the oil were 2-8 and 8-15 ɛL/min, respectively, 

controlled by Harvard Apparatus PHD 2000 Syringe Pump (Holliston, MA). The generated water-

in-oil droplets with cells were transferred into the second chip, where the Pluronic F-127 was 

introduced at a flow rate of 20-35 ɛL/min to form water-in-oil-in-water double emulsions, 

encapsulating the MSC in the inner layer. At 24 h after the generation of spheroids, the double 

emulsions were transferred to a cell strainer with a pore size of 30-70 ɛm to break the droplets, 

and the filters were then inverted to collect the MSC spheroids.  

 

MSC viability measurement in spheroid. Cell spheroids were generated with different MSC input 

concentrations (1, 2 and 3 ×107 cells/mL). The collected spheroids were stained with propidium 

iodide (PI) (Thermo Fisher) and Calcein (Thermo Fisher) to measure the cell viability. Using 

Image J, the area of live cell (Calcein+) was divided by the total area of the spheroids (PI+ plus 

Calcein+) to determine the ratio of the live cell area in the spheroids. 

 

In vitro migration assay. The in vitro migration assay was performed using the two-chamber cell 

culture insert (ibidi, Germany). The U87MG and the spheroid-formulated MSC were plated in the 

adjacent chamber with a 0.5 mm gap of the cell culture insert at a seeding density of 7,500 

cells/well. The cells were incubated overnight, and cell culture insert was then removed to create 

a well-defined gap. The movement of the cells was captured every hour using a live cell imaging 

system (Zeiss, Germany). ImageJ was used to track each cell and analyze the migration parameters.  
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For CXCR4 inhibition, MSCs were first treated with the CXCR4 antagonist, AMD3100 

(Sigma-Aldrich), according to the literature (25 mg/mL) for 72 h [123]. Afterwards, the migration 

assay was carried out using the same protocol with U87MG cells.    

 

CXCR4 expression measurement. Total mRNAs were extracted from the spheroids using Qiagen 

RNeasy Mini Kit (Germany). The corresponding cDNAs were then synthesized using Bio-Rad 

iScript cDNA Synthesis Kit (Hercules, CA) and quantitated by UV-VIS. The expression level of 

CXCR4 was determined and normalized to the GAPDH control using quantitative PCR. The 

primers used for CXCR4 amplification are: TCAGTGGCTGACCTCCTCTT (forward) and 

CTTGGCCTTTGACTGTTGGT (reverse). The primers for the GAPDH internal control are 

GGAAGGTGAAGGTCGGAGTCA (forward) and GTCATTGATGGCAACAATATCCACT 

(reverse). 

 

DNA-template synthesis and the nanocomposite generation. The amine-functionalized PEGylated-

DNA templates were synthesized using Click chemistry, similar to what we reported previously 

[77]. The reaction mixture, composed of the single-stranded DNA (50 ɛM), amine-PEG-azide (250 

ɛM), L-ascorbic acid (10 mM) and copper(II)-TBTA complex (500 ɛM), was dissolved in 

trithylamiimum buffer containing 50% dimethyl sulfoxide. The Click reaction was carried out in 

an argon atmosphere overnight at RT. The product was then purified by reversed-phase HPLC and 

lyophilized. The anti-IL13Ra2 peptide ligand [124] with an acetamidomethyl (Acm) protection 

group (peptide sequence: C(Acm)GEMGWVRC) was synthesized by Peptide 2.0 Inc. (Chantilly, 

VA). For the ligand conjugation, amine-functionalized PEGylated DNA templates were first 
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activated by 10-fold of sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate in 

PBS at RT for 2 h. Excess crosslinkers were removed by a 10 kD molecular-cutoff (MWCO) 

ultracentrifugation column, and the activated templates were subsequently incubated with the 

peptide overnight at 4 oC. Afterwards, the conjugated products were purified again by the MWCO 

column to remove unreacted peptide. Prior to the drug loading, the conjugated template was 

deprotected and further purified. MTX was subsequently loaded onto the DNA template 

(containing 25 % of ligand-PEG-DNA and 75% of unconjugated-PEG-DNA) through a gradient-

annealing process. The drug-loaded nanocomposites were formed by mixing with a Ca2+ 

containing Tris-EDTA buffer (pH 7.6). In order to remove the Ca2+ ions in the solution for MSC 

spheroid generation, the nanocomposites were then buffer-exchanged twice using Sephadex G-25 

columns (Thermo Fisher) and stored in sterile 0.9 % saline solution (Sigma-Aldrich). 

 

IL13Ra2 expression level determination. One million of the cancer cells (U87MG, LN18 and 

GBM8) were first blocked with 2.5 mg Fc blocker (BD Biosciences, San Jose, CA) for 5 min at 

RT and subsequently incubated with FITC-labeled anti-IL13Ra2 antibody (R&D Systems, 

Minneapolis, MN) for 30 min at RT.  After staining, the cells were washed with FACS staining 

buffer (R&D Systems) to remove unbound antibodies prior to FACS analysis. The samples were 

analyzed using a BD Fortessa FACS machine, and at least 10,000 cells were collected for analysis 

using the FSC/SSC gating. 

 

MSC/DNA-templated nanocomposite hybrid spheroid generation. The hybrid spheroid was 

generated using the aforementioned microfluidic method without significant changes. Briefly, 

MSCs (input density = 2×107 cells/mL) were first mixed with DNA-templated nanocomposites 
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([total DNA] = 9.4 ɛM) in a solution containing 0.7% alginate and 0.3% Pluronic F127. The 

mixture was loaded onto the microfluidic device to generate spheroids encapsulating the 

nanocomposite. The first hydrophobic chip was run with a flow rate of 6-8 ɛL/min and 4-6 ɛL/min 

for the oil layer and for the inner cell layer, respectively. The flow rate on the second chip was 20 

ɛL/min with 2.5% Pluronic F127 as the outer fluid. The double emulsions, encapsulating the cell 

and nanocomposites, were cultured for 24 h at 37 oC. Following this, the spheroids were released 

from the double emulsion using a cell strainer, as aforementioned. 

 

Confocal microscopy measurement. For confocal imaging, the MSC membrane and the DNA-

templated nanocomposite were first labeled with PKH67 (Sigma-Aldrich) and Alexa Fluor 647 

(Thermo Fisher), respectively. After forming the hybrid spheroids, the spheroids were cultured for 

24 h and then released. The hybrid spheroids were subsequently visualized using Nikon A1RMP 

Multiphoton Confocal Microscope (Japan). 

 

Nanocomposite uptake and distribution measurement. To verify if the DNA-templated 

nanocomposite was internalized by MSC, we labeled both the DNA (inner part of the 

nanocomposite) and the PEG (outer part of the nanocomposite) parts of the DNA template with 

FAM and Alexa Fluor 647, respectively. When the PEG-DNAs formed nanocomposites, the FAM 

fluorescence was quenched due to the self-quenching effect taking place inside. If the MSC 

internalized the nanocomposite, nanocomposite degradation in MSC would restore the FAM 

fluorescence because of the DNA release. In this case, both FAM and Alexa Fluor 647 signals 

could be observed. In contrast, if the nanocomposite was only associated on MSC membrane or in 

ECM, intact nanocomposites would not emit FAM signal, and only Alexa Fluor 647 signal could 
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be detected. This cell uptake assay was carried out both in the spheroid formulation and in the 2D 

culture. The spheroid generation was followed the aforementioned microfluidic method. For the 

uptake assay in the 2D culture, the MSCs were incubated with the same number of the labeled 

nanocomposites for overnight. Afterwards, the cells were trypsinized and collected for FACS. At 

least 10,000 cells were collected on BD Fortessa FACS machine using the FSC/SSC gating.  

 

In vitro cell kill assay. The hybrid spheroids were prepared using TRAIL-MSCs and MTX-loaded 

nanocomposites ([equivalent MTX] = 6 ɛM) using the aforementioned microfluidic method. After 

the formation of the spheroids, the double emulsions were broken, and the spheroid was released 

using the cell strainer. The hybrid spheroid (20 ɛL) was then mixed with 0.25% trypsin-EDTA at 

a ratio of 1:1 (v/v) and incubated at 37 oC for 5 min. The solution was vigorously pipetted up and 

down to break the spheroids. The number of cells was counted using a hemocytometer. The 

spheroids were seeded in a 24 well plate at different densities (5, 10, 15×103 MSCs/well). After a 

24-h culture, Luciferase-expressing cancer cells (U87MG, LN18 and GBM8) were seeded (5×103 

cells/well) and co-cultured with the MSCs for additional 24 h. Afterwards, the Steady-Glo 

substrate (Promega) was added to quantify the Luciferase signal from cancer cells. The amount of 

cell death was then calculated by assuming 100% viability in the case of cancer cells incubated 

with wild-type MSCs (not expressing TRAIL nor carrying nanocomposites). 

 

In vivo migration and tumor inhibition validation. The animal study was approved and supervised 

by the Institutional Animal Care and Use Committees at Rutgers. The U87MG cells were first 

injected subcutaneously (0.5×106 cells/mouse) into the Nu/J nude mouse (Jackson Laboratory), 

and the tumor formed within two weeks. For migration validation, Luciferase-expressing MSCs 
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and Alexa Fluor 680-labeled nanocomposites were used to form the hybrid spheroids. Following 

the formation, the hybrid spheroids were then administered into the mice at the edge of the tumor 

(each mouse received ~2.5×105 MSCs). The single MSCs mixed with the equal number of 

nanocomposites were also given to the mice. An in vivo imaging system (PerkinElmer, Waltham, 

MA) was used to track MSCs and nanocomposites on days 0 (right after the administration), 1, 8 

and 22. To visualize the MSCs, RediJect D-Luciferin Bioluminescent Substrate (PerkinElmer) was 

injected intraperitoneally before imaging. For nanocomposite visualization, the Alexa Fluor 680 

signal was detected using the Cy 5.5 excitation and emission filters.  

 

For tumor inhibition validation in vivo, the mCherry-expressing U87MG tumor xenograft was 

generated using the same subcutaneous approach on Nu/J nude mice. The hybrid spheroids were 

produced also using the aforementioned microfluidic method with TRAIL-expressing MSCs and 

MTX-loaded nanocomposites. The mice were given at the edge of the tumor with either hybrid 

spheroids, single MSCs mixed with MTX-loaded nanocomposites or PBS on days 0 and 2. The 

tumor was measured using caliper for three weeks, and the volume was determined as V (tumor 

volume) = ˊ/6 Ĭ L (length of the long axis) Ĭ W (length of the short axis) Ĭ T (thickness of the 

tumor). The mice were sacrificed on day 21, and the major organs (liver, spleen and kidney) were 

extracted for histological analysis. The tissues and H&E staining were processed by Columbia 

University Medical Center Molecular Pathology Core Facility.   

 

4.3 Results and Discussion 

A combinational approach with another small-molecule drug may improve the therapeutic 

efficacy. A previously published study found that mitoxantrone (MTX) could sensitize the 
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response of TRAIL in the GBM cell lines [125]. On one hand, we found that cotreating the GBM 

cells (U87MG, LN229, T98G, and LN18) with both TRAIL and MTX could enhance the efficacy 

in vitro, resulting in more than one order-of-magnitude improvement of the IC50s (Figure 45). 

However, the lack of an efficient delivery method for both TRAIL and MTX is an issue. Although 

some works have demonstrated the possibility of loading MSC with other types of drugs and 

targeted drug release through MSCôs endocytosis/exocytosis [126-128] or using a surface 

modification approach [31, 129], the efficiency of these delivery approaches is still a concern. For 

example, for the endocytosis/exocytosis approach, the payloadôs characteristics (size, charge, and 

shape) would affect its loading and release [130]. On the other hand, the surface modification 

approach may need special engineering on MSC cell membrane [30]. To tackle these issues, we 

instead propose a hybrid MSC/nanomedicine spheroid system, which incorporates TRAIL-

engineered MSC and MTX-loaded nanocomposite, for enhanced cancer therapy (Figure 46A). 

 

Figure 45. In vitro anti-cancer inhibition enhanced by the combination of TRAIL and MTX. (A) 

TRAIL response in the GBM cell lines. (B) GBM cellsô viability when treated with MTX alone or 

combination of MTX and TRAIL. Each cell line was treated with TRAIL, MTX, or MTX/TRAIL 

combination (MTX + 7.65 nM TRAIL) for 24 h. Cell viability was determined using Promega 

CellTiter-GloÊ kit, and the viability was normalized to the nontreated controls. Data are presented 

as average ± SEM (n = 4). 
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Figure 46. Design and properties of MSC/DNA-templated nanocomposite hybrid spheroid for 

GBM therapy. (A) Schematic illustration of the hybrid spheroid system. (B) Comparison of the in 

vitro tumor homing property between single and spheroid-formulated MSCs. (C) Representative 

confocal images of the hybrid spheroids. (D) In vitro tumor homing of the hybrid spheroids. Scale 

bar = 50 mm. 

 

To generate the hybrid MSC/nanomedicine spheroid, we chose the microfluidics-based 

approach that has been reported to enable more uniform and faster spheroid generation over other 

approaches by us and other groups [40, 77, 131, 132]. Following our previously published 

microfluidics method [40], we first optimized the cell input density for the spheroid generation. 

Similar to what was observed in the other study [132], the spheroid size was a function of the input 

density, and it reached Ḑ150 ɛm in diameter when the input density was increased to 3 Ĭ 107 

cells/mL (Figure 47A). Yet, increasing the input density to 3 × 107 cells/mL compromised MSCôs 

viability (Figure 47B), only reaching 80% of that with lower densities (p < 0.01), so we chose the 

two lower densities for the following experiments. Next, we verified whether the spheroid 

formation could enhance MSCôs tumor homing property. As shown in Figure 46B, on an in vitro 

migration assay chamber with a Ḑ500 ɛm gap between the MSC and U87MG cells, spheroid-

formulated MSCs migrated toward the U87MG side at a faster rate compared with the single MSCs. 

Quantitatively, the spheroid formulation improved by 1.5ï2-fold in speed as well as distance in 


































