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synthesis and applications of nanoparticle adjuvants, and structure-activity 

relationships in drug discovery. Many drugs that are promising clinical candidates 

are potent in vitro, however their solubility and pharmacokinetic properties are 

suboptimal. Here we used various nano-formulations, primarily mesoporous silica 

nanoparticles, to improve the solubility and release properties of these drugs. In 

vivo results show that these nanoparticles are safe, multifunctional carriers that 

can be used for clinical imaging using positron emission tomography. In the second 

part of this work, porous aluminum oxide nanoparticles were synthesized for 

applications as immunological adjuvants, and polymer-coated mesoporous silica 

nanoparticles were used to deliver cyclic dinucleotides to stimulate the innate 

immune response. Lastly, UV-Vis spectroscopic assays were developed and used to 

understand how electronic properties of iron-binding heterocyclic 

thiosemicarbazone analogs are related to their inhibition of ribonucleotide 

reductase, an important target for cancer therapy. The structure-activity 

relationships that were discovered led to a promising drug scaffold for the 

treatment of cancers sensitive to nucleotide deprivation. 
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1 Introduction 

   

Figure 1.1 Synthesis overview of mesoporous silica nanoparticles. 

Image from Gibson et. al.1 

Ordered mesoporous silica nanoparticles (MSN) are synthesized with structure-

directing agents that include anionic and cationic surfactants or polymers in the 

presence of a silica precursor, whose hydrolysis and condensation is catalyzed by 

the addition of acid or base (Figure 1.1).1 The type of surfactants, reaction time, 

reaction temperature, pH, and reagent concentrations can be used to control the 

size and morphology of the resulting nanoparticles. Of particular interest in this 

work are MCM-41-type nanoparticles. MCM-41 synthesis involves CTAB-

surfactant directed hydrolysis of tertraethylorthosilicate (TEOS) in basic 

conditions. Surfactants are removed by acid extraction or ion exchange to produce 

nanoparticles with high surface areas (1000 m2/g) and 2D-hexagonally-packed 

mesopores, generally 2.2 nm in diameter.2,3 MCM-41-type MSN were first reported 

by Mobil Corporation in 1992 for use as catalysts due to their high surface areas.4 

However, further work on their physio-chemical properties and biocompatibility 

prompted them to be used as drug-carriers.3,5 Large pore volumes in MCM-41 

enable drug loading, while surface silanols allow for chemical modifications such as 

the addition of stimuli-responsive caps for triggered release in the body or the 

addition of targeting agents to promote uptake by cells of interest.6 MSN have 

shown successes in loading anticancer drugs,7,8 antibiotics,9,10 and small molecule 

siRNA11,12 and releasing them in the body. The pores of MSN can be modified with 

agents that have affinities for hydrophobic drugs, while keeping the surface of the 

nanoparticle hydrophilic.3 This property is especially useful in the formulation of 

clinical agents that have solubility issues in vivo.  

In this work, I discuss three major classes of anticancer drugs for formulation. 

The first are heterocyclic thiosemicarbazone (HCT) ribonucleotide reductase 

(RNR) inhibitors, an extensive class of metal-binding redox-active drugs whose 
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structure-activity relationships have been studied as far back as the mid-1900’s.13 

In the past, structural modifications to pyridine HCT compounds were made to 

improve drug-like properties, eventually resulting in the phase II clinical agent, 3-

aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP). 3-AP is a tridentate 

chelator that functions by the formation of the 3-AP iron(II) complex, which 

actively quenches the tyrosyl radical in the enzyme’s active site, resulting in 

inhibition of RNR.14 In the final chapter, I explore the structure-activity 

relationships of the biologically active Fe(II) complex of 3-AP and analog 

complexes. Using spectral commonalities of 3-AP analog iron complexes, we 

develop assays with UV-Vis spectroscopy that can be used to measure oxidation 

rates, pH effects, and iron binding affinities to these thiosemicarbazone ligands. 

Results from these studies have resulted in a better understanding of structural 

modifications that can be made to the 3-AP scaffold. In addition to designing 

analogs that have improved activity against RNR in vitro, in Chapter 3, we develop 

both MSN and emulsion alternatives to improve drug-like properties of 3-AP and 

analogs in vivo. 

The second class of drugs discussed here are deoxycytididine kinase (dCK) 

inhibitors, which have been used in combination therapies to treat mice with acute 

lymphoblastic leukemia.15 Its fluorinated analog, Clofarabine, is also currently 

being used as PET probe for detection of tumors with high dCK expression.16 

Lastly, I discuss formulation of a dihydroorotate dehydrogenase (DHODH) 

inhibitor and antiviral agent, in which poor water solubility results in lower 

bioavailability of the drug. In Chapters 2 and 3, I show that MSN are drug delivery 

vehicles that can solve some problems that prevent advancement of these drugs, as 

well as discuss the development of alternative emulsion-based oral formulations 

that went on to be used successfully in vivo to treat B-ALL leukemia in a mouse 

model.  

In Chapter 4, we explore how an MSN carrier can bypass transferrin receptors 

on the surface of the cell and deliver lethal doses of free iron into the lysosome. We 

find that these nanoparticles induce cell death via an ROS-mediated Fenton 

pathway, giving them the potential to be used in combination therapies to sensitize 

cancer cells to the effects of anticancer drugs. 

In Chapter 5, the physio-chemical properties of different types of silica 

nanoparticles and their toxicities are discussed. In Chapter 6, the pharmacokinetics 

and mechanism of action of a successful in vivo study of antibiotic-loaded snap-top 
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MSN against tularemia is presented, as well as a pilot study using PET imaging to 

better understand the biodistribution of these particles in vivo.   

In addition to applications in cancer, in Chapters 7 and 8, I discuss 

nanoparticles that can be used as immunological adjuvants. In Chapter 7, we 

synthesize a nanoparticle carrier that effectively protects and delivers a cyclic 

dinucleotide to activate the STING pathway, an intrinsic pathway in the cell that 

is responsible for the innate immune response following tumorigenesis, viral 

infections, or radiation therapy. While a lot of work has been done in tuning and 

controlling the synthesis of silica nanoparticles, the synthesis of aluminum oxide 

nanoparticles is much more difficult to control due to the higher rate of hydrolysis 

of aluminum alkoxide precursors. In Chapter 8, I develop a novel method to 

synthesize porous alumina nanoparticles, which have potential as immunological 

adjuvants. 
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2 Nanoparticle formulation of hydrophobic dihydroorotate 

dehydrogenase inhibitors (DHODHi) 

This chapter is based on work done with my colleagues Daniel Sun and Soumya 

Poddar. 

2.1 Abstract 

Recently-discovered inhibitor of dihydroorotate dehydrogenase and potent antiviral 

agent NITD-982 is a promising clinical candidate. However, poor water solubility 

and high lipophilicity has prevented further work on this drug. We use hydrophilic 

mesoporous silica nanoparticles with hydrophobic phenyl pore modifications as a 

drug carrier for NITD-982. Preliminary in vitro experiments in Jurkat T-ALL show 

that NITD-982-loaded nanoparticles are potent inhibitors of DHODH. 

 

 

 

 
 

Figure 2.1 The role of dihydroorotate dehydrogenase in 

mitochondrial bioenergetics and the de novo pathway for nucleotide 

biosynthesis. Image from Velez. et. al.17 
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2.2 Introduction 

A high-throughput screen using cells infected with the antibiotic resistant 

“superbug” Carbapenemase-producing enterobacteriaceae (CPE) was used to 

identify a new class of antiviral agents with an isoxazole-pyrazole core. NITD-982 

was in this class of compounds and was found to have nanomolar potency against 

four different RNA virus families: Flaviviridae, Paramyxoviridae, 

Orthomyxoviridae, and Retroviridae.18 However, its effectiveness did not translate 

in vivo potentially due to its poor water solubility and high lipophilicity 

(cLogP=7.3), high plasma uridine which counteract its effects, and high plasma 

protein binding affinity. In vivo studies use corn oil to dissolve the compound before 

subcutaneous administration, where tmax was found to be 8 hours and Cmax was 

528 nM.19 Addition of solubilizing groups to this compound failed to produce 

analogs as potent as the original molecule, so further experiments on this compound 

were limited to in vitro work where its specific target was discovered to be 

dihydroorotate dehydrogenase (DHODH), a mitochondrial protein in the de novo 

pathway that catalyzes the oxidation of dihydroorotate to orotate.18 This highly 

specific compound has potential not only as an antiviral agent, but also as an 

inhibitor of de novo nucleotide synthesis in combination therapies to treat cancer.20 

To improve the drug delivery properties of this molecule, we package this highly 

lipophilic drug into mesoporous silica nanoparticles, study release properties from 

the nanoparticles, and compare activity in vitro compared to the drug dissolved in 

DMSO.  

 

 

 

Figure 2.2 Structure of antiviral agent NITD-982, a potent 

inhibitor of DHODH. 

https://en.wikipedia.org/wiki/Carbapenemase-producing_enterobacteriaceae
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2.3 Results and Discussion 

Regular mesoporous silica nanoparticles are synthesized and phenyl pore-modified 

MSN are synthesized by co-condensation of triethoxyphenylsilane to maintain 

hydrophilicity of the outer surface of the nanoparticle (Figure 2.3). Co- 

 
 

Figure 2.3 TEM images of (b) mesoporous silica nanoparticles and 

(c) triethoxyphenylsilane-modified mesoporous silica nanoparticles. 

 
 

Figure 2.4 (a) Absorbance spectra of NITD-982 in chloroform and 

(b) standard curve used to calculate release efficiency and release 

capacity of the drug. 
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condensation of triethoxyphenylsilane did not significantly change the morphology 

of the nanoparticles (Figure 2.3c).  

Since the drug is not soluble in water, chloroform (Figure 2.4) and 

dichloroethane (Figure 2.5) are used as loading solvents. Their low boiling point 

allowed for vacuum drying of the nanoparticles after loading to remove any residual 

solvent.   

UV-Vis is used to quantify release efficiency, release capacity, loading 

efficiency, and loading capacity reported in Table 2.1. We find that unmodified 

nanoparticles have very high loading capacity (30%) for this lipophilic drug. 

Phenyl-modified nanoparticles (Ph-MSN) do not improve the loading capacity 

(20%) but slightly improve the ability of the drug to get released from the 

nanoparticle. 

The cell proliferation assay in Figure 2.6 shows that the IC50 of the free drug 

in DMSO and nanoparticle drug are comparable after 72 hour treatment. In vivo 

pharmacokinetic experiments would be useful to explore the release properties of 

the nanoparticle carrier in the blood. 

 

 

 

 

 

 
 

Figure 2.5 (a) Absorbance spectra of NITD-982 in dichloroethane 

and (b) standard curve used to calculate loading efficiency and 

loading capacity of the drug. 
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Figure 2.6 Cell-TiterGlo cell proliferation assay in Jurkat T-ALL 

after 72 hour treatment with NITD-982@MSN and free NITD-982 

(in DMSO stock). 

 

 

 
 

Table 2.1 Table summarizing uptake and release properties of 

NITD-982-loaded nanoparticles 
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2.4 Conclusions  

Loading capacity of NITD-982 in MSN can be as high as 30% in bare MSN. NITD-

982@MSN is are comparably potent to the free drug in vitro with an IC50 of 

1.781uM in Jurkat T-ALL. Encapsulation of NITD-982 into water-soluble 

mesoporous silica nanoparticles is a promising method to combat the poor water 

solubility of this potent clinical agent. In vivo experiments are needed to test the 

interactions of the drug released from these nanoparticles in the body. 

2.5 Materials and Methods 

Materials 

Tetraethylorthosilicate 98% (Sigma Aldrich). Phenyltriethoxysilane 98% (Sigma 

Aldrich). Sodium hydroxide (Thermo Fisher). Hexadecyltrimethylammonium 

bromide (CTAB) ≥98% (Sigma Aldrich). NITD-982 is made in-house according to 

published procedures.21 

 

Nanoparticle synthesis 

200mg CTAB and 1.2mL of 1M NaOH is added to 100mL of Millipore water and 

heated to 80oC. For regular MSN, 1.2mL TEOS is added dropwise. For phenyl-

modified MSN, 585uL of TEOS is added dropwise, and immediately following, a 

mix of 585uL TEOS and 30uL phenyltriethoxysilane is added dropwise. After silane 

precursors are added, the solution is stirred well for 2 hours at 80oC. Solution is 

cooled and nanoparticles are centrifuged and supernatant is discarded. MSN are 

washed twice with water and twice with ethanol. Surfactant is extracted by 

suspending nanoparticles in 20 mg/mL NH4NO3 in ethanol and refluxing for 1 hour. 

Particles are cooled and washed with ethanol three times. This extraction 

procedure is done twice to ensure complete surfactant removal. 

 

Characterization 

After CTAB extraction, clean nanoparticles suspended in ethanol are dropped on 

a carbon-coated copper grid for TEM imaging (T12 cryo-electron microscope, FEI 

Tecnai). 
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Drug loading and release 

For a typical loading study, 5mg MSN are washed with the loading solvent of 

choice (chloroform or dichloroethane) three times and suspended in a solution of 

NITD-982 in chloroform or DCM. After 24 hours loading on a rotator, the drug 

solution before and after nanoparticle addition is quantified using UV-Vis to 

determine loading capacity (mg drug/mg MSN x 100%) and efficiency (% drug 

loaded into nanoparticles vs. total drug added). Loaded particles are washed with 

water until UV-Vis absorbance of supernatant is zero. Particles are then suspended 

in chloroform or DCM and stirred on the rotator for 24 hours. Release capacity 

(mg drug released/mg MSN x 100%) and efficiency (% drug released from 

nanoparticles) are then calculated from the absorbance of the supernatant. 

 

Cell culture conditions 

Jurkat acute T-cell leukemia cell line was purchased from ATCC and cultured in 

standard incubation conditions using ATCC-formulated RPMI-1640 Medium 

containing L-glutamine, supplemented with 10% FBS and 1% penicillin-

streptomycin at a humidified 37oC with 5% CO2. Subcultures were established by 

centrifugation with subsequent resuspension at 1 x 105 viable cells/mL. Cell density 

was maintained between 1 x 105 and 1 x 106 viable cells/mL. 

 

Cell proliferation assay 

Jurkat cells are plated at a density of 1500 cells/well in the center of a 96-well 

plate and left in the incubator for 24 hours. After 24 hours, treatments are 

administered. 72 hours after treatment, Promega CellTiter-Glo® Luminescent Cell 

Viability Assay is used to assess cell viability on a Tecan M1000 Plate Reader. 

Treatments are done in triplicates and consist of titrations of NITD-982 from 

20mM DMSO stock and NITD-982@Ph-MSN equivalent to the free drug dose. 

Release capacity of NITD-982-loaded nanoparticles was used to calculate the 

concentration of NITD-982 in NITD-982@Ph-MSN treatment in the dose response 

curve in Figure 2.6. 
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3 Nanoformulations of ribonucleotide reductase inhibitors 

(RNRi) 

This chapter is based on work done with my colleagues Evan Abt, Soumya Poddar, 

Andreaa Stuparu, and undergraduate students Chloe, Janet, Vincent, and Todd. 

Work done with nanoemulsion formulation was done with consultant Peter Rix 

and Soumya Poddar and is featured in the following publication.  

 

Thuc M. Le et. al. ATR inhibition facilitates targeting of leukemia dependence on 
convergent nucleotide biosynthetic pathways, Nature Communications, volume 8, 
241 (2017). 

3.1 Abstract  

3-AP has had some clinical success, but its pharmacokinetic properties are 

suboptimal. A variety of different nanoparticles were screened for their 

compatibility to load and release 3-AP and the more potent isoquinoline analogs 

of 3-AP: MAIQ and IQ-2, which have even greater solubility issues. 3-AP was 

successfully loaded into pH-valve nanoparticles, however release of the drug in vitro 

was slow due to strong interactions of the pore wall with the positively charged, 

highly polar drug. MAIQ and IQ-2, which are less polar due to their lipophilic 

isoquinoline rings, were loaded into bare nanoparticles without caps with promising 

release profiles in vitro. These drugs are potent inhibitors of RNR and may have 

improved pharmacokinetic (PK) profiles with the addition of a nanoparticle carrier, 

but their release profiles have yet to be tested in vivo. In addition to nanoparticle 

formulations, self-microemulsifying drug delivery systems (SMEDDS) were 

formulated for oral administration of 3-AP in combination with the dCK inhibitor, 

DI-82, and the ATR inhibitor, VE-822. This formulation has shown promising in 

vivo efficacy as a triple combination therapy. 

 
Figure 3.1 Structures of RNR inhibitors (MAIQ, IQ-1, and 3-AP), 

ATR inhibitor (VE-822), and dCK inhibitor (DI-82).  
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3.2 Introduction 

3-AP and DI-82 are inhibitors of enzymes involved in nucleotide metabolism. 3-AP 

is an inhibitor of the enzyme ribonucleotide reductase (RNR), involved in de-novo 

synthesis of dNTPs, and DI-82 is an inhibitor of deoxycytidine kinase (dCK), 

involved in the nucleotide salvage pathway. These two drugs in combination with 

VE-822, an inhibitor of ATR involved in the replication stress response, causes 

depletion of dNTP pools leading to DNA replication stress and cell death, 

particularly in tumor cells, which have an increased demand for nucleotides. This 

triple combination therapy has shown therapeutic efficacy in leukemia models, but 

treatment of solid tumors remains a challenge.15  

Quickly-cleared drugs require continuous large doses in the plasma before 

therapeutic effects are seen.22 However, cytotoxicity to healthy cells increases if the 

concentration in the blood spikes too quickly. Our in-vivo dosing studies have 

determined the importance of both Cmax, the maximum drug concentration in the 

plasma, and clearance time of the drug. In this chapter, we explore MSN and 

emulsion formulation alternatives to improve in vivo dosing of these drugs. 

Controlled delivery of these therapeutic agents would be a feasible way to control 

the PK properties of these quickly-cleared drugs, maintain them at therapeutic 

concentrations for longer, and, in the case of using a nanoparticle carrier, direct 

them to sites of solid tumors.23,24 Here, we screen different types of nanoparticles 

with various modifications to find the best carrier for these drugs. Specifically, we 

compare pH-responsive MSN and uncapped nanoparticles to deliver RNR 

inhibitors 3-AP, MAIQ, and IQ-2 or the dCK inhibitor DI-82. We also formulate 

these drugs into emulsions for oral administration with success in an in vivo B-

ALL leukemia model. 
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3.3 Results and discussion 

 
Figure 3.2 (a) Tumor and (b) plasma concentrations of 3-AP, DI-

82, VE-822 in mice with various xenograft tumors. Determined using 

LC-MS. 

 

Pharmacokinetic analyses of mice treated with the triple combination therapy 

were done to quantify drug concentration in plasma over time and in solid tumors 

after 2 hours of i.p. drug administration (Figure 3.2). The percent of drug delivered 

to plasma vs. solid tumors was determined by LC-MS to be 12-35%, 2-9%, and 0% 

for VE-822, DI-82, and 3-AP respectively. Although therapeutic doses of 3-AP were 

detected in the plasma, 3-AP was undetectable in the solid tumors. 3-AP has been 

shown to be effective in in-vitro studies of solid liver and pancreatic cancer tumors 

(SNU449 and MiaPaCa-2). This finding suggests that the lack of efficacy in in vivo 

tumor models is due to inefficient drug delivery, not drug potency. Methods to 

improve delivery to solid tumors is needed to improve efficacy of the three drugs, 

particularly 3-AP and analogs. 
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Figure 3.3 Benzmidazole-modified nanoparticles with acid-

responsive beta-cyclodextrin caps are used to cap cargo in the pores 

of the nanoparticles and uncap and release cargo upon a pH 

decrease (such as in the lysosome). Figure from Meng et. al.25 

 

MSN have been shown to accumulate in the leaky vasculature of certain tumors 

which is postulated to be due to the enhanced permeability and retention effect 

(EPR) of small macromolecules.23,26 Furthermore, properties of MSN can be easily 

tuned or functionalized with targeting agents due to the presence of –OH groups 

on the surface. Here, we synthesize pH-responsive capped nanoparticles that have 

shown efficacy against human differentiated myeloid (THP-1) and squamous 

carcinoma (KB-31) and use them to load 3-AP and DI-82.25 The above scheme 

summarizes the synthesis of benzimidazole-modified MSN (Bz-MSN), and their 

drug release mechanism. After drug loading, interactions between the deprotonated 

benzimidazole moiety and the beta-cyclodextrin sugar are used to cap the particles 

with drug. When the benzimidazole stalk gets protonated (such as after 

endocytosis, when the nanoparticle is in the lysosome), the cap loses affinity for 

the stalk and the cap comes off and the drug gets released.25 

After attachment of benzimidazole on the surface of the nanoparticles, to 

ensure that surface area and pore size of the nanoparticles are high enough for drug 

loading, Bz-MSN are characterized by nitrogen sorption measurements and BET 

analysis. Modification of benzimidazole on the surface did not reduce the pore size  
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Figure 3.4 (a) TEM of pH-valve nanoparticles. Reported pore size 

and surface area are from BET analysis of nitrogen sorption curves 

 
Figure 3.5 (a) Fluorescence spectrum of 3-AP in water and (b) 

fluorescence calibration curve of 3-AP in water (367 nm excitation 

wavelength). 

 

 
 

Figure 3.6 (a) Fluorescence is used to determine loading capacity of 

3-AP into nanoparticles. 3-AP release in PBS from bare MSN shows 

the need for a capping agent. 
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or drastically change the surface area, which, after the modification, are 3-4 nm 

and 888 m2/g, respectively, typical of MCM-41 (Figure 3.4). 

3-AP has a bright fluorescence emission peak at 450 nm (Figure 3.5), which is 

used to determine release profile of the drug over time from the nanoparticle 

(Figure 3.6). Loading capacity of 3-AP in THF was determined to be 30% (mg 

drug/mg MSN). In Figure 3.6, the release profile of uncapped nanoparticles loaded 

with 3-AP without the beta-cyclodextrin cap show the need for a capping agent, 

as most of the loaded drug gets released by 1 hour.  

Cell toxicity assay of MSN and Bz-MSN with and without phosphonate pore 

modification are used to determine the tolerated dose of these nanoparticles in this 

cell line (Figure 3.7). 

 
Figure 3.7 Trypan blue cell toxicity assay for benzimidazole-

modified MSN (BzMSN), benzimidazole and phosphate-modified 

MSN (PBzMSN), and phosphate-modified MSN (PMSN) in p185 

cells (24h treatment). 
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Figure 3.8 Cell cycle profiles of 3-AP, 3-AP-loaded Bz-MSN, and 3-

AP-loaded BzP-MSN treatment after 24 hours. Concentration values 

of ug/mL are weight of MSN per mL. 

 

After ensuring that the nanoparticles are non-toxic, 3-AP or DI-82 is loaded 

into Bz-MSN and capped with beta-cyclodextrin. Due to limited water solubility 

of the drugs, release capacity is more accurately determined in vitro. 3-AP release 

capacity from Bz-MSN in water is 3% (mg drug/mg MSN) and is limited by the 

solubility of the drug in water. Treatment of free 3-AP results in S-phase arrest 

after 24 hours (Figure 3.8, upper panel). For 3-AP@Bz-MSN and 3-AP@BzPMSN, 

cell cycle profiles in p185 ALL leukemia cells are determined using flow cytometry 

after 24 hour treatment (Figure 3.8, lower panels). 3-AP-induced S-phase arrest 

occurs with 500 nM of drug. 3-AP loaded into pH-valve MSN with and without 

phosphate groups have similar effects on cell cycle profiles, with both showing 

significant S-phase arrest with the 16 ug/mL (ug MSN/mL) treatment. Although 

it is clear that there is not complete release of the loaded drug, with the highest 

nanoparticle treatment condition 40 ug/mL, there is substantial sub-G1 arrest (23-

45%), highest in the phosphonate-modified particles. This may be indicative of 

DNA-damage resulting from substantial depletion of de novo nucleotide pools. In 

this way, the phosphonated MSN may be a promising candidate for 3-AP  
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formulation in vivo. They are slightly more potent than the non-phosphonated 

particles due to the higher loading capacity from electrostatic interactions between  

the negatively-charged phosphonated pores and positively-charged 3-AP molecules. 

Future in vivo pharmacokinetics experiments will give us a better understanding 

of the drug release profiles over time. 

Similarly, DI-82 is loaded into pH-valve BzMSN (release capacity in water: 

16%) and tritiated deoxycytidine (3HdC) uptake is measured in p185 ALL cells 

with a beta-counter after 2-hour treatment. DI-82 is an inhibitor of dCK, which 

catalyzes one of the initial steps in the DNA salvage pathway—the phosphorylation 

of dC. Figure 3.9 shows that DI-82-loaded Bz-MSN inhibit dCK, but are not as 

potent as the free drug after 2 hours treatment. Complete release of the drug from 

the nanoparticle may take as long as 24 hours, so a longer incubation time with 

DI-82@Bz-MSN may be useful to try.  

 

 

 

 

 

 

 

 

Figure 3.9 H3dC uptake is a direct measure dCK inhibition after 

treatment of DI-82 nanoparticle and free drug (2 hours treatment) 
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Figure 3.12 (a) TEM image of PEG-modified MSN for IQ-2 loading. (b) 

Loading capacity of nanoparticle in DMSO are determined using UV-Vis 

absorbance of drug at 340 nm. (c) CTG viability assay of bare PEG-modified 

MSN (MSN), drug-loaded MSN (IQ-2@MSN), and free drug (IQ-2, 3-AP). 

 
 

Figure 3.10 Cell cycle profiles of 3-AP and MAIQ after 24 hours 

treatment in MIA PaCa cells.  

 
Figure 3.11 Cell cycle profiles of 3-AP@MSN and MAIQ@MSN 

after 48 hours treatment in MIA PaCa cells. Concentration values 

of ug/mL are weight of MSN per mL. 
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In addition to loading 3-AP, we loaded MAIQ and IQ-2, the less polar 

isoquinoline analogs of 3-AP into uncapped MSN. With the MSN formulation of 

MAIQ, more potent S-phase arrest of MIA PaCa-2 cells are observed in vitro 

compared to 3-AP@MSN. MAIQ in bare MSN have a much better cell-killing 

profile than 3-AP in bare MSN, most likely due to the higher release capacity of 

the more lipophilic drug (Figure 3.11). Loading capacity of the other isoquinoline-

modified analog, IQ-2, in PEG-modified MSN was determined by UV-Vis. 

CellTiter-Glo assay was used to measure cell proliferation, and the IC50 of the free 

drug in DMSO vs. the drug in the MSN carrier (Figure 3.12). Although IQ-2@PEG-

MSN outperformed 3-AP@MSN, IQ-2 was less potent than the free drug in vitro 

and pharmacokinetics experiments would be useful in determining their 

applicability in vivo. 

Lastly, in order to design an oral formulation for the clinical candidates 3-AP, 

DI-82, and VE-822, we screened a variety of excipients to find ones that solubilized 

these three drugs. A variety of 30 different lipids, surfactants, co-surfactants, and 

solvents were initially tested with these three drugs. Single candidates from each 

class of the initial screen were then combined to form SMEDDS emulsions 10 nm 

or smaller in size. These microemulsions are used in the research and development 

stages of drug formulation with success in increasing bioavailability of lipophilic 

drugs. They form spontaneously with little mixing and handling and are thus highly 

thermodynamically stable.27–29 The resulting formulation was evaluated for toxicity 

and showed promising results in vivo.15 IQ-2 was also screened for solubility in 

these excipients. However, its solubility was less than 2 mg/mL in the emulsion 

formulations. Concentrations as high as 5 mg/mL were achieved for IQ-2 in 

Captisol formulations. Data from these screens can be found in Figure S3.13-Figure 

S3.16. 

3.4 Conclusions 

3-AP and DI-82 were successfully loaded into pH-responsive MSN. Due to their 

limited water solubility, the release capacity is difficult to determine. However, in 

vitro cell cycle analysis and cell proliferation assays show the drugs remain 

functional after loading into the nanoparticle carriers. Further in vivo work must 

be done to access the effect on their pharmacokinetics profile. In addition, 
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SMEDDS emulsion formulations and Captisol formulations successfully solubilized 

3-AP, DI-82, VE-822, and IQ-2 for further in vivo studies. 

3.5 Supplemental information 

 
 

Figure S3.13 Solubility of IQ-2 in various Captisol formulations. 
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Figure S3.14 Solubility of DI-82 in individual excipients.  

 

 

Solubility of DI-82 in Individual Excipients

Excipient 

Class
Excipient 80 mg/mL                   40 mg/mL     20 mg/mL  10 mg/mL   Overnight @ RT

1 Labrafac Lipo WL 1349 insol insol insol insol

2 Labrafac PG insol insol insol insol

3 Peceol insol insol insol insol

4 Maisine 35-1 insol insol insol insol

5 Capmul MCM insol insol insol insol

6 Coconut oil insol insol insol insol

7 Sesame seed oil

8 Safflower seed oil insol insol insol insol

Surfactants 1 Labrasol insol insol insol H&S 20 min clear

2 Gelucire 44/14 insol insol insol insol

3 Labrafil M 2130 CS insol insol insol insol

4 Labrafil M 1944 CS insol insol insol insol

5 Labrafil M 2125 CS insol insol insol insol

6 Gelucire 50/13 insol insol insol insol

7 Cremophor EL insol insol insol insol

8 Cremophor RH-40 insol insol insol insol

9 Tween-20 insol insol insol H&S 25min clear

10 Tween-80 insol insol insol insol

1 Capryol 90 insol insol insol insol

2 Capryol PGMC insol insol insol insol

3 Lauroglycol 90 insol insol insol insol

4 Lauroglycol FCC insol insol insol insol

5 Plurol Oleique CC 497 insol insol insol insol

6 VitE-TPGS

1 Ethanol insol insol insol insol

2 Propylene Glycol

3 PEG-200 insol clear / / clear

4 PEG-300 insol H&S 10 min / / clear

5 PEG-400 insol H&S 20 min / / clear

1 Phosal 50 PG

2 Phosal 53 MCT

3 Transcutol insol insol H&S 15 min / clear

4 Solutol HS-15 insol insol insol insol

Lipids

Cosurfactants

Solvents

Misc.



23 

 

 
 

Figure S3.15 Solubility of 3-AP in individual excipients. 

 

Solubility of 3-AP in Individual Excipients

Excipient 

Class
Excipient 80 mg/mL                   40 mg/mL     20 mg/mL  10 mg/mL   Overnight @ RT

1 Labrafac Lipo WL 1349 insol insol insol insol

2 Labrafac PG insol insol insol insol

3 Peceol insol insol insol insol

4 Maisine 35-1 insol insol insol insol

5 Capmul MCM insol insol insol insol

6 Coconut oil insol insol insol insol

7 Sesame seed oil insol insol insol insol

8 Safflower seed oil

Surfactants 1 Labrasol insol insol insol insol

2 Gelucire 44/14 insol insol insol insol

3 Labrafil M 2130 CS insol insol insol insol

4 Labrafil M 1944 CS insol insol insol insol

5 Labrafil M 2125 CS insol insol insol insol

6 Gelucire 50/13 insol insol insol insol

7 Cremophor EL insol insol insol insol

8 Cremophor RH-40 insol insol insol insol

9 Tween-20 insol insol insol H&S 10 min Clear

10 Tween-80 insol insol insol insol

1 Capryol 90 insol insol insol insol

2 Capryol PGMC insol insol insol insol

3 Lauroglycol 90 insol insol insol insol

4 Lauroglycol FCC insol insol insol insol

5 Plurol Oleique CC 497 insol insol insol insol

6 VitE-TPGS insol insol insol insol

1 Ethanol insol insol insol insol

2 Propylene Glycol

3 PEG-200 insol insol H&S 10 min insol Clear

4 PEG-300 insol insol insol H&S 10 min Clear

5 PEG-400 insol insol insol H&S 30 min Clear

1 Phosal 50 PG

2 Phosal 53 MCT

3 Transcutol insol insol insol H&S-30 min Almost clear

4 Solutol HS-15 insol insol insol insol

Lipids

Cosurfacta

nts

Solvents

Misc.
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Figure S3.16 Solubility of VE-822 in individual excipients. 

 

  

Solubility of VE-822 in Individual Excipients

Excipient 

Class
Excipient 80 mg/mL                   40 mg/mL     20 mg/mL  10 mg/mL   Overnight @ RT

1 Labrafac Lipo WL 1349 insol insol insol insol

2 Labrafac PG insol insol insol insol

3 Peceol insol insol insol insol

4 Maisine 35-1 insol insol insol insol

5 Capmul MCM insol insol insol insol

6 Coconut oil insol insol insol insol

7 Sesame seed oil insol insol insol insol

8 Safflower seed oil

Surfactants 1 Labrasol insol insol insol H&S - 20min

2 Gelucire 44/14 insol insol insol insol

3 Labrafil M 2130 CS insol insol insol insol

4 Labrafil M 1944 CS insol insol insol insol

5 Labrafil M 2125 CS insol insol insol insol

6 Gelucire 50/13 insol insol insol insol

7 Cremophor EL insol insol insol insol

8 Cremophor RH-40 insol insol insol insol

9 Tween-20 insol insol insol insol

10 Tween-80 insol insol insol insol

1 Capryol 90 insol insol insol insol

2 Capryol PGMC insol insol insol insol

3 Lauroglycol 90 insol insol insol insol

4 Lauroglycol FCC insol insol insol insol

5 Plurol Oleique CC 497 insol insol insol insol

6 VitE-TPGS

1 Ethanol insol insol insol insol

2 Propylene Glycol insol insol insol insol

3 PEG-200 insol insol insol H&S - 20min

4 PEG-300 insol insol insol H&S - 30min

5 PEG-400 insol insol insol H&S - 30min

1 Phosal 50 PG

2 Phosal 53 MCT

3 Transcutol insol insol insol H&S - 20min

4 Solutol HS-15 insol insol insol insol

Misc.

Lipids

Cosurfactants

Solvents



25 

 

3.6 Materials and Methods 

Materials 

Tetraethylorthosilicate 98% (Sigma Aldrich). Hydroxy(polyethyleneoxy)-propyl 

triethyoxysilane (PEG-silane), 8-12 EO, 50% in ethanol (Sigma Aldrich). 

Diethylphosphatoethyltriethoxysilane (P-silane) 95% (Gelest). Sodium hydroxide 

(Thermo Fisher). Hexadecyltrimethylammonium bromide (CTAB) ≥98% (Sigma 

Aldrich). 

 

Nanoparticle synthesis 

pH valve nanoparticles are synthesized according to published procedures in Meng. 

et. al.30 For pore-modified nanoparticles, 200mg CTAB and 1.2mL of 1M NaOH is 

added to 100mL of Millipore water and heated to 80oC. For regular MSN, 1.2mL 

TEOS is added dropwise. For P-modified MSN or PEG-modified MSN, 5% of 

TEOS is substituted with P-silane or PEG-silane. While stirring, the silane mixture 

is added dropwise. After silane precursors are added, the solution is stirred well for 

2 hours at 80oC. Solution is cooled and nanoparticles are centrifuged and 

supernatant is discarded. MSN are washed twice with water and twice with 

ethanol. Subsequent attachment of benzimidazole on the particle surface, 

surfactant extraction, and beta-cyclodextrin capping is carried out per published 

procedures with slight modifications as described here.30 Before capping, 3-AP-

loaded nanoparticles are placed overnight in a vacuum oven to remove all excess 

THF or for 3 days to remove residual DMSO. 

 

Drug loading and release 

For a typical loading study, 5 mg MSN are washed with the loading solvent of 

choice (THF or DMSO for 3-AP) three times and suspended in a solution of drug 

in the same loading solvent. After 24 hours loading on a rotator, the drug solution 

before and after nanoparticle addition is quantified using UV-Vis or fluorescence 

to determine loading capacity (mg drug/mg MSN x 100%) and efficiency (% drug 

loaded into nanoparticles vs. total drug added). Since drugs are insoluble in water, 

the release capacity (mg drug released/mg MSN x 100%) and efficiency (% drug 

released from nanoparticles) are more accurately calculated from the in vitro data 

compared to free drug.  
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Fluorescence/UV-Vis Spectroscopy  

Fluorescence measurements are taken with an Acton Spectra Pro 2300i CCD and 

excited by a CUBE 376 nm (Coherent Inc., Santa Clara, CA, USA) laser. All UV-

Vis measurements are done on a Varian Cary 5000 UV-Vis-NIR 

Spectrophotometer. 

 

TEM 

After CTAB extraction, clean nanoparticles suspended in ethanol are dropped on 

a carbon-coated copper grid for TEM imaging (T12 cryo-electron microscope, FEI 

Tecnai). 

 

TGA 

Thermogravimetric analysis was performed on a Perkin Elmer Diamond 

Thermogravimetric/Differential Thermal Analyzer. Samples were loaded in 

platinum pans, and TG curves were recorded from 0 to 550 °C at a scan rate of 10 

°C/min.  

 

Nitrogen sorption measurements 

Samples were outgassed at 220oC for 12 hours, and then nitrogen adsorption and 

desorption isotherms were taken at 77 K using an Autosorb-iQ (Quantachrome 

Instruments). An NLDFT equilibrium model of N2 on silica was used to calculate 

pore size distribution and pore volume. Brunauer–Emmett–Teller model was used 

to calculate surface areas between partial pressures of 0.08-0.2 p/p0. 

 

SMEDDS formulation 

Procedure for SMEDDS formulation was provided by Peter Rix. The solubility 

screening for all drugs are as described, with procedure for DI-82 as an example. 

Add 10 mg DI-82 (neutral form) to clear conical polypropylene centrifuge tubes.  

If a salt form of DI-82 is used, increase mass as appropriate to give 10 mg neutral 

form/tube. Add ~120 µL of each excipient (80 mg/mL) and disperse with a micro 

weighing spatula, dulled hypodermic needle or even a toothpick. Be sure the volume 

of excipients is transferred to the bottom of the tubes (not up the sides).  Tubes 

may be briefly centrifuged to bring all components together in the bottom. Vortex 

for up to 1 minute and note if clear solution achieved - if so record "clear" in first 

column. Otherwise use gentle warming (45 - 50°C) in a sonication bath, with 
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occasional vortexing as needed. If heat and sonication ("H&S") required, note 

approximate time to clear solution (e.g. "10 min w/ H&S"). If no clear solution is 

achieved within 30 min w/ H&S, write "Insol" and add additional excipient to the 

same tube as needed to generate the next dilution level (next column). Repeat the 

same steps for the next dilution level. Once a clear solution is obtained for a given 

excipient, no further experiments are required for that row (i.e. excipient). Once a 

solution is obtained, leave overnight at RT and check next day for drug 

precipitation (may need to warm first for semi-solids). 
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4 Intracellular iron delivery by an MSN carrier potentiates 

Fenton reactions in vitro 

Synthesis and characterization of IDA-MSN was done by Chia-jung Yu and is 

published in the following: 

 

Tarn et. al. In vitro delivery of calcium ions by nanogated mesoporous silica 

nanoparticles to induce cancer cellular apoptosis, Mol. Syst. Des. Eng., 2, 384-392 

(2017). 

 

Tarn et. al. pH-Responsive Dual Cargo Delivery from Mesoporous Silica 

Nanoparticles with a Metal-Latched Nanogate, Inorg. Chem., 52 (4), 2044–2049 

(2013). 

4.1 Abstract  

Cytotoxicity of unregulated metals in cells have been studied extensively with ion 

transport inhibitors and ionophore drugs, which shuttle ions like calcium, iron, and 

copper into the cell. Here, iminodiacetic acid-modified mesoporous silica 

nanoparticles (IDA-MSN) are used to bind iron ions and deliver them directly into 

the cell via endocytosis pathway. We find that increasing the amount of free iron 

in the cell using the nanoparticle iron carrier causes the generation of radical species 

through iron-catalyzed Fenton reactions. This subsequently causes generation of 

reactive oxygen species, resulting in potent cell killing. Results from these 

experiments have implications in the development of treatments for infections by 

iron-sensitive bacteria or for combination treatments, which rely on ROS induction 

to potentiate the effects of cancer therapeutics.  
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Figure 4.1 (a) IDA-modified MSN are used to chelate metal ions 

such as iron and release them upon protonation (b) MSN are 

endocytosed by cells and iron is released upon protonation of IDA 

groups in the lysosome. Free iron catalyzes Fenton reactions in the 

cell, resulting in ROS production and, ultimately, cell death.  

4.2 Introduction 

All cells require iron to maintain normal function. In most cells, circulating iron 

binds to the transferrin protein and enters the cells via receptor-mediated 

endocytosis after binding to the transferrin receptor on the surface of the cell. Iron 

is released from transferrin in acidic pH due to conformational changes in the 

protein.31 In this way, the amount of labile iron in the cell is regulated. Regulation 

of iron in the cell is essential due to Fenton chemistry that results from excess iron 

in the cell. This reaction between hydrogen peroxide and ferrous salts can produce 

reactive species capable of oxidizing a wide variety of organic substrates. The iron-
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catalyzed ROS produced by the Fenton reaction can cause cell death though a 

variety of downstream pathways, including iron accumulation, direct targets of 

ROS production, and mitochondrial ROS production.32  

Small molecules called ionophores have been used to induce iron shuttling into 

the cell to provoke an iron imbalance, causing cells to undergo apoptosis and cell 

death.33 Recently, a class of heterocyclic thiosemicarbazones were found to act as 

a copper ionophores, partaking in similar Fenton chemistry, and making cancer 

cells more sensitized by the induction of ROS.33,34 While, metal ionophores are an 

emerging class of anticancer drugs, these small molecules are unspecific to cell type 

and lack targeting properties for directed treatment.  

We design a nanoparticle carrier that can address these problems. We use IDA-

chelator-functionalized mesoporous silica nanoparticles to carry iron into the cell 

and inhibit cell proliferation through the induction of ROS. Previously, confocal 

microscopy of fluorescently-labeled MSN show that after cell treatment, MSN can 

be seen inside cells as early as two hours after administration.35 The route of entry 

of these particles is known to be endocytosis, and many studies have shown 

localization of nanoparticles in endosomes and lysosomes.7,35 We take advantage of 

this unique point of entry to deliver excess Fe2+ directly into the cell using an MSN 

carrier, which can be easily functionalized with targeting agents of interest. We 

measure cell proliferation as a function of ATP content after treatment with free 

Fe, bare IDA-MSN, and Fe@IDA-MSN, and find that after 72 hours there is only 

cell killing with Fe@IDA-MSN, while bare IDA-MSNs without iron show no 

toxicity within the tested dose range. We find that cell killing resulting from the 

controlled delivery and release of iron into the cell is ROS-mediated and is followed 

by a necrosis phenotype, with their cell cycle profiles exhibiting sub-G1 arrest, 

indicative of DNA damage. 

4.3 Results and Discussion 

IDA-MSN have been shown to be biocompatible.35 However, we test IDA-MSN 

without iron in cells to determine the maximum tolerated dose and ensure no off-

target toxicity associated with these particles in vitro (Figure 4.2a). HEK-293 

human embryonic kidney cells are used as a model cell line for these studies. 
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Inhibition of cell proliferation is measured with the iron-loaded IDA-MSN 

(Fe@IDA-MSN) treatment and shows that there is no cell death within the first 6 

hours of treatment. However, after 24 hours we see cell viability drop down to 50%, 

after 48 hours to 30%, and after 72 hours to 10% with the 100ug/mL Fe@IDA-

MSN treatment (Figure 4.2). This is suggestive of ROS-induced cell death,36 which 

at the initial 6 hours of induction does not show inhibition of cell proliferation, but 

after 24 hours a more obvious phenotype is seen.37 Results from the Cell Titer-Glo 

viability assay over a larger concentration range of Fe@IDA-MSN suggest that Fe-

mediated cell death has a threshold effect (Figure 4.2c). After 72 hours, viability 

drops to 60% with the lowest dose of Fe@IDA-MSN treatment (20 mg/mL), 

equivalent to only 7.2 µM Fe(II), showing that not much iron is needed for cell 

death. 

Excess iron accumulation in mammalian cells can take part in Fenton 

chemistry, triggering cell death via ROS production. To test whether iron-induced 

cell death with these nanoparticles are ROS-mediated, we measure ROS using 

DCFH-DA assay (Figure 4.3). Relative to the control, we find that free Fe(II) 

causes some ROS at the 72 hour timepoint. However, Fe@IDA-MSN treatment 

causes ten times more ROS than free iron(II), suggesting that by delivering iron 

directly  

 

 
 

Figure 4.2 (a) Toxicity of bare IDA-MSN determined after 24-hour 

treatment. (b) Inhibition of cell proliferation over time is measured by 

ATP content after 3-, 6-, 24-, and 72-hour treatment with Fe@IDA-MSN. 

(c) 72-hour treatment of Fe@IDA-MSN and controls. In every case, the 

amount of Fe in Fe@IDA-MSN is equivalent to the free iron control. 
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into the cell with the nanoparticle carrier, bypasses the transferrin receptor and 

causes an imbalance of iron in the cell. High ROS production with the Fe@IDA- 

MSN treatment show that ROS is a mediator in the cell death process.  

ROS produced by Fenton may cause cell death by a variety of mechanisms—

through mitochondrial ROS production with an apoptosis phenotype, via 

mitochondrial ROS with a necroptosis phenotype, or a non-apoptotic cell death 

primarily by production of lipid ROS.32,38 To further understand how intracellular 

delivered iron with IDA-MSN cause cell death, we use flow cytometry to stain for 

apoptotic and necrotic cells (Figure 4.4). Fe@IDA-MSN shows much higher 

population of necrotic cells (24%) compared to free Fe (9%) and controls (9%). 

Fe@IDA-MSN treatment shows a disrupted cell cycle profile, with a population of 

cells arresting in sub-G1 (Figure S4.6), indicative of a mechanism typical for DNA 

damaging agents.39–41 
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Figure 4.3 ROS is measured by DCFH-DA assay after 72-hour 

treatment and is normalized to the number of live cells. Cell line: 

HEK-293 
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Figure 4.4 Cells treated with 250 ug/mL Fe@IDA-MSN, 

equivalents of free iron, or bare IDA-MSN for 24-hours are stained 

with propidium iodide dead cell nuclear stain and Annexin V-Alexa 

Fluor 488 conjugate, a marker of apoptosis. Dual staining for dead 

cells and apoptotic cells allows us to quantify the percent cell 

population undergoing apoptosis or necrosis using flow cytometry. 

Cell line: HEK-293 

4.4 Conclusions  

Intracellular iron delivery via Fe@IDA-MSN cause significant cell death after 72 

hours, while free iron is non-toxic to cells. Bare IDA-MSN at the concentrations 

administered have no apparent toxicity. FACS measurements confirm cell death 

by intracellular iron delivery, which have a much higher population of necrotic 

cells. Intracellular ROS production measured by DCFH-DA conversion shows that 

Fe@IDA-MSN cause ten times more ROS per cell than free iron treatment. As 

metal ionophore drugs are becoming increasingly clinically-relevant, ROS-mediated 

cell death by Fe@IDA-MSN may have implications as a therapeutic to treat iron-
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sensitive bacteria such as mycobacterium tuberculosis or as a sensitizer for cancer 

therapies.  

4.5 Materials and Methods 

IDA-MSN synthesis and characterization 

MSN were prepared as previously described.35,42 

 

Cell culture and culture conditions 

HEK-293 human embryonic kidney cell line is purchased from ATCC and cultured 

in standard incubation conditions using Corning Dulbecco's Modified Eagle 

Medium supplemented with 10% Fetal Bovine Serum and 1% penicillin-

streptomycin at a humidified 37oC with 5% CO2. Subcultures were established by 

trypsinization (0.25% w/v Trypsin) and centrifugation with subsequent 

resuspension at 2 to 3 x 105 viable cells/mL. Cell density is maintained between 2 

to 3 X 105 and 1 to 2 X 106 viable cells/mL. 

 

Proliferation assays 

HEK-293 cells are seeded at a density of 1500 cells/well in a 96-well plate and 

incubated in fresh culture medium at 37oC in a 5% CO2 atmosphere for 24 hours. 

After 24 hours, cells are changed into fresh media and treatments are administered. 

Treatments are Fe@IDA-MSN, IDA-MSN, and free Fe(II) in the form of the 

ammonium iron(II) sulfate hexahydrate salt. 72 hours after treatment, ATP 

content is measured using Promega CellTiter-Glo Luminescent Cell Viability Assay 

(CTG) according to manufacturer’s instructions, and analyzed by Tecan Infinite 

M1000 Plate Reader. For all viability data, treatments are done in triplicates. 

Release capacity of Fe@IDA-MSN (0.60 µmol Fe/mg MSN) from ICP-OES is used 

to calculate the concentration of free Fe(II) to add in the free iron treatment control 

condition. 

 

Apoptosis assay 

Cell death is also examined by using a dual staining method for apoptosis and 

necrosis. Cells are seeded 24 hours prior to treatments are administered. After 24 

hours, cells are changed into fresh media and treatments are administered. 

Apoptosis and cell death are assayed after 24 hours using Annexin V-Alexa Fluor 

488 and PI dual stain according to manufacturer’s instructions (Alexa Fluor 488 
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Annexin V/Dead Cell Apoptosis Kit, Thermo Fisher Scientific). Single stain, dual 

stain, and no stain samples are also prepared as the compensation controls for 

FACS analysis. All flow cytometry data are acquired on a five-laser LSRII 

cytometer (BD Biosciences) and analyzed using FlowJo software. 

 

Detection of reactive oxygen species 

ROS production in live cells are measured after incubation with the dichloro-

dihydro-fluorescein diacetate (DCFH-DA) probe that reacts with ROS in the cell 

and produces the highly fluorescent 2',7'-dichlorofluorescein (DCF) dye that is 

proportional to ROS species present. After incubation with the ROS probe, free 

Fe(II), bare IDA-MSN, and Fe@IDA-MSN are added to cells and ROS is measured 

over time by fluorescence of the DCF dye. Concurrently, cell viability is measured 

using Cell Titer-Glo at corresponding timepoints in order to normalize ROS 

production by the number of live cells. Detection of ROS is assayed according to 

manufacturer’s instructions (OxiSelect Intracellular ROS Assay Kit, Cell BioLabs 

Inc.). HEK-293 cells are stained with DCFH-DA reagent one hour prior to 

treatment. Cells are washed and resuspended in fresh media containing treatments. 

Fluorescence is measured for 10,000 cells in each treatment group in a 96-well plate 

3 to 72 hours after treatment. Fluorescence is measured using a Tecan Infinite 

M1000 Plate Reader at an excitation wavelength of 480 nm and emission at 530 

nm. Resulting fluorescence is proportional to ROS produced. Fe@IDA-MSN cause 

cell death after 24 hours, so final RFU data is normalized to the cell count 

corresponding to each treatment condition and timepoint.  
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4.6 Supplemental Information 

 
Figure S4.5 Inhibition of cell proliferation by three concentrations 

of Fe@IDA-MSN in HEK-293 cells after (a) 48-hour treatment and 

(b) 72-hour treatment.  

 

 
 

Figure S4.6 Cell cycle profiles of HEK-293 cells after 24h 

treatment with Fe@IDA-MSN and controls. 
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5 Synthesis, modification, and biocompatibility of mesoporous 

silica nanoparticles 

This brief work was based on a silica wormhole particle synthesis procedure 

provided by my colleague Philippe Saint-Cricq-Riviere. 

5.1 Abstract 

Physical properties and biological compatibility of MCM-41-type silica 

nanoparticles have been extensively studied.2,4,5,26 Here we try a variety of synthesis 

to improve particle homogeneity and study how the addition NH4Cl during the 

synthesis affects necking, pore structure, and biocompatibility of these 

nanoparticles. 

 

 
 

Figure 5.1 Structural properties and biocompatibility of three 

types of silica nanoparticles. 
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5.2 Results and Discussion 

 
 

Figure 5.2 TEM images of MCM-41-type mesoporous silica 

nanoparticles modified with phosponates. Average diameter 

determined by DLS is 50 nm. 

 

 
 

Figure 5.3 TEM images of wormhole pore silica nanoparticles. 

Average diameter determined by DLS is 50 nm. Addition of NH4Cl 

in synthesis improves monodispersity and necking of particles but 

also changes self-assembly of CTAB or hydrolysis rates preventing 

formation of hexagonal mesopore structure. 
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Figure 5.4 (a) TEM image of FITC-modified silica nanoparticles 

with wormhole pore structure 

 

MCM-41 nanoparticles (NP-1) are synthesized as previously described.8 A 

phosphonate silane is co-condensed 20 minutes after addition of the TEOS silane 

precursor to produce well-dispersed particles, with some necking between adjacent 

particles. With this synthesis, it is typical for smaller MCM-41 particles (<80 nm) 

to exhibit more necking. To reduce necking, addition of NH4Cl acts as a buffer, 

and prevents drastic increases in pH, as in the case of MCM-41 synthesis. The 

resulting particles (NP-2) are highly symmetrical and monodisperse. They have 

little visible necking and are 50 nm in size. However, pore structure is no longer 

hexagonal and appears random and “wormhole”-like by TEM. NP-2 were 

synthesized by cocondensation of PEG to improve dispersity for in vitro 

experiments as well as APTES and coupled with FITC to make them fluorescent 

for confocal imaging in cells. When cell are treated with these wormhole-type 

nanoparticles (NP-2), they show loss of membrane integrity from CTAB which gets 

lodged in the matrix and is unable to be removed using typical extraction methods 

for MCM-41-type nanoparticles (Figure 5.5).  
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Figure 5.5 (a-b) TEM image of PEG-FITC-modified silica 

nanoparticles. PEG is added to lower macrophage uptake and 

clearance. Average diameter determined by DLS is 48 ± 4 nm. (c) 

MIAPaCa-2 PDAC cells are stained with actin and DAPI. (d) Cells 

treated with wormhole-type nanoparticles cause rupturing of the 

cell membrane. Nanoparticles are surface-modified with FITC for 

imaging (green). 
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Figure 5.6 (a) TEM, DLS, and Zeta potential measurements for 

diethylphosphatoethyltriethoxysilane and APTES modified MCM-41 

nanoparticles. 

 

 
 

Figure 5.7 Trypan blue cell death assay in p185 cells show that 

these wormhole-pore particles have a lower toxicity range (<10 

ug/mL) than MCM-41-type silica nanoparticles (>100 ug/mL).  
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Synthesis of diethylphosphatoethyltriethoxysilane and APTES modified MCM-

41 nanoparticles (NP-5) were synthesized to compare toxicity profiles to NP-2. The 

ethoxysilane hydrolyses slower, similar to TEOS, and produced more monodisperse 

particles compared to the hydroxide 3-(Trihydroxysilyl)propyl methylphosphonate 

used to synthesize NP-1. NP-5 are larger (90 nm average diameter) by DLS (Figure 

5.6). However, there is visibly reduced necking with NP-5 vs. NP-1. We compare 

these two types of particles with a Trypan Blue cell death assay. Toxicity of lodged 

CTAB in NP-2 is further evidenced by the cell proliferation assay where we 

compare the biocompatibility of MCM-41 type MSN (NP-1), which do not effect 

cell proliferation, to wormhole silica nanoparticles (NP-2), which kill 50% of cells 

after 24 hour treatment (Figure 5.7) 

5.3 Conclusions 

Here, we synthesize different types of silica nanoparticles and compare their 

toxicity in vitro. We improve dispersity of typical phosphonated MCM-41 MSN by 

replacing the fast hydrolyzing 3-(Trihydroxysilyl)propyl methylphosphonate silane 

with the slower hydrolyzing diethylphosphatoethyltriethoxysilane and a PEG 

silane during the co-condensation step. We find that addition of NH4Cl in MSN 

synthesis results in improved monodispersity and less necking, but compromises 

the biocompatibility of silica nanoparticles due to residual CTAB lodged in the 

framework. 

5.4 Materials and Methods 

NP-1 (50 nm P-MSN) is synthesized according to published procedures with NaOH 

as the base.8 For NP-2 (50 nm wormhole NP), 25mL of water, 0.1g CTAB, 50uL 

NaOH, and 112 µL of 100mg/mL NH4Cl2 solution is combined and heated to 85oC 

with stirring at 1400 rpm. 375 µL TEOS is added dropwise and the solution is 

stirred for 3 hours at 85oC. For NP-3 (FITC-wormhole NP), NP are prepared as 

described with NP-2, except that 1 mg fluorescein isothiocyanate (FITC), 2 µL (3-

Aminopropyl)triethoxysilane, and 450 µL anhydrous ethanol is mixed for 2 hours 

and then combined with the TEOS precursor. For NP-4 (PEG-FITC-wormhole 

NP), NP are prepared as described with NP-3 except after 3 hours, 20 µL 

hydroxy(polyethyleneoxy)-propyl triethyoxysilane is added and stirred for an 

additional 2 hours. For NP-5 (P-NH3-MSN), hydroxy(polyethyleneoxy)-propyl 
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triethyoxysilane and (3-Aminopropyl)triethoxysilane are combined with 1.2 mL 

TEOS, added dropwise to a mixture of 200mg CTAB, 1.2mL (1M) NaOH, and 

100mL mH2O, and stirred for 2 hours at 80oC. For all nanoparticles, surfactant is 

extracted by stirring nanoparticles in 20 mg/mL NH4NO3 in ethanol and refluxing 

for 1 hour. Particles are cooled and washed with ethanol three times. This 

extraction procedure is done twice. 
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6 Mesoporous silica nanoparticle drug carriers in vivo 

This chapter describes treatment and imaging applications of mesoporous silica 

nanoparticles that have been successfully tested in vivo, as well as some future 

applications of these systems.  

6.1 Nanoparticles Improve Moxifloxacin Pharmacokinetics 

This section is based on the article “Daniel L. Clemens, Bai-Yu Lee, Sheba 

Plamthottam. Michael V. Tullius, Ruining Wang, Chia-Jung Yu, Zilu Li, Barbara 

Jane Dillon, Jeffrey I. Zink, and Marcus A. Horwitz, Nanoparticle Formulation of 

Moxifloxacin and Intramuscular Route of Delivery Improve Antibiotic 

Pharmacokinetics and Treatment of Pneumonic Tularemia in a Mouse Model” 

submitted for review in 2018. 

6.1.1 Abstract 

 

Francisella tularensis causes a serious and often fatal infection, tularemia.  We 

compared the efficacy of moxifloxacin delivered as free drug or by disulfide snap-

top mesoporous silica nanoparticles (MSNs) in reducing bacterial burden in a 

mouse model of pneumonic tularemia and found that nanoparticle-delivered 

moxifloxacin was more effective than free drug and that the intramuscular and 

subcutaneous routes were markedly more effective than the intravenous route.  

Assay of tissue silica by inductively coupled plasma optical emission spectrometry 

showed that the enhanced efficacy of the MSNs and the intramuscular route of 

delivery was not due to better delivery of the MSNs to affected organs as 

intramuscular delivery led to much lower levels of silica in the lung, liver, and 

spleen than intravenous delivery.  Moreover, in mice infected by respiratory 

challenge with GFP-expressing F. tularensis and then administered DyLight 650-

labeled nanoparticles, the nanoparticles co-localized with GFP-expressing F. 

tularensis in mouse lung cells after intravenous, but not after intramuscular 

injection, on flow cytometry analysis.  Assay of blood moxifloxacin levels over time 

in mice injected with free versus nanoparticle-delivered moxifloxacin demonstrated 

that the nanoparticle formulation provided a longer drug half-life and a longer time 

above the minimal inhibitory concentration, and that these advantages were 

greatest for the intramuscular route.  We conclude that the superior efficacy of 

nanoparticle-delivered moxifloxacin over free drug and of the intramuscular route  
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of nanoparticle delivery over the intravenous route is attributable to improved 

pharmacokinetics.  

6.1.2 Introduction 

 

Mesoporous silica nanoparticles (MSNs) are an attractive drug delivery platform 

for several reasons, including an extremely large internal surface area that allows 

high drug loading and a surface that is readily modified for targeting of specific 

cells and for controlled drug release in response to environmental cues.23,43 For 

example, we have devised MSNs functionalized with disulfide snap-tops that release 

their drug cargo intracellularly in response to the intracellular redox potential.9 We 

have previously shown that intravenous (i.v.) administration of moxifloxacin 

(MXF) via disulfide snap-top redox-operated mesoporous silica nanoparticles 

(MSN-SS-MXF) is much more effective for treatment of pneumonic tularemia in 

mice than an equivalent amount of free drug.9  However, the basis for the enhanced 

efficacy is unclear.  Nanoparticle (NP)-delivered antibiotics have been proposed to 

have numerous advantages over free drugs, including shielding the drug from 

excretion and metabolism, improved pharmacokinetics,44 and specific targeting of 

macrophages in the lung and reticuloendothelial system, which are important host  

 
 

Figure 6.1 Summary of mice treatment and methods used to 

analyze pharmacokinetics of MXF treatment. 
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Figure 6.2 Efficacy of MSN-SS-MXF and free MXF administered 

by the i.v., s.c., or i.m. route in two independent experiments.  

BALB/c mice were infected with F. tularensis LVS i.n. at day 0.  

Mice were treated on day 1, 3, and 5 with free MXF (n = 3 mice 

per group) or MSN-SS-MXF (n = 4 mice per group) at the dose 

and route of administration indicated.  Control mice were sham 

treated with PBS by the i.v. route.  Doses of MSN-SS-MXF 

indicated in the first (A) and second (B) experiments were the 

amount of free MXF equivalent delivered.  Bacterial burdens in the 

lung (top panel), liver (middle panel), and spleen (bottom panel) 

were determined one day after the last treatment on day 6.  Data 

are shown as mean ± SEM.  Treatment efficacy between groups 

was analyzed using two-way ANOVA with Tukey’s correction.  

****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not 

significant 
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cells for replication of intracellular pathogens, such as Francisella tularensis9,45 and 

Mycobacterium tuberculosis.46  The relative contribution of various factors to the 

enhanced efficacy of mesoporous silica nanoparticle (MSN)-delivered drug 

treatment vs. free drug is often unclear.  

A study in Mycobacterium marinum infected zebrafish embryos demonstrated 

that poly(lactic-co-glycolic acid) (PLGA) NPs administered i.v. are taken up by 

macrophages that traffic into M. marinum containing granulomas,47 consistent with 

the concept that a NP platform can enhance drug delivery to infected cells and 

tissues.   

However, the study did not examine whether the PLGA-delivered drug was 

more effective than free drug, or whether the i.v. route was more effective than 

other routes, e.g. the subcutaneous (s.c.) or intramuscular (i.m.) route, where 

trafficking of NP-containing drug to the site of infection might be less effective.   

Here we determined the efficacy of MSN-SS-MXF delivered by i.v., s.c., or i.m. 

routes against lethal respiratory infection with F. tularensis Live Vaccine Strain 

(LVS) in mice.  We show that equivalent amounts of MXF exhibit the following 

order of efficacy for treatment of pneumonic tularemia in a mouse model: i.m. 

MSN-SS-MXF > i.v. MSN-SS-MXF > i.m. free MXF > i.v. free MXF.  While i.m. 

administered MSN-SS-MXF was the most effective, we found few or no MSNs in 

the lungs of mice following i.m. administration, indicating that, for this NP 

platform, enhanced trafficking of MSN-SS-MXF to the site of infection is not  

responsible for the markedly enhanced efficacy of the i.m. route.  On the other 

hand, the nanoparticle formulation yields a longer half-life than free drug and i.m. 

administration yields an even further prolongation of the half-life.  In our model of 

pneumonic tularemia, time above the minimal inhibitory concentration (t>MIC) 

is the best predictor of MXF efficacy, and accordingly, i.m. administration of the 

nanoparticle formulation of MXF was superior to all other routes and to free MXF.   

6.1.3 Results 

 

Efficacy of MSN-SS-MXF and free MXF by 3 different routes of 

administration 

We conducted two independent experiments to compare the treatment efficacy 

of MSN-SS-MXF delivered via three different routes in a mouse model of 

pneumonic tularemia.  We infected BALB/c mice intranasally (i.n.) with 6 times  
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Table 6.1 Efficacy Ratios of MSN-SS-MXF to Free MXF 

the LD50 dose of F. tularensis Live Vaccine Strain (LVS) and one day later began 

treatment with MSN-SS-MXF or free MXF by the i.v., i.m., or s.c. route, 

administering the drug every 48 hours for a total of 3 doses.   

In the first experiment, the number of live LVS [colony-forming units (CFU)] 

in the lung at 5 hours post-infection was determined to be 2.7 x 102 per lung.  One 

day later, the bacterial burden increased to 1.4 x 105 CFU per lung.  Without 

treatment, the bacteria continued to multiply in the lung and disseminate to other 

organs.  At the end of the 6-day infection period, the bacterial number had 

multiplied to more than 107 CFU in the lung and 106 – 107 CFU in the liver and 

spleen (Figure 6.1).   

MSN-SS-MXF (60 µg) given by the i.m. route showed an efficacy in reducing 

the bacterial burden in the lungs that was comparable to that achieved by a 3.3-

fold larger dose (200 µg) of free drug given by the same i.m. route.  MSN-SS-MXF 

delivered by the i.m. route was also more effective than equal amounts of MSN-

SS-MXF given by the s.c. or i.v. route.  MSN-SS-MXF (60 µg) given by the s.c.  

 

 

Experiment Organ 

MSN-SS-

MXF 

Dose (μg) 

Route of administration 

i.v. s.c. i.m. 

Experiment 1 

 Lung   60 2.10 2.40 3.36 

 Liver   60 1.43 1.46 2.09 

 Spleen   60 1.45 1.59 2.25 

Experiment 2 

 Lung   50  1.84 3.28 3.58 

  100 2.95 3.42 4.58 

 Liver   50 4.19 4.19 4.11 

  100 2.11 2.07 2.04 

 Spleen   50 3.65 4.07 3.71 

  100 1.84 2.02 1.88 



49 

 

 

Table 6.2 Efficacy ratios relative to i.v. free MXF in experiment 2  

 

route was more effective than 100 µg of free MXF given by the s.c. route, and 

MSN-SS-MXF (60 µg) given by the i.v. route showed an efficacy comparable to 

that of 100 µg of free MXF.  In the liver, i.m. MSN-SS-MXF (60 µg) was more 

effective than 100 µg of free MXF given by the i.m. route and was more effective 

than MSN-SS-MXF (60 µg) given by the i.v. or s.c. route.  MSN-SS-MXF (60 µg) 

given by the i.m. route reduced bacterial burden in the spleen to a greater extent 

than did 100 µg of free MXF given by the same route. MSN-SS-MXF (60 µg) given 

by the i.v. or s.c. route also decreased bacterial burden to a greater extent than 

did 100 µg of free MXF given by the same routes.  

In the second experiment, the number of bacteria in the lung at 5-hours and 

1-day post infection was 1.5 x 102 CFU and 8 x 104 CFU, respectively.  At day 6, 

the organ burden of bacteria was approximately 107 CFU in the lung and 105 – 106 

Treatment Organ 

MXF dose 

(μg) 

Route of administration 

i.v. s.c. i.m. 

Free MXF Lung   50 1.00 0.87 1.21 

  100 1.00 0.69 0.94 

  200 1.00 1.00 0.86 

 Liver   50 1.00 0.19 0.69 

  100 1.00 0.46 0.70 

  200 1.00 0.95 1.09 

 Spleen   50 1.00 0.49 0.98 

  100 1.00 0.69 1.16 

  200 1.00 0.90 0.89 

      

MSN-SS-

MXF 
Lung   50 1.85 2.87 3.07 

  100 2.86 3.09 3.17 

 Liver   50 4.20 4.23 4.15 

  100 2.11 2.06 2.06 

 Spleen   50 3.57 3.61 3.57 

  100 1.80 1.78 2.26 
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CFU in the liver and spleen (Figure 6.1).  Similar to the first experiment, MSN-

SS-MXF (50 μg) given i.m. was as effective as a 4-fold higher dose (200 μg) of free 

MXF delivered by the same route in reducing bacterial burden in the lung.  Also 

as observed in the first experiment, MSN-SS-MXF administered by the i.m. route 

was more effective in reducing the bacterial load in the lung than equal amounts 

of MSN-SS-MXF given by the s.c. or i.v. route.  In the liver and spleen, the effect 

of MSN-SS-MXF given by these three different routes could not be compared 

because bacterial number in these organs was reduced to a level below the 

experimental detection limit after treatment with three 50 μg doses, the lower of 

the two doses tested.  

We used the median-effect equation48,49 to model the dose – response 

relationship between free MXF administered by each of the routes and reduction 

in bacterial burden in each of the organs.  This allowed us to calculate – for each 

route and for each organ – the dose of free drug that would yield a comparable 

reduction of bacterial burden.  We define the efficacy ratio as the ratio of the free 

drug to MSN-delivered drug that yields the same reduction in bacterial burden.   

Table 6.1 indicates the ratio of bio-equivalent amounts of MSN-SS-MXF to 

free MXF when both are given by the same route.  The efficacy ratios in the lung 

for MSN-SS-MXF vs. free MXF administered i.m., s.c., or i.v. were 2-3:1 in the 

first experiment and 3-4:1 in the second experiment ( 

Table 6.1).  The i.m. route had higher MSN-SS-MXF to free MXF efficacy 

ratios than s.c. and i.v. routes in liver and spleen in the first experiment and about 

the same efficacy ratios as s.c. and i.v. routes in the liver and spleen in the second 

experiment ( 

Table 6.1); in the latter experiment, any potential improvements in the 

efficacy ratio by the i.m. route could not be ascertained because the efficacy of 

MSN-SS-MXF was already at a  
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Figure 6.3 Organ biodistribution of silica.  The amount of silica 

in organs from F. tularensis LVS infected mice was determined 

after administration of MSN-SS-MXF via the route indicated.  

Data are presented as mean ± SD of 3 mice in the PBS i.v. group 

and 4 mice each in the MSN-SS-MXF i.v., s.c., and i.m.groups. 

 

maximum, i.e., the bacterial burden in the liver and spleen - even with MSN-SS-

MXF administered i.v. - was already reduced to the limit of detection (Table 6.2).   

Table 6.2 shows the ratio of the bio-equivalent amounts of MSN-SS-MXF and 

free MXF administered i.v., s.c., and i.m. relative to free MXF administered i.v.  

It is clear from Table 6.2 that MSN-SS-MXF are more efficacious than free drug 

by all routes of administration.  Moreover, in the lung after administration of the 

50 µg dose of MSN-SS-MXF, the only site and dose level where CFU were above 

the limit of detection, the i.m. and s.c. routes were more efficacious than the i.v. 

route.    Analysis of MSN silica in mouse organs by ICP-OES following i.m., s.c., 

and i.v. administration of MSN-SS-MXF  

To determine whether greater delivery of MSNs to infected tissues could 

account for the greater efficacy of the i.m. route of administration of MSN-SS-

MXF, we measured MSN uptake into organs using inductively coupled plasma 

optical emission spectrometry (ICP-OES). Mice were given 3 doses (one dose every 

48 hours) of MSN-SS-MXF by the i.v., s.c., or i.m. route or 3 doses of PBS by the 

i.v. route.  The mice were killed 24 hours after the last injection, their organs  
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Figure 6.4 DyLight 650-labeled MSNs are detected in lung cells 

after i.v. but not after i.m. administration.  (A, B) Imaging flow 

cytometry density plots of lung cells from mice infected with LVS-

GFP one day after i.v. (A) or i.m. (B) administration of DyLight 

650-labeled MSN.  (C) Images from (A) showing DyLight 650 

positive lung cells that are also GFP positive (i.e. infected with 

LVS-GFP).  (D) Images from (B) showing DyLight 650 negative 

lung cells that are infected with LVS-GFP. 

 

digested with acid, and the amount of silica assayed by ICP-OES.  We found that 

the level of silica in the lung, liver, and spleen of mice treated with MSN-SS-MXF 

by the i.m. or s.c. routes was comparable to the background level of silica in mice 

receiving sham (PBS) injections (Figure 6.3).  Only in mice treated with MSN-SS-
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MXF by the i.v. route were levels of silica in the organs greater than that in sham-

treated mice (Figure 6.3).  

 

Fluorescent MSNs are detected in the cells of infected organs after i.v. 

but not after i.m. administration  

To assess the trafficking of MSNs to infected cells and tissues, we infected mice 

i.n. with F. tularensis LVS that express GFP (LVS-GFP) and two days later 

injected DyLight 650-labeled MSNs into the mice by the i.v. and i.m. routes.  One 

day after injection, the organs were digested enzymatically and by physical 

methods, immunostained with a fluorescent antibody to F4/80 (a mouse 

macrophage marker), and the cells examined with an ImageStream Mark II flow 

cytometer to assess co-localization of the MSNs and the LVS-GFP.  Whereas MSNs 

were present in infected F4/80+ macrophages of the lung and spleen (as well as 

F4/80- cells) following i.v. administration, they were not present in any cells 

(infected or uninfected) of these mouse organs after i.m. administration (Figure 

6.4). 

 

Pharmacokinetics of MXF in the blood following administration of free 

or MSN-SS-MXF by i.v. and i.m. routes 

Mice were given equivalent amounts of free MXF or MSN-SS-MXF by i.v. or 

i.m. routes and blood was obtained at sequential times thereafter for determination 

of MXF concentration by LC-MS (Figure 6.5).  The area under the curve (AUC) 

calculated by the linear trapezoidal method was lowest for the i.v. free MXF and 

similar for the i.v. MSN-SS-MXF, i.m. free MXF, and i.m. MSN-SS-MXF (Table 

6.3).  When calculated by the linear up, log-down trapezoidal method, i.m. MSN 

showed the greatest AUC, but the difference does not appear to be great enough 

to account for its markedly greater efficacy (Table 6.3).  On the other hand, the 

i.m. MSN-SS-MXF yielded a much longer half-life for MXF (6.9 hours), which was 

longer than i.v. MSN-SS-MXF (4.8 hours) and considerably longer than i.v. and 

i.m. free MXF (0.9 and 0.7 hours, respectively).  Because of its much longer half-

life, the time above the MIC is longer following i.m. MSN-SS-MXF (24 hours) than 

for i.v. MSN-SS-MXF (14 hours) and dramatically longer than for free MXF 

administered either i.v. or i.m. (5.1 and 5.5 hours, respectively).  
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Figure 6.5 Blood levels of MXF (plotted as natural log of µg/ml 

concentrations) after i.v. or i.m. administration of 0.28 mg of MXF 

either as free drug or as MSN-SS-MXF.  The MXF MIC for LVS 

(0.025 µg/ml) is indicated with a dotted horizontal line. Blood 

MXF levels were below the limit of detection at time points greater 

than 6 hours after i.v. and i.m. administration of free MXF.  Data 

shown are means ± SEM of determinations from 3 mice for each 

data point. 
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Parameter 
Free MXF 

MSN-SS-

MXF 

i.v. i.m. i.v. i.m. 

Kel (hours-1) 0.76 0.93 0.14 0.10 

t1/2 (hours) 0.90 0.70 4.80 6.90 

Linear trapezoidal AUC0-48h (µg∙hours) 2.54 3.42 3.56 3.49 

Linear-up Log-down trapezoidal AUC0-

48h (µg∙hours) 
1.66 2.62 2.70 3.33 

t>MIC (hours) 5.14 5.50 14.65 24.06 

 

Table 6.3 Pharmacokinetic Parameters of MSN-SS-MXF and 

Free MXF after i.v. and i.m. administration. 

 

6.1.4 Discussion 

 

We have demonstrated in a mouse model of pneumonic tularemia that MXF 

formulated in redox-operated MSNs is markedly more efficacious than an 

equivalent amount of free drug and that this greater efficacy is further enhanced 

by administration of the MSNs by the i.m. as opposed to the i.v. route.  We have 

shown here that the greater efficacy is not attributable to enhanced delivery of the 

MSNs to infected cells or tissues, but is instead attributable to the markedly 

prolonged half-life of the MXF and the markedly longer duration that blood levels 

of MXF are above the MIC.  

Three different pharmacokinetic parameters have been correlated with 

antibiotic treatment efficacy in various antibiotic-infection models: the ratio 

between peak blood level and MIC (Cmax/MIC); the AUC/MIC ratio; and time 

above MIC (t>MIC).50–52  While administration of free MXF or MSN-SS-MXF by 

the i.v. route leads to much higher Cmax than does administration of MSN-SS-

MXF by the i.m. route (Table 6.3), the higher Cmax does not result in greater 

efficacy, suggesting that t>MIC or AUC/MIC is a more important factor in 

treatment efficacy.  The linear-up/log-down trapezoidal AUC is likely a more 

accurate estimation of AUC than the linear trapezoidal AUC as it corrects for the 
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logarithmic as opposed to linear decline in MXF blood levels during the elimination 

phase.  Calculated by this method, the AUC/MIC ratio predicts the following 

efficacy ranking: i.m. MSN-SS-MXF > i.v. MSN-SS-MXF = i.m. free MXF > i.v. 

free MXF.  On the other hand, t>MIC predicts an efficacy ranking of i.m. MSN-

SS-MXF > i.v. MSN-SS-MXF > i.m. free MXF = i.v. free MXF.  Table 6.2 data 

(excluding data for sites and doses at the limit of detection) show that the observed 

efficacy ranking is i.m. MSN-SS-MXF > i.v. MSN-SS-MXF > i.v. free MXF = i.m. 

free MXF, thus matching the t>MIC prediction rather than the AUC/MIC 

prediction.  This suggests that for our mouse model of tularemia, MXF efficacy is 

more time-dependent than concentration-dependent, i.e. concentrations 

substantially higher than the MIC do not provide more rapid killing but 

concentrations above the MIC for a longer time do. 

In our system, i.m. administration of MXF in redox-operated snap top 

nanoparticles led to a dramatically prolonged half-life and prolonged t>MIC.  

While t>MIC was the best predictor of efficacy in our model of MXF treatment of 

pneumonic tularemia, in other infection-antibiotic models, such as the clinical 

response to aminoglycoside therapy, the higher Cmax/MIC ratio provided by i.v. 

free drug may be more important to therapeutic efficacy.  On the other hand, many 

infectious disease treatments are now shifting to drugs and formulations with longer 

half-lives as a means to improve treatment efficacy and to decrease the need for 

frequent dosing.  

 While we did not observe trafficking of our i.m. and s.c. delivered MSNs to 

lung, liver, or spleen, it is possible that different formulations of NPs or that an 

intradermal (i.d.) route of administration would have yielded more delivery of the 

MSNs to lung, liver, and spleen.  In this regard, it is noteworthy that i.d. delivered 

pluronic-stabilized poly(propylene sulfide) NPs (<100 nm) have been shown to 

traffic through lymphatics to reach the blood and then be taken up by mononuclear 

phagocytes in the spleen.53 Indeed, the i.d. delivered NPs provided a 50% greater 

bioavailability in the blood than NPs delivered i.m.53 

In these studies, our MSN-SS-MXF have not been modified to include any 

specific targeting features, but instead rely on passive uptake.  When given by the 

i.v. route, uptake is primarily into cells of the mononuclear phagocytic system in 

liver, spleen, and lung, which correlates well with the cells that are infected by F. 

tularensis.  Indeed, our fluorescence flow cytometry analysis confirmed successful 

targeting of the nanoparticles administered by the i.v. route to infected cells in the 

lung.  Nevertheless, we observed higher efficacy when the MSN-SS-MXF was given 
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by i.m. and s.c. routes that did not lead to uptake of the nanoparticles by infected 

cells in these organs.  While pharmacokinetic parameters proved more important 

than nanoparticle targeting in these studies, it is possible that incorporation of 

additional design features that further enhance nanoparticle targeting and delivery 

to infected cells54 would enhance the efficacy of the i.v. route of NP administration.  

 

6.1.5 Materials and Methods 

 

Bacteria 

Francisella tularensis subsp. holarctica Live Vaccine Strain (LVS) was acquired 

from the Centers for Disease Control and Prevention (Atlanta, GA).  Frozen stocks 

of LVS and LVS expressing green fluorescent protein (LVS-GFP) were prepared 

from cultures on GC II agar with hemoglobin and IsoVitaleX enrichment (BD 

BBL) and pre-titered for use directly in animal experiments.  F. tularensis subsp. 

novicida (F. novicida) was cultivated at 37°C with aeration in trypticase soy broth 

(BD BBL) supplemented with 0.2% cysteine (TSBC) for use in the bioassay for 

MXF. 

 

MSN-SS-MXF and DyLight 650-labeled MSN 

MSN-SS-MXF were prepared as previously described.9 Briefly, 

cetyltrimethylammonium bromide (CTAB, 0.7 mmol) was mixed with NaOH (2 

M, 1.7 mmol) in deionized water (120 ml).  The solution was maintained at 80°C 

during dropwise addition of tetraethylorthosilicate (TEOS, 5.4 mmol).  After 15 

minutes, 3-(trihydroxysilyl) propyl methylphosphonate (HTMP, 0.5 mmol) was 

added to the mixture.  The reaction temperature was maintained at 80°C for an 

additional 2 hours after which the MSNs were collected by centrifugation and 

washed three times with water and ethanol.  The MSNs were modified with thiol 

groups by dispersing the MSNs and (3-mercaptopropyl) trimethoxysilane in dry 

toluene and refluxing under nitrogen atmosphere.  CTAB was removed by 

suspending the MSNs (200 mg) in ethanol (80 ml) with the addition of concentrated 

HCl (10 ml) and refluxing for 1 hour, twice.  The adamantane moiety was 

conjugated to the MSNs through the formation of a disulfide bond.  Typically, 1-

adamantanethiol (17 mg, 0.1 mmole) and thiol group modified MSNs (100 mg) 

were mixed and suspended in anhydrous toluene (10 ml).  The oxidizing reagent 

thiolcyanogen was prepared separately by dispersing lead thiocyanate (800 mg) in 
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10 ml chloroform and titrating with bromine (200 µl) dissolved in chloroform (10 

ml).  The resultant mixture was filtered to obtain thiolcyanogen, which was slowly 

added to the MSNs mixture at 4°C under nitrogen atmosphere.  The adamantane-

modified MSNs (MSN-SS-Ada) were washed thoroughly with toluene, ethanol and 

deionized water.  The loading procedure of MXF was performed by suspending 

MSN-SS-Ada (10 mg) in 1 ml of 40 × 10−3 M MXF in 1X PBS solution and rotating 

overnight.  β-cyclodextrin (40 mg) was then added to the solution as capping agent 

and the solution was rotated for an additional 6 hours.  The loaded MSNs (MSN-

SS-MXF) were washed thoroughly prior to further use.  

Dylight 650 labeled MSNs were prepared by first mixing (3-aminopropyl) 

triethoxysilane (APTES, 0.2 mmol) with TEOS (4.5 mmol) and then adding the 

solution dropwise to the basic CTAB solution.  After the removal of CTAB, MSNs 

were suspended in DMF, and DyLight 650 NHS-Ester (500 μl) was added to allow 

covalent coupling to the amine groups grafted within the MSNs.  After dye labeling, 

the particles were washed and processed as described above for disulfide snap-top 

modification. 

 

Measurement of MSN-SS-MXF Release Capacity 

We used a modification of our previously described F. novicida bioassay9 to 

determine the maximum amount of MXF released from particles.  With this assay 

we measured the amount of drug released from MSN-SS-MXF in PBS or DMSO 

or acidified DMSO with and without 2-mercaptoethanol by determining the 

inhibition of F. novicida growth in broth cultures. 

 

Mouse Model of Pneumonic Tularemia 

BALB/c mice of age 8-9 weeks (Envigo) were acclimated for one week prior to 

infection with 4000 CFU (~6 x LD50) of F. tularensis LVS by the i.n. route.  Two 

mice were euthanized after infection (day 0) for determination of initial organ 

burden of F. tularensis.  One day later (day 1), 3 additional mice were euthanized 

to determine the level of F. tularensis at the time point immediately before the 

start of treatment.  Mice were treated with one of three doses of free MXF (3 mice 

per group for each dose) or one of two doses of MSN-SS-MXF (4 mice per group 

for each dose) i.v., s.c., or i.m. every other day (day 1, 3, and 5 for a total of three 

treatments).  Sham-treated mice (3 mice per group) received an equal volume of 

PBS i.v. every other day on the same schedule.  The mice were euthanized one day 
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(day 6) after their third treatment, the organs harvested, and the number of CFU 

determined by plating serial dilutions of the organ homogenates on GCII chocolate 

agar plates containing sulfamethoxazole (40 μg/ml), trimethoprim (8 μg/ml), and 

erythromycin (50 μg/ml) to prevent growth of contaminants.  Bacterial colonies on 

each plate were counted after incubation at 37 °C for 4 days. 

 

Biodistribution of MSN-SS-MXF  

BALB/c mice were provided with a low silica diet and water throughout the 

experiment to improve measurement of silica in the organs.  The mice were infected 

with F. tularensis LVS i.n. and were administered either PBS i.v. or 0.28 mg MSN-

SS-MXF i.v., s.c., or i.m. (4 mice for each route) every other day for a total of 3 

treatments, and euthanized 24 h later, as described above.  Their organs were 

harvested, homogenized in PBS, digested with 0.1% HNO3, and analyzed by ICP-

OES (ICPE-9000, SHIMADZU, Japan).  

 

Flow Cytometry 

BALB/c mice of age 8-9 weeks (Envigo) were acclimated for one week and then 

infected with 4000 CFU LVS-GFP by the i.n. route or left uninfected as a negative 

control.  Two days later, the infected mice were injected i.v. or i.m. with 1 mg of 

DyLight 650-labeled MSN or left untreated.  Three days after infection with LVS-

GFP, approximately 24 h after injection with DyLight 650-labeled MSNs, the mice 

were euthanized and their spleens and lungs harvested for analysis. 

Single-cell suspensions of splenocytes were prepared by gently pressing the cells out 

of the spleen sac, lysing red blood cells with PharmLyse (BD Pharmingen), washing 

the cells, and filtering the cells through a 70-μm nylon cell strainer (Falcon).  To 

prepare single-cell suspensions of total lung cells, the lungs were quickly chopped 

into small pieces with a scalpel and digested for 1 h in 10 ml lung digestion solution 

[PBS containing 300 U/ml Collagenase type II (Worthington) and 0.15 mg/ml 

DNase I (Worthington)] at 37°C with shaking (300 rpm).  The lung cells were 

filtered through a 40-μm nylon cell strainer (Falcon), red blood cells were lysed 

with PharmLyse, and the lung cells washed.  Advanced RPMI 1640 (Invitrogen), 

supplemented with 2% heat-inactivated fetal bovine serum, 2 mM l-alanyl-l-

glutamine (Glutamax; Invitrogen), 10 mM HEPES buffer, 50 μM β-

mercaptoethanol, and penicillin (100 IU/ml)-streptomycin (100 μg/ml), was used 

as the medium.  Surface staining was performed in a 96-well V-bottom plate kept 
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on ice.  Lung and spleen cells (2 to 4 x 106 cells per well) were blocked with 4 µg 

anti-mouse CD16/32 (TruStain fcX, BioLegend), stained with 0.2 µg PE labeled 

anti-mouse F4/80 (1:100 dilution) (BioLegend), washed, and fixed in 1% 

formaldehyde in PBS.  Fixed cells were analyzed on an ImageStream Mark II 

Imaging Flow Cytometer and 30,000 events at 60x magnification were recorded for 

each sample gated by focus and aspect ratio vs. area parameters to obtain 

predominantly single cells.  To obtain high quality single cell images, events were 

gated post acquisition with IDEAS® software version 4.0 (Amnis) using focus, 

aspect ratio vs. area, circularity, perimeter, diameter, and contrast parameters.  

This further refinement resulted in ~10,000 to 14,000 images for samples of lung 

cells and ~19,000 to 21,000 images for samples of spleen cells.  Images with 

internalized LVS-GFP or internalized DyLight 650-labeled MSN were identified 

using intensity, max pixel, and internalization parameters.  Samples from 

uninfected and/or untreated (i.e. not injected with MSN) mice were used as 

negative controls to determine where to draw the selection gates.  Cells positive for 

F4/80 surface staining were gated using a side scatter vs. intensity plot with an 

unstained control used to determine the location of the selection gate. 

 

Median-effect Plots  

The fraction of inhibition for samples treated with different doses of MXF was 

calculated using bacterial CFU in base-10 logarithm (log CFU) with the equation: 

Fraction of inhibition = 1 – (log CFU from sample treated with a known 

concentration of MXF or releasable MXF from MSN-SS-MXF / log CFU from 

untreated sample).  A median-effect plot49 for MXF or MSN-SS-MXF was 

generated using MXF or MXF equivalent (MSN) dose in base-10 logarithm as the 

X-axis and the fraction of surviving bacteria divided by the fraction of killed 

bacteria in base-10 logarithm as the Y-axis. 

 

Determination of MXF blood levels by LC-MS 

MXF concentrations in blood were determined by a modification of published 

methods (16, 17).  Heparinized blood (0.1 ml) was collected by retro-orbital bleed 

at sequential times after administration of free MXF or MSN-SS-MXF by i.v. or 

i.m. routes.  Ciprofloxacin (75 ng) was added to each sample as an internal 

standard and 9 volumes (0.9 ml) of acetonitrile were added and mixed thoroughly.  

The sample was stored overnight at 4°C, mixed again by vortex action, and 
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insoluble material pelleted by centrifugation at 10,000 X g for 10 minutes.  The 

supernatant fluid was transferred to a new tube and dried under vacuum.  The 

dried material was resolubilized in 50 µl water and MXF was quantified by reverse 

phase C18-LC-MS.  LC analysis was performed on a Waters LCT Premier (TOF) 

Mass Spectrometer (positive electrospray ionization mode) with Acquity UPLC.  

Chromatographic separations were achieved by an Acquity UPLC BEH C18 

column (1.7 μm, 2.1 x 50 mm).  The mobile phase consisted of a water 0.3% formic 

acid / acetonitrile 0.3% formic acid mixture at a flow rate of 0.2 ml/min, with a 

sample injection volume of 5 μl.  Linearity and recovery were assessed by spiking 

different MXF concentrations in mouse plasma with a ciprofloxacin internal 

standard.  Calibration curves were fitted by a linear regression method through 

measurement of the ratios of peak areas corresponding to MXF and ciprofloxacin 

internal standard. 

 

Statistics 

Statistical analyses were performed using GraphPad Prism software (version 7.04). 

Means were compared across groups by two-way analysis of variance (ANOVA) 

using the Tukey criteria to adjust p values for multiple comparisons.  Comparisons 

of mean bacterial log CFU in the lung, liver, and spleen between mice treated with 

MSN-SS-MXF or an equivalent amount of free MXF were based on a logit 

transform linear dose response model for the log CFU results for free drug, not 

assuming parallel dose response relationships.  The adjusted mean for treatment 

with free drug was computed under this model, adjusted to the equivalent dose of 

MSN-SS-MXF, along with the corresponding p value for comparing the adjusted 

free drug mean to the MSN-SS-MXF mean.  A P value of 0.05 or less was 

considered statistically significant. 

 

Study approval: All experiments with mice were conducted within the guidelines 

and according to the protocol approved by the UCLA Institutional Animal Care 

and Use Committee. 
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6.2 Comparing routes of MSN administration by positron emission 

tomography 

This section is based on work done with my colleagues Roger Slavik, Christine 

Mona, Andreea Stuparu, Larry Pang, and Liu Wei. 

6.2.1 Abstract 

Mesoporous silica nanoparticles have been used extensively as drug delivery 

vehicles with no toxicity in mice within tolerated doses. However, biodistribution 

and drug release characteristics have not been rigorously characterized due to 

limitations of current techniques. We take advantage of the facile surface 

functionalization properties of MSN to synthesize a NODAGA chelator-

functionalized MSN that can bind radiolabeled 64Cu for tracking using PET 

imaging. This simple technique can be used to functionalize a variety of MSN to 

track their biodistribution. We did a pilot study with the labeled MSN to 

understand the biodistribution in healthy BALB/C mice when administered via 

IV, SC, and IM routes, and found the biodistribution in healthy mice is strongly 

dependent on the route of administration and that the MSN concentration per 

organ varies over time. We also theorize an equation dependent on nanoparticle 

pore volume measurements that can be used to calculate the number of MSN per 

organ. 

 

 
 

Figure 6.6 The biodistribution of mesoporous silica nanoparticles 

can be tracked using PET imaging of 64Cu-labeled nanoparticles. 
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6.2.2 Introduction  

As discussed in Chapter 6.1, mesoporous silica nanoparticles have shown promising 

results in a mouse model of pneumonic tularemia in vivo. ICP-OES is the primary 

method that is currently used to measure silica biodistribution in organs,26,55 which 

although detects ppb quantities of Si, have a major disadvantage. Endogenous silica 

is found naturally in the body and often interferes with quantification. Mice need 

to be fed a Si-free diet in order to lower the baseline levels of Si. The other common 

method used to track nanoparticles is to fluorescently label them with a dye such 

as fluorescein isothiocyanate. However, problems with dye self-quenching can be a 

problem in organs with a high concentration of particles.26,55 Here, we develop a 

facile method to track MSN that is highly specific: no detection of endogenous silica 

or problems with dye self-quenching. We develop a nanoparticle with a 1,4,7-

triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA) chelator commonly 

used in immunoconjugates56 that has a high copper binding strength. Modification 

of this chelator on the surface of the nanoparticle allows us to radiolabel MSN with 
64Cu for in vivo tracking applications using non-invasive PET imaging.  
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6.2.3 Synthesis 

 
Figure 6.7 Overview of synthesis steps for the preparation of 

NODAGA-modified MSN 

 

Mesoporous silica nanoparticle synthesis 

MCM-41-type MSN were prepared as previously described in Chapter 2. As-

synthesized MSN (~160 mg) were washed and dispersed in anhydrous toluene, 

mixed with aminopropyltrimethoxysilane (APTES, 50wt%), and refluxed at 120°C 

under N2 for 24 hours. The APTES-modified nanoparticles were cooled and washed 

with toluene to remove unreacted material. The final clean product was 

centrifuged, washed, and stored in ethanol. After APTES modification, MSN were 

dispersed in 20 mg/mL NH4NO3 in EtOH and stirred for 1 hour at 60oC. Reaction 

was cooled and centrifuged, and then washed with EtOH multiple times. This 

process was done twice to remove all CTAB surfactant. 
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Note: Product was dried under vacuum before solid state NMR and FT-IR 

characterization. For characterization by CP/MAS, a high concentration of 

APTES (50wt%) was used for post-grafting, but lower concentrations can be used 

to tailor the number of NODAGA per particle as well as control the overall charge 

of the particle. 

 

NHS ester formation of NODAGA(tBu)3 

To a solution of NODAGA(tBu)3 (CheMatech #C083) (17.4 mg, 0.032 mmol) in 

500 µL of dry DCM was added to 11.15 µL of DIPEA. Following dissolution, 2eq. 

of NHS (7.37 mg, 0.064 mmol) and 2eq. of EDC.HCl (12.27 mg, 0.064 mg) were 

added. The reaction was stirred at room temperature overnight and analyzed the 

following day by DART and M+1 was mostly observed in the sample. Following 

analysis, the reaction mixture was diluted with 5 mL of DCM and transferred to a 

separatory funnel containing 0.1M of HCl. Organic phase was washed 2 times with 

HCl 0.1M and once with brine. The organic phase was dried over MgSO4, filtered, 

and concentrated under reduced pressure to a slightly yellowish oil. The product 

was brought onto the next step as is (Yield: 88%). 

 

NHS ester coupling onto APTES-modified MSN 

160 mg APTES-modified MSN was dispersed well with sonication in 20 mL dry 

DMF. To this mixture, 40 mg NODAGA NHS-Ester was added and stirred 

overnight under N2. The final product was centrifuged down, washed with DMF 

to remove unreacted material, and then washed and redispersed in EtOH. 

 

Deprotection of NODAGA(tBu)3 

50 mg MSN was added to 975 µL TFA, 25 µL water, and 27 µg phenol at RT and 

placed on a rotator for 6 hours. The deprotected product was then washed with 

water and ethanol. 
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6.2.4 Results and Discussion 

 

Figure 6.8 FT-IR of t-butyl NODAGA-modified MSN after t-

butyl NODAGA NHS-ester coupling. 

 
Figure 6.9 CP/MAS 13C-NMR of t-butyl NODAGA-modified 

MSN (before deprotection). 
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Figure 6.10 CP/MAS 13C-NMR of NODAGA-modified MSN 

(after deprotection). 
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Figure 6.11 TEM and DLS data for particles after all synthesis 

steps. 

 

Successful attachment of NODAGA is characterized by CP-MAS 13C-NMR (Figure 

6.10). Particles are positively charged due to initial grafting of APTES on the 

surface (Figure 6.11). After conjugation, MSN maintain dispersity and are have an 

average diameter of 82 nm by DLS.  
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Figure 6.12 PET images of BALB/C mice after IV, IM, or SC 

administration from 1-32 hours. Images are overlaid with CT scans. 

 

PET images of IV, IM, and SC injection of Cu64 NODAGA-MSN are taken 

from 1 hour to 32 hour after administration (Figure 6.12). Intravenous 

adminstration show uptake in the liver, lungs, and bladdar as early as 1 hour after 

treatment. After 24 hours, there are still some MSN in the lungs, but most of the 

nanoparticles reside in the liver. Intramuscular injection shows a high concentration 

of MSN at the site of injection up to 8 hours, in the lymph nodes, as well as in the 

bladdar and liver for clearance out of the body. Subcutanrous injection shows a 

high concentration of MSN at the site of injection up to 8 hours, some in the lung 

and bladdar, and some in lymph notes. At later timepoints in SC injection, particles 

are cleared through the liver. This pilot study is a proof of concept experiment for 

tracking radiolabeled nanoparticles in the body. Nanoparticles can be loaded with 

therapeutics and can be imaged in disease models such as solid tumors or 

metastatic cancers. 
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6.2.5 Future work 

 

 
 

Figure 6.13 Equation used to estimate the density of mesoporous 

silica nanoparticles. The density calculated from the equation is in 

agreement with density calculations using a mathematical modeling 

method. 

 

Mesoporous silica nanoparticles are porous and less dense that typical colloidal 

silica spheres. The true density of MSN remains unknown, so we developed an 

equation to estimate their density based on pore volume determination from 

experimental nitrogen sorption data. This pore volume term takes into account 

density changes due to different pore modifications. From the calculated density, 

we can calculate the number of particles per gram MSN. From radiolabeling control 

experiments we know mCi per weight of MSN. For future work, the number of 

particles can be estimated just based on this equation and PET imaging analysis. 
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7 Nanoparticle formulation of cGAMP for tumor immunity: 

combating toxicities of lipofectamine carriers 

This chapter is based on work done with my colleagues Evan Abt, Amanda Maas, 

and Thuc Le. 

 

7.1 Abstract  

Phosphonated mesoporous silica nanoparticles were synthesized and coated with a 

1.8kD PEI polymer. Cyclic dinucleotide 2’-3’-cGAMP was then loaded 

electrostatically on the surface of the nanoparticles. Loading capacity was 

determined by LC-MS/MS. Western Blot confirmed cGAMP@PEI-MSN 

stimulates expression of pTBK1 and pIRF3 in Hs766t cells. To evaluate the 

downstream effects of STING pathway activation, we assessed for mRNA levels of 

INF-β, IFIT-1, and SAMHD-1 pathway activity following transfection with the 

STING ligand cGAMP. We compared Lipofectamine and nanoparticle as cGAMP 

transfection methods, and found that cGAMP@PEI-MSN treatment contributed 

to the highest gene expression with significantly less toxicity than the 

Lipofectamine carrier. cGAMP@PEI-MSN can have interesting applications in the 

production of interferon to treat viral infections or enhance the innate immune 

response in radiotherapy for the treatment of cancers.  
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7.2 Introduction 

DNA is normally found in the nucleus of the cell. Localization of DNA to the 

cytosol, resulting from viral infection, tumorigenesis, or radiation therapy is 

associated with translation of the Stimulator of Interferon Genes (STING). The 

STING pathway is a component of the innate immune system that functions to 

detect the presence of cytosolic DNA and, in response, trigger expression of 

inflammatory genes. Recently, the Chen lab identified cGAS, which directly binds 

to cytosolic DNA, forms a dimer and synthesizes cGAMP (cyclic GMP-AMP) from 

GTP and ATP. The cyclic dinucleotide cGAMP binds to STING with high-affinity 

and induces STING conformational change and interferon expression.57–60 

Radiation therapy has been shown to enhance cytosolic DNA sensing for type I 

IFN induction by endogenous production of the secondary messenger cGAMP. 

Furthermore, radiation therapy coupled with injection of cGAMP directly in solid 

tumors has shown to promote Type I Interferon-dependent antitumor immunity in  

 
 

Figure 7.1 (a) cGAS sensing of cytosolic DNA stimulates the 

STING pathway, ultimately resulting the expression of  INF-β 

encoding genes. (b) The role of secondary-messenger cGAMP in 

the production of INF-beta. 
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immunogenic MC-38 tumors.61 Delivery of these agonists directly to tumor sites 

would greatly improve radiation therapy.62 However, 2’3’-cGAMP contains 

phosphodiester linkages which are degraded by phosphodiesterases in the blood, 

preventing systemic administration.60 Here, we develop a cGAMP nanoparticle 

carrier that can be administered via IV, SC, or IM routes. Treatment with cGAMP-

loaded polyethyleneimine-coated mesoporous silica nanoparticles (cGAMP@PEI-

MSN) show induction of Type I IFN, without the toxicities associated with a 

Lipofectamine carrier in vitro. cGAMP-loaded nanoparticles have the potential to 

promote protective immunity through the STING pathway. 

 

7.3 Results and Discussion 

2’3’-cGAMP is less than 2 nm and is negatively charged due to the two 

phosphodiester groups (Figure 7.2). These bonds are relatively unstable and have 

reported to be broken by phosphodiesterases in the blood.60 To test the stability of 

the free compound, the degradation of cGAMP in RPMI media is measured by 

mass spectrometry after incubation for 24 hours under standard in vitro conditions. 

After 24 hours under these conditions, more than 90% of the cGAMP degrades. 

 
 

 

Figure 7.2 (a) Structure of the ammonium salt of 2’3’-cGAMP. 

(b) 3D structure of 2’3’-cGAMP and estimated dimensions of the 

lowest energy configuration determined using geometric modeling. 
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Figure 7.3 Degradation of cGAMP. Levels of 2’3’-cGAMP in 

RPMI media supplemented with 10% FBS are measured by mass 

spectrometry after 0h and 24h under typical cell culture conditions 

(37oC, 5% pCO2). 

 

 

 

 
 

Figure 7.4 Synthesis and loading overview of cGAMP@PEI-MSN. 
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Polyethyleneimine-coated mesoporous silica nanoparticles have been used 

previously to protect and deliver siRNA in vivo.63 A variety of polymer chain 

lengths were screened before the 1.8 kD PEI was found to be the least toxic and 

most effective carrier. Here MCM-41 type mesoporous silica nanoparticles are 

phosphonated and then electrostatically coated with 1.8kD branched PEI (PEI-

MSN). cGAMP is then loaded into the polymer shell of the nanoparticles 

(cGAMP@PEI-MSN). The loading capacity of the nanoparticles is determined by 

LC-MS of the loading solution before and after addition of the nanoparticles. In  

Figure 7.5, high loading concentrations have 1.7% lower loading efficiency, but 

show much higher cGAMP loading per particle. 

 

 
 

Figure 7.5 Mass spectrometry determination of cGAMP loading 

into nanoparticles.  
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Figure 7.7 Western Blot markers of STING expression following 

treatment of Lipofectamine-loaded cGAMP (lipo-cGAMP) or 

cGAMP@PEI-MSN (nano-cGAMP) after 2, 6, and 24 hours 

treatment. Actin is used as a loading control. *Note: 4X lower 

concentration of cGAMP is used in the nanoparticle treatment 

condition. 

 

 
Figure 7.6 Toxicity of PEI-MSN. Trypan blue staining to 

determine viability of cells treated with bare PEI-MSN (without 

cGAMP). 
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Figure 7.8 cGAMP stimulation of INF-β, IFIT-1, SAMHD-1, PD-

L1 gene expression following Lipofectamine-loaded cGAMP 

([cGAMP]=25 ug/mL) or cGAMP@PEI-MSN treatment 

([cGAMP]=6.5 ug/mL). 

*Note: 4X lower concentration of cGAMP is used in the 

nanoparticle treatment condition. 

 

Hs766t PDAC cells, which have high STING expression, are used as a model 

cell line for these studies. The toxicity of bare PEI-MSN are tested to find the 

maximum concentration that can be used in cell culture (Figure 7.6). We find that 

particles are safe below 100 ug/mL. Cells are treated with cGAMP@PEI-MSN or 

4X cGAMP prepared with Lipofectamine transfection reagent. Western Blot of cell 

lysates show pIRF3 and pTBK1, markers of STING expression, following treatment 

of Lipofectamine-loaded cGAMP (4X)  or cGAMP@PEI-MSN (1X) by 2 hours 

after treatment (Figure 7.7). cGAMP stimulation of INF-b, IFIT-1, SAMHD-1, 

PD-L1 gene expression following Lipofectamine-loaded cGAMP (4X), 

cGAMP@PEI-MSN (1X), PEI-MSN, or Lipofectamine treatment controls show 

that the nanoparticle treatment has much less toxicity than the lipofectamine 

carrier and outperforms the lipo-cGAMP treatment even with four times less drug 

(Figure 7.8). The nanoparticle cGAMP treatment induces 20-fold increase in INF-
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B production after 6 hours treatment and 3 fold more SAMHD1 induction than 

the lipo-cGAMP treatment at 24 hours (Figure 7.8), with less total cGAMP than 

the lipofectamine-cGAMP treatment. 

7.4 Conclusions  

We successfully synthesize PEI polymer-coated mesoporous silica nanoparticles 

loaded with 2’3’-cGAMP. In vitro experiments in Hs766t cells show that the 

nanoparticle carrier is much less toxic than the Lipofectamine carrier. Western blot 

of pTBK1 and pIRF3 and RT-PCR experiments show that nanoparticle-loaded 

cGAMP is more potent inducer of the STING pathway. Further studies are 

required to determine their efficacy in vivo.  Immunohistology staining has shown 

that STING is expressed in cancer cells and stroma of patient-derived pancreatic 

tumors, however it is poorly expressed in normal pancreas cells.59,62 Mesoporous 

silica nanoparticles have been shown to accumulate in tumors and can be 

chemically modified with ligands such as folate that can increase tumor uptake.55 

STING-dependent Type I INF induction with cGAMP@PEI-MSN has the 

potential to improve radiotherapy treatments of solid tumors or treat viral 

infections.  

7.5 Materials and Methods               

LC-MS/MS 

20 µM 2’3’-cGAMP samples (triplicates) are made in RPMI media (10% FBS). 

Samples are incubated for 0 hours or 24 hours at 37oC, 5% CO2.  

 

PEI-MSN preparation and 2’3’-cGAMP loading 

Phosphonated MSN (P-MSN) are prepared as previously described.63 2 mg P-MSN 

are washed in ethanol. 2.5 mg 1.8kD PEI (branched, Alfa Aesar) is dissolved in 1 

mL of ethanol. 200 µL of this PEI stock solution is added to P-MSN and particles 

are placed on a rotator for 30 minutes. MSN are centrifuged down and washed with 

ethanol. 200 µL of the PEI stock is added for the second coat and particles are 

placed on rotator again. After 30 min, particles are washed with ethanol once and 

with water thrice. cGAMP loading solution is then added and particles are placed 

on rotator for loading for 2 days. After 2 days, particles are centrifuged down and 

washed with water to remove residual cGAMP. 
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Western blot and RT-PCR 

Hs766t cells are plated in 24 well plates for 16 hours. Fresh media is added and 

wells are treated with one of the following: 4x Lipofectamine control (20 µL 

lipo2000 + 55 µL optimem), 4x Lipofectamine-cGAMP (25 µL cGAMP (1mg/mL) 

+ 20uL lipo2000 + 55 µL optimem), [final cGAMP]= 25 ug/mL, 1x PEI-MSN (100 

µg MSN/mL), 1x cGAMP@PEI-MSN (100 µg MSN/mL), [final cGAMP]= 6.5 

ug/mL. After 2, 6, or 24 hours, cells are collected for RT-PCR and protein lysate 

is collected using RIPA buffer for Western Blot. 
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8 Synthesis and imaging of porous alumina nanoparticles—a 

new drug delivery vehicle 

8.1 Abstract  

Synthesis of porous alumina nanoparticles usually requires high temperature 

techniques such as spray pyrolysis. Here, we synthesize mesoporous alumina 

nanoparticles using a simple sol-gel method with excess surfactant to prevent 

densification during calcination. Particles characterized by transmission electron 

microscopy and dynamic light scattering reveal average sizes of 200 nm. X-ray 

photoelectron spectroscopy measurements are used to look at their surface 

properties, and zeta potential measurements reveal they are positively charged 

across a broad pH range due to surface waters and protonation of hydroxyls on the 

surface. X-ray diffraction measurements and FT-IR show the nanoparticles have 

amorphous boehmite-type structure, and nitrogen sorption measurements show 

nanoparticles have surface areas as high as 200 m2/g with average pore sizes of 3 

nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

 

 

 
 

Figure 8.1 (a) TEM images of alumina nanoparticles after P123 

extraction with multiple water and hot EtOH washes (before 

calcination). (b) Complete removal of P123 and CTAB surfactant 

after calcination at 550 oC for 5 hours maintains integrity of porous 

nanoparticles. 

8.2 Introduction 

Aluminum oxide nanoparticles are a potentially useful new drug delivery vehicle. 

Alum, a mostly amorphous heterogeneous collection of aluminum oxyhydroxide 

structures has been used since the 1920s, however the composition and fundamental 

mechanism of action is not completely understood. Nanoparticles have the 

potential to be used as adjuvants due to their high surface area, easily tunable 

surface properties, and well characterized structural properties.  Alumina 

nanoparticles of various shapes have been successfully used as adjuvants in murine 

OVA immunization models. Surface properties of aluminum oxide nanoparticles 

that induce immune responses are not fully understood, however higher surface 

areas and the presence of more oxyhydroxide moieties on the surface correlate with 

better adjuvant properties. In particular, Sun et. al. show that shape, crystallinity, 

and hydroxyl content affect antigen-specific immune responses.64 Here, we develop 

a facile sol-gel approach to make porous aluminum oxide that have the potential 
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as a new drug delivery vehicle. These porous nanoparticles have high surface areas 

and oxyhydroxide surface structures. 

Due to the fast hydrolysis and uncontrolled polymerization of aluminum 

alkoxides, synthesizing discrete porous alumina nanoparticles using sol gel methods  

has been a challenge. However, mesoporous alumina nanoparticles have been 

synthesized using other techniques such as spray pyrolysis of an aluminum nitrate 

precursor with a block copolymer surfactant. However, spray pyrolysis techniques 

require complex procedures and equipment, and are difficult in scale up.  

The fabrication of monodisperse, non-aggregated porous aluminum oxide 

spheres remains a challenge in sol gel. Templated approaches have used spherical 

templates such as polystyrene spheres to make metal oxide nanoparticles such at 

TiO2, ZrO2, SnO2, and CeO2 however these templated approaches did not work for 

Al2O3 due to what is thought to be densification of alumina particles during the 

calcination step.65 Pluronic surfactant P123 has been used with aluminum 

isopropoxide by Somorjai et al. to synthesize mesoporous alumina films using a sol 

gel method. Here we use a facile sol-gel synthesis using two different types of 

surfactants, at concentrations above their CMC in ethanol. Excess surfactant was 

used to prevent the densification of spheres during the calcination process. Slow 

temperature ramp at 1oC/min was used to prevent sudden structural changes. 
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8.3 Results and Discussion 

Formation of porous aluminum oxide nanoparticles 

Formation of aluminum oxide from alkoxide precursors involves a two-step 

process: hydrolysis or alcoholysis of the alkoxide and condensation with neighboring 

molecules to form the metal oxide framework. Hydrolysis or alycoholysis occurs via  

 
 

Figure 8.2 (a) TEM images of alumina nanoparticles synthesized 

with stirring during condensation step (b) increasing ramp rate to 

5oC/min results in fusion of particles and asymmetric particle 

shapes 
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nucleophilic attack by either water or hydroxyl groups on the central metal, and 

the partial charge model suggests that electronegativity differences can be used to  

estimate stability and reactivity of alkoxides.66 Silicon oxides can be made easily 

using sol-gel methods and silica nanoparticles of various sizes and porosity have 

been thoroughly studied. Since aluminum alkoxides have lower electronegativity 

than silicon alkoxides, where catalysts are used to enhance hydrolysis and 

condensation, aluminum alkoxides usually require additives to slow down sol-gel 

reactions. On the other hand, fast nucleation and slow growth is usually required 

in sol-gel preparation of monodisperse ordered porous nanoparticles. In order to 

understand how these properties affect formation of porous aluminum oxide 

nanoparticles, we did a series of syntheses with different alkoxide precursors and 

aluminum ligands that tune growth rate of the nanoparticles. 

Formation of aluminum oxide from aluminum isopropoxide precursor involves 

hydrolysis of the alkoxide using a strong acid and condensation at higher 

temperatures to facilitate formation of the aluminum oxide network.67 Using a 

combination of P123 and CTAB with aluminum isopropoxide we direct the 

formation of spherical particles, where we propose that CTAB stabilizes the nano-

sized alumina particles and P123 prevents aggregation and densification of pores 

during calcination.  

The effects of replacing ligands on alkoxide precursors is complicated and can 

affect a multitude of properties, not just the rate of the hydrolysis/condensation  

 
 

Figure 8.3 TEM images of alumina nanoparticles after addition 

of increasing amounts of HACAC 
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but could also affect the formation of clusters, the number of sites for hydrolysis, 

or have stereochemical effects by directing hydrolysis and condensation to 

particular sites. Aluminum isopropoxide in the synthesis produced discrete 

spherical nanoparticles. Acetylacetone is commonly used with high nucleophilic 

titanium alkoxides to substitute alkoxide ligands and slow down sol-gel reactions. 

While titanium is much more nucleophilic than aluminum, we added acetylacetone 

to the hydrolysis step and found that acetyl acetone slowed the reaction and formed 

small heterogeneous particles rather than spherical nanoparticles. We suspect 

slowing the reaction prevented quick nucleation required for spherical 

nanoparticles. Introducing acetylacetone during the hydrolysis or condensation  

 
 

 

Figure 8.4 (a) Elemental analysis of aluminum oxide 

nanoparticles confirms >98% extraction efficiency of templating 

agents. Results are an average of two trials, *Oxygen bound to Al 

only partially shows up, **Ash is incombustible, inorganic 

material. This was a white sandy material left over after 

combustion at 1000oC under oxygen. (b) DLS data of particle size 

distributions of alumina nanoparticles. (c) Zeta potential 

measurements show particles are positively charged and can 

become even more charged at lower pHs as surface hydroxyl groups 

get protonated. 



87 

 

steps did not produce spherical particles, but instead formed heterogeneous 

nanoparticulates.  

Replacement of the aluminum isopropoxide with the faster-hydrolyzing 

aluminum chloride precursor resulted in the formation of sheets, indicating that 

structure directing properties of the aluminum precursor are important as well. We 

find that fast nucleation during the condensation step is required to form spherical 

particles. However, if is growth is too fast, as in the case of the chloride precursor, 

we get sheets or large non-spherical particulates. In order to maintain the porosity 

of the nanoparticles during removal of surfactant during calcination, low ramp rate 

of 1oC/min is used. High surfactant concentration and low ramp rate successfully 

prevented densification of the synthesized mesoporous aluminum oxide spheres. 

The BET surface area of our synthesized aluminum oxide particles is 193 m2/g. 

 
 

Figure 8.5 XPS of alumina nanoparticles 
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Figure 8.7 N2 sorption measurements of porous alumina samples. 

(a) standard curve, (b) N2 adsorption/desorption isotherm and 

surface area calculated using BET, (c) pore diameter calculations 

using BJH method, and (d) pore diameter calculations using DFT 

method 

 

 
Figure 8.6 FTIR of aluminum oxide nanoparticles. 
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Somorjai et. al. have reported mesoporous aluminum oxide sheets with surface 

areas as high as 400 m2/g.  

 

Structural properties 

Due to the high concentration of surfactants used, elemental analysis was used to 

confirm the complete removal of surfactant by calcination. X-ray patterns of the 

final calcined alumina nanoparticles show that the structure is amorphous and 

matches observed spectra for boehmite AlO(OH).68 From low angle XRD 

measurements, there is no discernable ordered pore structure (Figure 8.8). Previous 

work has shown that addition of a bis-2-ethylhxyl sulfosuccinate surfactant before 

or during hydrolysis of the alkoxide precursor prevents grain growth of the 

boehmite by absorbing on the surface-forming clusters.68 This results in an 

amorphous porous hydroxide structure by XRD. We suspect that in our synthesis, 

high concentration of surfactant added during the condensation step works with a 

similar mechanism i.e. grain growth of alumina is inhibited by the presence of so 

many surface active agents, resulting in disordered amorphous surface structure 

and small nano-particle size. TEM shows that particles range from 300-500 nm and 

the average hydrodynamic radius determined by DLS is 500 nm in water. 

FT-IR of boehmite AlO(OH) usually show a broad band between 3300-3500 

cm-1 characteristic of –OH stretching vibration from hydrogen bonding in the Al-

OH matrix with water molecules. We observe this stretching mode, as well as a 

peak 1635 cm–1 is assigned to the bending mode of water molecules in the boehmite 

 
Figure 8.8 Low angle (a) and high angle (b) XRD of alumina 

nanoparticles 



90 

 

structure based on previous work.69–72 There is a broad stretch between 500-1000 

cm-1 for the Al-O-Al stretch. At 1082 cm-1 there is a primary alcohol C-O stretch 

as well as -OH bending at 1417cm-1 from residual EtOH that the nanoparticles 

were stored in 

8.4 Conclusions  

Here, a facile sol-gel synthesis of high surface area mesoporous aluminum oxide 

nanoparticles with boehmite structure are reported. Usually, controlling the 

hydrolysis and condensation of aluminum alkoxide precursors is difficult. However, 

the addition of high concentrations of CTAB and P123 with the isopropoxide 

precursor produce discrete particles. To our knowledge, highly disperse uniform 

porous aluminum oxide has not been reported using simple sol gel procedures. Due 

to the simplicity of our method and high porosity of the nanoparticles, they have 

the potential to be used as adjuvants for immunotherapies or as catalysts.  

8.5 Materials and Methods 

Chemicals  

Aluminum isopropoxide (Al(OC3H7)3, Aldrich, >98%), Cetyl trimethylammonium 

bromide (CTAB, Sigma, >99%), Pluronic P123 (O-BASF), Nitric acid (Fisher, 67-

70%), Ethanol (KOPTEC, anhydrous, 200 proof), Acetylacetone (Sigma, ≥99.3%), 

Aluminum (III) chloride (TCI, >98%). 

 

Synthesis of aluminum oxide nanoparticles 

10 mL ethanol is added to 4.075 g aluminum isopropoxide in a 20 mL glass vial. 

While stirring, 3.2 mL nitric acid is added dropwise, and the solution is capped 

and stirred for 24 hours. In another glass vial, 0.250 g CTAB, 2.0 g P123, and 5 

mL ethanol are stirred well for 24 hours. After 24 hours, 300 µL of the aluminum 

precursor solution is added to the surfactant vial and stirred for 24 hours at room 

temperature. The sample is evaporated slowly at 45oC for 2 days, then at 65oC for 

2 days to remove remaining ethanol before calcination. After drying, the sample 

(sticky solid) is transferred to a crucible and calcined at 550oC for 8 hours at 

1oC/min ramp rate. Resulting particles can be dispersed in a solvent such as water 

or ethanol. 
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Elemental analysis 

Elemental analysis was carried out by Midwest Microlab. 

 

X-ray diffraction measurements 

X-ray diffraction measurements are taken with calcined powdered sample using a 

Panalytical X’Pert Pro Powder X-ray Diffractometer. 

 

Transmission electron microscopy 

Samples were suspended in ethanol and dropped on a 200 mesh carbon coated 

copper grid. The ethanol is evaporated at room temperature. Images were recorded 

on a Tecnai T12 Quick CryoEM and CryoET (FEI) at an accelerating voltage of 

120 kV. 

 

Nitrogen sorption measurements 

Samples were outgassed at 220oC for 12 hours, and then nitrogen adsorption and 

desorption isotherms were taken at 77 K using an Autosorb-iQ (Quantachrome 

Instruments). An NLDFT equilibrium model of N2 on silica was used to calculate 

pore size distribution and pore volume. Brunauer–Emmett–Teller model was used 

to calculate surface areas between partial pressures of 0.08-0.2 p/p0. 

 

Zeta-potential analysis and dynamic light scattering 

All DLS measurements were carried out on a ZetaSizer Nano (Malvern 

Instruments). Nanoparticles were suspended at concentrations of 0.4 mg NP/mL 

solvent. 
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8.6 Supplemental information 

 
 

Figure S8.9 Mesoporous alumina nanoparticles synthesis and 

reproducibility. TEM images of alumina nanoparticles from four 

different batches show some batch to batch variation dependent on 

water content in the sample. 
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Figure S8.10 Aluminum oxide nanoparticles doped with 

europium. (a) Europium content in alumina nanoparticles 

measured by ICP-OES, where wt% Eu = mass Eu/total NP mass. 

(b) TEM of Eu-doped alumina. (c) DAPI channel (excitation = 

340-380 nm) used to image Eu-doped alumina. (d) Excitation 

spectrum at 376 nm and (e) 270 nm emission peak at 613 nm 

excitation  
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9 Spectrochemical assays to understand structure-activity 

relationships of anticancer drug Triapine and its analogs 

This section is based on the article “Sheba Plamthottam, Daniel Sun, Juno Van 

Valkenburgh, Jeffrey Valenzuela, Bastian Ruehle, Dalton Steele, Soumya Poddar, 

Selena Hernandez, Caius Gabriel Radu, and Jeffrey I. Zink. Spectrochemical Assays 

to Understand Structure-Activity Relationships of Anticancer Drug Triapine and 

its Analogs” submitted for review in 2018. 

 
 

 
 

Figure 9.1 (a) The catalytic subunit, RRM2, of human 

Ribonucleotide Reductase (RNR), which contains a stabilized 

tyrosyl radical in the active site, and (b) the proposed mechanism 

of Group I, II, and III analog inhibition of RNR. The reduction 

potential, E1/2, is expressed vs. NHE.  
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9.1 Abstract 

Triapine (3-AP), a drug that is currently undergoing a Phase II clinical trial in the 

US, is an inhibitor of human ribonucleotide reductase (RNR), a rate-limiting 

enzyme in the de novo pathway of deoxyribonucleotide triphosphates (dNTPs) 

biosynthesis. Inhibition of RNR by 3-AP results in the depletion of dNTP 

precursors of DNA, thereby selectively starving fast-replicating cancer cells of 

nucleotides for survival. The active form of 3-AP directly responsible for inhibition 

of RNR is the Fe(II)(3-AP)2 complex. In this work, we investigate the structure-

activity relationship of 3-AP analogs based on the electronic properties of their iron 

complexes. Surprisingly, isoquinoline analogs of 3-AP favor the maintenance of the 

biologically active iron(II) complex, while still being able to redox cycle. UV-Vis 

analyses show that these analogs have strong pi-accepting character, change the 

ligand field strength, stabilize the low-spin iron(II) state, and in turn improve the 

potency of RNR inhibition in vitro. In contrast, methylation on the 

thiosemicarbazide secondary amine moiety of 3-AP produces analogs with much 

higher redox potentials that do not redox cycle and are found to be inactive against 

RNR in vitro.  

9.2 Introduction 

Ribonucleotide reductases are a unique class of interesting enzymes known for their 

unusual free radical mechanism of action. These enzymes reduce ribonucleotides to 

deoxyribonucleotides, a process essential for DNA replication and repair.73–75 

Inhibitors of RNR are potential drug targets through a mechanism by which they 

cause nearly complete depletion of dNTP pools, thereby selectively starving fast-

replicating cancer cells of nucleotides required for DNA synthesis and 

replication.76,77 Specifically, this has been shown with the Phase II clinical trial 

drug Triapine, also known as 3-AP (3-aminopyridine-2-carboxaldehyde 

thiosemicarbazone), a potent RNR inhibitor.78–85 3-AP used in combination 

therapies to treat acute lymphoblastic leukemia has been shown to trigger lethal 

replication stress in vivo and lead to long-term disease-free survival in mice with 

acute lymphoblastic leukemia (ALL) without detectable toxicity.77  

Despite its great potential, the mechanism of 3-AP inhibition on RNR is still 

not completely known.14,86 Human RNR is composed of two subunits, RRM1 (2), 

the site of nucleotide reduction, and RRM2 (2), where a diferric tyrosyl radical  
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cofactor resides (Figure 9.1a).14,74 In 2012, Aye et. al. used EPR to show that the 

primary mode of RNR inhibition is donation of an electron by the reduced iron 

complex of 3-AP, directly quenching the tyrosyl radical on the 2 subunit. 

Formation of the Fe(II)(3-AP)2 complex is essential for the inhibitory effect of the 

drug 3-AP, while the Fe(III) complex of 3-AP is inactive.14 The inhibition of RNR 

by the reduced Fe(II) complex of 3-AP suggests a new avenue to improve current 

RNR inhibitors by stabilizing the Fe(II) form.  

In this work, 3-AP drug analogs are made in-house, and using spectroscopic 

methods, we investigate the binding affinity of the synthesized analogs to iron(II), 

the effect of pH on the half-life of the active Fe(II) complexes, the oxidation rates 

of the analog complexes, as well as use electrochemical studies to determine their 

redox potentials. These findings help to design more potent 3-AP analogs based on 

an understanding of the electronic structure of their iron complexes.  

 
 

Figure 9.2 Structures of synthesized 3-AP analogs. 
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Figure 9.3 (a) IC50 of 3-AP analogs in MIA PaCa-2 PDAC cells. 

(b) Concentration at which S-phase arrest is induced (increase in 

population of S-phase cells by 20%) in MIAPaCa-2 cells by 3-AP 

analogs, determined by flow cytometry. 

 

9.3 Results and Discussion 

Structure of ligands and biological activity. 3-AP is a potent and fast-acting 

RNR inhibitor in vitro.87–89 Treatment of cells by 3-AP inhibits conversion of 

ribonucleotide diphosphates to deoxyribonucleotides diphosphates, thereby 

inhibiting DNA synthesis. S-phase arrest is a characteristic phenotype of cells 

treated with 3-AP.77 The three classes of 3-AP analogs in Figure 9.2 are grouped 

by their structure and biological activity. IC50 values (Figure 9.3a) and S-phase 

arrest (Figure 9.3b) of the analogs in MIA PaCa-2 PDAC cells are determined after 

72h and 24h treatment, respectively. Group I compounds are all methylated on the 

secondary amine and show no RNR-specific activity. All the analogs except for the 

Group I compounds induce S-phase arrest in the concentration range of 250 nM to 

5 μM. Group II compounds are the most structurally similar to 3-AP, and their 

iron complexes, as will be shown later, are the most spectroscopically similar to 3-

AP with non-aromatic modifications made either on the left or the right side of the 

scaffold. Group II-A compounds have non-aromatic substituents on the pyridine  
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ring (TS-1, TS-2, and TS-3), while Group II-B compounds have substituents to the 

primary amine part of the semicarbazone moiety (DS-1, DS-2, and DS-3). Group  

II-B compounds have similar IC50 values to 3-AP (1 μM), with DS-3 (470 nM) 

being slightly more potent than 3-AP, while Group II-A compounds are all less  

potent (IC50 values 1.7-3 μM). In Group III compounds, the pyridine ring of 3-AP 

was replaced with isoquinolines (IQ-1, IQ-2, and IQ-3). Group III compounds 

inhibit cell proliferation at similar or lower concentrations (250 nM-0.7 μM), with 

IQ-2 being four-fold more potent than 3-AP (250 nM). As will be discussed later, 

each class of compounds forms iron complexes with unique UV-Vis spectral and 

redox properties. In addition, their iron complexes share some spectral 

commonalities by UV-Vis that allow to develop spectroscopic assays to probe 

activity of the biologically active iron complex.  

 

Iron binding affinities of 3-AP analogs. To test whether increased biological 

activity is attributed to an increased binding affinity of the ligand to the metal, 

relative binding constants of the synthesized analogs to Fe(II) were calculated. 3-

AP is a strong iron chelator, binding to both Fe2+ and Fe3+, and readily forms the  

 
 

Figure 9.4 (a) Optimized geometry from DFT calculations of the 

Fe(II)(3-AP)2 octahedral complex starting from a previously 

published crystal structure.90 (b) Calculated HOMO and (c) 

LUMO orbitals of Fe(II)(3-AP)2 complex. 
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octahedral bis-complex, Fe(3-AP)2 (Figure 9.4a).14,90 Formation of the redox-active 

bis-iron(II) complex is essential for the biological activity of the complex.14 To  

determine relative Ka values for the 3-AP analogs, we developed a UV-Vis 

spectroscopic Fe(II) binding assay and found that maintaining the N-N-S  

thiosemicarbazone moiety allows sufficient binding of Fe(II) to all the drug analogs 

on the order of 104 (Figure 9.5).  Relative Ka values for the compounds are close in 

value, and as such there are no obvious trends with iron binding strength and in 

vitro activity of Group I, II, and III analogs. 

 
Figure 9.5 Example calculation with the 3-AP ligand for 

determining the relative binding contants (Ka) of 3-AP analogs to 

Fe(II). (a) 3-AP is titrated under argon with Fe(II) to form the 2:1 

(3-AP:Fe) species. (b) complex is determined from the maximum 

absorbance of the lowest energy charge transfer peak. (c) Ka is 

determined from the initial points of the titration. (d) Summary of 

the relative Ka values of the 3-AP analog iron(II) complexes. 
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Figure 9.6 3-AP free ligand in water (a), 3-AP titrated with Fe(II) 

(b), and 3-AP titrated with Fe(III) (c) to form the bis-complex. 

 

Absorption spectra. UV-Vis spectroscopic binding assays show that Fe(II) 

binding affinities on the order of 104 are sufficient for activity, and that small 

relative changes in Fe(II) binding affinity of the ligands did not explain the 

improved potency of the synthesized analogs. However, changes in the spectra of 

the iron complexes in the iron-binding assay revealed interesting properties based 

on the ligands that were used. 3-AP and analogs that contain the pyridine ring 

display two absorption bands in the in the UV between 260 and 450 nm 

corresponding to npi* and pipi*transitions (Figure 9.6 and Figure S9.11). Their 

iron(II) and iron(III) complexes have distinct absorbances. Upon complexation 

with Fe(II) and Fe(III), the 3-AP complexes display peaks in the 400-500 nm region 

characteristic of charge transfers, while only the Fe(II) complexes display metal-

to-ligand charge transfer transitions (MLCT) in the visible region between 590-630 

nm (Figure 9.6b). These lowest energy bands are very intense with molar 

absorptivities on the order of 3000-9000 M-1 (Figure 9.7b) and were thus assigned 

to be charge transfer transitions in the reduced complex. The wavelength of the 

lowest energy metal-to-ligand charge transfer transitions are characteristic to each 

class of compounds, where complexes of Group I compounds are blue-shifted while 

that of the Group III compounds are red-shifted relative to 3-AP (Figure 9.7a). 

DFT calculations support that the iron(II) complexes undergo MLCT. The HOMO 

of the 3-AP iron(II) complex shows strong pi antibonding interactions with d-

orbitals of the iron center (Figure 9.4b). The LUMO has strong ligand character, 

with electron density distributed throughout the pi system and strongly localized 

on the secondary amine on the thiosemicabazone backbone (Figure 9.4c). The 

reduced  
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form of the 3-AP iron complex was determined to be the active species involved in 

2 inhibition,14 and the lowest energy transitions of the reduced complexes tell us 

important features about their oxidation mechanism. This charge transfer peak, 

which is only present in the Fe(II) complex, can be used to track the stability of 

the Fe(II) 3-AP analog complexes. 

 

Stability of the Fe(II) species. UV-Vis spectroscopic pH titrations were used 

to monitor the effect of pH on the stability of the iron(II) complexes in a reducing 

environment in order to understand the effect of ligand structure on metal complex 

formation. Cells are reducing environments which contain species such as 

glutathione and NADH that allow redox cycling of iron complexes.91 Although pH 

stability is not necessarily an indicator of the most potent RNR inhibitor, there is 

a pH dependence on the stability of the active Fe(II) species with different ligands  

  
 

Figure 9.7 (a) Bis-iron(II) complexes exhibit charge transfer peaks 

between 550 nm and 700 nm. Methylated Group I compounds are 

blue-shifted and isoquinoline Group III analogs are red-shifted, 

with respect to 3-AP. (b) Extinction coefficients of the Fe(II) 

complexes at the lowest energy charge transfer transition 

wavelength. 

a 
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Figure 9.8 (a) pH titrations of representative 3-AP iron (III) 

complexes in the presence of a reducing agent. The fraction of iron(II) 

complex formed is determined by UV-Vis from the absorbance of the 

lowest energy charge transfer peak. (b) Fraction of the active reduced 

species is plotted vs. pH and a sigmoidal curve fit is used to calculate 

the values in the table. (c) Summary of titration data for all the 3-

AP analogs. 

 

(Figure 9.8). The pH dependence may likely be due to protonation and ligand 

dissociation or oxidation. Most of the Fe(II) complexes stay in their active form at 

pH values 6.1-6.8. However, the most drastic differences are seen in the Group I 

methylated series (compounds MS-1, MS-2, MS-3), wherein the Fe(II) bis-

complexes are in active form even at pH 4.0. In the Group III isoquinoline series 

(compounds IQ-1, IQ-2, and IQ-3), the active complexes are stable at pH 2.9-4.0. 

It is rather surprising to find increased stability of the Fe(II) complexes over a 

broad pH range with the isoquinoline ligands, which may be one reason why they 

are extremely potent RNR inhibitors.  

To understand if the maintenance of the active iron(II) species is related to 

the activity of the compound, spectroscopic methods were used to calculate the 

half-life of the reduced complexes t50, the time taken for 50% of the complex to get 

oxidized under the given experimental conditions (Figure 9.9). Compounds fall into 

three groups: non-oxidizers with no RNR-specific activity, fast oxidizers 
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Figure 9.9 (a) UV-Vis spectra for the oxidation of Fe(II)(3-AP)2 

over time, where absorption spectra are taken every 60 seconds. (b) 

Oxidation rate plotted as a function of absorbance of each 3-AP 

analog complex at the lowest energy charge transfer peak vs. time 

(c) Summary of t50 values for the 3-AP iron(II) complexes. T50 is 

defined at the time it takes for 50% of the complex to get oxidized 

under the given experimental conditions. 

with low activity, and slow oxidizers with the greatest activity. Iron(II) complexes 

of the Group I ligands, MS-1, MS-2, and MS-3, which are inactive in vitro, do not 

get oxidized over the time frame of the experiment and stay in their reduced form 

for days. Group II-A compounds, with non-aromatic modifications on the left side 

(compounds TS-1, TS-2, and TS-3), form complexes that get oxidized faster than 

the 3-AP iron complex and are less potent RNR inhibitors (Figure 9.3). Addition 

of electron donating groups to the right side of the 3-AP scaffold (compounds DS-

1, DS-2, and DS-3) results in similar maintenance of their reduced complex and are 

potent RNR inhibitors. The iron(II) complexes of the Group III ligands get oxidized 

slowly and are two to four times more potent than 3-AP in vitro. This increased 

activity may be due to slower oxidation, where there will be more species in the 

Fe(II)-complex form in the cell. Although the time it takes for the Fe(II) species 

to get oxidized is much longer than the redox cycling time, we would expect that 

there should be more of the complex in the Fe(II) form at any given time.  

 

Reduction potentials and trends. It is quite likely that the increased stability 

of the reduced complex is related to the strength of the ligand. In the 

spectrochemical series, stronger ligands cause more d-orbital splitting. Isoquinolines  
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act as strong Lewis bases and pi-acceptor ligands, which in the spectrochemical 

series tend to interact strongly with orbitals of transition metals to cause large 

splitting of d-orbital energies. In our case, the oxidation-reduction events change 

the complex from high spin to low spin, so the redox potential is proportional to 

the d-d splitting energy. Cyclic voltammetry was used to measure the reduction 

potential and found that the Group III isoquinolines complexes indeed had a higher 

reduction potential (Figure 9.10). Group III compounds are still able to get 

oxidized, but their potentials are still not out of the range of the cellular 

environment. The higher reduction potentials of the Group III complexes are 

consistent with the isoquinoline ligand’s ability to stabilize the low-spin Fe(II) 

form. Adding conjugation on the pyridine ring of 3-AP, as in the case of the Group 

III series, increases sigma donation from the lone pair of the sp2-hybridized pyridine 

nitrogen making isoquinoline ligands, IQ-1, IQ-2, and IQ-3, stronger Lewis bases 

than 3-AP. In turn, these modifications increase the pi-accepting character of the 

ligand and favor the biologically active low spin Fe(II) form of the complex. 

Furthermore, the long half-life required for oxidation of the Group III complexes is 

consistent with their ability to favor the Fe(II) form, as well as is their stability 

over a wider pH range. 

 
 

Figure 9.10 (a) Cyclic voltammograms of representative 3-AP 

analog complexes, (b) Reduction potentials of complexes vs. 

Ag/AgCl and vs. NHE, and (c) Summary of reduction potentials 

for all the complexes. 
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An interesting case is that of complexes having redox potentials that are too 

high. It is evidenced in the case of the Group I compounds, MS-1, MS-2, and MS-

3, which have high redox potentials outside the range of the cellular environment, 

are unable to redox cycle, and do not induce S-phase arrest of cells after 24-hour 

treatment in vitro. The mechanism of RNR inhibition requires donation of an 

electron from the reduced Fe(II) complex to a tyrosyl radical.14 Redox potentials 

of the active 3-AP complexes need to be in the range of the cellular environment 

to inhibit RNR, because electron donation, i.e. oxidation of the iron complex, is 

ultimately required for inhibition. Furthermore, redox cycling is required for 

maintaining the function of the drug. All the other complexes have potentials in 

the range of the cellular environment.  

9.4 Conclusions 

There are other contributing factors that modulate activity of the 3-AP analogs 

against RNR such as cell uptake, solubility, and chemical stability of the ligand in 

a biological environment. However, the present studies give an understanding of 

the electronic components of what makes a potent 3-AP analog. In designing a 

potent RNR inhibitor, it is favorable but not required that their iron complexes 

form the active reduced species over a large pH range. Oxidation rates of the 3-AP 

analog Fe(II) complexes have shown to be a useful indicator of potency of the 

analogs in vitro. Oxidation rate can be determined from the decrease in the lowest 

energy charge transfer peak using UV-Vis spectroscopy. Due to its simplicity, this 

method has the potential to be used in a microplate assay with UV absorption-

detection to quickly screen potential drug candidates.  

Reduction potentials are also a good indicator of biological activity, where the 

most potent compounds have iron complexes with reduction potentials below 0.2 

V, within the range of the cellular environment, so that the complex can undergo 

oxidation per its mechanism of action. Methylation on the secondary amine of the 

thiosemicarbazone drastically alters the reduction potential (>0.5 V), causing non-

specific activity of the drug, in the case of the methylated Group I complexes. 

Group III-type isoquinoline modifications to the 3-AP scaffold have the potential 

to improve the potency of RNR inhibitors. They are an example of structural 

modifications of 3-AP that form iron complexes with adequate redox potentials, 

allow for redox cycling, favor the biologically active Fe(II) species, and thereby 

improve the potency of 3-AP in vitro. 
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9.5 Materials and Methods 

Materials 

Ammonium iron (II) sulfate hexahydrate (Sigma Aldrich), iron(III) nitrate 

nonahydrate (Alfa Aesar), Dimethyl sulfoxide (Sigma Aldrich), L-dithiothreitol 

(DTT) (Sigma Aldrich) were used as received. Potassium chloride (KCl) (Sigma) 

was recrystallized three times from water before use. Glassy Carbon and Ag/AgCl 

Reference Electrodes were obtained from CHI Instruments. 

 

Synthesis of 3-AP analogs 

Please see Supplemental Information File for synthesis and characterization data 

(1H-NMR, 13C-NMR, and HPLC). 

 

Synthesis of Iron(II) and (III) complexes 

100 mM stock solutions of Fe(II) and Fe(III) salts are made in degassed 18 megohm 

water. 10 mM 3-AP analog stocks are made in DMSO. Iron salt solution is added 

to the ligand solution at a molar ratio of 1:2 (Fe:3-AP). Upon addition of the iron 

salt, the bis-complex Fe(3-AP)2 forms readily in solution and a color change 

follows.14,92 The iron(III) complexes are quite stable, but the iron(II) compounds 

need to be degassed and stored under argon to prevent oxidation. For UV-Vis 

experiments, complexes are made and used at concentrations 100 µM-300µM. All 

UV-Vis measurements are done on a Varian Cary 5000 UV-Vis-NIR 

Spectrophotometer. 

 

Cell culture conditions 

Human cell line MIA PaCa-2 was obtained from American Type Culture Collection 

and maintained in 10% FBS in DMEM, and were cultured at 37oC, 20% O2 and 

5% CO2. The cultures were regularly tested for mycoplasma contamination using 

MycoAlert kit (Lonza) following manufacturer’s instructions. 

 

Cell proliferation assay 

Cells were plated in 384-well plates (500 cells/well in 30 µL volume). Drugs were 

serially diluted to desired concentrations and an equivalent volume of DMSO 

was added to vehicle control. 10 µL of the 4× diluted drugs were added to each 

well. Following 72 h incubation, ATP content was measured using CellTiter-Glo 

reagent according to manufacturer’s instructions (Promega, CellTiter-Glo 
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Luminescent Cell Viability Assay), and analyzed by SpectraMax luminometer 

(Molecular Devices). IC50 values, concentrations required to inhibit proliferation 

by 50% compared to DMSO treated cells, were calculated using Prism 6.0 h 

(Graphpad Software). 

 

FACS analysis of S-phase arrest 

250,000 MIA PaCa-2 cells were seeded per well in a 12-well plate. The cells were 

treated with indicated compounds for 24 hours. The cells were trypsinized and spun 

down at 450 x g for 5 min, washed with PBS twice, and resuspended in 300 µL 

Propidium iodide solution (containing Ribonuclease A and 0.3% Triton X-100). 

The samples were protected from light before acquisition by flow cytometry.  All 

flow cytometry data were acquired on a five-laser LSR FORTESSA or LSRII (BD), 

and analyzed using the FlowJo software (Tree Star).  

 

Energy transitions of 3-AP analog complexes 

Extinction coefficients of the reduced complexes’ lowest energy transition are 

calculated using the Beer-Lambert Law from the maximum absorbance of the 2:1 

species. 

 

Iron binding affinities of 3-AP analogs: calculating relative Ka’s 

To determine relative Ka values for the 3-AP analogs, we develop a spectroscopic 

Fe(II) binding assay, in which the drug is titrated with Fe(II) under argon such 

that the rate of oxidation is negligible. Iron and drug solutions are degassed for 10 

min before the titration. The absorbance of the metal complex’s charge transfer 

peak at ~600 nm is plotted against the equivalents of iron added, and the Beer-

Lambert law is applied to determine the extinction coefficient of the complex at 

that wavelength. Ka is then determined from the slope of the line from the graph 

[Fe(II)] vs [complex]/[drug]. 10 mM stock solutions of drug are made in DMSO. 

All titrations are done with 3 mL of 100 µM drug in water (1% DMSO). To keep 

the volume change <10%, 7.5 µL of 2.5 mM ammonium iron (II) sulfate in water 

is added to get each spectrum (16 times). Then 15 µL is added (8 times). For 

iron(III) titrations, iron(III) nitrate nonahydrate is used as the iron source.  
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pH titrations 

Spectroscopic pH titrations are used to monitor the effect of pH on the reduction 

of the iron(III) complexes in the presence of the reducing agent DTT. 3-AP analog 

Fe(III) complexes are synthesized as described previously. The appearance of the 

charge transfer peak at 600 nm, which is only present in the iron (II) complexes, is 

used to monitor the stability of the reduced Fe(II)(3-AP)2 complexes after the 

addition of 500 nM-1 mM DTT. The pH at which 50% of the complex is in the bis-

Fe(II) form is calculated using a sigmoidal dose-response fitting in Origin Pro 9.1. 

Changing the pH alone without the reducing agent does not affect the reduction of 

the complexes. Spectra are taken after solutions have reached equilibrium. Note 

that reduction of the Fe(III) complexes occur <1 min, whereas oxidation is slower.  

 

Oxidation rate of Fe(II) complexes 

Iron(II) complexes of 3-AP analogs are made at 2:1 ratio of ligand:Fe(II) salt under 

argon. The charge transfer peak that is only present in the reduced form of the 

complex is used to monitor the rate of oxidation of the iron (II) complex over time. 

The oxidation rate of Fe(II)(3-AP)2 is plotted as a function of the absorbance at 

the ~600 nm peak vs time. T50, the time it takes for 50% of the complex to get 

oxidized under the given experimental conditions, is calculated for all the 3-AP 

analog complexes. 

 

Cyclic voltammetry (CV) 

CV experiments are carried out under argon. 0.1 M KCl is used as the electrolyte 

solution. Due to solubility limitations, all compounds are dissolved in 30% 

DMSO/0.1 M KCl at 2 mM. The bis-complexes are made in situ by addition of 

ammonium iron (II) sulfate hexahydrate, where final [Fe] = 1 mM. The following 

parameters are used to acquire the voltammograms. Scan rate: 0.1 V/s, sensitivity 

10-6, reference electrode: Ag/AgCl, auxiliary and working electrode: glassy carbon. 

 

Density Functional Theory calculations 

DFT calculations are done using Gaussian09. Crystal structure for Fe(III)(3-AP)2 

from Kowol et al. is used as the starting point for geometry optimizations of the 3-

AP complex.90 DFT, B3LYP, 6-31+G* basis set is used for geometry optimization. 

The SDD basis set is used for Fe2+ and 6-31+G* is used for H, C, N, S, and O. 
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Single point energy calculations are done using a larger basis set (6-31+G**), with 

zero-point corrections from the converged frequency file. 
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9.7 Supporting Information 

Supporting information is available below and includes complete Fe(II) titrations, 

pH titrations, oxidation spectra, and cyclic voltammograms of all 3-AP analog 

complexes (Figures S1-S5); Synthesis procedures for compounds; HPLC traces of 

3-AP analogs; 1H-NMR and 13C-NMR spectra (PDF). 
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Figure S9.11 Spectroscopic Fe(II) titrations of 3-AP analogs (left), 

free iron concentration plotted vs. absorbance at the lowest energy 

charge transfer peak (middle), and line of best fit using the first few 

points of the titration (right).  
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Figure S9.12 (a) pH titrations of all 3-AP analog Fe(III) complexes. 

(b) Table values are calculated from a sigmoidal dose response fit  
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Figure S9.13 Oxidation of Fe(II) 3-AP analog complexes over time. 

Spectra are taken every 60 seconds. 
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Figure S9.14 Oxidation rate curves for 3-AP analog complexes.  
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Figure S9.15 Cyclic voltammograms of 3-AP analog iron complexes  
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Chemistry materials and methods 

All chemicals, reagents and solvents were obtained from commercial sources and 

were used without further purification unless otherwise specified. Compounds TS-

1, TS-2, TS-3, MS-1, MS-2, and MS-3 were obtained from SYNthesis Med Chem 

(Shanghai, China). All reactions were performed under Ar atmoshphere. Analytical 

TLC was carried out on precoated silica plates (Merck silica gel 60, F254) and 

visualized with UV light. Column chromatography was performed with silica 

(Fisher, 230-400 mesh). 1H NMR and 13C NMR spectra were measured on Bruker 

AV 400 or AV 500 spectrometers. Chemical shifts were reported in parts per million 

(δ) relative to residual solvent signals. The signals observed were described as 

follows: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), 

ddd (doublet of doublet of doublet), dt (doublet of triplets), m (multiplet). Mass 

spectra were performed on a Waters LCT Premier with ACQUITY UPLC mass 

spectrometer under electrospray ionization (ESI) or Thermo Fisher Scientific 

Exactive Plus with detection in real time (DART) ionization. 

 

General procedures 

General procedure A for synthesis of 2-(carbamothioylthio)acetic acids: To a 

solution of amine (1 eq) and NaOH (1.05 eq) in EtOH (1.0 M) was added CS2 (1 

eq). The mixture was stirred for 4 h then cooled to 0º C. Sodium chloroacetate (1 

eq) in water (0.5 M) was added. The mixture was allowed to warm to room 

temperature and stirred for 12 h. The solution was acidified to pH 2 with conc. 

HCl, and a white precipitate formed which was filtered and washed with 1.2 M 

HCl and water. The product was recrystallized from EtOH.  

 

General procedure B for synthesis of thiosemicarbazides: The substituted 2-

(carbamothioylthio)acetic acid (1 eq) was suspended in H2O (1.0 M), and hydrazine 

hydrate (5 eq) was added. The solution was heated to 50 ºC for 1 h, at which point 

a white precipitate formed and the reaction was cooled to room temperature. The 

precipitate was filtered, washed with water, and recrystallized from EtOH.  

  

General procedure C for synthesis of thiosemicarbazones: S2 (1 eq) and the 

appropriate thiosemicarbazide (1 eq) were dissolved in EtOH (0.5 M) and the 

mixture was refluxed for 4 h. The precipitate was collected by filtration and washed 

with cold EtOH. The crude solid was dissolved in chloroform (1.0 M) and 
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trifluoroacetic acid (6 eq) was added dropwise. The mixture was stirred for 1 h and 

sat. NaHCO3 was added to reach pH 9. A yellow precipitate formed immediately 

and the mixture was stirred for 1 h. The solid was collected by filtration, washed 

with water, and recrystallized from EtOH.  

 

Synthesis of 3-AP 

 

 
tert-Butyl-(2-bromopyridin-3-yl)carbamate (S1). To a solution of Boc2O (30.26 g, 

138.72 mmol) in THF (50 mL) was added DMAP (0.565g, 4.62 mmol). The mixture 

was stirred at 0 ˚C for 10 minutes, and 3-amino-2-bromopyridine (8.00 g, 46.2 

mmol) was added. The mixture was refluxed for 6 h and cooled to room 

temperature. A solution of K2CO3 (19.17g, 138.72 mmol) in MeOH (50 mL) was 

added and the mixture was refluxed for 2 h, then cooled, filtered, and concentrated. 

The crude residue was purified by silica gel column (15-25% EtOAc/Hexanes) to 

afford S1 as a beige solid (10.86 g, 86%).      1H NMR (400 MHz, DMSO-d6) δ 8.74 

(s, 1H), 8.16 (dd, J = 4.6, 1.8 Hz, 1H), 7.92 (dd, J = 7.9, 1.8 Hz, 1H), 7.42 (dd, J 

= 8.0, 4.6 Hz, 1H), 1.46 (s, 9H). 13C NMR (100 MHz, DMSO-d6) δ 152.92, 145.82, 

137.83, 134.30, 134.11, 123.56, 79.97, 27.97. DART-MS: m/z calcd. for 

C10H13BrN2O2 (M+H)+ 273.02332, found 273.02267. 

 
tert-Butyl-(2-formylpyridin-3-yl)carbamate (S2). To a solution of S1 (2.00 g, 7.32 

mmol) in THF (20 mL) was added n-BuLi (1.6M, 9.15 mL, 14.65 mmol) and the 

mixture was stirred for 1 h at -78 ˚C. The mixture was warmed to 0 ˚C and N-

formylpiperidine (0.89 mL, 8.05 mmol) was added and stirring commenced for 1 h. 

The solution was quenched with 1.0 M HCl (15 mL) then neutralized with solid 

K2CO3. The aqueous layer was extracted with ethyl acetate (3 x 10 mL) and the 

combined organic layers were washed with brine then dried over Na2SO4, filtered, 

and concentrated. The crude product was purified by column chromatography (0-

15% EtOAc/Hexanes) to yield S2 as an off-white solid (1.18 g, 72%). 1H NMR (400 

MHz, Chloroform-d) δ 10.21 (s, 1H), 10.07 (d, J = 0.8 Hz, 1H), 8.83 (dt, J = 8.7, 

1.1 Hz, 1H), 8.40 (dd, J = 4.4, 1.4 Hz, 1H), 7.44 (ddd, J = 8.7, 4.4, 0.6 Hz, 1H), 

1.53 (s, 9H). 13C NMR (100 MHz, Chloroform-d) δ 197.20, 152.76, 143.31, 139.28, 
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136.72, 128.67, 126.28, 81.69, 28.25. DART-MS: m/z calcd. for C11H14N2O3 

(M+H)+ 223.10772, found 223.10701. 

 
2-((3-aminopyridin-2-yl)methylene)hydrazine-1-carbothioamide (3-AP): To a 

solution of S2 (0.90 g, 4.05 mmol) and thiosemicarbazide (0.406 g, 4.45 mmol) in 

EtOH (10 mL) was added 6 M HCl (3.67 mL). The mixture was refluxed for 2 h 

then cooled to room temperature and the resulting precipitate was filtered off and 

suspended in 10 mL H2O. 10 mL of 10% NaHCO3 was added and the mixture was 

stirred for 1 hour then filtered, and the solid was washed successively with H2O, 

EtOH, and Et2O. 3-AP was obtained as a yellow solid (0.704 g, 89%). 1H NMR 

(500 MHz, DMSO-d6) δ 11.29 (s, 1H), 8.32 (s, 1H), 8.16 (s, 1H), 7.96 (s, 1H), 7.82 

(dd, J = 4.3, 1.4 Hz, 1H), 7.14 (dd, J = 8.3, 1.5 Hz, 1H), 7.06 (dd, J = 8.3, 4.3 Hz, 

1H), 6.44 (s, 2H). 13C NMR (125 MHz, DMSO-d6) δ 177.07, 149.20, 143.97, 137.11, 

132.79, 124.43, 122.21 DART-MS: m/z calcd. for C7H9N5S (M+H)+ 196.06514, 

found 196.06479. 

 

Synthesis of MS and TS compounds 

Compounds MS-1, MS-2, MS-3, TS-1, TS-2, and TS-3 were obtained from 

SYNthesis Med Chem (Shanghai, China). 

 

 
(E)-2-((3-aminopyridin-2-yl)methylene)-1-methylhydrazine-1-carbothioamide (MS-

1): 1H NMR (500 MHz, DMSO-d6): δ 8.41 (s, 1H), 8.04 (s, 1H), 7.90 (dd, J = 4.3, 

1.4 Hz, 1H), 7.79 (s, 1H), 7.19 (dd, J = 8.4, 1.5 Hz, 1H), 7.11 (dd, J = 8.3, 4.3 Hz, 

1H), 6.38 (br s, 2H), 3.80 (s, 3H). 13C NMR (125 MHz, DMSO-d6): δ 180.84, 147.50, 

144.23, 137.85, 134.01, 125.03, 123.17, 33.62.  

 
(E)-2-((3-aminopyridin-2-yl)methylene)-1-methyl-N-(tetrahydro-2H-pyran-4-

yl)hydrazine-1-carbothioamide (MS-2): 1H NMR (500 MHz, DMSO-d6): δ 8.19 (d, 

J = 7.8 Hz, 1H), 8.06 (s, 1H), 7.92 (dd, J = 4.3, 1.5 Hz, 1H), 7.18 (dd, J = 8.3, 1.5 
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Hz, 1H), 7.12 (dd, J = 8.3, 4.3 Hz, 1H), 6.41 (br s, 2H), 4.36 (dddd, J = 14.9, 10.9, 

8.4, 4.3 Hz, 1H), 3.85 (dt, J = 11.5, 3.5 Hz, 2H), 3.80 (s, 3H), 3.40 (dt, J = 11.5, 

2.1 Hz, 2H), 1.91 (dd, J = 12.4, 2.4 Hz, 2H), 1.62 (qd, J = 11.4, 4.3 Hz, 2H). 13C 

NMR (125 MHz, DMSO-d6): δ 178.91, 145.85, 144.15, 138.11, 134.85, 124.89, 

123.32, 66.38(2C), 51.77(2C), 33.87, 32.11. 

  
(E)-N'-((3-aminopyridin-2-yl)methylene)-N-methylmorpholine-4-

carbothiohydrazide (MS-3): 1H NMR (500 MHz, DMSO-d6): δ 8.02 (s, 1H), 7.88 

(dd, J = 4.3, 1.6 Hz, 1H), 7.13 (dd, J = 8.4, 1.6 Hz, 1H), 7.08 (dd, J = 8.3, 4.2 Hz, 

1H), 6.76 (br s, 2H), 3.65-3.73 (m, 8H), 3.59 (s, 3H). 13C NMR (125 MHz, DMSO-

d6): δ 189.39, 145.15, 143.90, 137.55, 134.46, 124.46, 122.66, 66.30(2C), 52.48(2C), 

37.44.  

 
(E)-2-(6,7-dihydroquinolin-8(5H)-ylidene)hydrazine-1-carbothioamide (TS-1): 1H 

NMR (500 MHz, DMSO-d6): δ 11.08 (s, 1H), 9.17 (d, J = 4.6 Hz, 1H), 9.09 (s, 1H), 

8.34 (s, 1H), 8.30 (d, J = 7.7 Hz, 1H), 7.97 (dd, J = 7.7, 4.6 Hz, 1H), 4.08 (s, 2H), 

3.44-3.47 (m, 4H). 13C NMR (125 MHz, DMSO-d6): δ 179.93, 149.59, 148.37, 146.90, 

137.17, 136.64, 124.25, 28.63, 26.86, 21.27. 

 

 
(E)-2-(2,3-dihydro-4H-pyrano[3,2-b]pyridin-4-ylidene)hydrazine-1-carbothioamide 

(TS-2): 1H NMR (500 MHz, DMSO-d6): δ 10.60 (s, 1H), 8.44 (s, 1H), 8.28 (dd, J 

= 4.1, 1.8 Hz, 1H), 7.58 (s, 1H), 7.32-7.37 (m, 2H), 4.29 (t, J = 6.2 Hz, 2H), 3.03 

(t, J = 6.2 Hz, 2H). 13C NMR (125 MHz, DMSO-d6): δ 179.87, 154.68, 143.51, 

141.95, 138.39, 126.10, 125.66, 65.26, 26.59.  

 



120 

 

(E)-2-(2,3-dihydro-1,5-naphthyridin-4(1H)-ylidene)hydrazine-1-carbothioamide 

(TS-3): 1H NMR (500 MHz, DMSO-d6): δ 15.99 (br s, 1H), 10.89 (s, 1H), 9.06 (s, 

1H), 8.62 (s, 1H), 8.02 (d, J = 5.3 Hz, 1H), 7.76-7.81 (m, 2H), 7.64 (dd, J = 8.7, 

5.3 Hz, 1H), 3.36 (t, J = 6.6 Hz, 2H), 2.89 (t, J = 6.6 Hz, 2H). 13C NMR (125 MHz, 

DMSO-d6): δ 179.59, 146.88, 135.92, 130.64, 130.48, 127.11, 126.87, 38.07, 23.82. 

 

Synthesis of DS compounds 

 

 
2-((morpholine-4-carbonothioyl)thio)acetic acid (S3). Synthesized according to 

general procedure A on 22.96 mmol scale. S3 was isolated as a white crystalline 

solid (0.401 g, 79%). 1H NMR (500 MHz, DMSO-d6) δ 12.75 (s, 1H), 4.20 (s, 2H), 

4.14 (s, 2H), 3.94 (s, 2H), 3.68 (t, J = 4.9 Hz, 4H). 13C NMR (125 MHz, DMSO-

d6) δ 195.39, 169.66, 66.04, 51.83, 50.70, 38.87. DART-MS: m/z calcd. for 

C7H11NO3S2 (M+H)+ 222.02531, found 222.02470. 

 
Morpholine-4-carbothiohydrazide (S4). Synthesized from S3 according to general 

procedure B on 13.56 mmol scale. S4 was isolated as a white crystalline solid (0.113 

g, 72%). 1H NMR (500 MHz, DMSO-d6) δ 9.13 (s, 1H), 4.34 (s, 2H), 3.68 (dd, J = 

5.7, 4.0 Hz, 4H), 3.56 (dd, J = 5.7, 4.0 Hz, 4H). 13C NMR (125 MHz, DMSO-d6) δ 

182.93, 65.69, 47.75. DART-MS: m/z calcd. for C5 H11 N3 O S (M+H)+ 162.06956, 

found 162.06923. 

 
N'-((3-aminopyridin-2-yl)methylene)morpholine-4-carbothiohydrazide (DS-1). 

Synthesized according to general procedure C on 0.434 mmol scale. DS-1 was 

obtained as a yellow solid (0.069 g, 60%). 1H NMR (500 MHz, DMSO-d6) δ 11.37 

(s, 1H), 8.49 (s, 1H), 7.83 (dd, J = 4.2, 1.6 Hz, 1H), 7.16 (s, 2H), 7.11 – 7.04 (m, 

2H), 3.94 – 3.89 (m, 4H), 3.69 – 3.63 (m, 4H). 13C NMR (125 MHz, DMSO-d6) δ 
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179.90, 149.10, 143.77, 136.70, 133.74, 124.02, 121.99, 65.78, 48.84. DART-MS: m/z 

calcd. for C11H15N5OS (M+H)+ 266.10701, found 266.10706. 

 
2-((piperidine-1-carbonothioyl)thio)acetic acid (S5). Synthesized according to 

general procedure A on 1.65 mmol. S5 was obtained as a white crystalline solid 

(0.277g, 77%). 1H NMR (400 MHz, DMSO-d6) δ 12.70 (s, 1H), 4.20 (s, 2H), 4.11 

(s, 2H), 3.91 (s, 2H), 1.72 – 1.62 (m, 2H), 1.59 (s, 4H). 13C NMR (125 MHz, DMSO-

d6) δ 193.01, 169.42, 52.70, 51.07, 38.69, 25.87, 25.22, 23.53. DART-MS: m/z calcd. 

for C8 H13 N O2 S2 (M+H)+ 220.04605, found 220.04581. 

 
Pipiridine-1-carbothiohydrazide (S6). Synthesized from S5 on 1.23 mmol scale. S6 

was obtained as a white solid (0.122 g, 62%). 1H NMR (400 MHz, DMSO-d6) δ 

8.91 (s, 1H), 4.72 (s, 2H), 3.73 – 3.65 (m, 4H), 1.63 – 1.52 (m, 2H), 1.49 – 1.39 (m, 

4H). 13C NMR (125 MHz, DMSO-d6) δ 181.99, 48.46, 25.25, 24.03. DART-MS: m/z 

calcd. for C6 H13 N3 S (M+H)+ 160.09029, found 160.09035. 

 
N'-((3-aminopyridin-2-yl)methylene)piperidine-1-carbothiohydrazide (DS-2). 

Synthesized from S2 and S6 according to general procedure C on 0.57 mmol scale. 

DS-2 was isolated as a yellow solid (0.098g, 66%). 1H NMR (500 MHz, Acetonitrile-

d3) δ 9.65 (s, 1H), 8.33 (s, 1H), 7.90 (dd, J = 4.3, 1.5 Hz, 1H), 7.09 (ddd, J = 8.3, 

1.5, 0.5 Hz, 1H), 7.04 (dd, J = 8.3, 4.3 Hz, 1H), 6.50 (s, 2H), 3.92 – 3.88 (m, 4H), 

1.72 – 1.67 (m, 2H), 1.66 – 1.60 (m, 4H). 13C NMR (125 MHz, Acetonitrile-d3) δ 

180.76, 149.70, 144.95, 138.92, 135.74, 125.40, 123.62, 51.34, 26.89, 25.42. DART-

MS: m/z calcd. for C12H17N5S (M+H)+ 264.12774, found 264.12488. 
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2-((pyrrolidine-1-carbonothioyl)thio)acetic acid (S7). Synthesized according to 

general procedure A on 2.81 mmol scale. S7 was obtained as a white crystalline 

solid (0.456 g, 79%). 1H NMR (500 MHz, DMSO-d6) δ 12.72 (s, 1H), 4.11 (s, 2H), 

3.75 (t, J = 7.0 Hz, 2H), 3.64 (t, J = 6.9 Hz, 2H), 2.04 (p, J = 6.8 Hz, 2H), 1.92 

(p, J = 6.6 Hz, 2H). 13C NMR (125 MHz, DMSO-d6) δ 190.06, 169.38, 55.22, 50.54, 

38.12, 25.66, 23.80. DART-MS: m/z calcd. for C7 H11 N O2 S2 (M+H)+ 206.03040, 

found 206.02979. 

 
Pyrrolidine-1-carbothiohydrazide (S8). Synthesized from S7 according to general 

procedure B on 1.12 mmol scale. S8 was obtained as a white crystalline solid (0.112 

g, 69%). 1H NMR (500 MHz, DMSO-d6) δ 8.57 (s, 1H), 4.59 (s, 2H), 3.45 – 3.40 

(m, 4H), 1.88 – 1.80 (m, 4H). 13C NMR (125 MHz, DMSO-d6) δ 179.68, 49.28, 

24.69. DART-MS: m/z calcd. for C5 H11 N3 S (M+H)+ 146.07464, found 146.07411. 

 
N'-((3-aminopyridin-2-yl)methylene)pyrrolidine-1-carbothiohydrazide (DS-3). 

Synthesized from S1 and S8 according to general procedure C on 0.40 mmol scale. 

DS-3 was obtained as a yellow solid (0.063 g, 63%).  1H NMR (500 MHz, DMSO-

d6) δ 11.00 (s, 1H), 8.53 (s, 1H), 7.82 (dd, J = 4.2, 1.5 Hz, 1H), 7.18 (s, 2H), 7.06 

(qd, J = 8.4, 2.9 Hz, 2H), 3.64 (s, 4H), 1.93 (s, 4H). 13C NMR (125 MHz, DMSO-

d6) δ 176.04, 148.21, 143.63, 136.52, 134.01, 123.79, 121.85, 32.22. DART-MS: m/z 

calcd. for C5 H11 N3 S (M+H)+ 250.11209, found 250.11212. 

 

Synthesis of IQ compounds 

 

 
(isoquinolin-1-ylmethylene)hydrazine-1-carbothioamide (IQ-1): Synthesized as 

previously reported.1 1H NMR (500 MHz, DMSO-d6) δ 11.74 (s, 1H), 9.19 (d, J = 

8.5 Hz, 1H), 8.60 – 8.54 (m, 2H), 8.49 (s, 1H), 8.02 (d, J = 8.1 Hz, 1H), 7.86 (d, J 

= 5.6 Hz, 1H), 7.84 – 7.78 (m, 2H), 7.75 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H). 13C NMR 
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(125 MHz, DMSO-d6) δ 178.41, 150.78, 145.99, 142.13, 136.24, 130.47, 129.08, 

127.22, 126.94, 125.58, 121.77. DART-MS: m/z calcd. for C11H10N4S (M+H)+ 

231.06989, found 231.06938 
1Agrawal, et al., J. Med. Chem. 1968, 11(4), 700-703. 

 
(E)-2-((5-(methylamino)isoquinolin-1-yl)methylene)hydrazine-1-carbothioamide 

(IQ-2): Synthesized as previously reported.2 1H NMR (500 MHz, DMSO-d6): δ 12.32 

(br s, 1H), 9.07 (br s, 1H), 8.92 (s, 1H), 8.90 (s, 1H), 8.57 (d, J = 6.6 Hz, 1H), 8.52 

(d, J = 6.7 Hz, 1H), 7.85 (t, J = 8.2 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.30 (br s, 

1H), 7.01 (d, J = 8.0 Hz, 1H), 2.91 (s, 3H). 13C NMR (125 MHz, DMSO-d6): δ 

179.40, 146.27, 146.00(2C), 133.09, 128.72, 126.76(2C), 119.39, 111.17, 110.68, 

30.39.  
2Sartorelli., et al., J. Med. Chem. 1974, 17, 1145. 

 
(E)-2-((5-aminoisoquinolin-1-yl)methylene)hydrazine-1-carbothioamide (IQ-3): 

Synthesized as previously reported.3 1H NMR (500 MHz, DMSO-d6): δ 11.66 (br s, 

1H), 8.57 (s, 1H), 8.42 (d, J = 5.8 Hz, 1H), 8.31 (br s, 1H), 8.25 (d, J = 8.5 Hz, 

1H), 7.98 (d, J = 5.8 Hz, 1H), 7.60 (br s, 1H), 7.42 (t, J = 5.8 Hz, 1H), 6.89 (d, J 

= 7.1 Hz, 1H), 6.02 (s, 2H). 13C NMR (125 MHz, DMSO-d6): δ 178.46, 150.36, 

145.86, 144.62, 140.01, 129.74, 126.78, 125.83, 116.50, 113.12, 110.74.  
3Sartorelli., et al., J. Med. Chem. 1968, 11, 700. 

 

 

 

 

 

 

 

 

 

 

https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Fjm00310a014
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Fjm00310a014
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Fjm00310a014
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1H and 13C NMR spectra 

 

 

 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1H-NMR, DMSO-D6, 400 mHz 

tert-Butyl-(2-bromopyridin-3-yl)carbamate (S1)  
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13C-NMR, DMSO-D6, 100 mHz 
tert-Butyl-(2-bromopyridin-3-yl)carbamate (S1)  
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1H-NMR, CDCL3, 400 mHz 

tert-butyl (2-formylpyridin-3-yl)carbamate (S2) 
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13C-NMR, CDCL3, 100 mHz 

tert-butyl (2-formylpyridin-3-yl)carbamate (S2) 



128 

 

 

 
 

            

            

            

            

            

            

            

            

            

            

            

            

            

            

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1H-NMR, DMSO-D6, 500 mHz 

3-AP 
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13C-NMR, DMSO-D6, 125 mHz 

3-AP 
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1H-NMR, DMSO-D6, 500 mHz 

2-((morpholine-4-carbonothioyl)thio)acetic acid (S3) 
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13C-NMR, DMSO-D6, 125 mHz 

2-((morpholine-4-carbonothioyl)thio)acetic acid (S3) 
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1H-NMR, DMSO-D6, 500 mHz 

morpholine-4-carbothiohydrazide (S4) 
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13C-NMR, DMSO-D6, 125 mHz 

morpholine-4-carbothiohydrazide (S4) 
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1H-NMR, DMSO-D6, 500 mHz 

Compound: MS-1 
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13C-NMR, DMSO-D6, 125 mHz 

Compound: MS-1 
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1H-NMR, DMSO-D6, 500 mHz 

Compound: MS-2 
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13C-NMR, DMSO-D6, 500 mHz 

Compound: MS-2 
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1H-NMR, DMSO-D6, 500 mHz 

Compound: MS-3 
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13C-NMR, DMSO-D6, 125 mHz 

Compound: MS-3 
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1H-NMR, DMSO-d6, 500 mHz 

Compound: TS-1 
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13C-NMR, DMSO-D6, 125 mHz 

Compound: TS-1 
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1H-NMR, DMSO-D6, 500 mHz 

Compound: TS-2 
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13C-NMR, DMSO-D6, 125 mHz 

Compound: TS-2 
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1H-NMR, DMSO-D6, 500 mHz 

Compound: TS-3 
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13C-NMR, DMSO-D6, 125 mHz 

Compound: TS-3 
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1H-NMR, DMSO-D6, 500 mHz 

DS-1 
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13C-NMR, DMSO-D6, 125 mHz 

DS-1 
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1H-NMR, DMSO-D6, 500 mHz 

2-((piperidine-1-carbonothioyl)thio)acetic acid (S5) 
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13C-NMR, DMSO-D6, 125 mHz 

2-((piperidine-1-carbonothioyl)thio)acetic acid (S5) 
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1H-NMR, DMSO-D6, 500 mHz 

piperidine-1-carbothiohydrazide (S6) 
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13C-NMR, DMSO-D6, 125 mHz 

piperidine-1-carbothiohydrazide (S6) 
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1H-NMR, Acetonitrile-D3, 500 mHz 

DS-2 



153 

 

 

 

 

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

            

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13C-NMR, Acetonitrile-D3, 125 mHz 

DS-2 
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1H-NMR, DMSO-D6, 500 mHz 

2-((pyrrolidine-1-carbonothioyl)thio)acetic acid (S7) 
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13C-NMR, DMSO-D6, 125 mHz 

2-((pyrrolidine-1-carbonothioyl)thio)acetic acid (S7) 
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1H-NMR, DMSO-D6, 500 mHz 

pyrrolidine-1-carbothiohydrazide (S8) 
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13C-NMR, DMSO-D6, 125 mHz 

pyrrolidine-1-carbothiohydrazide (S8) 
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1H-NMR, DMSO-D6, 500 mHz 

DS-3 
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13C-NMR, DMSO-D6, 125 mHz 

DS-3 
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1H-NMR, DMSO-D6, 500 mHz 

IQ-1 
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13C-NMR, DMSO-D6, 125 mHz 

IQ-1 
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1H-NMR, DMSO-D6, 500 mHz 

Compound: IQ-2 
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13C-NMR, DMSO-D6, 125 mHz 

Compound: IQ-2 
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1H-NMR, DMSO-D6, 500 mHz 

Compound: IQ-3 
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13C-NMR, DMSO-D6, 125 mHz 

Compound: IQ-3 
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HPLC Trace of 3-AP 
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HPLC Trace of DS-1 
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HPLC Trace of DS-2 
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HPLC Trace of DS-3 

 
 

 

 

 

 

 

 

 

 

 

 

 



172 

 

HPLC Trace of TS-1 
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HPLC Trace of TS-2 
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HPLC Trace of TS-3 
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HPLC Trace of MS-1 
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HPLC Trace of MS-2 
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HPLC Trace of MS-3 
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HPLC Trace of IQ-1 
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HPLC Trace of IQ-2 
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HPLC Trace of IQ-3 
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