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Polymeric nanoparticles were synthesized and loaded with Cu²⁺ to explore the 

therapeutic potential for catically active transition metal ions and complexes other than cisplatin. 

Two types of nanoparticles were synthesized to show the potential for polymer based vectors. 

Copper loading and release were characterized via inductively coupled plasma mass 

spectrometry (ICP MS), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron 

spectroscopy (XPS), and elemental analysis. Results demonstrated that Cu could be loaded to the 

nano-sized carriers in an aqueous environment, and that the release was pH-dependent. The 

toxicity of these particles was measured in HeLa cells where significant toxicity was observed in 

vitro via dosing of high Cu-loaded nanoparticles. No significant toxicity was observed in cells 

dosed with Cu-free nanoparticles.   
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CHAPTER 1  

INTRODUCTION 

1.1  Background on Nanoparticles Used for Drug Delivery 

Nanoparticles are macromolecular structures with diameters in the nanometer range (1-

1000nm).  They can be synthesized, functionalized, and studied fairly easily in the laboratory.  

They have an advantageous surface/volume ratio, which is an important feature for carriers to 

posses because it means a larger proportion of the material can contact the biological 

environment.  Their small size allows for biocompatibility and prolonged blood circulation 

which can lead to effective tumor accumulation due to the enhanced permeability and retention 

(EPR) effect.  They can be designed to release cargo under pH sensitive conditions.  Over all, 

nanoparticles offer high synthetic control and reproducibility, and despite debate about their 

toxicity (including residual monomer toxicity), a variety of purified nanoparticles have proven to 

be nontoxic to cells. 

Svetlana Gelperina and coauthors have described nanoparticles as “drug carriers with 

high stability, high carrier capacity, feasibility of incorporation of both hydrophilic and 

hydrophobic substances, feasibility of variable routes of administration, including oral 

application and inhalation, being able to improve drug bioavailability, and enabling the reduction 

of dosing frequency”  (Gelperina, 2005).  They also mentioned that nanoparticles are beneficial 

because they can be synthesized to “enable controlled (sustained) drug release from the matrix” 

(Gelperina, 2005).  

Gelperina and coauthors are just one group of scientists that are exploring the field of 

nanoparticles used for drug delivery.  Although nanoparticle research for applications dealing 
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with drug delivery might be generally thought of as a fairly new field that is constantly and 

exponentially expanding, the concept was actually first created by Paul Ehrlich, a Nobel laureate 

and significant contributor to the fields of histology, microbiology, pharmacology, and oncology 

(Bosch, 2008) (Kreuter, 2007).  He came up with the idea after attending an opera.  He was 

inspired by the fact that the ‘so called “Freikugeln’ (the spirit like bullets) always hit their goal, 

even if the rifleman did not aim properly or if the goal was out of reach” (Kreuter, 2007).  

Ehrlich idealized the concept of “magic bullets” which translated into the idea of designing drugs 

to be target specific.   

Within a span of twenty years during the 1950s-1970s, sustained and controlled drug 

release became a growing field gaining significant interest from scientists and physicians alike.  

During that time, Professor Peter Speiser’s research group designed the first nanoparticles for the 

delivery of drugs and vaccines (Kreuter, 2007).  His research on the synthesis of nanoparticles 

included many of the same components still used today: aqueous solution, acrylamide, UV-

irradiation, and methyl methacrylate (Kreuter, 2007).  Besides the synthesis of nanoparticles 

used as drug delivery vectors, nanoparticles were also being synthesized as target specific 

vectors to deliver compounds that can exhibit magnetic properties. 

The potential and current applications of nanoparticles in the field of cancer therapy are 

the driving forces behind the growing field of nanoparticles used for drug delivery.  The 

“pathophysiology of the tumor vasculature” has been exploited by these novel drug approaches 

because “in contrast to normal tissue, tumors contain a high density of abnormal blood vessels 

that are dilated and poorly differentiated (increased permeability), with a chaotic architecture and 

aberrant branching (decreased rate of clearance)” (Liu, 2007).  Therefore, tumors end up 

accumulating more macromolecules than normal tissues, or more specifically in support of this 
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manuscript, tumors end up accumulating more nanoparticles than normal tissues (Liu, 2007).  

The demonstrated benefits of nanoparticles abilities to reduce toxic side effects, overcome drug 

resistances, deliver drugs across the blood brain barrier, improve oral bioavailability, and express 

enhanced permeability and retention (EPR effect) are just some of the prime reasons that more 

and more studies are being conducted in hopes of realizing all of the nano-sized vector’s 

potential for the delivery of anticancer drugs (Kreuter, 2007).    

Some research in the field has are already led to drug containing nanoparticle products in 

commercial industries.  The first on the market was a drug called Abraxane, human serum 

albumin nanoparticles containing the anticancer drug paclitaxel (Kreuter, 2007). There are other 

drug delivering nanoparticles on the market as well, such as Intralipid, Doxil, AmBisome, 

Rapamune, and Emend, which are liposomal formulations of various United States Food and 

Drug Administration (FDA) approved therapeutics (Merisko-Liversidge, 2008).  In addition to 

drug delivery for enhanced therapeutic effects, nanoparticles created for target specific 

diagnostics are also on the market.  However, as of yet, there have been no polymer-based, drug 

loaded nanoparticles approved by the FDA.   

Even though there have been some successes with nanoparticles used for drug delivery, 

there is still much to be learned, and the anticipation for enhanced drug delivery via 

nanoparticles with the hopes of curing cancer is building.  The future of nanotechnology includes 

facing problems such as the lack of understanding about the “pathophysiological basis of 

disease” and the drug loaded-nano-material’s specific step by step pathway to therapeutic actions 

against the disease (Jong, 2008).  Ultrafine particles have been proven to cause environmental 

pollution.  Engineered nanoparticles may be suspected of having similar adverse effects.  Such 

concerns will also have to be addressed (Jong, 2008).  Scientists in the field are still tasked with 
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overcoming the problems of unwanted particulate “entrapment into the mononuclear 

phagocytotic system present in the liver and spleen” (Jong, 2008).  Past reaching specific tissue 

targeting goals, researchers must also be able to prove that their novel nanoparticle drugs can be 

degraded appropriately to avoid nanoparticle site accumulation and chronic inflammatory 

reactions (Jong, 2008).  In summary, we know that nanoparticles can be used for drug delivery.  

However, we do not fully understand the mechanisms or the processes/paths taken once 

nanoparticles have been introduced to cells in vitro and in vivo. 

1.2  Background on the Benefits for the Use of Transition Metals in Medicine 

Using nanoparticles or small molecules in the treatment of cancer seems to greatly 

improve drug delivery (Liu, 2007).  Typically, these small molecules are organic compounds. 

Consequently, the field of drug delivery primarily focuses on organic molecules or 

deoxyribonucleic acid/ ribonucleic acid (DNA/RNA) as therapeutics and has largely ignored the 

potential for delivering catalytically active transition metal ions and complexes (inorganic 

compounds) for therapeutic purposes (Harris, 2010).  The discoverer of naphthalene, a 

polycyclic aromatic, and a chemistry lecturer, William Brande, wrote in the late 1840s: “No 

definite line can be drawn between organic and inorganic chemistry….Any distinctions…must 

for the present be merely considered as maters of practical convenience calculated to further the 

progress of students” (McMurry, 2004 ).  Organic chemistry however, is termed as the study of 

carbon compounds, and the bonding of those carbon compounds with other elements such as 

nitrogen, oxygen, fluorine, phosphorus, sulfur, chlorine, bromine, and iodine.  Inorganic 

compounds are usually termed as all other compounds, but are also thought of as metal 

containing complexes.  Inorganic complexes can also have a profound effect in medicine which 

has been displayed in the “ancient civilizations use of gold and copper for healing purposes,” and 
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also more recently in the discovery of the arsenic containing compound salvarsan, an antisyphilis 

agent (Haas, 2009).     Although inorganic compounds are not new to medicinal uses, the 

attempts to design and synthesize new transition metal compounds to be used in novel 

therapeutics and diagnostics are more recently gaining interest (Ronconi, 2007).  One of the most 

widely known medicinal inorganic compounds today, cisplatin, was actually discovered and 

developed in the 1960s (Ronconi, 2007).  Cisplatin (cis-[PtCl₂(NH₃)₂]) is an antitumor 

compound that along with its second generation alternatives, helped to greatly improve the 

survival rates of patients worldwide (Ronconi, 2007).  Platinum containing compounds’ modes 

of action and cellular uptake still have yet to be completely figured out, but have “conventionally 

been attributed to passive diffusion down a concentration gradient, based on early observations 

that increasing concentrations of cisplatin and its analogues have linear accumulation that cannot 

be saturated up to a concentration of 1 millimolar,” and via other “active and facilitated transport 

mechanisms” (Klein, 2009).  However, many scientists believe that the drugs intercalate “into 

the DNA helix through covalent bonding at guanine residues and supplementary hydrogen 

bonding” (Thompson, 2003).  These cross-links distort the structure of DNA and therefore are 

the cause for the signaling of cell death (Klein, 2009).  Past these platinum complexes, vectors 

designed to deliver other metal species are rare, which might seem very ironic given that the 

discovery of cisplatin was over fifty years ago, and platinum is just one of the thirty plus 

transition metals (Harris, 2010).  Problems with the use of the coordination chemistry of 

transition metal complexes in medicine lie mostly with the lack of knowledge about their 

biological behavior (Ronconi, 2007), and the vector’s poor capacity to sequester metals to 

carriers in such a way that the metal can be released upon the carrier’s entrance into a predefined 

environment (Harris, 2010).  Furthermore, the metal loaded carrier must be stable in 
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biologically-relevant media, which is a critical stumbling block for some such delivery vectors 

(Harris, 2010).  If targeted delivery can be achieved, transition metal species would be expected 

to display a range of activities inside the cell ranging from redox catalysis to the targeted binding 

of biomolecules (Harris, 2010).  The former is particularly interesting because cancer cells are 

known to be under oxidative stress and exhibit increased production of reactive species (RS) 

(Harris, 2010). Cancer cells use RS to suppress apoptosis, accelerate proliferation, induce 

metastasis and angiogenesis, and promote genetic instability through DNA damage (Harris, 

2010).  However, this increase in oxidative stress also results in the saturation of the antioxidant 

buffering capacity of these cells and even slight elevations in RS can have a pronounced impact 

(Harris, 2010).  Thus, a therapeutic window exists for impacting cancer cells through modest 

increases in RS, while similar increases would have no effect on healthy cells with more 

effective buffering capacity.  Some things to consider in the design of inorganic compounds “are 

the control of toxicity (side-effects), and targeting of the metal to specific tissues, organs, or cells 

where activity is needed” (Ronconi, 2007).  Because metal ions can be used for therapeutic effect 

and diagnostic aid, and also because metal ions can be removed from a biological system in 

cases of detrimental metal overload, medicinal inorganic chemistry (transition metals used in 

medicine) could possibly be the door that opens to “the treatment and understanding of diseases 

that are currently intractable” (Ronconi, 2007).  The keys to unlock this “door” include 

understanding metal binding properties such as the thermodynamic and kinetic processes of 

metal complexes, the involved ligand substitution reactions, and the involved redox reactions, 

which is a difficult task because it is difficult to study these reactions in vitro and in vivo 

(Ronconi, 2007).  Being able to target specific tissues or biological molecules will help to 

alleviate problems associated with unwanted healthy cell killing.  In order to achieve target 
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specificity, drugs must be tailored to be properly taken into the biological system, transported, 

delivered, and excreted (Ronconi, 2007).  Considering the formidable task to understand the 

reactions involved in the targeted delivery of transition metals, it is even more difficult to design 

drugs based on those reactions.  The benefit of research toward the design of novel transition 

metal complexes for medicinal purposes is well worth the trouble because transition metals, 

which have positively charged centers, display the ability to conduct redox catalyisis and bind to 

large negatively charged biomolecules (Kostova, 2006).  Binding to such biomolecules like 

DNA/RNA and proteins, results in significant distortion of their specific structures, which 

directly inhibits their specific functions such as DNA replication and therefore kills cancer cells. 

(Kostova, 2006).  The diversity of transition metal elements promises an equally diverse range of 

biochemical properties (Haas, 2009).  Some of these biochemical properties include the 

capability to bind or interact strongly and selectively with ligands, their capability to polarize 

other groups attached to them due to their high electron affinity, their capability to display 

magnetic and sometimes radioactive properties, and their facilitation of  oxidation and reduction 

reactions (Haas, 2009).  All of the previously mentioned reasons make metals potentially ideal as 

drugs or as a component of a drug.  However, the balance between positive and negative impact 

must be controlled in any biological environment. As Paracelsus, a Swiss physician in the 16th 

century, once stated: “All substances are poisons: there is none which is not a poison.  The right 

dose differentiates a poison and a remedy” (Thompson, 2003).  Transition metals are known to 

display a sort of dichotomy in biological environments because many metals are essential to 

human life, but an overload or deficiency of metal can cause severe diseased states.  That is why 

when considering the benefits for the use of transition metals in medicine; one must also 

consider the “oxidation state of a metal in a given compound as an indicator of its optimal dose 
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and bioavailability” (Thompson, 2003).  The amount of metal considered for therapeutic 

purposes is not the only concern when it comes to transition metals used in medicine; the metal 

ligand combination also plays a key role in the physical and chemical properties of the inorganic 

complex (Thompson, 2003).  Section 1.3 addresses the important role of the metal-ligand 

combination by discussing the promising potential of transition metal linked nanoparticles.      

1.3 Background on the Potential of Transition Metal Linked Nanoparticles 

Interest in transition metal linked nanoparticles develops from the individual 

characteristics of both nanoparticles and transition metals.   

As previously mentioned, nanoparticles have proven to be beneficial because of their 

ability to reduce toxic side effects, overcome drug resistances, deliver drugs across the blood 

brain barrier, improve oral bioavailability, and accumulate in tumors due to the enhanced 

permeability and retention effect (EPR).  Nanoparticles have an advantageous surface/ volume 

ratio, and their size allows for biocompatibility.  They can be designed to release their cargo into 

a predefined environment.  They are also relatively inexpensive to synthesize; some types of 

nanoparticles can be prepared for less than $1 for 1.5 grams (Hinojosa, 2010). 

Transition metals are known to display a variety of oxidation states (probably due to their 

low ionization energies), meaning they can form many different ionic and partially ionic 

compounds.  Also, their d orbitals split into two energy sublevels, allowing them to absorb 

specific frequencies of light and to form characteristic colored solutions and compounds.  

Transition metals have large charge/radius ratios and can form stable complexes, or rather 

coordination complexes, which have a metal in the center bonded symmetrically to other 
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elements.  They also have loosely bound d electrons meaning that they exhibit high electrical 

conductivity and malleability (Helmenstine, 2011). 

Cells have to constantly regulate the accumulation, transport, distribution, recycling, and 

export of metals.  Disruption to this regulation, or rather the homeostasis of the cell, can occur 

due to chemical or physical stress.  These reactions are the main causes for Wilson’s disease, 

Alzheimer’s, Parkinson’s, cancer, and other diseases.  Malfunctions in the cell’s regulation of 

transition metals and other elements can be toxic to all types of cells.  However, if the mis-

regulation of transition metals were somehow targeted to only occur in “bad cells” or “problem 

cells” (in this paper’s concern: cancerous cells), then the malfunctions could be properly 

characterized as “therapeutic.”  Designing nanoparticles to be bio-friendly yet specifically target 

cancerous cells and then release transition metals in toxic amounts upon arrival would help in the 

fight against cancer.  It would potentially allow more affordable and available drugs, less 

invasive procedures, and better patient-response due to riding of unwanted and sometimes 

unbearable drug-caused side effects.   
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CHAPTER 2  

LIST OF MATERIALS AND INSTRUMENTS 

2.1 Materials 

o Methyl methacrylate (Polysciences) 

o Acrylic acid (Polysciences) 

o Poly(ethylene glycol) n diacrylate (n = 200 = MW of PEG block) 

(polysciences) 

o Potassium persulfate (Fisher) 

o Copper sulfate (Fisher) 

o Sodium phosphate dibasic (EM Sciences) 

o Nitric acid (trace metal grade) (Fisher) 

o NaOH (EMD) 

o HCl (EMD) 

o Crystaline alkimetric standard (Fisher) 

o Sodium citrate dibasic (Fisher) 

o HeLa cells (ATCC (cat. # CCL-2)) 

o Eagle’s minimum essential medium (ATCC, cat. # 30-2003)  

o 10% FBS (Thermo Scientific HyClone) 

o MTT reagent (CALBIO Chem) 

o DMSO (Sigma-Aldrich) 

o Glyciene (Sigma-Aldrich) 

o Water 
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o Rubbermaid Take-alongs 6.2 cup volume bowls and tops 

o Fisher Brand Pipette tips 

o Fisher Brand  Finnpipettes II 

o Falcon Blue Max 50mL Polyproylene Conical Tubes 

o VWR disposable/ graduated conical sterile 15mL centrifuge tubes with 

screw caps 

o Alconox soap 

2.2 Instruments/Equipment: 

o Thermo Scientific Burnstaed Nanopure Water Dispenser (18.2 MΩ-cm) 

o ESCO Class II Type A2 Biological Safety Cabinet 

o Unilab MBraun Glovebox 

o VWR Symphony Incubator (37°C; 5.4% CO₂) 

o BioTek Synergy 2 Multimode Microplate reader 

o Anton Parr Synthos 3000 Microwave Reaction System 

o VWR Symphony pH meter 

o Mettler Toledo Classic Plus AB204-S/FACT Weighing Scale 

o Microtrac Nanotrac Ultra Dynamic Light Scattering Instrument 

o Varian 820-MS (This is an ICP-MS using the following parameters:  

plasma flow 17.5 L/min, auxiliary flow 1.65 L/min, sheath gas 0.13 L/min, and nebulizer 

flow 0.89 L/min.  The torch alignment had a sampling depth of 5 mm.  The RF power 

was set at 1.3 kW.  The pump rate was 3rpm, and the stabilization delay was 30s.  The 

ion optics parameters were: first extraction lens -1 V, second extraction lens -191 V, third 

extraction lens -206 V, corner lens -236 V, mirror lens left 56 V, mirror lens right 49 V, 
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mirror lens bottom 16 V, entrance lens 0 V, fringe bias -2.5 V, entrance plate -31 V, and 

pole bias 0 V. CRI parameters were skimmer gas off, sampler gas off, skimmer flow 0 

mL/min, and sampler flow 0 mL/min.  ICP MS tubing was rinsed in between samples to 

avoid sample contamination.)   
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CHAPTER 3 

BINDING OF Cu²⁺ TO COOHNPs 

3.1 Introduction 

Due to the potential therapeutic benefits of transition metal loaded nanoparticles, the 

Petros group in the chemistry department at the University of North Texas has designed a 

carboxylate-functionalized, polymer-based nanoparticle capable of sequestering a redox-active 

metal, Cu2+, for the ultimate goal of delivering Cu2+ to cancer cells to facilitate catalytic redox-

mediated apoptosis (Harris, 2010).  The Petros group has developed an approach that allows us 

to accomplish reversible copper binding to polymeric nanoparticles that are stable in aqueous 

solutions and that are capable of releasing their copper in a pH-dependent manner (Harris, 2010).  

Sensitivity to pH allows one to capitalize on the drop in pH known to occur along the 

endosome/lysosome pathway for endocytosis to facilitate release, while sensitivity to a reducing 

environment could stimulate release in response to the reducing nature of cytosol (Harris, 2010). 

The Petros group chose copper as their “pilot” transition metal for a few reasons.  One 

reason is because “tumor growth and metastasis depend upon angiogenesis, the 

neovascularization process that requires growth factors, proteases, and the trace element copper 

(not other transition metals) which is an essential cofactor for the angiogenesis process” (Daniel, 

2004).  That being said, it is not surprising that high levels of copper have been found in many 

types of human cancers (Daniel, 2004).  Since the pertos group is using HeLa (Henrietta Lacks) 

cells for their cytotoxicity studies, it makes since for them to exploit the fact these cervical 

cancer cells will probably already have slightly excess amounts of copper, and that dosing the 

cells with even more copper will have the effect of metal overload and kill these cells which are 



14 
 

unable to regulate their metal capacity (Nayak, 2004).  If the normal trafficking of metals, 

especially copper, goes unchecked, then “many of the metals are capable of catalyzing oxidative 

damage directly, inhibiting essential activities, disrupting signal transduction pathways, and 

disrupting the folding of nascent proteins” (Finney, 2003).   Additionally, copper has a 

radioactive isotope, 64Cu, which is routinely used in PET imaging, so incorporation of this 

element would facilitate diagnostic imaging in addition to therapy.  Some of the functional roles 

copper displays in biology include “signaling to DNA via metal-responsive transcriptional 

regulators (metalloregullatory proteins), dioxygen transport (hemoglobin), alkyl group transfer, 

electron transfer, and redox catalysis in conjunction with enzymes involved in oxygen 

metabolism, nitrogen fixation, and radical formation” (Haas, 2009).  The principle of hard and 

soft acids and bases (HSAB), which was developed in the mid 1960s, can be used to help predict 

a good ligand to use with our metal ion of choice (Haas, 2009).  Typically, hard acids bond better 

with hard bases and soft acids bond better with soft bases (Haas, 2009).  Hard acids and bases are 

nonpolarizable, small, and have high charge density (Haas, 2009).  Soft acids and bases are 

polarizable, large, and have low charge density (Haas, 2009).  Since Cu²⁺ is a borderline acid, it 

would be expected to prefer borderline bases (Haas, 2009). However, in the case of Cu²⁺ ions, 

which are affected by Jahn-Teller distortions of their d⁹ electron configurations, and thus favors 

the square planar, square pyramidal, or axially distorted octahedral geometries, increasing the 

basicity of the donor enhances the metal-ligand bonding (Haas, 2009).  This is why using 

carboxylic acid, and eventually phosphoric acid, as ligands for copper proved to help form a 

stable complexes: our copper loaded nanoparticles.  

As mentioned above, the Petros group is using HeLa cells for their cytoxicity studies.  

HeLa cells are frequently used in scientific research because its cell line is very durable and 
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prolific (HeLa).  It was quoted that “more than 60,000 scientific articles had been published 

about research done on HeLa cells and that number was increasing steadily at a rate of more than 

300 papers each month” (HeLa).  HeLa cells, different from many other cancer cell lines, divide 

and multiply at abnormally fast rates because they “have an active version of telemorase during 

cell division, which prevents the incremental shortening of telomeres that is implicated in aging 

and eventual cell death” (HeLa).  Working in our favor, the HeLa cells allow our group to grow 

cells quicker and therefore conduct cell studies that produce results quicker than with other 

cancer cells lines.  Additionally, since many members of our group, including myself, are 

females, the concern about possible contamination through the skin can be counteracted by the 

fact that cervical cancer can be avoided with the pre-administration of anti-human 

papillomaviruse drugs like Guardasil. 

The Petros group uses microwave irradiation for the free radical polymerization (FRP) of 

acrylate monomers (Hinojosa, 2010).  FRP is like other chain growth mechanisms in that it is the 

“sequential addition of vinyl monomers to an active, free radical center” (Hinojosa, 2010).  FRP 

has three stages: initiation, propagation, and termination (Hinojosa, 2010).  Simply put, thermal 

or photochemical homolytic cleavage (breaking into radicals rather than heterolytically- where 

the pair of electrons stay together and a positive and a negative charge are created) of covalent 

bonds of initiators (results in the formation of two initiating radicals) (Hinojosa, 2010).  Then 

chain begins to grow as the radical bonds to the monomer (Hinojosa, 2010).  The next step, as 

previously mentioned, is propagation.  Propagation of the chain is carried out due to the 

accumulation of units of the monomer to the radical (Hinojosa, 2010).  The last step is 

termination.  Combination chain termination and disproportionation chain termination are the 
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two ways that chain termination can occur via the “bimolecular coupling of two growing chains 

resulting in the loss of two radicals” (Hinojosa, 2010).   

The specific time, temperature, power, pressure, initiator concentration, and percentage 

of monomer used were explored by a previous member of the Petros group, Barbara R. Hinojosa 

(Hinojosa, 2010). 

The Petros group decided to design their nanoparticles with polyethylene glycol (PEG), 

methyl methacrylate (MMA), and potassium persulfate (KPS) as some of the initial reactants 

because they have been proven to work well in the synthesis of biocompatible polymeric 

nanoparticles.  Functionalizing our nanoparticles with carboxylic acid from acrylic acid proved 

to make the process of loading and releasing copper straightforward.   

The Petros group hypothesizes that if they can display the targeted therapeutic action, 

which is most likely not cell-type specific, of our copper loaded polymeric nanoparticles, this 

project will result in a new class of metallo-pharmaceuticals that will serve as a viable alternative 

for treating a number of diseased states, including different and specific types of cancer, where 

targeted eradication of a specific cell type leads to a cure and/or improved patient response.   

Here I, a member of the Petros group, report the synthesis of carboxylic acid 

functionalized nanoparticles (COOHNPs or CNPs), the characterization of loading and release of 

copper, as well as the preliminary in vitro toxicity in cancer cells (Harris, 2010). 

3.2 Experimental Method 

3.2.1 Synthesis of CNPs   

The synthesis of the CNPs includes the preparation of the monomer solution, a 

microwave reaction, measuring of the nanoparticle diameter, dialysis, and lyophilization.  The 



17 
 

monomer solution was prepared by mixing 58.8 mL of deoxygenated water, 0.57 g of acrylic 

acid, 0.575 g of methyl methacrylate, 0.053 g of PEG diacrylate, and 0.164 g of potassium 

persulfate.  The water was deoxygenated by freezing with liquid nitrogen, pumping under 

vacuum, and then thawing for a total of three cycles.  For this process of deoxygenating the 

water, a half-liter of nanopure water was added in a liter size round bottom flask with a greased 

stop cock (Dow Corning high vacuum grease) that is connected to a Schlenk line and vacuum 

pump. The monomer solution was prepared in a clean PTFE vessel for a Synthos 3000 16MF100 

rotor inside a Unilab glovebox that was freshly regenerated to remove oxygen.  Before removing 

the solution from the glovebox, the vessel was sealed.  It was then placed into the rotor equally 

balanced with 7 other vessels containing 60 mL of de-ionized water.  The rotor was covered and 

placed into the Synthos microwave.  The microwave operated for 60 minutes under a maximum 

power of 1400 W at a 90 degrees Celsius (°C) temperature.  A pressure/temperature sensor 

accessory (Anton Paar) monitored the internal temperature and pressure of the vessel containing 

the monomer solution. After the microwave reaction was completed, the nanoparticles diameter 

was measured via dynamic light scattering to be 121 nanometers (nm). The solution was then 

pipetted into 3.3 mL/ centimeter (cm) dialysis tubing and clamped at both ends. The nanoparticle 

solution was then dialyzed in 4 liters (L) of ultrapure water for 48 hours (h) with a change in the 

water after the first 24 h.  The nanoparticle solution was then removed from the bulk water and 

tubing to measure its volume, and then was lyophilized.  The resulting solid was weighed and 

resulted in a final particle concentration of 12.8 milligrams (mg)/mL.  A total of 0.896 g of CNPs 

was synthesized with ~75% conversion of monomer to particles. 

 

 



18 
 

3.2.2 Loading of Cu 

Once the CNPs were synthesized, copper was loaded to the CNPs.  The process of 

loading the copper is as follows: 3 samples (3 mL each) of the nanoparticle solution were 

adjusted to a pH of 7, using 1 M NaOH to ensure that all of the COOH was deprotonated.  

Copper sulfate was then added to each of the three samples in a 1:1 molar ratio with the amount 

of NaOH added.  The particle solutions immediately turned from their original skim milk color 

to a turquoise blue color as the copper was mixed into the NP solutions. The copper-loaded CNP 

solutions (CuCNPs) were each transferred into 2mL/cm dialysis tubing and clamped at both 

ends. The three samples of CuCNPs were dialyzed in 1.5 L of ultrapure water in a plastic bowl 

(not glass) for 48 h to remove unbound copper.  Samples were drawn from the bulk phase at 1, 2, 

3, 4, 5, 6, 12, 24, and 48th hours, diluted in 1% nitric acid, and then analyzed for 63Cu content via 

ICP MS for the measurement of the copper release over time.  Particle size of ~215 nm was 

determined via dynamic light scattering (DLS). 

3.2.3 Quantification 

3.2.3.1 ICP MS Cu release studies.   

As mentioned in the previous section, the three samples of CuCNPs were dialyzed in 1.5 

L of ultrapure water in a plastic bowl (not glass) each for 48 h to remove unbound copper.  

Sample’s were drawn from the bowls of water on the 1, 2, 3, 4, 5, 6, 12, 24, and 48th hours, 

diluted in 1% nitric acid, and then analyzed for 63Cu content via ICP MS for the measurement of 

the copper release over time.  Purified (no excess copper) CuCNP-containing solutions (3 mL) 

were then dialyzed in three types of aqueous solution: 1.5 L of either ultrapure water, 0.1 molar 

(M) TRIS [tris(hydroxymethly)aminomethane] buffer adjusted to pH 7, or 0.1 M citrate buffer 
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adjusted to pH 5.  Samples (1 mL each) were drawn from the bulk phase at 0.08, 1, 2, 3, 4, 5, 6, 

12, 24, and 48 h, diluted in 1% nitric acid, and then analyzed for 63Cu content via ICP MS for the 

measurement of the copper release over time (Figure 7).  Cu content was determined by 

comparison with a calibration curve generated using known samples of 100, 200, 300, and 400 

parts per billion (ppb) CuSO₄.   

3.2.3.2 X-ray photoelectron spectroscopy (XPS).  

XPS spectra for CuCNPs as well as CNPs, particles containing no Cu, were both acquired 

with a PHI 5000 VersaProbe™ Scanning XPS Microprobe.  Samples were prepared by spotting 

5 microliters (uL) of the desired particle-containing solution onto a glass slide and then drying 

under vacuum.   

3.2.3.3 Energy-dispersive X-ray analysis (EDX).   

SEM images and EDX spectra were obtained for samples of CuPNPs and NaPNPs with a Quanta 

ESEM microscope (FEI) equipped with a sapphire Si(Li) detecting unit for EDX. Samples were 

prepared by spotting 5 uL of the desired particle-containing solution onto a glass slide, drying 

under vacuum, and then repeating the spot/dry three times to produce samples with enough 

thickness to prevent interference from the glass slide during EDX analysis. Samples were then 

coated with Au (2-5 nm thickness) using a Cressington 108 Manual Sputter Coater (Ted Pella).  

Images were obtained with an acceleration voltage of 5-15 kilovolts (kV) and EDX spectra were 

obtained with an acceleration voltage of 5 kV.   
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3.2.3.4 Elemental analysis.  

Microanalysis was performed by Columbia Analytics (formerly Desert Analytics) in 

Tucson, AZ.  Samples (100 mg) for elemental analysis were prepared by lyophilizing the desired 

nanoparticle-containing solution, which were further dried for 4 h at 25°C under vacuum prior to 

analysis. 

3.2.4 In vitro toxicity  

HeLa cells were purchased from ATCC (cat. # CCL-2), and maintained in Eagle’s 

Minimum Essential Medium (ATCC, cat. # 30-2003) with 10% FBS (Thermo Scientific 

HyClone).  Five thousand cells per well seeded on 96-well plates and incubated overnight at 37 

°C (5 % carbon dioxide (CO2)).  The desired particle amounts were added to the wells and the 

plates were incubated for an additional 48 hours at 37 °C (5 % CO2). After the incubation, cell 

viability was evaluated with the MTT reagent [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetra-

zolium bromide].  Media was removed from each well and replaced with fresh media containing 

1 mg/mL MTT.  The cells were incubated for 4 h at 37 °C (5 % CO2) after which time the media 

was removed and replaced with dimethyl sulfoxide (DMSO).  Light absorption was measured on 

a Synergy 2 multi-mode microplate reader (BioTek).  The viability of the cells exposed to 

particles was expressed as a percentage of the viability of cells grown in the absence of particles 

on the same plate. 
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3.3 Results and Discussion 

 

Figure 1. Record of microwave reaction settings 

As displayed in Figure 1, microwave assisted synthesis of CNPs proved to be time 

efficient, making a minimum of 60 mL in about an hour.  If we wanted to make only 3 mL of 

CNPs the reaction time would decrease by about half.  The specific time, temperature, power, 

pressure, initiator concentration, and percentage of monomer used were explored by a previous 

member of the Petros group, Barbara R. Hinojosa (Hinojosa, 2010).  
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Figure 2. Schematic of the free radical polymerization mechanism of MMA 
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Figure 3. Cu loading chemistry for CuCNPs (left) and the structure of dinuclear 

Cu2(OAc)4(H2O)2 observed for the molecular complex (right) 

Cu2+ loading to form Cu-loaded carboxylate-functionalized nanoparticles (CuCNPs) was 

accomplished by first adjusting the pH of the particle-containing solution to 7.0 using 1.0 M 

NaOH, which deprotonated the carboxylic acid groups, followed by the addition of CuSO4 in a 

1:1 molar ratio to NaOH (Fig. 2).  The representation shown in Figure 2 for Cu binding to 

CuCNPs represents a mononuclear complex; however, a dinuclear complex like that observed 

for molecular copper acetate (also shown in Fig. 2) is equally likely.  The particle solution was 

then dialyzed to remove unbound copper. 
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Figure  4. DLS results for purified CuNPs 
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Figure 5. Typical calibration curve used for determining the Cu concentration in 

unknown samples 
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Figure 6. Release of unbound Cu as a function of time during the purification of CuCNPs 

as monitored by ICP MS 

For ICP MS studies, the amount of unbound copper released during purification by 

dialysis was monitored for 48 h from a sample containing a known mass of particles (Fig. 4).  

The amount of copper in the bulk phase stabilized after ~12 h, indicating that virtually all of the 

unbound copper had been removed at that time.  The difference between the amount released at 

48 h and that contained in the original loading solution determined Cu loading, resulting in 

values ranging between 12-16 weight percent based on these reaction conditions. 
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Figure 7. Release of Cu from purified CuCNPs over time as a function of pH as 

measured by ICP MS. 

 The applicability of CuCNPs for triggered release has been studied by examining 

the rate of Cu release in response to changes in pH.  Three identical samples of purified CuCNPs 

were dialyzed in either ultrapure water, 0.1 M TRIS buffer at pH 7, or 0.1 M citrate buffer at pH 

5 and the release of Cu was monitored for 48 h by ICP MS.  Virtually no release was observed in 

ultrapure water with ~95% of the loaded Cu remaining bound to the particles over the course of 

the experiment.  Cu release was observed at pH 7; however, release was much slower at this pH 

(particles at pH 7 had released ~55% of their Cu at 12 h) compared to pH 5.  At pH 5, CuCNPs 

had released over 93% of their loaded Cu at 12 h, and at 48 h complete release was observed.  Cu 

weight percents determined by ICP MS at the end of this set of experiments were 12.1, 1.7, 0.0 

wt % Cu for CuCNPs dialyzed in ultrapure water, pH 7 buffer, and pH 5 buffer, respectively.  

Qualitatively, a color change was observed in CuCNPs upon release of Cu where the particle 



28 
 

color gradually turned from blue to white.  CuCNPs dialyzed at pH 5 turned white within 12 h; 

whereas, those dialyzed at pH 7 remained faintly blue even at the end of 48 hours. 

 

 

Figure 8.  XPS spectra for CuCNPs (top) and CNPs, particles containing no Cu (bottom).   

The peak at 934.4 eV in the CuCNPs comes at an energy that is consistent with that 

of an authentic copper acetate complex.  XPS was used to further confirm Cu loading and to 

probe Cu coordination sphere (Fig. 8).  Cu weight percent measured by XPS (15 wt%) was 
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consistent with those of ICP MS; one of the peaks in the spectrum (934.4 eV) was consistent 

with that of a copper acetate complex. 

 

 

Figure 9. SEM image of CuCNPs 
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Figure 10.  EDX spectra for CuCNPs (left) and NaCNPs (right) according to SEM. 

Only peaks for C, O, and Cu were observed in EDX spectra obtained for CuCNPs, and 

the measured weight percents were again consistent with both ICP MS and XPS.  EDX was also 

performed on samples immediately before and after the addition of CuSO4.  Before CuSO4 

treatment, only peaks for C, O, and Na were observed; after treatment, the Na peak disappeared 

and a Cu peak appeared. 
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 ICP MS EDX Elemental Analysis 

Ultra-pure water 12.1 12.7 10.92 

pH 7 buffer 1.7 3.3  

pH 5 buffer 0.0 0.7 0.04 

 

    

    

    

    

Table 1.  ICP MS, EDX, and elemental analysis comparison of remaining milligrams of Cu on NPs 

 Table 1 contains a summary of Cu weight percents determined for each sample by 

the various the experimental methods employed.  Importantly, the amount of Cu released at pH 5 

corresponded exactly to the amount loaded in the CuCNPs.  Thus, we are able to load significant 

amounts of metal into our particles (up to 16 wt%) and then release that metal completely in a 

relatively short period of time (48 h).  The fact that CuCNPs release their Cu in a pH dependent 

manner illustrates their potential use for triggered release applications, demonstrating proof of 

principle for our strategy. 
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Figure 11. In vitro toxicity data for Cu-loaded CuCNPs and control CNPs, particles 
containing no Cu in HeLa cells. 

 The in vitro toxicity of CuCNPs in HeLa cells (a cervical adenocarcinoma) was 

investigated via an assay based on the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetra-zolium bromide). Particles were added to wells with cells at the desired particle 

concentrations; the plates were incubated for 48 h, followed by an assessment of cell survival via 

the MTT reagent.  Control particles (particles without added Cu) showed no toxicity up to the 

highest dosing.  In contrast, Cu-loaded particles displayed significant toxicity with an IC50 of 

~100 µg/mL (Fig. 11). 
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Figure 12.  In vitro toxicity data for comparison of Cu contained in CuCNPs versus 
similar dosing of free Cu(OAc) 

 The toxicity of free copper acetate was measured to allow for direct comparison 

with the amount of Cu contained in CuCNPs.  We found that Cu contained in CuCNPs was 

significantly more toxic than an equivalent amount of free Cu dosed, implying that the observed 

Cu toxicity was particle mediated. 
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Figure 13. In vitro toxicity data for CuCNPs as a function of Cu-loading in HeLa cells. 

Finally, the amount of Cu loaded in CuCNPs was varied and its effect on toxicity 

investigated.  The amount of Cu2+ loaded in CuCNPs could be varied trivially by adding a sub-

stoichiometric amount of CuSO4.  CuCNPs with 16, 12, 5, and 3 wt% Cu were synthesized in 

this manner.  CuCNPs became significantly less toxic as the Cu loading was reduced, with little 

or no toxicity being observed for CuCNPs containing 3, or 5 wt% Cu. 

3.4 Conclusion 

In summary, we have synthesized Cu-loaded polymeric nanoparticles that release bound 

Cu in a pH-dependent manner.  Cu loading and release were characterized by several analytical 

techniques where we demonstrated the ability to load up to 16 weight percent Cu.  Cu was 

coupled to particles through carboxylate groups that become protonated as the pH drops resulting 
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in release of the metal due to the reduced affinity of the protonated ligand for Cu.  Release 

studies showed that although the particles released Cu at pH 7, there was accelerated release at 

pH 5.  Complete release of Cu contained in CuCNPs was observed at pH 5 within 48 h.  Our 

coupling strategy allows us to capitalize on the pH gradient observed along the 

endosome/lysosome pathway for particle internalization for targeted delivery of Cu2+.  We also 

investigated the toxicity of CuCNPs in cancer cells and found that our delivery vector, particles 

containing no Cu, was not toxic and that CuCNPs displayed significant toxicity.  Delivery of Cu 

contained in CuCNPs was more toxic than an equivalent amount of free Cu dosed implying that 

the phenomenon is particle mediated.  As the Cu-loading was reduced, cell survival improved 

with little or no impact being observed for CuCNPs containing 3 or 5 weight percent Cu.  The 

most likely source of toxicity is induced oxidative stress and future experiments will probe the 

mechanism of cell death to determine the validity of this hypothesis (Harris, 2010). 
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CHAPTER 4 

BINDING OF Cu²⁺ TO H₂PO₄NPs 

4.1 Introduction 

In the previous experiments, functionalizing our nanoparticles with carboxylic acid from 

acrylic acid proved to make the process of loading and releasing copper straightforward.  We 

then decided to functionalize them with phosphoric acid groups because phosphate is a dianion 

compared to the monoanion of carboxylate, and can therefore bind in multidentate fashion with 

the metal center improving binding strength and phosphate is known to bind a variety of other 

transition metals with high affinity (Murugavel, 2008).  This will prove useful when we conduct 

future work but for now, our goal is to repeat the same experiments Cu²⁺-loaded phosphate 

particles  resulting from the incorporation of a commercially available phosphate-functionalized 

monomer (H2PO₄NPs or PNPs) and then compare these results with CuCNPs.  Due to time 

constraints, we were unable to replicate every experiment; however, enough data was collected 

to draw some conclusions.  Any results shown with CNPs that are not shown with PNPs will be 

completed as time permits and will be considered as future work.   

4.2 Experimental Method 

4.2.1 Synthesis of PNPs   

The synthesis of the phosphate functionalized nanoparticles (PNPs) includes the 

preparation of an 80 wt% monoacryloxyethyl phosphate solution.  The 80 wt% PA monomer 

solution was prepared by mixing 28.9 mL of deoxygenated water, 0.48 g monoacryloxyethyl 

phosphate, 0.09 g methyl methacrylate, 0.03 g PEG diacrylate, and 0.07803 g potassium 
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persulfate.  The water was deoxygenated by freezing with liquid nitrogen, pumping under 

vacuum, and then defrosting it for a total of three cycles.  For this process of deoxygenating the 

water, a half-liter of nanopure water was added in a 1 L round bottom flask with a greased stop 

cock (Dow Corning high Vacuum grease) that is hooked up to a Schlenk line and vacuum pump. 

The monomer containing solution was prepared in a clean PTFE vessel (Synthos 3000 16MF100 

rotor) inside a freshly regenerated Unilab glovebox.  Before removing the monomer solution 

from the glovebox, the vessel was sealed.  It was then placed into the rotor equally balanced with 

7 other vessels containing 60 mL of de-ionized water.  The rotor was covered and placed into the 

Synthos microwave.  The microwave operated for 60 minutes under a maximum power of 1400 

watts at a 90 °C temperature.  A pressure/temperature sensor accessory (Anton Paar) monitored 

the internal temperature and pressure of the vessel containing the monomer solution.  After the 

microwave reaction was complete nanoparticle diameter was measured via dynamic light 

scattering (102 nm).  The solution was then transferred to 3.3 mL/ cm dialysis tubing and 

clamped closed at both ends. The nanoparticle solution was then dialyzed in 3.6 L of ultrapure 

water for 24 h.  After lyophilization of a 3mL portion of the purified PNPs, the resulting solids 

were weighed and resulted in a final particle concentration of 7.167 mg/ mL.  The maximum 

theoretical conversion of monomer to polymer would have resulted in 600 mg of particles.  Our 

final weight was ~0.2105 g of PNPs which means ~35% of monomer was converted to particles.   

4.2.2 Loading of Cu 

 Once the PNPs were synthesized and analyzed, copper was loaded.  The process of 

loading the copper is as follows for the 80 wt% PNPs:  3 mL aliquots of the nanoparticle solution 

were adjusted to pH 11 using 1 M NaOH to ensure that both of the acidic hydrogens were 

removed.  Copper sulfate was then added in a 1:1 molar ratio with the amount of NaOH added.  
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The particle solutions immediately turn from their original skim milk color, to a turquoise blue 

color as the copper is mixed into the NP solutions. Three 3 mL samples of the copper-PNP 

(CuPNPs) solutions were transferred into 2 mL/ cm dialysis tubing and clamped at both ends. 

The CuPNPs were dialyzed in 1.5 L of ultrapure water in a plastic bowl (not glass) each for 48 h 

to remove unbound copper.  Particle size of ~105.8 nm was determined via dynamic light 

scattering (DLS). 

4.2.3 Quantification 

4.2.3.1 ICP MS Cu release studies   

Three 3 mL samples of the CuPNPs were dialyzed in 1.5 L of ultrapure water in a plastic 

bowl (not glass) each for 48 h to remove unbound copper.  Samples were drawn from the bulk 

phase at 1, 2, 3, 4, 5, 6, 12, 24, and 48 h, diluted in 1% nitric acid, and then analyzed for 63Cu 

content via ICP MS for the measurement of the copper release over time.  Next, purified (no 

excess copper) CuPNP-containing solutions were each dialyzed under the following reaction 

conditions to examine release as a function of pH: 1.5 L of either ultrapure water, 0.1 M TRIS 

(tris(hydroxymethly)aminomethane) buffer adjusted to pH 7, or 0.1 M citrate buffer adjusted to 

pH 5, respectively.  Samples (1 mL each) were removed from the bulk phase at 0.08, 1, 2, 3, 4, 5, 

6, 12, 24, and 48 h, diluted in 1% nitric acid and then analyzed for 63Cu content via ICP MS for 

the measurement of the copper release over time.  Cu content was determined by comparison 

with a calibration curve generated using known samples of 100, 200, 300, and 400 ppb CuSO.  

4.2.4 In vitro toxicity  

HeLa cells were purchased from ATCC (cat. # CCL-2), and maintained in Eagle’s 

Minimum Essential Medium (ATCC, cat. # 30-2003) with 10% FBS (Thermo Scientific 
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HyClone).  Five thousand cells per well seeded on 96-well plates and incubated overnight at 37 

°C (5 % carbon dioxide (CO2)).  The desired particle amounts were added to the wells and the 

plates were incubated for an additional 48 h at 37 °C (5 % CO2). After the incubation, cell 

viability was evaluated with the MTT reagent [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetra-

zolium bromide].  Media was removed each well and replaced with fresh media containing 1 

mg/mL MTT.  The cells were incubated for 4 h at 37 °C (5 % CO2) after which time the media 

was removed and replaced with dimethyl sulfoxide (DMSO).  Light absorption was measured on 

a Synergy 2 multi-mode microplate reader (BioTek).  The viability of the cells exposed to 

particles was expressed as a percentage of the viability of cells grown in the absence of particles 

on the same plate. 
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4.3  Results and Discussion 

 

Figure 14. Microwave reaction parameters 

 As displayed in Figure 14, microwave assisted synthesis of PNPs proved to be 

time efficient, making a minimum of 30 mL in about an hour.  If we wanted to make only 3 mL 

of PNPs the reaction time would decrease by about half.   
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Figure 15. Cu loading chemistry for CuPNPs  

 Cu2+ loading to form Cu-loaded phosphoric acid-functionalized nanoparticles 

(CuPNPs) was accomplished by first adjusting the pH of the particle-containing solution to 11.0 

using 1.0 M NaOH, which deprotonated 2 of the phosphoric acid groups, followed by the 

addition of CuSO4 in a 1:1 molar ratio to NaOH.  Phosphoric acid has a pKa₂ of 7.21, having 

adjusted the pH of the CNP’s to pH 11 results in removal of both of those protons. The particle 

solution was then dialyzed to remove unbound copper. 
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Figure 16. Calibration curve used in determining the Cu concentration in unknown PNP 

samples 
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Figure 17. Release of unbound Cu as a function of time during the purification of 

CuPNPs as monitored by ICP MS 

For ICP MS studies, the amount of unbound copper released during purification by 

dialysis was monitored for 48 h from a sample containing a known mass of particles.  The 

amount of copper in the bulk phase stabilized after ~12 h, indicating that virtually all of the 

unbound copper had been removed at that time.  The difference between the amount released at 

48 h and that contained in the original loading solution determined Cu loading, resulting in 

values ranging between 13-14 weight percent based on these reaction conditions. 
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Figure 18. DLS results for PNPs 

Figure 19. DLS results for purified CuPNPs 
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 Figure 20. DLS results for CuPNPs after 48 h of pH 7 

 

 Figure 21. DLS results for CuPNPs after 48 h of pH 5 
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Figure 22. Release of Cu from purified CuPNPs over time as a function of pH as 
measured by ICP MS. 

The applicability of CuPNPs for triggered release has been studied by examining the rate 

of Cu release in response to changes in pH.  Three identical samples of purified CuPNPs were 

dialyzed in either ultrapure water, 0.1 M TRIS buffer at pH 7, or 0.1 M citrate buffer at pH 5 and 

the release of Cu was monitored for 48 h by ICP MS.  Virtually no release was observed in 

ultrapure water with ~96% of the loaded Cu remaining bound to the particles over the course of 

the experiment.  Cu release was observed at pH 7; however, release was much slower at this pH 

(particles at pH 7 had released ~50% of their Cu at 12 h) compared to pH 5.  At pH 5, CuPNPs 

had released all of their loaded Cu at 12 h, and at 48 h complete release was observed.  Cu 

weight percents determined by ICP MS at the end of this set of experiments were 13.4, 2.25, 0.0 

wt % Cu for CuPNPs dialyzed in ultrapure water, pH 7 buffer, and pH 5 buffer, respectively.  

Qualitatively, a color change was observed in CuPNPs upon release of Cu where the particle 
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color gradually turned from blue to white.  CuPNPs dialyzed at pH 5 turned white within 12 h; 

whereas, those dialyzed at pH 7 remained faintly blue even at the end of 48 hours. 

 

Figure 23. In vitro toxicity data for Cu-loaded CuPNPs and control PNPs, particles 

containing no Cu in HeLa cells. 

The in vitro toxicity of CuPNPs in HeLa cells (a cervical adenocarcinoma) was 

investigated via an assay based on the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetra-zolium bromide). Particles were added to wells with cells at the desired particle 

concentrations; the plates were incubated for 48 h, followed by an assessment of cell survival via 

the MTT reagent.  Control particles (particles without added Cu) showed no toxicity up to the 

highest dosing.  In contrast, Cu-loaded particles displayed significant toxicity with an IC50 of 

~750 µg/mL. 
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4.4 Conclusion 

In summary, we have synthesized Cu-loaded polymeric nanoparticles that release bound 

Cu in a pH-dependent manner.  Cu loading and release were characterized by several analytical 

techniques where we demonstrated the ability to load up to 14 weight percent Cu.  Cu was 

coupled to particles through phosphate groups that become protonated as the pH drops resulting 

in release of the metal due to the reduced affinity of the protonated ligand for Cu.  Release 

studies showed that although the particles released Cu at pH 7, there was accelerated release at 

pH 5.  Complete release of Cu contained in CuPNPs was observed at pH 5 within 48 h.  Our 

coupling strategy allows us to capitalize on the pH gradient observed along the endosome/ 

lysosome pathway for particle internalization for targeted delivery of Cu2+.  We also investigated 

the toxicity of CuPNPs in cancer cells and found that our delivery vector, particles containing no 

Cu, was not toxic and that CuPNPs displayed significant toxicity with high copper loading.  The 

most likely source of toxicity is induced oxidative stress and future experiments will probe the 

mechanism of cell death to determine the validity of this hypothesis (Harris, 2010). 

 

 

 

  



49 
 

CHAPTER 5 

PROJECT CONCLUSION 

5.1 Full Project Summary 

This manuscript is a thesis prepared to be defended for the degree of Master of Science. 

The purpose of this section is provide a conclusive and insightful glance back into my project, 

including any notable changes that were made, problems that were faced, and even changes that 

should be made in future work.   

I, Alesha Nicole Harris, am a graduate student at the University of North Texas in the 

Petros Group.  I have been an active member in the Petros group for 2.5 years now, and have 

seen my project transition into the synthesis and characterization of copper releasing polymer 

nanoparticles.  Originally, we (Barbara Hinojosa and I) were synthesizing nanoparticles 

functionalized with a Malemide-PEG and Albumin.  We had hoped that the nanoparticles would 

display extended circulation times. We struggled with trying to figure out how much albumin 

was on the surface of our functionalized nanoparticles.   

I then learned proper aseptic technique, how to plate cells properly, and then began 

running cytotoxicity assays; the first of which were for another professor, Dr. Mohammad 

Omary, who serves on my defense committee.  He was working with toxin-free gold 

nanoparticles, and I was appreciative for the opportunity to gain additional experience.   

After achieving little success with conjugating albumin to nanoparticles, the project 

transitioned from using albumin and mal-PEG to functionalizing nanoparticles with methyl 

methacrylate (MMA) and an amine-terminated-monomer (AMA).  Since Barbara had already 

begun optimizing nanoparticle synthesis, together, we continued the search for the “right” 
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combination of size control and percent solid. She and I spent many months varying the reaction 

conditions to optimize the synthesis further.  Most of the problems that we encountered were due 

to the nature of the experimental method that we were using which allowed so many human 

errors.  A major barrier to progress was the inability to run multiple samples in a short period of 

time ((each reaction took 30 minutes).  Barbara and I had to work around each other’s schedules, 

and plan every experiment ahead of time. Additionally, the same microwave that we were using 

to run our experiments was being used by another member of our group, Jennifer Brown, who 

was building a peptide library in hopes of finding ligands that were best suited for future work on 

enhancing the targeted delivery of our nanoparticles.  Past sharing a machine that produced so 

few NPs per reaction time, the procedure had some flaws.  To deoxygenate the water, we 

bubbled nitrogen through the water in a liter-size round bottom flask.  But when we added the 

deoxygenated water to our solution we did so in the open air of the lab, which clearly allowed for 

exposure to oxygen and therefore affected our results.   

After some time passed, I, yet again, left Barbara to continue synthesizing nanoparticles 

while I moved on to a new experimental technique.  I went to the Verbeck lab to conduct ICP 

MS studies on transition metal containing solutions.  As I was not familiar with the instrument or 

the experiment, I started off measuring the standard calibration curves for about 7 different 

transition metals.  The most challenging thing about this part of the study was diluting my 

solutions to be in a readable range.  Once I got a handle on that I began to study the metal release 

from our metal loaded particles over time into bulk water.  For about a semester, my results 

struggled for a few reasons.  One of those reasons is that I was using large glass beakers.  The 

glass can leach trace amounts of metal, but of course I was only measuring trace amounts so I 

had to set up my experiments to avoid glass.  Another problem was that I was using a magnetic 
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stirrer in each bowl, which meant that I would constantly get irreproducible results because 

stirring disrupted the dialysis tubing at differing levels.  Current experiments are conducted in 

the absence of stirring.  Another issue that I was facing was that I was not able to account for the 

amount of metal that I put in.  After trying the experiment with a few different metals, I 

eventually tried it with silver.  Silver undergoes spontaneous light induced reduction in water 

over time, and so what starts out as basically a colorless metal containing solution, turns into a 

dark, staining residue.  Fortunately for me, noticing the brown residue on the floats and clamps 

that I was using helped to explain why I was unable to account for all the metal that I put into the 

system.  I never used the floats again!  One last trick that I picked up along the way was to cover 

the bowls, but only after the 6th hour.  Covering the bowls before then meant shaking the bowls 

and not enough metal has been released by that time to offset any jumps in concentration that 

might occur due to the shaking of the dialysis tube.  Not covering the bowl at all led to water 

evaporation over time which in turn made it seem like there was more metal in the system than 

there actually was in the system. 

I eventually went back to making NPs and Barbara had just about everything figured out.  

The reactants changed a little bit again and that is when I began to synthesize the NPs talked 

about in this manuscript.   We changed from a one sample only microwave to a multi-sample 

microwave that could not only synthesize many samples, but also bulk volume samples.  

Additionally, we started using the glove box to avoid contaminating our monomer solutions with 

the oxygen in the air. 

Research for me has seen plenty of failure filled days but lessons were learned, and 

research was completed!  If I had to do the experiments presented in this manuscript over again 

there a few things I would do differently.  When I made the PNPs the extra vessels were filled 
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with 60mL of water, and I wish I had remembered to change them to 30mL. That might make a 

difference in my results.  Another thing that I noticed was that for the CNPs, I dialyzed them for 

48 h with a change of water after the first 24 h, but with the PNPs I only dialyzed them for 24 h.  

The next time around I would go back to the 48 h procedure.  The only other change that I would 

make is to measure out maybe 10 or 15 mL of NPs rather than 3 or 5 in order to get a more 

accurate mg/ mL concentration value. 

Although this project has had many hurdles and there are still some changes that I might 

make for future experiments, polymeric nanoparticles were synthesized and loaded with Cu²⁺.  

Two types of nanoparticles, one functionalized with carboxylic acid groups (CNPs) and the other 

functionalized with phosphoric acid groups (PNPs), were synthesized. Copper loading and 

release were characterized by multiple and agreeing methods. The release of copper was pH-

dependent.  The toxicity of these particles was measured in HeLa cells where significant toxicity 

was observed in vitro via dosing of high Cu-loaded nanoparticles.  No significant toxicity was 

observed in cells dosed with Cu-free nanoparticles.  I believe that the experimental work shown 

in this manuscript proves that the goal of achieving targeted therapeutic action with our copper 

loaded polymeric nanoparticles is attainable, and that future experiments of this kind will result 

in a new class of metallo-pharmaceuticals that will serve as a viable alternative for treating a 

number of diseased states, including different and specific types of cancer, where targeted 

eradication of a specific cell type leads to a cure and/or improved patient response.   

5.2 Future Work 

The Petros group plans to finish the experiments for the PNPs. They plan to probe the 

mechanism of cell death to determine if the toxicity is due to the induced oxidative stress.  Our 

hypothesis is that if we can display the targeted therapeutic action, which is most likely not cell-
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type specific, of our copper loaded polymeric nanoparticles, this project will result in a new class 

of metallo-pharmaceuticals that will serve as a viable alternative for treating a number of 

diseased states, including different and specific types of cancer, where targeted eradication of a 

specific cell type leads to a cure and/or improved patient response.  Although our results show 

that our nanoparticles, once loaded with copper, become toxic to the cells, we feel that we need 

to understand why they are toxic rather than just proposing that the cell death is because of the 

induced redox chemistry.  By setting up experiments to probe cell death we will further validate 

the research presented in this manuscript.  By learning the real cause for the toxicity of Cu 

loaded nanoparticles, we will also gain a huge advantage for choosing the next experiment to 

conduct, whether it be in vivo testing, evaluating other transition metals, or even testing the 

success of other functional groups on our nanoparticles. 

They plan to load Cu 64 in place of Cu 65 and use PET imaging in order to visualize the 

location of the Cu 64 in animal models.  One of the main reasons we chose copper as our pilot 

transition metal was because copper has a radioactive isotope that can facilitate dual imaging 

therapeutic studies.  These experiments will help us to further validate the potential of our 

transition loaded polymer nanoparticles to be used as viable alternative drugs for the 

enhancement of target specific cancer cell therapy. 

They plan to add a cell targeting ligand like an antibody or albumin, similar to how 

Herceptin can target breast cancer cells (Cheng, 2009).  Our metal loaded nanoparticles are not 

expected to be selective for diseased cells.  Thus, we will look into adding a cell targeting ligand.  

There are many ligands that we can try to conjugate to our nanoparticles in order to enhance 

target specificity.  We can test the results in vitro by using two types of cell lines, where only one 

of them will have receptors that bind the ligand.  
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They plan to load other transition metals in place of copper and compare experimental 

results.  Because we have successfully functionalized our nanoparticles with phosphoric acid, we 

will expect that many of the other transition metals should be able to be loaded just as easily.  

We have many of them in our lab currently and will be able to conduct the experiments 

presented in this manuscript with metals such as cobalt, nickel, iron, and silver.  Successfully 

loading our nanoparticles with different transition metals will prove to be a valuable experiment 

because the different properties expressed by a range of transition metals will potentially grant us 

a range of therapeutic effects to study in vitro and in vivo.   

They plan to test transition metal loaded nanoparticles in vivo (mice).  Our results seem 

strong enough to test our nanoparticles in vivo.  As with most experiments, in vitro results don’t 

always translate in vivo.  However, our optimism is high and we believe that after a few tweaks, 

our in vivo results will also validate the potential of our transition loaded polymer nanoparticles 

to be used as viable alternative drugs for the enhancement of target specific cancer cell therapy. 

They plan to test cytotoxicity on other cancerous cells besides HeLa cells to show if the 

drug loaded nanoparticles are cell type specific. As mentioned earlier in this manuscript, we 

postulate that the cytotoxicity resulting by our experiments is probably due to the induced 

oxidative stress, something that can kill most cancer cells.  Whether the cause of cell death is the 

same or not, we still feel that it is necessary to conduct the same cytotoxicity assays on other 

cells lines.  Doing this will help us to pin point the necessity of a cell type specific ligand and/ or 

transition metal.    
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