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CHAPTER I 

 

Introduction 

 

I.1 Application of Polymer Materials in Drug Delivery 

 Polymers are prevalent materials in tissue engineering,1-4 medical devices and surgical 

sutures,5-7 wound healing,8-10 along with many other applications.  Polymeric drug delivery 

systems first gained attention due to their ability to encapsulate poorly soluble drugs, increase 

bioavailability, and reduce toxicity and off-target side effects, all by achieving either temporal or 

spatial control over cargo release.11  Further exploration of polymer drug delivery systems has led 

to an increase in complex design and function for smart, precise, and controlled clinical use.12-14  

Implementation of polymer-based delivery systems have demonstrated the ability to decrease the 

amount of drug and dosage frequency required, therefore reducing side effects, while maintaining 

therapeutic levels at the site of action.  Additionally, these systems have provided a method for 

protection of drugs which are rapidly metabolized in vivo.15   

 Within the vast field of drug delivery, most approaches are based on two main routes of 

delivery: systemic and localized injectable systems.  Systemic delivery, administered to the 

circulatory system through pathways such as oral, inhaled, or intravenous injections, are often 

economical, convenient, and fast-acting.  However, for some systemic delivery systems, 

drawbacks can include low drug absorption and negative side effects.  A promising strategy for 

the improvement of systemic drug delivery is employing attachment of a homing ligand where the 
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delivery vehicle is directed to the site of interest through a biological action, such as the coupling 

of an enzyme with its substrate.   

In contrast, injectable drug delivery systems usually contain a viscous or gel component 

which localizes the therapeutic(s) to the injection site.  Injectable systems are often advantageous 

for solid tumor treatment, as the chemotherapeutic agents are localized to the tumor site and 

healthy cells are not exposed to the cytotoxic effects.  Furthermore, bone and wound healing are 

ideal candidates for injectable delivery systems, as the drugs are needed at the direct site to promote 

cell reproduction and reduce chance of infection.  Injectable systems also provide a great system 

for dual or multiple drug therapy combinations as they can be comprised of different matrices, 

such as the dispersion of nanoparticles within a hydrogel.16-17   

Recently, perspectives on the state of nanotechnology-based drug delivery systems 

presented by Chan et al,18 as well as the views of Park and coworkers19-21 on the current landscape 

of targeted drug delivery, have exhibited a critical tone of the last decade’s developments in drug 

delivery.  While it is necessary to continually reassess our progress and critically analyze state-of-

the-art approaches in nanomedicine, it has been demonstrated that the current application of 

nanotechnology for drug delivery systems utilizing targeting ligands, nanocarriers, and controlled 

release has led to significant advancements in recent years.  In comparison to conventional 

medicines, nanoformulations in particular provide many physical and biological advantages, such 

as improved drug solubility, decreased toxicity and off-target side effects, enhanced efficacy.22-25  

In 2016, roughly 60% of FDA-approved nanomedicines contained polymer materials in the form 

of drug conjugates, nanoparticles, micelles, or liposomes.22  Within this work, we present new 

approaches to address the challenges facing modern drug delivery by implementing orthogonal 

synthetic strategies for targeting ligand functionalization of well-characterized nanocarriers for 
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site-specific drug delivery which demonstrates successful localization through in vitro and in vivo 

modeling; developing novel, crosslinked nanoparticle platforms capable of high cargo loading and 

controlled drug release with simple protocols for altering size, density, and drug release rates; and 

the development of macromolecular prodrugs for synergistic, controlled, and tunable small 

molecule release in combination injectable delivery systems (Figure I-1).  

 

I.2 Polymeric Nanoparticles in Drug Delivery 

Nanoparticles for applied drug delivery face many challenges, namely complex 

manufacturing processes, immune response and endocytosis, and controlling the release of  the 

drug.26-30  The techniques used for nanoparticle formation and preparation are vital to controlling 

 

Figure I-1.  Overview of polymer-drug conjugate, self-assembled nanoparticle, and micelle drug 
delivery methods and their limitations compared to proposed work with tunable, degradable 
polymer networks for enhanced control of drug loading, release, and practicality.   
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the physiochemical and pharmacokinetic properties of nanomaterials.31-33  Traditionally, polymer-

based nanoparticles have been prepared through self-assembly or template approaches,34-35 where 

mini- or micro-emulsion, salting out, and solvent evaporation are common techniques.36-38  

However, precisely governing the properties of these nanomaterials can be difficult and often 

requires complicated methods, multi-step processes, and expensive equipment,39-40 leading to the 

first challenge of nanoparticles in applied drug delivery.   

Secondly, special consideration of surface properties is needed to avoid clearance by the 

immune system during systemic delivery.  For example, a major threat to nanocarriers are 

opsonins, proteins found in the blood which adsorb to the particle surface and act as a bridge 

between the nanoparticles and phagocytes.41-42  These opsonins interact with nanoparticles by 

intermolecular forces, such as van der Waals, ionic, hydrophobic/hydrophilic, and electrostatic, 

and the opsonization process occurs to hydrophobic and charged particles much more than that of 

hydrophilic or non-ionic particles.41-44  Methods to develop “stealth” particles which can travel 

through the body undetected have produced many advancements in nanoparticle technology.  For 

instance, to combat the opsonization process, nanocarriers are traditionally designed with polymer 

coatings to provide stealth properties which can achieve long residence times in blood 

circulation.45-46  A common polymer coating, poly(ethylene) glycol or PEG, is widely used as it is 

easily produced in bulk, cost-effective, and bioinert, and many studies have been undertaken to 

determine the optimum surface density and molecular weight of PEG coatings.47-49  Moreover, 

other polymer coatings, including poloxamines,41, 43 carbohydrates, and polysorbates, have been 

widely utilized for different drug delivery applications.  As an example, polysorbate coatings have 

been demonstrated to achieve drug delivery to the central nervous system, a difficult task due to 

challenges of crossing the blood-brain barrier.50-52   
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Lastly, several classes of polymers, including polyurethanes, polystyrenes, polyamides, 

and polycarbonates, have been extensively utilized as building blocks for nanoparticles which 

possess a controlled drug release profile.  These biodegradable polymer-based nanoparticles are 

able to encapsulate unstable pharmaceutical agents, improve effectiveness of therapeutics, and 

provide a modifiable system for delivery.33, 36, 53  One of the most widely used polymer classes, 

polyesters, are popular due to their inert degradation products and ability to break down at 

physiological pH.53-55  In particular, poly(lactic-co-glycolic) acid (PLGA, Figure I-2), has been 

exhaustively investigated for its application in drug delivery nanostructures,56-57 including 

particles,58-59 vesicles,60 and micelles.61-62  However, a limitation to PLGA-based approaches is the 

inability to chemically crosslink the particles to produce a more stable nanostructure.  Moreover, 

self-assembled nanoparticles often suffer from low drug loading capacity, typically <10 wt %, and 

faster release profiles.63-68  An improved strategy was developed in our group through the invention 

of a polyester nanoparticle which is chemically crosslinked through pendant functional groups of 

poly(δ-valerolactone-co-α-allyl-δ-valerolactone-co-α-epoxide-δ-valerolactone) (P(VL-AVL, 

Figure I-2).69  Deemed “nanosponge” due to their 3D structure and ability to encapsulate 

hydrophobic small molecules and subsequently release them at a controlled rate, these nanocarriers 

provide a unique approach to the development of nanoparticle drug delivery vehicles.  Various 

studies have demonstrated their high drug loading capacity and utility in controlled release of 

therapeutics, such as paclitaxel, quercetin, and camptothecin.17, 70-73     

To further address the challenges faced by polymer nanoparticles in drug delivery, we 

envision a modified approach to the production of polymer nanoparticles which uses even more 

practical synthetic methods and simple protocols for the streamlined fabrication of a nanoparticle  
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with tailorable size and density through adjustable synthetic parameters utilizing poly(δ-

valerolactone-co-2-oxepane-1,5-dione) (P(VL-OPD, Figure I-2).  Additionally, an easily 

modified network chemistry which can be altered to change hydrophilicity, degradation, and drug 

release kinetics would afford highly tunable drug delivery characteristics.  This novel particle 

platform, synthesized through oxime click chemistry, demonstrates a wide range of tunable 

properties while maintaining production feasibility.  

 

I.3 Targeted Delivery Systems for Precise Nanomedicine 

Continuing to push the boundaries of advanced drug delivery systems, targeted drug 

delivery approaches have emerged in response to the demand for precision nanomedicine.  A major 

advantage of actively targeted nanocarriers is the ability to target dispersed locations throughout 

the body, a potentially revolutionary treatment method for hematological conditions, such as 

leukemia and lymphoma or non-cancer targets where there is no solid tumor for EPR effect to 

assist localization.  Other potential targets characterized by disseminated malignancies which 

could benefit from actively targeted drug delivery systems are cardiovascular disease, diabetes, 

Alzheimer’s.  Approaches to targeting specific biological sites have included chemical 

 

Figure I-2.  Polymer structures for PLGA, P(VL-OPD), and P(VL-AVL-EVL) to illustrate the 
pendant functional groups available for crosslinking in our delivery system compared to traditional 
PLGA self-assembled nanoparticles. 
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modifications to the drug, surface functionalized of nanocarriers, and prodrugs.  Unfortunately, 

understanding and implementing these targeting strategies is difficult due to the complexity and 

diversity of each disease, malignant tissue, and biological environment.   

Our knowledge and understanding of complex biological processes, such as genetics,74-76 

evolution of drug resistance,77-78 and mechanisms of tumor metastases,79-80 are rapidly advancing.  

Recent merging of precision and nanomedicine have led to a highly integrated approach for 

targeted drug delivery.  Wang et al.81 reported a precision nanomedicine strategy for the 

identification of an esophageal squamous cell (ESC) carcinoma molecular target from human 

patients and utilized this target for precise drug delivery of combination therapy which 

demonstrated improved efficacy in a mouse model.   Other biomarkers, such as those expressed in 

aggressive forms of cancer,82-85 can be leveraged for not only prognosis, but targeted treatment as 

well.  Many targeting approaches take advantage of cellular surface receptors, such as the 

overexpression of human epidermal growth factor receptor 2 (HER2) in breast, ovarian, and gastric 

cancers as a target for the delivery of anti-tumor drugs as well as imaging agents.86    

 Combined drug delivery and diagnostics, termed theranostics, is another area where 

targeted approaches can achieve significant results.  These platforms allow for the visualization of 

the tissue and targeting site during treatment, and can provide vital information about the target, 

such as size, location, and dispersion of cell mass.87-89  In order to conjugate targeting and imaging 

molecules directly to nanomaterials, the nanoparticle should possess at least two distinct reactive 

functionalities on the surface.  Our previously developed nanosponge affords primary amines and 

allyls on the surface as functional groups suitable for this purpose.90  Through development of 

orthogonal strategies for conjugation chemistries, theranostic nanocarriers can be designed which 

possess a targeting moiety, imaging molecule, and entrapped drug cargo.   
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I.4 Synergistic Combination Therapy Through Polymer-based Prodrug Matrices 

 As previously mentioned, polymer-drug conjugates are often used in drug delivery through 

chemical linkage of the drug to polymer chains.  Polymer-drug conjugates, or prodrugs, offer 

similar advantages compared to their small molecule counterparts, such as improved efficacy due 

to higher bioavailability, prolonged half-life, and increased circulation time.91-92  Several polymers 

have been utilized for prodrugs, including methacrylamides93-94 and PEG.95-96  A typical method 

of preparation is by ‘drug-initiated’ polymerization where the drug acts as a polymer initiator, 

resulting in a 1:1 ratio of polymer:drug.97  However, the low ratio of active drug to delivery system 

requires higher dosing of prodrug to achieve effective treatment.  A new approach, through the 

conjugation of small molecules to many reactive functional groups along a polymer chain, would 

afford higher concentration of drug within the prodrug formulation.  Additionally, this system 

would afford versatility through the ability to have other reactive handles along the polymer 

backbone to provide access to additional functionalization, such as imaging or targeting ligands.98-

99   

Synergistic drug combinations, in which the co-administration of therapeutics improves 

the efficacy of treatment, are an emergent area of research for conditions which prove difficult or 

unresponsive to current therapeutic approaches.  Combining two or more pharmaceutical 

compounds helps to suppress multi-drug resistance by reaching the desired outcome, e.g. cell death 

or receptor upregulation, through different mechanisms of action.  Most notably, promising 

strategies include the repurposing and application of previously developed nanotechnologies for 

new approaches as combination drug delivery systems.100-102   
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Anticancer therapies have greatly benefited from both polymer prodrugs and synergistic 

drug combinations.92, 101, 103  Specifically, recent evaluation of toxic small molecules for synergistic 

therapies have demonstrated improved efficacy for classic drugs, such as the co-adminstration of 

formaldehyde with doxorubicin, an anthracycline class chemotherapeutic.104-105  A few 

formaldehyde-doxorubicin conjugates have been developed to take advantage of the synergistic 

action, however, these prodrugs do not provide a sustained release effect and require frequent 

dosing (Figure I-3).106-107   

 

Polymer prodrugs for the release of carbon monoxide,108 nitric oxide,109-111 and hydrogen 

sulfide112 have been recently developed, yet, to our knowledge, a polymer-based formaldehyde 

prodrug capable of sustained release does not exist in the literature.  Many synergistic drug 

combinations would benefit from a dual drug delivery system which provides controlled release 

of both compounds which can be tailored individually for a customizable drug release profile.  For 

this, we envision two distinct polymer matrices, a formaldehyde-releasing polymer prodrug in the 

bulk combined with a nanoscale delivery system loaded with doxorubicin (Figure I-4).  It is the 

goal of this work to develop a highly functionalized and tunable polymer with reactive 

 

Figure I-3.  Formaldehyde-doxorubicin conjugates as small molecule prodrugs. 
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functionality for formaldehyde conjugation with controlled, pH responsive release which could 

dually serve as a dispersion matrix for the suspension of doxorubicin-loaded nanoparticles.      

     

I.5 Dissertation Overview 

 While the field drug delivery has made great strides in recent years due to expanding 

nanotechnologies, improved understanding of biological markers for disease, and discovery of 

synergistic drug combinations, a need still exists for the development of practical approaches to 

create safe and effective drug delivery solutions for applied use.  The aim of this body of work is 

to develop polymer-based networks which possess high levels of tunability in their molecular 

architecture, drug loading capacity, and release profiles for application as versatile drug delivery 

systems.  To achieve successful drug delivery, we sought to design polymer networks which are 

1) biologically compatible with non-toxic degradation products, 2) capable of encapsulating drugs 

 

Figure I-4.  Dual drug delivery of synergistic combination, doxorubicin and formaldehyde, through 
drug-loaded nanoparticles entrapped in formaldehyde-releasing polymer prodrug matrix for 
enhanced anticancer efficacy. 
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often hydrophobic in nature, 3) proficient at suppressing immune response by exhibiting stealth 

properties, and lastly, 4) exhibit controlled release of payload.   

Chapter II details the design of an orthogonal synthesis strategy for the functionalization 

of a nanocarrier with both a targeting ligand and a dye molecule for the localization and 

visualization of pancreatic beta-cells.  The targeting peptide, Exendin-4, was modified with a 

cysteine residue for attachment to the nanosponge surface by allylic pendants.  For visualization 

of these targeted nanocarriers in vivo, nanosponge primary amines were first transformed to 

aldehydes through N-succinimidyl ester chemistry, followed by conjugation of the hydrazide 

functionalized imaging dyes to the nanosponge surface. By utilizing thiol-ene and hydrazide-

aldehyde click chemistries, we were able to achieve efficient surface functionalization of the 

nanosponge surface with the targeting and imaging moieties.  These particles were evaluated for 

their targeting ability in vivo in three mouse models: first, a tumor expressing GLP-1R; second, a 

human islet graft located in the fat pad; and lastly, a human islet graft located in the quadricep 

muscle.  Successful localization of the delivery vehicles demonstrates the potential for this system 

as a method for visualization and treatment of pancreatic beta-cells. 

 Chapter III chronicles the implementation of a second targeted drug delivery system which 

is intended for the treatment of unstable arterial plaques due to cardiovascular disease.  These 

plaques, when degraded by proteins, can rupture and cause myocardial infarction.  To prevent the 

rupture of these plaques, the activity of these proteins can be inhibited by a small molecule drug, 

naphthofluorescein.  The orthogonal strategy presented in Chapter II is again used for the chemical 

modification of nanosponges to provide surface targeting and imaging molecules.  The chosen 

targeting ligand T-peptide, a novel collagen-homing peptide developed by the Hagemeyer 

Research Group, was attached to an activatable cell-penetrating peptide (ACPP) designed to cleave 



	 	
	  

12 
 

after localization and carry the payload into the cell.  The peptide was functionalized with a 

cysteine residue to enable thiol-ene click chemistry for conjugation to the nanosponge surface.  

Following attachment of the imaging dye, the nanosponge was post-loaded with the MMP14 

inhibitor, naphthofluorescein, to a drug loading of 20 wt%.  This targeted nanocarrier demonstrated 

successful targeting of the degraded collagen present in arterial plaques in both in vitro and in vivo 

studies.  In vivo delivery of naphthofluorescein via the construct demonstrated improved collagen 

content in the plaques, thereby reducing the chance of heart attack due to plaque rupture.  These 

studies support the potential for this technology to be used for targeted drug delivery to arterial 

plaques in patients with heart disease. 

 After successfully applying a targeting strategy to a known platform, we were interested in 

achieving increased tunability with a simple synthetic approach.  Chapter IV reports the 

development of a novel nanoparticle network derived from a ketone-bearing polyester crosslinked 

through ketoxime and alkoxyamine linkages with difunctional aminooxy PEG.  Oxime-click 

chemistry as the nanoparticle formation mechanism affords a fast, efficient, and biocompatible 

network formation.  A library of particles was achieved by variation of only two synthetic 

parameters: percentage of ketone-bearing copolymer functionality and concentration of keto-

group.  Alteration of these two parameters provided access to a wide range of nanoparticle sizes, 

from 40 to 210 nm, with three different network densities.  Degradation of the polyester particles 

was analyzed in acidic and neutral conditions to confirm the ketoxime linkage is acid-labile.  

Additionally, the ketoxime linkages can be reduced to the more stable alkoxyamine which exhibits 

slower degradation through hydrolysis only.  Lastly, Brefeldin A was used as a model drug to 

evaluate the drug release profiles of the two networks, which demonstrate a controlled release that 

can be tailored based on network chemistry and environmental pH. 
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 Finally, chapter V explores the application of a novel macromolecular prodrug for release 

of formaldehyde in conjunction with anthracycline drug, doxorubicin.  As the co-administration 

of formaldehyde with doxorubicin has demonstrated improved anticancer efficacy, we envisioned 

an injectable combination drug delivery system employing a polymer-based formaldehyde prodrug 

which can dually serve as a dispersion matrix for doxorubicin-loaded nanoparticles.  As our 

previous work has studied nanoparticle drug delivery systems extensively, we turned our focus 

toward the development of a macromolecular prodrug for the controlled delivery of formaldehyde.  

Initially, a semi-branched polyglycidol and its aminooxy functionalized derivative were evaluated 

for their efficiency as a prodrug.  While the aminooxy functionalized polyglycidol had many 

challenges that led to it not being suitable for this application, we achieved a pH responsive release 

profile from the polyglycidol-based prodrug as well as improved efficacy when administered in 

combination with doxorubicin to 4T1 cells.  Despite the successful results, the polyglycidol 

prodrug had limitations of low molecular weight and formaldehyde loading.  We envisioned a 

copolymer which bears pendant diols for formaldehyde conjugation with a tunable copolymer ratio 

and controlled molecular weight in order to provide a tailorable prodrug.  The synthesis of 

monomers with protected 1,2- and 1,3-diols and the subsequent copolymerization with methoxy 

PEG acrylate afforded two polymers which possessed tunable handles for formaldehyde 

conjugation.  The release of formaldehyde from the prodrugs exhibited slightly different profiles 

for each diol in acidic conditions while nearly identical at neutral pH, indicating a pH responsive 

release as well for the polyacrylate-based prodrugs which is tunable based on the selection of 1,2- 

or 1,3-diol for formaldehyde conjugation.  Additionally, doxorubicin was successfully loaded into 

ketoxime/alkoxyamine nanoparticles described in Chapter IV and exhibited a pH responsive 

release profile as well.  These prodrugs are poised to be evaluated for their in vitro efficacy 
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alongside doxorubicin-loaded nanoparticles to test the synergistic efficacy of the combination drug 

delivery system against 4T1 cells. 
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CHAPTER II 

 

Exendin-4 Functionalized Nanosponges for the Targeted Imaging of Beta-Cells 

Toward Treatment of Diabetes 

 

II.1 Introduction 

Diabetes mellitus type 1 and type 2 is characterized by a decreased or depleted function of 

the pancreatic beta-cells as a result of apoptosis or inflammation leading to a loss of glycemic 

control resulting in high blood sugar levels in the body.1-4  Beta-cells are responsible for insulin 

secretion and located in the Islets of Langerhans, a discrete group of cells located within the 

pancreas.  These cells make up a very small percentage of the overall pancreatic mass and are well 

dispersed throughout the tissue, creating a distinct challenge when treating this disease.  Current 

therapies for treatment of diabetes mainly focus on replacement or regulation of insulin, rather 

than restoring the function of the beta-cells.  However, recent emergence of several small molecule 

compounds, such as harmine5 and imatinib,6 with promising inhibition of beta-cell death has led 

to an interest in delivering these drugs directly to the islets.7-10  Systemic delivery of these drugs is 

not practical in a clinical setting due to low percentage of administered dose reaching the target 

site and high risk of off-target side effects.  Therefore, it is apparent that a targeted drug delivery 

carrier which could entrap the cargo, localize at the surface of beta-cells within the islets, and 

release the drug would drastically improve the efficacy of these treatments.  An attractive targeting 

site for beta cells is the surface receptor GLP-1R which naturally binds to glucagon-like peptide-

1 (GLP-1) as a substrate.  Unfortunately, due to its short half-life of 1-2 minutes,11 GLP-1 is not a 

viable candidate for a targeting moiety, but rather GLP-1 agonists are being investigated for their 
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potential targeting and treatment ability.12-14   Exendin-4 is a well-studied GLP-1 agonist with 

similar binding activity and a longer half-life than that of GLP-1.15  Currently marketed as a 

diabetes type 2 medication that facilitates glucose control in combination with other therapies,16 

Exendin-4 is a promising peptide for targeting beta-cells.   

Nanomaterials are becoming increasingly popular for therapeutic delivery systems which 

suffer from reduced efficacy due to early metabolism or drug hydrophobicity.17-21  Due to the rising 

complexity of disease and treatment options, it is necessary to make advancements in the 

development of targeted systems for specific applications.  A variety of current drug delivery 

systems achieve improved solubilization of hydrophobic drugs or protection of therapeutics that 

are otherwise not able to be administered.  However, these types of systems do not address the 

complications and challenges presented by off-target side effects or reduced efficacy at treatment 

site due to non-localized drug.  Nanoparticles are an extremely attractive delivery platform for 

small molecules.  Precisely tuning the size and crosslinking density of nanoparticles based on 

intermolecular crosslinking is of great importance to influence and guide the drug release profile 

of these nanosystems.22  Designing nanosponge tunability, i.e., preparing particles of different 

network densities, is reliant upon the pendant functionality of the precursor polymer and the 

equivalents of the hydrophilic crosslinker incorporated.  In our previous work, it is evident that the 

concentration of the precursor and crosslinker in the solvent is critical to form nanoparticles of a 

discrete size rather than a bulk gel.   

Recent work in nanoparticle drug delivery has focused on the use of poly(lactic-co-glycolic 

acid) (PLGA) self-assembled nanoparticles.23-27  PLGA has degradable ester linkages which make 

it suitable for drug delivery applications and is often combined with poly(ethylene glycol) (PEG) 

due to its stealth properties.28  However, due to the self-assembled nature of PLGA particle 
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formation, the particles cannot be solubilized in organics for further functionalization.  In contrast 

to PLGA nanoparticles, our nanosponge system provides covalent crosslinking forming a 

nanoparticle with defined sizes and morphology, which are stable in organics and degrade in 

aqueous solutions.22   

Moreover, the surface functionalities present on the nanosponge provide chemical handles 

for labeling methods such as thiol-ene, maleimide, or NHS-ester click chemistries.29   Additionally, 

the stability of the crosslinked system in organic solvents can be used for the post-loading of the 

nanocarrier with small molecule drugs.22, 30  The hydrophobicity of the polyester backbone together 

with the hydrophilic short crosslinker gives these particles an amorphous character at body 

temperature.  Furthermore, after drug loading, the particle can form fine suspensions in aqueous 

media to be readily injected in vivo.30-31  Therefore, it is our goal in this work to construct a 

nanosponge platform, capable of entrapping hydrophobic drug therapeutics, which bears Exendin-

4 as a targeting moiety for localization at the beta cell surface and a fluorescent dye in order to 

visualize the targeting efficacy (Figure II-1).  Preliminary data for in vitro evaluation of peptide 

targeting were extremely promising32 and we sought to translate this work to in vivo animal studies 

using first a GLP-1R expressing tumor model and then human Islets of Langerhans cells. 
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II.2 Results and Discussion 

Polyester nanosponges of precise dimensions were prepared by epoxide-amine 

crosslinking followed by surface functionalization with the targeting agent, Cys40-Exendin-4, and 

a fluorescent imaging dye.  An orthogonal synthetic strategy was designed in order to avoid 

undesirable side reactions or off-target labeling.  The fully conjugated construct was evaluated first 

by in vivo analysis with human islets cell grafts located in the fat pad followed by further 

experiments utilizing a more beneficial subcutaneous quadricep graft location.  Both animal 

models indicate successful targeting with promising potential for use as targeted drug delivery 

 

Figure II-1.  A nanosponge system labeled with GLP-1R targeting peptide Exendin-4 and a 
fluorescent imaging tag capable of encapsulating and subsequently delivering hydrophobic small 
molecule drug cargo directly to pancreatic beta-cells. 
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vehicles, however, further work to optimize the biological variables and animal models is needed 

to see the full potential of these materials. 

 

II.2.1 Synthesis of Nanosponges in Precise Size and Crosslinking Density 

Polyester nanosponges were prepared by intramolecular crosslinking chemistry between 

epoxide functionalized polymers and diamine polyethylene glycol (PEG) crosslinkers as 

previously described.33  However, obtaining reproducible nanosponge sizes is vital in drug delivery 

applications and needs further exploration of the technique used to determine reproducibility and 

precision in fabricating predictable and controlled nanoparticle diameters. Multiple parameters in 

precursor polymerization and nanosponge synthesis affect the size and crosslink density of the 

resulting particle.  Three important parameters were identified in our analysis: polymer molecular 

weight, epoxide pendant functionality, and crosslinker equivalents. To produce a range of 

molecular weights and epoxide functionalities for analysis, poly(δ-valerolactone-co-α-allyl-δ-

valerolactone-α-epoxy-δ-valerolactone) (P(VL-AVL-EVL)) with molecular weights of 2500-3200 

g mol-1 and epoxide functionality of 6-10 mol % were synthesized.  It is important to note that the 

epoxide functionality can be controlled via stoichiometry of the post-polymerization modification 

reaction in which the pendant allyls are oxidized to epoxides.  The ratio of allyl to epoxide can be 

determined by varying the amount of oxidizing agent.  When all allyls are epoxidized, a distinct 

disadvantage is there are no pendant allyls on the surface of the nanosponge for further 

functionalization.  However, for certain applications, the allyl functionality is not necessary and 

reduces hydrophilicity, so transforming all allyls to epoxides may be preferred.   
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For nanosponge fabrication, previous work determined an optimal concentration of 5.4 

mM repeat monomer unit (RMU) for desired nanosponge size ranges of ~100 nm.33  This 

concentration is calculated based on the repeat unit value for the epoxide functionality in the 

polymer. The repeat unit is the weight of polymer per one reactive unit, which is used to calculate 

the moles of reactive units in one polymer. For example, as shown below, if a polymer with a 

molecular weight of 2,000 g mol-1 contains 10 RMUs bearing pendant functionality, determined 

by quantitative NMR, the reactive unit of the polymer is 200 g mol-1 RMU. Using this value, the 

moles of reactive units can be calculated from the polymer weight in order to determine crosslinker 

equivalencies for nanosponge synthesis. 

Equation II-1. Calculation for the Repeat Monomer Unit (RMU) based on molecular weight and 

epoxide functionality. 

2000	 𝑔𝑚𝑜𝑙
10	𝑅𝑀𝑈 = 200	

𝑔
𝑚𝑜𝑙	𝑅𝑀𝑈 

Equation II-2. Calculation of RMU per polymer mass for precise concentration of reactive 

functionality in reaction solution. 

2.0	𝑔	𝑝𝑜𝑙𝑦𝑚𝑒𝑟

200	 𝑔
𝑚𝑜𝑙	𝑅𝑀𝑈

= 1.0	×	1034	𝑚𝑜𝑙	𝑅𝑀𝑈	 

 

As a general trend, increasing both the polymer molecular weight and epoxide functionality 

contributed to an increased nanosponge size independently. A narrow polydispersity achieved by 

use of tin triflate catalyst34 leads to a narrow nanosponge size distribution (~ 10% standard 

deviation) and improves reproducibility of nanosponge synthesis.  The crosslinking reagent 
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equivalent is calculated based on the amine per epoxide ratio, and an increase in crosslinker 

equivalent is shown to increase the nanosponge size.   

 

II.2.2 Evaluation and Analysis of Size Relationships 

To elucidate greater understanding of the relationship between the synthesis parameters of 

the nanosponge and its resultant size, we focused our exploration on three parameters: equivalents 

of crosslinking reagent, polymer molecular weight, and polymer pendant functionality.  Scheme 

II-1 details the synthetic scheme of nanosponge fabrication by intramolecular crosslinking the 

polymer containing allylic and epoxide functionality with the diamine polyethylene glycol linker.  

The concentration of epoxides in the solution was previously determined experimentally and is 

known to be critical to the formation of discrete particles.   

 

Once nanosponges were synthesized, transmission electron microscopy (TEM) was used 

to characterize the precise dimensions of particles.  In Figure II-2, a collection of nanosponge 

diameters were analyzed by evaluating the relationship between polymer precursor molecular 

Scheme II-1.  Nanosponge synthesis through intramolecular crosslinking of P(VL-AVL-EVL) with 
diamine PEG crosslinker to produce nanoparticles with primary amine and allylic surface 
functionality. 

 



	 	
 

35 
 

weight and pendant functionality to determine to what extent, if any, these parameters controlled 

resultant nanosponge size.  A trend was observed through graphing the sizes against the molecular 

weights of each nanosponge where an increase in molecular weight correlates to an increase in 

size for a given pendant functionality of 6 or 8% epoxide, while maintaining the ratio of 2:1 

amines:epoxide for crosslinking reagent.  

 

Furthermore, we hypothesized that increasing the pendant functionality of a given polymer 

within the same narrow molecular weight range would increase the size of the particle due to the 

higher crosslinking density and incorporation of crosslinker.  As expected, Figure II-3A 

demonstrates that increasing the epoxide functionality while maintaining similar MW does 

increase the nanosponge size range.  Additionally, the same correlation can be made for an increase 

in crosslinker equivalents while the MW and epoxide functionality are held constant (Figure II-

 

Figure II-2.  Analysis of molecular weight vs size for nanosponges prepared with 6 (red diamond) 
and 8 mol % (blue square) epoxide-containing polymers in a range of molecular weights with 
their respective trendlines to exhibit trend in increasing size with increasing molecular weight. 
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3B).  Understanding these parameters and their effects on the resultant nanosponge, we can begin 

to use this as a tool to control the synthesis of precise dimensions for these nanoparticles has only 

small deviations among particle size.  

 

Compared to conventional methods for nanoparticle preparation, the advantages in this 

approach are the multiple parameters by which precise size and density control can be achieved, 

the ability to further functionalize the surface of the nanosponge, and the solubility in the organics 

for hydrophobic drug encapsulation.  The versatility of these materials is greatly suited for use in 

drug delivery applications and we sought to explore their potential with targeted drug delivery 

approaches. 

 

 

Figure II-3.  A) Analysis of molecular weight vs size for nanosponges prepared with 6 (red 
diamond) and 10 mol % (green circle) epoxide-containing polymers at similar molecular weights 
to exhibit an increase in size with increased crosslinker equivalents. B) Analysis of molecular 
weight vs size for nanosponges prepared with 6 mol % EVL and 2 equiv. (red diamond) or 1 
equiv. (blue triangle) amine per epoxide crosslinking reagent.  An increase in size is observed 
from increase in crosslinking reagent equivalents while molecular weight and epoxide 
functionality are held constant.  (n=2)  
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II.2.3 Functionalization of Nanosponge Surface with Cys40-Exendin-4 Peptide Followed by 

Attachment of Fluorescent Imaging Agent  

 Studies indicate that physical characteristics including nanoparticle size influence 

biological interactions, such as cell trafficking and accumulation.35-36  It is crucial that the size of 

these particles be well-defined with narrow distributions in order to be viable candidates for drug 

delivery applications.37  For solid tissue targeting, particles should be 200 nm or smaller with 

narrow distribution to take advantage of the enhanced permeation and retention (EPR) effect38 as 

well to avoid rapid clearance from the bloodstream and accumulation in the liver and spleen.39  For 

this reason, we targeted the size range of 70-80 nm by employing the techniques previously 

described for a precise nanoparticle fabrication, and we achieved polyester nanosponges of ~70 

nm in diameter (Figure II-4).  For attachment of the peptide targeting unit and the imaging dye, 

we leveraged the free primary amines and allyl functionalities on the nanosponge surface to design 

a synthetic strategy which utilizes orthogonal attachment chemistries (Scheme II-2).  Two  

 

Figure II-4.  TEM images of nanosponges prepared by described intramolecular crosslinking 
technique with allylic and primary amine surface functionality with measured dimensions of 70 nm 
± 14.   
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orthogonal click chemistries were employed due to their ease of reaction, high efficiency, and lack 

of toxic or unwanted byproducts.  The targeting peptide of interest, Exedin-4 modified with a 

cysteine residue at the 40 position to install a free thiol as a reactive handle, was procured from 

Chem-Impex International at high purity.  Photo-initiated thiol-ene click chemistry was employed 

for peptide attachment and was monitored by reduction of the vinylic proton resonance in 1H NMR 

spectroscopy.  Quantification of the attachment was determined by comparison of this resonance 

signal integration prior to and immediately after conjugation. For example, in the NMR spectra 

shown in Figure II-5B, Cys40-Exendin-4 peptide attachment was determined to be approximately 

11.5 peptides per particle.  A synthetic design utilizing primary amine functionality of the 

nanosponge could not be realized due to the presence of amines in the targeting peptide which 

could result in fluorescent labeling of the peptide and potential loss of biological activity.  It was 

obvious that transforming these surface amines to another functional group with equal or increased  

Scheme II-2.  Orthogonal chemistry design for Cys40-Exendin-4 attachment to nanosponge surface 
via thiol-ene click chemistry followed by conjugation of iFluor™ 750 hydrazide-functionalized 
imaging dye through the reaction with aldehyde installed by NHS ester coupling with nanosponge 
surface primary amines prior to peptide attachment. 
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reactivity would provide the best route for synthetic design.  Prior to peptide functionalization, 

nanosponges were modified with N-succinimidyl-p-formylbenzoate to install an aldehyde 

functionality in place of the primary amines.  After peptide attachment, a mono-hydrazide 

functionalized fluorescent dye, iFluor™ 750, was attached to the nanosponge surface by aldehyde-

hydrazide click chemistry (Scheme II-2).  Dye attachment was confirmed by disappearance of the 

 

Figure II-5.  NMR spectra for A) aldehyde-functionalized nanosponge prior to peptide attachment 
and B) peptide-conjugated nanosponge which provides quantification for thiol-ene click reaction 
efficiency and The integration of the vinylic proton resonance prior to peptide attachment is 2.74 
and after attachment, the integration for the proton is reduced to 2.52, indicating a reduction in 
vinylic protons due to the thiol-ene click reaction. C)  NMR spectrum after iFluor™ 750 dye 
attachment, where the disappearance of the aldehyde proton resonance seen in A and B at 10.2 
ppm confirms dye conjugation. 
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aldehyde proton at 10.2 ppm in 1H NMR seen in Figure II-5C and assumed to have achieved 

100% efficiency for a total of approximately 13.5 fluorescent molecules per particle.        

 

II.2.4 In Vivo Imaging and Analysis of Targeted Nanosponges using GLP-1R-Expressing 

Tumor Model 

 Previous work with the Powers Research Group located within the Vanderbilt Diabetes 

Center confirmed the binding ability of the modified Exendin-4 in vitro, and next we were 

interested in testing this capability in vivo.  Because human islets come from donors, we first chose 

to use a model system in place of human Islets for the initial in vivo experiments.  Instead we 

utilized a PC9 human lung carcinoma cell line modified to express GLP-1R developed by the 

Powers laboratory.  Unmodified PC9 cells were used as a negative control.  Cells were engrafted 

onto the hind legs of mice and permitted to form a tumor mass over five weeks. 

 First, to validate the GLP-1R expression of the tumor model, Cys40-Exendin-4 was 

fluorescently labeled with iFluor™ 750 maleimide-functionalized dye by conjugation via the free 

thiol of the cysteine residue.  The control and experiment animal groups were then injected with 

the fluorescently tagged peptide (450 µg, 150 µL) and imaged 70 minutes after injection.  The 

accumulation of fluorescence signal was only observed in the PC9:GLP-1R animal (Figure II-

6A), which validates the expression of GLP-1R and the binding capability of Cys40-Exendin-4 in 

the PC9:GLP-1R tumor model.  Following this, nanosponges labeled with Cys40-Exendin-4 and 

iFluor™ 750 (2.2 mg, 450 µg peptide per mouse) or iFluor™ 750 (2.2 mg) only, prepared as 

previously described, were injected into PC9:GLP-1R or PC9 animal groups, respectively.  

Imaging at 24 h post-injection as seen in Figure II-6B indicated a localization of targeted 



	 	
 

41 
 

nanosponges in the PC9:GLP-1R tumor, whereas no fluorescence signal is detected from the PC9  

 

Figure II-6.  A) Fluorescence imaging of mice treated with Cys40-Exendin-4 conjugated to 
maleimide functionalized iFluor™ 750 dye 70 minutes post-injection.  Top and side view of control 
animal with PC9 unmodified tumor, no observed fluorescence in tumor; top and side view of animal 
with PC9 tumor expressing GLP-1R, with fluorescence signal indicating an accumulation of 
fluorescent tagged peptide.  The accumulation of the dye-labeled peptide in the PC9:GLP-1R tumor 
demonstrates successful binding of Cys40-Exendin-4 to GLP-1R after conjugation to another 
molecule.  B) Fluorescence imaging of mice treated with targeted nanosponge functionalized with 
Cys40-Exendin-4 and iFluor™ 750 dye.  Imaging was performed 24 h post-injection.  Mice in the 
PC9 group (n=2) exhibit no accumulation of nanosponge construct in tumor.  Mice in PC9:GLP-1R 
group (n=2) exhibit strong fluorescence in the tumor region as indicated by the red arrow.  
Fluorescence was detected in the kidney (green arrow) due to clearance of the material through 
polyester degradation.  Injections and in vivo imaging were performed by Neil Phillips in the Powers 
Research Group.  Unpublished data. 
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tumor.  The lack of localization from dye-only nanosponges within the PC9 tumor confirms that 

the peptide-labeled construct is responsible for binding to GLP-1R and is not a false positive 

through enhanced permeability and retention (EPR) effect by which materials in the nanoparticle 

size regime can accumulate in tumor tissue more readily than normal tissue.  Additionally, it is 

promising that no accumulation of nanosponges was detected in the liver of the mice, confirming 

non-toxicity of the labeled nanosponge.  Fluorescence signal observed in the kidney due to 

clearance of the material was expected due to the degradable nature of the polyester nanosponge 

platform. 

  

II.2.5 In Vivo Imaging and Analysis of Targeted Nanosponges using Human Islets Grafted 

in the Fat Pad 

Once the in vivo targeting of the nanosponge was confirmed with the previous tumor 

model, we sought to confirm the efficacy of this construct to target naturally expressed GLP-1R 

in vivo with human islets.  Evaluating these targeting constructs in vivo with human islets proved 

challenging due to the large variability and unpredictability of the islet donor pool.  Because islet 

grafts are acquired from human donors, each group of islets will have varied expression of GLP-

1R, as well as varied viability ratios.  After the group of islets are grafted in the animal, the vascular 

network surrounding the graft can greatly affect the success of the experiment due to the reliance 

of bloodstream circulation for targeting.   

Initial studies were conducted using human islets grafts placed in the fat pad of a mouse 

located in the kidney region. The grafts were allowed to stabilize for 6-7 weeks then mice were 

then injected with peptide- and dye-labeled nanosponges.  Both in vivo imaging and ex vivo 
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imaging was performed at 24 h post-injection to visualize the pancreas, kidneys, and fat pad to 

determine if a localized fluorescence signal could be detected.  The first experiments exhibited no 

fluorescence in the fat pad after 24 h, illustrating that further work toward optimization of the 

experimental conditions and timescale for targeting in vivo were necessary.   

It was hypothesized that the fatty composition of the tissue around the islets graft may be 

contributing to the attenuation of the fluorescence signal, making detection of the nanoparticles 

much more difficult. In order to combat this, we decided to encapsulate the fluorophore Nile Red 

into the nanosponge after peptide and fluorescent dye labeling to increase the fluorescence signal.  

Nile Red was mixed with the labeled nanosponges in minimal organic solvent (DMSO) then 

precipitated into a composition of water with 1% D-α-Tocopherol PEG 1000 succinate as a 

surfactant.  The surfactant aids in the resuspension of the nanosponges by increasing hydrophilicity 

of the surface.  The post-loading procedure used for the encapsulation of Nile Red serves as a 

model for potential hydrophobic drug molecules for treatment.  Animals treated with the Nile Red-

loaded, labeled nanosponges exhibit strong fluorescence signal in the fat pad 24 h post-injection 

with the 650 nm channel, indicating localization of the targeted construct to the islets graft in the 

fat pad (Figure II-7).  Mice injected with this Nile Red-loaded nanoparticle construct show a 

strong fluorescence signal in the fat pad after 24 hours when imaged using the Nile Red 

fluorescence channel (650 nm), indicating localization of the targeted nanoparticles to the islets 

graft.  These results were extremely promising, and we sought to continue improvements to our 

system to achieve a practicable targeted drug delivery nanocarrier. 
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II.2.6 Optimization of Synthetic Design for Nanosponge Functionalization to Improve 

Aqueous Suspension 

In previous experiments, we observed difficulty achieving a fine, homogenous suspension 

of the fully functionalized construct in aqueous media.  To ensure a homogenous injection of 

material into each animal, we needed to improve the suspension of our material in buffer.  It was 

our hypothesis that the fluorescent labeling dye, iFluor™ 750, was impeding the suspension of 

nanosponge into aqueous buffer and it was evident that further optimization of the synthetic 

strategy and labeling protocol was needed.  We transitioned to a fluorescent labeling dye with 

increased water solubility, SunFluor750, and in addition, included a synthetic step in which all 

remaining allyls on the nanosponge surface were quenched with a short PEG molecule to increase 

hydrophilicity.  We observed a significant improvement in suspension of the nanosponge construct 

Figure II-7.  Fluorescence imaging of mice treated with Cys40-Exendin-4 and iFluor™ 750 
conjugated nanosponges loaded with Nile Red.  Ex vivo imaging of pancreas, kidney, and fat pad.  
Fat pad exhibits strong fluorescence signal indicating a localization of nanosponge construct to 
the islet graft, while no signal is detected from pancreas or kidney.  Injections and imaging were 
performed by Neil Phillips in the Powers Research Group.  Unpublished data. 
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into aqueous media in preparation for future injections.  This improved synthetic strategy was 

employed for the future in vivo imaging of targeted nanosponges using human islets located in the 

quadricep of the mouse.   

Moreover, when moving forward with the animal studies using human islets grafts in the 

quadricep location, a negative control for the in vivo studies was also developed and implemented.  

For these studies, a control within the mouse model itself as used for our tumor model system was 

not possible, as all human islets grafts will contain GLP-1R. Therefore, it was necessary to 

establish a nanoparticle control.  Rather than use bare nanoparticles as a control, we chose instead 

to develop a construct that was very similar to the Cys40-Exendin-4 and dye labeled particles. For 

the control nanoparticles, in place of the Cys40-Exendin-4, we instead attached a peptide having 

the same 40 amino acids only in a different sequence. As the function of Cys40-Exendin-4 peptide 

is highly dependent on the order of the amino acids, this “scrambled” version of the peptide should 

exhibit no binding to GLP-1R.  By using this scrambled peptide for our nanosponge control, we 

ensure that both the experimental group and the control group of material will have similar 

solubility and circulation kinetics in the mouse model.  Additionally, to improve reaction 

efficiency of the orthogonal click chemistries, a tri-glycine spacer was installed on both peptides, 

Cys40-Exendin-4 and Scrambled Exendin-4, at the N-terminus prior to the cysteine residue to 

reduce steric hinderance of the free thiol.  Quantification of the PEG molecule was determined to 

be similar to that of the peptide calculation, by comparison of the vinylic proton resonance 

integration prior to and after PEG conjugation.  In Figure II-8, for example, the NMR spectra 

indicates the attachment of approximately 9.2 PEG molecules per particle. 
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II.2.7 In Vivo Imaging and Analysis of Targeted Nanosponges using Human Islets Grafted 

in Quadricep 

Our final in vivo experiments utilized a new graft location, the quadricep of the mouse, 

which offers a few benefits over the fat pad, mainly a longer viability and ease of imaging in vivo.  

The subcutaneous nature of the graft means there is only a thin layer of skin which the fluorescent 

signal must pass through to be detected and provides access to recording multiple time points as 

well.  Because of this improved imaging signal using the subcutaneous graft, we omitted the use 

of Nile Red for these experiments to determine if the signal from the dye was independently strong 

enough to indicate localization.  Human islets were harvested and implanted into the calf muscle 

of the animal and allowed to stabilize for nine weeks.  Peptide- and dye-conjugated nanosponges 

Figure II-8.  NMR spectra for A) Cys40-Exendin-4 conjugated nanosponges and B) after 
quenching all residual surface allyls with PEG to improve hydrophilicity.  Reduced integration 
for vinylic protons indicates successful thiol-ene click reaction for remaining surface 
functionalities and is used to calculate an average of 9.2 PEG molecules per nanosponge. 
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containing 618.3 µg Cys40-Exendin-4 peptide and 378 µg SunFluor750 imaging dye or 739 µg 

Scrambled Exendin-4 peptide and 375 µg SunFluor750 imaging dye were inserted into the mouse 

bloodstream through injection via the tail vein.  Imaging was conducted at 18 h post-injection and 

successful localization of nanosponges were observed in the experimental group.  We were 

interested in further experiments to elucidate the timescale of targeting, so we moved forward to 

animal studies with multiple imaging time points.  

With similar concentrations as previous experiments, peptide- and dye-conjugated 

nanosponges were inserted into the bloodstream via a retro-orbital injection into mice with 

stabilized quadricep human islets grafts.  In vivo imaging was performed at 14, 16, 18, and 24 h 

post-injection.  Localization of Cys40-Exendin-4 nanosponges was observed beginning at 14 h in 

one animal from the experimental group as seen in Figure II-9.  We attribute this incongruency in 

localization to the vasculature of the graft in each mouse, hypothesizing that the vascular network 

of mouse Ex3 did not allow blood circulation to the human islets grafts therefore no targeting of 

Cys40-Exendin-4 was achieved.  As expected, no localization of Scrambled Exendin-4 labeled 

nanosponges was observed at any time points.  The promising results from this study, combined 

with the previous in vitro and in vivo experiments, indicate the great potential for this targeted 

nanosponge system to deliver therapeutics directly to beta-cells within the pancreas for diabetes 

treatment.   
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Additional animal studies were conducted to confirm the reproducibility of these results, however 

during these experiments animal death occurred unexpectedly.  Upon ex vivo imaging, 

fluorescence signal was detected in the liver.  Unfortunately, it was confirmed by the manufacturer 

that the SunFluor750 fluorescence dye used in the studies contained up to 20% of impurities of di-

 

Figure II-9.   Fluorescence imaging of mice bearing quadricep human islet grafts expressing 
GLP-1R treated with Scrambled-Exendin-4, dye labeled nanosponges (S1, S2) and Cys40-
Exendin-4, dye labeled nanosponges (Ex3, Ex4).  No signal is detected from the quadricep grafts 
of the mice treated with the Scrambled-Exendin-4 peptide as a control as anticipated.  Strong 
signal from Ex4 in the graft location demonstrates the targeting of the Cys40-Exendin-4 
nanosponge to the islet graft.  The lack of signal from Ex3 is attributed to the potential nature of 
the vasculature of the quadricep islet graft to have reduced blood flow to the graft location. 
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functionalized molecules.  We determined that these impurities had led to crosslinking between 

nanoparticles, creating large particle aggregates leading to liver accumulation and death of the 

animals.  Due to the issues encountered with the impure dye, no further animal studies were 

conducted. 

 

II.2.8 In Vitro Release of Imatinib from Nanosponges 

As the potential of this nanosponge construct greatly relies on the ability of the nanosponge 

to release cargo during targeting, we performed an in vitro release experiment with nanosponges 

to evaluate the release profile with a potential diabetes therapeutic, imatinib, as a model.  Imatinib, 

marketed as Gleevec as an anticancer agent, has been investigated as a treatment for diabetes for 

its role in beta-cell death inhibition.6, 40-41  For the release, imatinib was encapsulated into 

unfunctionalized nanosponges using a nanoprecipitation method31 and suspended in PBS (pH 7.4) 

containing 0.1% v/v Tween-80 surfactant to promote suspension of the drug in the release media 

and reduce contact loss with drug interactions.  At specified time points, the release media was 

collected after centrifugation of the particles and analyzed by high performance liquid 

chromatography (HPLC). Unfunctionalized nanosponges were used for this study as the separation 

technique used to isolate the released imatinib relies on solubility differences of the release media 

and nanosponges.  Due to the peptide and dye molecules greatly improving hydrophilicity of the 

material, the nanosponges could not be separated from the released drug in this experiment.  

However, it is not expected that the surface functionalization of the nanosponge with peptide and 

dye molecules will significantly affect the release kinetics. 
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For analysis of release kinetics from nanosponges, imatinib-loaded nanosponges were 

dispersed in PBS (pH 7.4) at 37oC.  At specified time points, free drug was separated from 

encapsulated drug by centrifugation and removed, then replaced with fresh release media.  As seen 

in Figure II-10, the release of imatinib from nanosponges exhibited a small burst within the first 

several hours of approximately 25%, followed by a linear release until reaching 100% released at 

16 days.  The linear release profile is ideal for drug delivery as there is a constant supply of drug 

coming from the delivery vehicle during targeting.  Methods to reduce the non-encapsulated drug 

from the loaded nanosponges, such as an additional wash step, can be added to the protocol to 

minimize free drug on the nanosponge surface which contributes to the observed burst release. 

 

 

 
Figure II-10.   Drug release profile of imatinib-loaded nanosponges (7 mol % EVL) in PBS (pH 
7.4) with 0.1% v/v Tween-80 surfactant.  Small burst release was observed in first 6 h up to 25%, 
with the remaining release rate of drug appearing linear and achieved 100% release at 16 days.  
Values are the average of measurements in triplicate. 
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II.3 Conclusion 

 In summary, we have developed an analysis tool which allows us to precisely predict the 

size of nanoparticles from the synthetic parameters.  We can use this information to prepare 

particles of desired dimensions with reproducible and reliable homogeneity, and small standard 

deviations.  Furthermore, we can employ orthogonal chemistry to functionalize the nanosponge 

surface, which contains free amines and allyls, with targeting units, including peptides, and 

imaging molecules, such as fluorescent dyes.  We successfully characterized the attachment of 

these molecules to the nanosponge and quantified the peptide loading by NMR spectroscopy.  

Next, we explored the in vivo efficacy of the targeting construct in a GLP-1:PC9 tumor model, 

followed by a human islets model grafted in the fat pad and, finally, the model of a subcutaneous 

quadricep graft of the mouse.  The promising targeting results from in vivo imaging experiments 

indicate a great potential for this system to translate to clinical applications of targeting pancreatic 

beta-cells.  Additionally, the drug release profile exhibited from imatinib-loaded nanosponges 

validates the utility of this nanosponge design for targeted drug delivery applications.  Further 

work is needed to optimize the homogeneity of the human islets grafts, evaluate their vasculature 

prior to targeting experiments, and increase the sample size of animals to validate reproducibility 

of the construct. 
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II.4 Experimental 

 

Materials  

All peptides and N-succinimidyl-p-formylbenzoate were custom synthesized by Chem-Impex 

International (Wood Dale, IL).  SunFluor750 hydrazide dye was obtained from Nanocs Inc. (New 

York, NY).  SnakeSkin™ 10K MWCO dialysis tubing was purchased from ThermoFisher.  

Spectra/Por® 1kD MWCO dialysis tubing was purchased from Spectrum Laboratories Inc.  

SiliaMetS® Cysteine was purchased from Silicycle Inc (.  All other reagents were purchased from 

Sigma-Aldrich or Fisher Scientific and used as received unless otherwise indicated.  δ-

valerolactone and α-allyl-δ-valerolactone were purified by vacuum distillation immediately prior 

to use. 

 

Characterization 

1H and 13C NMR spectra were obtained on a Bruker AV-400 and AVII-600 MHz spectrometers.  

An FEI Tecnai Osiris™ transmission electron microscope operating at 200 kV in bright-field mode 

was used to obtain TEM micrographs of the polymer nanoparticles.  For imatinib encapsulation 

and release analysis, samples were injected (20 µL injection volume) directly onto a 4.60 x 150 

mm, 5-µm C-8 phase silica column (Phenomenex, Torrance, CA, USA) for HPLC analysis. 

Imatinib was eluted using an isocratic solvent system of water/methanol/acetonitrile/TFA 

(70/15/15/0.1).  A Waters photodiode array detector (Waters Corporation, Milford, MA, USA) 
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was used to collect the data.  Standard curve and all data were analyzed at 254 nm. Fluorescence 

imaging was conducted in the Powers Research Group by Neil Phillips. 

 

Synthesis of α-Allyl-δ-Valerolactone (AVL) 

Under a dry nitrogen atmosphere performed with Schlenk technique, a 2-neck 500 mL round 

bottom flask was charged tetrahydrofuran (THF, 156.25 mL).  N,N-diisopropylethylamine (DIPA, 

3.3 mL, 23 mmol) was added at -78 ̊C and stirred followed by dropwise addition of n-butyllithium 

solution (2.5 M in hexanes, 9.34 mL, 23 mmol) via cannula.  The reaction stirred for 15 min and 

a solution of δ-valerolactone (1.97 mL, 21 mmol) in THF (56 mL) was added dropwise via cannula 

transfer over 45 min.  A mixture of hexamethylphosphoramide (HMPA, 4.43 mL, 25 mmol) and 

allyl bromide (2.02 mL, 23 mmol) was then added to the reaction dropwise via cannulation and 

stirred for 15 min.  The reaction was allowed to warm to -40 ̊C and stirred for 2 h.  The reaction 

was then warmed to -10 ̊C and quenched with sat. ammonium chloride solution (150 mL).  The 

solid salt was removed by filtration and the volatiles removed by evaporation.  The concentrated 

product was extracted with dichloromethane (DCM) and dried with magnesium sulfate (MgSO4).  

The product was purified via column chromatography with a gradient of 3-29% ethyl acetate in 

hexanes over 5 column volumes. (2.07 g, 71%)  1H NMR (CDCl3, 400 MHz): δ 5.75 (m, 1H), 5.06 

(m, 2H), 4.26 (m, 2H), 2.54 (m, 3H), 2.28 (m, 1H), 2.03 (m, 1H), 1.87 (m, 1H), 1.54 (m, 1H).  

 

General Synthesis of Poly(δ-Valerolactone-co-α-Allyl-δ-Valerolactone-co-α-Epoxy-δ-

Valerolactone) (P(VL-AVL-EVL) 
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A 25 mL round bottom flask equipped with stir bar was flame dried and purged with nitrogen 

followed by addition of tin trifluoromethanesulfonate (Sn(OTf)2, 1.3 mg, 3.11 µmol). Isoamyl 

alcohol (27.24 µL, 0.67 mmol) and DCM (0.96 mL) were added to the flask and stirred for 5 min. 

α-allyl-δ-valerolactone (AVL, 300 µL, 2.29 mmol) and δ-valerolactone (VL, 1.56 mL, 16.77 

mmol) were added sequentially and stirred at room temperature for 18 h. The polymerization was 

quenched via addition of excess MeOH (~2 mL) then precipitated into cold MeOH to produce a 

white solid and dried in vacuo. (1 g, 50%)  (MnNMR = 3165.75 gmol-1, VL: 91%, AVL: 9%)  1H 

NMR (400 MHz, CDCl3): δ 0.92 (6H, d, CH3), 1.61-1.78 (m, CH2), 2.29-2.42 (m, CH2, CH), 3.59-

3.75 (m, CH2), 3.99-4.10 (6H, m, CH2), 5.04 (2H, m, CH2) 5.73 (1H, m, CH) 

In Step 2: P(VL-AVL) (200 mg, 63.2 mmol, 117.6 mmol allyl) was dissolved in DCM (1.81 mL) 

in a 6-dram vial with stir bar. Meta-chloroporoxybenzoic acid (mCPBA, 22.3 mg, 129.2 mmol) 

was dissolved in DCM (1 mL) and transferred to the reaction vial and the cap was sealed with 

paraffin wax. The reaction stirred at room temperature for 48 h. The organic layer was washed 

with saturated sodium bicarbonate (NaHCO3) solution 3x then dried over magnesium sulfate. The 

polymer was dried in vacuo to collect a white waxy solid. (170 mg, 85%)  (MnNMR = 2972.00 gmol-

1, VL =  89%, AVL = 7%, EVL = 4%)  1H NMR (400 MHz, CDCl3): δ 0.92 (6H, d, CH3), 1.61-

1.78 (m, CH2), 2.29-2.42 (m, CH2, CH), 2.46 (1H, s, CH2), 2.75 (1H, s, CH2), 2.87-2.99 (1H, d, 

CH), 3.59-3.75 (m, CH2), 3.99-4.10 (6H, m, CH2), 5.04 (2H, m, CH2) 5.73 (1H, m, CH) 

 

General Synthesis of P(VL-AVL-EVL) Nanosponge 

Into a 100 mL round bottom flask equipped with a stir bar, poly(VL-AVL-EVL) (200.2 mg, 51.5 

µmol, 0.17 mmol epoxide) and DCM (31.43 mL) were added. The reaction flask was heated to 
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46˚C and 2,2-(ethylenedioxy)bis(ethylamine) (49.68 µL, 0.34 mmol) was added dropwise to the 

stirring solution. The flask was capped with a water-jacketed condenser and stirred for 12 h. The 

solvent was removed in vacuo and the nanosponges were transferred to 10K MWCO dialysis 

tubing and dialyzed against DCM for 48 h then collected and dried in vacuo (134 mg, 67%). 1H 

NMR (600 MHz, DMSO-d6): δ 0.87 (6H, d, CH3), 1.29-1.68 (m, CH2, CH), 2.12-2.36 (m, CH2, 

CH), 2.42 (1H, s, CH2), 2.70 (1H, s, CH2), 3.30-3.45 (m, CH2), 3.45-3.63 (m, CH2), 3.92-4.10 (6H, 

m, CH2), 5.01 (2H, m, CH2) 5.70 (1H, m, CH) 

 

General Synthesis of Nanosponge Aldehyde-functionalization  

Under a nitrogen atmosphere, nanosponges (4.6% AVL, 4.9% EVL, 80.0 mg, 0.53 µmol) were 

dissolved in a minimal amount of dimethyl sulfoxide (DMSO, 200 µL). N-succinimidyl-p-

formylbenzoate (4.0 mg, 16 µmol) was added to the solution via microsyringe and the reaction 

was stirred at room temperature for 18 h. The product was purified by dialysis using 10K MWCO 

dialysis tubing against DCM for 24 hours. The contents of the dialysis tubing were collected and 

dried in vacuo (56% yield). 1H NMR (600 MHz, DMSO-d6): δ 0.87 (6H, d, CH3), 1.29-1.68 (m, 

CH2, CH), 2.12-2.36 (m, CH2, CH), 2.42 (1H, s, CH2), 2.70 (1H, s, CH2), 3.30-3.45 (m, CH2), 

3.45-3.63 (m, CH2), 3.92-4.10 (6H, m, CH2), 5.01 (2H, m, CH2) 5.70 (1H, m, CH), 7.90-8.10 (4H, 

m, CH), 10.20 (1H, s, CHO) 
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General Synthesis of Cys40-Exendin-4 Conjugation to Nanosponge 

Under a nitrogen atmosphere, aldehyde-functionalized nanosponges (50.0 mg, 0.33 µmol) and 

peptide_ACPP (21.2 mg, 3.33 µmol) were dissolved in minimal DMSO-d6 (200 µL). 2,2-

dimethoxy-2-phenylacetophenone (DMPA) (1.12 mg, 4.37 µmol) was added to the reaction 

mixture via microsyringe. The solution was irradiated at 365 nm and stirred at room temperature 

for 18 h. Peptide conjugation was quantified via reduction in resonance signal of protons associated 

with allyl functionality (5.01 and 5.70 ppm) through crude 1H NMR and calculated to be 7.88 

peptides per particle as described below in Equation S1/S2. Peptide-conjugated nanosponges were 

carried forward without further purification. 1H NMR (600 MHz, DMSO-d6): δ 0.87 (6H, d, CH3), 

1.29-1.68 (m, CH2, CH), 2.12-2.36 (m, CH2, CH), 2.42 (1H, s, CH2), 2.70 (1H, s, CH2), 3.30-3.45 

(m, CH2), 3.45-3.63 (m, CH2), 3.92-4.10 (6H, m, CH2), 5.01 (2H, m, CH2) 5.70 (1H, m, CH), 7.40-

7.50 (m, Ar H), 7.55 (t, Ar H), 7.84-7.93 (m, Ar H), 10.20 (1H, s, CHO) 

2.92	1H − 2.72	1H
2.92	1H = 0.0685	1H	 

Equation II-3. The integration value from pre-conjugated nanosponge 1H NMR allyl resonance 

at 5.01 ppm (2.92) was used to calculate the difference from post-conjugated nanosponge allyl 

resonance (2.72). 

115.18	allyls
nanosponge ×0.068	1H = 7.88	 

Equation II-4. The difference (0.0685) was then multiplied by the average number of allyls per 

nanosponge to determine the average number of reacted allyls. This value, 7.88, is equal to the 

average number of peptides conjugated to the nanosponges. 
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General Synthesis of Fluorescent Hydrazide-Functionalized Dye Conjugation to Nanosponge 

Under a nitrogen atmosphere, peptide-functionalized nanosponges (50.0 mg, 0.33 µmol) were 

dissolved in DMSO-d6 (50 µL). iFluor™ 750 or SunFluor750 hydrazide-functionalized imaging 

dye (1.58 mg, 2.90 µmol [SunFluor750]) was added to the reaction vial via syringe. The reaction 

was stirred in the absence of light at room temperature for 18 h. The resulting mixture was purified 

by dialysis against a 50:50 v/v mixture acetonitrile:MeOH in 10K MWCO dialysis tubing for 48 

hours with 3 solvent changes per day, then diluted in water and lyophilized to collect a powder 

(80% yield). Successful attachment of the dye at an equivalence of 13.5 dye molecules per 

nanosponge was verified by the absence of the aldehyde peak at 10.20 ppm. 1H NMR (600 MHz, 

DMSO-d6): δ 0.87 (6H, d, CH3), 1.29-1.68 (m, CH2, CH), 2.12-2.36 (m, CH2, CH), 2.42 (1H, s, 

CH2), 2.70 (1H, s, CH2), 3.30-3.45 (m, CH2), 3.45-3.63 (m, CH2), 3.92-4.10 (6H, m, CH2), 5.01 

(2H, m, CH2) 5.70 (1H, m, CH), 6.54-6.77 (m, Ar H), 7.12 (m, Ar H), 7.43 (d, Ar H), 7.73 (t, Ar 

H), 7.86 (d, Ar H), 8.4 (t, Ar H), 10.20 (1H, s, CHO) 

 

Loading of Nanoparticles with Nile Red 

D-α-Tocopherol polyethylene glycol 1000 succinate (0.0256 mg, 2.6 µL), nanoparticles modified 

with Cys40-Exendin-4 and iFluor750 dye (2.2 mg, 34.4 µL), and Nile Red (0.36 mg, 14.4 µL) 

were placed in an Eppendorf tube in DMSO and mixed well to obtain a homogenous solution. A 

1.0 mL aliquot of cell culture water was then added to the mixture and the contents were again 

mixed well. The solution was then immediately frozen and lyophilized to obtain Nile Red-loaded 

nanoparticles. 
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Evaluating the Targeting of Cys40-Exendin-4 Conjugated, Nile-Red Loaded Nanosponges to 

Human Islets Grafted in the Fat Pad 

Human islets cells were implanted subcutaneously onto the fat pads of mice by collaborators in 

the Powers lab. Grafts were allowed to stabilize in the mice for several weeks before injections 

were performed. Mice were then given a retro-orbital injection of 150 µL of a suspension of  

nanoparticles conjugated to both the Cys40-Exendin-4 peptide and an iFluor750 dye and loaded 

with Nile Red (2.2 mg nanoparticles, 720 µg peptide, 124 µg imaging dye, and 360 µg Nile Red 

per mouse) in a 1% solution of D-α-Tocopherol polyethylene glycol 1000 succinate in PBS. Ex 

vivo imaging of the pancreas, kidneys, and fat pad was performed 24 hours post-injection.  

 

Evaluating the Targeting of Cys40-Exendin-4 Conjugated, Fluorescently-Labeled 

Nanosponges to Human Islets Grafted in the Quadricep 

Human islets cells were implanted subcutaneously onto the hind limbs of mice by collaborators in 

the Powers lab.  Grafts were allowed to stabilize in the mice for 9 weeks before injections were 

performed. Mice were then given a retro-orbital injection of 150 µL PBS containing either 618.3 

µg Exendin-4 peptide and 378 µg SunFluor750 imaging dye or 739 µg Scrambled Exendin-4 peptide 

and 375 µg SunFluor750 imaging dye were performed to introduce nanosponge constructs to the 

bloodstream.  In vivo imaging was performed at 14, 16, 18, and 24 h post-injection.   
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Encapsulation of Small Molecule Drug, Imatinib, into Nanosponges 

P(VL-AVL-EVL) nanosponges (80.0 mg, 5.3 x 10-4 mmol, 7.0% EVL) were mixed with imatinib 

(18.1 mg, 3.67 x 10-2 mmol) in DMSO (200 µL) in a microcentrifuge tube.  The sample was 

subjected to multiple cycles of sonication and mixing until a homogenous solution was achieved.  

The nanosponge/imatinib mixture was precipitated into the vigorously stirring aqueous solution of 

1 wt % D-α-tocopherol polyethylene glycol 1000 succinate in cell culture grade water to 

encapsulate the drug.  The resulting solution was transferred to a centrifuge tube and then 

centrifuged at 7830 rpm for 20 minutes. The supernatant was decanted and the pellet was washed 

with 20 mL of cell culture water, then centrifuged again at 7830 rpm for 20 minutes. The 

supernatant was again decanted and the resulting pellet was resuspended in 5 mL of cell culture 

water and lyophilized to collect the dried imatinib-loaded nanosponges.  

 

In Vitro Release of Imatinib from Polyester Nanosponges 

For in vitro release, imatinib-loaded nanosponges (17.0 mg) were placed a 15 mL centrifuge tube 

and then 3.0 mL of PBS (pH 7.4, 0.1% v/v Tween-80) was added via syringe and sonicated until 

the particles formed a fine suspension.  The samples were placed in a 37 ̊C and at specified time 

points, the tube was removed from the bath and centrifuged at 7830 rpm for 20 minutes.  The 

supernatant was removed carefully by syringe and replaced with 3.0 mL of fresh release media.  

Supernatants at each time point were analyzed for imatinib concentration using reverse phase 

HPLC. Experiments were performed in triplicate.  

To determine the efficiency of encapsulation, imatinib-loaded nanosponges (6.70 mg) was 

dissolved in PBS (0.1% v/v Tween-80) to a concentration of 0.50 mg/mL.  HPLC analysis 
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determined a total of 0.68 mg of imatinib in the 6.70 mg sample, indicating a 10.2% loading 

capacity of the drug. 
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CHAPTER III 

 

Development of Collagen-Targeted Theranostic Nanosponges for Delivery of 

Matrix Metalloproteinase 14 Inhibitor Naphthofluorescein 

 

III.1 Introduction 

Cardiovascular disease is a major health burden and leading cause of mortality and 

morbidity in developed countries.1 It is associated with atherosclerosis, or thickening of artery 

walls as a result of the accumulation of calcium and fatty materials (Figure III-1). Unstable plaque 

rupture in a major coronary artery is responsible for more than two-thirds of fatal myocardial 

infarctions.2 One possibility to develop efficient therapies to stabilize the plaque is to suppress the 

activity of plaque matrix metalloproteinase (MMP). MMP activity has been associated with 

reduced collagen content3 of plaques with thin, rupture-prone fibrous caps.4 MMP14, a membrane 

type MMP, has been associated with unstable plaques5 and plays a pivotal role in activating 

	

Figure III-1.  Illustration of blood flow in normal artery and artery narrowed by atherosclerosis 
due to the accumulation of plaque. 
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collagen degradative activity of several other MMPs, such as MMP26 and MMP97. Previous 

human trials which systemically delivered broad spectrum MMP inhibitors, potentially targeting 

all 23 groups of MMPs, produced unacceptable side effects from indiscriminate MMP inhibition 

and off-site effects.8-9 The  limitation with broad spectrum inhibition of MMPs in atherosclerotic 

plaques stems from a current incomplete understanding of the roles of MMPs in plaque stability.10 

MMP14, MMP2 and MMP9 have been studied previously and associated with plaque instability 

but other MMPs are believed to be potentially beneficial for stable plaque remodelling.11 

Consequently there is an urgent need to deliver specific MMP blockers directly into the unstable 

plaque and tailored nanomedicine in the form of targeted nanoparticles has significant potential 

for this purpose. 

Collagen is a major component of the extracellular matrix of plaques and forms the 

structural framework for stability.12 Plaques are formed within the intima layer of the artery13 and 

collagen IV is present in abundance in the basement membrane of intima cells14 very close to the 

plaque, making collagen IV an ideal target.  Collaborators in the Hagemeyer Research Laboratory 

located within the Australian Centre for Blood Diseases have developed a novel peptide (T-

peptide) capable of specifically targeting and penetrating areas of degraded collagen IV. This 

peptide is a modified sequence of a peptide developed by Mueller et al15 known to bind to a cryptic 

epitope on collagen IV exposed through degradative action of MMP2 and investigate its ability as 

the homing agent for the delivery system. This approach has the aim to provide specific homing 

and delivery to areas of the plaque with collagen IV which has been weakened as the result of 

MMP2 activity. It was necessary to design a peptide that not only targets but also upon successful 

binding acts as a cell penetrating unit to shuttle the delivery system effectively into the cell to 

deliver the MMP inhibitor.  To this end, the collagen-homing T-peptide (TLTYTWS) was linked 
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to an activatable cell penetrating peptide (ACPP) that is specifically cleaved by MMP2.16-18 

Briefly, the ACPP comprises a polycationic sequence of 9 D-arginine zippered to a polyanionic 

sequence of 8 D-glutamic acid held together by a U-shaped peptide linker (5-amino-3-

oxapentanoyl flexible hydrophilic linker) that contains an amino acid sequence of PLGC(Me)AG 

that is preferentially cleaved by MMP2. In this manner, the ACPP is cleaved at its peptide linker 

unit, releases the polycationic chain of the D-amino arginine sequence to penetrate cell membranes 

by its net positivity. If any payload, such as drug loaded nanoparticles, are attached to this 

polycationic arm it is carried along into cells. 

Advantages of biodegradable polymeric nanoparticles for drug delivery include the ability 

to formulate insoluble pharmaceutical agents and improve the bioavailability of therapeutics.19-21 

Studies indicate that physical characteristics, including nanoparticle size influence biological 

interactions, such as cell trafficking and accumulation,22-23 therefore the control over the 

nanoscopic size range are one of the necessities to develop viable candidates for drug delivery 

applications.24 For solid tissue targeting, particles 200 nm or smaller with narrow distribution are 

able to take advantage of the enhanced permeation and retention (EPR) effect.25 Nanoparticles 60-

80 nm in size show optimum cell uptake and sustained retention time.22 Therefore, we selected a 

suitable delivery system of polyester nanonetworks, called nanosponges, which have been 

designed as cancer targeting delivery systems and show a high targeting ability and efficacy within 

the size range of ~100 nm.26-27 The rational for the selection of this delivery system is in part due 

to the ease of the targeting peptide attachment and the post-loading ability of the carrier.28-30 The 

implementation of these nanosponges as a targeted theranostic nanocarrier utilizing peptide 

homing to deliver a drug with specific MMP inhibition into atherosclerotic plaques is envisioned 

to have advantages over systemic approaches and to reduce off-target side effects, increase drug 
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bioavailability at target sites and reduce drug administration frequencies.  In this work, we report 

the synthesis and validation of a peptide-conjugated, dye labeled nanosponge loaded with a 

specific MMP14 inhibitor drug (Figure III-2) for the targeting and delivery to MMP degraded 

collagen, similar as found in atherosclerotic plaques, which demonstrated the successful uptake 

into the MMP2 producing HT1080 cell line and increased efficacy of naphthofluorescein treatment 

for enhanced collagen content in vivo. 

 

 

Figure III-2.  Fully functionalized nanosponge construct with collagen homing T-peptide, ACPP 
with cleavable peptide linker by MMP2, Cyanine 3 imaging dye, and loaded with MMP14 
inhibitor, naphthofluorescein. 
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III.2 Results and Discussion 

 

III.2.1 Integration of T-Peptide_ACPP, Imaging Dye, and Naphthofluorescein into Targeted 

Nanosponge Construct 

Unlike other MMPs, MMP14 activation is an intracellular process that requires furin activation. 

In an attempt to spare unrelated MMPs, we chose naphthofluorescein as the drug payload for the 

nanocarrier, a hydrophobic small molecule near infrared fluorophore that inhibits furin,31 as a drug 

to specifically stop MMP14 activation. With this, the desired nanocarrier required the integration 

of three functional components, the targeting peptide, imaging dye and naphthofluorescein 

MMP14 inhibitor, to achieve plaque-targeting specificity, environment triggered entry of payload 

into plaque cells, and a controlled delivery of the drug payload (Figure III-3).  

Conjugating both peptide and imaging dye to the nanosponge surface without 

compromising the function of either molecule coupled with the complexity and number of 

functional groups present on the targeting peptide sequence presented synthetic challenges. An 

orthogonal design was implemented in order to retain the activity of the peptide and dye and 

perform a sequential conjugation to orthogonal functionalities integrated to the particle backbone.  

The nanocarrier was synthesized following a reported intermolecular crosslinking technique, to 

yield nanoparticles in desired sizes of 60-80 nm.27  
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Figure III-3. Overview of mechanism of action of the targeted nanosponge drug delivery system: The 
collagen-homing peptide binds the MMP2 degraded collagen, followed by the cleavage of the peptide 
linker by MMP2. The cell penetrating polycationic peptide carries the nanosponge into the foam cells, 
releases the MMP14 conversion inhibitor naphthofluorescein, thereby inhibiting activation of 
proMMP14 and reducing the levels of plaque destabilizing MMP2 and MMP9 through preventing their 
activation. 
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III.2.2 Synthesis and Characterization of Functionalized Nanosponge with Targeting and 

Imaging Moieties 

To begin, we prepared nanosponges according to previously reported protocols where the 

crosslinking chemistry involves the reaction of linear polyvalerolactone functionalized with 

pendant allyl and epoxide groups (Scheme III-1) with diamine units.26 The epoxide:amine 

crosslinking ratio determines the size of the resulting particle and yields a particle with amine and 

allyl functionalities on the surface as all epoxides have been consumed. This reaction was 

confirmed by NMR spectroscopy analysis (Figure III-5A) and is in agreement with reported 

results for the synthesis of these nanosponge materials.26, 29, 32-34 Transmission electron microscopy 

(TEM) and dynamic light scattering (DLS) confirmed the synthesized particle for the planned 

study to be (70 ± 14 nm) (Figure III-4).  

 

 

Scheme III-1. Synthesis scheme for the formation of peptide-conjugated, dye-labeled, 
naphthofluorescein-loaded nanosponges. 
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The solubility of the particle in organic solvents and the ability to follow conjugations to 

the polymer backbone by NMR spectroscopy makes the nanoparticle an ideal candidate for the 

proposed postmodification chemistries shown in Scheme III-2. For example, the allyl 

functionality provided a pathway to conjugate the cysteine functionalized polycationic arm of the 

T-peptide_ACPP sequence through thiol-ene click chemistry.30  The attachment of imaging dyes 

is often achieved by conjugation to amine groups through NHS ester chemistries. However, the T-

peptide_ACPP sequence contains amine groups and this attachment chemistry would result in 

labelling the particle and also the targeting peptide.  Off-target dye labelling of the peptide could 

potentially interfere with peptide confirmation and bioactivity, so this was avoided by strategically 

transforming the amine functionality into an aldehyde to provide an orthogonal surface unit for the 

attachment of imaging dyes possessing a hydrazide functionality for conjugation (Figure III-5B). 

N-succinimidyl-p-formylbenzoate was added in an NHS-ester reaction to transform amines to 

aldehyde entities where the selected cyanine 3 mono hydrazide dye (Cy3) will form a hydrazone 

bond to exclusively label the surface of the particle (Scheme III-1).  The synthetic pathway of the 

Figure III-4. Particle size analysis via A) TEM images and B) DLS measurements to validate 
nanosponges size of ~70 nm. 
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theranostic drug delivery system after nanoparticle formation was performed by first modifying 

the amine functionality, followed by the attachment of the peptide and then conjugation of the dye 

to the installed aldehyde functionality as detailed below. In the final step, we loaded the 

naphthofluorescein in a modified post modification and nanosolubilization method.  

In detail, the seven amino acid collagen binding peptide and the ACPP were synthesized 

by solid phase peptide synthesis and purified using high-performance liquid chromatography 

(HPLC). Next, the successful attachment of T-peptide_ACPP to the nanosponges was confirmed 

via 1H NMR and quantification was determined via reduction in chemical shift at 5.04 and 5.73 

ppm (Figure III-5C) associated with the allyl protons. The T-peptide_ACPP loading was 

determined to be 7.88 peptides per particle. For particle tracking in vitro, fluorescent cyanine 3 

mono hydrazide was conjugated to the nanosponge surface via aldehyde-hydrazide click chemistry 

using the previously installed aldehyde moiety. The attachment of the dye to the nanosponge 

surface was confirmed via absence of the aldehyde chemical shift in the 1H NMR spectra (Figure 

III-5D). In the final step, we loaded the drug of interest, naphthofluorescein, in a modified post 

modification and nanosolubilization method (see Experimental). Due to the experimental scale we 

did not precipitate the particle into water but rather washed the particle with excess cell culture 

water. We determined a drug loading of approximately 23 wt% using this method by HPLC 

detection. The resulting solution was lyophilized to obtain the full construct of peptide targeted, 

ACPP functionalized, drug-loaded, Cy3 fluorescent nanosponges.  
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Figure III-5. NMR characterization of nanosponge attachment chemistry sequence after each step: 
A) nanosponge formation, B) aldehyde attachment, C) T-peptide_ACPP attachment, and D) Cy3 dye 
attachment.  
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III.2.3 In Vitro Biocompatibility and Cellular Uptake of Nanosponge Construct  

First, to ensure biocompatibility of our targeted nanosponge system, peptide labeled empty 

nanosponges were incubated with RAW and HT1080 cells for 24 h at 37 ºC.  The results indicated 

high cell viability for treated cells as shown in Figure III-6 and confirmed biocompatibility of the 

system.  Next, using the murine fibrosarcoma HT1080 cell line, we investigated cellular uptake of 

the drug-loaded, peptide and dye conjugated nanosponge construct. HT1080 cells were selected 

for this analysis as they naturally produce several MMPs, including MMP2.35 Cells were incubated 

overnight with T-peptide_ACPP-nanosponge construct at 37ºC, the cell cytoplasm stained green 

and examined with confocal live cell microscopy (Nikon A1) in the FITC and TRITC channels.  

Figure III-7 clearly shows that the construct had been internalized by the cells as the red signal 

from the cyanine dye is colocalized with the fluorescence signal from the cytoplasm (green).  This 

internalization of the construct confirms that the conjugation to the nanosponge surface does not 

 

Figure III-6.  Cell viability of targeted nanosponge construct in RAW and HT1080 cells to ensure 
biocompatibility of the nanocarrier confirmed by unpaired t-test as not significant, p > 0.05.  	
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interfere with the peptide activity and the particle is successfully taken into cells along with the 

polycationic arm of the ACPP after cleavage of the linker from MMP2.  

  

III.2.4 In Vivo Blood Clearance and Biodistribution of Nanosponge 

 To evaluate the biodistribution of the nanosponge alone in vivo, we prepared nanosponges 

labelled with fluorescent imaging dye only.  Animals received 7.2 µg per gram of body weight in 

a single injection.  The blood clearance rate was monitored by amount of nanosponge left in blood 

stream as a function of time (Figure III-8A).  The clearance rate of the nanosponges was 

approximately 10% after 2.5 min.  Next, the accumulation of nanosponges was monitored at 1, 4, 

and 24 h in vital organs of the animals.  The images in Figure III-8C indicate the largest 

accumulation of nanosponges are observed in the liver and spleen, however, after 1 h these values 

are quantified below 10%.  At 1 h, nanosponges were distributed approximately 22% in the spleen 

(Figure III-8B). Lung accumulation at 1 h was ca. 8% then decreased to below 3% after 4 h.  

There is no observed accumulation in the heart and very small trace amounts in the kidney. These 

 

Figure III-7. Confocal microscopy of cellular uptake demonstrated by internal red fluorescence 
signal from dye-conjugated nanosponge construct.  Scale bar = 8 µm.	
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results indicate a low accumulation of non-targeted nanosponges in the cardiovascular tissue which 

is promising for the avoidance of non-specific targeting activity of the targeted nanosponge. 

 

Figure III-8. In vivo analysis of blood clearance and biodistribution of dye-labelled empty 
nanosponges. A) Blood clearance of nanosponges from mice monitored by fluorescence as a 
function of time. B) Quantified biodistribution data at 1, 4, and 24 h indicating no accumulation 
of non-targeted nanosponges in cardiovascular tissue. C) Fluorescence imaging of nanosponge 
biodistribution of control mouse and animals at 1, 4, and 24 h for each organ: (left to right) lung, 
liver, spleen, kidney, heart.	
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III.2.5 In Vitro Validation of Lysosomal Escape of Nanosponge Construct 

Furthermore, we investigated if the nanoparticle construct entered lysosomes when 

incubated with murine macrophage RAW cells. Murine RAW cells are naturally phagocytic and 

they also secrete MMPs, including MMP2. By incorporating the ACPP that is cleaved by MMP2, 

we are in fact creating a nanosponge payload that has a net positive charge from the polycationic 

D-arginine arm attached to it once the peptide linker of the ACPP is cleaved. In this manner, it 

provides a way for ‘lysosomal escape’ of the drug loaded nanosponge by proton sponge effect,36 

allowing the nanosponge to escape back into the cell cytoplasm through the endosomal membrane, 

avoiding acid degradation of the nanosponge and drug. After an overnight incubation of the Cy3 

conjugated nanoparticle construct with RAW cells, the cell cytoplasm was stained with Cell 

Tracker Green and Lysotracker Blue (Invitrogen). As shown in Figure III-9, we observed no co-

localization of the red and blue fluorescent signals in the RAW cells, indicating that the 

nanoparticle constructs have successfully escaped the cell lysosomes.  Figure III-9B shows 3D 

image to confirm that the red and blue stain are not colocalized and the nanosponges are completely 

escaped from the lysosomes. 
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III.2.6 In Vivo Efficacy of Naphthofluorescein-Loaded Targeted Nanocarriers for Increased 

Collagen Content 

Finally, to investigate the effects of naphthofluorescein on the collagen content of unstable 

plaques, we utilized a novel tandem stenosis mouse model of unstable plaques as previously 

reported.37 Members of the Hagemeyer group prepared these Apo E knock out mice with sutures 

in tandem placed at the right carotid artery after 7 weeks of high fat diet to induce formation of 

unstable plaques.  Nanosponges were prepared for the animal study with both peptide and dye-

labels with and without drug. Five weeks after the tandem stenosis, the mice received 

naphthofluorescein-loaded, targeted nanosponge construct with control mice receiving PBS, free 

naphthofluorescein, or drug-free nanosponges. Each group received a second injection of treatment 

material after two weeks. Following the treatment, the mice were sacrificed and the right carotid 

plaques were harvested for collagen quantification using Picrosirius Red stain (Figure III-10A-

D). In the images of Figure III, the collagen (red) is quantified and the amount compared to the 

 

Figure III-9. A) Confocal microscopy of RAW cells to investigate lysosomes location. 2D 
reconstruction of Z stack confocal images of RAW cells with uptake of Cy3 (red) labeled 
nanosponge are shown as red dots while the lysosomes are in blue. Scale bar = 8 µm. (B) 3D snap 
shot showing that the red and blue dots are spatially apart. Representative images for n=3 are 
shown.  
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other groups.  The collagen amount, expressed as collagen percentage of the plaque area, revealed 

marked differences (Figure III-10E) between treated (36.88 ± 4.965, n=5) and control mouse 

groups treated with the free drug (18.87 ± 5.308, n=4), with PBS (14.40 ± 4.522, n=4) and with 

unloaded empty nanoparticles (16.05 ± 1.994, n=4).  An increase in collagen content compared to 

the control groups can be attributed to the MMP14 inhibition by naphthofluorescein treatment.  

The reduction of MMP14 activity and therefore collagen degradation leads to an increased stability 

in the plaque.  The collagen content of the targeted, drug-loaded nanocarrier shows an almost 2-

fold increase over those treated with free naphthofluorescein.  Moreover, there is no significant 

increase in the collagen content of plaque treated with empty nanosponges or PBS, as expected. 

These results indicate the efficacy of the naphthofluorescein was significantly improved by 

encapsulation in the nanosponge and delivery to the site with the targeted nanocarrier system.  

 

Figure III-10. Polarised light microscopy of carotid plaque section from mouse in vivo study 
(Picrosirius Red stained) for (A) mouse treated with targeted drug construct and shows abundant 
collagen compared to control mice treated with (B) PBS, (C) free drug and (D) empty nanosponge. 
Scale bars = 100 mm. E) Collagen content as expressed as percentage of the plaque area showing 
marked differences between mouse treatment groups. Drug treated animals had a significantly 
higher collagen content of approximately 2-fold compared to control animals. 
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III.3 Conclusion 

In summary, in collaboration with the Hagemeyer Research Laboratory, we have 

demonstrated successful labeling of a nanosponge with targeting and imaging moieties followed 

by a post-loading of therapeutic cargo. We have confirmed the activity of the peptide following 

conjugation to the nanosponge. Naphthofluorescein has been post-loaded in the nanosponge to an 

encapsulation capacity of 23 wt%.  Additionally, we have demonstrated that such peptide-labelled 

nanocarrier can specifically target MMP2 degraded collagen IV found in unstable plaques and 

deliver drug cargo to enhance the collagen content of plaques.  This study illustrates the 

translational capability of peptide-directed nanotechnology in biological applications and our 

designed construct presents great potential for the development of biologic targeted drug delivery 

therapeutics for the treatment of cardiovascular disease and heart attack prevention. 

 

III.4 Experimental 

 

Materials  

All reagents, chemicals, antibodies and solvents were purchased by Bio-Rad (Hercules, CA, USA), 

EMD Millipore Cooperation (Billerica, MA, USA), Fisher Chemicals (New Jersey, NJ, USA), 

R&D Systems (Minneapolis, MN, USA), Invitrogen (Carlsbad, CA, USA) Merck (New Jersey, 

NJ, USA), Pierce (Rockford, IL, USA) and Sigma-Aldrich (St. Louis, MO, USA) and were used 

per the manufacturer’s instructions. Other consumables were from the following commercial 

sources: Eppendorf (Westbury, NY, USA), BD Bioscience (Bedford, MA, USA), 

ThermoScientific (Waltham, MA). Buffers and solutions were prepared per standard protocols.  δ-

valerolactone and α-allyl-δ-valerolactone were purified via vacuum distillation prior to 
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polymerization.  ACPP_T-peptide was synthesized by Mei Choy in the Hagemeyer Research 

Group and used without further purification. 

 

Characterization 

1H and 13C NMR spectra were obtained on a Bruker AV-400 and AVII-600 MHz spectrometers.  

An FEI Tecnai Osiris™ transmission electron microscope operating at 200 kV in bright-field mode 

was used to obtain TEM images of the polymer nanoparticles. Dynamic light scattering (DLS) 

measurements were obtained using a Malvern Panalytical Zetasizer Nano system.  High 

performance liquid chromatography (HPLC) analysis was conducted using a ThermoFisher 

Ultimate 3000 Instrument equipped with a HPG-3000SD High Pressure Mixing Gradient Pump 

with DAD-3000 Diode Array Detector and Phenomenex column (Luna 5µ C18(2) 100Å, 150 x 

4.6 mm, 5µm).  Naphthofluorescein was detected at 254 nm with a 12 min gradient of 0 to 100% 

Buffer B with a flow rate of 1 mL/min.  Buffer A consisted of water with 0.1% trifluoroacetic acid 

(TFA) and Buffer B was 90% acetonitrile and 10% water with 0.1% TFA.  Detection of Cy 3.5 

signals of the MMP14 FRET peptide were using a FLUOstar OPTIMA BMG LABTECH 96 

microplate fluorescence reader standardised for optic settings of excitation 544 nm and emission 

590 nm, temperature settings at 37°C, with readings taken every 10 minutes over a 120-minute 

duration and double orbital shaking at a width of 4 mm 1 second prior to each cycle.  All confocal 

live cell studies were performed using the Nikon A1r + inverted microscope (Tokyo, Japan) with 

live cell imaging chamber (designed by Monash Micro Imaging). 
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Synthesis of α-Allyl-δ-Valerolactone (AVL) 

Under a dry nitrogen atmosphere performed with Schlenk technique, a 2-neck 500 mL round 

bottom flask was charged tetrahydrofuran (THF, 156.25 mL).  N,N-diisopropylethylamine (DIPA, 

3.3 mL, 23 mmol) was added at -78 ̊C and stirred followed by dropwise addition of n-butyllithium 

solution (2.5 M in hexanes, 9.34 mL, 23 mmol) via cannula.  The reaction stirred for 15 min and 

a solution of δ-valerolactone (1.97 mL, 21 mmol) in THF (56 mL) was added dropwise via cannula 

over 45 min.  A mixture of hexamethylphosphoramide (HMPA, 4.43 mL, 25 mmol) and allyl 

bromide (2.02 mL, 23 mmol) was then added to the reaction dropwise via cannula and stirred for 

15 min.  The reaction was allowed to warm to -40 ̊C and stirred for 2 h.  The reaction was then 

warmed to -10 ̊C and quenched with sat. ammonium chloride solution (150 mL).  The solid salt 

was removed by filtration and the volatiles removed by evaporation.  The concentrated product 

was extracted with dichloromethane (DCM) and dried with magnesium sulfate (MgSO4).  The 

product was purified via column chromatography with a gradient of 3-29% ethyl acetate in hexanes 

over 5 column volumes. (2.07 g, 71%)  1H NMR (CDCl3, 400 MHz): δ 5.75 (m, 1H), 5.06 (m, 

2H), 4.26 (m, 2H), 2.54 (m, 3H), 2.28 (m, 1H), 2.03 (m, 1H), 1.87 (m, 1H), 1.54 (m, 1H).  

 

General Synthesis of Poly(δ-Valerolactone-co-α-Allyl-δ-Valerolactone-co-α-Epoxide-δ-

Valerolactone) (P(VL-AVL-EVL) 

A 25 mL round bottom flask equipped with stir bar was flame dried and purged with nitrogen 

followed by addition of tin trifluoromethanesulfonate (Sn(OTf)2, 1.3 mg, 3.11 µmol). Isoamyl 

alcohol (27.24 µL, 0.67 mmol) and DCM (0.96 mL) were added to the flask and stirred for 5 min. 

α-allyl-δ-valerolactone (AVL, 300 µL, 2.29 mmol) and δ-valerolactone (VL, 1.56 mL, 16.77 



85 
 

mmol) were added sequentially and stirred at room temperature for 18 h. The polymerization was 

quenched via addition of excess MeOH (~2 mL) then precipitated into cold MeOH to produce a 

white solid and dried in vacuo. (1 g, 50%)  (MnNMR = 3165.75 gmol-1, VL: 91%, AVL: 9%)  1H 

NMR (400 MHz, CDCl3): δ 0.92 (6H, d, CH3), 1.61-1.78 (m, CH2), 2.29-2.42 (m, CH2, CH), 3.59-

3.75 (m, CH2), 3.99-4.10 (6H, m, CH2), 5.04 (2H, m, CH2) 5.73 (1H, m, CH) 

In Step 2: P(VL-AVL) (200 mg, 63.2 mmol, 117.6 mmol allyl) was dissolved in DCM (1.81 mL) 

in a 6-dram vial with stir bar. Meta-chloroporoxybenzoic acid (mCPBA, 22.3 mg, 129.2 mmol) 

was dissolved in DCM (1 mL) and transferred to the reaction vial and the cap was sealed with 

paraffin wax. The reaction stirred at room temperature for 48 h. The organic layer was washed 

with saturated sodium bicarbonate (NaHCO3) solution 3x then dried over magnesium sulfate. The 

polymer was dried in vacuo to collect a white waxy solid. (170 mg, 85%)  (MnNMR = 2972.00 

gmol-1, VL =  89%, AVL = 7%, EVL = 4%)  1H NMR (400 MHz, CDCl3): δ 0.92 (6H, d, CH3), 

1.61-1.78 (m, CH2), 2.29-2.42 (m, CH2, CH), 2.46 (1H, s, CH2), 2.75 (1H, s, CH2), 2.87-2.99 (1H, 

d, CH), 3.59-3.75 (m, CH2), 3.99-4.10 (6H, m, CH2), 5.04 (2H, m, CH2) 5.73 (1H, m, CH) 

 

General Synthesis of P(VL-AVL-EVL) Nanosponge 

Into a 100 mL round bottom flask equipped with a stir bar, poly(VL-AVL-EVL) (200.2 mg, 51.5 

µmol, 0.17 mmol epoxide) and DCM (31.43 mL) were added. The reaction flask was heated to 

46˚C and 2,2-(ethylenedioxy)bis(ethylamine) (49.68 µL, 0.34 mmol) was added dropwise to the 

stirring solution. The flask was capped with a water-jacketed condenser and stirred for 12 h. The 

solvent was removed in vacuo and the nanosponges were transferred to 10K MWCO dialysis 

tubing and dialyzed against DCM for 48 h then collected and dried in vacuo (134 mg, 67%). 1H 
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NMR (600 MHz, DMSO-d6): δ 0.87 (6H, d, CH3), 1.29-1.68 (m, CH2, CH), 2.12-2.36 (m, CH2, 

CH), 2.42 (1H, s, CH2), 2.70 (1H, s, CH2), 3.30-3.45 (m, CH2), 3.45-3.63 (m, CH2), 3.92-4.10 (6H, 

m, CH2), 5.01 (2H, m, CH2) 5.70 (1H, m, CH) 

 

General Synthesis of Nanosponge Aldehyde-Functionalization  

Under a nitrogen atmosphere, nanosponges (4.6% AVL, 4.9% EVL, 80.0 mg, 0.53 µmol) were 

dissolved in a minimal amount of dimethyl sulfoxide (DMSO, 200 µL). N-succinimidyl-p-

formylbenzoate (4.0 mg, 16 µmol) was added to the solution via microsyringe and the reaction 

was stirred at room temperature for 18 h. The product was purified by dialysis using 10K MWCO 

dialysis tubing against DCM for 24 hours. The contents of the dialysis tubing were collected and 

dried in vacuo (56% yield). 1H NMR (600 MHz, DMSO-d6): δ 0.87 (6H, d, CH3), 1.29-1.68 (m, 

CH2, CH), 2.12-2.36 (m, CH2, CH), 2.42 (1H, s, CH2), 2.70 (1H, s, CH2), 3.30-3.45 (m, CH2), 

3.45-3.63 (m, CH2), 3.92-4.10 (6H, m, CH2), 5.01 (2H, m, CH2) 5.70 (1H, m, CH), 7.90-8.10 (4H, 

m, CH), 10.20 (1H, s, CHO) 

 

General Synthesis of T-peptide_ACPP Conjugation to Nanosponge 

Under a nitrogen atmosphere, aldehyde-functionalized nanosponges (50.0 mg, 0.33 µmol) and 

peptide_ACPP (21.2 mg, 3.33 µmol) were dissolved in minimal d-DMSO (200 µL). 2,2-

dimethoxy-2-phenylacetophenone (DMPA) (1.12 mg, 4.37 µmol) was added to the reaction 

mixture via microsyringe. The solution was irradiated at 365 nm and stirred at room temperature 

for 18 h. Peptide conjugation was quantified via reduction in resonance signal of protons associated 

with allyl functionality (5.01 and 5.70 ppm) through crude 1H NMR and calculated to be 7.88 
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peptides per particle as described below in Equation III-1/2. Peptide-conjugated nanosponges 

were carried forward without further purification. 1H NMR (600 MHz, DMSO-d6): δ 0.87 (6H, d, 

CH3), 1.29-1.68 (m, CH2, CH), 2.12-2.36 (m, CH2, CH), 2.42 (1H, s, CH2), 2.70 (1H, s, CH2), 

3.30-3.45 (m, CH2), 3.45-3.63 (m, CH2), 3.92-4.10 (6H, m, CH2), 5.01 (2H, m, CH2) 5.70 (1H, m, 

CH), 7.40-7.50 (m, Ar H), 7.55 (t, Ar H), 7.84-7.93 (m, Ar H), 10.20 (1H, s, CHO) 

2.92	1H − 2.72	1H
2.92	1H = 0.0685	1H	 

Equation III-1. The integration value from pre-conjugated nanosponge 1H NMR allyl resonance 

at 5.01 ppm (2.92) was used to calculate the difference from post-conjugated nanosponge allyl 

resonance (2.72). 

115.18	allyls
nanosponge ×0.068	1H = 7.88	 

Equation III-2. The difference (0.0685) was then multiplied by the average number of allyls per 

nanosponge to determine the average number of reacted allyls. This value, 7.88, is equal to the 

average number of peptides conjugated to the nanosponges. Peptide sequence: 

TLTYTWSGLASPAAPAP-eeeeeeee-(5-amino-3-oxapentanoyl)-PLGC(Me)AG-rrrrrrrrr-

GAASPA 

 

General Synthesis of Cyanine 3 Hydrazide Dye Conjugation to Nanosponge 

Under a nitrogen atmosphere, peptide-functionalized nanosponges (50.0 mg, 0.33 µmol) were 

dissolved in dDMSO (50 µL). Cyanine3 mono-hydrazide imaging dye (1.58 mg, 2.90 µmol) was 

added to the reaction vial via syringe. The reaction was stirred in the absence of light at room 
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temperature for 18 h. The resulting mixture was purified by dialysis against a 50:50 v/v mixture 

acetonitrile:MeOH in 10K MWCO dialysis tubing for 48 hours with 3 solvent changes per day, 

then diluted in water and lyophilized to collect a powder (80% yield). Successful attachment of 

the dye at an equivalence of 9 dye molecules per nanosponge was verified by the absence of the 

aldehyde peak at 10.20 ppm. The concentration of the peptide and dye in the fully constructed 

material were determined to be 243.8 µg mg-1 and 281.3 µg mg-1 of material, respectively. 1H 

NMR (600 MHz, DMSO-d6): δ 0.87 (6H, d, CH3), 1.29-1.68 (m, CH2, CH), 2.12-2.36 (m, CH2, 

CH), 2.42 (1H, s, CH2), 2.70 (1H, s, CH2), 3.30-3.45 (m, CH2), 3.45-3.63 (m, CH2), 3.92-4.10 (6H, 

m, CH2), 5.01 (2H, m, CH2) 5.70 (1H, m, CH), 6.54-6.77 (m, Ar H), 7.12 (m, Ar H), 7.43 (d, Ar 

H), 7.73 (t, Ar H), 7.86 (d, Ar H), 8.4 (t, Ar H), 10.20 (1H, s, CHO) 

 

General Procedure for Encapsulation of Naphthofluorescein into Nanosponge 

In a 1.5 mL conical centrifuge tube, naphthofluorescein (1.6 mg, 3.7 µmol), along with 

nanosponges (6.4 mg) were dissolved in DMSO (50 µL). The solution was vortexed until a 

homogeneous solution was achieved. Cell culture water containing 0.1 wt % D-α-tocopherol 

polyethylene glycol 1000 succinate (1.0 mg, 65.3 µmol) (1.00 mL) was added to the tube and 

vortexed.  The solution was centrifuged at 14000 RPM for 20 min.  The supernatant was decanted 

and cell culture water (1.00 mL) was added to the tube and vortexed again to wash the particles.  

The mixture was centrifuged again at 14000 RPM for 20 min, the supernatant decanted, and cell 

culture water (0.5 mL) added to the tube. The resulting solution was lyophilized to obtain drug-

loaded nanosponges.  To determine drug encapsulation, a calibration curve of naphthofluorescein 

was determined in 95% ACN:5% DMSO.  A known amount of drug-loaded nanosponges were 

collected after lyophilization (avg. 6.3 mg) and solubilized in minimal DMSO (300 µL) and diluted 
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in ACN (1:200 and 1:100) for analysis.  Naphthofluorescein was detected at 254 nm with a 12 min 

gradient of 0 to 100% Buffer B with a flow rate of 1 mL/min.  Buffer A consisted of water with 

0.1% TFA and Buffer B was 90% acetonitrile and 10% water with 0.1% TFA.  HPLC analysis  

indicated an average drug loading of 23.48 wt %.   

 

Confocal Imaging of Live Cells Treated with Targeted Construct 

In vitro studies were performed by Mei Choy in the Hagemeyer Research Group.  HT1080 murine 

fibrosarcoma cells and RAW murine macrophage cells were grown on Menzel-Glaser cover slips 

(No 1.5, 0.17+/- 0.01 mm) with Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal 

calf serum, 1% L-glutamine, 1% non-essential amino acids (NEAA) and 1% 

penicillin/streptomycin. Cells were incubated with the targeted nanosponge labelled with Cy3 dye 

and loaded with naphthofluorescein overnight at 37°C with 5% CO2. The next day, cells were 

counter-stained with Cell Tracker Green (Invitrogen) for 30 minutes before confocal imaging. The 

cell coverslip was mounted onto a confocal microscope well containing 500 µl DMEM for live 

cell imaging. To locate the presence of lysosomes within the RAW murine macrophage cells, we 

added Lysotracker Blue (Invitrogen) 5 minutes prior to confocal imaging. To determine the 

nanoparticle localisation and movement, fluorescent and transmitted light images were collected 

using a Nikon A1r+ confocal microscope (Tokyo, Japan); equipped with 60x Water Immersion 

objective (Nikon 60x Plan Apo VC, WI NA 1.2). Images were collected with the 405, 488 and 568 

lasers sequentially to minimise bleed through. 
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Evaluation of T-peptide_ACPP-Nanosponge Associated Cell Toxicity 

RAW and HT1080 cells were cultured and cytotoxicity analysis was performed by Mei Choy in 

the Hagemeyer Research Group. A 6 well plate was seeded with RAW cells and HT1080 cells 

(120,000 cells each) and topped up with 2 ml complete DMEM media. 50 µL of T-peptide_ACPP-

Cy3 labelled nanosponge (1 mg/ml construct concentration) was added per well and the cells were 

cultured in a cell incubator at 37 °C for 5 days. Without discarding used media in the wells, 

adherent cells were scraped gently to dislodge and aspirated into 15 ml Falcon tubes and spun 

down at 400 rcf for 5 minutes. Then the supernatant was discarded and the cell pellet was 

resuspended with 1 ml of fresh DMEM. Cell counting was performed using a hemocytometer and 

50,000 of each type of cell were put into each well on a 96 well plate. After adding 10 µL of the 

alamarBlue® reagent into each well, the microplate was incubated for 2 hours at 37 °C. After that, 

the 96 well plate was scanned in a colorimetric plate reader (Biorad Benchmark Plus microplate 

spectrometer) at 570 nm absorbance. 

 

In Vivo Efficacy of Naphthofluorescein-Loaded, Peptide-Labelled Nanocarrier 

Animals were prepared for the in vivo targeting study by Mei Choy in the Hagemeyer Research 

Group. Apo E knock out mice received two injections each, two weeks apart of one of four 

treatment groups: naphthofluorescein-loaded nanosponges containing T-peptide and a Cy3 

imaging dye (1.25 mg particles, 14.0 wt% naphthofluorescein), nanoparticles alone (1.06 mg), 

PBS, and free naphthofluorescein (0.17 mg). Mice were then sacrificed, and their plaques were 

harvested and subsequently stained for collagen content using both Picrosirius Red and Masons 

Trichrome staining. 
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Statistical Analysis 

All quantitative data is analyzed by PRISM 6 (GraphPad Software Inc.) and reported as mean ± 

one standard deviation. Statistical analysis was performed using ANOVA followed by Tukey’s 

multiple comparison test; with p < 0.05 considered statistically significant. 
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CHAPTER IV 

 

Nanonetworks in Controlled Dimensions via Backbone Ketoxime and 

Alkoxyamine Crosslinks for Controlled Release

 

IV.1 Introduction 

The broader application and implementation of nanoparticle delivery systems in the 

medical and pharmaceutical field is mostly hindered by the challenges of synthetic approaches to 

provide robust and practical chemistries without limiting the medical function and efficacy of the 

final carrier. In the past years, an abundance of delivery strategies have been developed, reaching 

from core-shell polymersomes,1-3 4liposomes,5-6 micellar systems,7-9 star polymers10 to polymeric 

prodrugs,11-12 protein-drug conjugates13 and aggregates14 and self-assembled polymer nanoparticle 

systems15.  However, it is has been shown that one of the most successful delivery systems such 

as Abraxane®, paclitaxel albumin-bound particles,16-17 are produced in a facile process while the 

overall efficacy of the paclitaxel drug is only doubled. This example makes it evident that rapid 

and inexpensive synthetic procedures are crucial and are chosen over delivery systems in which 

the synthetic approach is too costly.  

Our previous work has focused on a polymeric nanonetwork system, called “nanosponge”, 

in which a nanonetwork is tailored in its density and size by reacting a linear polyester containing 

pendant functionalities with a difunctional crosslinking unit.18 We demonstrate that the percentile 

of the functional unit in the linear polyester and the amount of the crosslinker in the reaction can 
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be directly correlated to the produced dimension and the density of the nanonetwork which 

determines the degradation and drug release profiles of these particles.19-20 In this one-pot method, 

we could provide degradable network particles in controlled size dimensions reaching from 20-

800nm by just varying the concentration parameters of either the pendant functional unit in the 

linear polymer or by the added amount of the crosslinking entity.18, 21  Different crosslinking 

chemistries were explored, such as amine-epoxy,18 allyl –thiol,22-23 thiol-maleimide24 and alkyne- 

azide22 click chemistries. These reactions relied on the access of pendant functional units in the 

polyester backbone. Particles generated through the amine-epoxy crosslinking were transformed 

into drug delivery systems showing a 5 times higher efficacy of paclitaxel.21, 25-26 An important 

feature of these particles is the accessibility of surface functionalization via primary amine groups 

for the attachment of imaging agents and allyl groups for the conjugation of targeting units by only 

partially converting allyl groups of the polyester precursor copolymer allyl-δ valerolactone to 

epoxy groups.  

Next, to the ease of the particle preparation and size manipulation,27 the degradation of the 

particles can be correlated to the network density and influences the drug release profile driven by 

the hydrolytic degradation of the polyester network. Furthermore, hydrophobic drug molecules 

can be loaded into the network after its preparation and post-modification, another advantage when 

choosing these nanosponges.18-19, 25, 28 To further expand the availability of nanosponges and 

working towards an even more facile synthetic process while further enhancing the degradation 

and drug release possibilities, we sought a crosslinking process that does  not depend on pendant 

functional groups and their modification, but rather engages with functional groups as part of the 

polymer backbone. Backbone reactivity for crosslinking affords an even more practical synthesis 

method while simultaneously providing a high variability of particle degradation and drug release. 
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Oxime click chemistry has been a vital part in the preparation of biocompatible hydrogels29-31 with 

self-healing functions,32-33 lithography materials,34 or is applied in orthogonal conjugation 

chemistries.35-36 The reaction is compatible with aqueous and organic environments and rapidly 

proceeds at room temperature with high fidelity. The ketoxime bond is a reversible cleavable bond 

and sensitive towards pH changes and makes these connectivities attractive for controlled 

disassembly to direct drug release.  

Moreover, the ketoxime bond can be converted into a stable non-reversible alkoxyamine 

bond through reduction, providing the option for tuning and postmodification. Current self-

assembled nanoparticle or micelle technologies for pH responsive drug delivery systems undergo 

rapid release of cargo upon pH change.37-38 Our proposed system will provide more complex and 

tailorable relationships between stimuli-responsive connectivity and drug release while 

maintaining a practical synthetic design. The integration of ketone functionalities into polymer 

backbones is primarily conducted by copolymerization of 2-oxepane-1,5-dione (OPD), a 7-

membered functionalized lactone.  Wooley and coworkers39 investigated the 1,4,8-

trioxaspiro[4.6]-9-undecanone (TOSUO) monomer, a protected ketone40 to form crosslinked 

polyester materials,  applying reductive amination and amino-oxy chemistries. It was evident that 

reductive amination chemistries41 lead to chain scission and degradation products while amino-

oxy chemistries formed inter- and intramolecular networks and gels.42  So called “particle-like” 

structures in the pre-gel solutions were observed but not further explored.   

In this work, we detail the synthesis of discrete nanoparticles utilizing oxime-click 

chemistry to produce particles of discrete sizes and crosslinking densities. The ketoxime bond is 

generated from ketone functional groups integrated in the polyester backbone, to yield either pH-

responsive nanonetworks or pH-stable nanoparticles with alkoxyamine bonds after 
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postmodification reactions. The presented two- or three-step synthetic process (Figure IV-1) is 

ideal to tune the dimension and network densities, degradation and drug release of the particles to 

prepare a range of delivery systems in a facile manner. The effect of the nanonetwork architecture 

on drug release was investigated with Brefeldin A, a natural product with a low bioavailability but 

high DNA fragmentation ability in leukemia and colon carcionoma cell lines.  

 

IV.2 Results and Discussion 

 

IV.2.1 Synthesis and Characterization of Ketoxime Nanoparticles 

The particles were prepared by starting with the synthesis of poly(δ-valerolactone-co-2-

oxepane-1,5-dione) (P(VL-co-OPD)) via ring-opening polymerization catalyzed by Sn(OTf)2.  

OPD, first reported as a monomer for the copolymerization of polyesters by Jérôme and 

coworkers,43 was chosen for the ability to directly copolymerize a ketone-bearing unit into the 

 

Figure IV-1.  Proposed two- or three-step process for fabricating two distinct nanonetworks with 
controlled density, size, and degradation profiles through crosslinking of difunctionalized 
aminooxy PEG with linear polyester containing backbone ketone reactivity via oxime-click 
chemistry. 
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backbone, affording a one-step polymer precursor preparation.  An ideal OPD incorporation of 4-

20 mol% was targeted with monomer conversion ranging 47-63% (Table IV-1) for all polymers.  

The monomer feed ratio was varied (6-30 mol%) with a molecular weight target of 4000 gmol-1 to 

investigate the control provided by increasing the amount of crosslinking functionality throughout 

the polymer backbone.   

 

Polymers with 4, 8, and 14 mol % OPD incorporation and molecular weights of around 4 

K, 4600, 4420, and 3600 gmol-1, were synthesized as nanoparticle precursors and characterized by 

1H nuclear magnetic resonance (NMR) spectroscopy and gel permeation chromatography (GPC) 

(Table IV-1, Figure IV-2). Not only the percentage of the crosslinking OPD group but also its 

concentration during the intermolecular crosslinking process is anticipated to have a significant 

effect on in particle size. To test this hypothesis, two concentrations of 2.7 and 5.4 mM were 

employed based on the calculated reactive monomer unit (RMU) of precursor polymers.  The 

Table IV-1.  GPC and NMR analysis of P(VL-co-OPD). 

 
a% OPD and Mn determined by 400 MHz 1H NMR in CDCl3. bMolecular weight and 
polydispersity measured by GPC at 40 ̊C in THF and a flow rate of 1 mL/min using using ToSOH 
EcoSEC HLC-8320GPC system equipped with a refractive index detector, UV-8320 detector, and 
TSKgel HHR columns (7.8x300mm G5000HHR, G4000HHR, and G3000HHR). 
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higher concentration corresponds to values which were established for the reported synthesis of 

polyester nanosponges through epoxide-amine crosslinking chemistry, in which the relationship 

between crosslinker and reactive functionality concentration and particle size was invented and is 

unique to our polymer nanosystems,18 and the lower concentration was tested to evaluate the effect 

on nanoparticle size and control in nanoparticle formation.  

 

With this approach, we sought to expand the current technology to a new nanoparticle 

system while increasing practicality and tailorabililty. The synthesis of the nanoparticle series was 

started by reacting the three polymer precursors with bis-aminooxy-PEG3 crosslinker at a 2:1 

aminooxy:ketone ratio (Figure IV-3A). The two concentrations of the keto unit were calculated 

through the RMU. For example, the polymer containing 14 mol% OPD contains an average of 5 

keto-bearing repeat units and has a Mn equal to 3637 gmol-1, therefore the RMU for such a polymer 

 

Figure IV-2.  GPC traces of P(VL-co-OPD) at varying comonomer ratios, measured in THF at 
40 ̊C with a flow rate of 1 mL/min. 
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is 727.4 gmol-1 per reactive functional group. To determine the conversion of the crosslinking 

reactions, aliquots were taken at hourly intervals and no change in ketone conversion was observed 

after 2 hrs determined by 1H NMR for the two chosen concentrations. Comparing the resonance at 

2.54 ppm, which corresponds to the protons alpha and beta to the ketone unit, to the resonance of 

the polymer backbone set as an internal standard (Figure IV-3B), showed general ketone 

conversion of ca. 80%. Confirmation of crosslinking was determined by the reduction in intensity 

of the methylene protons alpha and beta to the ketone at 2.75 ppm and an increase in the resonance 

of the methylene protons associated with the oxime bond at 2.54 ppm (Figure IV-3C).   

 

Figure IV-3.  A) Synthesis scheme of ketoxime nanoparticles and 1H NMR characterization of B) 
P(VL-co-OPD) and C) ketoxime nanoparticles indicating a shift in resonances associated with the 
ketoxime bond formation. 
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IV.2.2 Synthesis and Characterization of Alkoxyamine Nanoparticles 

The second set of particles, containing the more stable alkoxyamine crosslink, was 

obtained by reduction of the ketoxime bond with sodium cyanoborohydride directly after 

nanoparticle formation in a 4h one-pot consecutive procedure (Figure IV-4A).44-45  The post-

modification was confirmed via 1H NMR by the reduced intensity at 2.75 ppm and the appearance 

of the chemical shift at 2.65 ppm (Figure IV-4C). The resulting ketoxime and alkoxyamine NPs, 

NPKO and NPAA, respectively, were purified via dialysis to average yields of 75 wt%. Mass loss 

 

Figure IV-4. A) Synthesis scheme of alkoxyamine nanoparticles and 1H NMR characterization of 
B) P(VL-co-OPD) and C) alkoxyamine nanoparticles indicating a shift in resonances associated 
with the reduction of the ketoxime bond. 
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was attributed to unreacted polymer and crosslinker removal during purification.  Additionally, 

after purification an increase in the resonance at 3.6 ppm in both Figure IV-3C and IV-4C is 

attributed to the methylene protons of the PEG units and further confirms incorporation of the 

crosslinker.  

 

IV.2.3 Analysis of Nanoparticle Size by Transmission Electron Microscopy, Dynamic Light 

Scattering, and Gel Permeation Chromatography  

Successful formation of discrete nanoparticles was confirmed via transmission electron 

microscopy (TEM) and dynamic light scattering (DLS) (Figure IV-5).  NPKO I measured at 39 ± 

10 nm in diameter and was synthesized using 4% OPD composition and 2.7 mM ketone 

concentration.  By increasing the polymer concentration calculated for a 5.4 mM for the ketone 

group by using the RMU calculations, the particle size is yielded a larger diameter of 58 ± 11 nm 

 

Figure IV-5.  TEM images of A) 4% OPD, 2.7 mM NPKO measuring 39 ± 10 nm, B) 4% OPD, 
5.4 mM NPAA measuring 62 ± 20 nm, C) 8% OPD, 2.7 mM NPKO measuring 81 ± 20 nm, and D) 
14% OPD, 2.7 mM NPAA measuring 143 ± 30 nm; E) representative DLS measurement of particles 
~165 nm in diameter.   
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(II).  With 8% OPD, a range of ~80-140 nm was observed (III, IV).  The largest NPKO VI measured 

at 173 ± 30 nm in diameter and was synthesized with 14% OPD at a 5.4 mM ketone concentration.  

Similar diameters were observed in DLS (Figure IV-6B), and a small increase in diameter, ~20-

27% was attributed to the nature of particles in solution vs. dry states. With this simple two- or 

three-step procedure, we have achieved a particle library with varied crosslinking density and size 

distribution (Figure IV-6A).  

 

Figure IV-6.  A) Schematic representation of the series of NPKO and NPAA with increasing size 
ranging from 34-209 nm by varying the OPD monomer content and keto-group concentration. 
Synthetic parameters (ketone concentration and composition of copolymer) of B) six NPKO and C) 
six NPAA with their resulting diameters as measured by TEM and DLS, molecular weight, and 
dispersity. aPercent functionalization of ketone monomer in the linear polyester precursor as 
determined by 1H NMR integration.  bConcentration of ketone functionality in mmol to mL of 
dichloromethane.  cMolecular weight and polydispersity of NPs measured by GPC.	



	 	
	  

107 
 

Analysis of NPs via GPC (Figure IV-7) was performed to further elucidate the relative 

size and distribution of these networks. The particles are soluble in organics and can be 

characterized by SEC methods which is in agreement with previous studies of nanosponge 

materials through intermolecular crosslinking processes.18 The aminooxy:ketone crosslinking ratio 

of 2:1 was the constant parameter throughout the series and the reactive groups per polymer were 

increased proportionally together with the ketone ratio, leading to the higher crosslinked 

nanoparticle materials. In general, a narrow Mw/Mn (~1.3-1.85) was observed throughout all 

particle series, in addition to shifts toward lower retention times correlated to a larger 

hydrodynamic radius as size and ketone ratio increased and are in agreement with TEM and DLS 

 

Figure IV-7.  GPC analysis of nanoparticles A) I, III, and IV; B) II, IV, and VI; C) VII, IX, and 
XI; and D) VIII, X, XII. All GPC analysis was performed at 40 ̊C and a flow rate of 1 mL/min 
with tetrahydrofuran as eluent.  
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data for all particles. The symmetry of the GPC traces also indicated an even distribution in particle 

size across the series and is confirmed by the homogeneity of particles in TEM images (Figure 

IV-5). The particle series prepared with the higher ketone concentration (Figure IV-7B/D) showed 

a broader distribution in comparison to the other series at lower concentration (Figure IV-7A/C). 

It was also observed that particles with a high crosslinking density (VI and XII) and amino-oxy 

content exhibited broader distributions attributed to the increased degree of aminooxy moieties on 

the surface of the particle which experience hydrogen bonding between particles as observed in 

previous work with aminooxy functionalized polymers.46 The smallest ketoxime NPs I and II 

exhibited relatively narrow dispersity (Mn = 3100 gmol-1, Mw/Mn = 1.29 and Mn = 3300 gmol-1, 

Mw/Mn = 1.32, respectively).  The corresponding reduced particles, VII and VIII, resulted in 

similar narrow dispersity (Mn = 3100 gmol-1, Mw/Mn = 1.27 and Mn = 3000 gmol-1, Mw/Mn = 1.25, 

respectively).  Consistently throughout the two series, the corresponding NPKO and NPAA 

demonstrate comparable Mn and Mw/Mn. The two largest NPs, VI and XII demonstrated the largest 

dispersity with Mw/Mn = 1.70 and 1.85.  

 

IV.2.4 Investigation of pH-dependent Degradation Behavior for Ketoxime and Alkoxyamine 

Nanoparticles 

Due to the expected differences pH-responsive characteristics of these two networks, we 

sought to analyze the degradation patterns of both networks in acidic and neutral environments. 

NPs were suspended in buffer solution (pH 5.0 and 7.4) at 37˚C and monitored at 48 h intervals 

for 10 days.  Analysis of absolute molecular weight via static light scattering (SLS) was performed 

to determine MW of NPs at each time point and calculated as a percentage of MW remaining from 
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original MW determined prior to degradation studies (Figure IV-8). We selected the largest and 

the highest crosslinked nanoparticles, VI and XII for the degradation studies. We anticipated a 

general trend of faster degradation in low pH vs. neutral buffer, with the ketoxime-based NPs 

degrading at a faster rate than their alkoxyamine counterparts in both conditions.  As expected,  

 

NPKO exhibited a faster rate of degradation than NPAA in both neutral and acidic conditions due to 

the acid-labile nature of the oxime bond. Prior to degradation, NPKO MW was determined to be 

198 kDa.  After 10 days of exposure to acidic buffer, MW was reduced to ~43 kDa, indicating a 

total mass loss of 78.16% and an average 7.82% per day.  Comparatively, analysis of NPAA 

indicated a 260 kDa starting MW, yet was only reduced to 132 kDa after 10 days in an acidic 

 

Figure IV-8.  Hydrolytic degradation of 14% OPD, 5.4 mM NPKO and NPAA in pH 5.0 (violet and 
blue line) and pH 7.4 (red and green line) at 37 ˚C measured by absolute molecular weight via 
static light scattering, reported as an average of measurements in duplicate. *n=1 due to sample 
vial breakage prior to analysis.	
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environment. This particle exhibited a total mass loss of 49.23% and 4.92% average per day.  In 

PBS, NPKO exhibited the final MW of ~70 kDa, an average loss of 5.98% daily while NPAA 

measurements indicated a final MW of 159.5 kDa, averaging 3.87% daily mass loss.  These results 

indicating a tunable degradation network based on the pH and chemical nature of the crosslinks.  

 

IV.2.5 Evaluating the pH-dependent Drug Release Performance of Ketoxime and 

Alkoxyamine Nanoparticles 

To examine the effect of the nanostructure on the drug release, we chose Brefeldin A 

(BFA), a natural product that effects the function of the ER-Golgi network and leading to DNA 

fragmentation, a new target in the apoptosis of human cancer cell lines.47 The drug has shown high 

potency in HL60 and K562  leukemia cells as well as in HT-29 colon carcinoma cells, cell lines 

which are p53 null.48 Furthermore, BFA enhances the efficacy of widely used drugs such as 

docetaxel as tested on prostate cancer cells.49  BFA was incorporated into the NPKO III and NPAA 

VII synthesized from 8% OPD precursor. The increased amorphous properties of the OPD 

containing particles required an optimization of our nanoprecipiation method that afforded a 

postloading of nanosponges with hydrophobic drugs (see Experimental). The drug loading was 

determined via HPLC analysis to be 19.6 wt% BFA with a drug loading efficiency of 98% for 

BFA-NPKO and 13.5 wt% BFA with a 68% drug loading efficiency for BFA-NPAA. The release of 

BFA from BFA-NPKO and BFA-NPAA was surveyed in identical aqueous media used in the 

previous degradation study with pH 5.0 and 7.4 (Figure IV-9).  
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NPAA in pH 5.0 exhibited the fastest release rate of the series, releasing 50% cargo in 24 h 

and 100% in 7 days. Both NPKO and NPAA in pH 7.4 showed a medium release with similarly 

observed rates with NPAA exhibiting a more linear trend. NPKO in pH 7.4 reached 50% in 48 h and 

96% in 11 days. NPAA in pH 7.4 released 50% between 3-5 days and 100% between 9-11 days. 

These data correspond to the trends observed in the hydrolytic degradation of each particle, 

however, the release of BFA from NPKO exhibited the slowest release of all particle systems which 

was not anticipated based on the prior degradation analysis. To seek a rational for contrary release 

kinetics of the NPKO particle, we hypothesized that the particle during the degradation process 

yields functional groups such as amino-oxy functionalities and keto units that interact with the 

drug and result in an increased binding of the drug to the degrading particle.  After investigating 

 

Figure IV-9.  Release of BFA from 8% OPD, 2.7 mM NPKO* and NPAA in pH 5.0 and pH 7.4 at 
37 ˚C over 11 days reported as an average of measurements in triplicate. *reported as average of 
measurements in duplicate.	
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this hypothesis, no interaction could be detected for drug and aminooxy crosslinker, but a physical 

mixture of drug and precursor polymer yielded a reduced signal by HPLC after 72 h (Figure IV-

10) as well as the appearance of large particulates, which indicate an interaction of regenerated 

keto groups with BFA.  

 

Moreover, the much slower release rate of the NPKO in acidic conditions could be 

potentially useful for release of highly potent chemotherapeutics to the extracellular matrix of 

tumors,50-52 known to exhibit lower pH. Release profiles at neutral pH provide also a tailorable 

range with medium release profiles. These nanonetworks demonstrate the ability to precisely tune 

 

Figure IV-10.  HPLC analysis of control experiment with physical mixture of drug (BFA) and 
polymer (P(VL-co-OPD)) or crosslinker (bis(aminooxy) PEG-3) in pH 5.0 at 0 and 72 h post 
reaction.  Reduced absorbance of BFA (ret. time = 7.8 min) of drug + polymer mixture after 72 h 
indicates presence of hydrophobic or other forces leading to particle-drug interaction.   



	 	
	  

113 
 

drug release profiles for fast, medium, or slow rates with continued release through 7-13 days or 

longer using practical synthetic parameters and fabrication methods.  

 

IV.2.6 Tailoring the Drug Release Profiles through Mixed Composition Nanoparticles 

 While the distinct drug release profiles we observed demonstrated tunability through 

network and environmental conditions, we hypothesized that a particle of mixed composition 

(NPKO/AA), that is a combination of both ketoxime and alkoxyamine crosslinks, would provide a 

third release profile different than its two parent networks.  In order to investigate this concept, a 

third nanoparticle composition was synthesized using the same general procedure for alkoxyamine 

particles, however, the ratio of reducing agent was decreased to 0.5 equivalents.  This would 

thereby only reduce approximately half of the ketoxime linkages to alkoxyamines, providing both 

crosslinking chemistries in one particle.  After BFA encapsulation, the release of BFA from 

NPKO/AA was conducted in pH 5.0 and 7.4 buffer solutions (Figure IV-11).  Interestingly, the 

release rate of BFA from mixed composition particles under acidic conditions was nearly identical 

to the release of BFA from NPKO in pH 7.4.  This result indicates the same release profile can be 

achieved at two different pH ranges, thereby offering increased versatility of these nanosystems 

where a release profile can be tailored to a particular rate under different conditions by synthetic 

design of the particle.  Additionally, the rate of drug release from NPKO/AA under neutral conditions 

demonstrated that the combination of two networks can yield a distinct release profile with a drug 

release rate between those observed from NPAA at pH 7.4 and NPKO at 5.0.  
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IV.3 Conclusion 

In this work, we developed a robust nanoparticle formation via protocol for size-controlled, 

biodegradable, and tunable nanoparticles in the range of 40-200 nm with an adaptable nano-

network. Oxime click chemistries have been proven to be ideal to generate not only particles in a 

two-step procedure from a two-component system through intermolecular chain crosslinking but 

as well enable a modification of the chemical nature of the particle crosslinks to lead to a tailorable 

degradation and release to generate a second set of delivery systems in one step. Together with an 

optimized design, this practical synthesis has demonstrated control over the nanoscopic dimension, 

crosslinking density, particle degradability, and controlled drug release engaging ketoxime and 

 

Figure IV-11.  Release of BFA from 8% OPD, 2.7 mM NPKO/AA compared to release of NPKO* 
and NPAA as shown in Figure IV-9 in pH 5.0 and pH 7.4 at 37 ˚C over 11 days reported as an 
average of measurements in triplicate. *reported as average of measurements in duplicate.	
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alkoxyamine linkage in nanonetworks containing polyesters and PEG units as constitutional 

elements.   

 

IV.4 Experimental 

 

Materials 

SiliaMetS® Cysteine was purchased from Silicycle.   Spectra/Por® dialysis tubing (1kD MWCO) 

was purchased from Spectrum Labs.   SnakeSkin™ dialysis tubing (10kD MWCO) was purchased 

from ThermoFisher Scientific.  O,O'-(((oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-

diyl))bis(hydroxylamine), also referred to as bis(aminooxy)-PEG3, was purchased from 

Broadpharm.  1,4-cyclohexanedione was purchased from Tokyo Chemical Industry America.  All 

other reagents and solvents were purchased from Sigma-Aldrich and used without further 

purification unless otherwise noted.   δ-Valerolactone was purified via vacuum distillation prior to 

polymerization.   

 

Characterization 

1H and 13C NMR spectra were recorded on Bruker AV-400, JEOL ECX-400, and JEOL ECA-600 

II spectrometers.   Chemical shifts were referenced to solvent resonance signals.   Gel permeation 

chromatography (GPC) was conducted on a ToSOH EcoSEC HLC-8320GPC system equipped 

with a refractive index detector, UV-8320 detector, and TSKgel HHR columns (7.8x300mm 

G5000HHR, G4000HHR, and G3000HHR) with tetrahydrofuran (THF) as the eluent at a flow rate of 

1 mL/min.   Transmission Electron Microscopy (TEM) was performed using an JEOL 2000-FX 

microscope operated at 200kV.   Samples for transmission electron microscopy (TEM) were 
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prepared by dissolving nanoparticles (~0.5 mg) in 0.22 µm filtered acetonitrile (ACN).   The 

samples were then stained with 3 drops of 3% phosphotungstic acid monohydrate and vortexed.   

Carbon grids were prepared by dipping an Ultrathin Carbon Type-A 400 Mesh Copper Grid in the 

sample solution three times and allowing to dry at ambient temperature for 12 h.   Dynamic light 

scattering (DLS) was performed on a Malvern Zetasizer Nano system with a fixed angle of 173˚ 

at 25˚C.   All particles were measured in 0.22 µm filtered THF diluted to a concentration that 

produced the desired count rate with a low signal-to-noise ratio.   Static light scattering was 

performed using the Molecular Weight function of a Malvern Zetasizer Nano system in THF 

between 0.01-0.1 mg/mL concentrations. 

 

Synthesis of 2-Oxepane-1,5-Dione   

Procedure modified from literature.43  Meta-chloroperoxybenzoic acid (11.99 g, 54 mmol) and 

1,4-cyclohexanedione (4.0 g, 36 mmol) was dissolved in anhydrous dichloromethane (DCM) (45.5 

mL) and refluxed for 3 h.   The reaction mixture was cooled to room temperature and a white 

precipitate was removed by gravity filtration.   The precipitate was washed with excess DCM (10 

mL) to solubilize any residual product.   The organic layer was dried over anhydrous magnesium 

sulfate and dried in vacuo to collect a white solid.   Diethyl ether (10 mL) was added to the flask 

to wash and collect a white solid via vacuum filtration  (80% yield).   1H NMR (400 MHz, CDCl3): 

δ 2.70-2.73 (m, 2H); 2.81-2.85 (m, 4H); 4.42 (t, 2H) 13C NMR (600 MHz, CDCl3): δ 27.8, 38.5, 

44.6, 63.3, 173.5, 205.1 
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General Synthesis of Poly(δ-Valerolactone-2-Oxepane-1,5-Dione) (P(VL-co-OPD))   

Tin(II) trifluoromethanesulfonate (3.93 mg, 9.25 × 10-3  mmol), isoamyl alcohol (81.72 µL, , 7.5 

× 10-1 mmol), and  DCM (2.61 mL) were added to a flame dried and N2 purged flask.  δ-

valerolactone (VL, 2.57 mL, 27 mmol) and 2-oxepane-1,5-dione (OPD, 0.22 g, 1.8 mmol) were 

added at 0 °C then stirred at room temperature for 18 h.  The reaction mixture was quenched with 

excess methanol (3 mL) and a solid-support metal scavenger (SiliaMetS® Cysteine, 150 mg) was 

added and stirred for 2 h to capture tin catalyst.  The mixture was filtered via gravity filtration and 

transferred to dialysis tubing (1kD MWCO) and dialyzed against methanol (MeOH)/DCM (1:1) 

mixture for 24 h, with frequent solvent changes.  After dialysis, the solvent was removed under 

reduced pressure and product dried in vacuo to obtain a light yellow, waxy product.  (56% yield)  

1H NMR (400 MHz, CDCl3): δ 0.90 (d, 6H); 1.6-1.75 (m); 2.23-2.43 (m); 2.25-2.7 (m); 2.7-2.84 

(m); 3.4 (t); 3.65 (m); 4.0 (t); 4.3-4.4 (m).  13C NMR (600 MHz, CDCl3): δ 21.25, 27.9, 33.5, 63.8, 

173.2, 205.75 

 

General Synthesis of Ketoxime Nanoparticle (NPKO) 

P(VL-co-OPD) (4% OPD, 50 mg, 4556.20 g mol-1, 2925.14 g mol-1 keto-group, 1.71×10-5 mol) 

was dissolved in dichloromethane (5.70 mL) then added to a 50 mL round bottom flask.  O,O'-

(((oxybis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(hydroxylamine) (3.83 mg, 1.71×10-5 

mol, 1 equiv.) was dissolved in dichloromethane (0.63 mL) and added quickly to the polymer 

solution at a fast vortex.  The reaction was stirred for 2 h then immediately transferred to Thermo 

Scientific™ SnakeSkin™ 10K MWCO Dialysis Tubing.  The solution was dialyzed against 

dichloromethane for 48 h, changing the solvent 3-4 times per day.  The solvent was removed via 

rotary evaporation.  The product was dried in vacuo to yield a light tan waxy solid (80% yield).  
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1H NMR (400 MHz, CDCl3): δ 0.90 (d, 6H); 1.6-1.75 (m); 2.23-2.43 (m); 2.25-2.7 (m); 2.7-2.84 

(m); 3.4 (t); 3.65 (m); 4.0 (t); 4.3-4.4 (m).  13C NMR (600 MHz, CDCl3): δ 21.32, 25.53, 28.00, 

33.62, 63.87, 67.98, 173.30  

 

General Synthesis of Alkoxyamine Nanoparticle (NPAA)   

To ketoxime nanoparticles (50 mg) formed in situ, sodium cyanoborohydride (2.15 mg, 3.42x10-5 

mol, 2 equiv.) and a catalytic amount of saturated sodium bicarbonate solution (100 µL) were 

added directly to the reaction flask.  The reaction stirred for 2 h then was transferred to Thermo 

Scientific™ SnakeSkin™ 10K MWCO Dialysis Tubing.  The solution was dialyzed against a 1:1 

mixture of MeOH/DCM for 48 h, with 3-4 solvent changes per day.  The solution was filtered with 

a 0.45 µm filter to remove solid salt particulates and solvent was removed via rotary evaporation.  

The product was dried in vacuo to yield a light tan waxy solid (80% yield).  1H NMR (400 MHz, 

CDCl3): δ 0.90 (d, 6H); 1.6-1.75 (m); 2.23-2.43 (m); 2.25-2.7 (m); 2.7-2.84 (m); 3.4 (t); 3.65 (m); 

4.0 (t); 4.3-4.4 (m).  13C NMR (600 MHz, CDCl3): δ 21.32, 25.53, 28.00, 33.62, 63.85, 67.88, 

173.26 

 

In Vitro Nanoparticle Degradation Studies  

NPs (14% OPD, 5.4 mM, ~170 nm) were suspended in 2 mL of acetate buffer (pH 5.0) or 

phosphate buffered saline (PBS, pH 7.4) in 1 dram vials with a micro stir bar.  The vials were 

sealed and samples were continuously stirred at 37˚C.  At 48 h intervals, nanoparticles and 

degradation products were extracted with dichloromethane (3 x 3 mL).  The organic layer was 

dried over magnesium sulfate and dried in vacuo.  The degradation of particles was monitored via 
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static light scattering utilizing the Molecular Weight function of a Malvern Zetasizer Nano 

instrument.    

 

General Procedure for Encapsulation of Brefeldin A into Nanoparticles 

NPs (12.6 mg, 8% OPD, 2.7 mM, ~80 nm) were added to a 1.5 mL centrifuge tube.  Brefeldin A 

(BFA) was solubilized in DMSO and a known concentration of BFA was added to the NPs (3.15 

mg, 11.2 mmol).  Additional DMSO was added to the mixture up to a total of 50 µL.  Cell culture 

water containing 0.1% D-α-tocopherol polyethylene glycol 1000 succinate (1 mL) was added to 

the centrifuge tube and vortexed to induce BFA encapsulation.  The mixture was then centrifuged 

at 14000 RPM for 20 min.  The supernatant was decanted, fresh cell culture water (1 mL) was 

added to wash the particles and vortexed.  Centrifugation was repeated at 14000 RPM for 20 min, 

then the supernatant was decanted to remove any unincorporated drug.  Cell culture water (0.5 

mL) was added to the mixture, frozen, and lyophilized to produce BFA encapsulated nanoparticles 

(NP-BFA).  HPLC analysis confirmed encapsulation of BFA at an average of 20 wt % with 100% 

efficiency.   

 

In vitro release of Brefeldin A from Nanoparticles 

NP-BFA were weighed into a 1.5 mL centrifuge tube and 1 mL of phosphate buffered saline (PBS, 

pH 7.4) or acetate buffer (pH 5.0) was added.  The mixture was vortexed until the particles were 

suspended in the media, and then the particles were added to a 1000kD Float-a-Lyzer™ dialysis 

membrane.  The dialysis device was placed in a 50 mL centrifuge tube containing 18 mL of dialysis 

media and a small stir bar.  The centrifuge tube was submerged in a water bath at 37 ̊C and stirred, 
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and aliquots (150 µL) were removed from the dialysis media at specified time points and replaced 

with fresh media.  Aliquots were analyzed for BFA concentration via HPLC. 

 

General Synthesis of Partially Reduced Ketoxime/Alkoxyamine Nanoparticle (NPKO/AA) 

To ketoxime nanoparticles (348 mg) formed in situ, sodium cyanoborohydride (6.72 mg, 1.07x10-

4 mol, 0.5 equiv.) and a catalytic amount of saturated sodium bicarbonate solution (100 µL) were 

added directly to the reaction flask.  The reaction stirred for 2 h then was transferred to Thermo 

Scientific™ SnakeSkin™ 10K MWCO Dialysis Tubing.  The solution was dialyzed against a 1:1 

mixture of MeOH/DCM for 48 h, with 3-4 solvent changes per day.  The solution was filtered with 

a 0.45 µm filter to remove solid salt particulates and solvent was removed via rotary evaporation.  

The product was dried in vacuo to yield a light tan waxy solid (80% yield).  1H NMR (400 MHz, 

CDCl3): δ 0.90 (d, 6H); 1.6-1.75 (m); 2.23-2.43 (m); 2.25-2.7 (m); 2.7-2.84 (m); 3.4 (t); 3.65 (m); 

4.0 (t); 4.3-4.4 (m).  13C NMR (600 MHz, CDCl3): δ 21.32, 25.53, 28.00, 33.62, 63.85, 67.88, 

173.26 

 

General Nanoprecipitation Procedure for Encapsulation of Brefeldin A into NPKO/AA 

NPs (134 mg, 8% OPD, 2.7 mM, ~80 nm) were added to a 1.5 mL centrifuge tube.  Brefeldin A 

(BFA) was solubilized in dimethyl sulfoxide (DMSO) to a known concentration and then added 

to the NPs (35.2 mg, 125 mmol).  Additional DMSO was added to the mixture up to a total of 300 

µL.  The solution was dispersed equally into seven 1.5 mL centrifuge tubes.  Cell culture grade 

water containing 0.1% D-α-tocopherol polyethylene glycol 1000 succinate (1 mL) was added to 

each centrifuge tube and vortexed to induce BFA encapsulation.  The suspension was then 
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centrifuged at 14000 RPM for 20 min.  The supernatant was decanted, fresh cell culture grade 

water (1 mL) was added to the particle pellet and vortexed until particles were resuspended.  

Centrifugation was repeated at 14000 RPM for 20 min, then the supernatant was decanted to 

remove any unincorporated drug.  Cell culture grade water (0.5 mL) was added to the mixture, 

frozen, and lyophilized to produce BFA encapsulated nanoparticles (BFA-NP).  HPLC analysis 

confirmed encapsulation of BFA at an average of 42 wt % with 210% efficiency.   

 

In vitro release of Brefeldin A from NPKO/AA 

BFA-NPs (~5 mg, ~40 wt% BFA) were weighed into a 1.5 mL centrifuge tube and 1 mL 0.1M 

acetic acid-NaOAc buffer with 0.1% v/v Tween® 80 (pH 5.0) or phosphate buffered saline with 

0.1% v/v Tween® 80 (PBS, pH 7.4) was added.  The mixture was vortexed until the particles were 

suspended in the media, and then the particles were transferred to a 1000kD Float-a-Lyzer™ 

dialysis membrane.  The dialysis device was placed in a 50 mL centrifuge tube containing 18 mL 

of dialysis media and a small stir bar.  The centrifuge tube was submerged in a water bath at 37 ̊C 

and stirred, and aliquots (150 µL) were removed from the dialysis media at specified time points 

and replaced with fresh media.  BFA concentration in the aliquots was determined via HPLC at 

230 nm with isocratic gradient of 57% MeOH : 43% water.  Flow rate of 1 mL/min with run time 

of 10 min yielded a retention time of 7.5 min.   
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CHAPTER V 

 

Controlled Release of Formaldehyde from Polyglycidol and Polyacrylate 

Prodrugs for Applications in Synergistic Anti-Cancer Therapies 

 

V.1 Introduction 

The implementation of synergistic drug therapies are widely increasing due to enhanced 

therapeutic selectivity,1 efficacy and decreased toxicity,2 and potential for drug repurposing.3  

Discovery of synergistic pharmaceutic combinations has led to improved outcomes for 

traditionally difficult-to-treat diseases, such as the success of combination antiretroviral therapy 

for HIV infection4-6 and synergistic immunotherapies for cancer.7-10   Increase in drug resistance, 

immunodeficiency, and other factors that increase difficulty in treatment options have risen in 

recent decades.11-13  This changing landscape demands the advancement of complex drug delivery 

systems with single, dual, and multiple release matrices to provide increased solubilization and 

protection of pharmaceutical agents, along with combined or sequential release profiles.  Recent 

work in this field has led to the development of a multitude of biocompatible materials which can 

deliver these toxic small molecules through sustained release.  Additionally, the recent emergence 

of the use of toxic small molecules, such as carbon monoxide, nitric oxide, and formaldehyde, in 

the application of synergistic therapies has led to increased interest in the role these compounds 

have and how to best harness their utility.  Successful delivery of carbon monoxide to disrupt the 

function of mitochondria in cancer cells in order to induce apoptosis through utilization of Prussian 

Blue nanoparticles exhibited a controllable and sustained release mechanism not previously 

achieved with CO-based delivery complexes.14  Doxorubicin (DOX), an anthracycline class drug, 
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has demonstrated enhanced cytotoxicity when co-administered with formaldehyde.  Apart from its 

main mechanism of action in anticancer treatments as a topoisomerase II poison, DOX is also 

capable of other cellular actions, including the ability to form adducts with DNA.  To form the 

DNA adduct, DOX first reacts with formaldehyde to create an activated Schiff base which is then 

transformed to aminal linkage through the exocyclic amino group of guanine residues.15  However, 

for clinical use, formaldehyde, a known carcinogen, cannot be systemically delivered in high 

dosages and must be formulated in such a way to render it inert until released at the desired 

treatment location.  Leveraging the vicinal amino-alcohol of doxorubicin, Koch formed the 

formaldehyde 1:1 conjugate doxazolidine and 2:3 conjugate doxoform.16-18  These conjugates were 

found to have similar activities against breast cancer cells (MCF-7), with ~100 fold increase in 

efficacy compared to doxorubicin.17  This mechanism of action for DNA intercalation provides a 

novel approach for anticancer treatments through the combined use of doxorubicin and 

formaldehyde in a single delivery system.   

Because of its highly reactive nature, formaldehyde provides both direct access and distinct 

challenges to the development of a prodrug strategy for its combination therapy with doxorubicin.  

Polyglycidol, a traditionally hyperbranched polyol, has exhibited great biocompatibility and utility 

in biomaterials, such as anti-fouling coatings19 among others.20   While an attractive polymer 

material for a bulk or gel-based delivery matrix, hyperbranched polyglycidol does not possess a 

high level of functionality for prodrug conjugation.  Our research group has developed a method 

for synthesis of a semi-branched and functionalized polyglycidol which has increased linearity 

providing more reactive functional groups, and therefore a higher loading capacity for small 

molecule conjugations.21-22  Additionally, our research has previously demonstrated the success of 

this polymer as a matrix for the suspension of drug-loaded nanoparticles.  We hypothesized the 
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reactive functionality of polyglycidol could be exploited to conjugate formaldehyde to the polymer 

backbone through acetal linkages to produce the formaldehyde prodrug.  As these acetal linkages 

were expected to be acid-labile, we were interested in investigating the pH-responsive nature of 

these prodrugs for their application in tumor environments, known to exhibit a low pH.23-25  

 Furthermore, increasing control over architecture, molecular weight, and functionality is 

an evolving area in polymer materials.  Our interest in controlled radical polymerization (CRP) 

techniques led us to investigate the preparation of pendant-diol acrylate polymers for increased 

complexity and design control in the polymer matrix.  Recent development of water-soluble CO-

releasing polyacrylates prepared by reversible addition fragmentation chain transfer (RAFT) 

polymerization and its effective antimicrobial activity by Boyer and coworkers26 led to our interest 

in applying this concept to formaldehyde prodrugs.  Through this, we developed a novel 

polyacrylate bearing pendant diol functionality for the conjugation of formaldehyde.  We 

hypothesize that the kinetic and thermodynamic variations in the ring structure of the acetal 

formation of both diols will provide tunability in the drug release profile.  As such, we synthesized 

polyacrylates bearing both 1,2- and 1,3-diols to analyze to what extent, if any, this affected the 

release rate of formaldehyde. Lastly, nanoparticles are a practical and effective choice for 

doxorubicin encapsulation, as much of our group’s research has focused on the development of 

polyester nanoparticle drug delivery vehicles with controlled and variable sizes, network densities, 

degradation pathways, and release kinetics.27-33  Recent advancement of our polyester nanosponge 

system, utilizing oxime-click chemistry for preparing tunable nanoparticles with varied drug 

release rates was previously described.34  These particles provide an excellent carrier for 

doxorubicin in anticancer applications, as they can be tailored for pH-responsive or pH-stable 

networks.  
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Our proposed approach utilizes conjugation of formaldehyde to a macromolecular prodrug 

which dually serves as a matrix for the dispersion of DOX-loaded nanoparticles to provide a 

synergistic, controlled release dual drug delivery system (Figure V-1).  In this work, we present 

two distinct methods for the formation of polymer-based formaldehyde prodrugs.  First, a low 

molecular weight, highly viscous polyglycidol with limited formaldehyde loading yet excellent 

biological compatibility and cytotoxic efficacy in conjunction with DOX.  Second, a polyacrylate-

based prodrug with customization of kinetics through 1,2- or 1,3-diol selection, controlled 

molecular weight and copolymer functionality, and reduced viscosity for ease of purification.  

Each with their unique advantages, the combination or independent use of these materials in 

conjunction with doxorubicin-loaded nanoparticles has great promise for application in synergistic 

cancer therapies. 
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V.2 Results and Discussion 

 

V.2.1 Synthesis of Polyglycidol Formaldehyde Prodrugs 

 Polyglycidol, a semi-branched polyether bearing primary and secondary hydroxyls, 

contains terminal units with two primary alcohols in the 1,2- and 1,3-diol arrangement which can 

be leveraged to form an acid-labile acetal functionality for the conjugation of formaldehyde to the 

polymer backbone (Scheme V-1).  Polyglycidol was synthesized, according to previous work in 

our research group, through cationic ring-opening polymerization catalyzed by tin triflate.21, 35-36  

We hypothesized that the terminal diol units T1 and T2 could serve as conjugation sites for 

 

Figure V-1.  Overview of the proposed approaches for synergistic combination therapies of 
formaldehyde and doxorubicin utilizing a macromolecular formaldehyde prodrug of either 
polyglycidol or polyacrylate backbone with a doxorubicin-loaded crosslinked polyester 
nanoparticle. 
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formaldehyde through an acetal formation.  To investigate the formaldehyde conjugation to 

polyglycidol terminal diol units, formaldehyde solution (37 wt % formaldehyde in water) was 

mixed with polyglycidol in methanol followed by evaporation of solvent and free formaldehyde 

to drive the coupling reaction.   

 

Formaldehyde is traditionally a difficult molecule to work with, due to its rapid 

polymerization with itself to form oligomers and adduct formation with methanol and water, 

common solvents used for the solubilization of polyglycidol.  Fortunately, the presence of these 

byproducts can be differentiated from formaldehyde conjugated to the polymer backbone using 

NMR spectroscopy techniques, namely 1H, 13C, and heteronuclear single quantum correlation 

(HSQC) experiments.  After drying, the material was lyophilized to remove any traces of water or 

formaldehyde, then analyzed by NMR spectroscopy to determine if the acetal had formed.  

Initially, comparison of the 1H NMR spectra prior to and after formaldehyde conjugation, three 

new resonances are obvious: 4.55, 4.65, and 4.74 ppm. The product spectrum exhibited a broad 

signal at 4.74 ppm which corresponds to the resonance of acetal protons (Figure V-2).   

Additionally, the resonance at 4.55 and 4.65 ppm were attributed to the methylene protons 

present in the adduct of formaldehyde with methanol (CH3OCH2CH2OH).37   Next, we performed 

Scheme V-1.  Scheme for formaldehyde conjugation with polyglycidol and identification of 
branching units involved. 
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inverse gated (IG) 13C experiments to investigate and quantified the appearance of new carbon 

signals.  The prodrug spectrum shows three new carbon signals: 90.56, 91.07, and 91.14 ppm.  

Resonance at 91.07 and 91.14 ppm are again correlated to the formaldehyde adduct with methanol, 

which indicates the resonance at 90.56 ppm is the acetal carbon from the formaldehyde conjugate 

signal.  The presence of these adduct signals is indicative of free formaldehyde entrapped in the 

viscous polymer matrix during drying.  2D heteronuclear experiments, HSQC, were performed to 

confirm these assignments (Figure V-3).  
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Figure V-2.  1H NMR (top) and 13C-IG NMR (bottom) spectra for the polyglycidol prodrug, PG-
Acetal. In the 1H NMR, the proton resonance signal at 4.74 ppm associated with the acetal 
conjugate formation is identified (highlighted in red).  The carbon signal at 90.56 ppm 
corresponding to the acetal carbon has also been identified (highlighted in red). 
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V.2.2 Evaluation of pH Responsive Formaldehyde Release from Polyglycidol Prodrug 

 PG-acetal prodrug was suspended in acetic acid-sodium acetate buffer (pH 5.0) or 

phosphate buffered saline (PBS, pH 7.4) in a Float-a-Lyzer® dialysis device.  The dialysis device 

was submerged in a centrifuge tube containing a known amount of dialysis buffer and continually 

stirred at 37 ̊C.  Aliquots were removed from the dialysis buffer and analyzed by Purpald® 

colorimetric assay for formaldehyde concentration.  Initial concentration of formaldehyde detected 

for each release can be attributed to free formaldehyde trapped in the viscous polymer matrix 

during conjugation but not chemically bound to the polymer.  This unbound formaldehyde can be 

detected by 1H and 13C NMR analysis, and was calculated to be 1.2 wt %, or approximately 27% 

of the total formaldehyde in the sample for pH 5 and approximately 48% for pH 7.4.  Release of 

formaldehyde in pH 5.0 exhibited a controlled release over 14 days compared to pH 7.4 in which 

 

Figure V-3.  HSQC NMR spectrum for polyglycidol prodrug to confirm 1H and 13C assignments. 
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very low amounts of formaldehyde release was observed (Figure V-4).  The burst release exhibited 

in the first six hours of assay is attributed to the free formaldehyde.  The prodrug in pH 5 reached 

90% of formaldehyde released in 12 days.  These data indicate the acetal linkage is quite stable in 

neutral conditions, and can be triggered for release upon increase in acidity, which is advantageous 

for our application as anticancer treatments due to the known acidity of tumor extracellular matrix 

(pHe).23-25  

 

 

 

Figure V-4.   Cumulative release profile for formaldehyde from polyglycidol prodrug, PG-Acetal, 
in pH 5 and 7.4 at 37 ̊C over 14 days demonstrating a pH-responsive release profile for the acetal 
and little to no release in neutral conditions. Values are averages of measurements in triplicate. 
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V.2.3 In Vitro Evaluation of Synergistic Effect for Improved Cytotoxicity of 4T1 Cells using 

Polyglycidol-based Prodrugs  

As this prodrug is intended for use along with an anthracycline drug for synergistic therapy, 

we investigated the action of this construct in vitro.  Preliminary data from our collaboration with 

the McCullough Research Group (Oregon Health and Science University) provided promising in 

vitro results for the efficacy of the prodrug-doxorubicin combination matrix against MCF-7 breast 

cancer cells.38  To confirm these results, we performed in vitro evaluation of the prodrug material 

in combination with free doxorubicin using 4T1 mouse breast cancer cells.  Free doxorubicin was 

used as a starting point to test whether an increase in apoptosis of the cancer cells could be observed 

by the addition of the prodrug.  4T1 cells were seeded into a 96-well plate and then incubated for 

24 hours with either free doxorubicin, doxorubicin plus free formaldehyde (formalin solution), or 

doxorubicin plus the PG-acetal prodrug. The concentration of doxorubicin was 0.1 μg/mL and the 

concentration of formaldehyde was 0.01 μg/mL for all cases.  Treatment was incubated with cells 

for 24 hours, where then the cytotoxicity was measured against a control (cells without treatment) 

using a colorimetric cell viability assay.  The results of the viability assay shown in Figure V-5 

demonstrate that the combination of doxorubicin with the polyglycidol formaldehyde prodrug is 

in fact the most efficacious combination for the killing of the cancer cells.   

Future steps for in vitro evaluation of this prodrug concept will involve the administration 

of the prodrug containing a suspension of doxorubicin-loaded nanoparticles to closer match the 

intended delivery method as described previously.  Partially reduced ketoxime/alkoxyamine 

nanoparticles have been successfully loaded with doxorubicin to a loading capacity of 17 wt% and 

are poised to be tested in conjunction with the PG-acetal prodrug for action against 4T1 cells. 
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V.2.4 Synthesis of Aminooxy Polyglycidol Formaldehyde Prodrug 

 Due to the positive results exhibited by PG-acetal prodrug, we sought to continue our work 

with polyglycidol-based prodrugs.  However, the low molecular weight and limited terminal units 

of the polyglycidol available for formaldehyde conjugation made it difficult to achieve higher 

formaldehyde loading necessary for practical clinical use, so we began investigating another 

potential formaldehyde prodrug using a functionalized polyglycidol that possessed increased 

reactive functionality.  In addition to forming adducts with diol to form acetal, formaldehyde is 

anticipated to react with aminooxy groups to form an aldoxime bond.  Previous work in our lab 

has led to the development of an aminooxy-functionalized polyglycidol (P(GAO-co-G) which can 

be prepared with 15-70% aminooxy functionality.22  This functionalized polymer provides 

 

Figure V-5.   Cell viability of 4T1 cells to evaluate efficacy of DOX + PG-Acetal combination 
compared to DOX and DOX + formaldehyde.  Analysis determined the cell killing was 
approximately 11-fold higher with the co-administration of DOX + PG-Acetal than DOX and free 
formaldehyde.  These results indicate the utility of the sustained release prodrug system as a 
formaldehyde releasing agent for the improved efficacy of doxorubicin against cancer cells.  
Values are averages of measurements in triplicate. 
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potential versatility for variable loading of formaldehyde.  P(GAO-co-G) containing 67% aminooxy 

was reacted with 37 wt% formaldehyde solution and characterized by NMR as previous with PG-

Acetal.  Figure V-6 illustrates the 1H and 13C-IG NMR spectra of P(GAO-co-G)-Oxime.  As seen, 

there are two distinct resonance signals for the oxime protons observed at 6.52 and 7.07 ppm.  The 

13C-IG spectrum exhibits the oxime carbon resonance at 140 ppm, the furthest downfield signal 

due to its electronegative environment.  Similar to the PG-Acetal, the HSQC spectrum confirms 

the initial assignments.   
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Figure V-6.   1H (top), 13C-IG (middle), and HSQC (bottom) NMR spectra for P(GAO-co-G)-
Oxime indicating aldoxime proton resonance signals at 6.52 and 7.07 ppm corresponding to the 
single carbon resonance at 140 ppm in the 13C NMR spectrum (highlighted in red). 
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V.2.5 Evaluation of pH Responsive Formaldehyde Release from Aminooxy-Functionalized 

Polyglycidol Prodrug 

 Analyzing the release of formaldehyde from aminooxy-functionalized polyglycidol 

prodrug proved to have multiple challenges.  Following formaldehyde conjugation and removal of 

solvent, the material became insoluble in organics or aqueous solvent and could only be solubilized 

through the addition of strong acid.  We hypothesized that the unreacted aminooxy functionalities 

present on the polymer were contributing to strong intra- and intermolecular hydrogen bonding 

which formed a gel-like material.  Due to the acid-labile nature of the aldoxime bond, the addition 

of strong acid led to rapid hydrolysis of the formaldehyde from the polymer, reversing the prodrug.  

Since we attributed this gelation to the hydrogen bonding from unreacted aminooxy functionalities, 

we increased the equivalents of formaldehyde to aminooxy so that there was a large excess (~50 

equiv.) of formaldehyde.  However, the disadvantage of this approach was a large amount of free 

formaldehyde became entrapped in the viscous matrix during the drying procedure.  Fortunately, 

we were able to isolate the free formaldehyde resonance in the 1H NMR so it is quantifiable, and 

the release assay can be adjusted for the free formaldehyde.   

Following the protocol described above for the PG-Acetal prodrug, P(GAO-co-G)-Oxime 

prodrug was added to Float-a-Lyzer® dialysis device and suspended in 18 mL of release media, 

either sodium acetate-acetic acid buffered to pH 5 or PBS buffered to pH 7.4.  Aliquots of 100 µL 

were removed from the release media and replaced with fresh media.  The concentration of 

formaldehyde was analyzed by the Purpald® colorimetric assay.  Unfortunately, the analysis of 

formaldehyde concentration in release solution from both acidic and neutral conditions exhibited 

almost no release of conjugated formaldehyde from the prodrug (Figure V-7).  Calculations from 

the 13C-IG NMR determined this material contains 6.6 wt % formaldehyde bound as an oxime  
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adduct and 35.7 wt % of the product is the result of formaldehyde adducted to methanol, which as 

before will be an important practical consideration when analyzing the release profile of the 

formaldehyde from this prodrug construct.  As multiple branching units in this polymer will have 

amino-oxy functional groups, there is no standard in the 13C-IG NMR as there was for the acetal 

linked prodrug to determine a reaction efficiency. However, the 1H NMR can provide an estimate 

by comparing the signal for the backbone protons to that of the oxime protons. Comparison of 

these integrals demonstrates a 35.2 mol % loading of the formaldehyde onto the backbone. As the 

precursor was calculated to have a 67 mol % content of amino-oxy group which indicates a reaction 

efficiency of 52.6%.  The free formaldehyde trapped in the prodrug matrix was determined to be 

 

Figure V-7.   Cumulative release of formaldehyde from P(GAO-co-G)-Oxime in pH 5 and 7.4 at 
37 ̊C over 14 days.  Values are averages of measurements in triplicate. 
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approximately 35.7%.  We attributed this lack of release to the strong hydrogen bonding 

capabilities of the aminooxy functionalities.  Through this, we determined the aminooxy-

functionalized polyglycidol prodrug was not a suitable approach to the prodrug matrix as we had 

anticipated.  

 

V.2.6 Increasing Control over Formaldehyde Loading using Tunable Linear Polyacrylate 

Prodrug Scaffolds 

 While we have achieved controlled, pH responsive release using the polyglycidol prodrug 

platform, the low molecular weight coupled with low abundance of terminal units for conjugation 

significantly limits the formaldehyde loading possible with the polyglycidol matrix.  We were 

encouraged with the increased formaldehyde loading achieved by the development of our P(GAO-

co-G)-oxime prodrug.  However, the difficulty of synthesis and analysis of the aminooxy-

functionalized prodrug, due to the strong hydrogen bonding from aminooxy functionalities causing 

gelation, led us to determine it is not a viable or practical delivery matrix.  In an effort to develop 

a polymer with a variable diol incorporation which could be utilized for tunable formaldehyde 

loading, linear polyacrylates bearing 1,3- and 1,2-diols were prepared at varying ratios of diol and 

a range of molecular weights to demonstrate the tailorability of the proposed prodrug matrix.   

 

V.2.7 Synthesis of Poly(Methoxy PEG Acrylate-co-1) (P(MPEGA-co-1)) 

First, a protected diol was synthesized by formation of acetonide with a propionic acid and 

dimethoxypropane catalyzed by p-toluenesulfonic acid (PTSA).  The acetonide carboxylic acid 

was then dehydrated to form the anhydride by N,N'-dicyclohexylcarbodiimide (DCC) coupling.  

The functionalized acrylate was then prepared by esterification of the anhydride with hydroxyethyl 
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acrylate to afford 1,3-protected diol acrylate (1,3-PDA).  Methoxy polyethylene glycol acrylate 

(MPEGA) was chosen as a comonomer due to its hydrophilicity and viscosity, two properties ideal 

in the final polymer matrix.  Copolymers with molar ratios of 80:20 and 60:40 (MPEGA:1,3-PDA) 

with a target MW of 10K gmol-1 were prepared by thermal initiated reversible addition 

fragmentation chain transfer (RAFT) polymerization (Scheme V-2).  The RAFT agent, (2-(n-

butyltrithiocarbonate)-propionic acid, BTPA) was chosen as the chain transfer agent (CTA) due to 

its ability to polymerize a wide variety of acrylate monomers.   

 

In the 1H NMR spectrum seen in Figure V-8, the integration of the methyl protons of the 

CTA were set to 3.00 as an internal standard against the integrations of the methyl proton 

resonances for 1 and MPEGA to determine conversion of monomer and molecular weight (19 % 

1, 81 % MPEGA, Mn = 12,337 g mol-1).  Gel permeation chromatography (GPC) was used to 

further characterize the polymer (Mn = 11,100 g mol-1, Mw = 12,400 g mol-1, Đ = 1.11, Figure V-

9) and confirm the accuracy of the NMR integrations.  The narrow dispersity (Mn/Mw) indicates 

good control over polymerization of the acetonide monomer using BTPA.  The polymer was then 

subjected to trifluoroacetic acid to deprotect the acetonide and afford the reactive 1,3-diol.   

Scheme V-2.   Synthesis scheme of P(MPEGA-co-1) and subsequent deprotection to afford the 
reactive 1,3-diol for formaldehyde conjugation. 
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Figure V-9.   GPC trace of P(MPEGA-co-1) in DMF with LiBr (0.1% v/v) at 60 ̊ C with 1 mL/min 
flow rate. 

 

 

Figure V-8.   1H NMR (600 MHz) spectrum of P(MPEGA-co-1).  
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V.2.8 Synthesis of Poly(Methoxy PEG Acrylate-co-Solketal Acrylate) (P(MPEGA-co-SA)) 

Additionally, we were interested in exploring the pH responsive behavior of a 5-membered 

acetal in comparison to the 6-membered structure studied previously. Therefore, in a similar 

synthetic scheme as for P(MPEGA-co-1), we prepared a polymer containing a protected 1,2-diol. 

First, the protected diol was synthesized by formation of acetonide with a glycerol and acetone 

catalyzed by p-toluenesulfonic acid (PTSA) to form solketal.  Solketal was then esterified with 

acroloyl chloride to afford the 1,2-protected diol acrylate (1,2-PDA).  Methoxy polyethylene 

glycol acrylate (MPEGA) was chosen as a comonomer due to its hydrophilicity and viscosity, two 

properties ideal in the final polymer matrix.  1,2-PDA was copolymerized with MPEGA in molar 

ratios of 80:20 and 60:40 (MPEGA:1,2-PDA) with a target MW of 10K gmol-1 by RAFT 

polymerization (Scheme V-3).  Again, we used the methyl protons of the CTA set to 3.00 as an 

internal standard for determining the monomer conversion and molecular weight of the polymer 

(21 % SA, 79 % MPEGA, Mn = 10,063 g mol-1, Figure V-10).  Gel permeation chromatography 

(GPC) was used to further characterize the polymer (Mn = 10,700 g mol-1, Mw = 12,500 g mol-1, Đ 

= 1.17, Figure V-11).  The polymer was then subjected to trifluoroacetic acid to deprotect the 

acetonide and afford the reactive 1,2-diol.   

Scheme V-3.   Synthesis scheme of P(MPEGA-co-SA) and subsequent deprotection to afford the 
reactive 1,2-diol for formaldehyde conjugation. 
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Figure V-10.   1H NMR (600 MHz) of P(MPEGA-co-SA). 

 

Figure V-11.   GPC trace of P(MPEGA-co-SA) in DMF with LiBr (0.1% v/v) at 60 ˚C with 1 
mL/min flow rate. 
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V.2.9 Preparation of Polyacrylate-based Formaldehyde Prodrugs 

To attach formaldehyde to the polymer to form the prodrug, formaldehyde solution was 

mixed with polymer at a ratio of 50 equiv. formaldehyde:1 equiv. diol.  A large excess of 

formaldehyde was used due to the propensity for formaldehyde to form solvent adducts and 

oligomerize which precludes it from forming the acetal with the polymer.  The formaldehyde-

polymer solution was mixed for 2 h at room temperature followed by two cycles of rotary 

evaporation to remove solvent.  The prodrug was then placed under vacuum for 2 h to remove 

trace amounts of organic solvents.  As the acetal protons are in the same 1H region and shifted 

slightly upfield from free formaldehyde signals, it can be difficult to distinguish the acetal protons 

from unreacted formaldehyde remaining in solution.  In order to remove the oligomerized 

formaldehyde remaining after vacuum drying, the mixture was solubilized in cell culture grade 

water and diluted to approximately 10 mg/mL and transferred to 3K MWCO centrifugal filters and 

centrifuged at 14K RPM for 40 min to remove excess formaldehyde oligomers.  The filtrate was 

discarded, and the material collected in cell culture grade water and lyophilized.  The conjugated 

material was characterized via 1H and 13C NMR as well as heteronuclear single quantum 

correlation (HSQC) spectroscopy.  HSQC provides identification of the acetal protons and their 

corresponding carbon which shifts to ~90 ppm after conjugation.  As seen in the top of Figure V-

12, the proton resonance at 4.75 ppm correlates to the carbon resonance at 90.56 ppm for 

P(MPEGA-co-1).  The bottom of Figure V-12 shows the HSQC spectrum for P(MPEGA-co-SA) 

where there is an overlapping proton signal at 4.70 ppm for 89 and 90.56 ppm, as well as two 

additional proton shifts for 90.56 ppm at 4.63 and 4.53 ppm.  This separation in resonances is 

attributed to the differences in the proton chemical environment exo- and endo- to the oxygens in 

the ring. 
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V.2.10 Evaluation of pH Responsive Formaldehyde Release from Acrylate Prodrugs 

The prodrugs were suspended in acetic acid-NaOAc buffer (pH 5.0) or phosphate buffered 

saline (PBS, pH 7.4) in a Float-a-Lyzer® dialysis device.  The dialysis device was submerged in 

a centrifuge tube containing a known amount of dialysis buffer and continually stirred at 37 ̊C.  

Aliquots were removed from the dialysis buffer and analyzed by colorimetric assay for 

 

Figure V-12.   HSQC spectra of P(MPEGA-co-1) (top) with inset of acetal proton signal and 
P(MPEGA-co-SA) (bottom) with inset of acetal signal. 
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formaldehyde concentration to determine cumulative formaldehyde released over time for each of 

the prodrugs in acidic and neutral environments (Figure V-13).  Release of formaldehyde in pH 

5.0 exhibited a controlled release over 7 days with a total release of ~75% of formaldehyde 

compared to pH 7.4 in which a small amount (~14%) of formaldehyde was released for P(MPEGA-

co-1).  Interestingly, the release rate of formaldehyde from the 1,3-diol appears to have a slightly 

faster rate of release and achieved more total release.  In these initial experiments, it is difficult to 

determine if these differences are significant or attributed to experimental error in detection of 

formaldehyde in the colorimetric assay.  Future work to determine reproducibility of these results 

in triplicate will be conducted.  Nevertheless, these results are promising as they indicate the acetal 

linkage from the polyacrylate backbone is quite stable in neutral conditions and can be triggered 

for release upon increase in acidity.  

 
Figure V-13.   Cumulative release of formaldehyde from P(MPEGA-co-1) (red square) and 
P(MPEGA-co-SA) (blue circle) in pH 5 (dotted line) and 7.4 (solid line) at 37 ˚C over 11 days.  
Values are averages of measurements in duplicate. 
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V.2.11 Preparation of Doxorubicin-Loaded Partially Reduced Ketoxime/Alkoxyamine 

Nanoparticles 

 Lastly, we chose to analyze the effect of pH on the release of doxorubicin from crosslinked 

polyester nanoparticles.  We developed these nanoparticles to be highly tunable yet practical drug 

delivery vehicles for the encapsulation of small molecule hydrophobic drugs.  Prepared through 

oxime click chemistry and partially reduced to a more stable alkoxyamine bond, these particles 

exhibit a varied degradation and drug release profile.34  Briefly, ketone-bearing copolymer, poly(δ-

valerolactone-co-2-oxepane-1,5-dione) (P(VL-OPD)), was synthesized to a ketone functionality 

of 8 mol %.  The nanoparticles were synthesized through crosslinking with a bisaminooxy 

functionalized PEG at a concentration of 2.7 mM ketone to produce nanoparticles with dimensions 

of ca. 80 nm.  After formation of nanoparticles, reducing agent was added to partially reduce the 

ketoxime crosslinks to alkoxyamine bonds.  The partial reduction of the crosslink chemistry 

provides a tailored degradation and drug release profile.   

Doxorubicin was encapsulated into the nanoparticles through a developed 

nanosolubilization technique.  Nanoparticles and doxorubicin were mixed together with minimal 

organic solvent (DMSO).  Water containing 1 wt% D-α-tocopherol polyethylene glycol 1000 

succinate was added to the solution quickly and mixed vigorously.  The material was centrifuged 

to collect the particle pellet, then washed with excess water and lyophilized to produce DOX-

loaded nanoparticles. 

  

 

 



	 	
	  

154 
 

V.2.12 In Vitro Release of Doxorubicin from Partially Reduced Ketoxime/Alkoxyamine 

Nanoparticles 

 DOX-loaded nanoparticles were suspended in either sodium acetate-acetic acid buffer (pH 

5) or PBS (pH 7.4) containing 0.1% v/v Tween-80 as a surfactant.  Tween-80 is a common 

surfactant used for in vitro release assays for drugs with poor water solubility, as it promotes 

suspension of the drug in the release media and increases release profile accuracy when aligned 

with true physiological conditions.39-41  We again utilized the Float-a-Lyzer® dialysis method, 

where DOX-loaded nanoparticles were suspended in release buffer and transferred to a 1 mL 

dialysis pod.  The pod was placed in 18 mL of release media inside a large centrifuge tube, and at 

specified time points, 100 µL aliquots were removed from the sink and replaced with fresh buffer.  

The cumulative drug concentration of each aliquot was analyzed by HPLC.  Figure V-14 

illustrates the release profile of the DOX-loaded nanoparticles in acidic and neutral conditions.   

Interestingly, the cumulative drug released from particles at pH 7.4 is very low, indicating 

this environment is not favorable for drug release of this system.  In contrast, the release of DOX 

at pH 5 reaches 50% in the first 48 hours and proceeds to level at ~70% drug released after 4 days.  

It is apparent from these results that some further work is needed to continue optimization of the 

doxorubicin drug delivery method, however these are promising results for the synergistic release 

of doxorubicin and formaldehyde in cancer therapies, as the pH-responsive release of DOX-loaded 

nanoparticles complements the pH-responsive formaldehyde release from the polymer matrix.   
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V.3 Conclusion 

 We have successfully synthesized four distinct polymer materials which can be prepared 

at a range of molecular weights and functionalization percentages for controlled formaldehyde 

loading.  Polyglycidol and aminooxy polyglycidol were prepared at low molecular weights (~2kD) 

and formaldehyde was conjugated to form the acetal and oxime prodrugs.  These materials were 

extensively characterized by NMR spectroscopy and evaluated for their in vitro release of 

formaldehyde.  A pH-responsive release mechanism was exhibited, and additionally, cell viability 

experiments with PG-Acetal demonstrated an improved efficacy of doxorubicin cytotoxicity by 

almost 11-fold against 4T1 cells.  Challenges presented by the gelation of the aminooxy 

 

Figure V-14.   Cumulative release of doxorubicin from polyester ketoxime/alkoxyamine 
nanoparticles in pH 5 (blue square) and 7.4 (red circle) at 37 ˚C over 9 days.  Values are averages 
of measurements in triplicate. 
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polyglycidol precursor and its prodrug led the development of another polymer backbone which 

possesses increased practicality and functionality.  These polymers proceeded with a practical 

RAFT polymerization technique and were prepared at precise and controlled molecular weights of 

approximately 10kD and 20kD.  Formaldehyde was successfully conjugated to these polyacrylate-

based polymers containing both 1,2- and 1,3-diols and further characterized by NMR 

spectroscopy.  Furthermore, doxorubicin loaded nanoparticles were prepared and evaluated for 

their in vitro release of drug in pH 5 and 7.4 release media.  The results indicate an increased 

release rate of doxorubicin in acidic media, a complementary release profile to that of the prodrugs.  

Future work will proceed with the evaluation of the polyacrylate formaldehyde prodrugs cell 

viability alone and in conjunction with doxorubicin-loaded nanoparticles and its efficacy towards 

4T1 cells.  These materials possess great potential for the synergistic controlled release of 

formaldehyde and doxorubicin as anticancer treatments.  

 

V.4 Experimental 

 

Materials 

All reagents were purchased from MilliporeSigma, Tokyo Chemical Industry America, or Fisher 

Scientific and used without further purification unless otherwise specified.  Methoxy PEG acrylate 

was passed through column of inhibitor remover prior to polymerization.  Spectra/Por® dialysis 

tubing (MWCO = 1000 Da) and Float-a-Lyzer® (MWCO = 0.1-0.5 kDa) were purchased from 

Spectrum Laboratories Inc.  2-(n-butyltrithiocarbonate)-propionic acid was prepared according to 

literature.   
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Characterization 

1H and 13C NMR spectra were recorded on Bruker AV-I 400, Bruker AV-III 600 MHz, JEOL 

ECX-400, and JEOL ECA-600 II spectrometers.   Chemical shifts were referenced to solvent 

resonance signals.   Gel permeation chromatography (GPC) was conducted on a ToSOH EcoSEC 

HLC-8320GPC system equipped with a refractive index detector, UV-8320 detector, and TSKgel 

HHR columns (7.8x300mm G5000HHR, G4000HHR, and G3000HHR) with N-dimethylformamide 

(DMF) as the eluent at a flow rate of 1 mL/min.  High performance liquid chromatography (HPLC) 

analysis of drug concentration was conducted using a ThermoFisher Ultimate 3000 HPLC system 

and Phenomenex column (Luna 5µ C8(2) 100Å, 150 x 4.6 mm, 5µm) with a gradient solvent 

system of 100% A to 30% A:70% B over 12 min.  Solvent A was water with 1% trifluoracetic acid 

(TFA), and solvent B was 90% acetonitrile/10% water with 1% TFA.  The column was maintained 

at 35 ̊C and the absorbance was measured at 475 nm.   

 

Synthesis of Polyglycidol (PG) 

Under nitrogen atmosphere, tin(II) trifluoromethanesulfonate (9.1 mg, 21 µmol) and isoamyl 

alcohol (90.76 µL, 0.833 mmol) were added to a 25 mL round bottom flask.  Glycidol (4.5 mL, 67 

mmol) was added dropwise at 0 °C in portions over 20 min.  The reaction was allowed to warm to 

room temperature and stirred 18 h until reaction mixture viscosity prohibited stirring. MeOH (5 

mL) was added and the polymer was precipitated in ethyl acetate (2x) and dried in vacuo. (4.6 g, 

91%, Mn = 1.6 kDa, Mw = 4.7 kDa, Ɖ = 2.89). 1H NMR (600 MHz, MeOD) δ: 0.92 (6H, d, CH3), 

1.48 (2H, q, CH2), 1.72 (1H, m, CH), 3.39-3.98 (5H, m, CH2CHCH2). 13C-IG NMR (150 MHz, 

MeOD) δ: 61.3, 61.8, 63.0, 69.3, 69.6, 70.5-71.9, 72.6, 78.6, 80.1, 81.8. 
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Synthesis of Polyglycidol Formaldehyde Prodrug (PG-Acetal) 

PG (500 mg, 480 µmol) was dissolved in MeOH to a concentration of 250 mg/mL and transferred 

to a 6-dram vial equipped with a stir bar. A 37% formaldehyde solution (214 μL, 2.881 mmol, 6.0 

eq) was added to the reaction vial, and the mixture was stirred at room temperature for 1 hour. 

Methanol was removed via rotary evaporation and water was removed via lyophilization. 1H NMR 

(600 MHz, MeOD) δ: 0.92 (6H, d, CH3), 1.48 (2H, q, CH2), 1.72 (1H, m, CH), 3.39-3.98 (5H, m, 

CH2CHCH2), 4.74 (2H, s, CH2). 13C-IG NMR (150 MHz, MeOD) δ: 61.3, 61.8, 63.0, 69.3, 69.6, 

70.5-71.9, 72.6, 78.6, 80.1, 81.8, 90.6. 

 

Synthesis of Aminooxy-Functionalized Polyglycidol (P(GAO-co-G)) 

To a 250 mL round bottom flask under argon, a solution of polyglycidol (Mn = 2067 gmol-1, 4.16 

g, 2 mmol) in N-dimethylformamide (DMF, 31 mL) was added.  N-hydroxyphthalimide (5.29 g, 

32 mmol) followed by triphenyl phosphine (8.52 g, 32 mmol) was added.  Diisopropyl 

azodicarboxylate (6.32 mL, 32 mmol) was then added dropwise at 0 ̊C.  The mixture was allowed 

to warm to RT and stirred for 24 h.  The reaction was concentrated under reduced pressure and 

reconstituted in DCM then precipitated twice in ethyl acetate:ether (1:1) to obtain an off-white 

solid.  (5 g, 70%, G = 61%, GNOP = 39%). 1H NMR (400 MHz, d-DMSO) δ: 0.92 (6H, d, CH3), 

1.48 (2H, q, CH2), 1.72 (1H, m, CH), 3.08-4.29 (5H, m, CH2CHCH2), 4.29-5.09 (1H, m, OH), 

7.51-7.88 (4H, m, CH) 

N-oxyphthalamide-functionalized polyglycidol was solubilized in tetrahydrofuran (THF, 75 mL) 

and added to a 250 mL round bottom flask equipped with stir bar and argon balloon.  MeOH (75 

mL) followed by an excess of hydrazine (2.23 mL, 71 mmol) was added and stirred for 18 h.  The 

reaction mixture was filtered through 0.45 µm PTFE filter to remove while solid byproduct and 
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the filtrate solvent evaporated.  The residual solid was resuspended in MeOH and filtered again.  

The filtrate was transferred to dialysis tubing (MWCO = 1000 Da) and dialyzed against water for 

6 h then methanol for 18 h.  After dialysis, the product was concentrated and dried in vacuo. (1.01 

g, 33%, G = 61%, GAO = 39%). 1H NMR (600 MHz, MeOD) δ: 0.87 (6H, d, CH3), 1.42 (2H, q, 

CH2), 1.66 (1H, m, CH), 3.45-4.28 (5H, m, CH2CHCH2). 13C-IG NMR (150 MHz, MeOD) δ: 63.8, 

69.3, 70.2, 71.7, 73.2, 76.3, 77.5, 78.2, 79.1 

 

Synthesis of Aminooxy-Functionalized Polyglycidol Formaldehyde Prodrug ((P(GAO-co-G))-

Oxime) 

Aminooxy polyglycidol (150 mg, 51.9 μmol, 1.0 eq) was dissolved in methanol to a concentration 

of 37.5 mg/mL and transferred to a 6-dram vial equipped with a stir bar. A 37% formaldehyde 

solution (269.6 μL, 3.624 mmol, 7.2 eq/oxime) was added to the reaction vial, and the mixture was 

stirred at room temperature for 1 hour. Methanol was removed via rotary evaporation and water 

was removed via lyophilization. 1H NMR (600 MHz, MeOD) δ: 0.87 (6H, d, CH3), 1.42 (2H, q, 

CH2), 1.66 (1H, m, CH), 3.45-4.28 (5H, m, CH2CHCH2), 6.51 (1H, s, CH2), 7.07 (1H, s, CH2). 13C-

IG NMR (150 MHz, MeOD) 13C-IG NMR (150 MHz, MeOD) δ: 64.5, 70.0, 70.6, 71.2, 72.5, 73.9, 

74.7, 76.1, 77.9, 79.1, 79.8, 139.0 

  

Synthesis of Solketal 

Glycerin (15 g, 0.163 mol), PTSA (2.3 mmol), anhydrous acetone (44 mL), and hexanes (44 mL) 

were added to a reaction flask over 4 Å molecular sieves.  The reaction was refluxed for 12 h and 

sieves were removed by gravity filtration.  The product was concentrated, solubilized in ether, and 
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decanted to purify.  (9.7 g, 45%) 1H NMR (600 MHz, CDCl3) δ: 1.34 (3H, s, CH3), 1.41 (3H, s, 

CH3), 3.56 (1H, q, CH), 3.73 (2H, m, CH2), 4.00 (1H, q, CH2), 4.2 (1H, q, CH2) 

 

Synthesis of Solketal Acrylate 

Under nitrogen atmosphere, solketal (9.2 g, 0.07 mol) and TEA (9.73 mL, 0.07 mol) were added 

to DCM (140 mL).  Acryloyl chloride (5.64 mL, 0.07 mol) was added to the reaction slowly at 0  

̊C.  The reaction proceeded at room temperature for 6 h.  The product was washed with sat. sodium 

bicarbonate solution and DI water.  The product was purified by column chromatography with 

ethyl acetate:hexane mixture (1:2) as eluent.  (3.861 g, 30%) 1H NMR (600 MHz, CDCl3) δ: 1.37 

(3H, s, CH3), 1.43 (3H, s, CH3), 3.76 (1H, m, CH), 4.09 (1H, m, CH2), 4.17 (1H, m, CH2), 4.2 (1H, 

m, CH2), 4.36 (1H, m, CH2), 5.87 (1H, dd, HC=CH2), 6.16 (1H, m, HC=CH2), 6.44 (1H, dd, 

C=CH2) 

 

General Procedure for Synthesis of Poly(Methoxy PEG Acrylate-co-Solketal Acrylate) 

(P(MPEGA-co-SA)) 

To a sealed 1 dram vial, solketal acrylate (100 mg, 0.595 mmol), methoxy PEG acrylate (1.03 g, 

2 mmol), 2-(n-butyltrithiocarbonate)-propionic acid (BTPA, 27.6 mg, 0.116 mmol), and 

azobisisobutyronitrile (AIBN, 1.9 mg, 12 µmol) were dissolved in degassed DMSO in a 1:1 

monomer:DMSO ratio, and the mixture was degassed for 20 min.  The reaction was heated at 65 

̊C for 7 h then transferred to dialysis tubing (MWCO = 1000 Da) and dialyzed against 1:1 mixture 

DCM:MeOH for 24 h.  (1.12 g, 98%, Mn = 12 kDa, Mw = 13.9 kDa, Ɖ = 1.15, MPEGA = 80%, SA 

= 20%) 1H NMR (600 MHz, CDCl3) δ: 0.93 (3H, t, -S(CH2)3CH3),  1.39 (6H, d, CH3), 1.63 (s,  
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CH), 1.90 (s, CH), 2.29 (s, CH), 3.37 (s, -OCH3), 3.55 (t, -O=COCH2-), 3.64 (s, -OCH2CH2O-), 

4.15 (s, -O=COCH2-), 4.23 (s, -O=COCH2-), 4.31 (s, -O=COCH2-) 

 

Synthesis of 2,2,5-Trimethyl-1,3-Dioxane-5-Carboxylic Acid  

Under nitrogen atmosphere, 2,2-bis(hydroxymethyl)propionic acid (15 g, 0.111 mol) and 2,2-

dimethoxypropane (24.35 mL, 0.198 mol) were dissolved in anhydrous acetone (75 mL).  p-

toluenesulfonic acid monohydrate (PTSA, 1.065 g, 5.6 mmol) was added and stirred for 18 h.  

Triethylamine (TEA, 0.75 mL, 5.4 mmol) was added and stirred for 5 min.  The concentrated 

product was washed with DI water and extracted with dichloromethane (DCM).  The product was 

dried over magnesium sulfate (MgSO4) and dried in vacuo. (10.52 g, 54%) 1H NMR (600 MHz, 

CDCl3) δ: 1.21 (3H, s, CH3), 1.37 (3H, s, CH3), 1.42 (3H, s, CH3), 3.67 (2H, d, -OCH2), 4.19 (2H, 

d, -OCH2) 

 

Synthesis of 2,2,5-Trimethyl-1,3-Dioxane-5-Carboxylic Anhydride 

2,2,5-Trimethyl-1,3-dioxane-5-carboxylic acid (10.52 g, 0.06 mol) was dissolved in DCM (42 

mL).  N,N’-Dicyclohexylcarbodiimide (6.22 g, 0.03 mol) was added to the reaction slowly and 

stirred for 18 h.  The precipitate was removed by filtration and the concentrated product was kept 

at -20 ̊C overnight and filtered to remove precipitate then dried in vacuo. (8.5 g, 81%) 1H NMR 

(600 MHz, CDCl3) δ: 1.21 (6H, s, CH3), 1.37 (6H, s, CH3), 1.42 (6H, s, CH3), 3.67 (4H, d, -OCH2), 

4.19 (4H, d, -OCH2) 

 

 

 



	 	
	  

162 
 

Synthesis of 2-(Acryloyloxy)Ethyl 2,2,5-Trimethyl-1,3-Dioxane-5-Carboxylate 

Under nitrogen atmosphere, 2,2,5-trimethyl-1,3-dioxane-5-carboxylic anhydride (8.5 g, 0.026 

mol), 4-(dimethylamino)pyridine (157.16 mg, 0.001 mol), TEA (3.59 mL, 0.026 mol), and DCM 

(187 mL) were added to a reaction flask.  2-Hydroxyethyl acrylate (2.96 mL, 0.026 mol) was added 

slowly and stirred for 18 h.  The concentrated product was washed with sat. sodium bicarbonate 

solution (2x) and dried over MgSO4.  Product was kept at 8 ̊C overnight and precipitate removed 

by filtration.  (8.3 g, 61%) 1H NMR (600 MHz, CDCl3) δ: 1.21 (3H, s, CH3), 1.37 (3H, s, CH3), 

1.42 (3H, s, CH3), 3.67 (2H, d, -OCH2), 4.19 (2H, d, -OCH2), 5.86 (1H, dd, HC=CH2), 6.16 (1H, 

m, HC=CH2), 6.44 (1H, dd, C=CH2) 

 

General Procedure for Synthesis of Poly(Methoxy PEG Acrylate-co-1) (P(MPEGA-co-1)) 

To a sealed 1 dram vial, 1 (511.6 mg, 1.2 mmol), methoxy PEG acrylate (1.33 g, 2.7 mmol), BTPA 

(44.6 mg, 0.18 mmol), and AIBN (3.6 mg, 22 µmol) were dissolved in degassed DMSO in a 1:1 

monomer:DMSO ratio, and the mixture was degassed for 20 min.  The reaction was heated at 65 

̊C for 7 h then transferred to dialysis tubing (MWCO = 1000 Da) and dialyzed against 1:1 mixture 

DCM:MeOH for 24 h.  (1.59 g, 85%, Mn = 11.1 kDa, Mw = 12.4 kDa, Ɖ = 1.12, MPEGA = 73%, 

1 = 27%) 1H NMR (600 MHz, CDCl3) δ: 0.93 (3H, t, -S(CH2)3CH3),  1.19 (3H, s, CH3), 1.39 (6H, 

d, CH3), 1.63 (s, CH), 1.90 (s, CH), 2.29 (s, CH), 3.37 (s, -OCH3), 3.55 (t, -O=COCH2-), 3.64 (s, -

OCH2CH2O-), 4.15 (s, -O=COCH2-), 4.23 (s, -O=COCH2-), 4.31 (s, -O=COCH2-) 

 

General Procedure for Acetonide Deprotection of P(MPEGA-co-SA) or P(MPEGA-co-1) 

To a 1 dram vial with stir bar, polymer (600 mg, 0.388 mmol acetonide) was dissolved in DI water 

(1.5 mL).  Trifluoroacetic acid (11.88 µL, 0.115 mmol) was added and the reaction stirred for 18 
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h.  The solution was transferred to dialysis tubing (MWCO = 1000 Da) and dialyzed against MeOH 

for 8 h.  The polymer was concentrated and dried in vacuo.  (480 mg, 80%)  

 

General Procedure for Formaldehyde Conjugation to Functionalized Polyacrylate 

Polymer (200 mg, 1 equiv.) was weighed into a 1 dram vial with stir bar.  Formaldehyde solution 

(37 wt % in water, 241 μL, 6 mmol, 50 equiv. per diol or aminooxy) was added to the reaction 

vial, and the mixture was stirred at room temperature for 2 h.  Methanol was removed under 

evaporation and the mixture was lyophilized.  The product was then filtered using ultra centrifugal 

filters (MWCO = 3 kDa) to remove formaldehyde oligomers and the filtrate discarded.  The 

product was collected and stored at 4 ̊C until used.    

 

In Vitro Release of Formaldehyde from PG-Acetal and AOPG-Oxime Prodrugs 

The in-vitro release of formaldehyde from the prodrugs was determined using Float-A-Lyzer® 

dialysis tubing (MWCO: 0.1K-0.5K). A sample of PG-acetal prodrug (50.0 mg, 2.54 mg 

formaldehyde) was suspended in 1.0 mL of either acetate buffer (Sodium acetate/acetic acid, pH 

5.0) or PBS (pH 7.4) and transferred to a Float-A-Lyzer® dialysis pod. The pod was then placed 

in a 50-mL Falcon tube containing 18.0 mL of the corresponding buffer solution. Samples of 

AOPG-oxime prodrug were prepared in a similar manner with the additional step of adding 75 μL 

(pH 5.0) or 20 μL (pH 7.4) of 12.M HCl to the sample before transferring to the dialysis pod. 

Falcon tubes were placed in an oil bath at 37  ̊ C  and media was stirred constantly using a magnetic 

stir bar. Samples of 100 μL were withdrawn from the sink after 15 minutes, 30 minutes, 1, 2, 3, 4, 

6, 24, 48, 72, and 96 hours, and then every two days following. An equal amount of fresh media 

was added to the sink after each withdrawal to maintain sink conditions. The amount of 
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formaldehyde released at each time point was quantified using a colorimetric assay as described 

below. 

  

In Vitro Release of Formaldehyde from P(MPEGA-co-SA)-Acetal or P(MPEGA-co-1)-Acetal 

Release of formaldehyde from the prodrugs was determined using Float-A-Lyzer® dialysis tubing 

(MWCO: 0.1K-0.5K). A sample of prodrug (10.0 mg) was suspended in 1.0 mL of either acidic 

buffer (NaOAc-acetic acid, pH 5.0) or PBS (pH 7.4) and transferred to a Float-A-Lyzer® dialysis 

pod. The pod was then placed in a 50-mL Falcon tube containing 18.0 mL of the corresponding 

buffer solution. Falcon tubes were placed in an oil bath at 37 ̊C and media was stirred constantly 

using a magnetic stir bar. Samples of 100 μL were withdrawn from the sink at 0.5, 1, 1.5, 2, 4, 6, 

24, 48, 72 h and every two days following.  An equal amount of fresh media was added to the sink 

after each withdrawal to maintain sink conditions. The amount of formaldehyde released at each 

time point was quantified using a colorimetric assay as described below. 

 

Colorimetric Analysis of Formaldehyde Concentration 

All reagent solutions were made with cell culture grade water.  A 50 μL aliquot of sample was 

placed in the well of a 96-well plate and 50 μL of 2mM NaIO4 in 0.2M NaOH was added to the 

sample. The plate was then incubated for 20 minutes at room temperature in the dark. After 20 

minutes, 100 μL of a 34mM solution of 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole 

(Purpald®) in 2M NaOH was added to the sample and incubated at room temperature for 20 

minutes.  To develop the color, 100 μL of 33 mM NaIO4 solution in 0.2M NaOH was added to 

each well and the absorbance of each well in the plate was read at 550 nm immediately. 
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Synthesis of Partially Reduced Ketoxime/Alkoxyamine Nanoparticles 

P(VL-co-OPD) (8% OPD, 50 mg, 4556.20 g mol-1, 1.71×10-5 mol) was dissolved in 

dichloromethane (5.70 mL) then added to a 50 mL round bottom flask.  O,O'-(((oxybis(ethane-

2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(hydroxylamine) (3.83 mg, 1.71×10-5 mol, 1 equiv.) was 

dissolved in dichloromethane (0.63 mL) and added quickly to the polymer solution at a fast vortex.  

After 2 h, sodium cyanoborohydride (6.72 mg, 1.07x10-4 mol, 0.5 equiv.) and a catalytic amount 

of saturated sodium bicarbonate solution (100 µL) were added directly to the reaction flask.  The 

reaction stirred for 2 h then was transferred to Thermo Scientific™ SnakeSkin™ 10K MWCO 

Dialysis Tubing.  The solution was dialyzed against a 1:1 mixture of MeOH/DCM for 48 h, with 

3-4 solvent changes per day.  The solution was filtered with a 0.45 µm filter to remove solid salt 

particulates and solvent was removed via rotary evaporation.  The product was dried in vacuo to 

yield a light tan waxy solid (80% yield).  1H NMR (400 MHz, CDCl3): δ 0.90 (d, 6H); 1.6-1.75 

(m); 2.23-2.43 (m); 2.25-2.7 (m); 2.7-2.84 (m); 3.4 (t); 3.65 (m); 4.0 (t); 4.3-4.4 (m).  13C NMR 

(600 MHz, CDCl3): δ 21.32, 25.53, 28.00, 33.62, 63.85, 67.88, 173.26 

 

Encapsulation of Doxorubicin into Partially Reduced Ketoxime/Alkoxyamine Nanoparticles 

NPs (12.6 mg, 8% OPD, 2.7 mM, ~80 nm) were added to a 1.5 mL centrifuge tube.  Doxorubicin 

(DOX) was solubilized in dimethyl sulfoxide (DMSO) to a known concentration and then added 

to the NPs (3.15 mg, 11.2 mmol).  Additional DMSO was added to the mixture up to a total of 50 

µL.  Cell culture grade water containing 0.1% D-α-tocopherol polyethylene glycol 1000 succinate 

(1 mL) was added to the centrifuge tube and vortexed to induce DOX encapsulation.  D-α-

tocopherol polyethylene glycol 1000 succinate is added to coat the particles during encapsulation 

and aid in resuspension in aqueous media during drug release studies. The mixture was then 
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centrifuged at 14000 RPM for 20 min.  The supernatant was decanted, fresh cell culture grade 

water (1 mL) was added to the particle pellet and vortexed until particles were resuspended.  

Centrifugation was repeated at 14000 RPM for 20 min, then the supernatant was decanted to 

remove any unincorporated drug.  Cell culture grade water (0.5 mL) was added to the mixture, 

frozen, and lyophilized to produce DOX-loaded nanoparticles (DOX-NP).  HPLC analysis 

confirmed encapsulation of DOX at an average of 17.9 wt % with 89.5% efficiency.   
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