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ABSTRACT 

In this thesis, synthetic methodologies for the preparation of catechol compounds conjugated 

to antiretroviral drugs through an enzyme-sensitive bond are presented. As a proof-of-concept, 

the anti-HIV drug zidovudine is used as a starting point. Iron-based nanoscale coordination 

polymers (NCPs) are then prepared using this zidovudine-catechol conjugate and a 

bis(imidazole) bridging ligand. After optimization of the synthetic methodology to achieve a 

suitable particle size and colloidal dispersion, the drug release profile of the NCPs in the  

presence or absence of esterases is determined by HPLC. Then, a biological evaluation of the 

nanoparticles is performed, including cytotoxicity, cellular uptake and anti-HIV activity. 

As a step forward, the synthesis of additional catechol compounds attached to anti-HIV drugs is 

explored. Functionalization of emtricitabine and raltegravir with catechol allows the formation 

of analogous NCPs for each drug. After the determination of their drug release profile by 

methodologies developed in HPLC, NCPs containing a mixture of both drugs are prepared and 

their release behavior is compared to the individual NCPs. 

Last, methodologies for the preparation of other catechol conjugates with lamivudine and 

tenofovir are explored for their application in NCPs synthesis. 

  



 

 

 



   

ABBREVIATIONS 

1H NMR: 1H nuclear magnetic resonance 

13C NMR: 13C nuclear magnetic resonance 

AIDS: acquired immunodeficiency 
syndrome 

ART: antiretroviral therapy 

ARV: antiretroviral 

AZT: zidovudine, 3′-azido-3′-
deoxythymidine 

Bix: 1,4-bis(imidazol-1-ylmethyl)benzene 

BSA: bovine serum albumin 

cART: combinational antiretroviral therapy 

CDI: 1,1’-carbonyldiimidazole 

CT: computed tomography 

CTAB: cetyltrimethylammonium bromide 

DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCC: N,N'-dicyclohexylcarbodiimide 

DIAD: diisopropyl azodicarboxylate 

DIPEA: N,N-diisopropylethylamine 

DMAP: 4-dimethylaminopyridine 

DMF: N,N-dimethylformamide 

DNA: deoxyribonucleic acid  

dNTP: dexoynucleoside triphosphate 

EDCI: 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide 

FDA: U.S. Food and Drug Administration 

FI: fusion inhibitor 

HAART: highly active antiretroviral therapy 

HATU: 1-[bis(dimethylamino)methylene]-
1H-1,2,3- triazolo[4,5b] pyridinium 3-oxid 
hexafluorophosphate 

HIV: human immunodeficiency virus 

HMBC: heteronuclear multiple bond 
correlation 

 

HOBt: hydroxybenzotriazole 

HRMS: high-resolution mass spectrometry 

HSQC: heteronuclear single-quantum 
correlation 

ICP-MS: inductively coupled plasma mass 
spectrometry 

IPC: ion pair chromatography 

MRI: magnetic resonance imaging 

NCPs: nanoscale coordination polymers 

NMOFs: nanoscale metal-organic 
frameworks 

NNRTI: non-nucleoside reverse 
transcriptase inhibitor 

NRTI: nucleoside reverse transcriptase 
inhibitor 

PBS: phosphate buffer saline 

PEG: polyethylene glycol 

PET: positron emission tomography 

PI: protease inhibitor 

PVP: polyvinylpyrrolidone 

Rf: retention factor 

rt: room temperature 

RT: reverse transcriptase 

SEM: scanning electron microscope 

SPECT: single photon emission computed-
tomography 

TBDPS: tert-butyldiphenylsilyl 

tBu: tert-butyl 

TEM: transmission electron microscopy 

THF: tetrahydrofuran 

TLC: thin layer chromatography 
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1.1 Nanoparticles in Medicine 

Nanotechnology has emerged as a promising platform for overcoming pharmacokinetic 

limitations of conventional drug formulations.1,2 Drugs freely diffuse and distribute throughout 

blood vessels upon administration, which usually leads to unwanted side effects and a decrease 

in their therapeutic efficacy. By nanosizing and optimizing a drug formulation, several 

advantages could potentially be achieved: (i) improved drug delivery to the target tissue due to 

preferential accumulation of nanoparticles in tumoral tissues, thus minimizing side effects; (ii) 

extended blood circulation half-life because of their reduced renal clearance; (iii) enhanced 

solubility of poorly water-soluble drugs; (iv) sustained drug delivery which could lower the 

frequency of administration; and (v) simultaneous delivery of two or more drugs to generate a 

synergistic effect and suppress drug resistance. As a result of all these advantages, the use of 

nanoparticles has revealed novel and unusual phenomenologies. For instance, in 1986 Maeda 

and coworkers discovered the enhanced permeability and retention (EPR) effect that describes 

an increased accumulation of nanoparticles in tumors due to a better capillary permeability in 

tumor tissue and the lack of effective lymphatic drainage.3  

Overall, nanoformulations have provided improvements in patient safety and morbidity, though 

their efficacy still remains moderate and only offer minimal advantages over conventional 

formulations. This fact can be attributed to the series of complex biological impediments that 

nanodrugs face upon their administration, which critically limit their bioavailability and 

therefore prevent their therapeutic action. These biological impediments include opsonization 

and sequestration by the mononuclear phagocyte system (MPS), nonspecific distribution, 

hemorheological/blood vessel flow limitations, pressure gradients, cellular internalization, 

escape from endosomal or lysosomal compartments and drug efflux pumps.1,2 All these 

limitations are detailed next. 

After injection, nanoparticles experience opsonization, i.e. the adsorption of plasma proteins 

(serum albumin, apolipoproteins and immunoglobulins, among others) onto their surface, 

depending on factors such as nanoparticle size, surface charge, hydrophobicity and surface 

chemistry. After protein adsorption, nanoparticles are recognized by phagocytes, attach to 

specific receptors on their surface and are internalized in organs such as the spleen, liver and 

bone marrow, contributing to nonspecific distribution in healthy organs. Moreover, the 

opsonization process has proven to be unfavorable to nanoparticle active-targeting approaches 

because the protein corona formed effectively masks any ligand on the particle surface.4 

Avoiding or minimizing the adsorption of plasma proteins in the first place is one of the key 
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points for achieving long circulation nanoformulations (figure 1.1). The most common strategy 

is the attachment of polyethylene glycol (PEG) moieties onto the surface of the particle, 

although similar effects have been described using polaxamer, polyvinyl alcohol, poly(amino 

acid)s or polysaccharides. PEG is an inert, FDA-approved polymer that introduces steric 

hindrance and prevents protein binding. In addition, its strong hydrophilic nature improves 

colloidal stability in biological environments. Other strategy for minimizing protein corona 

formation involves particle functionalization with peptides based on the membrane protein 

CD47, which is used to avoid recognition from macrophages and therefore prevents 

phagocytosis in healthy cells.5 In addition, other surface functionalization, using biomimetic cell 

membranes from leukocytes6 or red blood cells,7 have provided an increase in circulation half-

life of nanoparticles. 

 

Figure 1.1. Strategies for preventing protein adsorption on nanoparticles, including the attachment of 
PEG, peptides that avoid recognition from macrophages and coating based on leukocytes and red blood 
cells. Reproduced from reference 2 with permission.  

The use of a diametrically opposed approach is also of great significance, i.e. taking advantage 

of protein corona formation to target specific cells or disease sites. For instance, particles coated 

with the surfactant polysorbate 80 were observed to cross the blood-brain barrier due to 

adsorption of apolipoproteins onto their surface, which mimicked endogenous lipoproteins.8 In 
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another example, CdSe/ZnS quantum dots were functionalized with the inflammatory 

metabolite cholesterol 5,6-secosterol atheronal-B which induced a misfolding in certain proteins 

that constitute the protein corona formed.9 This misfolding event enhances nanoparticle uptake 

in macrophages, which are known to be related to inflammation and consequent diseases 

process, including cancer and atherosclerosis. 

Once nanoparticles extravasate from blood vessels, they need to be internalized by the target 

organs or tissues in order to release their therapeutic cargo into the cell cytoplasm or nucleus. 

Unlike small molecules, which are usually internalized by diffusion through the cell lipid bilayer 

membrane, nano- and microparticles require active uptake mechanisms. Endocytosis mediated 

by the protein clathrin is the most representative pathway.10 It involves cell membrane 

invagination, formation of vesicles (endosomes) and fusion with lysosomes. In addition, 

lysosomes provide an acidic environment (pH ~5.0) which helps to degrade small molecules, 

nanoparticles or genetic material. Some strategies for avoiding lysosomes or promoting 

endosomal rupture are based on the “proton sponge effect”, in which a proton-absorbing 

species induces osmotic swelling and rupture of the endosome,11,12 or on the promotion of an 

alternative endocytosis pathway based on caveolae formation, which eventually forms 

caveosomes of neutral pH.13 The main factors that influence the behavior of nanoparticles in 

biological media are described next and include particle size, surface charge, particle geometry, 

deformability and degradability (figure 1.2). 

• Particle size: it can affect phenomena including circulation half-life, extravasation through 

leaky vasculature or macrophage uptake. Particles smaller than 5 nm have been observed 

to endure renal clearance and thus accumulate in the kidneys.14 Nanoparticles ranging from 

100 and 200 nm have been observed to avoid filtration by liver and spleen and therefore 

extravasate through vascular fenestrations of tumors (EPR effect). However, as particle size 

increases beyond 150 nm, accumulation in the liver and spleen is preferred. Larger particles 

(2-5 µm) tend to accumulate within the capillaries of the lungs. Moreover, macrophages of 

the liver, spleen and lungs contribute considerably to particle uptake. Considering these 

factors, particles with sizes around 100 nm offer longer circulation half-lives which 

eventually leads to improved therapeutic effects. 

• Surface charge: it influences protein adsorption, which in turn induces changes in 

pharmacokinetics and biodistribution of particles.15 Cationic nanoparticles have been 

observed to be rapidly cleared from circulation due to their enhanced protein adsorption 

rates, which increases nonspecific uptake by macrophages. On the other hand, neutral or 

slightly negative particles show greater circulation half-lives values and less accumulation in 
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the organs mentioned above. Interestingly, positively-charged particles are reported to 

feature a greater cellular uptake than neutral or anionic particles due to interactions with 

the cell membrane.16 Wang and coworkers exploited this idea by designing nanoparticles 

based on zwitterionic polymers.17 At physiological pH, the particles exhibited long circulation 

half-lives values owing to their neutral net charge. However, once accumulated into tumor 

tissues, the intrinsic acidity inside caused the polymer to acquire a positive charge that 

incremented cellular uptake and consequently therapeutic effect. 

• Nanoparticle geometry: it affects margination dynamics (lateral drift from the core blood 

vessel to endothelial walls) as well as cellular uptake and in vivo fate. Spherical particles 

display little lateral drift and therefore are less likely to contact endothelial walls, whereas 

nonspherical particles experience more complex motions like tumbling or rolling which 

cause an oscillation between walls in a blood vessel and favors interaction with the 

endothelium.18 Particle geometry can also modify circulation half-life. Discher and 

coworkers reported filamentous polymer micelles (filomicelles) made by block copolymers 

of PEG-polyethylene or PEG-polycaprolactone which exhibited greater in vivo circulation 

times than their spherical analogues (up to one week for filomicelles, two or three days for 

spheres).19 These results were rationalized owing to the tendency of cylindrical particles to 

align with blood flow and remove phagocyte as they come into contact. The role of particle 

geometry in phagocytosis has also been studied.20 In this work, the internalization of 

ellipsoidal polystyrene particles was reported to be faster along their long axis than the 

shorter one, rationalized using a parameter called normalized curvature (Ω). These results 

provided the basis for the exploration of cylindrical, ellipsoidal and discoidal particles. As an 

example, the aforementioned filomicelles were observed to show greater accumulation and 

drug release in tumors than their spherical counterparts.21 

• Other factors: they include deformability and degradability. Concerning deformability, it has 

been reported that soft particles possess longer circulation times than rigid ones.22 The 

effect was examined in vivo by varying nanoparticle stiffness using different degrees of 

crosslinking within the reported nanogels. In short, softer particles were prone to deform, 

thus easily crossing through physiological barriers such as the splenic interendothelial slits, 

avoiding accumulation in the spleen and therefore increasing their circulation half-life. 

Regarding particle stability towards aggregation, it plays a major role in their cargo delivery. 

Yang and coworkers reported two related polymeric micelles with different kinetic stability 

and demonstrated that a higher kinetic stability enabled a faster accumulation in tumors 

than their analogues with lower kinetic stability.23 Lastly, particle degradation represents an 

important feature in nanoformulations design, as drug release kinetics usually depends on 
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the degradation kinetics of the carrier. However, particles have to remain stable inside the 

body enough time to avoid accumulation in healthy organs and to maximize bioavailability 

in the target organ. 

 

Figure 1.2. Nanoparticle size (a), shape (b) and surface charge (c) have a great impact on biodistribution 
among organs including the lungs, liver, spleen and kidneys. (a) Small particles (< 5 nm) are rapidly filtered 
through the kidneys, while larger particles accumulate in the lung, live and spleen, which becomes more 
relevant as particle size increases. (b) Different nanoparticle geometries display unique flow characteristic 
that modify their circulating lifetimes and cellular uptake, which affects biodistribution among the 
different organs. (c) Neutral and negatively-charged particles possess longer circulation times because of 
their reduced protein binding and subsequent macrophage uptake to the lung liver and spleen. On the 
contrary, positively charged particles experience greater protein interactions and therefore a noteworthy 
sequestration by macrophages in the previously mentioned organs. Reproduced from reference 2 

In summary, the factors described during this section influence and should be considered for 

tuning the therapeutic effect of nanodrug formulations. Although nanoscaling of 

pharmaceuticals can enhance their bioavailability or confer them a controlled release behavior, 

nanoparticle-based drug delivery eventually requires a rational design involving the conception 

of multifunctional systems that are able to overcome the multiple biological impediments 

nanodrugs face upon their administration. Systems mostly used with this aim are described next. 

Until 2017, 50 nanopharmaceuticals had been approved for clinical use, yet more than 60 were 

under clinical trials.24,25 Currently, all FDA-approved nanodrugs fall into one of the following 

categories: liposomes, polymers, nanocrystals, inorganic, micelles or proteins (figure 1.3). 
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Figure 1.3. Nanodrugs approved by the FDA and under clinical trials until 2017 stratified by category. Data 
extracted from reference 25. 

• Liposomes: are spherical vesicles composed by at least one lipid bilayer surrounding an 

aqueous core. They allow the delivery of both hydrophobic and hydrophilic compounds, 

ranging from small molecules to large macromolecules, while targeting ligands can also 

easily be integrated within the liposome structure to potentially increase therapeutic effect. 

In terms of pharmacokinetics, liposomes usually display short circulating half-lives; however, 

clearance can be minimized by PEGylation of liposome surface. Doxil®, the first liposomal 

nanodrug approved in 1995, consisted of the chemotherapeutic drug doxorubicin loaded 

into PEGylated liposomes.26  

• Polymeric nanopharmaceuticals: are used either as polymer-drug conjugates for increasing 

drug half-lives and bioavailability and/or as degradable frameworks for controlled release. 

Polymers include synthetic or derived from natural compounds and span from single 

polymer chains to large aggregates. Copaxone®, a random copolymer composed of L-

glutamic acid, L-alanine, L-lysine and L-tyrosine, is one of the most notable examples of 

direct use of polymers as therapeutic agents.27 On the other hand, Eligard® can be found as 

an example of degradable framework.28 This drug is composed by leuprolide, a testosterone 

inhibitor, inside a poly(lactic-co-glycolic acid) (PLGA) matrix, a well-known degradable 

polymer.  

• Nanocrystals: constitute a unique class of nanodrugs in the sense that are composed by 

100% of the therapeutic drug. Their increased surface area allows a faster dissolution and 

increases saturation solubility, which leads to improvements in diffusion-based mass 

transfers through biological structures such as the gastro-intestinal tract. Nanocrystal dosing 

can be applied to both organic and inorganic materials. Concerning organic formulations, 

Rapamune® was the first to be approved in 2000.29 Based on the macrocyclic 

immunosuppressive agent sirolimus, also known as rapamycin, the nanocrystalline structure 
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provides a constant release profile to the otherwise poorly soluble free drug. On the other 

hand, inorganic nanocrystals approved by the FDA are limited to hydroxyapatite and calcium 

phosphate as bone graft substitutes. 

• Inorganic drugs: include metallic and metal oxide materials. To date, all approved drugs 

within this category are based on iron, either as iron replacement therapies or as imaging 

agents. Other examples in clinical trials include biocompatible-coated gold nanoparticles for 

solid tumor treatment,30 hafnium oxide particles to increase radiotherapy efficacy31 or silica 

nanoparticles for fluorescence imaging.32  

• Micelles: are based on the self-assembly of amphiphile molecules and their hydrophobic 

core can be used to encapsulate poorly water-soluble drugs. The use of block copolymers as 

the amphiphile constituents provides a lower critical micelle concentration (CMC) and 

therefore higher stability than conventional surfactants. To date, the only micelle-based 

drug approved is a formulation of estradiol (Estrasorb™), indicated as a topical treatment 

for vasomotor symptoms of menopause. However, several micellar formulations are in late-

stage clinical trials.  

• Protein nanodrugs: encompass different classes of medicines. One of them involves protein-

drug conjugation, being Abraxane®, an albumin-bound form of the chemotherapeutic drug 

paclitaxel, an example.33 This strategy for reducing drug toxicity is currently being tested in 

clinical trials with several types of albumin-bound nanoparticles containing, for example, 

docetaxel or rapamycin. Other classes of protein-based nanomedicines include engineered 

proteins where the protein itself is the therapeutic agent or combined nanoplatforms that 

depend on proteins for targeted delivery. 

 

All the different families of nanoparticles previously described represent successful approaches 

for the formation of nanopharmaceuticals. From here on this dissertation, however, will focus 

on the family of polymeric nanoparticles, specifically in those composed by the miniaturization 

of coordination polymers, known as nanoscale coordination polymers (NCPs).  

1.2 Nanoscale Coordination Polymers (NCPs) 

Coordination polymers (CPs) are composed by metal ions or clusters linked by organic bridging 

ligands. CPs exhibit an interesting synthetic flexibility with directional metal-ligand bonds that 

can be used to systematically control and tune their chemical topology. Moreover, the limitless 

choice of metallic elements has allowed the formation of materials with interesting magnetic, 

electronic, optical, and catalytic properties. More recently, the nanoscaling of CPs became an 
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opportunity to merge their rich diversity with the advantages of nanomaterials, e. g., 

improvement of colloidal dispersion, increase of surface area and therefore catalytic, sensing or 

storage capabilities or the possibility of fine-tune the physical properties of the materials.34 

Currently, CPs at the nanoscale fall into two different categories: (i) amorphous coordination 

polymer nanoparticles, referred from now on as nanoscale coordination polymers (NCPs),35 also 

called infinite coordination polymers (ICPs)36 or coordination polymer particles (CPPs)37 and (ii) 

nanoscale crystalline and porous coordination polymer structures, referred from now on as 

NMOFs.38 This last family, NMOFs, allows control over the release cargo via modification of 

tunable pores with an exceptionally high surface area and therefore loading capacity. The 

crystalline nature of MOFs also facilitates analyses of host–guest interactions and systematic 

drug encapsulation and release studies, as well as theoretical models. On the other hand, NCPs, 

their amorphous counterparts, allow more synthetic flexibility in the incorporation and release 

of their cargo as it can be physically entrapped or chemically attached as a part of the 

constitutive ligands of the polymeric structure. NCPs were first reported in 200539,40 and, since 

then, they have been examined in many applications such as gas storage and separation,41-48 

catalysis,49-52 spin-crossover53 sensing/biosensing,54-59 hybrid nanoparticle-based devices,60 

precursors for inorganic particles,61 thermochromic nanostructures,62 biomedical imaging,63-67 

drug delivery or theranostic platforms68-73 owing to the virtually infinite combinations between 

metal ions and organic ligands. Although both families of coordination polymers at the 

nanoscale have been used in the field of drug encapsulation, from here on this thesis will only 

focus on the synthetic methodology of NCPs and their application in the field of nanomedicine. 

1.2.1 Synthetic Methodologies and Mechanisms of Formation  

The most used methods in the synthesis of NCPs can be categorized into one of the following 

four approaches: nanoscale precipitation, solvothermal, surfactant-based reverse 

microemulsion and surfactant-templated solvothermal conditions.69,70 Other novel, less 

explored approaches to obtain NCPs include AFM-assisted lithography74 or lab-on-a-chip 

implementation.75 

• Nanoscale precipitation method: in this method nanoparticles are usually formed due to 

the insolubility of the coordination polymer in a given solvent while ligands remain soluble. 

Thus, particles can be formed instantaneously after precursor solutions are mixed. (figure 

1.4). If, in a less usual situation, particles are initially soluble in the chosen solvent, they are 

allowed to nucleate and grow until a poor solvent is added to induce precipitation. For 

example, the first common approach was used in the synthesis of photodegradable NCPs 
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composed by Zn2+ and a photocleavable organic linker containing o-nitrobenzyl 

derivatives.76 In that way, precursor solutions in a poor solvent were mixed and a white 

precipitate was instantaneously observed. Moreover, in this strategy, particle size could be 

controlled from 160 to 1500 nm by varying the initial precursor concentration. In fact, using 

this strategy, particle size could also be tuned by modifying parameters like stirring rate,77 

rate of precursor addition or polarity of the poor solvent.39 

 

Figure 1.4. Schematic representation of a typical NCPs synthesis by the precipitation method (ref 36). 

• Solvothermal synthesis: it relies on the control of particle nucleation and growth by heating 

a solution of metal ions and organic ligands. Although this approach is usually performed to 

obtain crystalline nanoscale frameworks, amorphous nanomaterials could be also obtained 

depending on the experimental conditions, for example with the used of microwave 

heating.78 

• Surfactant-based reverse microemulsions: water in oil microemulsions are used to control 

nucleation and growth kinetics of particles. Like the previous strategy, the use of surfactant 

is related with the formation of crystalline structures, although the synthesis of NCPs using 

this method has also been reported. As an example, NCPs containing chemotherapeutic 

drugs carboplatin and gemcitabine were synthesized by mixing the precursors in two 

separate microemulsions,79 as well as NCPs containing a self-assembly of Zn2+ and 

bisphosphonate prodrugs of cisplatin or oxaliplatin, made by the addition of both precursors 

in the form of microemulsions.80 

• Surfactant-templated solvothermal synthesis: Surfactants can also be used as templates 

during solvothermal synthesis. This method differs from the previous approach in the sense 

that surfactant molecules are not incorporated in the final structure as heating destroys the 

microemulsions. However, their presence plays an important role in the final morphology of 

the particle formed. As in the microemulsion method at room temperature, this strategy is 

usually performed to obtain crystalline NMOFs, but synthesis of NCPs using this approach, , 

have also been reported.81 As an example, NCPs containing Zn2+ and the drug methotrexate 
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were prepared by microwave-assisted heating of their respective emulsions in 

octanol/isooctane using CTAB as surfactant. 

In order to improve size and shape control along NCPs synthesis, early studies were performed 

to try to understand their formation mechanisms. Mirkin and coworkers monitored the 

synthesis of NCPs based on the self-assembly of a Tröger’s-base-derived ligand (I, figure 1.5) and 

Zn2+ cations using SEM.82 Thus, aliquots of the reaction mixture were taken at different time 

intervals and analyzed by SEM, revealing the initial formation of small globular seeds which 

began to aggregate and form larger spherical particles with rough surface. As the reaction 

proceeded, particle roughness was observed to decrease to finally afford smooth spherical-

shaped particles. Based on this evidence, the authors proposed a working mechanism for NCPs 

formation involving nucleation, oligomerization, aggregation, fusion, growth and annealing 

(figure 1.5).  

 

Figure 1.5. (a) Schematic synthesis of NCPs based on the self-assembly of a Tröger’s-base-derived ligand 
and Zn2+. (b – e) SEM images monitoring the formation of NCPs at different reaction times, (b) 5 min, (c) 
10 min, (d) 30 min and (e) 60 min. (f) Proposed mechanism for NCPs formation. SEM micrographs 
reproduced from reference 82. 

According to their hypothesis, the first three steps are relatively fast as both ligand and metal 

ion concentrations are high. However, as they decrease, particle growth and annealing prevail 

owing to both, the decrease of particle nucleation and the increasing importance of particle 

coalescence as driving force for surface tension reduction. 
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Similarly, Oh and coworkers studied the self-assembly of a dicarboxylic salen-based ligand (salen 

= N,N’-bis(salicylidene)ethylenediamine) and Zn2+ into nanocubes.83 Interestingly, SEM images 

of aliquots at early stages of the reaction showed the formation of nanowires, which gradually 

aggregated and fused into smooth cube-shaped particles. Particle size could be then rationalized 

as the initial nanowires had similar dimensions regardless of the final size of the particles. 

Therefore, particle size could be controlled by limiting the number of nanowires in the 

intermediate aggregates, which could be achieved by temperature or solvent modifications. 

1.2.2 Cargo Loading and Release  

Among the wide range of applications for NCPs, medicine represents a technological area in 

which such polymers exhibit a broad impact.68,70 As a general trend, NCPs have been shown to 

allow for the controlled release of active principles. For this, drugs can be trapped as constitutive 

building blocks of the polymeric unit (chemical entrapment) or through the physical 

encapsulation inside the nanoparticle, as demonstrated within our research group.84 Both 

approaches are schematically represented in figure 1.6. The first one allows a high and 

homogeneous distribution of cargo, though nanoparticle morphology or physicochemical 

properties can be difficult to predict. On the other hand, physical encapsulation generally yields 

lower amounts of drug loaded, being strongly dependent on its physicochemical properties. As 

represented in figure 1.6 d, the drug release profile significantly varies between both 

approaches, obeying to a fast release controlled by diffusion (physical encapsulation) or by 

particle degradation (chemical entrapment). Physical encapsulation within micro‐ and 

nanospheres of active substances, such as organic dyes, magnetic nanoparticles, or luminescent 

quantum dots was already reported back in 2009.85 One year later, our research group showed 

that these capsules not only can encapsulate but also can release active principles as polymeric 

nanoparticles do.86 On the other side, chemical entrapment allows for a better fine-tuning of 

the release kinetics (up to many hours) as well as better formulation with increased 

encapsulation yields. The use of active metal drugs, such as Pt(IV),87 as polymeric nodes of 

coordination polymers represent the most successful examples of chemical entrapment. Though 

also effective, less explored has been the chemical entrapment through tethering of active drugs 

as chelating ligands.68,70 In this sense, the chemical flexibility of organic synthesis may allow for 

the design of drugs (ligands) cleaved under physiological conditions. 
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Figure 1.6. (a) Chemical structures of fluorescent guest compounds 1 and 2 used in the formation of 
structurally-analogous M1 and M2 particles, used to investigate degradation and diffusion-controlled 
release in NCPs. (b and c) SEM (left) and TEM (right) images of M1 (b) and M2 (c) particles. Scale bars for 
SEM are 1 µm and 200 nm for TEM. (d) Release profiles of fluorescent guest molecules from M1 (□) and 
M2 (○) at 37 °C, averaged over four independent experiments. Reproduced from reference 84 with 
permission of the copyright holder. 

Recent examples of simple drug encapsulation into NCPs include the anticancer drug 

camptothecin into caffeic acid-based NCPs,77 hydrophobic dye Nile red into nanowire coils of 

organometallic coordination polymers,88 curcumin into particles made by its own self-assembly 

along with amino acids and Zn2+ ions,89 DNA from its iron-induced self-assembly particles,90 the 

chemotherapeutic drug doxorubicin into particles composed by the assembly of tryptophan-

phenylalanine dipeptides to Zn2+ ions,91 and different flavonoids from iron-induced 

microcapsules.92 

A more interesting use of NCPs in medicine lies in the fabrication of materials with responsive 

properties due to the possibility of ligand fine-tuning in NCPs design. Several examples have 

been recently reported in which an external stimulus is able to trigger drug delivery. One of the 

most relevant stimulus is pH, because of both the pH-dependence nature of coordination bonds 

and the relevance of pH variations within intra- and extracellular environments. Their design 

usually falls into the same principles: particles at neutral pH are stable and ideally do not allow 

drug release. However, when pH is decreased around 5.0, their cargo experiences a burst or 
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rather sustained release. This ideal design feature obeys to the fact that nanoparticles are 

intended to be exposed at acidic pH only when they enter into the intracellular environment, 

ideally avoiding extracellular drug release.10 Mainly, two different strategies are used to build 

such responsive systems. The first one relies on the nature of coordination bonds, in which often 

a decrease in pH implies a demetalation process, while the latter involve the design of pH-

responsive ligands. Several examples of the first approach have been recently reported based 

on the chemistry of iron, specially using catechols as ligands,93-100 or others.101,102 Copper, zinc or 

silver are also reported as metallic nodes in the formation of pH-sensitive NCPs.103-105 In the 

second strategy, the pH-responsiveness depends on the nature and design of the ligands 

themselves. NCPs composed by imine-based ligands have been reported to remain stable at 

neutral pH but experience a burst release at acidic conditions (figure 1.7).106-108 Other examples 

include destabilization of the particle by a ligand-induced charge conversion of the polymer,109 

or disassemble of the coordination polymer caused by ligand protonation.110 

Apart from pH, NCPs sensitive to other relevant stimuli have also been reported. Light-triggered 

release of model drugs have been described in NCPs composed by photocleavable ligands based 

on o-nitrobenzyl76 or bis-(alkylthio) alkene units,111 as well as particles composed by a carboxylic-

functionalized diarylethene photoswitch with reversible photochromic behavior.112 Redox-

triggered release is also relevant from a biological point of view due to the reducing environment 

in the intracellular matrix. Thus, redox-induced disassembly of NCPs includes gallic acid-Fe(III) 

networks113 or polymeric micelles including the 4-(methylthio)benzoyl unit crosslinked with 

[ethylenediamineplatinum(II)]2+.114 The virtually infinite tunability of NCPs also allows going a 

step forward, that is, the formation of NCPs sensitive not only to a single stimulus but two or 

more simultaneously. In this way, examples of pH- and redox-responsive nanoparticles have 

been recently reported,115,116 as well as multi-responsive NCPs systems that act as molecular 

logic gates in the presence or absence of stimuli such as different metal cations, small organic 

molecules or pH variations.127-120 
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Figure 1.7. a) Synthesis of NCPs based on hafnium and a pH-responsive ligand containing an imine bond. 
b) Hydrodynamic size changes of the NCPs dissolved in pH 6.5 and pH 7.4 buffer solutions. c) Loading 
capacity of the NCPs at different feeding drug (TPPGC) concentrations. d) Cumulative release of the 
encapsulated drug (TPPGC) at pH 6.5 and pH 7.4. Reproduced from reference 107 with permission. 

1.2.3 Nanoscale Coordination Polymers in Medicine 

The potential multifunctionality of these nanosystems and the flexibility of their coordination 

chemistry opened new perspectives to their use as smart drug delivery systems, bioimaging 

probes or a combination of both (theranostics). Accordingly, as a consequence it has been a 

notable exponential growth in the in vitro and in vivo studies concerning the use of NCPs for 

diagnosis or therapy, especially to treat cancer. Most of the studies showed that different metals 

form coordination-driven particles with chemotherapeutic drugs such as methotrexate, 

daunorubicin hydrochloride, doxorubicin, mitoxantrone, pyridine-3-carboxylic acid, gossypol, 

and AQ4N due to the presence of carboxyl, hydroxyl, aldehyde or amino groups.86,101,121-124 

Moreover, the coordination bonds formed have adequate pH-response ability and can release 

drug molecules under small pH variations. Additionally, platinum-based chemotherapeutics has 

been often used as building blocks of NCPs,80,125,126 which allowed the combination of platinum-

based drugs and other encapsulated chemotherapeutics looking for increased synergistic 
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therapy.127-130 Apart from platinum-based NCPs, other metals such as copper,131 ruthenium,132 

cobalt,133 arsenic,134 bismuth,135 lanthanum and strontium,136 or indium137 have been used in the 

formation of NCPs with anticancer activity. 

NCPs have also been used in photodynamic therapy, an effective anticancer procedure involving 

the administration of a tumor-localizing photosensitizer followed by light activation to generate 

highly cytotoxic reactive oxygen species (ROS).138 In this way, NCPs based on zinc 

phthalocyanine, a well-known photosensitizer, as well as DNA-based particles encapsulating the 

photosensitizer chlorine e6 have been reported to generate intracellular cytotoxic singlet 

oxygen.139,140 The high flexibility in NCPs design also allows for combination therapy 

formulations, which enhance anticancer efficacy due to synergistic effects. Recent examples in 

the field of coordination particles include the combination of chemotherapy and photodynamic 

therapy for reducing drug resistance development and increasing the therapeutic effect that is 

achieved by using the drugs separately.123,141,142 Other novel designs include coordination 

polymer hybridized Au nanocages for photothermal therapy,143 DNA-functionalized NCPs as 

biocompatible gene regulation agents,144 or direct encapsulation of individual tumor cells as 

whole cell vaccines.145 

The presence of metal nodes and organic ligands in the NCPs structure allows for the design and 

fine-tuning of theranostic systems. These assemblies combine therapeutic and imaging agents 

with the idea of real-time monitoring of drug release in the target cells. Recent examples of 

theranostic NCPs are based on the use of magnetic resonance imaging (MRI), optical imaging 

and radioimaging as the diagnosis part of the theranostic assembly. The most studied ones are 

used in MRI. Briefly, an MRI contrast agent improves the sensitivity and image resolution of the 

technique by modifying the relaxation times of water protons under a magnetic field. Thus, NCPs 

formation aims to improve this sensitivity while reducing cell toxicity attributed to the presence 

of the free metals usually used such as gadolinium146-148 and manganese78,116,149-152 or through 

the formation of biocompatible iron-based NCPs with MRI properties.153-157 NCPs exhibiting 

optical properties such as fluorescence include particles assembled using active ligands158,159 or 

metals,119 dye encapsulation80,160 or particle surface functionalization with an optical active 

unit.77,159 Radioimaging techniques include positron emission tomography (PET) and single 

photon emission computed-tomography (SPECT). Recent examples of radiolabeling include Au-

161,162 and Cu64-based NCPs.163,164 However, the limitless combination of ligands and metals in 

NCPs allows for the assembly of systems with simultaneous responses in different diagnosis 

techniques. The most studied combination includes an MRI contrast agent coupled to optical 
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imaging,165-168 although other examples include MRI + photoacoustic imaging,155,169-171 MRI + 

photoacoustic imaging + PET66 or optical + photoacoustic imaging.172 

Despite the large number of examples of NCPs in medicine described above, the vast majority 

of studies reported focus on cancer, either as chemotherapeutics drug delivery systems or as 

more complex, multifunctional theranostic assemblies. During the early stages of this thesis, our 

attention was driven to the delivery of antiviral agents, specially focusing on anti-HIV drugs. To 

that date, the only example of coordination polymer-based nanoassemblies for the 

improvement of anti-HIV activity of drug zidovudine was reported in 2013 (and later updated in 

2017) but described in crystalline NMOFs instead of amorphous NCPs (figure 1.8).173,174 Thus, we 

decided to explore the feasibility of building nanosystems including one or more antiretroviral 

drugs. Before the introduction of our research plan, a brief background about HIV, antiretroviral 

drugs and the state of the art in antiretroviral therapy will be presented. 

 

Figure 1.8. (top) Release of the anti-HIV drugs triphosphorylated lamivudine (3TC-Tp), triphosphorylated 
or monophosphorylated zidovudine (AZT-Tp and AZT-Mp) and the constitutive organic linker BTC from 
MIL-100(Fe) NMOF in simulated physiological conditions. (bottom) Monitoring of the particle size 
evolution during the release process. Reproduced from reference 174 with permission. 

1.3 HIV 

The human immunodeficiency virus (HIV) is a retrovirus that affects CD4+ T-cells, macrophages 

and dendritic cells and eventually causes the acquired immunodeficiency syndrome (AIDS). The 
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main feature of AIDS is a fall in the number of circulating CD4+ T-cells, which can potentially lead 

to life-threatening opportunistic infections. 

The HIV-1 replication cycle is summarized in figure 1.9:175 1) the infection begins when the virus 

recognizes the CD4 receptor and the co-receptor CCR5 of a CD4+ T-cell , leading to fusion of the 

viral and cellular membranes and entry into the cell; 2) partial viral capsid decomposition 

facilitates reverse transcription, where viral DNA is created from the original viral RNA; 3) 

integration of the viral DNA into the host DNA occurs within the context of nucleoprotein 

structures that arises from the viral core; 4) proviral transcription and nuclear export produce 

mRNAs that serve as a template for viral-protein production and their assembly; and 5) budding, 

release and maturation of a new viral particle complete the replication cycle. At this point, the 

new viral particles are able to infect other cells, starting the cycle all over again. 

 

Figure 1.9. Schematic representation of the HIV-1 replication cycle. Potential targets for antiretroviral 
therapy are marked. Reproduced from reference 175 with permission. 

In 2018, 37.9 million people were estimated to be living with HIV and around 62% (roughly 23.3 

million) were receiving antiretroviral treatment, with a target of 30 million by 2020 according to 

the World Health Organization. In total, HIV/AIDS caused 0.8 million deaths during 2018 (figure 

1.10). However, since antiretroviral therapy (ART) has been available, life expectancy of HIV-

positive patients has been increased and currently nearly equals the life expectancy of HIV-

negative population. Additionally, a marked decrease in HIV-related mortality has been 

observed while ART coverage has been increased. As an example, in 2018, data shows a decrease 

of 45% in deaths relative to 2000, as well as a decrease of 39% in new annual HIV diagnoses.176 
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Figure 1.10. Evolution of HIV incidence and mortality since 1990. Reproduced from 
http://www.who.int/hiv/data/en/. 

1.3.1 Historical Background of Anti-HIV Therapy  

The first signs of AIDS were recognized in the United States in 1981, where cases of young men 

dying from infections that otherwise a healthy immune system would repel were reported.177 In 

less than one year, the term AIDS was coined by the United States Centers for Disease Control 

and Prevention (CDC) to describe such opportunistic infections in the context of significantly low 

circulating CD4+ T-cells count. During the following two years, the retrovirus currently known as 

HIV-1 was simultaneously isolated in the United States and France by Luc Montagnieri178 

(Pasteur Institute) and Robert Gallo179 (U.S. National Cancer Institute), respectively. The 

astonishing achievements that arose from those early discoveries in 1985 included the 

development of a reliable HIV-specific test for blood screening and the identification of 

zidovudine (AZT) as a potential candidate for antiretroviral therapy, which culminated in its 

approval in 1987 by the U.S. Food and Drug Administration (FDA) as the first nucleoside reverse 

transcriptase inhibitor (NRTI). Other significant milestones in HIV research during the following 

decade comprised the adoption in 1992 of an accelerated drug approval mechanism by the FDA, 

the release of both the first protease inhibitor (saquinavir) and the first non-nucleoside reverse 

transcriptase inhibitor (NNRTI) (nevirapine) in 1995 and 1996, respectively. The introduction of 

the combination antiretroviral therapy (cART) as a standard of care, namely, the combination of 

two or more active agents allowed simplification and increased drug adherence for the patients. 

The first fixed-dose combination pill (zidovudine + lamivudine) was approved in 1997. Within 
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the 21st century, the targets of antiretroviral therapy (ART) were broadened with the inclusion 

of fusion inhibitors (enfuvirtide, 2003), CCR5 antagonists (maraviroc, 2007) and integrase 

inhibitors (raltegravir, 2007). Furthermore, in 2000, latent viral reservoirs were identified as a 

barrier to HIV eradication and in 2009 the first case of long-term control of HIV by CCR5-Δ32 

stem-cell transplantation, known as “the Berlin patient”, was reported.180 Interestingly, a second 

case of long-term control of the virus via stem cell transplant was reported in 2019.181 In the 

early 2010s, cART was found to effectively reduce the risk of HIV transmission in what is now 

known as pre-exposure prophylaxis (PrEP). All in all, Science Magazine considered it 

“Breakthrough of the Year 2011”.175,182 

In addition, the next improvement in fixed-dose combination pills was made in 2006 with the 

approval of AtriplaTM, the first one-pill, once-daily anti-HIV drug regimen. AtriplaTM was 

composed by two NRTI (emtricitabine and tenofovir) and a NNRTI (efavirenz). Since its approval 

and until 2019, ten additional once-daily pills have been marketed, all of them containing two 

NRTIs and a NNRTIs or integrase inhibitor. Until now, the FDA has only approved one single-

tablet regimen composed by just two antiretroviral drugs, Juluca, which combines the integrase 

inhibitor dolutegravir and the NNRTI rilpivirine.183-186 

1.3.2 Antiretroviral Drugs against HIV 

Nowadays, 37 antiretroviral drugs are used in the treatment of HIV infection,187 which can be 

arranged into six different classes according to their target in the replication cycle: 

nucleoside/nucleotide reverse transcriptase inhibitor (NRTIs), non-nucleoside reverse 

transcriptase inhibitor (NNRTIs), protease inhibitor (PIs), entry/fusion inhibitors (FIs) and CCR5 

antagonist and integrase inhibitors)(table 1.1, figure 1.11). 

Table 1.1. FDA-approved drugs used in the treatment of HIV/AIDS, ordered by approval date. Drugs 
marked with * are no longer marketed.  

NRTIs 

Zidovudine (AZT) 

Protease 
Inhibitors 

Saquinavir (SQV) 

NNRTIs 

Nevirapine (NVP) 

Didanosine (ddI) Indinavir (IDV) Delavirdine (DLV) 

Zalcitabine* (ddC) Ritonavir (RTV) Efavirenz (EFV) 

Stavudine (d4T) Nelfinavir (NFV) Etravirine 

Lamivudine (3TC) Amprenavir* (APV) Rilpivirine 

Abacavir (ABC) Lopinavir (LPV) 

Integrase Inhibitors 

Raltegravir 

Tenofovir disoproxil 
(TDF) 

Atazanavir (ATV) Dolutegravir 

Emtricitabine (FTC) Fosamprenavir (FOS) Elvitegravir 

  Tipranavir (TPV) Fusion Inhibitors Enfuvirtide 

  Darunavir (DRV) CCR5 antagonists Maraviroc 
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• NRTIs: they were the first antiretroviral drugs developed, based on  2’,3’-dideoxynucleosides 

or nucleotides.188 Once phosphorylated, they compete with endogenous deoxynucleoside 

triphosphates (dNTPs) in the HIV reverse transcription process, acting as chain-terminators 

of DNA elongation because of their lack of a 3’-hydroxyl group. Since the approval of AZT in 

1987, several NRTIs haven been approved for ART (Table 1.1). The transport of NRTIs into 

the cell either by passive diffusion or carrier-mediated transport performs a crucial role in 

their bioavailability due to their intrinsic hydrophilicity and therefore limited membrane 

permeability. Once inside the cells, NRTIs undergo successive phosphorylation steps 

catalyzed by phosphotransferases and nucleoside/nucleotide kinases and become highly 

polar species with improved intracellular persistence. As an example, AZT half-life in plasma 

is estimated to range 0.5 to 3 hours,189 while it increases to 7 hours in intracellular media.190 

Despite being the first antiretroviral drugs used, current combination therapy is based on 

NRTIs in synergy with either NNRTIs, PIs or integrase inhibitors. 

• NNRTIs: they comprise a high diversity of chemical structures, unlike NRTIs, with more than 

50 families of molecules described. NNRTIs inhibit the viral replication cycle by binding to 

the HIV retrotranscriptase enzyme in a specific hydrophobic pocket. Despite their chemical 

heterogeneity, all NNRTIs target at the same binding site. Additionally, unlike NRTIs, 

intracellular metabolization is not required to possess therapeutic effect. So far, only five 

NNRTIs are approved for their use in ART, although they are always used in combination 

with another drugs. Introduction of nevirapine and efavirenz represented, in fact, a 

cornerstone in combination antiretroviral therapy.191  

• Protease inhibitors (PIs):  they focus on the inhibition of the last step in HIV lifecycle, 

maturation. In short, HIV protease cleaves certain structural polyproteins to form group-

specific antigen (Gag) proteins, which induces the production of new infectious virions. All 

PIs currently approved, with the exception of tipranavir, are competitive peptidomimetic 

inhibitors, mimicking the natural substrate of the viral protease. Subsequent cleavage of PIs 

is prohibited by the presence of a hydroxyethylene core. Tipranavir, on the other hand, 

contains a dihydropyrone ring as a central scaffold instead of the mentioned 

hydroxyethylene core.192  

• Entry/fusion inhibitors: they include a complex group of drugs with multiple mechanisms 

of action, which block HIV entry into host cells during one of its steps: attachment to host 

cells and CD4 binding, coreceptor (CCR5) binding or membrane fusion. Only two entry 

inhibitors have been approved for ART, maraviroc and enfuvirtide.193  
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• Integrase inhibitors: they target the viral enzyme responsible for the insertion of viral DNA 

into the host genome. Currently, only three integrase inhibitors have been approved: 

raltegravir, dolutegravir and elvitegravir.194 

 

Figure 1.11. Selected examples of antiretroviral drugs of different families (NRTIs, NNRTIs, protease 
inhibitors and integrase inhibitors). 

1.3.3 Challenges in Antiretroviral Therapy/Nanotechnology 

The effectiveness of combination antiretroviral therapy (cART) still presents several challenges 

or drawbacks,195 namely (i) patient adherence to the treatment, in which recent progress has 

been focused on the development of extended-release formulations that lower pill burden and 

present a more favorable short- and long-term toxicity profiles; (ii) the appearance of drug 

resistance due to the substantial number of replication cycles in HIV and its lack of a proof-

reading mechanism; (iii) toxicity, specially long-term effects including psychiatric, metabolic, 

renal, bone and cardiovascular issues which indirectly contribute to discontinuation of the 

treatment; (iv) low solubility and poor bioavailability of antiretroviral drugs; and (v) the existence 

of cellular reservoirs of latent HIV viruses that escape treatment and the limited capability of 

ARV to reach such reservoirs.196 
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Nanotechnology has recently emerged as a powerful tool for overcoming such hurdles.197-201 

Nanosystems offer several properties that favor their use in antiretroviral therapy, including 

versatility, modulation of toxicity depending on used excipients, drug release modulation, high 

drug payloads and their ability to improve bioavailability of ARV drugs, thus protecting them 

from metabolism, increasing drug residence in the human body and reducing needed doses in 

the end. The use of nanoparticles also provides advantages for passive or active targeted 

delivery to cells or organs that are implicated in HIV/AIDS. Inside passive targeting, delivery to 

lymph nodes via normal nanoparticle uptake by macrophages is of great importance, because 

they are induction and HIV replication sites though T-cells. Active targeting, i. e., nanoparticle 

surface attachment of specific ligands that are able to recognize target cells or site, include 

functionalization with receptors present in HIV,202,203 or infected macrophages/T-

lymphocytes.204-207 Additionally, nanosystems can help to overcome one important limitation of 

many antiretroviral drugs, that is their unavailability to circumvent efflux pumps present in the 

membrane of several HIV-target cells. Also, the possibility of combine different antiretroviral 

drugs in the same nanoformulation and modulate their release allows a simplification of drug 

administration. Toxicity at cellular level is also expected to decrease using the right choice of 

materials for building nanoconstructs, even when drug uptake is increased, probably due to their 

slow-release properties.208,209 

To date, different nanostructuration approaches of ARV drugs have been reported. For example, 

lactoferrin-based nanoparticles have been successfully loaded with a combination of two NRTIs 

(zidovudine and lamivudine) and a NNRTI, efavirenz, to improve in vitro anti-HIV activity, 

pharmacokinetics and bioavailability (figure 1.12).210 In this work, the nanoparticles exhibited 

drug loadings of approximately 5% for each anti-HIV drug and displayed an acid-induced drug 

release. Other approaches rely on polymeric materials, such as the use of polyhexylcyanocrylate 

to encapsulate either the protease inhibitor saquinavir, the NRTI zalcitabine or zidovudine,211,212 

poly(lactide-co-glycolide) (PLGA) to deliver either with efavirenz or saquinavir,213 saquinavir-

loaded poly(ethylene oxide)/poly(caprolactone) nanoparticles,214 poly(lactic acid) particles 

encapsulating zidovudine,215 cationic polymers to encapsulate nucleoside 5’-triphosphates by 

the formation of polyionic complexes based on nanogels216 or hybrid nanocapsules composed 

by poly(iso-butylcyanoacrylate) and poly(ethyleneimine).217 Nanoconstructs bearing multiple 

antiretroviral drugs have also been reported within polymeric materials. For instance, 

nanoparticles composed by poly(ethylene glycol) and poly(lactic acid) functionalized with 

maleimide groups were reported to encapsulate the NNRTI DAAN-14f while functionalizing its 

surface with the fusion inhibitor T1144.218 Another example includes the encapsulation of the 
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CCR5 antagonist maraviroc, the NNRTI etravirine and the integrase inhibitor raltegravir into a 

PLGA matrix, improving intracellular drug uptake and anti-HIV activity.219 

 

Figure 1.12. a) Drug loading (DL) and encapsulation efficiency (EE) for zidovudine (AZT) efavirenz (EFV) 
and lamivudine (3TC) in lactoferrin nanoparticles. b) pH-dependent cumulative release of AZT, EFV and 
3TC from lactoferrin nanoparticles incubated at pH 5.0 and pH 7.4. 

Nanoparticles based on lipids have also been reported, such as the encapsulation of the 

protease inhibitor indinavir for a sustained release,220,221 the delivery of zidovudine using lipidic 

particles222,223 or the formation of pH-responsive liposomes encapsulating the NRTI 

tenofovir.224,225 Combinational drug release has also been reported for lipid nanoparticles, being 

able to simultaneous deliver two protease inhibitors, lopinavir and ritonavir, and a NRTI, 

tenofovir.226 Interestingly, nucleoside analogues functionalized with squalene chains have been 

reported to self-organize in water as nanoassemblies,227,228 as well as their cholesteryl 

derivatives.229 

In general, modest to low drug loading contents (1-10%) are achieved using these approaches, 

although more effective encapsulation has been reported using nanoscale metal-organic 

frameworks (NMOFs). In 2010, Horcajada and coworkers reported a series of porous iron-based 

NMOFs with the ability of encapsulating different cargoes and, in particular, excellent drug 

loadings up to 42% were achieved for triphosphorylated zidovudine (AZT-TP).230 Subsequent 

studies delved into the loading and release mechanisms of AZT-TP, the possibility of co-

encapsulate two different triphosphorylated NRTIs, zidovudine and lamivudine, and the 

evaluation of their anti-HIV activity, which was found to be maintained through the 

encapsulation process.173,174 Other examples of high drug loading can be found in solid 

nanoparticles obtained using emulsion-templated freeze drying. For example, encapsulation of 

the NNRTI efavirenz was reported to reach 70 wt%,231 while another study reported a 50 wt% 

for particles loaded with the protease inhibitors ritonavir and lopinavir.232 However, 
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minimization of side effects, improvement in biodistribution or the development of novel 

formulation allowing for metabolization into a pharmacologically active drug, mainly 

intracellularly, still represents a real challenge in HIV/AIDS treatment.  
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Within this context and due to the ongoing challenges in HIV therapy, our proposal was to 

investigate the unexplored field of NCPs for the delivery of antiretroviral drugs and it can be 

found summarized in figure 2.1. To start, owing to our previous knowledge in catechol synthesis, 

we planned on designing a synthetic route for a conjugated compound between the anti-HIV 

drug zidovudine and a catechol moiety, namely catAZT. Moreover, we envisioned the 

conjugation between the catechol part and the drug through an enzyme-responsive linker such 

as an ester bond. The presence of catechol also obeyed, ultimately, to the formation of NCPs 

composed by the polymerization of iron-catechol complexes aided by a bis(imidazole) bridging 

ligand, as it had been already described within our research group and outlined in the 

introduction. Thus, we expected to form particles following similar procedures using catAZT. In 

the end, the active drug zidovudine would be chemically tethered to the building blocks of the 

NCPs, namely catAZT-NCPs, effectively increasing the expected drug loading capacity and 

moderating their drug release when compared to a physical entrapment.  

As we have also seen in the introduction, our group showed that these families of NCPs gradually 

degrade in aqueous media into their constituents. With this in mind, we conceived the release 

of zidovudine in physiological media as a two-step process, outlined in figure 2.1 b. Therefore, 

we expected catAZT-NCPs to degrade in aqueous media and release their constitutive ligands, 

constituting the rate-limiting step of the process. The ligand bearing the anti-HIV drug, catAZT, 

would be then susceptible to enzymatic hydrolysis by endogenous esterases, finally releasing 

the drug zidovudine. From an experimental point of view, this release process would be 

performed in vitro in a simulated physiological media and chromatographic methodologies 

would be developed in order to unequivocally quantify the amount of zidovudine released at 

different time intervals. Moreover, and firstly, the hydrolysis of non-nanostructured catAZT 

should be evaluated under the same experimental conditions and analysis techniques for 

comparison purposes. Then, different parameters of the interaction of catAZT-NCPs with 

biological media would be evaluated in different cell lines, namely cytotoxicity and cellular 

uptake, and compared to the free drug zidovudine. As a blank for the biological tests, a similar 

catechol-nucleoside conjugate using non-active thymidine, namely catTHY, would also be 

prepared to form structurally analogous NCPs, catTHY-NCPs, without expected anti-HIV activity. 

Finally, their anti-HIV activity would be evaluated in infected lymphocytes. 
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Figure 2.1. (a) Scheme of the synthesis of catAZT-NCPs and catTHY-NCPs. (b) Schematic representation 
of the drug release process involving NCPs degradation and subsequent enzymatic cleavage of the 
antiretroviral drug. 

Once established, the scope of the previous proof-of-concept catAZT-NCPs would be expanded 

with the preparation of NCPs bearing multiple antiretroviral drugs. In particular, we expected to 

emulate the fixed-dose commercial formulation Dutrebis™, consisting of 150 mg of the NRTI 

lamivudine and 300 mg of integrase inhibitor raltegravir. As this dosage equates roughly to a 1:1 

molar ratio between both antiretroviral drugs, our ultimate goal in this chapter would be the 

formation of NCPs bearing both drugs in an equimolar ratio. To achieve this, catechol-drug 

conjugates using raltegravir (RAL)  and emtricitabine (FTC) would be prepared taking advantage 

of the methodologies developed during the previous chapter, namely catRAL and catFTC 

respectively (scheme 2.1).  
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Then, in the first place, these new conjugates would be used separately to form NCPs and  they 

would be characterized in a similar way to that previously described, including drug release 

kinetics of the free conjugates and NCPs. Once each particle system is fully characterized, our 

research would move on the formation of NCPs using mixtures of antiretroviral drugs with the 

aim of achieving the aforementioned equimolar ratio and their characterization, specially their 

drug release profile. To fully characterize this multi-drug systems, chromatographic 

methodologies should be developed in order to unequivocally quantify each species resulting of 

NCPs degradation. 

Lastly, synthetic methodologies will be explored for the obtention of additional conjugates 

between catechol and ARV drugs. Specifically, the synthesis will be focus on lamivudine (3TC) 

and tenofovir (TFV)  conjugates, cat3TC and catTFV, respectively (scheme 2.1). The novelty in 

this step resides in the presence of two free hydroxyl groups within the phosphonate unit of 

tenofovir. Thus, we envisioned the attachment of two different catechol moieties to it, to form 

the conjugate catTFV, with the idea of enabling its polymerization with iron ions without the 

addition of the bis(imidazole) bridging ligand, therefore increasing drug loading capacity and 

simplifying its chemical structure. Despite not presenting an ester bond like the previous 

conjugates, catTFV contains carbonyloxymethyl phosphonates moieties, which are known to be 

affected by esterases in a similar way to alkyl esters. 

 

Scheme 2.1. Proposed structures for catechol-ARV conjugation using lamivudine (3TC), emtricitabine 
(FTC), raltegravir (RAL) or tenofovir (TFV); cat3TC, catFTC, catRAL and catTFV respectively. 
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To achieve this, the following specific objectives of this PhD thesis were set: 

1. To develop a synthetic methodology for the obtention of a catechol-zidovudine 

conjugate, catAZT, and its non-active counterpart catechol-thymidine conjugate, 

catTHY. 

2. To form iron-based nanoscale coordination particles (NCPs) using catAZT or catTHY and 

a bis-imidazole bridging ligand, bix. 

3. To characterize the aforementioned NCPs, catAZT-NCPs and catTHY-NCPs, and prove 

their feasibility as drug delivery systems. 

4. To expand the scope of antiretroviral-containing NCPs formation by first synthesizing 

catechol-ARV conjugates using the clinically-relevant combination of emtricitabine 

(FTC), catFTC, and raltegravir (RAL), catRAL, and their subsequent use for the formation 

of dual-ARV drug NCPs in order to emulate single pill dosage. 

5. To develop additional synthetic approaches for the functionalization of the 

antiretroviral drugs lamivudine (3TC) and tenofovir (TFV), cat3TC and catTFV, 

respectively.  

  



 

 

  



 

 

  



 

 

 

Chapter 3 

Synthesis of NCPs based on 

zidovudine-catechol conjugates 
This chapter will focus on the synthesis and characterization of NCPs containing the 

antiretroviral drug zidovudine (AZT) as part of the building blocks of the particles themselves. 

Thus, an organic synthetic pathway for the formation of zidovudine-catechol (catAZT) 

conjugates will be initially presented, followed by the description of the synthesis of NCPs using 

catAZT, their subsequent characterization, including physicochemical, in vitro drug release 

profile, cytotoxicity, cellular uptake and anti-HIV activity evaluation. The synthesis and 

characterization of NCPs formed by the self-assembly of thymidine-catechol conjugates (catTHY) 

will also be presented for comparison purposes. 
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3.1 Development of synthetic methodologies for the 

obtention of catAZT 

3.1.1 Synthetic route for the obtention of catAZT and catTHY 

Target molecules catAZT and catTHY, were conceived as the sum of three basic units: a catechol 

moiety, an alkyl chain containing a carboxylic acid and an antiretroviral (ARV) drug attached to 

it (scheme 3.1). The proposed synthesis would consist on a common pathway to obtain pivotal 

intermediate 4 in a multi-gram scale and its posterior use to attach the ARV drug using suitable 

methodologies. The first choice for the ARV drug was zidovudine (AZT) owing to the fact that (i) 

it was the first ARV drug approved by the FDA in HIV/AIDS therapy;1 (ii) it is a representative 

model for nucleoside reverse transcriptase inhibitors (NRTIs), which are still used in current 

therapy in combination with other classes of ARV drugs; and (iii) it is commercially available 

through common suppliers.  A Wittig reaction between 3,4-dibenzyloxybenzaldehyde, 1, and 

the phosphonium ylide 2, followed by a catalytic hydrogenation was chosen as the starting point 

for their synthesis. The election of benzyl protecting groups would allow the direct synthesis, 

after the reduction step, of unprotected catechol bearing a carboxylic group, 3, and its further 

protection as a tert-butyldiphenylsilyl (TBDPS) ether, 4. This second protection step would 

provide a protection for catechol that would allow a final deprotection step using mild 

experimental conditions compatible with ester and azide moieties. Commercially-available AZT 

and thymidine would be then incorporated to intermediate 4 by an esterification reaction. 

Lastly, removal of TBDPS protecting groups would allow the isolation of the catechol conjugates 

containing AZT and thymidine, catAZT and catTHY respectively. 

 

Scheme 3.1. Proposed synthetic route for the obtention of target molecules catAZT and catTHY. 
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3.1.2 Synthesis of catAZT 

3.1.2.1 Synthesis of 6-(3,4-bis(benzyloxy)phenyl)hex-5-enoic acid, 5. 

 

The synthetic sequence started form commercially-available 3,4-dibenzyloxybenzaldehyde, 1, 

which was converted into carboxylic acid 5 through a Wittig reaction using the nonstabilized 

phosphonium ylide prepared in situ by treatment of (4-carboxybutyl)triphenylphosphonium 

bromide with base. The reaction was performed in dry toluene and NaH, because the use of 

other solvents and bases, such as dry THF or potassium tert-butoxide, proved to be less efficient 

for this process. It is worth noticing that, although a high reactivity between an aldehyde and a 

nonstabilized ylide is expected, the reaction did not take place until it was heated to reflux 

temperature. After purification by liquid-liquid extraction and flash column chromatography, 

carboxylic acid 5 was obtained in 88% yield as a 5:1 mixture of the E and Z isomers, identified by 

the olefinic 1H NMR coupling constants (3Jtrans = 15.8 Hz, 3Jcis = 11.8 Hz). However, these isomers 

were not further separated as the next synthetic step involved a catalytic hydrogenation of the 

double bond. 

3.1.2.2 Synthesis of 6-(3,4-dihydroxyphenyl)hexanoic acid, 3. 

 

Next, a simultaneous hydrogenation of the alkene moiety and removal of the benzyl protecting 

group was performed to the previous mixture of E and Z isomers using high pressure of H2 under 

Pd/C as catalyst to furnish catechol 3. Nevertheless, this transformation was more problematic 

than it appeared. At first, the olefin was observed to be hydrogenated easily when 5 was 

dissolved in an aprotic solvent such ethyl acetate, but the benzyl moieties remained unmodified 

under these conditions. The introduction of traces of acetic acid, combined with frequently H2 

refilling in the reaction vessel, facilitated the removal of the benzyl protecting groups, easily 
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monitored by 1H NMR. Catechol 3 was obtained almost quantitatively by simple filtration of the 

catalyst and evaporation of the solvent under reduced pressure. 

3.1.2.3 Synthesis of 6-(3,4-bis((tert-butyldiphenylsilyl)oxy)phenyl)hexanoic 

acid, 4. 

Preliminary tests were initially performed to explore the possibility of the straightforward 

esterification between AZT and catechol 3 without further protection, thus simplifying the 

synthetic pathway and therefore increasing its overall yield (scheme 3.2). In this way, different 

coupling agents that enhance the reactivity of carboxylic acids were employed (table 3.1). 

Starting with a Steglich esterification (table 3.1, entry 1)) and moving to more complex coupling 

agents such as HATU and EDCI,2 the reaction did not take place. Next, to test the feasibility of 

the esterification, a proof-of-concept using protected catechol 5 and HATU as coupling agent 

(table 3.1, entry 4) was performed and a new compound, less polar than both 5 and AZT was 

detected, purified and later identified as 6 in 32% yield. Although target molecule catAZT would 

be derived from the deprotection of benzyl groups in 6 by simple hydrogenation, this synthetic 

step could not be accomplished because the azide group of the nucleoside would be reduced to 

amine. 

 

Scheme 3.2. Schematic representation of the two different approaches to conjugate the antiretroviral 
drug zidovudine to the selected catechol moiety, direct coupling (left) was unsuccessful while conjugation 
to a catechol-protected carboxylic acid (right) was proven to be feasible. 
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Table 3.1. Synthesis tests for the direct formation of catAZT. 

Entry Substrate Coupling Agent Base Solvent Reaction conditions Yield 

1 3 DCC DMAP THF 0 °C, overnight No conversion 

2 3 HATU DIPEA THF rt, 2 days No conversion 

3 3 EDCI DIPEA THF rt, 4 days No conversion 

4 5 HATU DIPEA THF rt, overnight 32% 

 

After the successful test coupling of AZT to 5, the challenge was now to protect the hydroxyl 

moieties in catechol 3 in a manner that could be eliminated chemoselectively under mild 

conditions but, at the same time, would not affect the nucleoside or the ester linkage at all. The 

use of a silyl ether protecting group was then envisioned as it had been successfully used in our 

research group for catechol compounds. Specifically, the silylation of 3-bromo-4,5-

dihydroxybenzaldehyde, 7, was reported by our research group in 2008 using tert-

butyldiphenylsilyl, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as base and a THF/DMF mixture as 

solvent (scheme 3).3  

 

Scheme 3.3. Silylation of 7 using TBDPS reported by our research group (ref 3). 

After failed attempts to introduce the TBDPS protecting group using this methodology, the 

reaction was attempted using dry acetonitrile at 40 °C while maintaining the initial reagents, i.e. 

tert-butyldiphenylsilyl chloride and DBU as base. In these reaction conditions, compound 4 was 

obtained in 64% yield (scheme 3.4). 

 

Scheme 3.4. Protection of catechol moieties in compound 3 as tert-butyldiphenylsilyl (TBDPS) ethers. 

Interestingly, when the reaction was scaled-up, a highly-nonpolar fraction was also isolated 

during purification with flash column chromatography. This fraction was identified as the pure 

compound bearing three TBDPS groups 9, which was easily hydrolyzed to recover intermediate 
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4 (scheme 3.5) using basic conditions and a mixture of solvents (EtOH/THF/H2O) in order to 

increase its solubility. 

 

Scheme 3.5. Basic hydrolysis of side product 9 to recover 4. 

3.1.2.4 Synthesis of ((2S,3S,5R)-3-azido-5-(5-methyl-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-2-yl)methyl 6-(3,4-bis((tert-

butyldiphenylsilyl)oxy)phenyl)hexanoate, 14. 

The next step in the synthetic sequence involved the tethering of AZT to the carboxylic acid 4. 

In a previous research project, the conjugation of unsaturated carboxylic acids to AZT had been 

explored (scheme 3.6). Specifically, 4-pentenoic acid, 10, was successfully attached to AZT in 

mild experimental conditions, using N,N’-dicyclohexylcarbodiimide (DCC) as a coupling agent in 

the presence of catalytic 4-dimethylaminopyridine (DMAP).  

 

Scheme 3.6. Coupling of 4-pentenoic acid, 10, to AZT to yield conjugate 11 performed in previous 
research. 

At this point, as the amount of available compound 4 was limited, these coupling conditions 

were tested in a protected catechol used in previous research, compound 12. As 12 only differed 

from 4 in their protecting groups, their reactivity towards an esterification reaction was 

expected to be similar. However, when using DCC, the reaction did not take place. Additional 

tests with the available coupling agent HATU revealed the formation of a new product, later 

identified as the expected ester 13 (scheme 3.7).  
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Scheme 3.7. Attempts to synthesize 13 as a model reaction for the subsequent esterification of 4 and AZT. 
Esterification of AZT and 12 was finally achieved using HATU as coupling agent.  

The conditions found for the obtention of 13 were then successfully applied in the esterification 

of AZT and compound 4. Thus, using HATU as coupling agent and N,N-diisopropylethylamine as 

base in THF, compound 14 was isolated in 86% yield (scheme 3.8). The 1H-13C HMBC spectrum 

of 14 displayed a cross peak attributed to the coupling of H-5’ and C-1’, indicating the correct 

formation of the ester bond (figure 3.1).  

 

Scheme 3.8. Esterification reaction of AZT and carboxylic acid 4. 

 
Figure 3.1. 1H-13C HMBC spectrum of 14 indicating the coupling between H-5’ and C-1’. 
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3.1.2.5 Synthesis of ((2S,3S,5R)-3-azido-5-(5-methyl-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-2-yl)methyl 6-(3,4-

dihydroxyphenyl)hexanoate, catAZT. 

 

The final step in the synthesis of catAZT involved removal of the TBDPS protecting groups using 

a standard methodology previously used in our research group.3 Thus, the simple addition of 

trimethylamine trihydrofluoride to 14 in dry THF furnished a more polar compound, which after 

quenching of the excess of Et3N·3HF and purification by flash column chromatography was 

identified as the target molecule, catAZT, in 68% yield. In summary, the synthesis of catAZT was 

achieved through a 5-step sequence with 32% overall yield. 

3.2 Synthesis of catAZT-NCPs 

Ligand catAZT was used to prepare the corresponding antiretroviral nanoparticles catAZT-NCPs 

based on a well-stablished methodology developed in our research group for the self-assembly 

of caffeic acid, a bis-imidazole ligand (1,4-bis((1H-imidazol-1-yl)methyl)benzene, bix,) and metal 

ions (Co, Fe) to yield NCPs (scheme 3.9).4  

 
Scheme 3.9. Synthesis of NCPs based on caffeic acid, bix and Fe or Co ions developed in our research 
group. 

Thus, for the formation of catAZT-NCPs, the bridging ligand bix, was prepared in a single 

synthetic step according to a previously reported methodology (scheme 3.10).5 Iron, in the form 

of iron (II) acetate, was selected as the metallic nodes due to its high biocompatibility compared 

with other metals used within our research group for NCPs formation (Co, Mn, Zn).  

 
Scheme 3.10. Synthesis of the bridging ligand 1,4-bis((1H-imidazol-1-yl)methyl)benzene, bix, used in 
catAZT-NCPs formation. 
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In an initial approximation, catAZT, bix and Fe(CH3COO)2 were mixed in a molar ratio of 2:1:1 

respectively, as it was the molar ratio between ligands and metal ions in the expected 

composition of the NCPs (scheme 3.11). Thus, a solution of iron (II) acetate in absolute ethanol 

was added dropwise to a stirred ethanolic solution of catAZT and bix and, instantaneously, a 

dark-purple precipitate appeared. After stirring at room temperature, the precipitate was 

collected by centrifugation, washed several times with ethanol and dried over vacuum. 

 

Scheme 3.11. Expected composition for catAZT-NCPs, consisting in the ligands catAZT, bix and Fe ions in 
a 2:1:1 ratio. 

As a first screening, Fourier-transform infrared spectroscopy (FTIR), dynamic light scattering 

(DLS) and scanning electron microscopy (SEM) were used as characterization techniques for 

determining chemical composition and morphology of the obtained material. Once the 

experimental conditions of the synthetic process would be optimized, additional and more time-

consuming techniques would be then used to fully characterize catAZT-NCPs. As mentioned in 

Chapter 1, particles ranging from 100 to 200 nm offer larger circulation half-lives which enhances 

their therapeutic effect. Therefore, the synthesis of NCPs with sizes around 150 nm was the aim 

at this point. Interestingly, the dark-purple precipitate obtained was formed by rather spherical 

particles in the range of 120 to 200 nm when observed by SEM (figure 3.2, a). Additionally, the 

FTIR spectrum of the material showed a characteristic band for the asymmetric azido stretching 

(2106 cm-1), as also observed in catAZT (2108 cm-1), in addition to bands attributed to bix ligand 

(1519, 1263, 1097 cm-1) (figure 3.2, b). Unfortunately, DLS showed a discrepancy with SEM 
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results, as measurements in ethanol displayed an average hydrodynamic diameter of 782 ± 64 

nm (PDI = 0.32) (figure 3.2, c), which suggested particle aggregation in solution. In fact, 

transmission electron microscopy (TEM) images (figure 3.2, d) revealed that, although sphere-

shaped particles were formed due to their tendency to minimize the interfacial free energy 

between their surface and the solvent, the NCPs formed clusters of few particles bonded 

together. 

 

Figure 3.2. a) Representative SEM image of the firsts attempts in catAZT-NCPs synthesis. b) FTIR spectra 
of (i) bix, (ii) catAZT and (iii) catAZT-NCPs. c) Dynamic light scattering (DLS) measurements of catAZT-NCPs 
dispersed in ethanol. d) Representative TEM images of the firsts attempts in catAZT-NCPs synthesis. 
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This observation was reinforced when all attempts to disaggregate the material by means of 

ultrasonication or heating failed. Attempts to improve colloidal stability using solutions of a 

series of biocompatible stabilizers, namely, polyvinylpyrrolidone (PVP), polyethylene glycol 

(PEG) or the polysorbates Tween™ 80 and Span™ 80  or decreasing ligand/metal concentration 

during the synthetic process were also unsuccessful. Moreover, colloidal suspensions of the 

material presented sedimentation in few minutes. However, in order to perform further 

characterization tests, including release kinetics and especially in vitro assays, particles in 

colloidal dispersion should exhibit a hydrodynamic diameter around 150 nm and also stability 

against sedimentation in the range of hours. 

To achieve a particle size comparable to SEM images in dispersion, two approaches were 

followed. The first one involved the inclusion of small quantities of caffeic acid in addition to 

catAZT during the synthetic process, while the latter relied on the use of stabilizers during the 

synthetic process to control particle size. The hypothesis within the first approach was to 

introduce certain number of moieties (-COOH) bearing a negative charge at physiological pH so 

that those located on the particle surface could apply an electrostatic repulsion to other 

particles, therefore preventing aggregation. Moreover, particles composed entirely by caffeic 

acid had been already prepared in our research group with excellent colloidal stability.4 Thus, 

particles were formed according to scheme 3.12. A mixture of catAZT and caffeic acid 

(catAZT/caffeic acid  molar ratio = 9) and bix was dissolved in ethanol, iron (II) acetate was added 

dropwise and a dark-purple precipitate appeared instantaneously. Taking advantage of the 

disassemble of the NCPs in acidic media, the 1H NMR spectra of the material was recorded in a 

mixture of deuterated methanol and hydrochloric acid. catAZT:caffeic acid molar ratio was then 

determined using peak integrals from both ligands. Although initially this molar ratio was set to 

9, the 1H NMR spectra data revealed a value of approximately 1, which could be attributed due 

to differences in ligand affinity and steric hindrance between catAZT and caffeic acid. DLS 

measurements of the material in both ethanol and phosphate buffer saline/bovine serum 

albumin 0.5 mM (PBS/BSA) showed a hydrodynamic diameter around 900 nm, which could be 

reduced to 450 nm using ultrasonication. Unfortunately, it reverted to 900 nm within 30 

minutes. 

  
Scheme 3.12. Attempts to increase colloidal stability of catAZT-NCPs by the addition of caffeic acid.  
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The second strategy for increasing colloidal stability was more successful. Polyvinylpyrrolidone 

(PVP) was selected as potential stabilizer due to its wide use in colloidal nanoparticle synthesis, 

especially for metallic ones.6 PVP is a non-toxic, neutral polymer that contains a strongly 

hydrophilic moiety (pyrrolidone) and a substantial hydrophobic part (alkyl chain) (figure 3.3). It 

prevents the aggregation of nanoparticles due to steric hindrance, that is, as a result of the 

repulsive forces between their hydrophobic moieties.6  

 

Figure 3.3. Chemical structure of polyvinylpyrrolidone (PVP), containing a hydrophilic moiety 
(pyrrolidone) and a hydrophobic part (alkyl chain). 

Thus, catAZT-NCPs synthesis was attempted using the previously described methodology but 

instead of pure ethanol, ligands were dissolved in an ethanolic solution of PVP. First tests 

showed a reduction of hydrodynamic particle size to the 150-200 nm range using 1 wt% PVP, 

which was further reduced to 0.1 wt% with the same outcome. As a result, with this approach, 

summarized in scheme 3.13, the dark-purple precipitate obtained showed similar size values 

when observed by SEM or DLS. 

 

Scheme 3.13. Schematic synthesis of catAZT-NCPs using polyvinylpyrrolidone as stabilizing agent. 

Before further characterization, two blank experiments were performed in order to shed more 

light on NCPs formation. The first test was to check if Fe cations and ligand bix formed 

nanostructures based on their coordination, as previously reported for Zn in our research 

group.7 In this research, NCPs based on the assembly of Zn2+ ions and bix were prepared as 

capsules for encapsulation of guest molecules (figure 3.4). In our case, no nanostructuration was 

found in Fe-bix mixtures as determined by DLS and SEM. 
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Figure 3.4. NCPs prepared previously in our research group by the assembly of Zn2+ ions and the 
bis(imidazole) ligand bix. Reproduced with permission from reference 7. 

The second test presented more interesting results. The addition of Fe(OAc)2 to a solution of 

catAZT in presence of PVP caused the appearance of a dark-purple precipitate composed by 

particles in the 600-700 nm range, as determined by SEM and DLS measurements (figure 3.5). 

Because no bridging ligands were incorporated into the reaction mixture, the resulting particles 

were hypothesized to be formed by the supramolecular interactions between nucleosides in Fe-

catAZT coordination complexes. Although the formation of such particles would be 

advantageous for biomedical applications because drug loading would be increased with respect 

to catAZT-NCPs, their size and colloidal stability were not suitable for it. Modifications in the 

reaction conditions, i. e., a decrease in catAZT or Fe(AOc)2 concentration or the addition of other 

stabilizers did not improve this aspect and therefore a comprehensive characterization was 

performed for catAZT-NCPs as a potential drug delivery system. 

Thus, NCPs composed by ligands catAZT and bix were prepared using the experimental 

conditions represented in scheme 3.13. SEM images showed spherical particles with an average 

diameter of 147 ± 33 nm (figure 3.6), which were in agreement with DLS measurements, showing 

a hydrodynamic diameter of 202 ± 10 nm in ethanol and 257 ± 6 nm in PBS/BSA 0.5 mM buffer. 

Similar FTIR peaks to those explained in the initial screening confirmed the presence of catAZT 

and bix. The X-ray powder diffraction (XRD) pattern of the particles was characteristic of an 

amorphous material.  
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Figure 3.5. a) Schematic representation of particle formation using catAZT and Fe ions including b) 
representative SEM images.  

 
Figure 3.6. Representative SEM images of catAZT-NCPs obtained using polyvinylpyrrolidone as stabilizer. 
(inset) Histogram of catAZT-NCPs particle size extracted from SEM micrographs (200 particles, mean size 
147 ± 33 nm). 
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To determine the chemical composition of catAZT-NCPs, a combination of characterization 

techniques was used: 1H NMR, inductively coupled plasma mass spectrometry (ICP-MS), 

elemental analysis and high-performance liquid chromatography (HPLC). Then, an empirical 

formula was proposed in agreement with the resulting data. Additionally, all characterization 

analyses were performed to three independent batches of catAZT-NCPs, displaying comparable 

results between batches and therefore proving the robustness of the synthetic procedure. In 

the first place, 1H NMR was used to determine the ratio between catAZT and bix. We knew from 

previous studies on different NCPs that these materials experience a disassemble process 

induced by an acidic media. Thus, 1H NMR spectra of catAZT-NCPs were recorded in a solution 

of deuterated hydrochloric acid and methanol, as well as the spectra of catAZT, AZT and bix 

(figure 3.7). The catAZT-NCPs 1H NMR spectrum revealed the presence of catAZT and bix, as 

well as acetate ions coming from the iron (II) acetate salt used in the synthetic process. Thus,  

integration of their characteristic signals shown in figure 3.7 allowed the determination of the 

catAZT/bix ratio, which averaged 2.5.  

 

Figure 3.7. 1H NMR spectra of (top to bottom) disassembled catAZT-NCPs, catAZT, AZT and bix recorded 
in a DCl/CD3OD acidic solution (50 µL DCl/mL CD3OD). Peaks corresponding to catAZT, bix and acetate are 
observed in the 1H NMR spectrum of catAZT-NCPs. 
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ICP-MS measurements allowed the determination of Fe content in NCPs, which was found to be 

5.5%. Elemental analysis displayed also reproducible %CHNS values among different catAZT-

NCPs batches, although values differed from the expected composition for the NCPs, consisting 

on catAZT:bix:Fe in a molar ratio of 2:1:1. 

HPLC quantification of catAZT and bix was done using ion pair chromatography (IPC) coupled to 

a UV detector. IPC relies on the use of mobile phase additives, usually alkylsulfonates, to increase 

the retention times of ionic analytes that otherwise would not be retained and therefore 

separated using a standard reverse-phase column (figure 3.8).8 In this case, as mobile phase was 

set acidic to avoid catechol deprotonation,9 bix was expected to be present in its protonated 

form. In fact, initial screening injections of bix standards using a conventional reversed-phase 

column displayed a poor separation due to its fast elution through the column. However, when 

sodium 1-octanesulfonate was added to the mobile phase, bix retention time increased and 

therefore facilitated its separation and posterior quantification. 

 

Figure 3.8. Comparison between conventional reversed-phase HPLC (left) and ion pair HPLC (right) applied 
to the elution of protonated bix. In conventional reversed-phase HPLC (left), protonated bix interacts 
weakly with the hydrophobic stationary phase consisting in silica coated with C18 alkyl chains. When an 
alkylsulfonate is added as additive (right), it is adsorbed onto the stationary phase surface, allowing a 
stronger interaction with protonated bix due to its anionic sulfonyl moieties, and therefore enhancing the 
separation process. 

Thus, a calibration curve was prepared using standards of catAZT and bix at concentrations 

ranging from 20 to 450 µM and 40 to 890 µM, respectively (R2 > 0.999). The wavelength of the 

UV detector was set simultaneously at 214 and 280 nm to match the maximum absorptivity of 
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bix and catAZT respectively. Then, known amounts of catAZT-NCPs were dissolved in an acidic 

HCl/CH3OH solution and injected into the HPLC system. Peaks corresponding to catAZT were 

then integrated and its concentration determined by interpolation with the previous calibration 

curve. Finally, a loading content of 25 wt% of AZT (44 wt% catAZT) was calculated using this 

data. Representative chromatograms for both standards and NCPs samples can be found in 

figure 3.9. 

Considering all data about catAZT-NCPs showed above, an empirical formula was adjusted by 

iterative fit of the ligand stoichiometry using a software developed in our research group. This 

software determined the optimal empirical formula that minimized the error with experimental 

CHNS % values while being simultaneously in agreement with all the experimental data showed 

above. Thus, FeC43.9H54.3N10.0O15.0., adjusted to [Fe(catAZT)1.5(bix)0.6(AcO)(H2O)2.4] was 

proposed as a plausible fit, with an error lower than 0.3% in elemental analysis data and 0.02% 

in Fe content. 

 

 

Figure 3.9. Representative chromatograms of a) standards containing bix (675 µM) and catAZT (346 µM) 
and b) catAZT-NCPs (311 µg/mL) dissolved in a mixture of HCl/CH3OH (50 µL concentrated HCl/mL CH3OH). 
Detection was made by UV detector at 214 and 280 nm.   
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Mössbauer spectroscopy, which relies in the absorption and emission of gamma rays in solid 

phase and it is especially useful for the analysis of iron complexes, was used to determine the 

electronic state of iron inside the NCPs coordination network. Although the original source of 

iron was an Fe2+ salt, the complex was shown to be stabilized as high-spin Fe3+. This electronic 

modification results from a redox interplay between the metal ion and electroactive catechol 

ligands in air, as previously reported.10 The presence of iron within the NCPs structure allowed, 

at first, the possibility of a multifunctional character as magnetic resonance imaging (MRI) 

contrast agent.11,12 Although this technique possesses low sensitivity and specificity, contrast 

agents are able to improve image resolution by modifying the relaxation times of water protons 

under a magnetic field and their selective accumulation in certain regions. Contrasts agents are 

classified into two groups, positive ones, which are usually based on paramagnetic metal ions 

such as Gd3+ or Mn2+ and reduce longitudinal (T1) relaxation times and negative ones, which 

mainly involve super-paramagnetic iron oxide compounds and reduce transversal (T2) relaxivity. 

To confirm this character for the catAZT-NCPs system, magnetic resonance relaxometry 

experiments were performed at different concentrations under an external magnetic field of 7 

Teslas and in two phantom sequences. The particles were dispersed in PBS/agarose 1%  pH 7.4 

solution and the obtained relaxation rate values were plotted against iron concentration (figure 

3.10). 

 
Figure 3.10. a) Results of the magnetic resonance relaxivity experiments with catAZT-NCPs. The relaxation 
rates were measured related to [Fe]. Plot of R1 (1/T1) and R2 (1/T2) in front of total [Fe]. b) 1H MRI T1 and 
T2 phantom maps of catAZT-NCPs in a PBS/agarose 1% solution at pH 7.4 at different concentrations (0, 
1, 5, 10 and 25 mM, referred to Fe concentration). 
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The NCPs displayed signal enhancement depending on concentration with a T1 positive contrast 

of r1 = 0.15 mM-1s-1 and T2 negative contrast of r2 = 117.5 mM-1s-1. Interestingly, they exhibited 

low r1 in comparison to the commonly used gadolinium contrast agents (i. e. Gd-DTPA; r1 = 3.3 

mM-1s-1) or other related iron-based NCPs synthesized in our research group (r1 = 4.4 mM-1s-

1).13,14 Similar low r1 values were recently reported for Gd-based NCPs and attributed to a low 

water accessibility to metal ion.15 On the other hand, catAZT-NCPs presented a high T2 negative 

contrast, related to the interaction with water molecules out of the first coordination sphere. 

These values make catAZT-NCPs very promising as a T2 contrast agent with r2 relaxivities nearly 

25 times higher than those of commercial Gd-DTPA. 

3.3 Synthesis of catTHY and catTHY-NCPs 

3.3.1 Synthesis of catTHY 

3.3.1.1 Synthesis of ((2R,3S,5R)-3-hydroxy-5-(5-methyl-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-2-yl)methyl 6-(3,4-bis((tert-

butyldiphenylsilyl)oxy)phenyl)hexanoate, 15. 

 

The synthesis of catTHY was envisioned for comparison purposes. Thymidine was selected 

because it is the endogenous analogue of AZT and, therefore, NCPs comparable in morphology, 

chemical composition, colloidal stability or release kinetics were expected to be formed using 

either catAZT or catTHY. At the end, the fact that thymidine is not active against HIV would make 

catTHY-NCPs an excellent blank for the in vitro testing of anti-HIV activity. 

Synthesis of catTHY, was also envisioned from the common intermediate 4, following the 

sequence described in the section above. However, initial attempts to perform the coupling of 

4 and thymidine using a similar approach to the one described above for catAZT were 

unsuccessful. Additional tests using stablished coupling methodologies (HATU, EDCI, HOBt or 

CDI) also met with failure, as only starting material or activated carboxylic acid species were 

obtained. Then, it was found that similar reactions, that is, coupling of thymidine to different 

carboxylic acids, were completed under Mitsunobu conditions (scheme 3.14).16-19 Therefore, the 

use of PPh3 and diisopropyl azodicarboxylate (DIAD) under a mixture of dry THF and DMF to 

solubilize all the reagents afforded compound 15 in 56% yield. 
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Scheme 3.14. Representative example of the esterification of thymidine and a carboxylic acid using 
Mitsunobu methodology, extracted from reference 16.  

3.3.1.2 Synthesis of ((2R,3S,5R)-3-hydroxy-5-(5-methyl-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-2-yl)methyl 6-(3,4-

dihydroxyphenyl)hexanoate, catTHY. 

 

With conjugate 15 in hands, the removal of its silyl protecting groups was performed using the 

same well-stablished methodology as in catAZT.3 Thus, the addition of triethylamine 

trihydrofluoride to 15 in dry THF afforded a more polar compounds, which was identified as 

target molecule catTHY after purification by column chromatography. In summary, the synthesis 

of catTHY was achieved through a 5-step sequence with 19% overall yield. 

3.3.2 Synthesis and characterization of catTHY-NCPs 

At this point, NCPs using the ligand catTHY were prepared following the optimized methodology 

for catAZT-NCPs. Thus, when catTHY, bix and iron ions were allowed to self-assemble in an 

ethanolic solution in the presence of polyvinylpyrrolidone as stabilizing agent, a dark-purple 

precipitate was obtained and identified as catTHY-NCPs (scheme 3.15). 

 
Scheme 3.15. Schematic synthesis of catTHY-NCPs using polyvinylpyrrolidone as stabilizing agent. 

These nanoparticles showed comparable physicochemical features to those of catAZT-NCPs; for 

example, an average diameter of 87 ± 26 nm was measured by SEM micrographs, while DLS 
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measurements displayed a hydrodynamic diameter of 172 ± 2 nm in ethanol and 192 ± 10 nm in 

PBS/BSA 0.5 mM buffer (figure 3.11, a, b and c). FTIR spectra confirmed the coordination of bix 

and catTHY to the metal ions, as characteristic bands for bix (1512, 1239 and 1101 cm-1) as well 

as a strong carbonyl band at 1658 cm-1 attributed to catTHY were observed. 1H NMR spectra of 

dissassembled catTHY-NCPs, measured in an acidic solution of deuterated methanol, showed 

the presence of the characteristic peaks of catTHY, bix and acetate ions and allowed the 

determination of the catTHY/bix ratio by the integration of their characteristic signals, which 

averaged 2.2 among different batches of catTHY-NCPs (figure 3.11, d). Elemental analysis of 

catTHY-NCPs displayed a good reproducibility in chemical composition among different 

independent batches of nanoparticles. Considering this data, an empirical formula was adjusted 

by iterative fit of the ligand stoichiometry using a software developed in our research group. 

Thus, the empirical formula FeC63.4H113.2N8.4O39.0 minimized the error with experimental CHNS 

% values while in agreement with the rest of the data obtained for catTHY-NCPs. Lastly, this 

formula was adjusted to Fe(catTHY)2.18bix(AcO)0.7H2O)20.2; which also presented deviation from 

the expected stoichiometry of two catTHY and one bix bridging ligand per metal ion. 
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Figure 3.11. a) Representative SEM images of catTHY-NCPs. b) Histogram of particle sizes extracted from 
SEM micrographs (457 particles, mean size 87 ± 26 nm). c) DLS measurements of catTHY-NCPs particle 
size in ethanol. d) 1H NMR spectra of (top to bottom) disassembled catTHY-NCPs, catTHY, thymidine and 
bix. All spectra were recorder in DCl/CD3OD (50 µL DCl/mL CD3OD). Peaks corresponding to catTHY, bix 
and acetate are observed in the 1H NMR spectrum of catTHY-NCPs. 
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3.4 Quantification of drug release in catAZT-NCPs and 

biological evaluation 

3.4.1 Drug release profile determination in catAZT-NCPs 

The release of AZT from the NCPs was envisioned as a two-step process (figure 3.12). The first 

one would involve the release of catAZT from the nanoparticles as a result of their gradual 

degradation in aqueous media, while subsequent transformation of catAZT into the drug AZT 

would be promoted by enzymatic cleavage due to endogenous esterases.20  

 

Figure 3.12. Scheme of the AZT release process, involving a first step of NCPs degradation followed by 
enzymatic cleavage of released catAZT into the active drug. 

One of the first challenges in AZT release profile quantification arose from the fact that, unlike 

previous NCPs drug release modelling done in our research group, AZT does not present 

fluorescence. For example, NCPs containing a red-fluorescent benzophenoxazine dye as model 

drug were previously prepared in our research group for the study of the different release 

mechanisms in NCPs.21 During these studies, the concentration of the drug released in the 

different aliquots was easily determined by fluorescence measurements in an unequivocally 

manner, as the only fluorescent species was the model dye. These approach, however, could 

not be applied to AZT, and it urged to create an analytical methodology in which AZT signal could 

be unequivocally quantified among degradation by-products. Therefore, high-performance 

liquid chromatography (HPLC) coupled to a UV detector was chosen. Previous to the 

determination of the kinetics according to the whole process (figure 3.12), the enzymatic 

hydrolysis of pure catAZT was studied. Thus, catAZT was incubated in a simulated physiological 

media, consisting of a PBS/BSA 0.5 mM buffer at 37 °C at neutral pH (7.4) or acidic pH (5.1), in 
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the presence or absence of model esterases (pig liver esterase, PLE) at a concentration 

comparable to that found inside the body (180 U/L).20 Aliquots were taken after different 

periods of time and filtered through a 10 kDa membrane before injection into the HPLC system. 

Using a phase-reversed C18 column, an HPLC methodology was developed in order to separate 

AZT from catAZT and also from other products of catAZT-NCPs degradation, namely bix and 

catechol-containing carboxylic acid 3 . Detector wavelength was set to 275 nm because the 

maximum UV absorbance of the species lay on that region, except bix, which does not absorb 

at all at that wavelength. Therefore, external standards containing catAZT, AZT and 3 were 

prepared and HPLC parameters, involving mobile phase composition and flow rate were 

modified in a systematic approach until an acceptable chromatographic resolution was 

accomplished for all three species. Initially, separation was achieved using an isocratic elution, 

i.e., maintaining the composition of the mobile phase constant throughout the analysis. 

Nevertheless, the method was fine-tuned using solvent gradients to reduce analysis runtime, 

which was especially important due to the large number of samples analyzed (figure 3.14, top). 

Using these chromatographic conditions, calibration curves using standards containing AZT, 3 

and catAZT at concentrations ranging from 1 to 1800 µM were successfully prepared integrating 

the corresponding peak area for each analyte (R2 ≥ 0.99) (figure 3.13). 

 

Figure 3.13. Calibration curves prepared using standards containing AZT, 3 and catAZT (n = 5, R2 ≥ 0.99). 

Next, aliquots resulting from catAZT incubation at different conditions were then analyzed using 

this optimized HPLC methodology (figure 3.14, bottom). Chromatographic peaks were 

integrated, and concentration was determined by interpolation with the corresponding 
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calibration curves. A representation of the amount of AZT released at different time intervals, in 

the presence or absence of esterases can be found in figure 3.15. The data is presented as % of 

antiretroviral drug released versus time. This % of release drug was calculated as follows: for 

each point, a concentration of AZT, determined by interpolation with its corresponding 

calibration curve, was divided by the AZT concentration at the completion of the hydrolysis. 

These values were extracted by triplicate from incubation aliquots acidified with HCl. 

    

Figure 3.14. (top) Representative chromatogram of a standard containing AZT, XX3 and catAZT at 360, 
214 and 89 µM, respectively. (bottom) Representative chromatogram of catAZT incubation at 37 °C in the 
presence of esterases, t = 211 min. λdetector = 275 nm. 

As shown in figure 3.15, in the absence of pig liver esterase and independently of the pH used, 

there was almost no hydrolysis of the ligand (∼35% in 72 h, pH 7.4). On the other hand, addition 
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of PLE under the same experimental conditions resulted in a fast release of the antiviral drug 

(∼90% in 1 h). The release profiles for both pH 5.1 and 7.4 offered similar results, indicating 

weak dependence of the enzymatic activity on pH. 

 

Figure 3.15. Hydrolysis kinetics of catAZT in the absence (no esterases) or presence (esterases) of pig liver 
esterases (PLE) at the indicated pH values. In all cases, experiments were performed by duplicate in 
PBS/BSA 0.5 mM buffer at 37 °C. (top) Schematic representation of the enzymatic cleavage of catAZT by 
PLE. 

Once the behavior of catAZT under incubation conditions was understood, the study moved on 

the determination of AZT release from the NCPs, summarized on figure 3.16. First experiments 

were conducted to determine the kinetics of catAZT release (step 1) using the same previous 

HPLC methodology for the study of catAZT hydrolysis. In this way, NCPs were incubated at 37 °C 

in PBS/BSA 0.5 mM buffer solution at pH 5.1 and 7.4. Aliquots were taken at different time 

periods, filtered through a 10 kDa membrane to eliminate BSA and undegraded NCPs and 

injected into the HPLC system. Additionally, final aliquots were taken by triplicate and treated 

with HCl in methanol to completely disintegrate the NCPs, which set the 100% release reference 

value. First experiments in the absence of esterases at pH 7.4 showed no detectable presence 

of catAZT, indicating high stability of the coordination polymer at this pH. However, significant 

amounts were found at the lowest pH of 5.1, even at early stages of the release, due to the lower 

stability of coordinative bond between iron and catechol al low pH values. This pH-triggered 

release of the catAZT ligand could favor the release inside the cells (that is, acidic pH present in 
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lysosomes),22 decreasing toxicity-associated side effects. Independent of pH and in absence of 

esterases, the presence of free AZT was low (∼15% at 72 h). Overall, the release rates are 

sufficient for NCPs to circulate throughout the body at physiological pH, enhancing their 

biodistribution. Completely different results were obtained in the presence of the model 

esterase PLE (180 U/L). In this case, AZT release appeared to be faster, reaching almost 100% 

after 50 hours, with estimated half-lives of ∼4.5 h (pH 5.1) and ∼10 h (pH 7.4). These results 

confirmed that the enzymatic hydrolysis was faster, as previously described for the free catAZT 

ligand. Moreover, it was confirmed that nanostructuring protects the catAZT ligand from rapid 

hydrolysis. Meanwhile, for the free catAZT, complete AZT release was achieved at 10 h in the 

presence of esterases; 100% hydrolysis of catAZT loaded into NCPs required much longer time 

(ca. 50 h). This experimental observation corroborates the protective ability of NCPs, as the 

release of catAZT was proposed as limiting step for the antiretroviral release process. 

 

Figure 3.16. a) AZT release process involving NCPs degradation (step 1) and subsequent enzymatic 
hydrolysis of catAZT (step 2). b) AZT release kinetics from catAZT-NCPs in the absence (no esterases) or 
in the presence (esterases) of pig liver esterase (PLE) at pH 5.1 or 7.4. In all the cases, the experiments 
were performed in PBS/BSA 0.5 mM buffer at 37 °C. 
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3.4.2 Cytotoxicity, cellular uptake and anti-HIV activity evaluation 

As a final step in the characterization of the NCPs, their cytotoxicity, cellular uptake and anti-HIV 

activity was evaluated in cellular models. It is worth mentioning that, for the following in vitro 

characterization, the methodology of catAZT-NCPs synthesis was slightly adapted to perform it 

inside a biosafety cabinet so that all reagents and material were sterilized. As mentioned earlier, 

colloidal stability is a crucial parameter to control, especially in biological media where it is a 

common phenomenon.23 Particle aggregation includes irreversible inter-particular adherence 

leading to the formation of large clusters and can lead to unreproducible experiments by 

modifying the cellular uptake and toxicity profile of the studied material.24 

Although particle size during the synthetic process was controlled by the presence of stabilizers 

and allowed the particles to be easily dispersed in ethanol, zeta-potential values close to -8.0 

mV were obtained for catAZT-NCPs dispersed in PBS buffer at pH 7.4. In agreement with such 

low values, a time-dependent aggregation process was observed that eventually resulted in the 

sedimentation of the sample even at low-moderate concentrations. The addition of bovine 

serum albumin (BSA) has been extensively used for dispersing inorganic and polymeric 

nanoparticles.25,26 In our case, fluorescence quenching studies of BSA in the presence of NCPs 

suggested an interaction of particles with the surface of this model protein (figure 3.17). 

Accordingly, in the presence of such protein, nanoparticles were stable except at very high 

concentrations (i.e., concentrations >2 mg/mL), where the addition of sucrose is needed. 

 

Figure 3.17. a) Study of catAZT-NCPs interaction with bovine serum albumin (BSA) by the measurement 
of the fluorescence quenching of BSA after the addition of different amounts of catAZT-NCPs. b) DLS 
measured of catAZT-NCPs particle size in a water/sucrose solution (1:1 ratio). 
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Toxicity towards lymphocytic function is one of the major considerations in the clinical 

applicability of novel antiviral compounds. Moreover, it has been extensively demonstrated that 

AZT is highly toxic to human lymphocytes.27 Therefore, the cytotoxic effect of catAZT-NCPs 

particles against endogenous human CD4+ T lymphocytes was examined (figure 3.18). Primary 

CD4+ T cells, isolated from human peripheral blood mononuclear cells (PBMCs) of healthy human 

donors, were treated for 24 h with catAZT-NCPs and free AZT; the latter was used as the 

reference compound. When the CD4+ T cells were treated with free AZT, a clear cytotoxic effect 

was observed at concentration of 10 µM (or higher), with an IC50 value of 64 µM; whereas the 

same cells treated with catAZT-NCPs displayed irrelevant cytotoxic effects even at the highest 

concentration tested (500 µM). At this concentration, the nanoparticles maintained a cell 

viability of 70%, while for free AZT, it was lower than 10% (IC50 > 500 µM). These results 

confirmed that nanostructuration reduced the toxicity of AZT remarkably on primary CD4+ T 

lymphocytes. 

 

Figure 3.18. Effect of catAZT-NCPs and free AZT on the cell viability of human primary CD4+ T lymphocytes. 
CD4+ T cells were incubated during 24 h in the presence of the indicated concentrations of catAZT-NCPs 
or AZT. Cell viability is expressed as percentage compared to an untreated control. Values are mean ± 
standard error of the mean (SEM) (n = 3). 

Cellular uptake and antiviral activity of all synthesized nanoparticles and control molecules were 

tested on a model MT-2 human lymphocytic cell line (purchased from NIH AIDS Reagent 

Program) by means of an MTT assay in a biohazard P3 laboratory specially prepared for it. MT-

2 cells is an established cell line of CD4+ T cells, which is easier to manipulate and obtain than 

primary human cells; thus, it is suitable for first line studies of anti-HIV effect and therefore 

broadly used to test the efficacy of experimental antiviral agents due to its high 

reproducibility.28-30 HIV-1 exerts a profound cytopathic effect (CPE) against CD4+ T lymphocytes. 

Once infected, the lymphocytes accumulate viral DNA and actively produce HIV proteins, which 
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results in the concomitant lysis of such infected cells apoptosis. MT-2 cells are profoundly 

sensitive to the CPE of HIV-1. 

The therapeutic efficacy of an anti-HIV drug depends on its intracellular concentration, which in 

turn is directly related to its uptake kinetics (in addition to other factors such as its metabolism 

and/or cellular efflux).31,32 To assess this parameter, MT-2 cells were incubated for 4 hours in 

the presence of different concentrations of catAZT-NCPs (AZT and catAZT were also used as 

model compounds). After this time, cells were lysed, and the amount of intracellular AZT was 

determined by HPLC-UV as follows. As before, the HPLC analytical methodology was optimized 

in a systematic approach. In this way, standards containing catAZT and AZT were analyzed using 

a reversed-phase HPLC column and UV-Vis detection. Mobile phase composition, solvent 

gradients and flow rate were fine-tuned in order to achieve acceptable resolution between the 

analytes. Then, calibration curves for catAZT and AZT were prepared using a series of standards 

at concentration ranging from 10 to 100 µM for AZT and from 40 to 250 µM for catAZT (R2 > 

0.999). After, the samples containing lysed cells were analyzed following the same methodology, 

and intracellular concentration of AZT was determined by interpolation of its corresponding 

peak area with the calibration curve (figure 3.19, a). This data was then divided by the total 

number of cells in each incubation sample to express it as nmol AZT per 106 cells. 

The results showed that the intracellular levels of AZT up to concentrations of 500 µM (<0.070 

nmol per 106 cells) were undetectable after AZT or catAZT incubation. Only at an extremely high 

concentration of such compounds of 1000 µM, detectable intracellular levels of AZT (0.81 ± 0.15 

and 0.62 ± 0.11 nmol per 106 for AZT and catAZT, respectively) were measured. Interestingly, 

concentrations of catAZT-NCPs as low as 100 µM (normalized versus the AZT concentration) 

resulted in detectable intracellular levels of AZT with a significant concentration-dependent 

increase up to 500 µM (3.48 ± 0.33 nmol of AZT per 106 cells) (figure 3.19, b). 
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Figure 3.19. a) Representative chromatograms of MT-2 cell lysates incubated with catAZT-NCPs 500 µM 
for 4 hours at 37 °C. b) Intracellular levels of AZT in MT-2 cells after 4 hours of incubation in the presence 
of different concentration (100 µM, 200 µM, 500 µM, referred to AZT equivalent concentrations) of AZT, 
catAZT or catAZT-NCPs. The asterisk (*) indicates those conditions with levels of AZT in the samples under 
the limit of detection of the method (<0.070 nmol per 106 cells). For AZT and catAZT, an additional 
concentration of 1000 µM was assayed. Please note that this concentration was not assayed for catAZT-
NCPs (**) because nanoparticles were not stable at concentrations higher than 10 mg/mL. 

Considering the detection limit of the HPLC method used for quantification as a reference 

(<0.070 nmol per 106 cells), it can be easily estimated that treatment with the nanostructured 

material resulted in >50-fold increase at 500 µM in comparison with free AZT. This could 

potentially be due to the mechanism of uptake. Nanoparticles are generally taken up by 

endocytosis mechanisms as opposed to small molecules, which are taken up by other 

pathways.33-36 In the case of AZT, it has been reported to enter the cells through membranes via 

passive diffusion and/or by uptake transporters.37,38 Similar results were observed in a recent 

report, in which a nanoformulation of the antiviral drug dolutegravir resulted in higher uptake 

by human monocyte-derived macrophages in comparison with the free molecule.39 It is worth 

mentioning that cellular dolutegravir reached maximum at 4 h after treatment with 100 µM of 

the nanoformulated drug. 

Regarding the anti-HIV activity determination of catAZT-NCPs and control molecules, 

cytotoxicity on non-infected human MT-2 lymphocytes was determined first (figure 3.20). No 

appreciable cytotoxicity was observed for any of the antiretroviral agents at concentrations of 

20 µM (normalized versus AZT concentration) or lower after 3- or 7-day incubation except for 

the highest concentration tested (100 µM), which showed reduced cell viability for all 

compounds except for the saccharose blank. 
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Figure 3.20. Cytotoxic effects of catAZT-NCPs against MT-2 lymphocytes. Cytotoxicity of catAZT-NCPs and 
equivalent concentrations of AZT, catAZT, catTHY-NCPs and saccharose (vehicle) on MT-2 cell viability 
assessed by the MTT assay. Cell viability is expressed as percentage compared to an untreated control at 
a) 3 days or b) 7 days after applying the compounds. Values are shown as mean ± standard error of the 
mean (SEM) of two independent experiments performed in triplicate. 

When the same experiments were repeated using MT-2 cells infected with the virus, decrease 

in the cytopathic effect of HIV on human MT-2 cells was observed in the cultures treated with 

AZT, catAZT and catAZT-NCPs for 3- and 7-day treatments (figure 3.21). In particular, a 

substantial increase in cell viability was observed after three days following the order AZT > 

catAZT-NCPs > catAZT. The most efficient antiviral response was obtained for free AZT (followed 

closely by that with catAZT-NCPs), which recovered cell viability within the 0.16-40 µM 

concentration range and with a maximum antiviral activity centered at 4 µM. At this 

concentration, the efficiency of catAZT-NCPs was slightly but non-significantly inferior to that of 

AZT, whereas the ligand catAZT showed the lowest activity. Control systems, catTHY-NCPs and 

saccharose, did not show any significant effect. Interestingly, when the same experiment was 

evaluated after seven days of incubation, the relative activities of AZT and catAZT-NCPs were 

very similar due to the accumulated long-lasting release effect of the nanoparticles, whereas the 

difference in activity with catAZT ligand became more evident. As observed, the mechanisms 

for extended half-life of the present nanosystems lie beyond its structural properties. 

Nanostructuring provides longer release rates for AZT with reduced peak concentrations, 

reflecting controlled release of the drug from the nanoparticles while the inhibition efficiency of 

nanostructured AZT is very similar to free drug. This study shows a methodology to achieve long-

acting ARVs that can offer effective drug concentrations and prevention of viral resistance 

patterns. Additionally, NCPs exhibit enhanced cellular entry, forming intracellular drug depots 

that provide sustained and effective drug release and long-term protection against HIV, as 

observed in a recent publication that reported similar conclusions using a nanoformulation 

based on an injectable drug currently in clinical trials.40  
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Figure 3.21. HIV-antiviral activity. Cell viability of different concentrations of AZT, catAZT, catAZT-NCPs 
and catTHY-NCPs on HIV-infected MT-2 cell culture after 3-day (a, b) and 7-day (c, d,) incubation. The 
cytopathic effect of HIV (decrease in cell viability) is observed after incubating HIV-infected MT-2 cells 
with the compounds with no antiviral effect (catTHY-NCPs and saccharose). The antiviral effect of the 
compounds was indirectly measured as an increase in cell viability (increase in absorbance ay 620 nm), as 
shown when incubating HIV-infected MT-2 cells in the presence of AZT, catAZT-NCPs or catAZT (a, c). (b, 
d) Relative anti-HIV activity expressed as percentage compared to the absence of activity (saccharose); 
maximal anti-viral activity in the assay was determined for the most effective concentration of AZT (4 µM) 
after (b) 3-day or (d) 7-day incubation. An unpaired t-test was performed to compare anti-HIV efficacies 
of the compounds at 4 µM compared to the reference compound AZT. Please note that the anti-HIV 
efficacy of catAZT-NCPs was similar to that of AZT, whereas the effects of the prodrug catAZT and the 
control catTHY-NCPs were significantly lower. ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.0001. 

3.5 Summary and conclusions 

To sum up, novel iron-catechol-based nanoscale coordination polymers that incorporate a 

prodrug molecule tethered to a catechol ligand were designed and successfully synthesized. As 
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a proof-of-concept, AZT, a well-known antiretroviral drug, was linked through an enzymatically 

cleavable ester bond to a catechol moiety (catAZT) in a 5-step synthetic sequence with an overall 

yield of 32%. The presence of a chelating catechol group allowed reproducible incorporation of 

catAZT with high payloads within the coordination polymer nanoparticles of 147 ± 33 nm 

average size. Following this approach, the effective antiretroviral activity of free AZT was 

successfully reproduced, while, at the same time, nanostructuration allowed the following 

significant advantages: i) stabilization of the drug in physiological media as a colloidal 

suspension; ii) control over the release properties of the drug by pH and the presence of 

enzymes; iii) inherent multifunctionality of particles due to the presence of iron ions with MRI 

responses; iv) significant reduction in AZT toxicity and v) enhancement of cellular uptake (up to 

50-fold increase. 

According to these results, the tethering of active drugs as coordinating ligands represents a 

novel but promising family of carriers to optimize pharmacological characteristics of known 

antiretroviral drugs with controlled release while substantially minimizing side effects derived 

from systemic toxicity effects. It is expected that these new class of nanocarriers will have the 

capacity to address challenges associated with delivering drug combinations, increasing 

bioavailability in tissue sanctuaries and latently infected cells, and improving cellular uptake 

contributing to the development of the next generation of pharmacological strategies for HIV 

treatment. Specifically, the extension of this approach to the delivery of drug combinations will 

be explored in the next chapter. 
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3.6 Experimental section 

Characterization Methods. 250 MHz 1H NMR spectra were recorded on a Bruker DPX 250 

MHz spectrometer; 360 MHz 1H NMR, 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC, DEPT135 

and 100 MHz 13C NMR were recorder on a Bruker DPX 360 MHz spectrometer; 400 MHz 

1H NMR, 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC, DEPT135 and 100 MHz 13C NMR spectra 

were recorded on a Bruker DPX 400 MHz spectrometer. Chemical shifts (δ) are given in 

ppm, using the residual non-deuterated solvent as internal reference. Signal multiplicities 

are described using the following abbreviations: singlet (s), doublet (d), triplet (t), quartet 

(q), quintet (quint), doublet of doublets (dd), doublet of triplets (dt), doublet of doublet 

of doublets (ddd), multiplet (m) and J to indicate the coupling constant (Hz). High-

resolution mass spectra were obtained by direct injection of the sample with electrospray 

techniques in a Bruker microTOF-Q instrument. SEM images were performed on a 

scanning electron microscope (FEI Quanta 650 FEG) at acceleration voltages of 5–20 kV. 

The samples were prepared by drop casting of the corresponding dispersion on 

aluminum tape followed by evaporation of the solvent under room conditions. Before 

analysis, the samples were metalized with a thin layer of platinum by using a sputter 

coater (Emitech K550). IR spectra were recorded by using a Tensor 27 (Bruker) 

spectrophotometer equipped with a single-reflection diamond window ATR accessory 

(MKII Golden Gate, Specac). Size distribution and surface charge of the nanoparticles 

were measured by DLS, using a ZetasizerNano 3600 instrument (Malvern Instruments, 

UK), the size range limit of which is 0.6 nm to 6 mm. Note: the diameter measured by DLS 

is the hydrodynamic diameter. The samples were comprised of aqueous dispersions of 

the nanoparticles in distilled water or in buffer. All samples were diluted to obtain an 

adequate nanoparticle concentration. Powder XRD spectra were recorded at room 

temperature on a high-resolution texture diffractometer (PANalyticalX’Pert PRO MRD) 

equipped with a CoKα radiation source (λ = 1.7903 Å) and operating in reflection mode. 

The solid samples were placed in an amorphous silicon oxide flat plate and measured 

directly. The longitudinal r1 and transverse r2 relaxation rates for different 

concentrations of catAZT-NCPs were measured in solution under an external magnetic 

field of 7 Teslas (Bruker Biospec7T) in two phantom sequences. The nanoprobes were 

dispersed in PBS/agarose 1% solutions to ensure a good colloidal stability, resulting in a 

series with different metal concentrations ranging from 1 mg/mL to 25 mg/mL. The 

obtained relaxation rate values were plotted versus the concentrations of iron. 
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Synthesis of 6-(3,4-bis(benzyloxy)phenyl)hex-5-enoic acid, 5. 

 

To a 2 h stirred suspension of (4-carboxybutyl)triphenylphosphonium bromide (9.08 g, 

20.5 mmol) and NaH (suspension 60% wt) (3.27 g, 81.7 mmol) in dry toluene (50 mL) 

under N2 atmosphere, a solution of 3,4-bis(benzyloxy)benzaldehyde, 1,(6.50 g, 20.4 

mmol) in dry toluene (70 mL) was added dropwise. The mixture was then heated to reflux 

and stirred overnight. TLC analysis (EtOAc 100%) revealed the entire consumption of 3,4-

bis(benzyloxy)benzaldehyde. The reaction crude was washed with water (70 mL and 2x30 

mL), acidified with HCl (5%) to pH 3 and then extracted with EtOAc (4x60 mL). The 

combined organic phases were dried over anhydrous Na2SO4 and concentrated under 

vacuum. The resulting brownish wax was purified by column chromatography 

(CH2Cl2/EtOAc, 90:10 → 80:20 → 50:50) to afford a yellow solid identified as a mixture of 

isomers (5:1 E/Z) of carboxylic acids 5 (7.21 g, 17.93 mmol, 88% yield); Rf (EtOAc 100%) = 

0.40. HRMS (EI) calcd for [C26H26O4]+ 402.1831, found 402.1829. mp. 70 – 72 ᵒC 

(CH2Cl2/EtOAc).  

1H NMR of the major isomer E (400 MHz, CDCl3) δ 7.49 – 7.41 (m, 4H, Ph), 7.39 – 7.29 (m, 

6H, Ph), 6.98 (d, 4J2’,6’ = 1.7 Hz, 1H, H-2’), 6.86 – 6.84 (m, 2H, H-5’, H-6’), 6.29 (d, 3J6,5 = 

15.8 Hz, 1H, H-6), 5.98 (dt, 3J5,6 = 15.7 Hz, 3J5,4 = 7.0 Hz, 1H, H-5), 5.16 (s, 2H, OCH2-Ph), 

5.14 (s, 2H, OCH2-Ph), 2.40 (t, 3J2,3 = 7.4 Hz, 2H, H-2), 2.24 (qd, 3J4,3 = 6.7 Hz, 3J4,5 = 6.7 Hz, 

2H, H-4), 1.81 (quint, 3J3,2 = 7.5 Hz, 3J3,4 = 7.5 Hz, 2H, H-3). 13C NMR of the major isomer E 

(100 MHz, CDCl3) δ 178.20 (C-1), 148.47 (C-3’/C-4’), 147.71 (C-4’/C-3’), 136.70 (C-1’), 

130.85 (Ph), 129.79 (C-6), 127.82 (C-5), 127.80 (Ph), 127.77 (Ph), 127.14 (Ph), 127.10 (Ph), 

127.07 (Ph), 126.73 (Ph), 126.64 (Ph), 118.99 (C-5’/C-6’), 114.59 (C-6’/C-5’), 112.02 (C-2’), 

70.78 (Ph-CH2-O), 32.51 (C-2), 31.49 (C-4), 23.68 (C-3). 
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Synthesis of 6-(3,4-dihydroxyphenyl)hexanoic acid, 3. 

 

Pd/C (10% wt.) (0.03 g) was added to a solution of the (5:1 E/Z) mixture of olefins 5 (0.31 

g, 0.76 mmol) in 15 mL EtOAc. H2 (2 atm) was then introduced into the reaction vessel 

and the mixture was stirred at rt for 2 days, refilling H2 pressure every day. After no 

presence of the benzyl signal was observed at 1H NMR spectrum, the mixture was filtered 

through Celite® and the resulting brownish solid was purified by column chromatography 

(EtOAc 100%) to afford a yellow solid identified as the saturated carboxylic acid 3 (0.17 

g, 0.74 mmol, 97% yield). Rf (EtOAc) = 0.41. HRMS (EI) calcd for [C12H16O4]+ 224.1049, 

found 224.1046. IR (ATR) ν 3424, 3180 (broad), 2923, 1707, 1290, 1245, 1196, 1171 cm -1 

mp. 86 – 88 ᵒC (EtOAc). 

1H NMR (400 MHz, acetone-d6) δ 5.45 (d, 3J5’,6’ = 8.0 Hz, 1H, H-5’), 5.39 (s, 1H, H-2’), 5.25 

(dd, 3J6’,5’ = 8.0 Hz, 4J6’,2’ = 2.2 Hz, 1H, H-6’), 1.21 (t, 3J6,5 = 7.6 Hz, 2H, H-6), 1.03 (t, 3J2,3 = 

7.5 Hz, 2H, H-2), 0.43 – 0.25 (m, 4H, 2H-3, 2H-5), 0.15 – 0.00 (m, 2H, H-4). 13C NMR (100 

MHz, acetone-d6) δ 175.3 (C-1) 143.20 (C-3’), 141.28 (C-4’), 132.86 (C-1’), 118.04 (C-6’), 

113.85 (C-2’), 113.56 (C-5’), 33.36 (C-6), 32.10 (C-2), 29.82 (C-3/C-5), 27.04 (C-4), 23.26 

(C-5/C-3).  

Synthesis of ((2S,3S,5R)-3-azido-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-2-yl)methyl 6-(3,4-bis(benzyloxy)-phenyl)hex-5-enoate, 6

 

The mixture of carboxylic acids 5 (5:1 E/Z mixture), (25 mg, 0.06 mmol), HATU (26 mg, 0.07 

mmol) and DIPEA (40 µL, 0.23 mmol) were dissolved in dry THF (0.8 mL) under N2 atmosphere 

and stirred at rt. After 35 min, a solution of AZT (15 mg, 0.06 mmol) in dry THF (0.8 mL) was 

added dropwise. The mixture was stirred overnight at rt. Then, the solvent was removed under 

vacuum and the crude was purified by column chromatography (hexane/EtOAc 50:50 to 20:80) 

to furnish 6, (12 mg, 0.02 mmol, 32% yield) as an oil. Rf (Hexane/EtOAc 40:60) = 0.34; 1H NMR 
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(250 MHz, CDCl3) δ 8.79 (s, 1H, NH), 7.50 – 7.29 (m, 10H, Ph), 7.19 (d, 4J6,CH3-C-5 = 1.2 Hz, 1H, H-

6), 6.97 (d, 4J2’’’,6’’’ = 1.6 Hz, 1H, H-2’’’), 6.87 – 6.83 (m, 2H, H-5’’’+H-6’’’), 6.27 (d, 3J6’’,5’’ = 15.8 Hz, 

1H, H-6’’), 6.08 (t, 3J1’,2’ = 6.4 Hz, 1H, H-1’), 5.96 (dt, 3J5’’,6’’ = 15.7 Hz, 3J5’’,4’’ = 7.0 Hz, 1H, H-5’’), 

5.16 (s, 2H, OCH2-Ph), 5.15 (s, 2H, OCH2-Ph), 4.36 (dd, Jgem = 12.2 Hz, 3J5’,4’ = 4.5 Hz, 1H, H-5’), 4.27 

(dd, Jgem = 12.2 Hz, 3J5’,4’ 3.9 Hz, 1H, H-5’), 4.13 (dt, 3J3’,4’ = 7.4 Hz, 3J3’,2’ = 5.3 Hz, 1H, H-3’), 4.08 – 

4.00 (m, 1H, H-4’), 2.51 – 2.17 (m, 6H, H-2’ + H-2’’ + H-4’’), 1.91 (d, 4JCH3-C-5,6 = 1.2 Hz, 3H, CH3-C-

5), 1.82 (quin, 3J3’’,2’’ = 7.27 Hz, 3J3’’,4’’ = 7.27 Hz, 2H, H-3’’). 

Synthesis of 6-(3,4-bis((tert-butyldiphenylsilyl)oxy)phenyl)hexanoic acid, 4. 

 

DBU (0.11 mL, 0.74 mmol) was added dropwise to a stirred solution of catechol 3 (0.039 

g, 0.17 mmol) and TBDPSCl (0.13 mL, 0.52 mmol) in dry ACN (1 mL) under N2 atmosphere 

at rt. After 1 h, the reaction was heated to 40 ᵒC and stirred overnight. Then, the solvent 

was evaporated, the crude was dissolved in CH2Cl2 and washed with NH4Cl (~ 0.1 M) 

(3x5mL). The organic layers were combined and dried over anhydrous Na2SO4. 

Evaporation of the solvent furnished a brown waxy crude, which was purified by column 

chromatography (hexane/EtOAc 90:10 → 60:40) to afford 4 (0.079 g, 0.11 mmol, 64% 

yield) as a white solid. Rf (Hexane/EtOAc 60:40) = 0.31. HRMS (EI) calcd for [C44H52O4Si2]+ 

700.3404, found 700.3401. IR (ATR) ν 3071, 2930, 1705, 1513, 1129 cm-1. mp. 50 – 53 ᵒC 

(hexane/EtOAc). 

1H NMR (400 MHz, CDCl3) δ 7.85 – 7.78 (m, 8H, Ph), 7.48 – 7.35 (m, 12H, Ph), 6.34 (d, 3J5’,6’ 

= 8.2 Hz, 1H, H-5’), 6.21 (d, 4J2’,6’ = 2.2 Hz, 1H, H-2’), 6.15 (dd, 3J6’,5’ = 8.2 Hz, 4J6’,2’ = 2.2 Hz, 

1H, H-6’), 2.17 (t, 3J2,3 = 7.6 Hz, 2H, H-2), 2.04 (t, 3J6,5 = 7.2 Hz, 2H, H-6), 1.41 (quint, 3J4,3 = 

7.4 Hz, 3J4,5 = 7.4 Hz, 2H, H-4), 1.16 (s, 9H, tBu), 1.15 (s, 9H, tBu), 1.07 – 0.93 (m, 4H, 2H-

3, 2H-5). 13C NMR (100 MHz, CDCl3) δ 179.56 (C-1), 146.01 (C-3’), 144.22 (C-4’), 135.99 

(Ph), 135.97 (Ph), 134.88 (C-1’), 133.78 (Ph), 133.70 (Ph), 130.11 (Ph), 130.08 (Ph), 128.07 

(Ph), 128.05 (Ph), 120.84 (C-2’), 120.73 (C-6’), 120.23 (C-5’), 34.76 (C-6), 34.06 (C-2), 30.58 

(C-3), 28.48 (C-5), 27.13 (TBDPS), 27.09 (TBDPS), 24.71 (C-4), 19.86 (TBDPS). 
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Synthesis of 6-(3,4-bis((tert-butyldiphenylsilyl)oxy)phenyl)hexanoic acid, 4. Basic 

hydrolysis of 9. 

 

9 (2.24 g, 2.39 mmol) was dissolved in an EtOH/THF/H2O mixture (60 mL/20 mL/20 mL) 

and K2CO3 (8.1 g, 58.6 mmol) was added and stirred for 3 h. The crude was acidified to 

pH 2-3 using HCl 1M and extracted with CH2Cl2 (3x100 mL). The organic layers were 

combined and dried over anhydrous Na2SO4. Purification by flash column 

chromatography (hexane/EtOAc 90:10 → EtOAc 100%) afforded 4 (1.32 g, 1.84 mmol, 

77% yield) as a white solid. Physicochemical data of 4 is described above. 

Synthesis of ((2S,3S,5R)-3-azido-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-2-yl)methyl 6-(3,4-dimethoxyphenyl)hexanoate, 13. 

 

Compound 12, (47 mg, 0.19 mmol), HATU (70 mg, 0.18 mmol) and DIPEA (90 µL, 0.52 mmol) 

were dissolved in dry THF (1.5 mL) under N2 atmosphere and stirred at rt. After 35 min, a solution 

of AZT (41 mg, 0.15 mmol) in dry THF (2 mL) was added dropwise. The mixture was stirred 

overnight at rt. Then, the solvent was removed under vacuum and the crude was purified by 

column chromatography (hexane/EtOAc 40:60 to EtOAc 100%) to furnish compound 13, (27 mg, 

0.05 mmol, 35%) as a brownish wax. Rf (EtOAc) = 0.55. HRMS (ESI)+: calculated for 

[C24H31N5O7+Na]+ 524.2116; found 524.2113. IR (ATR) ν 2925, 2854, 2104, 1686, 1259, 1234 cm-

1. 1H NMR (400 MHz, CDCl3) δ 7.21 (d, 4J6,CH3-C-5 = 1.4 Hz, 1H, H-6), 6.78 (d, 3J5’,6’ = 8.6 Hz, 1H, H-

5’’’), 6.72 – 6.67 (m, 2H, H-2’’’ + H-6’’’), 6.09 (t, 3J1’,2’ = 6.3 Hz, 1H, H-1’), 4.37 (dd, Jgem = 12.2 Hz, 

3J5’,4’ = 4.6 Hz, 1H, H-5’), 4.30 (dd, Jgem = 12.1 Hz, 3J5’,4’ = 3.9 Hz, 1H, H-5’), 4.16 (dt, 3J3’,4’ = 7.6 Hz, 

3J3’,2’  = 5.4 Hz, 1H, H-3’), 4.09 – 4.04 (m, 1H, H-4’), 3.87 (s, 3H, OMe), 3.85 (s, 3H, OMe), 2.56 (td, 

3J6’’,5’’ = 7.6 Hz, 4J6’’,6’’’ = 1.7 Hz, 2H, H-6’’), 2.40 – 2.33 (m, 2H, H-2’’), 1.92 (d, 4JCH3-C-5, 6 = 1.2 Hz, 3H, 

CH3-C-5), 1.73 – 1.56 (m, 6H, H-2’ + H-3’’ + H-5’’), 1.41 – 1.31 (m, 2H, H-4’’). 13C NMR (100 MHz, 

CDCl3) δ 173.15 (C-1’’), 163.96 (C-4), 150.17 (C-2), 148.91 (C-3’’’/C-4’’’), 147.25 (C-4’’’/C-3’’’), 

135.50 (C-6), 135.29 (C-5/C-1’’’), 135.06 (C-1’’’/C-5), 120.24 (C-5’’’/C-6’’’), 111.86 (C-6’’’/C-5’’’), 
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111.84 (C-2’’’), 85.75 (C-1’), 81.95 (C-4’), 63.33 (C-5’), 60.78 (C-3’), 56.05 (OMe), 55.96 (OMe), 

35.43 (C-6’’), 35.38 (C-2’’), 33.97 (C-2’/C-3’’/C-5’’), 31.35 (C-5’’/C-2’/C-3’’), 28.82 (C-4’’), 24.82 

(C-3’’/C-5’’/C-2’), 12.75 (CH3-C-5). 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC and DEPT 135 spectra 

were also recorded. 

 

Synthesis of ((2S,3S,5R)-3-azido-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-2-yl)methyl 6-(3,4-bis((tert-

butyldiphenylsilyl)oxy)phenyl)hexanoate, 14. 

 

Carboxylic acid 4 (5.77 g, 8.23 mmol), HATU (4.27 g, 11.23 mmol) and DIPEA (5.2 mL, 

29.94 mmol) were dissolved in dry THF (70 mL) under N2 atmosphere and stirred at rt. 

After 45 min, a solution of AZT (2.00 g, 7.48 mmol) in dry THF (45 mL) was added 

dropwise. The mixture was stirred overnight at rt. Then, the mixture was filtered, the 

solvent was removed under vacuum and the crude was purified by column 

chromatography (CH2Cl2/EtOAc 80:20 to EtOAc 100%) to furnish the title compound 14 

(6.09 g, 6.4 mmol, 86%) as a white solid. Rf (EtOAc) = 0.67. HRMS (EI) calcd for 

[C54H63N5O7Si2]+ 949.4266, found 949.4262. IR (ATR) ν 3049, 2932, 2859, 2101, 1703, 

1512, 1128 cm-1. [𝜶]𝑫
𝟐𝟎 = + 11.6 (c 1, CHCl3). mp. 55 – 58 ᵒC (CH2Cl2/EtOAc). 

1H NMR (400 MHz, CDCl3) δ 8.66 (s, 1H, H-3), 7.84 – 7.77 (m, 8H, Ph (TBDPS)), 7.47 – 7.34 

(m, 12H, Ph(TBDPS)), 7.18 (q, 4J6,CH3-C5 = 1.2 Hz, 1H, H-6), 6.33 (d, 3J5’’’,6’’’ = 8.1 Hz, 1H, H-

5’’’), 6.20 (d, 3J2’’’,6’’’ = 2.1 Hz, 1H, H-2’’’), 6.14 (dd, 3J6’’’,5’’’ = 8.2 Hz, 3J6’’’,2’’’ = 2.2 Hz, 1H, H-

6’’’), 6.10 (t, 3J1’,2’ = 6.4 Hz, 1H, H-1’), 4.35 (dd, Jgem = 12.2 Hz, 3J5’,4’ = 4.7 Hz, 1H, H-5’), 4.27 

(dd, Jgem = 12.2 Hz, 3J5’,4’ = 4.0 Hz, 1H, H-5’), 4.15 (dt, 3J3’,2’ = 7.6 Hz, 3J3’,4’ = 5.2 Hz, 1H, H-

3’), 4.08 – 4.04 (m, 1H, H-4’), 2.47 (ddd, Jgem = 13.9 Hz, 3J2’,1’ = 6.4 Hz, 3J2’,3’ = 5.2 Hz, 1H, H-

2’), 2.32 (ddd, Jgem = 13.9 Hz, 3J2’,3’ = 7.6 Hz, 3J2’,1’ = 6.4 Hz, 1H, H-2’), 2.21 (t, 3J6’’,5’’ = 7.7 Hz, 

2H, H-6’’), 2.04 (t, 3J2’’,3’’= 7.2 Hz, 2H, H-2’’), 1.90 (d, 4JCH3-C5,6 = 1.2 Hz, 3H), 1.48 – 1.38 (m, 

2H, H-3’’), 1.15 (s, 9H, tBu), 1.14 (s, 9H, tBu), 1.09 – 0.94 (m, 4H, 2H-4’’, 2H-5’’). 13C NMR 

(100 MHz, CDCl3) δ 173.34 (C-1’’), 163.67 (C-4), 150.20 (C-2), 146.02 (C-3’’’), 144.27 (C-

4’’’), 135.97 (Ph (TBDPS)), 135.96 (Ph (TBDPS)), 135.51 (C-6), 134.72 (Ph (TBDPS)), 133.74 

(C-1’’’), 133.71(Ph (TBDPS)), 130.08 (Ph (TBDPS)), 130.06 (Ph (TBDPS)), 128.07 (Ph 
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(TBDPS)), 128.06 (Ph (TBDPS)), 120.83 (C-2’’’), 120.66 (C-6’’’), 120.23 (C-5’’’), 111.60 (C-

5), 85.86 (C-1’), 82.13 (C-4’), 63.53 (C-5’), 61.04 (C-3’), 37.91 (C-2’), 34.75 (C-2’’), 34.25 

(C-6’’), 30.60 (C-5’’), 28.60 (C-4’’), 27.11((CH3)3C (TBDPS), 24.88 (C-3’’), 19.84 ((CH3)3C 

(TBDPS)), 12.96 (CH3-C5). 

 

Synthesis of ((2S,3S,5R)-3-azido-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-2-yl)methyl 6-(3,4-dihydroxyphenyl)hexanoate, catAZT. 

 

Triethylamine trihydrofluoride (2.1 mL, 12.9 mmol) was added to a stirred ice-cooled 

solution of 14 (1.97 g, 2.07 mmol) in dry THF (40 mL). The mixture was allowed to warm 

to rt and stirred overnight. The reaction was quenched with 0.3 mL of brine, diluted with 

20 mL diethyl ether and filtered. The resulting crude was purified by column 

chromatography (CHCl3/MeOH 97:3 → 94:6) to furnish catAZT as a white solid (0.669 g, 

1.41 mmol, 68%). Rf (EtOAc) = 0.55. HRMS (EI) calcd for [C22H27N5O7]+ 473.1910, found 

473.1915. [𝜶]𝑫
𝟐𝟎 = + 28.8 (c 1, CHCl3). mp. 50 – 51 ᵒC (CHCl3/MeOH). 

1H NMR (400 MHz, CDCl3) δ 7.29 (d, 4J6,CH3-C5 = 1.2 Hz, 1H, H-6), 6.76 (d, 3J5’’’,6’’’ = 8.1 Hz, 

1H, H-5’’’), 6.63 (d, 4J2’’’,6’’’ = 2.0 Hz, 1H, H-2’’’), 6.55 (dd, 3J6’’’,5’’’ = 8.1 Hz, 3J6’’’,2’’’ = 2.0 Hz, 

1H, H-6’’’), 6.06 (t, 3J1’,2’ = 6.2 Hz, 1H, H-1’), 4.40 (dd, Jgem = 12.4 Hz, 3J5’,4’ = 3.6 Hz, 1H, H-

5’), 4.31 (dd, Jgem = 12.4 Hz, 3J5’,4’ = 3.6 Hz, 1H, H-5’), 4.13 (dt, 3J3’,2’ = 7.4 Hz, 3J3’,4’ = 5.4 Hz, 

1H, H-3’), 4.07 (dt, 3J4’,3’ = 5.4 Hz, 3J4’,5’ = 3.6 Hz, 1H, H-4’), 2.51 – 2.44 (m, 3H, 2H-6’’, H-

2’), 2.38 – 2.30 (m, 3H, 2H-2’’, H-2’), 1.89 (d, 4JCH3-C5,6 = 1.3 Hz, 3H, CH3-C5), 1.70 – 1.61 

(m, 2H, H-3’’), 1.59 – 1.51 (m, 2H, H-5’’), 1.35 – 1.27 (m, 2H, H-4’’). 13C NMR (100 MHz, 

CDCl3) δ 172.39 (C-1’’), 163.31 (C-4), 149.25 (C-2), 142.97 (C-3’’’), 141.20 (C-4’’’), 135.12 

(C-6), 134.35 (C-1’’’), 119.99 (C-6’’’), 114.68 (C-5’’’), 114.66 (C-2’’’), 110.26 (C-5), 85.25 (C-

1’), 81.49 (C-4’), 62.18 (C-5’), 59.66 (C-3’), 37.18 (C-2’), 34.08 (C-6’’), 33.38 (C-2’’), 30.17 

(C-5’’), 27.54 (C-4’’), 24.04 (C-3’’), 11.96 (CH3-C5). 
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Synthesis of 1,4-bis((1H-imidazol-1-yl)methyl)benzene, bix 

 

To a stirred suspension of NaH (suspension 60% wt) (1.455 g, 36.37 mmol) in dry toluene (10 

mL) under Ar atmosphere, a solution of imidazole (2.27 g, 33.34 mmol) in dry toluene (12 mL) 

was added dropwise. The reaction mixture was allowed to stir for 30 min at room temperature 

and then 1,4-bis(bromomethyl)benzene (4.00 g, 15.15 mmol) was added dissolved in 20 mL of 

dry THF. The temperature of the reaction was then raised to 50 ᵒC for 4 h. After cooling, the 

reaction was treated with 20 mL of ice-cooled water and stirred for 20 min. The organic phase 

was extracted with chloroform (3 x 30 mL), and the combined organic phase was dried over 

anhydrous sodium sulfate. The solvent was removed under reduced pressure to furnish bix as a 

yellow solid (3.61 g, 15.15 mmol, quantitative yield). HRMS (ESI)+: calculated for [C14H14N4+Na]+ 

261.1118; found 261.1110.  

1H NMR (400 MHz, CDCl3) δ 7.72 (s, 2H, H-2), 7.23 (s, 4H, H-2’), 7.07 (s, 2H, H-5), 6.97 (s, 2H, H-

4), 5.18 (s, 4H, H-6). 13C NMR (101 MHz, CDCl3) δ 138.64 (C-1), 138.31 (C-2), 129.40 (C-4), 129.17 

(C-2’), 120.93 (C-5), 51.13 (C-6). 

 

Synthesis of catAZT-NCPs 

 

To prepare a material suitable for biological experiments, synthesis of the nanoparticles 

was performed inside a biosafety cabinet (Telstar BioVanguard B Green) and all the 

material and solvents used were sterilized. 1,4-Bis(imidazole-1-ylmethyl)-benzene (bix) 

(7.8 mg, 0.032 mmol), catAZT (30.5 mg, 0.064 mmol) and polyvinylpyrrolidone (PVP) 

(average MW 40000) (19.5 mg) were dissolved in ethanol (17.2 mL). Under stirring (700 

rpm), a solution of Fe(CH3COO)2 (5.45 mg, 0.032 mmol in 2.3 mL ethanol) was added 

dropwise. Instantaneously, a dark-purple precipitate appeared. After the reaction 
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mixture was stirred at rt for 5 min, the precipitate was collected by centrifugation and 

then washed with ethanol four times. Finally, the solid was irradiated with a UV lamp for 

15 min, and the nanoparticles stored as a solid or in the fridge at a concentration of 44 

mg/ml in ethanol. SEM images of the resulting material showed spherical nanoparticles 

with a size distribution of 147 ± 33 nm. Elemental analysis: found (%) C 51.76, H 5.38, N 

13.79. Calculated empirical formula: FeC43.9H54.3N10.0O15.0., adjusted to 

[Fe(catAZT)1.5(bix)0.6(AcO)(H2O)2.4]. MS: 5.46% Fe. 

 

Synthesis of ((2R,3S,5R)-3-hydroxy-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-2-yl)methyl 6-(3,4-bis((tert-

butyldiphenylsilyl)oxy)phenyl)hexanoate, 15. 

 

Diisopropyl azodicarboxylate (DIAD) (0.15 mL, 0.57 mmol) was added dropwise to an ice-

cooled solution of carboxylic acid 4 (0.200 g, 0.29 mmol), triphenylphosphine (0.112 g, 

0.43 mmol) and thymidine (0.090 g, 0.37 mmol) in a mixture of anhydrous THF/DMF (3 

and 0.8 mL, respectively). The mixture was allowed to warm to rt and stirred overnight. 

The solvent was evaporated under vacuum and the crude was purified by column 

chromatography (EtOAc 100%) to afford 15 as a white solid (0.193 g, 0.21 mmol, 56%). Rf 

(EtOAc) = 0.39. HRMS (ESI+) calcd for [C54H65N2O8Si2]+ 925.4274, found 925.4263.  

1H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H, H-3), 7.84 – 7.77 (m, 8H, Ph (TBDPS)), 7.47 – 7.34 

(m, 12H, Ph(TBDPS)), 7.23 (q, 4J6,CH3-C5 = 0.9 Hz, 1H, H-6), 6.33 (d, 3J5’’’,6’’’ = 8.2 Hz, 1H, H-

5’’’), 6.27 (t, 3J1’,2’ = 6.7 Hz, 1H, H-1’), 6.20 (d, 3J2’’’,6’’’ = 2.1 Hz, 1H, H-2’’’), 6.13 (dd, 3J6’’’,5’’’ 

= 8.2 Hz, 3J6’’’,2’’’ = 2.2 Hz, 1H, H-6’’’), 4.36 (dd, Jgem = 12.2 Hz, 3J5’,4’ = 4.5 Hz, 1H, H-5’), 4.31 

(dt, 3J3’,2’ = 6.8 Hz, 3J3’,4’ = 3.8 Hz, 1H, H-3’), 4.23 (dd, Jgem = 12.2 Hz, 3J5’,4’ = 3.8 Hz, 1H, H-

5’), 4.11 (dt, 3J4’,5’ = 4.5 Hz, 3J4’,3’ = 3.8 Hz, 1H, H-4’), 2.38 (ddd, Jgem = 13.8 Hz, 3J2’,1’ = 6.7 

Hz, 3J2’,3’ = 3.8 Hz, 1H, H-2’), 2.21 (t, 3J6’’,5’’ = 7.5 Hz, 2H, H-6’’), 2.09 (ddd, Jgem = 13.8 Hz, 

3J2’,1’ = 3J2’,3’ = 6.8 Hz, 1H, H-2’), 2.03 (t, 3J2’’,3’’= 7.5 Hz, 2H, H-2’’), 1.89 (d, 4JCH3-C5,6 = 1.2 Hz, 

3H), 1.43 (quint, 3J3’’,2’’ = 3J3’’,4’’ = 7.5 Hz, 2H, H-3’’), 1.15 (s, 9H, tBu), 1.14 (s, 9H, tBu), 1.05 

– 0.93 (m, 4H, 2H-4’’, 2H-5’’). 13C NMR (100 MHz, CDCl3) δ 173.52 (C-1’’), 163.40 (C-4), 

150.11 (C-2), 145.81 (C-3’’’), 144.06 (C-4’’’), 135.77 (Ph (TBDPS)), 135.66 (Ph (TBDPS)), 
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135.51 (C-6), 135.02 (Ph (TBDPS)), 133.48 (C-1’’’), 129.90 (Ph (TBDPS)), 129.71 (Ph 

(TBDPS)), 129.51 (Ph (TBDPS)), 127.86 (Ph (TBDPS)), 127.76 (Ph (TBDPS)), 120.64 (C-2’’’), 

120.50 (C-6’’’), 120.02 (C-5’’’), 111.26 (C-5), 85.22 (C-1’), 84.34 (C-4’), 71.76 (C-5’), 63.69 

(C-3’), 40.52 (C-2’), 34.54 (C-2’’), 34.13 (C-6’’), 30.37 (C-5’’), 28.36 (C-4’’), 26.88((CH3)3C 

(TBDPS), 24.72 (C-3’’), 19.65 ((CH3)3C (TBDPS)), 12.80 (CH3-C5). 

 

Synthesis of ((2S,3S,5R)-3-hydroxy-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-2-yl)methyl 6-(3,4-dihydroxyphenyl)hexanoate, catTHY. 

 

Triethylamine trihydrofluoride (0.45 mL, 2.75 mmol) was added to a stirred ice-cooled 

solution of 15 (0.490 g, 0.53 mmol) in dry THF (15 mL). The mixture was allowed to warm 

to rt and stirred overnight. The reaction was quenched with 0.15 mL of brine, diluted with 

10 mL diethyl ether and filtered. The resulting crude was purified by column 

chromatography (CHCl3/MeOH 95:5) to furnish catTHY as a white solid (0.162 g, 0.36 

mmol, 68%). Rf (EtOAc) = 0.09. HRMS (EI) calcd for [C22H29N2O8]+ 449.1919; found 

449.1918. [𝜶]𝑫
𝟐𝟎 = + 5.1 (c 1, DMSO). mp. 72 – 75 ᵒC (CHCl3/MeOH).  

1H NMR (400 MHz, CD3OD) δ 7.48 (d, 4J6,CH3-C5 = 1.3 Hz, 1H, H-6), 6.64 (d, 3J5’’’,6’’’ = 8.0 Hz, 

1H, H-5’’’), 6.59 (d, 4J2’’’,6’’’ = 2.1 Hz, 1H, H-2’’’), 6.46 (dd, 3J6’’’,5’’’ = 8.0 Hz, 3J6’’’,2’’’ = 2.1 Hz, 

1H, H-6’’’), 6.25 (t, 3J1’,2’ = 7.0 Hz, 1H, H-1’), 4.35 (dd, Jgem = 12.1 Hz, 3J5’,4’ = 4.4 Hz, 1H, H-

5’), 4.33 (m, 1H, H-4’), 4.24 (dd, Jgem = 12.1 Hz, 3J5’,4’ = 3.5 Hz, 1H, H-5’), 4.06 (dt, 3J3’,2’ = 5.4 

Hz, 3J3’,4’ = 3J3’,2’ = 3.5 Hz, 1H, H-3’), 2.44 (t, 3J2’’,3’’ = 7.5 Hz, 2H, H-2’’), 2.36 (td, 3J6’’,3’’ = 7.3 

Hz, 3J6’’,6’’’ = 1.2 Hz, 2H, H-6’’), 2.30 (ddd, Jgem= 13.8 Hz, 3J2’,1’ = 7.0 Hz, 3J2’,3’ = 3.5 Hz, 1H, H-

2’), 2.21 (ddd, Jgem= 13.8 Hz, 3J2’,1’ = 7.0 Hz, 3J2’,3’ = 5.4 Hz, 1H, H-2’) 1.88 (d, 4JCH3-C5,6 = 1.2 

Hz, 3H, CH3-C5), 1.64 (quint, 3J3’’,2’’ = 3J3’’,4’’ = 7.2 Hz, 2H, H-3’’), 1.56 (quint, 3J5’’,4’’ = 3J5’’,6’’ = 

7.2 Hz, 2H, H-5’’), 1.38 – 1.28 (m, 2H, H-4’’). 13C NMR (100 MHz, CD3OD) δ 174.92 (C-1’’), 

166.24 (C-4), 152.15 (C-2), 145.91 (C-3’’’), 144.00 (C-4’’’), 137.49 (C-6), 135.33 (C-1’’’), 

120.59 (C-6’’’), 116.45 (C-5’’’), 114.18 (C-2’’’), 111.66 (C-5), 86.52 (C-1’), 85.72 (C-4’), 

72.26 (C-5’), 64.89 (C-3’), 40.61 (C-2’), 35.96 (C-6’’), 34.90 (C-2’’), 32.38 (C-5’’), 29.58 (C-

4’’), 25.81 (C-3’’), 12.62 (CH3-C5). 
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Synthesis of catTHY-NCPs 

 

1,4-Bis(imidazole-1-ylmethyl)-benzene (bix) (8.7 mg, 0.037 mmol), catTHY (30.0 mg, 

0.067 mmol) and polyvinylpyrrolidone (PVP) (average MW 40000) (19.6 mg) were 

dissolved in ethanol (17 mL). Under stirring (700 rpm), a solution of Fe(CH3COO)2 (6.4 mg, 

0.037 mmol in 2.6 mL ethanol) was added dropwise. Instantaneously, a dark-purple 

precipitate appeared. After the reaction mixture was stirred at rt for 5 min, the 

precipitate was collected by centrifugation and then washed with ethanol four times. 

Finally, the solid was irradiated with a UV lamp for 15 min, and the nanoparticles stored 

as a solid. SEM images of the resulting material showed spherical nanoparticles with a 

size distribution of 87 ± 26 nm. Elemental analysis: found (%) C 45.33, H 4.91, N 6.80. 

Calculated empirical formula: FeC63.4H113.2N8.4O39.0, adjusted to 

Fe(catTHY)2.18(bix)(AcO)0.7(H2O)20.2 

 

HPLC methodology for ARV-NCPs analysis 

Chromatographic conditions: Analyses were performed using a HPLC Waters 2695 

separation module coupled to a Waters 2487 UV-Vis detector (suitable for dual 

detection). The column used was a Chromolith® Performance RP-18e (100 mm x 4.6 mm). 

Eluent A was a 0.1% (v/v) H3PO4 aqueous solution containing 262 mg/L sodium 1-

octanesulfonate and eluent B was methanol absolute (HPLC grade). Before the analysis, 

the RP column was pre-equilibrated using the starting conditions of the method (99 % A 

(v/v)) for 6 min. The elution began with an isocratic elution of 99% A (v/v) for 5 min, 

followed by a gradual increase of A from 1% to 40% (v/v) until 25 min. Then, the mobile 

phase was raised to 98% B (v/v) (between minutes 25 and 30) to elute tight bound 

compounds and kept at 98% B (v/v) for additional 5 min. Finally, mobile phase was reset 

to the initial conditions (A:B) 99:1 (v/v) and stayed for 6 min to equilibrate for the next 

injection. The flow rate was set at 1.0 mL/min and the column temperature was kept at 

25 °C. The detection wavelengths were 214 and 280 nm. Sample preparation: NCPs 
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samples were prepared dissolving 1.5 mg catAZT-NCPs/mL in 0.15 mL of a methanol/HCl 

mixture (50 µL concentrated HCl/mL methanol). The initial samples were diluted with 

1.35 mL of deionized water to have a final water/methanol ratio of 90:10 and sonicated 

for 5 min. Then, samples were further diluted 3 and 5 times in buffer A before their 

injection into the HPLC system. All samples were prepared in duplicate. Calibration 

curves: A calibration curve using bix and catAZT as external standards was prepared. 

Standards were prepared by duplicate, diluting a stock solution containing bix and catAZT 

(960 and 980 µg/mL, respectively) dissolved in a methanol/HCl mixture (50 µL 

concentrated HCl/mL methanol) and diluted with distilled water to a final 

water/methanol ratio of 90:10. In both cases, results were adjusted to linear regression 

models with R2 > 0.999 between the ranges of 9-261, 8-220 µg/mL for bix and catAZT, 

respectively.  

 

In vitro drug release studies at different pH and in presence/absence of esterases 

catAZT (5 mg) or catAZT-NCPs (6 mg) were added to a PBS/BSA 0.5 mM buffer solution 

at pH 5.1 or 7.4 (20 mL) with and without pig liver esterases (PLE) (180 U/L). All the 

samples were maintained at 37 ˚C under constant stirring. Aliquots (400 μL) were taken 

after different periods of time, and the volume extracted was replaced with additional 

400 μL of the PBS/BSA 0.5 mM solution. Then, all the aliquots were filtered through a 10 

kDa membrane (Amicon® Ultra 0.5 mL) (15 min x 14.5k RFC) before their injection in the 

HPLC system. When the last aliquot was taken, three additional aliquots (390 μL) were 

extracted and treated with HCl 2 M in methanol (10 μL) to measure the remaining 

amount of non-released drug. 

 

HPLC method for release kinetics quantification 

Chromatographic conditions: Analyses were performed using a HPLC Waters 2695 

separation module coupled to a Waters 2487 UV-Vis detector (suitable for dual 

detection). The column used was a Restek Ultra C18 (250 mm x 4.6 mm). Eluent A was a 

0.1% (v/v) H3PO4 aqueous solution and eluent B was acetonitrile (HPLC grade). Injection 

volume was 20 μL. Before the analysis, the RP column was pre-equilibrated using the 

starting conditions of the method (80 % A (v/v)) for 30 min. Initial flow rate was set at 0.8 

mL/min. The elution began with a gradual increase of B from 20% to 60% (v/v) until 8 

min. Then, an isocratic elution was maintained for 5.5 min. A second gradient was then 



Chapter 3: Synthesis of NCPs based on zidovudine-catechol conjugates 

 

98 

performed, raising eluent B from 60% to 80% in 1 min and flow rate to 1.2 mL/min and 

maintained for an additional 5.5 min. Finally, mobile phase composition and flow rate 

was reset to the initial conditions (A:B) 80:20 (v/v) and 0.8 mL/min and stayed for 4.5 min 

to equilibrate for the next injection. Column temperature was kept at 25˚C and the 

detection wavelengths were 214 and 280 nm. Calibration curves: A calibration curve 

using zidovudine (AZT) and catAZT as external standards was prepared. Standards were 

prepared by duplicate, diluting a stock solution containing AZT and catAZT (3 mg/mL) 

dissolved in methanol and diluted with distilled water to a final water/methanol ratio of 

80:20. In both cases, results were adjusted to linear regression models with R2 > 0.99 

between the ranges of 1-480 and 4-208 µg/mL for AZT and catAZT, respectively.  

 

Cell culture 

CD4+ T cells were isolated from the PBMCs of healthy human donors by FACS-sorting 

using the rapid expansion method (REM). IL-2 was added at day 1 and cells remained 

untouched during the first 5 days of culture, and then cells were split every 3–4 days. 

Human T cell leukemia virus carrier MT-2 cell line was obtained from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). Cells were routinely cultured in cultured 

in RPMI 1640 medium with L-Glutamine (Lonza, Verviers, Belgium, #12-702 F), further 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, #10270-106), 

100 U/ml penicillin, 100 mg/ml streptomycin (Penicillin-Streptomycin, S/P; Lonza, 

Verviers, Belgium). Cells were routinely maintained in a humidified atmosphere at 37 ºC 

with 5% CO2 in the biohazard P3 laboratory. Cells were maintained at 0.3x106 cells/ml. 

 

Generation of virus stock 

NL4-3 HIV-1 virus was produced by transient transfection in HEK293-T cells. Briefly, the 

previous day 1.5x106 HEK293-T cells were seeded in 75 cm2 tissue culture flasks in DMEM 

medium with L-Glutamine, supplemented with 10% heat-inactivated fetal bovine serum, 

100 U/ml penicillin, and 100 mg/ml streptomycin (DMEM-10). Cells were replaced with 

fresh DMEM-10 medium three hours before transfection by the calcium-phosphate 

method (ProFectionH Mammalian Transfection System; Promega, Madison, WI) 

according to the manufacturer’s instructions, using 5 mg of pNL4-3 DNA previously 

purified (Qiagen, Valencia, CA).41 Growth medium was replaced with fresh DMEM-10 

medium 16–18 h post-transfection. The supernatants were harvested approximately two 
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days after transfection, clarified by centrifugation at 800 g/4C for 10 minutes, aliquoted 

and stored at -80ºC. Viruses were quantified by determining the concentration of p24 in 

the supernatant with an antigen capture assay (ELISA; INNOTEST® HIV Antigen mAb test, 

Fugirebio, Gent, Belgium). P24 ELISA should be sufficient to determine the level of viral 

production (at a protein level). Viral DNA would be a step further but notice that the viral 

HIV genome gets integrated into the cells genome and our delivery system does not avoid 

infection. The level of replication-competent infectious viruses was evaluated through 

the tissue culture infective dose (TCID50) in TZM-bI indicator cells. The viruses were titred 

in vitro for their cytopathic effect on MT-2 cells with the MTT assay.  

 

Cytotoxicity assays 

Cytotoxicity of catAZT-NCPs was tested against primary human CD4+ T lymphocytes by 

using the PrestoBlue cell viability assay (Invitrogen). Primary CD4+T cells previously 

isolated by the rapid expansion method (REM) were seeded in a 96-well plate at 1 × 105 

cells/well, then 100 μL medium per well containing various concentrations of catAZT-

NCPs and AZT were added (500, 250, 125, 50 and 10 μg/mL) and incubated for 24h. 

Cytotoxicity was evaluated adding 20 μL of prestoBlue reagent per well. After incubation 

at 37°C for 4 h, fluorescence intensities were measured at a 532-nm excitation 

wavelength and a 571-nm emission wavelength in a microplate reader (Multilabel 

Processor Victor™X3 Perkin Elmer, USA). Cell cytotoxicity of the antiviral effect of the free 

compounds (AZT and catAZT) and catAZT-NCPs against MT-2 cells was evaluated by the 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. To perform 

the experiments, exponentially growing MT-2 cell were plated in 96-well plates at a 

density of 0.4x105 cells per well. The cells were treated with the vehicle (saccharose), a 

range of concentrations of each compound (10 different concentrations from 0 to 100 

μg/mL), or with the nanoparticles at equivalent concentrations to those assayed for 

AZT/catAZT. After incubation at the indicated time points at 37 ºC under a humidified 

atmosphere with 5% CO2, 100 μl of the cell media were carefully discarded and 10 μl of 

MTT solution were added to each well and incubated for 4h at 37 ᵒC. Then, 100 μl of 

solubilization solution was added to each well containing the MTT, and then plates were 

incubated at 37 ᵒC under 5% CO2 for ON. After incubation, the colour formed on each 

well was measured using a spectrophotometric plate reader (BioTek, Synergy HT) at 620 

nm wavelength. All the cytotoxicity experiments were performed in triplicate, and at 
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least two independent assays. Cell cytotoxicity was evaluated in terms of cell grown 

inhibition in treated cultures and expressed as % of the control condition.  

 

Uptake experiments 

MT-2 cells were seeded at a concentration of 1.0x106 cells/ml. The cells were incubated 

with AZT, catAZT or catAZT-NCPs at the indicated concentrations (referred to the AZT 

concentration) for 4 h at 37 ᵒC under a humidified atmosphere with 5% CO2. Saccharose 

was used as vehicle control. Immediately after incubation, cells were washed with PBS 

and lysed in 1000 μl of a water/methanol (80%/20%) solution containing 0.1% phosphoric 

acid (pH=2.5) to determined intracellular free AZT. In the case of catAZT-NCPs, the 

samples were lysed in 100 μl of water/methanol solution containing 1.85 % (v/v) HCl. The 

concentration of AZT in all the samples was determined by HPLC-UV as following 

described. The intracellular concentration of AZT present in the cells (expressed as 

nmols/106 cells) was calculated dividing the concentration of AZT by the number of cells 

present in each sample. The experiment was performed per duplicate and at least two 

independent assays. 

 

HPLC methodology for AZT uptake quantification.  

Chromatographic conditions: Analyses were performed using a HPLC Waters 2695 

separation module coupled to a Waters 2487 UV-Vis detector (suitable for dual 

detection). The column used was a Restek® C-18 (250 mm x 4.6 mm). Eluent A was a 0.1% 

(v/v) H3PO4 aqueous solution and eluent B was methanol absolute (HPLC grade). Injection 

volume was 20 μL. Before the analysis, the RP column was pre-equilibrated using the 

starting conditions of the method (80 % A (v/v)) for 30 min. The elution began with a 

gradual increase of B from 20% to 60% (v/v) for 8 min, followed by isocratic elution (60% 

B) for 7 min. Then, the mobile phase was raised to 80% B (v/v) for 1 min to elute tight 

bound compounds. Finally, mobile phase was reset to the initial conditions (A:B) 80:20 

(v/v) for 4 min and stayed for 5 min to equilibrate for the next injection. The flow rate 

was set at 0.4 mL/min and the column temperature was kept at 25 °C. The detection 

wavelengths were 214 and 280 nm. Calibration curves: A calibration curve using AZT and 

catAZT as external standards was prepared. Standards were prepared diluting a stock 

solution containing AZT and catAZT (2 mM) dissolved in methanol and diluted with 

distilled water to a final water/methanol ratio of 50:50. In both cases, results were 
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adjusted to linear regression models with R2 > 0.999 between the ranges of 10-100 and 

40-250 µM for AZT and catAZT, respectively. 

 

HIV-1 in vitro antiviral assay 

The antiviral effects of AZT, catAZT and catAZT-NCPs nanoparticles on MT-2 cells infected 

with HIV-1 were evaluated by the soluble-formazan method in order to follow the 

cytopathic effect of the infection, similarly as previously described.42,43 Briefly, MT-2 cells 

were plated at a concentration of 0.4x105 cells/ml in 96-well plates. Cells were then 

treated with different concentrations of vehicle (saccharose), AZT, catAZT or catAZT-

NCPs and control nanoparticles containing thymidine (catTHY-NCPs). Following the 

addition of these compounds, cells were infected with CXCR4 tropic NL4.3 HIV-1 viruses 

(TCID50/ml=129000; p24=1.2 ug/ml). For the 7-day incubation experiments the infection 

was performed at MOI=0.002. For the 3-day assay, the pure stock of virus was used (100 

ul) and diluted 1:2 in the well. Infected cells were incubated for 3 and 7 days in a 

humidified atmosphere at 37ºC with 5% CO2 in the biohazard P3 laboratory. After 

incubation, the HIV-1 cytopathic effect in the cells was determined by the MTT method 

under identical conditions as described above for the cytotoxicity experiments.  
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Chapter 4  

Synthesis of NCPs using a combination 

of antiretroviral drugs 
This chapter will expand the methodology of NCPs synthesis presented in chapter 3 by 

introducing nanoparticles formulated with a combination of antiretroviral drugs. In particular, 

the clinically-relevant combination composed by raltegravir (RAL) and emtricitabine (FTC) will 

be used to structure NCPs. In an analogous way to AZT functionalization with a catechol moiety, 

the synthetic pathway of raltegravir and emtricitabine conjugates (catRAL and catFTC, 

respectively) will be presented. Then, NCPs will be prepared using these conjugates following 

the methodology learned with catAZT-NCPs and characterized accordingly. As a step forward, 

new NCPs will be synthesized combining both conjugates (catRAL-catFTC-NCPs) and their 

properties will be compared to both the free antiviral drugs and their corresponding mono-

antiviral NCPs. Additionally, the functionalization of other antiretroviral drugs, lamivudine (3TC) 

and tenofovir (TFV), with catechol moieties will be explored for its posterior use in the synthesis 

of ARV-NCPs. 
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4.1 Development of synthetic methodologies for the 

obtention of catFTC and catRAL 

The proposed synthetic pathway to obtain target molecules catRAL and catFTC (scheme 4.1) 

was similar to that used for catAZT and started with the silyl-protected catechol intermediate 4, 

whose  synthesis has been described in chapter 3 in 3 steps and 55% overall yield. From that 

point, both antiretroviral drugs, FTC and RAL, would be introduced through an esterification 

reaction to obtain catFTC and catRAL, respectively. 

 

Scheme 4.1. a) Chemical structures of emtricitabine (FTC) and raltegravir (RAL). b) Synthetic route for the 
obtention of target molecules catFTC and catRAL. 
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4.1.1 Synthesis of catFTC 

4.1.1.1 Synthesis of ((2R,5S)-5-(4-amino-5-fluoro-2-oxopyrimidin-1(2H)-yl)-1,3-

oxathiolan-2-yl)methyl 6-(3,4-bis((tert-

butyldiphenylsilyl)oxy)phenyl)hexanoate, 17 

 

 

Coupling of FTC to 4 appeared to be straightforward, as coupling methodologies for the 

formation of catAZT or catTHY used in the previous chapter were expected to be applied 

successfully to it. Formation of 17 presented, however, a series of synthetic challenges. In a first 

screening, the optimized conditions for AZT coupling, HATU and DIPEA, were used to perform 

this transformation. A new compound, less polar than FTC, was identified in the reaction crude 

by TLC analysis. After a purification step by flash column chromatography, this new compound 

was identified as 17 in 44% yield by the presence of characteristic catechol (δ 6.10 – 6.30 ppm) 

and FTC peaks in its 1H NMR spectrum. As mentioned in the previous chapter, 1H-13C HMBC 

experiments were useful for determining the position of the created ester bond in these types 

of conjugates. As expected for 17, a cross-coupling between proton H-5’ of FTC and carbon C-1’’ 

was observed in the corresponding spectrum (figure 4.1). Additionally, when comparing both 

chemical shifts of H-5’ in FTC and 17 1H NMR spectra, a displacement to lower fields was 

observed, indicating a change in the chemical environment of H-5’ in agreement with the 

formation of the ester bond through this position.  

However, when the reaction was repeated under the same experimental conditions, a new 

compound, apart from 17, was observed in the reaction crude by TLC analysis. After its 

purification, 1H NMR spectra revealed the presence of FTC and 4 signals, but no shift of the peaks 

attributed to H-5’ was observed. Moreover, changes in chemical shift in the proton located 

within the nitrogenated base (H-6) suggested the anchoring of 4 through the amino group as 

opposed to the hydroxyl group, that is, molecule 18 (figure 4.2 a).  
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Figure 4.1. 1H-13C HMBC spectrum of 17 indicating the coupling between H-5’ and C-1’. 

HMBC experiments were also in agreement with structure 18, since no cross-peak was observed 

between H-5’ and C-1’’. The lack of reproducibility became more evident since other attempts 

to carry out the reaction delivered mixtures of 17 and 18 in different proportions. In some cases, 

a compound less polar than both 17 or 18 was obtained and later identified as compound 19, 

composed by an FTC core bearing two 4 moieties. Thus, a change in the experimental conditions 

was needed in order to obtain reproducible results and target compound 17 without the 

presence of other side products. 
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Figure 4.2. a) Chemical structures of side products found during the attempts of conjugation of FTC to 4. 
b) 1H NMR spectra of (top to bottom) FTC, 18, 19 and 17, recorded in CD3OD, except 19 in CDCl3. Signals 
corresponding to H-5’ and H-6 are highlighted in each spectrum. The shift of the H-5’ signal to lower fields 
indicate the formation of the ester bond through the hydroxyl group, while H-6 proton signal experiences 
a variation when the attachment is performed through the free amine group. 

Therefore, a screening of different coupling agents, base and solvents was performed, 

summarized in table 4.1. First, the effect of variations in base equivalents was tested (table 4.1, 

entries 1-4). Ranging from 0 to 4 equivalents of DIPEA, the same mixture between ester 17 and 

amide 18 appeared, except for 0 equivalents, where no conversion was detected. Then, a 

Mitsunobu methodology using DBAD and PPh3 was tested, but no conversion was observed by 

TLC analysis (table 4.1, entry 6). Following that, other coupling agents were examined, including 

PyBOP, CDI and DCC (table 4.1, entries 7-9). TLC and 1H NMR analysis allowed the easy 

identification of products formed within reaction crudes. The presence of 19 was easily 

identified due to its high retention factor (Rf) in TLC and compounds 17 and 18, which exhibited 



Chapter 4: Synthesis of NCPs using a combination of antiretroviral drugs 

 

113 

similar Rf in TLC analysis, were identified by 1H NMR due to the differences in chemical shift in 

their proton H-5’ signals. 

Table 4.1. Screening of different coupling agents for the synthesis of 17. (*) indicates the use of a 
Mitsunobu methodology. 

Entry Coupling Agent Base Solvent Temperature, 

reaction time 

Product 

1 HATU DIPEA, 4 eq THF rt, overnight 17/18 

2 HATU - THF rt, overnight - 

3 HATU DIPEA, 1.1 eq THF rt, overnight 17/18 

4 HATU DIPEA, 2.2 eq THF rt, overnight 17/18 

5 HATU DIPEA, 4 eq THF/DMF (2:1) rt, overnight 17/18 

*6 DBAD, PPh3 - THF rt, overnight - 

7 PyBOP DIPEA, 4 eq THF (5% DMF) rt, overnight 18/19 

8 CDI DIPEA, 4 eq THF (5% DMF) rt, overnight - 

9 DCC DMAP, 0.3 eq CH2Cl2 rt, overnight 19 

10 EDCI DMAP, 2 eq DMF rt, overnight 17 

 

Finally, a bibliographic search revealed a chemoselective coupling of lamivudine (3TC), which is 

analogous to FTC, with 11-(acethylthio)undecanoic acid to afford the ester 20 as the only 

reaction product using EDCI and DMAP as base in DMF solution (scheme 4.2).1  

 

Scheme 4.2. Chemoselective coupling between lamivudine (3TC) and 11-(acetylthio)undecanoic acid to 
provide the ester product found in literature (ref 1).  

Considering this data, the same conditions were applied to FTC and 4 (table 4.1, entry 10). Thus, 

after 3 h of reaction, an aliquot was extracted from the reaction mixture and analyzed by TLC. A 

new compound, less polar than FTC, and with the same Rf than the previously-obtained sample 

of 17 appeared. The reaction was then monitored by TLC at different time intervals and, in the 

end, it was left overnight to allow a full conversion. After no presence of FTC was detected by 

TLC, DMF was removed using aqueous washes, the crude was purified by column 

chromatography to afford a white solid identified as 17 in 97% yield (scheme 4.3). Repetition of 

the coupling by triplicate gave reproducible results ensuring the robustness of this methodology. 



Chapter 4: Synthesis of NCPs using a combination of antiretroviral drugs 

 

114 

 

Scheme 4.3. Chemoselective coupling of 4 and FTC through its hydroxyl moiety using the experimental 
conditions described in reference 1. 

4.1.1.2 Synthesis of ((2R,5S)-5-(4-amino-5-fluoro-2-oxopyrimidin-1(2H)-yl)-1,3-

oxathiolan-2-yl)methyl 6-(3,4-dihydroxyphenyl)hexanoate, catFTC 

 

Final deprotection of 17 to afford target molecule catFTC was performed following the 

successful methodology previously used for catAZT and catTHY.2 Thus, after addition of 

Et3N·3HF to a solution of 17, TLC analyses revealed the presence of a new, polar compound. 

After purification with flash column chromatography, this compound was identified as target 

molecule catFTC in 60% yield. Overall, catFTC was obtained through a 5-step synthetic sequence 

with 32% yield. 

4.1.2 Synthesis of catRAL 

4.1.2.1 Synthesis of 4-((4-fluorobenzyl)carbamoyl)-1-methyl-2-(2-(5-methyl-

1,3,4-oxadiazole-2-carboxamido)propan-2-yl)-6-oxo-1,6-dihydropyrimidin-5-yl 

6-(3,4-bis((tert-butyldiphenylsilyl)oxy)phenyl)hexanoate, 23 

Concerning the functionalization of raltegravir through its –OH group, a previous bibliographic 

search showed a recent work in which cabotegravir, a molecule structurally similar to raltegravir, 

was functionalized in this position.3 Specifically, in this work myristic acid (1-tetradecanoic acid) 

moiety was incorporated to the free hydroxyl group of cabotegravir in 85% yield via acyl chloride 

using myristoyl chloride, 21, and DIPEA as base in DMF (scheme 4.4).    

 

Scheme 4.4. Functionalization of the hydroxyl group of cabotegravir with myristic acid via acyl chloride.   
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Thus, taking into account these precedents, the synthetic strategy for the coupling of RAL and 

intermediate 4 was envisioned as follows (scheme 4.5). Fist, the acyl chloride derived from 4 

was generated by the addition of oxalyl chloride to a solution of 4 in dichloromethane. After 3.5 

h at room temperature, TLC analysis revealed the entire consumption of 4. Then, the solvent 

was removed, and the crude was redissolved in DMF. Immediately and without further 

purification, raltegravir and DIPEA were added to the acyl chloride crude. After a few hours, a 

new compound, less polar than raltegravir was observed by TLC analysis. The reaction crude was 

left to evolve overnight to achieve the total consumption of raltegravir, and then purified by 

flash column chromatography. The 1H NMR spectrum of the crude displayed characteristic 

signals for raltegravir and catechol moiety 4. High resolution mass spectrometry (HRMS), 13C 

NMR and bidimensional NMR experiments allowed the final identification of the new compound 

as conjugate 23, obtained in 92% yield. 

 

Scheme 4.5. Coupling of RAL and intermediate 4 via oxalyl chloride formation. 

4.1.2.2 Synthesis of 4-((4-fluorobenzyl)carbamoyl)-1-methyl-2-(2-(5-methyl-

1,3,4-oxadiazole-2-carboxamido)propan-2-yl)-6-oxo-1,6-dihydropyrimidin-5-yl 

6-(3,4-dihydroxyphenyl)hexanoate, catRAL 

 

Removal of the silyl protecting groups TBDPS was performed following the same stablished 

methodology used in our research group.2 Thus, simple addition of triethylamine 

trihydrofluoride to a solution of 23 allowed the disappearance of the characteristic TBDPS peaks 

(δ 7.80, 7.40 and 1.12 ppm) in the 1H NMR spectrum and afforded target compound catRAL in 
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60% yield after a purification step using flash column chromatography. In summary, catRAL was 

obtained through five synthetic steps with a 30% overall yield. 

4.2 Synthesis of NCPs using a combination of catRAL and 

catFTC 

4.2.1 Synthesis of catRAL-NCPs and catFTC-NCPs 

In this section, the synthesis of two different families of NCPs using catRAL (catRAL-NCPs) or 

catFTC (catFTC-NCPs) following the optimized procedure described for catAZT-NCPs will be 

described. Then, once both systems are characterized and fully understood, NCPs using a 

mixture of catRAL and catFTC (catRAL-catFTC-NCPs) will be prepared and compared with the 

previously prepared ARV-NCPs (section 4.2.2). First, the synthesis of nanoparticles made by the 

self-assembly of either catRAL or catFTC with the bridging ligand 1,4-bis((1H-imidazol-1-

yl)methyl)benzene (bix) and Fe ions was attempted (scheme 4.6). 

 

Scheme 4.6. Experimental conditions for the synthesis of a) catRAL-NCPs and b) catFTC-NCPs. 

For this, the reactions were performed using the optimized experimental parameters applied 

for the synthesis of catAZT-NCPs, including the presence of 0.1% of polyvinylpyrrolidone (PVP) 

to control particle size. In this way, iron acetate (II) was added to a mixture of bix and the 

catechol-based ligand (catRAL or catFTC) inducing immediately the appearance of a dark-purple 

precipitate, which was collected by centrifugation, washed with ethanol and dried over vacuum. 
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SEM images revealed the formation of spherical particles for both ligands, with an average 

diameter of 104 ± 22 nm for catRAL-NCPs and 169 ± 29 nm for catFTC-NCPs (figure 4.3). 

 

Figure 4.3. Representative SEM images of a) catRAL-NCPs and b) catFTC-NCPs.  

Interestingly, DLS measurements in dispersion were in agreement with SEM micrographs, 

displaying a hydrodynamic diameter of 213 ± 3 nm in ethanol and 273 ± 34 nm in PBS/BSA 0.5 

mM buffer for catRAL-NCPs and 166 ± 1 nm in ethanol and 179 ± 1 nm in PBS/BSA 0.5 mM buffer 

for catFTC-NCPs (figure 4.4). Additionally, FTIR spectra showed bands attributed to bix in both 

catRAL-NCPs (1509, 1258 and 1107 cm-1) and catFTC-NCPs (1505, 1256 and 1114 cm-1) as well 

as characteristic carbonyl absorption attributed to catRAL (1764, 1675 cm-1) or catFTC ligands 

(1735, 1676 cm-1).  

In order to determine an average chemical formula for the polymeric structure of both catRAL-

NCPs and catFTC-NCPs, different characterization techniques were used. The resulting data was 

then analyzed and finally an empirical formula in agreement with the aforementioned 

techniques was proposed. First, 1H NMR was used to determine the ratio between NCPs ligands 

in each system, that is, catRAL/bix or catFTC/bix ratio. As before, NCPs were disassembled in an 

acidic media. Thus, the disaggregation of catRAL-NCPs and catFTC-NCPs was achieved in a 

methanolic solution of hydrochloric acid. Using deuterated hydrochloric acid and methanol, the 

1H NMR spectra of these solutions was recorded, as well as the corresponding spectra of catRAL, 

catFTC, RAL, FTC and bix (figure 4.5). The spectra of both NCPs revealed the presence of the 

corresponding catechol conjugates (catRAL or catFTC), bix and acetate ions from the iron 

acetate (II) salt used in NCPs synthesis. Then, the catRAL/bix and catFTC/bix ratio for catRAL-

NCPs and catFTC-NCPs, respectively, was measured by peak integration of their characteristic 

signals shown in figure 4.5, averaging 3.20 in catRAL-NCPs and 1.58 in catFTC-NCPs. In both 
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cases, the ratio between ligands was observed to be reproducible in three independent batches 

of NCPs. 

 

Figure 4.4. Particle size histogram extracted from SEM micrographs of a) catRAL-NCPs (233 particles, 
mean size 104 ± 22 nm) and b) catFTC-NCPs (233 particles, mean size 169 ± 29 nm). DLS measurements 
of c) catRAL-NCPs and d) catFTC-NCPs particle size in ethanol dispersion. 

Elemental analysis was also used for stablishing an empirical formula for both catRAL-NCPs and 

catFTC-NCPs. First of all, consistent CHNS % values in three independent batches of each type 

of particle indicated the high robustness of our NCPs synthesis methodology. Then, a chemical 

formula for both polymers was fitted by the iterative adjustment of ligand stoichiometry using 

a software developed in our research group. This software determined the optimal empirical 

formula that simultaneously minimized the error with experimental CHNS % values while in 

agreement with the ligand ratios determined by 1H NMR. Thus, the empirical formula 

FeC28.5H32.6F0.8N5.6O8.2, adjusted as Fe(catRAL)0.8(bix)0.2(AcO)0.2(H2O)1.6 was obtained for 
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catRAL-NCPs, whereas the empirical formula FeC29.9H35.6F0.9N5.0O10.3S0.9, adjusted as 

Fe(catFTC)0.9(bix)0.6(AcO)2.0(H2O)1.0 was obtained for catFTC-NCPs. Despite the high 

reproducibility in the NCPs synthetic process, the empirical formula of both catRAL-NCPs and 

catFTC-NCPs was deviated from the theoretical stoichiometry, namely an Fe ion coordinated to 

two catechol moieties and one bix bridging ligand, in a similar way to catAZT-NCPs and catTHY-

NCPs. 
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Figure 4.5. a) 1H NMR spectra of (top to bottom) disassembled catRAL-NCPs, catRAL, RAL and bix. Peaks 
corresponding to catRAL, bix and acetate are observed in the 1H NMR spectrum of catRAL-NCPs. b) 1H 
NMR spectra of (top to bottom) disassembled catFTC-NCPs, catFTC, FTC and bix. Peaks corresponding to 
catFTC, bix and acetate are observed in the 1H NMR spectrum of catFTC-NCPs. All spectra were recorded 
in a DCl/CD3OD acidic solution (50 µL DCl/mL CD3OD). 
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4.2.1.1 Quantification of drug release in catRAL-NCPs and catFTC-NCPs 

As before, the release of antiretroviral drugs was expected to involve a two-step process, with 

a first stage of gradual NCPs degradation in aqueous media followed by the cleavage of the 

active ester bond through esterases (scheme 4.7). 

 

Scheme 4.7. Scheme of the different release steps for either catRAL-NCPs or catFTC-NCPs, including 
particle degradation (step 1) followed by enzymatic cleavage (step 2) of the ester bond. 

Previous to the determination of the drug release kinetics of the NCPs, the enzymatic hydrolysis 

of catRAL and catFTC was studied independently. Both catechol-ARV conjugates were incubated 

at 37 °C in a simulated physiological media composed by a 0.5 mM solution of bovine serum 

albumin (BSA) in a phosphate buffer (PBS) at pH 7.4 in the presence or absence of the model 

esterase PLE (pig liver esterase) at a concentration comparable to that found inside the body 

(180 U/L).4 Aliquots were then taken at different periods of time, from 5 min to 72 hours 

approximately, filtered through a 10 kDa membrane to remove BSA and PLE and stored in the 

freezer until injected into the HPLC instrument. At this point, the aliquots coming from catRAL 

and catFTC incubation were analyzed independently, that is, two different HPLC methods were 

developed to separate and quantify catRAL from RAL and catFTC from FTC.  

For the quantification, in each case, standards containing both analytes, i.e. catRAL/RAL and 

catFTC/FTC, were prepared and injected into the reversed-phase HPLC system. pH of the mobile 

phase was set acidic using phosphoric acid due to the acidic nature of catechols, otherwise acid-

base equilibria would cause problems of peak resolution and shape distortion, especially peak 

tailing.5 Initially, an isocratic approach, that is, maintaining the same mobile phase composition 

during the entire analysis was attempted for simplification purposes. Although the separation 

of the peaks of both analytes was eventually accomplished using this approach, the difference 

in polarity between the analytes caused a large analysis runtime. To reduce the runtime, which 

was especially important here due to the large number of samples analyzed, a mixture of 

isocratic and gradient elution was used.6 Detector wavelength was set at 214 nm as a control 

and at 280 nm due to the high absorptivity of the chemical species in that region. After the 
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modification of these parameters in a systematic approach, acceptable resolution between the 

different analytes in a reasonable runtime was obtained for both catRAL/RAL and catFTC/FTC 

standards (figures 4.6 a and b). Then, with these optimized methods, calibration curves using 

standards at concentrations ranging from 1 to 1150 µM for catRAL/RAL and 1 to 1800 µM for 

catFTC/FTC, approximately, were successfully prepared using the corresponding peak area for 

each analyte (R2 ≥ 0.99) (figures 4.6 c and d). 

 

Figure 4.6. Representative chromatograms of a) catRAL/RAL (at 40 and 57 µM, respectively)  and b) 
catFTC/FTC (at 180 and 362 µM, respectively) standards. Calibration curves for c) catRAL and RAL and d) 
catFTC and FTC (n = 7, R2 ≥ 0.99).  

Next, the catRAL/catFTC incubation aliquots were analyzed following the corresponding 

optimized HPLC methods. Figures 4.7 a and b show the expected process for both catechol-ARV 

conjugates, consisting in a PLE-mediated cleavage of their ester bond. Figures 4.7 c and d show 

representative chromatograms obtained for both enzymatic processes. Employing the HPLC 

methods and the calibration curves developed previously, we were able to quantify the chemical 

species of interest in each sample. The amount of RAL and FTC released at different time 

intervals, in the presence or absence of esterases can be observed in figure 4.7 e and f. In this 

case, the data is presented as the relative amount of antiretroviral drug released versus time. 

This percentage of released drug was calculated as follows: for each point, a concentration of 
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RAL or FTC was determined by interpolation with their corresponding calibration curve, and it 

was divided by the concentration at the end of the hydrolysis, measured by triplicate in 

additional aliquots acidified with HCl.  

Concerning catRAL, no significant variation in the reaction rate was observed independently of 

the presence or absence of esterases (∼80% in 24 h). This could be attributed to the fact that 

pig liver esterase, the model esterase used, is classified in the EC 3.1.1.1 enzyme group, which 

includes carboxylesterases for the hydrolysis of aliphatic alcohols and therefore catRAL would 

not be a suitable substrate for it, requiring a EC 3.1.1.2 arylesterase instead.7 The effects of 

esterases, on the other hand, were clearly visible in the case of catFTC. In the absence of PLE, 

hydrolysis of catFTC was observed to be slow, with approximately 50% of FTC released after 65 

hours. When PLE was added under the same experimental conditions, a fast release of the 

antiretroviral drug was observed, with nearly 100% completed in 1 hour. 

The next step consisted in the determination of RAL and FTC release in catRAL-NCPs and catFTC-

NCPs, respectively (figure 4.8 a). In both cases, the release was performed under the same 

experimental conditions previously explained for catRAL and catFTC, i.e., NCPs were incubated 

under simulated physiological conditions at 37 °C in PBS/BSA 0.5 mM at pH 7.4 in the presence 

or absence of esterases at 180 U/L. Aliquots were taken at different time intervals, ranging from 

5 min to 72 hours approximately, filtered through a 10 kDa membrane to remove BSA, PLE and 

non-degraded NCPs and stored in the freezer until analyzed by HPLC. The optimized HPLC  

methods for the analysis of catRAL/RAL and catFTC/FTC were used to unequivocally quantify 

each chemical species. Representative chromatograms of these aliquots can be observed in 

figures 4.8 b and c. Moreover, figures 4.8 d and show the graphical representation of the ratio 

of antiretroviral drug released versus time in catRAL-NCPs and catFTC-NCPs, respectively, in the 

presence or absence of esterases. To calculate each percentage value, the concentration 

determined by interpolation with their corresponding calibration curve was divided by the value 

corresponding to the 100% release. This value was calculated, for each experiment, by triplicate 

in aliquots treated with HCl in methanol. Under these conditions, as mentioned in the section 

4.2.1, NCPs disassemble into their components, releasing in this case the remaining catRAL and 

catFTC, which are then transformed into RAL and FTC respectively. As the amount of NCPs in 

each incubation experiment had been perfectly weighted, the samples that represented the 

100% release allowed, additionally, the quantification of drug loading of catRAL-NCPs and 

catFTC-NCPs. Thus, an average of 10 wt% of RAL was found in catRAL-NCPs, whereas FTC in 

catFTC-NCPs averaged a 27 wt%. 
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Figure 4.7. Scheme of the enzymatic cleavage of a) catRAL and b) catFTC by PLE. Representative 
chromatograms of c) catRAL (t = 112 min) and d) catFTC incubation aliquots (t = 278 min) at 37 °C in the 
presence of esterases (PLE, 180 U/L). Non-marked peaks are attributed to either solvent or degradation 
by-products of catRAL and catFTC. Hydrolysis kinetics of e) catRAL and f) catFTC in the presence 
(esterases) or absence (no esterases) of pig liver esterases (PLE, 180 U/L) at pH 7.4. Experiments were 
performed by duplicate in PBS/BSA 0.5 mM buffer at 37 °C.  

The results for the NCPs and their comparison to the free ligands can be found in table 4.2. 

Regarding catRAL-NCPs, the data showed a slow release independently of the presence of 

esterases, in agreement with the behavior of the free ligand catRAL. However, effects of its 
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nanostructuration can be observed, as NCPs protects catRAL from hydrolysis, lowering its 

reaction rate and offering a more sustained release (78% in 24 h for the free ligand versus 39% 

in 24 h for NCPs). This effect was also observed for catFTC-NCPs. In absence of esterases, the 

presence of FTC was low (20% at 72 h), whereas with the addition of PLE, 86% of FTC was relased 

after 72 hours, with a half-life of ∼3 hours. Thus, the protective effect of nanostructuring the 

ligand into NCPs was clearly observed as a 70-fold increase in the complete release time when 

compared with the free ligand catFTC. 

 

Figure 4.8. a) Schematic representation of the different release steps for either catRAL-NCPs or catFTC-
NCPs, including particle degradation (step 1) followed by enzymatic cleavage (step 2) of the ester bond. 
b) and c) Representative chromatograms of catRAL-NCPs (t = 18.5 h) and catFTC-NCPs (t = 4.1 h)  
incubation aliquots at 37 °C in the presence of esterases. Non-marked peaks are attributed to either 
solvent or degradation by-products of catRAL and catFTC. d) and e) catRAL and catFTC release kinetics 
from the corresponding NCPs in the presence (esterases) or absence (no esterases) of pig liver esterase 
(PLE, 180 U/L). All experiments were performed by duplicate in PBS/BSA 0.5 mM pH 7.4 buffer at 37 °C. 
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Table 4.2. Summary of the amount of drug released at 24 and 72 h in catRAL, catRAL-
NCPs, catFTC and catFTC-NCPs release experiments. (*) indicates the complete 
release within the first hour.  

 % drug released at 24 h % drug released at 72 h 
 PLE no PLE PLE no PLE 

catRAL 78 87 100 100 

catRAL-NCPs 39 55 50 80 

catFTC 100* 25 100* 50 

catFTC-NCPs 77 11 86 20 

 

4.2.2 Synthesis of NCPs combining catRAL and catFTC 

Once the behavior of catRAL-NCPs and catFTC-NCPs was described, the next step was to 

incorporate both antiretroviral drugs inside the same NCP structure, namely catRAL-catFTC-

NCPs. The objective was to emulate commercial ARV combinations, so that both drugs are 

guaranteed to be released simultaneously under the same mechanisms.  

In particular, the ratio between ARV drugs corresponded to a raltegravir/lamivudine 1:1 molar 

ratio. Thus, an equimolar mixture of both catRAL-NCPs and catFTC-NCPs was used to form 

catRAL-catFTC-NCPs. The self-assembly of both catechol derivatives with the bridging ligand bix 

and Fe ions, was carried out following the same optimized procedure than for the previous NCPs. 

Consequently, iron acetate (II) dissolved in ethanol was added to an ethanolic mixture of bix, 

catRAL and catFTC, instantaneously inducing the appearance of a dark-purple precipitate, 

collected by centrifugation, washed with ethanol to remove unreacted ligands and dried over 

vacuum. As before, the reaction mixtures contained a 0.1% of polyvinylpyrrolidone to prevent 

aggregation and control particle size during the synthetic process. A representative illustration 

of the reaction is shown in scheme 4.8. SEM micrographs of the dark-purple precipitate obtained 

revealed the formation of spherical particles. Like in the previous NCPs synthesized, DLS 

measurements were in agreement with SEM micrographs, displaying in ethanol a hydrodynamic 

diameter of 232 ± 1 nm and 220 ± 1 nm in PBS/BSA 0.5 mM buffer. Additionally, FTIR spectra 

showed bands attributed to bix in both catRAL-NCPs (1509, 1258 and 1107 cm-1)and catFTC-

NCPs (1508, 1257 and 1108 cm-1) as well as characteristic carbonyl bands attributed to catRAL 

and catFTC (1737, 16775 cm-1). 
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Scheme 4.8. Scheme of the synthesis of NCPs combining the antiretroviral drugs raltegravir and 
emtricitabine (catRAL-catFTC-NCPs). 

The chemical composition of catRAL-catFTC-NCPs was studied in a similar way to that explained 

for catRAL-NCPs and catFTC-NCPs (section 4.2.1). First, 1H NMR of disassembled catRAL-catFTC-

NCPs was recorded in a methanolic solution of deuterated hydrochloric acid. The spectra 

revealed the presence of catRAL, catFTC, bix and acetate ions coming from the acetate salt used 

in the synthetic process as a source of iron ions (figure 4.9). Using the characteristic peaks for 

each chemical species marked in figure 4.9, the catRAL/catFTC ratio was determined and equal 

to 1.1, whereas the ratio between both catechol ligands and bix, i.e., (catRAL+catFTC)/bix ratio 

was found to average 3.7. In both cases, the aforementioned ratios were consistent among three 

independent batches of catRAL-catFTC-NCPs. 

Elemental analysis data of catRAL-catFTC-NCPs was also consistent with the previous 

observation, as CHNS % values were maintained among three independent NCPs batches. Then, 

as before, a chemical formula for the NCPs was fitted by the iterative adjustment of its ligand 

stoichiometry. This adjustment calculated the empirical formula that simultaneously minimized 

the error with CHNS % experimental values while in agreement with the ligand ratios 

determined by 1H NMR. However, similarly to the other families of NCPs described during this 

dissertation, despite the high degree of reproducibility in NCPs synthesis, the resulting empirical 

formula did not adjust to the theoretical 2:1 catechol-iron ratio. Accordingly, the formula 

FeC36.8H41.8F1.2N6.6O11.3S0.6 was acquired for catRAL-catFTC-NCPs, which translated into 

Fe(catFTC)0.5(bix)0.3(catRAL)0.6(AcO)1.0(H2O)1.2.  

It is worth mentioning that, although an equimolar combination of catechols had been 

used in the synthesis of the particles, the resulting ratio catRAL/catFTC was found to be 

1.1. Nevertheless, this ratio stands for an excellent result as it did not represent a 

considerable deviation from the original 1:1 ratio. Moreover, previous tests consisting in 

introducing different ligands in a specific proportion in NCPs, like the experiments 

described in Chapter 3, section 3.2, using catAZT and caffeic acid mixtures or other ones 

described previously in our research group had revealed the difficulties of controlling 
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ligand proportions in these materials. In this case, the rationale behind this fact could be 

attributed to similarities in steric hindrance and metal affinity between both ligands.  

 

Figure 4.9. 1H NMR spectra of (top to bottom) disassembled catRAL-catFTC-NCPs, catFTC, catRAL and bix. 
Peaks corresponding to catRAL, catFTC, bix and acetate are observed in the 1H NMR spectrum of catRAL-
catFTC-NCPs. All spectra were recorded in a DCl/CD3OD acidic solution (50 µL DCl/mL CD3OD). 

4.2.2.1 Quantification of drug release in catRAL-catFTC-NCPs 

The release of both antiretroviral drugs structuring catRAL-catFTC-NCPs, RAL and FTC, was 

monitored by HPLC-UV following similar procedures than for the free ligands catRAL and catFTC 

and the NCPs catRAL-NCPs and catFTC-NCPs. 

Prior to this study, however, a further optimization in the HPLC methodology was necessary to 

quantify simultaneously the four potential chemical species released: RAL, catRAL, FTC and 

catFTC, along with other degradation by-products. In section 4.2.1.1, we described the 

preparation of HPLC methodologies to analyze catRAL/RAL and catFTC/FTC separately. Thus, 

samples containing the four species were injected into the HPLC system using both methods,  

but peak separation was not achieved in any case. Of the parameters described in section 

4.2.1.1, the pH of the mobile phase was maintained and equal to acidic. Mobile phase 

composition and elution mode, isocratic and gradient, were systematically modified in this case 

to achieve the separation of the four species. FTC was initially separated easily from catFTC, RAL 
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and catRAL due to its high difference in polarity: FTC is poorly retained in the non-polar 

stationary phase of the HPLC column, whereas the other compounds are more retained under 

the same conditions. The separation of the three remaining compounds was more difficult due 

to their similarity in polarity. Acceptable resolution between their peaks, along with reasonable 

analysis runtime, was eventually achieved in a systematic approach way using a set of three 

different gradients alternated with isocratic periods (figure 4.10 a). Then, using this optimized 

parameters, a series of standards containing catRAL, RAL, catFTC and FTC were prepared at 

concentrations ranging from 1 to 1715 µM and analyzed to obtain the corresponding calibration 

curve for each analyte (figure 4.10 b). 

 

Figure 4.10. a) Representative chromatogram of catRAL/RAL/catFTC/FTC standards (at 133, 191, 191 and 
343 µM, respectively. b) Calibration curves for catRAL, RAL, catFTC and FTC (n = 7, R2 ≥ 0.999).  

The next step consisted of the evaluation of the two-step process of drug release in catRAL-

catFTC-NCPs (figure 4.11 a). The nanoparticles were incubated at 37 °C in a simulated 

physiological media composed by a 0.5 mM solution of bovine serum albumin (BSA) in a 

phosphate buffer (PBS) at pH 7.4 in the presence or absence of the model esterase PLE (pig liver 

esterase) at a concentration comparable to that found inside the body (180 U/L). Aliquots were 

taken at different time intervals, ranging from 5 min to 140 hours approximately, filtered 

through a 10 kDa membrane to remove BSA, PLE and non-degraded NCPs and stored in the 

freezer until analyzed. The aforementioned optimized HPLC method was used to quantify RAL 

and FTC in these aliquots. A representative chromatogram can be found in figure 4.11 d. Figures 

4.11 b and c display the relative amount of antiretroviral drug released versus time in catRAL-

catFTC-NCPs. To calculate each value, the concentration determined by interpolation with their 

corresponding calibration curve was divided by the value corresponding to the 100% release. 

This value was calculated, for each experiment, by triplicate in aliquots treated with HCl in 

methanol. Under these conditions, as mentioned in the section 4.2.1, NCPs disassemble into 
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their components, releasing in this case the remaining catRAL and catFTC, which are then 

transformed into RAL and FTC respectively. Like in catRAL-NCPs and catFTC-NCPs release 

analysis, the samples representing the 100% release allowed the quantification of the % of drug 

inside the NCPs. Thus, catRAL-catFTC-NCPs presented and average of 13 wt% in RAL and 15 wt% 

in FTC. Finally, figure 4.11 e shows a representation of the RAL/FTC molar ratio at each time 

interval in the incubation with esterases (figure 4.11 b).  

 

Figure 4.11 a) Scheme of the different release steps for catRAL-catFTC-NCPs, including particle 
degradation (step 1) followed by enzymatic cleavage (step 2) of the ester bond. b) and c) catRAL-catFTC-
NCPs release kinetics in the presence (esterases) or absence (no esterases) of pig liver esterase (PLE, 180 
U/L). All experiments were performed by duplicate in PBS/BSA 0.5 mM pH 7.4 buffer at 37 °C. d) 
Representative chromatogram of catRAL-catFTC-NCPs (t = 3.6 h) incubation aliquots at 37 °C in the 
presence of esterases. Non-marked peak is attributed to degradation by-products. e) Representation of 
the RAL/FTC molar ratio through the incubation of catRAL-catFTC-NCPs in the presence of esterases. 

The antiretroviral drug release profile obtained for catRAL-catFTC-NCPs in the presence of 

esterases did not significantly differ from the data acquired for the NCPs containing a single 

antiretroviral drug, catRAL-NCPs and catFTC-NCPs (figure 4.12). Thus, both ARV drugs 
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experienced a slow release, being FTC released faster (∼80% in 24 h) than RAL (∼35% in 24 h) , 

but in any case, slower than the free ligands (100% in 1 h for catFTC and ∼80% in 24 h for 

catRAL). In the absence of esterases, RAL experienced a slightly slower release compared to 

catRAL-NCPs at 24 h (∼40% vs ∼55%, respectively), whereas FTC release was slightly increased 

(∼18% vs ∼12%, respectively).  

 

Figure 4.12. Comparison between % of drug released at 24 h in catFTC, catRAL, catRAL-NCPs, catFTC-
NCPs and catRAL-catFTC-NCPs in the presence and absence of esterases (PLE). (*) indicates the complete 
release within the first hour. 

Lastly, although the composition of catRAL-catFTC-NCPs contained an equimolar amount of 

both RAL and FTC, the differences in their release profiles could suggest that, effectively, both 

drugs would not be delivered in a 1:1 molar ratio. In fact, the RAL/FTC molar ratio was calculated 

for each point in the incubation of catRAL-catFTC-NCPs in the presence of esterases (figure 4.12, 

b). Interestingly, the ratio between both drugs was rather constant but oscillated between 0.15 

and 0.26, far from the desired value of 1. In order to achieve the desired RAL/FTC ratio, in the 

following section the formation and release profile of catRAL-catFTC-NCPs with different ARV 

drug proportions will be described.  

4.2.2.2 Adjustment of RAL/FTC ratio in catRAL-catFTC-NCPs drug release 

Taking into account the drug release data displayed in section 4.2.2.1 for catRAL-catFTC-NCPs, 

we hypothesized that a fine-tuning of the catRAL/catFTC ratio during the NCPs synthetic process 

could be achieved so that both RAL and FTC would be released in an equimolar ratio. Specifically, 

we hypothesized that modification of catRAL/catFTC ratio in NCPs would not affect the relative 



Chapter 4: Synthesis of NCPs using a combination of antiretroviral drugs 

 

132 

release of each individual drug, that is, the % drug released vs time graph would remain 

unaltered (figures 4.11 b and c).  

To calculate the required catRAL/catFTC ratio, we considered data from figures 4.11 b and e. 

From these graphs, we extracted that molar concentration of catRAL could be increased by a 

factor around 4 and 5 to achieve, as we needed to increase at this point catRAL/catFTC ratio 

from 0.20-0.25 to 1 approximately. The NCPs synthesis was repeated using the same conditions 

and experimental methodology than the ones explained in section 4.2.2, except for the 

catRAL/catFTC proportion, which was set to 5:1. For this new nanoparticle batch, from here on 

named catRAL-catFTC-NCPs (5:1), 1H NMR spectra of the disassembled material in acidic 

methanol were recorded. Interestingly, the spectra showed that the ratio between ligands, 

calculated by the integration of the corresponding peaks as explained in figure 4.9 was 

maintained in a high degree and equal to 4.6, approximately, along three independent batches 

of catRAL-catFTC-NCPs (5:1). 

Next, the drug release in catRAL-catFTC-NCPs (5:1) was determined in the same way that the 

procedure described in section 4.2.2.1 for catRAL-catFTC-NCPs. Thus, NCPs were incubated in 

simulated physiological conditions (PBS/BSA 0.5 mM buffer at pH 7.4 in the presence or absence 

of PLE (pig liver esterase) at a concentration of 180 U/L. Aliquots were taken at different time 

intervals, ranging from 5 min to 140 hours approximately, filtered through a 10 kDa membrane 

to remove BSA, PLE and non-degraded NCPs and stored in the freezer until analyzed. The HPLC 

methodology optimized in section 4.2.2.1 was also used to quantify RAL and FTC from the 

release aliquots, as well from aliquots treated with HCl with the purpose of setting the 100% 

release (figure 4.14). Like in the previous NCPs samples, the aliquots representing the 100% 

release allowed the quantification of the % of drug inside the NCPs. Thus, catRAL-catFTC-NCPs 

(5:1) presented and average of 24 wt% in RAL and 8 wt% in FTC. The data extracted from HPLC 

measurements is displayed as % of drug released, molar concentration or RAL/FTC ratio vs time. 

As we had hypothesized, the relative release of both drugs, i.e., the liberation process (figures 

4.14 a and b), did not experience significant variations with respect catRAL-catFTC-NCPs, being 

the release of FTC faster than the gradual release of RAL, especially in the presence of esterases. 

However, when this data was represented as absolute concentration vs time (figures 4.14 c and 

d), we observed that, in fact, the slower release of RAL was compensated by the large amount 

of it present in the NCPs structure, causing both antiretroviral drugs to be released in a ratio 

close to 1 in the presence of esterases, as we had predicted previously. Indeed, when RAL/FTC 

ratio vs time was represented (figure 4.14 e), values oscillating between 0.7 and 1.1 were found 
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after a stabilization time of approximately 20 hours. In the absence of esterases (figures 4.14 d 

and f), the different behavior of catRAL and catFTC towards esterases found along this thesis 

caused a steady increase of the RAL/FTC ratio.    

 

 

Figure 4.14. catRAL-catFTC-NCPs (5:1) drug release profile in the presence (a, c and e) and in absence of 
esterases (b, d and f) (PLE, 180 U/L). All experiments were performed by duplicate in PBS/BSA 0.5 mM pH 
7.4 buffer at 37 °C. Data is displayed as % of drug released (a, b); in absolute RAL and FTC concentration 
(c, d) and as the RAL/FTC molar ratio at each time interval (e, f).  
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4.3 Development of synthetic methodologies for the 

obtention of cat3TC and catTFV 

In this section, methodologies for the functionalization of lamivudine (3TC) and raltegravir (RAL) 

with catechol moieties will be explored (scheme 4.9 a). The synthesis of cat3TC will be 

attempted following the approach described for catFTC, as both ARV drugs only differ in the 

presence or absence of a fluorine atom and therefore their reactivity is expected to be similar 

(scheme 4.9 b). Thus, 3TC would be attached to intermediate 4, obtained in three synthetic steps 

in 55% yield, using the coupling conditions for catFTC. A final deprotection step would remove 

the silyl ether protecting groups (TBDPS) and afford cat3TC.  

 

Scheme 4.9. a) Chemical structures of lamivudine (3TC) and tenofovir (TFV). b) Synthetic approach for the 
obtention of cat3TC.  

A more challenging question remained in the synthesis of catTFV. The starting point for the 

planification of the synthetic approach fell on the patent from Gilead for the manufacturing of 

tenofovir disoproxil.8 During this approach, disoproxil side chains are attached to the tenofovir 

core by means of an alkylative esterification using chloromethyl isopropyl carbonate (scheme 
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4.10) in 35% yield. This low yield reported in the patent and the fact that, for this step, the 

highest yield reported so far is 62%,9 emphasizes the inherent complexity of the reaction. 

 

Scheme 4.10. Scheme of the alkylative esterification step in tenofovir disoproxil manufacturing route, 
extracted from reference 9. 

Thus, a synthetic sequence using a suitable chloromethyl carbonate was proposed to attach a 

catechol-containing molecule to tenofovir to finally form catTFV (scheme 4.11). Starting from 

intermediate 4, a reduction of its carboxylic moiety to alcohol would be performed to afford 

compound 24. This alcohol would allow the formation of chloromethyl carbonate 26 by the 

reaction between 24 and commercially-available chloromethyl chloroformate, 25. Then, 

tenofovir (TFV) would be attached to 26 following similar experimental conditions to those 

described for tenofovir disoproxil in reference 9.  

 

Scheme 4.11. Synthetic approach for catTFV from intermediate 4. 
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4.3.1 Synthesis of cat3TC 

In order to expand the scope of ARV-NCPs and using the knowledge acquired during catFTC 

synthesis, the conjugation of lamivudine (3TC) to 4 (cat3TC) was proposed at this point (scheme 

4.6). Therefore, the optimized conditions for esterification were directly applied and, similarly 

to the previous case, a chemoselective coupling (as confirmed by 2D NMR experiments) took 

place through the free hydroxyl group, allowing the isolation of 27 in 76% yield. Moreover, 

removal of the silyl protecting groups was more problematic than it appeared. When the 

reaction was performed under the previous methodology based on the addition of triethylamine 

trihydrofluoride, TLC controls showed the appearance of a new, polar compound within the 

reaction mixture. After the purification by column chromatography following similar conditions 

to those used for catFTC, however, extremely low yields were observed (<1%). As no starting 

material was recovered either, some attempts of improving the reaction yield were performed 

by modifying chromatographic parameters (stationary and mobile phase composition) or 

attempting to precipitate cat3TC as its hydrochloride salt. In the end, the best yield obtained, 

12%, was achieved with phase-reversed flash column chromatography, that is, using C18-coated 

silica as stationary phase and water/methanol as eluent. These low yields obtained in the 

synthesis of cat3TC did not encourage its use for ARV-NCPs synthesis.  

 

Scheme 4.12. a) Synthesis of 27 using the same optimized methodology applied in 17 synthesis. b) 
Removal of TBDPS protecting groups of 27 to yield cat3TC. 

4.3.2 Attempts to prepare catTFV 

As explained before, the route for catTFV synthesis would involve a key step of phosphonate 

formation through an alkylative esterification between commercial tenofovir and a suitable 

alcohol. Due to the inherent complexity of the transformation and the need of controlling a 

series of experimental parameters,9 this esterification was proposed to be performed first using 

a cheap, easily-available alcohol, 2-phenylethanol, as a model (scheme 4.13). In this way, 
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limitations arising from the low availability of intermediate 4 and its time-consuming synthesis 

could be avoided during a first screening of the reaction. 

 

Scheme 4.13. a) Model esterification between 2-phenylethanol and tenofovir via chloromethyl carbonate 
to explore the feasibility of b) coupling of alcohol 24 to tenofovir. 

Synthesis of 28 comprises three stages: i) reaction of 2-phenylethanol with chloromethyl 

chloroformate to form the corresponding chloromethyl carbonate; ii) its coupling reaction to 

tenofovir and; iii) isolation and purification of phosphonate 28. The first step includes a 

straightforward transformation, that is, esterification using an acyl chloride. However, due to 

the several parameters that limit the remaining stages, the rationale behind the formation of 

tenofovir disoproxil will be explained in the next paragraph and later applied to 28 synthesis.9  

Thus, during this alkylative esterification, the reaction is typically performed in a polar, aprotic 

solvent due to the low solubility of tenofovir and its salts. The best solvent reported is N-methyl-

2-pyrrolidone (NMP), although subsequent work-up is difficulted by its high boiling point (202 

°C). A non-nucleophilic amine base (triethylamine is preferred) allows the dissolution of the 

initial suspension of tenofovir in NMP followed by the precipitation of its mono- and bis-

triethylammonium salts. Subsequent solubilization of the esterification products (monoester 

and diester) drives the reaction forward. The conversion rate of monoester to diester, however, 

is slower than the initial formation of monoester and causes the reverse reaction (hydrolysis) to 

become competitive as the reaction time increases. Additionally, the use of phase-transfer 

agents, like tetrabutylammonium bromide (TBAB), increases reaction conversion and rate as it 

increases the solubility of triethylammonium tenofovir salts. The key impurities in this 

transformation are summarized in scheme 4.14, which include monoester 31 along with N-

hydroxymethylated products 32 and 34 and isopropylcarbamates 33 and 35. Regarding reagent 

concentration, a compromise between high (favors the formation of such impurities) and low 
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(complicates the posterior work-up due to an increase in NMP volume) must be taken. Presence 

of water is identified as the major source of impurities, with 32 and 34 comprising up to 25% of 

the product mixture when water content is not controlled. Mainly, two approaches for reducing 

water levels are applied, frequently in combination. The first one involves drying hygroscopic 

tenofovir at 70-90 °C under reduced pressure, whereas the second strategy relies on azeotropic 

distillation of tenofovir suspended in NMP using cyclohexane or toluene. During the work-up, 

product degradation is enhanced in aqueous basic solutions, therefore the direct addition of 

water in the presence of excess triethylamine is discouraged. Instead, cyclohexane washes 

remove excess triethylamine and a significant amount of NMP. Following this step, partition of 

the residue between ethyl acetate and water provides an organic solution of tenofovir 

disoproxil. Tenofovir disoproxil can be then isolated by precipitation as a fumarate salt. 

 

Scheme 4.14. Chemical structure of tenofovir disoproxil and the main impurities formed within the 
esterification step. 

Thus, 28 was prepared following the previous procedure (figure 4.15 a). Simple addition of 

chloromethyl chloroformate to a basic solution of 2-phenylethanol afforded chloromethyl 

carbonate 36, as observed by the entire consumption of the starting material by TLC and the 

appearance in 1H NMR of a new singlet at δ 5.7 ppm corresponding to chloromethyl protons 

(COO-CH2-Cl) (figure 4.15 b). 36 was used immediately without further purification. For the next 

step, commercial tenofovir was dried overnight at the oven at 80 °C and later using azeotropic 

distillation at reduced pressure with cyclohexane. For that, an experimental setup using a 

distilling trap was prepared so that cyclohexane could be removed and added from the system 

without introducing air and therefore humidity. To this dried suspension of tenofovir in NMP, 

36 was added along with triethylamine and tetrabutylammonium bromide (TBAB) and stirred at 
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50 °C for 17 h. Although temperatures of 65-70 °C are reported for this step in the patent of 

tenofovir, the presence of TBAB allows a decrease to 50-60 °C, maximizing conversion and 

product stability.9 The reaction work-up was performed in the way described before, that is, 

avoiding basic pH with the use of cyclohexane washes. The 1H NMR spectrum of the resulting 

wax included peaks attributed to tenofovir and 2-phenylethanol. Finally, 28 was isolated as a 

fumarate salt in 43% yield for the combined reactions by the simple addition of fumaric acid to 

the purified product. 

 

Figure 4.15. a) Preparation of 28 via chloromethyl carbonate 36. b) 1H NMR spectra of (top to bottom) 2-
phenylethanol, 36, 28, fumarate salt of 28 and tenofovir. All spectra were recorded in CD3OD, except 
tenofovir in (CD3)2SO 

The next step now was to accomplish this transformation using the alcohol of interest 24), which 

was easily prepared from 4 by a reduction with borane in 75% yield (scheme 4.15 a). 
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Scheme 4.15. a) Reduction of carboxylic acid 4 to alcohol 24 using borane. b) Synthesis of 30 via the 
chloromethyl carbonate 37. 

In the same way that in the model reaction, chloromethyl carbonate 37 was successfully 

prepared by the addition of chloromethyl chloroformate to a basic solution of alcohol 24, as 

determined by TLC and 1H NMR. Then, the same procedure for drying of tenofovir explained 

before (overnight drying at 80 °C and azeotropic distillation over cyclohexane) was used. 

Compound 37, TBAB and Et3N were added to the suspension of dry tenofovir and stirred at 50 

°C. Aliquots at different time intervals (4, 17, 24 h) were taken and a workup consisting in 

cyclohexane washes and liquid-liquid extraction in ethyl acetate was performed for all aliquots. 

Although the reaction was carried out by triplicate, 1H NMR spectra of the different aliquots and 

independently of the reaction time only showed peaks attributed to the starting material, 

protected catechol 37.  

At this point, the inherent complexity of the transformation and other challenges arising from 

this particular system, namely the large molecular weight of 24 which, coupled to the 2:1 

stoichiometry, required the use of large amounts of it with respect to tenofovir (13 mg of 24 / 
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mg tenofovir) and the limited amount of starting material available due to its time-consuming 

synthetic process; caused the renounce of this route to obtain catFTV.  

4.4 Summary and conclusions 

In this Chapter, additional conjugates between catechol and antiretroviral drugs were designed, 

synthesized and used in the formation of nanoscale coordination polymers (NCPs). Specifically, 

synthetic methodologies for the preparation of catechol conjugates of emtricitabine (FTC) and 

raltegravir (RAL), catFTC and catRAL respectively, were developed. Both target compounds were 

successfully synthesized through a 5-step sequence with an overall yield of 32% for catFTC and 

30% for catRAL. Then, iron-based NCPs were prepared using both conjugates separately to 

afford catFTC-NCPs and catRAL-NCPs, exhibiting an average size of 169 ± 29 nm and 104 ± 22 

nm respectively. After their physicochemical characterization, HPLC methodologies were 

developed to compare the drug release profile of catFTC-NCPs and catRAL-NCPs with their 

corresponding free ligand catFTC or catRAL in simulated physiological conditions in the presence 

or absence of esterases. According to the data obtained, nanostructuration  protected catFTC 

and catRAL from hydrolysis, allowing a more sustained release over longer periods of time.  

The next step was the formation of NCPs containing both ligands, catFTC and catRAL, in a 1:1 

molar ratio. Thus, catRAL-catFTC-NCPs were prepared using the optimized methodology for 

NCPs synthesis. Their physicochemical characterization revealed to presence of both catFTC and 

catRAL in a molar ratio of 1.1 (catRAL/catFTC). Then, to study their drug release profile in vitro, 

HPLC methodologies were refined to allow the simultaneous quantification of catFTC, catRAL 

and their hydrolysis products. Although the data obtained from the release experiments showed 

relative liberation of both drugs, RAL and FTC, similar to catRAL-NCPs and catFTC-NCPs, their 

different behavior towards esterases effectively reduced the ratio of the delivered mixture from 

the expected 1.1 to approximately 0.2 (RAL/FTC molar ratio). To increase this ratio during the 

release process, NCPs containing catRAL and catFTC in a 5:1 ratio were prepared (catRAL-

catFTC-NCPs (5:1)). In these new particles, the ratio between RAL and FTC during the release 

process was observed to oscillate between 0.7 and 1.1 (RAL/FTC).  

Lastly, the functionalization of additional ARV drugs with catechol was explored. Specifically, 

lamivudine (3TC) was successfully attached to catechol moieties, cat3TC, through a 5-step 

synthetic route with an overall yield of 5%. These low yields, especially at the purification in the 

final deprotection step, discouraged its use in NCPs synthesis. Moreover, the synthesis of 

tenofovir (TFV) attached to catechol moieties, catTFV, was attempted. The key step in this 
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transformation, the formation of a phosphonate presented several experimental challenges and 

thus it was attempted first in commercially-available compounds as a model. Although 

eventually the desired product in the model reaction was obtained, attempts to reproduce this 

result using catechol-containing compounds did not afford target molecule catTFV.   
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4.5 Experimental section 

Characterization Methods. 250 MHz 1H NMR spectra were recorded on a Bruker DPX 250 

MHz spectrometer; 360 MHz 1H NMR, 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC, DEPT135 

and 100 MHz 13C NMR were recorder on a Bruker DPX 360 MHz spectrometer; 400 MHz 

1H NMR, 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC, DEPT135 and 100 MHz 13C NMR spectra 

were recorded on a Bruker DPX 400 MHz spectrometer. Chemical shifts (δ) are given in 

ppm, using the residual non-deuterated solvent as internal reference. Signal multiplicities 

are described using the following abbreviations: singlet (s), doublet (d), triplet (t), quartet 

(q), quintet (quint), doublet of doublets (dd), doublet of triplets (dt), doublet of doublet 

of doublets (ddd), multiplet (m) and J to indicate the coupling constant (Hz). High-

resolution mass spectra were obtained by direct injection of the sample with electrospray 

techniques in a Bruker microTOF-Q instrument. SEM images were performed on a 

scanning electron microscope (FEI Quanta 650 FEG) at acceleration voltages of 5–20 kV. 

The samples were prepared by drop casting of the corresponding dispersion on 

aluminum tape followed by evaporation of the solvent under room conditions. Before 

analysis, the samples were metalized with a thin layer of platinum by using a sputter 

coater (Emitech K550). IR spectra were recorded by using a Tensor 27 (Bruker) 

spectrophotometer equipped with a single-reflection diamond window ATR accessory 

(MKII Golden Gate, Specac). Size distribution and surface charge of the nanoparticles 

were measured by DLS, using a ZetasizerNano 3600 instrument (Malvern Instruments, 

UK), the size range limit of which is 0.6 nm to 6 mm. Note: the diameter measured by DLS 

is the hydrodynamic diameter. The samples were comprised of aqueous dispersions of 

the nanoparticles in distilled water or in buffer. All samples were diluted to obtain an 

adequate nanoparticle concentration. 

Synthesis of ((2R,5S)-5-(4-amino-5-fluoro-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl 6-(3,4-bis((tert-butyldiphenylsilyl)oxy)phenyl)hexanoate, 17 

 

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (1.78 g, 9.22 mmol) was added 

dropwise to a stirred ice-cooled solution of 4, (3.88 g, 5.53 mmol), emtricitabine (FTC) (1.14 g, 

4.61 mmol) and 4-dimethylaminopyridine (DMAP) (1.13 g, 9.22 mmol) in dry DMF (80 mL). The 
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mixture was allowed to warm to rt and stirred overnight. After TLC analysis (CH2Cl2/CH3OH 

90:10) showed the entire consumption of emtricitabine, the mixture was diluted with EtOAc (80 

mL) and washed with water/brine 1:1 (4x130 mL). The combined aqueous phases were 

extracted with EtOAc (50 mL) and the resulting organic phases were dried over anhydrous 

Na2SO4 and concentrated under vacuum. The resulting brownish wax was purified by flash 

column chromatography (CH2Cl2/CH3OH, 98:2 → 95:5) to afford a white solid identified as 17 

(4.15 g, 4.46 mmol, 97% yield). HRMS (EI) calcd for ([C52H60FN3O6SSi2]+H)+ 930.3804, found 

930.3796. 

1H NMR (360 MHz, CD3OD) δ 8.03 (d, 3J6,F = 6.8 Hz, 1H, H-6), 7.86 – 7.73 (m, 8H, Ph (TBDPS)), 

7.52 – 7.32 (m, 12H, Ph (TBDPS)), 6.32 (d, 3J5’’’,6’’’ = 8.2 Hz, 1H, H-5’’’), 6.27 – 6.20 (m, 2H, H-1’ + 

H-2’’’), 6.13 (dd, 3J6’’’,5’’’ = 8.2 Hz, 4J6’’’,2’’’ = 2.1 Hz, 1H, H-6’’’), 5.40 (dd, 3J4’,5’ = 4.5 Hz, 3J4’,5’ = 3.1 Hz, 

1H, H-4’), 4.60 (dd, 2Jgem = 12.5 Hz, 3J5’,4’ = 4.5 Hz, 1H, H-5’), 4.38 (dd, 2Jgem = 12.4 Hz, 3J5’,4’ = 3.1 

Hz, 1H, H-5’), 3.53 (dd, 2Jgem = 12.3 Hz, 3J2’,1’ = 5.4 Hz, 1H, H-2’), 3.18 (dd, Jgem = 12.3 Hz, 3J2’,1’ = 3.8 

Hz, 1H, H-2’), 2.19 (t, 3J2’’,3’’ = 7.5 Hz, 2H, H-2’’), 2.01 (t, 3J6’’,5’’ = 7.5 Hz, 2H, H-6’’), 1.42 – 1.35 (m, 

2H, H-3’’ + H-4’’ + H-5’’), 1.12 (s, 9H, t-Bu (TBDPS)), 1.11 (s, 9H, t-Bu (TBDPS)) 1.06 – 0.98 (m, 2H, 

H-3’’ + H-4’’ + H-5’’), 0.96 – 0.84 (m, 2H, H-3’’ + H-4’’ + H-5’’). 13C NMR (91 MHz, CD3OD) δ 174.49 

(C-1’’), 156.12 (C-6), 146.99 (C-5’’’), 145.15 (C-4’’’), 136.72 (Ph (TBDPS)), 135.95 (C-3), 134.42 (C-

1’’’), 131.10 (Ph (TBDPS)), 128.92 (Ph (TBDPS)), 126.51 (d, 2J2,F = 32.6 Hz, C-2), 121.77 (C-6’’’), 

121.57 (C-2’’’), 121.20 (C-3’’’), 88.82 (C-1’), 85.27 (C-4’), 64.69 (C-5’), 38.72 (C-2’), 35.28 (C-6’’), 

34.67 (C-2’’), 31.34 (C-3’’/C-4’’/C-5’’), 30.77 (C-3’’/C-4’’/C-5’’), 27.29 (t-Bu (TBDPS)), 25.64 (C-

3’’/C-4’’/C-5’’), 20.31 (t-Bu (TBDPS)). 

 

Synthesis of ((2R,5S)-5-(4-amino-5-fluoro-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-

yl)methyl 6-(3,4-dihydroxyphenyl)hexanoate, catFTC 

 

Triethylamine trihydrofluoride (4.5 mL, 27.0 mmol) was added to a stirred ice-cooled solution of 

17, (4.07 g, 4.37 mmol) in dry THF (60 mL). The mixture was allowed to warm to rt and stirred 

overnight. The reaction was quenched with 2 mL of brine, diluted with 60 mL diethyl ether, 

filtered and the solvent was evaporated under vacuum. The resulting crude was purified by 

column chromatography (CHCl3/CH3OH 95:5 → 90:10) to furnish catFTC as a white solid (0.76 g, 
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1.67 mmol, 60%). Rf (CH2Cl2/CH3OH 90:10) = 0.30. HRMS (EI) calcd for [C20H24FN3O6S]+ 454.1448, 

found 454.1442. mp. 69 – 72 ᵒC (CHCl3/CH3OH). 

1H NMR (400 MHz, CD3OD) δ 8.02 (d, 3J6,F = 6.7 Hz, 1H, H-6), 6.65 (d, 3J5’’’,6’’’ = 8.0 Hz, 1H, H-5’’’), 

6.60 (d, 4J2’’’,6’’’ = 1.9 Hz, 1H, H-2’’’), 6.43 (dd, 3J6’’’,5’’’ = 8.0 Hz, 4J2’’’,6’’’ = 1.9 Hz, 1H, H-6), 6.25 – 6.18 

(m, 1H, H-1’), 5.34 (t, 3J4’,5’ = 3.3 Hz, 1H, H-4’), 4.60 (dd, Jgem = 12.5 Hz, 3J5’,4’ = 4.2 Hz, 1H, H-5’), 

4.38 (dd, Jgem = 12.7 Hz, 3J5’,4’ = 2.9 Hz, 1H, H-5’), 3.51 (dd, Jgem = 12.3 Hz, 3J2’,1’ = 5.4 Hz, 1H, H-2’), 

3.17 (dd, Jgem = 12.4 Hz, 3J2’,1’ = 3.4 Hz, 1H, H-2’), 2.41 (t, 3J6’’,5’’ = 7.5 Hz, 2H, H-6’’), 2.37 (t, 3J2’’,3’’  = 

7.4 Hz, 2H, H-2’’), 1.63 (quint, 3J3’’,2’’ = 3J3’’,4’’ = 7.4 Hz, 2H, H-3’’), 1.53 (quint, 3J5’’,4’’ = 3J5’’,6’’ = 7.6 Hz, 

2H, H-5’’), 1.31 (quint, 3J4’’,3’’ = 3J4’’,5’’ = 7.8 Hz, 2H, H-4’’). 13C NMR (101 MHz, CD3OD) δ 174.59 (C-

1’’), 159.58 (C-4), 155.89 (C-5), 145.84 (C-4’’’), 143.91 (C-3’’’), 136.78 (C-2), 135.32 (C-1’’’), 

126.46 (C-6), 120.60 (C-6’’’), 116.50 (C-5’’’), 116.20 (C-2’’’), 88.63 (C-1’), 85.49 (C-4’), 64.40 (C-

5’), 38.92 (C-2’), 35.92 (C-6’’), 34.72 (C-2’’), 32.20 (C-5’’), 29.50 (C-4’’), 25.76 (C-3’’). 

 

Synthesis of 4-((4-fluorobenzyl)carbamoyl)-1-methyl-2-(2-(5-methyl-1,3,4-oxadiazole-2-

carboxamido)propan-2-yl)-6-oxo-1,6-dihydropyrimidin-5-yl 6-(3,4-bis((tert-

butyldiphenylsilyl)oxy)phenyl)hexanoate, 23 

 

Carboxylic acid 4, (1.04 g, 1.48 mmol) was dissolved in dry DCM (7 mL). Dry DMF (80 µL) was 

added, and then oxalyl chloride (250 µL, 2.97 mmol) was added dropwise. The mixture was 

stirred for 3.5 hours at rt. Then, the solvent was removed under vacuum and the crude was 

dissolved in dry DMF and added to a solution of raltegravir (0.60 g, 1.35 mmol) and DIPEA (1080 

µL, 6.75 mmol) in dry DMF. The mixture was stirred overnight at rt. Then, the solvent was 

removed under vacuum and the crude was purified by column chromatography (EtOAc 100%) 

to furnish compound 23, (1.39 g, 1.24 mmol, 92%) as a white solid. Rf (EtOAc) = 0.32. HRMS (EI) 

calcd for ([C64H71FN6O8Si2]+H)+ 1127.4934, found 1127.4913. 

1H NMR (400 MHz, CD3OD) δ 7.82 – 7.76 (m, 8H, TBDPS), 7.51 – 7.36 (m, 13H, TBDPS), 7.37 – 

7.28 (m, 2H, H-3), 7.00 (t, 3J2,3 = 8.8 Hz, 2H, H-2), 6.33 (d, 3J5’’,6’’ = 8.2 Hz, 1H, H-5’’), 6.25 (d, 4J2’’,6’’ 
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= 2.1 Hz, 1H, H-2’’), 6.13 (dd, 3J6’’,5’’ = 8.2 Hz, 4J6’’,2’’ = 2.1 Hz, 1H. H-6’’), 4.49 (s, 2H, H-5), 3.64 (s, 

3H, H-14), 2.58 (s, 3H, H-24), 2.39 (t, 3J2’,3’ = 7.7 Hz, 2H, H-2’), 2.02 (t, 3J6’,5’ = 6.2 Hz, 2H, H-6’), 1.83 

(s, 6H, H-16), 1.48 – 1.39 (m, 2H, H-3’), 1.13 (s, 9H, tBu), 1.12 (s, 9H, tBu), 1.07 – 0.93 (m, 4H, H-

4’+H-5’). 13C NMR (101 MHz, CD3OD) δ 172.35 (C-1’), 167.91 (C-21), 164.67 (C-7), 159.68 (C-10), 

145.12 (C-3’’), 142.31 (C-4’’) 136.73 (TBDPS), 136.71 (TBDPS), 136.07 (C-1’’), 135.70 (C-4), 134.46 

(C-1), 131.20 (TBDPS), 131.05 (TBPDS), 130.42 (TBDPS), 130.34 (TBDPS), 129.05 (TBPDS), 128.98 

(TBDPS), 128.86 (C-2 / C-3), 121.76 (C-2’’), 121.60 (C-6’’), 121.19 (C-5’’), 116.32 (C-3 / C-2), 59.61 

(C-15), 43.22 (C-5), 35.35 (C-6’), 34.39 (C-2’), 34.18 (C-14), 31.42 (C-4’), 28.98 (C-5’), 27.33 (C-

16), 27.28 (TBDPS), 25.24 (C-3’), 20.33 (TBDPS), 10.82 (C-24). 

 

Synthesis of 4-((4-fluorobenzyl)carbamoyl)-1-methyl-2-(2-(5-methyl-1,3,4-oxadiazole-2-

carboxamido)propan-2-yl)-6-oxo-1,6-dihydropyrimidin-5-yl 6-(3,4-

dihydroxyphenyl)hexanoate, catRAL 

 

Triethylamine trihydrofluoride (1.0 mL, 3.72 mmol) was added to a stirred ice-cooled solution of  

compound 23, (0.84 g, 0.74 mmol) in dry THF (40 mL). The mixture was allowed to warm to rt 

and stirred overnight. The reaction was quenched with 0.8 mL of brine, diluted with 20 mL 

diethyl ether, filtered and the solvent was evaporated under vacuum. The resulting crude was 

purified by column chromatography (CHCl3/EtOAc 50:50 → EtOAc 100%) to furnish catRAL as a 

white solid (0.29 g, 0.45 mmol, 60%). Rf (EtOAc) = 0.18. HRMS (EI) calcd for ([C32H35FN6O8]+H)+ 

651.2579, found 651.2575. mp. 84 – 87 ᵒC (CHCl3/EtOAc).  

1H NMR (400 MHz, CD3OD) δ 7.37 – 7.33 (m, 2H, H-3), 7.09 – 6.99 (m, 2H, H-2), 6.65 (d, 3J5’’,6’’ = 

8.0 Hz, 1H, H-5’’), 6.62 (d, 4J2’’,6’’ =  2.1 Hz, 1H, H-2’’), 6.49 (dd, 3J6’’,5’’ =  8.0, 4J6’’,2’’ = 2.1 Hz, 1H, H-

6’’), 4.51 (s, 2H, H-5), 3.64 (s, 3H, H-14), 2.61 (t, 3J6’,5’ = 7.4 Hz, 1H, H-6’), 2.58 (s, 3H, H-24), 2.47 

(t, 3J2’,3’ = 7.6 Hz, 2H, H-2’), 1.83 (s, 6H, H-16), 1.72 (p, 3J3’,2’ = 6.8 Hz, 3J3’,4’ = 6.8 Hz, 2H, H-3’), 1.60 

(quint, 3J5’,4’ = 7.3 Hz, 3J5’,6’ = 7.3 Hz, 2H, H-5’), 1.48 – 1.37 (m, 2H, H-4’). 13C NMR (101 MHz, 

CD3OD) δ 172.41 (C-1’), 167.91 (C-21), 164.70 (C-7), 159.67 (C-10), 145.98 (C-3’’), 144.06 (C-4’’), 
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136.04 (C-4), 135.68 (C-1’’), 135.53 (C-1), 130.44 (C-2/C-3), 120.65 (C-2’’), 116.52 (C-6’’), 116.20 

(C-5’’), 116.10 (C-3/C-2), 59.62 (C-15), 43.22 (C-5), 36.01 (C-6’), 34.47 (C-14), 34.18 (C-2’), 32.49 

(C-4’), 29.56 (C-5’), 27.18 (C-16), 25.38 (C-3’), 10.86 (C-24). 

 

Synthesis of catRAL-NCPs 

 

1,4-Bis(imidazole-1-ylmethyl)-benzene (bix) (27 mg, 0.11 mmol), catRAL (150 mg, 0.23 

mmol) and polyvinylpyrrolidone (PVP) (average MW 40000) (70 mg) were dissolved in 

ethanol (62 mL). Under stirring (700 rpm), a solution of Fe(CH3COO)2 (20 mg, 0.11 mmol 

in 8 mL ethanol) was added dropwise. Instantaneously, a dark-purple precipitate 

appeared. After the reaction mixture was stirred at rt for 5 min, the precipitate was 

collected by centrifugation and then washed with ethanol four times. Finally, the solid 

was irradiated with a UV lamp for 15 min, and the nanoparticles stored as a solid. SEM 

images of the resulting material showed spherical nanoparticles with a size distribution 

of 104 ± 22 nm. Elemental analysis: found (%) C 52.36, H 5.02, N 11.36. Calculated 

empirical formula: FeC28.5H32.6F0.8N5.6O8.2, adjusted as 

Fe(catRAL)0.77(bix)0.24(AcO)0.24(H2O)1.56.  

 

Synthesis of catFTC-NCPs 
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1,4-Bis(imidazole-1-ylmethyl)-benzene (bix) (13 mg, 0.05 mmol), catFTC (50.0 mg, 0.11 

mmol) and polyvinylpyrrolidone (PVP) (average MW 40000) (33 mg) were dissolved in 

ethanol (30 mL). Under stirring (700 rpm), a solution of Fe(CH3COO)2 (10 mg, 0.05 mmol 

in 4 mL ethanol) was added dropwise. Instantaneously, a dark-purple precipitate 

appeared. After the reaction mixture was stirred at rt for 5 min, the precipitate was 

collected by centrifugation and then washed with ethanol four times. Finally, the solid 

was irradiated with a UV lamp for 15 min, and the nanoparticles stored as a solid. SEM 

images of the resulting material showed spherical nanoparticles with a size distribution 

of 169 ± 29 nm. Elemental analysis: found (%) C 49.11, H 4.91, N 9.24, S 4.67. Calculated 

empirical formula: FeC29.9H35.6F0.9N5.0O10.3S0.9, adjusted as 

Fe(catFTC)0.90(bix)0.57(AcO)1.96(H2O)0.98.  

 

Synthesis of catRAL-catFTC-NCPs 

 

1,4-Bis(imidazole-1-ylmethyl)-benzene (bix) (26 mg, 0.11 mmol), catRAL (72 mg, 0.11 

mmol), catFTC (50.0 mg, 0.11 mmol) and polyvinylpyrrolidone (PVP) (average MW 40000) 

(33 mg) were dissolved in ethanol (30 mL). Under stirring (700 rpm), a solution of 

Fe(CH3COO)2 (19 mg, 0.11 mmol in 4 mL ethanol) was added dropwise. Instantaneously, 

a dark-purple precipitate appeared. After the reaction mixture was stirred at rt for 5 min, 

the precipitate was collected by centrifugation and then washed with ethanol four times. 

Finally, the solid was irradiated with a UV lamp for 15 min, and the nanoparticles stored 

as a solid. SEM images of the resulting material showed spherical nanoparticles. 

Elemental analysis: found (%) C 51.87, H 4.96, N 10.78, S 2.09. Calculated empirical 

formula: FeC36.8H41.8F1.2N6.6O11.3S0.6, adjusted as 

Fe(catFTC)0.55(bix)0.31(catRAL)0.61(AcO)0.95(H2O)1.19 
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In vitro drug release studies in presence/absence of esterases 

catRAL, catFTC, catRAL-NCPs or catFTC-NCPs (15 mg) were added to a PBS/BSA 0.5 mM buffer 

solution at pH 7.4 (25 mL) with and without pig liver esterases (PLE) (180 mU/mL). All samples 

were maintained at 37 °C under constant stirring. Aliquots (400 µL) were taken at different 

periods of time, the volume extracted was replaced with additional 400 µL of the PBS/BSA 0.5 

mM solution and kept at -22 °C until their analysis. When the last aliquot was taken, three 

additional aliquots (380 µL) were extracted and treated with HCl 2 M in methanol (20 µL) to 

measure the remaining amount of non-released drug. Then, all the aliquots were filtered 

through a 10 kDa membrane (Amicon® Ultra 0.5 mL) (15 min x 14.6k RFC) before their injection 

in the HPLC system. All experiments were done by duplicate. 

 

HPLC methods for release kinetics quantification 

Chromatographic conditions for catRAL and catRAL-NCPs: Analyses were performed 

using a HPLC Waters 2695 separation module coupled to a Waters 2487 UV-Vis detector 

(suitable for dual detection). The column used was a Restek Ultra C18 (250 mm x 4.6 

mm). Eluent A was a 0.1% (v/v) H3PO4 aqueous solution and eluent B was methanol (HPLC 

grade). Injection volume was 20 μL. Before the analysis, the RP column was pre-

equilibrated using the starting conditions of the method (30 % A (v/v)) for 30 min. Initial 

flow rate was set at 0.4 mL/min. The analysis began with an isocratic elution for 5 min. 

Then, a gradual increase of B from 70% to 80% (v/v) was performed for 3 min and isocratic 

elution was maintained for 9 min. Finally, mobile phase composition was reset to the 

initial conditions (A:B) 30:70 (v/v) in 1 min and stayed for 7 min to equilibrate for the next 

injection. Column temperature was kept at 25˚C and the detection wavelengths were 214 

and 280 nm. Calibration curves: A calibration curve using raltegravir (RAL) and 4-((4-

fluorobenzyl)carbamoyl)-1-methyl-2-(2-(5-methyl-1,3,4-oxadiazole-2-carboxamido)propan-2-

yl)-6-oxo-1,6-dihydropyrimidin-5-yl 6-(3,4-dihydroxyphenyl)hexanoate (catRAL) as external 

standards was prepared. Standards were prepared by duplicate, diluting a stock solution 

containing RAL and catRAL (0.51 mg/mL) dissolved in  a water/methanol 30:70 mixture. 

In both cases, results were adjusted to linear regression models with R2 > 0.999 between 

the ranges of 0.5-508 and 0.5-516 µg/mL for RAL and catRAL, respectively. tR,RAL = 11.1 

min; tR,catRAL = 14.3 min. 

Chromatographic conditions for catFTC and catFTC-NCPs: Analyses were performed using 

a HPLC Waters 2695 separation module coupled to a Waters 2487 UV-Vis detector 
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(suitable for dual detection). The column used was a Restek Ultra C18 (250 mm x 4.6 

mm). Eluent A was a 0.1% (v/v) H3PO4 aqueous solution and eluent B was methanol (HPLC 

grade). Injection volume was 20 μL. Before the analysis, the RP column was pre-

equilibrated using the starting conditions of the method (80 % A (v/v)) for 30 min. Initial 

flow rate was set at 0.4 mL/min. The analysis began with an isocratic elution for 2 min. 

Then, a gradual increase of B from 20% to 40% (v/v) was performed for 3 min. Additional 

increases of B from 40% to 60% (v/v) in 5 min and from 60% to 90% (v/v) in 2 min were 

done. Then, an isocratic elution was maintained for 11 min. Finally, mobile phase 

composition was reset to the initial conditions (A:B) 80:20 (v/v) in 1 min and stayed for 7 

min to equilibrate for the next injection. Column temperature was kept at 25˚C and the 

detection wavelengths were 214 and 280 nm. Calibration curves: A calibration curve 

using emtricitabine (FTC) and ((2R,5S)-5-(4-amino-5-fluoro-2-oxopyrimidin-1(2H)-yl)-1,3-

oxathiolan-2-yl)methyl 6-(3,4-dihydroxyphenyl)hexanoate (catFTC) as external standards was 

prepared. Standards were prepared by duplicate, diluting a stock solution containing FTC 

and catFTC (1 mg/mL) dissolved in methanol and diluted with distilled water to a final 

water/methanol ratio of 80:20. In both cases, results were adjusted to linear regression 

models with R2 > 0.99 between the ranges of 0.4-448 and 0.4-408 µg/mL for FTC and 

catFTC, respectively. tR,FTC = 11.6 min; tR,catFTC = 20.2 min. 

Chromatographic conditions for catRAL-catFTC-NCPs: Analyses were performed using a 

HPLC Waters 2695 separation module coupled to a Waters 2487 UV-Vis detector 

(suitable for dual detection). The column used was a Restek Ultra C18 (250 mm x 4.6 

mm). Eluent A was a 0.1% (v/v) H3PO4 aqueous solution and eluent B was methanol (HPLC 

grade). Injection volume was 20 μL. Before the analysis, the RP column was pre-

equilibrated using the starting conditions of the method (80 % A (v/v)) for 30 min. Initial 

flow rate was set at 0.4 mL/min. The analysis began with an isocratic elution for 2 min. 

Then, a gradual increase of B from 20% to 40% (v/v) was performed for 3 min. An 

additional increase of B from 40% to 60% (v/v) in 5 min was done. Then, an isocratic 

elution was maintained for 6 min. A third gradient from 60% to 80% (v/v) was performed 

for 13 min, an isocratic elution was then maintained for 7 min. Finally, mobile phase 

composition was reset to the initial conditions (A:B) 80:20 (v/v) in 1 min and stayed for 7 

min to equilibrate for the next injection. Column temperature was kept at 25˚C and the 

detection wavelengths were 214 and 280 nm. Calibration curves: A calibration curve 

using raltegravir (RAL), 4-((4-fluorobenzyl)carbamoyl)-1-methyl-2-(2-(5-methyl-1,3,4-

oxadiazole-2-carboxamido)propan-2-yl)-6-oxo-1,6-dihydropyrimidin-5-yl 6-(3,4-
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dihydroxyphenyl)hexanoate (catRAL), emtricitabine (FTC) and ((2R,5S)-5-(4-amino-5-fluoro-

2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-yl)methyl 6-(3,4-dihydroxyphenyl)hexanoate 

(catFTC) as external standards was prepared. Standards were prepared by duplicate, 

diluting a stock solution containing RAL, catRAL, FTC and catFTC (1 mg/mL) dissolved in 

methanol and diluted with distilled water to a final water/methanol ratio of 80:20. In 

both cases, results were adjusted to linear regression models with R2 > 0.999 between 

the ranges of 0.4-424, 0,4-432, 0.4-424 and 0.4-432 µg/mL for RAL, catRAL, FTC and 

catFTC, respectively. tR,RAL = 28.7 min; tR,catRAL = 34.0 min; tR,FTC = 11.7 min; tR,catFTC = 29.4 

min. 

Synthesis of ((2R,5S)-5-(4-amino-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-yl)methyl 6-(3,4-

bis((tert-butyldiphenylsilyl)oxy)phenyl)hexanoate, 27 

 

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.33 g, 1.74 mmol) was added 

dropwise to a stirred ice-cooled solution of 4, (0.73 g, 1.05 mmol), lamivudine (3TC) (0.20 g, 0.87 

mmol) and 4-dimethylaminopyridine (DMAP) (0.21 g, 1.74 mmol) in dry DMF (30 mL). The 

mixture was allowed to warm to rt and stirred overnight. After TLC analysis (CH2Cl2/CH3OH 

90:10) showed the entire consumption of lamivudine, the mixture was diluted with EtOAc (30 

mL) and washed with water/brine 1:1 (4x50 mL). The combined aqueous phases were extracted 

with EtOAc (20 mL) and the resulting organic phases were dried over anhydrous Na2SO4 and 

concentrated under vacuum. The resulting brownish wax was purified by flash column 

chromatography (CH2Cl2/CH3OH, 98:2 → 95:5) to afford a white solid identified as 27 (0.61 g, 

0.66 mmol, 76% yield). HRMS (EI) calcd for ([C52H61N3O6SSi2]+H)+ 912.3898, found 912.3892. 

1H NMR (400 MHz, CD3OD) δ 7.83 (d, 3J6,5 = 7.6 Hz, 1H, H-6), 7.79 (m, 8H, Ph (TBDPS)), 7.55 – 

7.26 (m, 12H, Ph (TBDPS)), 6.32 (d, 3J5’’’,6’’’ = 8.2 Hz, 1H, H-5’’’), 6.29 (t, 3J1’,2’ = 5.1 Hz, 1H, H-1’), 

6.23 (d, 4J2’’’,6’’’ = 2.1 Hz, 1H, H-2’’’), 6.12 (dd, 3J6’’’,5’’’ = 8.2 Hz, 4J6’’’,2’’’ = 2.1 Hz, 1H, H-6’’’), 5.87 (d, 

3J5,6 = 7.6 Hz, 1H, H-5), 5.38 (dd, 3J4’,5’ = 5.4 Hz, 3J4’,5’ = 3.4 Hz, 1H, H-4’), 4.53 (dd, 2Jgem = 12.2 Hz, 

3J5’,4’ = 5.4 Hz, 1H, H-5’), 4.34 (dd, 2Jgem = 12.2 Hz, 3J5’,4’ = 3.4 Hz, 1H, H-5’), 3.49 (dd, 2Jgem = 12.0 

Hz, 3J2’,1’ = 5.4 Hz, 1H, H-2’), 3.11 (dd, 2Jgem = 12.0 Hz, 3J2’,1’ = 4.7 Hz, 1H, H-2’), 2.15 (t, 3J2’’,3’’ = 7.5 

Hz, 2H, H-2’’), 2.01 (t, 3J6’’,5’’ = 7.2 Hz, 2H, H-6’’), 1.36 (quint, 3J3’’,2’’ = 7.5 Hz, 3J3’’,4’’ = 7.5 Hz, 2H, H-

3’’), 1.12 (s, 9H, t-Bu (TBDPS)), 1.11 (s, 9H, t-Bu (TBDPS)), 1.07 – 0.98 (m, 2H, H-5’’), 0.97 – 0.86 

(m, 2H, H-4’’). 13C NMR (101 MHz, CD3OD) δ 174.23 (C-1’’), 147.00 (C-4), 145.17 (C-2), 142.10 (C-
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6), 136.72 (TBDPS), 134.47 (TBDPS), 134.40 (TBDPS), 131.12 (TBDPS), 131.06 (TBDPS), 128.94 

(TBDPS), 128.88 (TBDPS), 128.87 (TBDPS), 121.76 (C-2’’’), 121.59 (C-6’’’), 121.21 (C-5’’’), 95.90 

(C-5), 88.93 (C-1’), 84.23 (C-4’), 65.40 (C-5’), 38.15 (C-2’), 35.28 (C-6’’), 34.67 (C-2’’), 31.34 (C-

5’’), 28.99 (C-4’’), 27.28 (t-Bu), 27.24 (t-Bu), 25.64 (C-3’’). 

 

Synthesis of ((2R,5S)-5-(4-amino-2-oxopyrimidin-1(2H)-yl)-1,3-oxathiolan-2-yl)methyl 6-(3,4-

dihydroxyphenyl)hexanoate, cat3TC 

 

Triethylamine trihydrofluoride (1.4 mL, 8.63 mmol) was added to a stirred ice-cooled solution of 

27 (1.31 g, 1.44 mmol) in dry THF (28 mL). The mixture was allowed to warm to rt and stirred 

overnight. The reaction was quenched with 0.6 mL of brine, diluted with 28 mL diethyl ether, 

filtered and the solvent was evaporated under vacuum. The resulting crude was purified by 

phase-reversed (C18) flash column chromatography (H2O/CH3OH 50:50 → 30:70 → 0:100) to 

furnish cat3TC as a yellowish solid (0.07 g, 0.18 mmol, 12%). Rf (CHCl3/CH3OH 90:10) = 0.16. 

HRMS (EI) calcd for [C20H25N3O6S]+ 436.1542, found 436.1542.  

1H NMR (360 MHz, CD3OD) δ 7.86 (d, 3J6,5= 7.5 Hz, 1H, H-6), 6.64 (d, 3J5’’’,6’’’ = 8.0 Hz, 1H, H-5’’’), 

6.58 (d, 4J2’’’,6’’’ = 1.8 Hz, 1H, H-2’’’), 6.45 (dd, 3J6’’’,5’’’ = 7.9 Hz, 4J6’’’,2’’’ = 1.9 Hz, 1H, H-6’’’), 6.28 (t, 

3J1’,2’ = 4.9 Hz, 1H, H-1’), 5.89 (d, 3J5,6  = 7.6 Hz, 1H, H-5), 5.41 – 5.37 (dd, 3J4’,5’ = 5.1 Hz, 3J4’,5’ = 3.3 

Hz, 1H, H-4’), 4.58 (dd, 2Jgem = 12.3 Hz, 3J5’,4’ = 5.2 Hz, 1H, H-5’), 4.37 (dd, 2Jgem = 12.3 Hz, 3J5’,4’ = 

3.3 Hz, 1H, H-5’), 3.53 (dd, 2Jgem = 12.1 Hz, 3J2’,1’ = 5.4 Hz, 1H, H-2’, 3.14 (dd, 2Jgem = 12.1 Hz, 3J2’,1’ 

= 4.6 Hz, 1H, H-2’), 2.44 (t, 3J6’’,5’’ = 7.5 Hz, 2H, H-6’’), 2.38 (t, 3J2’’,3’’ = 7.2 Hz, 2H, H-2’’), 1.65 (quint, 

3J3’’,2’’ = 7.6 Hz, 3J3’’,4’’ = 7.6 Hz, 2H, H-3’’), 1.56 (quint, 3J5’’, 6’’ = 7.6 Hz, 3J5’’,4’’ = 7.6 Hz, 2H, H-5’’), 

1.40 – 1.31 (m, 4H, H-4’’). 
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Synthesis of (R)-(((((1-(6-amino-9H-purin-9-yl)propan-2-

yl)oxy)methyl)phosphoryl)bis(oxy))bis(methylene) diphenethyl dicarbonate, 28 

 

Chloromethyl chloroformate (0.3 mL, 3.34 mmol) was added to a stirred ice-cooled solution of 

2-phenylethanol (0.4 mL, 3.34 mmol) and anhydrous triethylamine (0.7 mL, 5.01 mmol) in dry 

CH2Cl2 (19 mL). TLC analysis revealed the consumption of 2-phenyethanol in 3 hours. The solvent 

was removed under reduced pressure and the crude was used without further purification in 

the next synthetic step. Tenofovir monohydrate (0.26 g, 0.87 mmol) was previously dried at 80 

°C overnight and suspended in dry N-methyl-2-pyrrolidone (NMP) (2 mL). To this suspension, 3 

mL of cyclohexane were added and distilled at 40 °C and 70 mbar three times, removing distilled 

cyclohexane each at cycle. Then, tetra-n-butylammonium bromide (TBAB) (0.28 g, 0.87 mmol) 

dissolved in 1 mL of dry NMP and triethylamine (0.5 mL, 3.46 mmol) were added to the 

suspension of tenofovir and heated to 50 °C. After 17 h of stirring, the crude was washed with 

fresh cyclohexane (4x8 mL). Then, ethyl acetate (8 mL) and water (4 mL) were added to the NMP 

phase and the organic layer was collected. The organic phase was further washed with cold 

water (3x8 mL) and NaCl 10% (8 mL). The combined organic layers were dried over Na2SO4 and 

the solvent was removed under reduced pressure. To the resulting wax dissolved in isopropanol 

(3 mL), fumaric acid (0.07 g, 0.64 mmol) was added and stirred for 2 h at 50 °C. The mixture was 

submerged in an ice bath and stirred for an additional hour until a precipitate identified as the 

fumarate salt of 28 (0.24 g, 0.37 mmol, 43%) appeared.  

1H NMR (360 MHz, CD3OD) δ 8.22 (s, 1H, H-4), 8.08 (s, 1H, H-9), 7.34 – 7.13 (m, 10H, Ph), 6.76 

(s, 2H, fumarate), 5.65 – 5.38 (m, 4H, H-1’’), 4.45 – 4.31 (m, 4H, H-1’’’), 4.13 (dd, 2Jgem = 14.7 Hz, 

3J1’,2’ = 7.2 Hz, 1H, H-1’), 4.04 – 3.89 (m, 1H, H-2’), 3.85 – 3.72 (m, 2H, H-5’), 3-02 - 2.91 (m, 4H, 

H-2’’’), 1.19 (s, 3H, H-3’). 13C NMR (91 MHz, CD3OD) δ 168.23 (C=O), 156.82 (C-6), 154.98 (C-2), 

153.00 (C-4), 143.87 (C-9), 138.67 (C-7), 135.25 (fumarate), 129.99 (Ph), 129.55 (Ph), 127.69 (Ph), 

85.90 (C-1’’), 70.45 (C-1’’’), 64.74 (C-2’), 62.55 (C-5’), 49.71 (C-1’), 35.81 (C-2’’’), 25.25 (C-3’). 
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Synthesis of 6-(3,4-bis((tert-butyldiphenylsilyl)oxy)phenyl)hexan-1-ol, 24 

 

Borane tetrahydrofuran complex solution (1 M)  in THF (2.6 mL, 2.57 mmol) was added to a 

solution of 4 (0.60 g, 0.86 mmol) in dry THF (5 mL) and stirred overnight at rt. After purification 

by flash column chromatography (hexane/CH2Cl2 20:80 → CH2Cl2 100%), the resulting colorless 

wax was identified as 24 (0.44 g, 0.64 mmol, 75%). 

1H NMR (250 MHz, CD3Cl) δ 8.03 – 7.72 (m, 8H, Ph (TBDPS)), 7.49 -7.34 (m, 12H, Ph (TBDPS)), 

6.41 (d, 3J5’,6’ = 8.0 Hz, 1H, H-5’), 6.28 (s, 1H, H-2’), 6.21 (d, 3J6’,5’ = 8.3 Hz, 1H, H-6’), 3.70 (t, 3J1,2 = 

6.7 Hz, 2H, H-1), 2.21 (t, 3J6,5 = 7.7 Hz, 2H, H-6), 1.43 - 1.31 (m, 2H, H-2), 1.22 (s, 9H, TBDPS), 1.20 

(s, 9H, TBDPS), 1.14 – 0.85 (m, 6H, H-3 + H-4 + H-5). 

Attempts to synthesize (R)-(((((1-(6-amino-9H-purin-9-yl)propan-2-

yl)oxy)methyl)phosphoryl)bis(oxy))bis(methylene) bis(6-(3,4-bis((tert-

butyldiphenylsilyl)oxy)phenyl)hexyl) dicarbonate, 30 

 

Chloromethyl chloroformate (0.06 mL, 0.64 mmol) was added to a stirred ice-cooled solution of 

24 (0.44 g, 0.64 mmol) and anhydrous triethylamine (0.13 mL, 0.96 mmol) in dry CH2Cl2 (20 mL). 

TLC analysis revealed the consumption of 24 in 4 hours. The solvent was removed under reduced 

pressure and the crude was used without further purification in the next synthetic step. 

Tenofovir monohydrate (0.04 g, 0.13 mmol) was previously dried at 80 °C overnight and 

suspended in dry N-methyl-2-pyrrolidone (NMP) ( 2 mL). To this suspension, 3 mL of cyclohexane 

were added and distilled at 40 °C and 70 mbar three times, removing distilled cyclohexane each 

at cycle. Then, tetra-n-butylammonium bromide (TBAB) (0.04 g, 0.13 mmol) dissolved in 1 mL of 

dry NMP and triethylamine (0.07 mL, 0.52 mmol) were added to the suspension of tenofovir and 

heated to 50 °C. After 15.5 h of stirring, the crude was washed with fresh cyclohexane (4x6 mL). 

Then, ethyl acetate (4 mL) and water (3 mL) were added to the NMP phase and the organic layer 
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was collected. The combined organic layers were dried over Na2SO4 and the solvent was 

removed under reduced pressure.   
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During the present thesis, the modification of antiretroviral drugs with catechol moieties has 

been applied in the  synthesis of nanoscale coordination polymers (NCPs) with antiretroviral 

drug loading. To achieve this, several experimental techniques have been employed throughout 

the development of the thesis, including organic synthesis and characterization, preparation and 

characterization of coordination polymers and nanoparticles, development of chromatographic 

methodologies for the analysis of NCPs, their degradation products and quantification of cellular 

uptake and, lastly, biological evaluation of the NCPs, including cytotoxicity, cellular uptake and 

anti-HIV evaluation. The results are summarized next: 

1. Catechol conjugates with zidovudine and thymidine, catAZT and catTHY, have been 

synthesized and fully characterized with a 32% and 19% overall yield respectively. 

2. Iron-based NCPs using catAZT or catTHY, catAZT-NCPs or catTHY-NCPs, have been 

successfully prepared and characterized. 

3. The determination of the drug release profile of catAZT-NCPs has shown the effects of 

NCPs formation, namely stabilization of the drug in physiological media as colloidal 

suspension and control over the release properties of the drug by pH and presence of 

enzymes. Additionally, biological evaluation of catAZT-NCPs has shown reduction in AZT 

toxicity and increase of cellular uptake while maintaining its anti-HIV properties. 

4. Additional catechol conjugates using emtricitabine (FTC), catFTC, and raltegravir (RAL), 

catRAL, have been successfully prepared with a 32% and 30% overall yield and 

characterized accordingly. Then, particles containing a single drug, catFTC-NCPs and 

catRAL-NCPs have been prepared and their in vitro drug release profile has been 

determined. Although NCPs combining catFTC and catRAL in a 1:1 molar ratio have been 

prepared, catRAL-catFTC-NCPs, the analysis of their drug release profile has revealed a 

different ratio between drugs during the delivery process. To correct it, new NCPs 

combining catRAL and catFTC in a 5:1 ratio, catRAL-catFTC-NCPs (5:1), have been 

prepared and their release has displayed RAL/FTC ratio values near 1. 

5. Synthetic approaches for the functionalization of other antiretroviral drugs with 

catechol have been attempted. Conjugation of catechol to lamivudine (3TC), cat3TC, has 

been achieved, although the low yields obtained (5%) have discouraged their use in 

NCPs synthesis. Functionalization of tenofovir, catTFV, has been challenging, and, 

although the transformation has been performed succesfully using model compounds, 

the preparation of target molecule catTFV has not been achieved.   
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S1. Additional spectra 

 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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1H – 13C HSQC (CDCl3) 

 

DEPT135 (100 MHz, CDCl3) 
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1H NMR (400 MHz, acetone-d6) 

 

13C NMR (100 MHz, acetone-d6) 
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1H – 1H COSY (400 MHz, acetone-d6) 

 

 

FTIR 
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1H NMR (250 MHz, CDCl3) 

 

 

1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

1H – 1H COSY (400 MHz, CDCl3) 
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1H – 13C HSQC (CDCl3) 

 

1H – 13C HMBC (CDCl3) 
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DEPT135 (100 MHz, CDCl3) 

 

1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

1H – 1H COSY (400 MHz, CDCl3) 
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1H – 13C HSQC (400 MHz, CDCl3) 

 

1H – 13C HMBC (400 MHz, CDCl3) 
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DEPT 135 (100 MHz, CDCl3) 

 

 

 

FTIR 
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1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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1H – 1H COSY (400 MHz, CDCl3) 

 

1H – 13C HSQC (CDCl3) 
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1H – 13C HMBC (CDCl3) 

 

DEPT135 (100 MHz, CDCl3) 
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1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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1H – 1H COSY (400 MHz, CDCl3) 

 

1H – 13C HSQC (CDCl3) 
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1H – 13C HMBC (CDCl3) 

 

DEPT135 (100 MHz, CDCl3) 
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FTIR 

 

 

1H NMR (400 MHz, CDCl3) 
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13C NMR (100 MHz, CDCl3) 

 

1H NMR (400 MHz, CD3OD) 
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13C NMR (100 MHz, CD3OD) 

 

1H NMR (360 MHz, CDCl3) 
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1H NMR (360 MHz, CD3OD) 

 

13C NMR (90 MHz, CD3OD) 
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1H-13C HMBC (CD3OD) 

 

1H NMR (400 MHz, CD3OD) 
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13C NMR (100 MHz, CD3OD) 

 

 

1H-13C HSQC (CD3OD) 
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1H-13C HMBC (CD3OD) 

 

 

1H NMR (400 MHz, CD3OD) 
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13C NMR (100 MHz, CD3OD) 

 

1H – 1H COSY (400 MHz, CD3OD) 
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1H – 13C HSQC (400 MHz, CD3OD) 

 

1H – 13C HMBC (400 MHz, CD3OD) 
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DEPT135 (100 MHz, CD3OD) 

 

1H NMR (400 MHz, CD3OD) 
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13C NMR (100 MHz, CD3OD) 

 

 

1H NMR (400 MHz, CD3OD) 
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13C NMR (100 MHz, CD3OD) 

 

1H-1H COSY (CD3OD) 
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1H-13C HSQC (CD3OD) 

 

 

1H-13C HMBC (CD3OD) 
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1H NMR (360 MHz, CD3OD) 

 

1H NMR (360 MHz, CD3OD) 
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13C NMR (90 MHz, CD3OD) 

 

 

1H-13C HSQC (CD3OD) 
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1H NMR (250 MHz, CDCl3) 
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S2. Characterization of catAZT-NCPs and catTHY-NCPs 

 

Figure S1. DLS measurements of catAZT-NCPs in a) ethanol, and b) PBS/BSA 0.5 mM.  

 

Figure S2. XRD pattern of catAZT-NCPs. 
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Table S1. Table of Elemental Analysis results for three different synthesis and comparison between the 
average results and the proposed chemical formula. The results indicate a good reproducibility of the 
synthetic method. 

Batch %C %H %N 

1 51.93 5.08 13.83 

2 51.96 5.00 13.77 

3 51.29 5.03 13.72 

Average 51.73 5.04 13.77 

[Fe(catAZT)1.51(bix)0.62(AcO)(H2O)2.45] 51.76 5.38 13.79 

 

 

 

Figure S3. Mössbauer spectra for catAZT-NCPs at 293 K. Experimental data (small blue dots), and 
computer fitted spectrum (big grey dots) for high-spin Fe(III). Hyperfine parameters of the fitting of the 
Mössbauer spectra at 293 K showed the isomer shift relative to the metallic iron (δFe), quadrupolar 
splitting (ΔEq) and the full width at half maximum (Γ). The spectrum was fitted to a single doublet with a 
ΔEq= 0.85 ± 0.02 mm/s and Γ= 0.31 mm/s. The fitting was centered at an isomeric shift δ= 0.44±0.01 mm/s 
attributed to high-spin Fe(III) ions. 
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Figure S4. Chromatograms of MT-2 cell lysates incubated with AZT 1000 µM for 4 hours at 37 °C. 

 

Figure S5. Chromatograms of MT-2 cell lysates incubated with catAZT 1000 µM for 4 hours at 37 °C. 
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Figure S6. SEM images of catTHY-NCPs at different magnifications. 
 
 
 

 

Figure S7. DLS measurements of catTHY-NCPs in a) ethanol and b) PBS/BSA 0.5 mM. 
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Figure S8. FT-IR spectrum of catTHY-NCPs. 

Table S2. Table of elemental analysis results for three different batches of catTHY-NCPs and comparison 
between the average and the proposed formula. The results indicate a good reproducibility of the 
synthetic method.  

Batch %C %H %N 

1 45.22 4.92 6.64 

2 45.18 4.85 6.91 

3 45.59 4.96 6.86 

Average 45.33 4.91 6.80 

Fe(catTHY)2.18bix(AcO)0.7(H2O)20.2 45.48 6.82 7.0 
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S3. Characterization of catFTC-NCPs, catRAL-NCPs and 

catRAL-catFTC-NCPs 

 

Figure S9. DLS measurements of catRAL-NCPs in a) ethanol (213 ± 3 nm), and b) PBS/BSA 0.5 mM (273 ± 
34 nm).  

 

 

Figure S10. DLS measurements of catFTC-NCPs in a) ethanol (166 ± 1 nm), and b) PBS/BSA 0.5 mM (179 
± 1 nm). 
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Figure S11. FTIR spectrum of catRAL-NCPs. 

 

Figure S12. FTIR spectrum of caFTC-NCPs. 
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Table S3. Table of elemental analysis results for three different batches of catRAL-NCPs and comparison 
between the average and the proposed formula. The results indicate a good reproducibility of the 
synthetic method.  

Batch %C %H %N 

1 53.64 5.25 11.74 

2 52.86 5.05 11.44 

3 50.59 4.75 10.89 

Average 52.36 5.02 11.36 

Fe(catRAL)0.77(bix)0.24(AcO)0.24(H2O)1.56 52.23 5.02 11.36 

 

Table S4. Table of elemental analysis results for three different batches of catFTC-NCPs and comparison 
between the average and the proposed formula. The results indicate a good reproducibility of the 
synthetic method. 

Batch %C %H %N %S 

1 48.64 4.78 9.22 4.31 

2 49.14 4.98 9.27 4.80 

3 49.56 4.96 9.23 4.89 

Average 49.11 4.91 9.24 4.67 

Fe(catFTC)0.90(bix)0.57(AcO)1.96(H2O)0.98 49.11 4.91 9.54 3.95 
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Figure S13. 1H NMR spectrum of disassembled catRAL-NCPs in a DCl/CD3OD solution (50 µL DCl/mL 
CD3OD). 

 

Figure S14. 1H NMR spectrum of disassembled catFTC-NCPs in a DCl/CD3OD solution (50 µL DCl/mL 
CD3OD). 
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Figure S15. Representative HPLC chromatograms of (left) catRAL/RAL standards (102 and 103 µg/mL, 
respectively) and (right) catFTC/FTC standards (90 and 82 µg/mL). tR,RAL = 11.1 min; tR,catRAL = 14.3 min; 
tR,FTC = 11.6 min; tR,catFTC = 20.2 min. 

 

Figure S16. Representative HPLC chromatograms of a) catRAL, b) catFTC, c) catRAL-NCPs and d) catFTC-
NCPs incubation at 37 °C in absence of esterases.  
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Figure S17. Calibration curves for catRAL, RAL, catFTC and FTC in the different HPLC methods used. 

 

 

Figure S18. DLS measurements of catRAL-catFTC-NCPs in ethanol dispersion. 
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Figure S19. FTIR spectrum of catRAL-catFTC-NCPs. 

 

Table S5. Table of elemental analysis results for three different batches of catRAL-catFTC-NCPs and 
comparison between the average and the proposed formula. The results indicate a good reproducibility 
of the synthetic method.  

Batch %C %H %N %S 

1 51.05 4.91 10.44 4.31 

2 52.39 5.02 11.02 2.00 

3 52.17 4.92 10.88 2.10 

Average 51.87 4.95 10.78 2.09 

Fe(catFTC)0.55(bix)0.31(catRAL)0.61(AcO)0.95(H2O)1.19 51.87 4.95 10.78 2.08 
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Figure S20. 1H NMR spectrum of disassembled catRAL-catFTC-NCPs in a DCl/CD3OD solution (50 µL 
DCl/mL CD3OD). 

 

Figure S21. 1H NMR spectra of disassembled catRAL-catFTC-NCPs (5:1) in a DCl/CD3OD solution (50 µL 
DCl/mL CD3OD). 
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