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Abstract 
Antibiotic resistance is a well-acknowledged problem worldwide, that directly or indirectly impacts different 

areas of healthcare intervention. This, allied to a society where the average life expectancy tends to increase, 

presents a great challenge to our healthcare systems. In such ageing societies, bone restorations are particularly 

frequent, and whenever a surgical intervention is required, the risk for infections greatly increases in this fragile 

segment of our population. Therefore, it is of utmost importance to guarantee the success of these medical 

interventions, a strategy that can be achieved by using innovative systems for bone-healing, by using resorbable 

implants to avoid a second surgery for implant removal upon healing, allied to functionalization with novel 

antimicrobial drugs. 

The production of new drugs is a time-consuming area of research with associated large investments, including 

in the extremely difficult step of the molecular structure validation of the newly synthesized drugs. Therefore, 

the use of already known antibiotics to create new structures as antibiotic coordination frameworks (ACFs), as 

presented in this thesis, are expedite strategies that can accelerate these drugs acceptance and entrance into 

the pharmaceutical markets. Moreover, the new ACF structures reported in this thesis were synthesized by 

mechanochemistry, an elected green method route that not only is environmentally friendly but is also safer 

when aiming at human health applications.  

The use of these new structures, as functional coatings on bioresorbable implant materials, represents the state-

of-the-art in ensuring the success of transient bone-healing applications. Due to its well-accepted 

biocompatibility and degradation properties, zinc was chosen as the material to be functionalized with newly 

synthesized antibacterial AFCs. 

To ensure the use of green and safe methodologies, while preserving the ACF chemical integrity, electrophoresis 

was used for the ACF coating formulations on zinc. Despite the electrochemical modification of zinc during the 

coating formulation, the work presented herein proved the potential of this strategy to answer the demand for 

new antibacterial materials in bone implant applications.  

To characterize and ensure ACFs stability, deep physicochemical analyses were performed along with the design 

of the materials, namely by x-ray diffraction, thermal analysis, scanning electron microscopy, energy dispersive 

spectroscopy, among others. Moreover, the influence of ACF coatings on this biomaterial degradation was 

studied by advanced electrochemical techniques. 

The results attained were discussed, presented in two conferences as a poster and selected oral presentation, 

and future research strategies proposed. 
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1 Introduction 
The economic, social and cultural development of a country and a community is inevitably related to the scientific 

and technological R&D. Scientists discover answers to societal challenges and improvements to the existing 

systems for better performances. Bone implants represent one of the systems that require huge efforts to 

improve their efficacy, especially in an era where bacterial infections, due to the worldwide increasing resistance 

to antibiotics, can jeopardize these essential medical interventions. 

For instance, in trauma-related bone reconstructions, fracture-related infections associated with osteosynthetic 

stabilization are a major problem as the surgery field is often contaminated due to bacterial access through open 

wounds. This leads to an infection risk ranging from 10% to 50% depending on the fracture type. Thus, implant-

related bone infections are a serious burden in current and future health care with clinical trials showing that 

bacterial infection is one of the most important causes of implants failure(1). 

1.1 Bone 

The function of bone has the main purpose of structural support, protection, storage of healing cells and 

minerals, essential for ions homeostasis. Human bones in general are a combination of various materials 

structures at different scales. Bone architecture is a hierarchical and highly complex structure divide by scale in 

macrostructure, microstructure, sub-microstructure, nanostructure and sub-nanostructure (Figure 1).  

 
Figure 1: Hierarchical structural organization of bone(taken from (2)) 

Macrostructure is composed of two different bone types, cancellous and cortical, with different properties; 

microstructure, between 10 to 500 μm, contains Haversian systems, osteons, single trabeculae; sub-

microstructure, between 1 to 10 μm, lamellae; nanostructure, between  500 nm to 1 μm, includes fibrillar 

collagen and embedded mineral; sub-nanostructure, 500 nm, as the molecular structure of constituent 

elements, such as minerals, collagen, and non-collagenous organic proteins. Bone is an irregular, non-

homogeneous and anisotropic material (2). Mechanical properties (Table 1), evaluated by the response of a 

material to applied external forces, are essential in bone-healing processes.  
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Table 1: Mechanical properties of cortical bone, cancellous bone(2) 

Material 
Density 
(g/cm3) 

Yield strength 
(MPa) 

Ultimate tensile strength 
(MPa) 

Young Modulus 
(GPa) 

Cortical bone 1.8 – 2.0 104.9–114.3 35 – 283 5 - 23 

Cancellous bone 1.0 – 1.4 - 1.5 – 38 0.01 – 1.57 

When dealing with implanted materials, it is important to bear in mind that interaction between this and the 

newly formed tissues will occur and will be modulated by each other response along the time. This is particularly 

relevant during bone regeneration as it is composed of four steps. “The first manifestation is inflammatory 

response, leading to signaling to stem cells, which will differentiate into chondrocytes that will produce cartilage 

and osteoblasts, responsible for constructing a new bone. After the already formed cartilaginous matrix, it will 

be mineralized, and then it will be resorbed forming the bone. This formation generates the primary bone, which 

undergoes a remodeling of the preformed bone callus, occurring a second resorption, which restores the 

anatomical structure”(3). 

When the development of the studies is to fine-tune a biomaterial for bone healing, is important that this 

material provides osteoconductive, osteoinductive properties (Figure 2), or even an osteogenic environment(4). 

Osteoinduction is a process that occurs regularly in any type of bone healing process. Involves the recruitment 

of immature cells and their stimulation to develop into preosteoblasts. Osteoinduction is responsible for the 

majority of the bone healing process in situations such as bone fractures. Osteoconduction which means that 

bone grows on a surface, is regularly seen in the case of bone implants. Implant materials of low biocompatibility 

such as copper, silver (as coating material)  and bone cement show little or no osteoconduction. Osteointegration 

is the link of an implant achieved by direct bone-to-implant contact(5). 

 
Figure 2: Remodeling process bone: osteoblast and osteoclast. (taken from (6)) 

Overall, the new biomaterial is required to have bone compatibility, strength, and must promote bone 

regeneration on the affected area(7, 8). Whatsoever, this can be jeopardized when bacteria, instead of 

preosteoblasts, adhere to the implanted material, compromising the effectiveness of the surgical procedure, and 

in more severe cases can be even life-threatening.  
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As such, the discovery and development of new and improved drug systems are of utmost importance to ensure 

the success of this and other medical interventions. 

1.2 Active Pharmaceutical Ingredients 

Quoting the philosopher De Voltaire, ”Les médecins administrent des médicaments dont ils savent très peu, à 

des malades dont ils savent moins, pour guérir des maladies dont ils ne savent rien” (1694)(9), meaning that 

doctors administer drugs of which they know so little, to patients of whom they know less, to cure diseases of 

which they know nothing. Even though this might have been reasonable in 1694, science evolved hugely, and 

important developments have been made since then, which allowed us to know much more nowadays about 

the diseases and how to cure them, which has a major positive impact on society. In fact, since the beginning of 

healing times through drugs, in which active ingredients were obtained from plants, until the industrialization of 

pharmaceuticals, in 1898, when the first drug, Aspirin® was discovered by Félix Hoffman(10), there has been a 

remarkable evolution that is still in continuous development.  

Drugs are undoubtedly fundamental for health systems worldwide, as they are an effective way to reduce the 

burden of diseases and mortality, promoting longer life expectancy and improvement of life’s quality. 

Nevertheless, there is still a lot of space for improvement and optimization. For example, there are often issues 

associated with the use of a specific active pharmaceutical ingredient in pharmaceutical formulations, derived 

from their low solubility, low bioavailability, low stability, or inadequate properties for the formulation that might 

interfere with their biological performance(11-13). 

Nowadays it is well established that an Active Pharmaceutical Ingredient, API, can be considered any type of 

substance or combination of them used in a finished pharmaceutical product, intended to provide 

pharmacological activity. Such substances are supposed to supply drugs’ activity or alternatively have direct 

effects on the diagnosis, cure, mitigation, and treatment. Also, APIs can a have direct effect in restoring, 

correcting or modifying physiological functions in human beings(14-16). Usually, APIs are present in small 

dosages within the drug formulations. 

The structure of API incorporates a vital impact on the effectiveness of a drug, producing the desired results, and 

in the safety profile of the drugs. Poorly manufactured or compromised APIs are connected to serious problems, 

like illness or even death(17). The importance of such types of compounds implies the need for verification. The 

validation and control of new drugs are made by the European Medicines Agency (EMA), at an European level, 

and by Food and Drug Administration (FDA), throughout America(18, 19). In terms of intrinsic value, APIs are 

amongst the most valuable materials on the planet(20), and therefore a lot of investment, both in industry and 

academia, is put into R&D related to APIs and drug design, not only to discover new molecules but also to find 

alternative pathways to improve the efficiency of the currently available ones. 

Antibiotics are amongst the classes of APIs that have been recently demanding urgent innovation.  



 
 

16 
 

1.3 Antibiotics 

Since the 1940s, antibiotics have been used as effective treatments against bacterial infections. They have a 

strong and powerful capability to defeat diseases caused by bacteria, therefore saving lives. When used 

appropriately, these can quickly and effectively eliminate infections and prevent their growth within a few days, 

helping patients to restore their normal activity(21, 22). 

From the perspective of antibiotics effectiveness, it is possible to identify highly effective drugs that can cure 

numerous infections, from the simpler to the more problematic and difficult cases. An infection can occur at any 

body location and can be initiated by the microorganism itself or by the body's response to its presence. Bacterial 

infections can be, for instance, a consequence of surgeries, in which various instruments are used, and incisions 

are made, enhancing the possibilities for microorganisms’ proliferation(23). Despite that medicine has evolved 

in the discovery of antibiotics, the existence of bacterial resistance has been also identified (Figure 3). 

 
Figure 3: Timeline of key events in developing antibiotic resistance (taken from (24)), where  PDR - pan-drug-resistant, R – 
resistant, XDR- extensively drug-resistant. Note: penicillin was in limited use before widespread population usage in 1943 

Moreover, bacteria that are commonly present in the human body without causing disease, for example, 

Staphylococcus aureus that exist at the surface of the skin, intestines and urinary tract, may also be responsible 
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for infections. Even though this type of bacteria is easily destroyed by disinfectants, soaps and high temperatures, 

they are transported from person to person by direct or indirect contact and can easily be transmitted from 

harmless (external body) to harmful (internal body) zones(25, 26). 

The accomplishment of antibiotics was also recognized in cases of progressing diseases, reducing the chances of 

severe infections and associated complications(22). 

Despite all the benefits, one of the most well-known problems associated with antibiotics is the fact that some 

bacteria developed resistance mechanisms to the drugs, making most of the currently available antibiotics 

ineffective. This efficiency is being beaten by one of the biggest health problems in the world, the resistance to 

antibiotics(27). Once bacteria develop resistance mechanisms, it can lead to severe health issues in the future, if 

not properly treated, with impact also at an economical level(28). This problem can inclusively jeopardize most 

types of surgeries, such as pacemakers’ implants, childbirths, bone replacement or even plastic surgery, as 

infectious diseases commonly arise as complications in these cases. 

The growing number of multidrug-resistant bacteria is a global health problem that threatens the effective 

prevention and therapy of bacterial infections(23, 29), possibly leading to a point of inversion of the benefits of 

the use of antibiotics(28, 30, 31). This can induce major problems in a not-so-distant future: it is expected that 

by 2050 infections due to resistant bacteria become the leading cause of death, overpassing cancer cases(32).  

Currently, as synthetic antibiotics, quinolones have very important anti-infectious characteristics(33), being 

applied in the treatment of various infections(34). These have also been reported as having antitumor, anticancer 

and antiviral activities(35-37). Their adequate absorption and bioavailability(38, 39), related to their structure 

make this group of drugs of great interest for research. The presence of carboxylic acid and carboxyl groups are 

important for hydrogen bonding, and the additional group connected (R1) to the nitrogen atom interfere with 

microbiological functions and so with important properties such as the pharmacokinetic of the compound. The 

antibacterial potency was directly associated with the substituent (R2) where H or small rings at this position 

favor the activity, and the efficiency against Gram-positive bacteria was controlled by the substituent at position 

(R5), while the facility of cell penetration is dependent on the substituent (R6) and the has a significant influence 

on potency, spectrum, safety and pharmacokinetics (R7) (Figure 4). 

 
Figure 4: The structure– antibacterial activity relationship of quinolones(40) 
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Nalidixic acid is a first-generation quinolone antibiotic (Figure 5), mainly used against urinary tract infections 

caused by Escherichia coli and other pathogenic Gram-negative bacteria(41), being less effective in Gram-positive 

bacteria. One of the aspects that led to the decline in the use of this antibiotic is its poor solubility, thus reducing 

its potential in the pharmaceutical industry(12, 42). This API has been studied with the purpose to produce  

alternative structures, that can be advantageous in terms of physicochemical properties as well as antimicrobial 

activity(13, 43).   

 
Figure 5: Chemical structure of nalidixic acid 

One option that has been explored to give rise to these new forms is based on the ability of quinolone antibiotics 

to coordinate to biocompatible metals, such as sodium and potassium (group 1)(44), magnesium and calcium 

(group 2)(13, 44, 45), vanadium  (group 5)(46), manganese (group 7)(13, 45, 47), cobalt (group 9) (48, 49),  cooper 

and silver (group 11)(50, 51), zinc (group  12)(12, 45) and bismuth (group 15)(52).  

These new structures show improvements in terms of biological and pharmaceutical activities, in comparison 

with the corresponding free drug(53, 54). Furthermore, to this very important improvement, some of the new 

structures also present an enriched level of chemical composition, polar, electrical, acidic and redox 

properties(55-57). 

This approach to develop new forms of already available APIs, which consists of using antibiotics as ligands for 

the formation of coordination compounds and metal-organic frameworks, as ACFs, is a promising pathway to re-

design antibiotics with improved physicochemical properties and augmented antimicrobial activity. Ultimately 

these new forms may be useful to overcome the growing trend of bacterial resistance, linked with high costs of 

research and development of new APIs come to be a huge advantage of being based on already authorized 

molecules.  

1.4 Metal-Organic Frameworks 

Studies on metal-organic frameworks (MOFs) started in 1954 and these systems have been used for many 

different applications over the last decades. Some of these applications include the pharmaceutical fields, with 

the use of MOFs with bio-friendly composition as drug carriers being proposed to surpass some of the problems 

presented by the most common systems used for drug delivery. The Coordination Oslo Polymer (CPO) and the 

Materials of Institute Lavoisier (MIL) were the first families of MOFs considered as potential drug delivery 

systems. In both cases, the strategy consisted of building an adequate three-dimensional network with large 

channels available for drug encapsulation.  

This strategy is simple and highly effective in improving the drug transport capacity. The ability of CPO-27-Mg (as 

ligand 2,5-dihydroxyterephthalic acid, with one-dimensional pores) to encapsulate Aspirin® (8% by weight) and 
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Paracetamol® (14% by weight) has been demonstrated (Figure 6a) (58). MIL-100 (Figure 6b) and MIL-101, with a 

center metal with chromium, were studied for the encapsulation and release of Ibuprofen®, reaching different 

concentration values in both structures  (0.347 g of ibuprofen / g MOF for MIL-100 and 1.376 g of ibuprofen / g 

MOF to MIL-101), justified by the difference in their compositions and the different crystal structures(59). 

a)   b) 

 

Figure 6: a) Excerpt of the crystal structure of CPO-27-Mg( taken from (60)) b)Structure of MIL-100(Cr) depicting the small 
cages (taken from(59)) 

An evolution of this system was the biodegradable therapeutic MOF called bio-MOF-1 (Figure 7), This is a 

particular case of zinc-adeninate coordination, interconnected with biphenyldicarboxylic acid ligand, which 

presents a three-dimensional porous metal-organic structure, being a material with great potential as a drug 

release system, due to its non-toxic components and biocompatible properties. The loading of different drugs 

into this porous structure has already been reported, and the release of the bioactive molecules has been 

studied, showing promising results(61). 

 
Figure 7: Crystal structure of bio-MOF-1 consists of zinc−adeninate columns linked together into a 3-D framework by 

biphenyldicarboxylate linkers to generate a material with 1-D channels along the c crystallographic direction (taken from 
(61)) 

The use of commercially available active pharmaceutical ingredients as organic ligands for the formation of such 

networks does not require the existence of pores, while presenting some advantages, namely, the elimination of 

adverse effects subsequent from the degradation of the network with the release of a non-active ligand(62). 

Where started to be used the designation of BioMOF, as a designation of biodegradable therapeutic Metal-

Organic Framework. 
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Following this approach, several BioMOFs and antibiotic coordination frameworks (ACFs), when was used an 

antibiotic, have been reported(52,63,65). These new crystalline structures have improved physicochemical 

properties, particularly in their solubility.  The solubility of a drug is a determining factor for its ability of 

absorption and for a suitable bioavailability(66, 67). The antimicrobial activity of the new compounds was also 

evaluated, often showing an increase when compared to the starting antibiotics (13, 48, 67, 68). 

The work presented herein is focused on the developments of ACFs enclosing nalidixic acid, as a ligand. Nalidixic 

acid is an antibiotic, normally administered orally, and it is used for the treatment of urinary tract 

infections against Gram-negative bacteria, such as E. coli, Enterobacter, Klebsiella, and Proteus species(12, 13, 

43, 50, 69). The possibility of combining into the new structures compounds with therapeutic advantages led to 

the use of salicylic, nicotinic and isonicotinic acids as second ligands. Salicylic acid is an anti-inflammatory agent 

and it has been reported also as a topical antibacterial agent(70). Nicotinic acid, usually known as vitamin B3, is 

used to prevent and treat niacin deficiency, as a vitamin, nicotinic acid helps to support the body's ability to make 

and break down natural compounds needed for good health(71). Isonicotinic acid causes disruption of the 

bacterial cell wall and loss of acid-fast properties in vulnerable mycobacteria, leading to bactericidal properties 

against actively growing intracellular and extracellular susceptible mycobacteria(72, 73). 

When designing BioMOFs and ACFs, the choice of the metal is also a vital step. Although the coordination of APIs 

to several metals, from several groups of the periodic table, has already been reported, their selection needs to 

be conscious. Calcium is the fifth most abundant element in the human body, with more than 99% found in the 

bone skeleton, and in less extent, calcium can also be found in cells (especially muscle’s cells) and the blood. 

Calcium performs important functions such as: participating in the normal functioning of various enzymes, blood 

clotting, heart rate, and muscle contractures (74-76). Matching to the presented characteristics as well as the 

main purpose of this work, application in bio-implants, calcium was the chosen metal for this case study as a vital 

mineral used to favor bone healing processes.  

After defining the design of new compounds, it is necessary to define the most appropriate synthetic methods.  

1.4.1 Synthetic Methods 

This type of material is traditionally synthesized by solution methods, in particular, by hydrothermal and 

solvothermal synthesis, which require the use of solvents, temperature and several hours/days to reach the 

desired products(77).  Recently, other synthetic approaches, as microwave synthesis and mechanochemistry, 

have been successfully explored. Mechanochemistry is an environmentally friendly technique, which leads to a 

massive reduction in the use of solvents. Mechanochemistry driving force was correlated with the energy 

produced by the impact applied on the reactants such as using a mortar and pestle or resulting from the impact 

on ball mills.  

The successful use of this technique for the synthesis of MOF is known and reported(45, 51, 79, 80). A relevant 

aspect of this technique is the elimination or very small use of solvent. Also, other significant advantages over 

traditional techniques should be highlighted, such as the reduction of reaction time and temperature (normally 

occurs at room temperature), the easiness of operation, high yield of reactions and purity of the compounds(81, 

82). 
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Mechanochemistry can occur with some variations such as a) grinding without any addition of solvent(NG, neat-

grinding); b) grinding with the addition of catalytic amounts of solvent (LAG, liquid-assisted grinding); c) grinding 

with catalytic amounts of solvent and an ionic salt (ILAG, ion-and liquid-assisted grinding); and d) grinding using 

catalytic amounts of polymers (POLAG, polymer-assisted grinding)(78-80, 83, 82). 

The grinding process can be done using a manual approach, in which a mortar and a pestle are used, or it can 

make use of different mills, such as horizontal vibration ball mills. At an industrial plant, the process can occur 

on ball mills, in which a “rather large number of grinding bodies and the material being ground are placed inside 

a cylinder rotating around its central axis. Due to forces of friction between the cylinder walls and the milling 

bodies, the bodies start to move and grind the raw material. Sometimes grinding bodies are not used, and 

particles of the material grind themselves. This process is known as “auto-grinding”. An example of industrial 

equipment is given in Figure 8(85). 

 
Figure 8: A real-world example (a), the effect of forces (b) and the types of motion of grinding bodies in a ball mill: (c)—

rolling over; (d)—falling; (e)—rolling (taken from(85)) 

1.5 Drug delivery  

In pharmacology, we can identify several routes of administration of drugs. The methods used are typically oral, 

by injection (parenteral administration), rectal, vaginal, ocular, nasal, inhalation, nebulization, cutaneous, and 

transdermal. The chosen method is directly dependent on the substance that the patient must be administrated 

with (86, 87). 

Identified by their facility and convenience, the most commonly used method is the oral route (88). This route 

can sometimes lead to high administration doses to achieve and maintain an effective concentration at the target 

point, which can result in toxicity, gastrointestinal intolerance and resistance to medicines. Derivative the 

nonlinearity of the concentration-effect relationship, administration of the different doses and routes is expected 

to produce different outcomes, which is a very crucial variable for oral drug delivery (89). In addition, a well-



 
 

22 
 

known problem, some API exhibits poor aqueous solubility that poses a major problem in their oral 

administration, getting further complicated due to their short bioavailability and inconsistent absorption(90, 91). 

To mitigate these problems, local drug delivery by its inherent characteristic can decrease the drug concentration 

used and eliminate solubility problems, moreover, this administration route has the advantage to be 

administrated on a specific location, without the need to ‘travel’ throughout the organism.  This strategy can 

decrease costs, as minimal concentrations will be required and the associated side effects(92). The challenge of 

this administration route lies in the capability to reach the desired location.  

A particular method to applied local drug delivery is by loading implantable devices with the desired drug. This 

can be achieved by coating and/or functionalizing the implantable biomaterial with the new designed ACFs.  

1.6 Biomaterials for Implant Applications  

Biomaterials have the implicit property of interact with biological systems such as proteins, cells, tissues, organs 

and organ systems in order to treat, expand or replace body tissues, organs or functions. According to their origin, 

these can be natural, synthetic or a mixture of both(8, 93). The type of biomaterials, available in different forms 

and structures are expected to actively interact with the body when included in the affected areas (94). 

In the last decades, the biomaterials’ field had great advances, and nowadays a variety of materials are used on 

bioimplants, which can go from ceramic, glasses, polymers composites, glass-ceramics to metal alloys. Many 

properties such as the mechanical properties, toxicity, surface modification, degradation rate, biocompatibility, 

corrosion rate and scaffold design are taken into consideration (95, 96). 

Following the evolution of biomaterials was possible to identify three generations:  the first generation refers to 

bio inert materials, mainly metals and alloys focus on not causing foreign body reactions in the organism; the 

second generation involves bioactive materials, which have the ability to interact with biological tissue, creating 

bioadhesion; herein are also included the biodegradable materials, which can gradually disappear upon being 

introduced into the body; the third generation is made up of responsive materials able to stimulate cellular 

responses at molecular levels (biomimetics – biological structure and tissue engineering)(97). 

Within the biodegradable materials, some have been designed to degrade and be resorbed inside the body. 

These types of implants are known as bioabsorbable implants.  

1.7 Bioabsorbable Implants  

Bioabsorbable implants are materials that will be slowly replaced by the newly formed tissues, as these degrade 

along the time while will be simultaneously reabsorption in vivo. As such, the implanted material will be 

eliminated by specific metabolic pathways(98-100). Moreover, this metabolic interaction can result in positive 

tissue restoration, for instance by stimulating bone formation. 

Medical devices presents alternatives to bone implants, such as synthetic biomaterials, whose applicability has 

several advantages that can range from not causing damage to healthy tissues, low risk of viral and bacterial 

contamination, to easy and affordable access to the product (7, 101, 102). 
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Most of these devices, temporary implants, can be polymeric or metal-based materials, however, metallic 

materials like iron, zinc and magnesium have been reported to be the most promising ones, especially for load-

bearing applications as in bones (Figure 9) (103).  

 
Figure 9: Biodegradable metals implants,  a) Magnesium alloy cross pin, b) Iron  alloy stent, c) Magnesium alloy stent d) 

Magnesium alloy compression screw (taken  from  (104)) 

The use of bioabsorbable implants in orthopedic surgical procedures is increasingly frequent, as by avoiding a 

second surgery for the implant removal will naturally decrease the risk of developing associated implant 

infections. Nevertheless, there have been some reports where bioabsorbable materials were removed, which 

lead to the unwanted second surgery for implant removal(105, 106). As expected, the degradation rate occurs 

gradually throughout time until the healing process is completed; however, iron implants were reported to have 

a very slow degradation rate, at the opposite side, magnesium implants had a higher degradation than that 

required for a complete healing process. Moreover, upon degradation, magnesium releases hydrogen a reaction 

that can inhibit this metal used in clinical applications(107). Zinc has a degradation behavior between iron and 

magnesium, presenting a corrosion rate that matches the required for bone-healing applications(108). 

1.7.1 Zinc implants  

As a biodegradable material, zinc can be used porous bone implants, to support, nourish, and stimulate 

regeneration of damaged blood vessels and new bone formation(108). 

The density of zinc is higher than that of bones. Despite this miss-match, which is not a concern for bioresorbable 

materials as the stress-shielding will be minimal, the maximum stress that zinc can withstand, while being 

stretched or pulled before breaking, is between the value for cortical bone and higher for cancellous bone. A 

global view of young modulus, elasticity, reveals that zinc has a major elasticity than both types of bones (Table 

2). Ideally, the best material would be that with mechanical properties as close as that of bone, whatsoever, 

there is still a long way to go to find a material with such properties, like magnesium, that possess an adequate 

degradation rate, like that reported for zinc. 

Table 2: Mechanical properties of zinc (109) 

Material 
Density 
(g/cm3) 

Yield strength 
(MPa) 

Ultimate tensile strength 
(MPa) 

Young Modulus 
(GPa) 

Zinc 7.10  - 90 95 
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To potentiate the use of zinc as a biomaterial for implantable devices, different and improved properties are 

required (110). Besides being a biocompatible metal, the material itself and the resulting corrosion products are 

innocuous (111). These are typically ZnO, Zn(OH)2, and Zn3(PO4)2(112-114). When in the presence of calcium ions 

(as in body fluids), these can react with phosphate and precipitate in the form of calcium phosphate or Zn-doped 

calcium phosphates(115-118). If chloride (also present in body fluids), reacts with zinc, Zn₅(OH)₈Cl₂ will be formed 

instead(119). 

Zn(II), as a micronutrient(111), is present in human cells, where it has several functions, including in immune 

system regulation (120). Its daily intake is 4 to 14 mg/day and dietary obtaining from meat, seafood, cereals, 

nuts, eggs, grains, legumes, and milk. The presence of zinc in the body is identified by its concentration in plasma, 

where normal levels are established between 70 and 120 μg/dL (121). Zinc deficiency has more relevant 

physiological effects than toxicity, as low zinc values can cause growth retardation(122). The importance of Zn in 

bone metabolism is evident, therefore, its use as an implantable material with endowed antimicrobial properties 

can ensure success in bone-healing applications. 

1.8 Antibacterial Coatings Design 

There are several types of coatings used in bioresorbable implant applications with antibacterial properties. 

These can be organic, inorganic or even hybrid coatings. Depending on the purpose of these coatings, different 

formulations can be prepared. While for magnesium these are typically designed to delay the corrosion onset, 

for iron, these are targeted for an accelerated corrosion onset. For zinc, the corrosion rate should ideally be kept, 

as such coatings are meant to deliver exclusively antimicrobial properties to the material without influencing the 

corrosion onset.  

For that purpose, several techniques can be used for instance, spin-coating or dip-coating, typically used with 

polymer and sol-gel coatings (123, 124); layer-by-layer assembly, where films are formed by depositing 

alternating layers (125); electrophoretic deposition, a two-step process by which the particles suspended in a 

colloid solution are collected onto a conductive substrate; chemical vapor deposition, a coating process that uses 

thermally induced chemical reactions at the surface of a heated substrate(126); pulsed laser deposition, high-

power pulsed laser beam is focused inside a vacuum chamber to strike a target of the material that is to be 

deposited among others (127).  

In almost all of the techniques presented, high temperatures or secondary compounds (mostly dangerous for 

human heath) or combinations of these are necessary. In a coating process intended for medical applications, 

where drugs are used in their formulation, it is extremely important to preserve the drug structure and its 

chemical integrity. When using conductive substrates, like zinc, a technique requiring few or no additives that 

satisfy the purpose of coating medical implants is electrophoresis.  

1.8.1 Electrophoresis deposition 

Based on the produced ACFs that have associated a specific global charge (positive or negative), the drug 

deposition on the metal is based on the movement and deposition of the molecules under an electric field on 

the conductive substrate (Figure 10). Depending on the conditions used (applied voltage/current, time and 
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electrolyte) thin or thick films and coatings can be produced. This process can be applied for the design of 

coatings with a wide range of materials, as fine powders or colloidal particles of metals, ceramics, polymers, and 

composites (128, 129). 

 
Figure 10: electrophoresis diagram  

1.9 Aims  

The work developed in this thesis proposes expedite, green and safe strategies to answer to two major health 

problems: 1) bacterial resistance to the currently used antibiotics and 2) bone-implant rejection due to bacterial 

infections. 

Bacterial resistance can be overcome by synthesizing and redesign new drugs that are capable of by-pass the 

currently developed mechanisms of bacterial resistance. In view of the objectives to meet environmentally 

friendly goals, a green synthesis procedure was achieved by mechanochemistry, where no additives were added 

thus preserving the safety for the pharmaceutical industry. The same pharmaceutical products, tested for their 

antibacterial properties, are intended to functionalize zinc, a transient metallic implant that represents an 

improvement over the non-permanent metallic implant already in use. Continuing with the fulfilment of keeping 

environmentally-friendly goals, the coating technique used, electrophoresis was based on aqueous electrolytes, 

once more supporting its safety for the environment and human health. The evaluation of the impact of 

antimicrobial functionalization on zinc degradation is also a goal of this work. 

1.10 Physicochemical Characterization Techniques 

To attain the proposed goals, several techniques for the physicochemical characterization of the as-synthesized 

ACFs and functionalized materials were used.  

Accurate identification and characterization of the novel compounds are as important as their synthesis. 

Structural and thermal characterizations are essential for the assessment of the success in developing new ACF 

forms. This can only be achieved by the combination of different techniques, like powder and single-crystal X-ray 

diffraction (XRD), differential scanning calorimetry, thermogravimetric analysis, scanning electron microscopy 
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(SEM), and energy dispersive spectroscopy (EDS). Similarly, the functionalized zinc surface was characterized by 

XRD, SEM and EDS to guarantee the chemical integrity of the ACF used in the coating formulation. Since this 

functionalization was made on a biodegradable metallic material, its influence on zinc corrosion behavior was 

analyzed by electrochemical impedance spectroscopy. 

1.10.1 X-ray diffraction  

X-rays are a form of electromagnetic radiation that is used for medical imaging tests, cancer treatment, food 

irradiation, and airport security scanners (America Society Cancer®). Most X-rays have wavelengths between 0.01 

to 10 nanometers Figure 11, corresponding to frequencies in the range of 30 petahertz to 30 exahertz and 

energies between 100 eV to 100 keV.  This range of wavelength is the ideal to retrieve structural information, 

recurring to the diffraction phenomena. 

 
Figure 11: Electromagnetic spectrum  

Diffraction is the spreading of waves around obstacles as result of interference, and it is most pronounced when 

the wavelength of the radiation is comparable to the linear dimensions of the obstacle. This interference can be 

constructive where the waves are in phase; or destructive when two waves are completely out of phase ((Figure 

12). 

 
Figure 12:a) constructive interference b) destructive  interference(130) 

X-ray diffraction (XRD) is a powerful non-destructive structural characterization technique, which allows to 

synchronize information between chemical and physical properties of materials.  

It is known that regarding diffraction “every crystalline substance gives a pattern, the same substance always 

gives the same pattern and in a mixture of substances each produces it as pattern independently of the 

others”[134]. 

X-ray diffraction was discovered in 1912 by Von Laue, Friedich and Knippig, and, in 1913, W.L. Bragg solved the 

first crystal structure by demonstrating that the angular distance of diffracted radiation can be interpreted 

considering that the diffracted X-rays behave similarly to what they would if they were reflected by planes 
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passing through points in the crystal lattice. This "reflection" is analogous to that of a mirror for which the angle 

of incidence of the radiation is equal to reflection angle. Diffracted waves from adjacent planes will be in phase 

for some angles and the difference in the paths of the two waves is equal to an integer of the wavelength (𝑛𝜆). 

For these conditions, Bragg's Law is proposed (equation 1): 

 𝑛𝜆 = 2𝑑 sin 𝜃 (1) 

where  represents the wavelength, n an integer, d the perpendicular spacing between the planes in the crystal 

and   is the complementary angle of incidence of the X radiation beam. Bragg’s Law conditions are represented 

in Figure 13. 

 
Figure 13: Bragg's Law reflection.(131) 

Crystalline materials may be described as function of the crystal lattice, which is defined as a regular periodic 

arrangement of point in space, being nevertheless a purely mathematical abstraction. The nomenclature refers 

to the fact that a three-dimensional grid of lines can be used to connect the lattice points. It is important to note 

that the points of a structure can be connected in several ways to form an infinite number of different network 

structures. The crystal structure is formed only when the fundamental unit is identically connected to each lattice 

point and extended along each crystal axis through the repetition of translation.  

The basic structural unit is the unit cell that contains one or more molecules, and is defined by three vectors and 

three angles, as defined in Figure 14. Conventionally, translational vectors are denoted by a, b and c, and the 

angles by α, β and γ[137]. 

 
Figure 14: Crystal lattice unit cells(132) 

The  lattice plane of a given Bravais lattice is a plane (or family of parallel planes) whose intersections with the 

lattice (or any crystalline structure of that lattice) are periodic and intersect the Bravais lattice; similarly, a lattice 
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plane is any plane containing at least three noncollinear Bravais lattice points. All lattice planes can be described 

by a set of integers, called Miller indices, and vice versa (all integer Miller indices define lattice planes). 

Furthermore, there are 14 Bravais lattices that are grouped into 7 crystal systems (Table 3). 

Table 3: Characteristic Crystal Systems 

Crystalline system Angles 

Cubic 𝑎 = 𝑏 = 𝑐;  𝛼 = 𝛽 = 𝛾 = 90° 

Monoclinic 𝑎 ≠ 𝑏 ≠ 𝑐;  𝛼 =  𝛾 =  90°;  𝛽 ≠ 90° 

Hexagonal 𝑎 = 𝑏 ≠ 𝑐;  𝛼 = 𝛽 = 90°;  𝛾 = 120° 

Orthorhombic 𝑎 ≠ 𝑏 ≠ 𝑐;  𝛼 =  𝛽 = 𝛾 = 90° 

Rhombohedral 𝑎 = 𝑏 = 𝑐;  𝛼 = 𝛽 = 𝛾 (≠ 90°) 

Tetragonal 𝑎 = 𝑏 ≠ 𝑐;  𝛼 = 𝛽 = 𝛾 = 90° 

Triclinic 𝑎 ≠ 𝑏 ≠ 𝑐;  𝛼 ≠ 𝛽 ≠  𝛾 ≠ 90° 

Currently, XRD methods are the most reliable to provide more detailed information on the crystal structure, 

allowing to calculate interatomic distances, bond angles and other relevant characteristics of molecular 

geometry. The outcome information allows the three-dimensional representation of the crystal’s content at the 

atomic level and the access to most geometric details regarding the crystal structure and supramolecular 

arrangement.  

1.10.1.1 Single Crystal X-Ray diffraction 

Single-crystal XRD (SCXRD) involves the assignment of the arrangement of atoms, based on an electron density 

map generated by diffraction of a pure, regular, and adequately large single crystal. Structural information 

derived from an XRD study of a single crystal is the most fundamental description of a compound and often 

facilitates to explain its physicochemical properties. SCXRD is a powerful technique used to determine details of 

the molecular and crystalline structure of a solid, such as bond lengths, bond angles, intermolecular interactions, 

etc. The SCXRD experimental setup is represented at Figure 15.  

 
Figure 15: Experimental set-up for Single Crystal X-ray Diffraction (taken from(134))  
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The three-dimensional results are obtained from diffraction data collected in three dimensions and can be used 

to computationally simulate the expected two-dimensional powder diffraction pattern of the same material. 

1.10.1.2 Powder X-Ray diffraction 

Powder X-ray diffraction (PXRD) patterns consist of a series of peaks having varying intensities, detected at 

various scattering angles (Figure 16). Through the indexing process, the d-spacings computed from the values of 

the scattering angles are assigned to diffraction from the crystal planes defined by their Miller indices to provide 

a full crystallographic characterization of the powder sample. Data recorded in the detector is the X-ray intensity 

(in counts/second, for example). By plotting the intensity against the angle of the incident X-ray, a series of peaks 

can produce. These diffraction peaks correspond to d-spacing and can be converted using the Bragg equation.  

 
Figure 16: Experimental setup for powder X-ray diffraction (taken from(134))  

1.10.2 Thermal analysis  

Thermal analysis methods can be appropriately defined as those techniques in which one property of the analyte 

is measured as a function of an externally applied temperature. In most applications, the effect of a linear 

increase in the temperature of the sample in the property of interest is recorded on a continuous basis. 

Thermoanalytical methods are used to monitor endothermic processes (i.e., melting, boiling, sublimation, 

vaporization, desolvation, solid–solid phase transitions, and chemical degradation) as well as exothermic 

processes (i.e., crystallization and oxidative decomposition).  

1.10.2.1 Differential Scanning Calorimetry (DSC) 

In Differential Scanning Calorimetry (DSC), which is the most widely used technique for thermal characterization 

of pharmaceuticals, the analyte is subjected to a controlled temperature program and the heat flow associated 

with a thermally induced transition is measured.  The basic principle behind this technique is that a change in the 

baseline of a typical DSC plot (power vs. temperature), corresponds to a thermal event, with a variation in the 

heat capacity of the system under investigation. 

1.10.2.2 Thermogravimetry  

Thermogravimetry (TG) or thermogravimetric analysis (TGA) is a technique where one uses a very sensitive 

balance to continuously determine the weight of the analyte as a function of temperature or time. This simple 
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technique provides valuable information that can be of great assistance in identifying for example solvents, 

cations or decomposition products.  

1.10.3 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) uses a focused beam of high-energy electrons to generate a variety of 

signals at the surface of solid samples. The signals that derive from electron-sample interactions reveal 

information about the sample including external morphology (texture), chemical composition, and crystalline 

structure and orientation of the materials making up the sample. In most applications, data are collected over a 

selected area of the surface, and a 2-D image is generated that displays spatial variations in these properties. 

Areas ranging from approximately 1 cm to 5 m in width can be imaged in a scanning mode using conventional 

SEM techniques (magnification ranging from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). 

SEM is also capable of performing analyses of selected point locations on the sample; this approach is especially 

useful in qualitatively or semi-quantitatively determining of chemical compositions (using EDS - Energy Dispersive 

Spectroscopy).  

Accelerated electrons in an SEM carry significant amounts of kinetic energy, and this energy is dissipated as a 

variety of signals produced by electron-sample interactions when the incident electrons are decelerated in the 

solid sample. These signals include secondary electrons (that produce SEM images), backscattered electrons 

(BSE), diffracted backscattered electrons (EBSD) that are used to determine crystal structures and orientations 

of minerals), photons (characteristic X-rays that are used for elemental analysis and continuum X-rays), visible 

light (cathodoluminescence-CL), and heat. Secondary electrons and backscattered electrons are commonly used 

for imaging samples: secondary electrons are most valuable for showing morphology and topography on samples 

and backscattered electrons are most valuable for illustrating contrasts in composition in multiphase samples 

(i.e. for rapid phase discrimination) (135). 

 

1.10.3.1 Energy Dispersive Spectroscopy 

Energy Dispersive Spectroscopy (EDS) systems are typically integrated into SEM  instruments. These systems 

include a sensitive X-ray detector, a cooling system, and software to collect and analyze the energy spectrum. A 

detector is mounted in the sample chamber of the main instrument at the end of a long arm, which is itself 

cooled by liquid nitrogen. An EDS detector contains a crystal that absorbs the energy of incoming x-rays by 

ionization, yielding free electrons in the crystal that become conductive and produce an electrical charge bias. 

The x-ray absorption thus converts the energy of individual X-rays into electrical voltages of proportional size; 

the electrical pulses correspond to the characteristic x-rays of the element (135). 

1.10.4 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy, EIS, is a frequency area measurement made by applying a sinusoidal 

perturbation, often a voltage, on a system. This analysis is used as a characterization of the electrochemical 
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response of a system where interface behaviors between the electrolyte and surface response (including the 

coating) that can be inferred from the small perturbations applied. 

The impedance at a given frequency is related to the electrochemical processes occurring at timescales of the 

inverse frequency. While many other electrochemical measurements focus on driving a system far from 

equilibrium with potential or steps, such as cyclic voltammetry or potentiodynamic curves, EIS uses small 

perturbations. These small departures from equilibrium are assumed to have a linear response, thus greatly 

simplifying the frequency analysis; however, linearization of physical models can lead to indistinguishable cases.  

Essentially, EIS is performed by sweeping through a wide range of frequencies at a single perturbation amplitude. 

As instrumentation has improved over the last several decades, frequencies ranging from 10-2 to 105 Hz are 

possible, thus allowing for the study of both fast kinetic and mass transport processes. 

1.10.4.1 Electrochemical theory and Representation of Complex Impedance Values 

Electrical resistance is the ability of a circuit element to resist the flow of electrical current, given by Ohm's law 

(equation 2) that defines resistance in terms of the ratio between voltage, E, and current, I. 

 

 

𝑅 ≡
𝐸

𝐼
 

 

(2) 

This methodology operates as an ideal resistor, that has several simplifying properties: a) follows Ohm's Law at 

all current and voltage levels, b) a resistance value is independent of the frequency, c) alternating current (AC) 

and voltage signals through a resistor, are in phase with each other. However, was necessary to introduce a more 

general circuit parameter – impedance, which is a measure of the ability of a circuit to resist the flow of an 

electrical current, without the simplification provide before.  

Measured by applying an AC potential to an electrochemical cell and then measuring the current through the 

cell, the response to this potential is an AC signal. The current signal can be analyzed as a sum of sinusoidal 

functions (a Fourier series). 

By a small excitation signal for a response pseudo-linear (linear system) the current response to a sinusoidal 

potential will be a sinusoid at the same frequency but with a phase shift (Figure 17).  

 

Figure 17: Sinusoidal current response in a linear system 
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The excitation signal, expressed as a function of time by equation 3, where E is the amplitude of the signal, ω 

(Hz) is the frequency (ω= 2πf).  

 
 

𝐸 = 𝐸 sin 𝜔𝑡 
 

(3) 

For a linear system, the response signal (equation 4) is shifted in phase (𝜙) and has a different amplitude than I0. 

 
 

𝐼 = 𝐸 sin(𝜔𝑡 + 𝜙) 
 

(4) 

Similarly, from Ohm's Law it is possible to determine the impedance of a system by using equation ()  

 

 

𝑍 =  
𝐸

𝐼
=

𝐸 sin(𝜔𝑡)

𝐼 sin(𝜔𝑡 + 𝜙)
= 𝑍

sin(𝜔𝑡)

sin(𝜔𝑡 + 𝜙)
 

 

(5) 

By plotting the applied sinusoidal signal E(t) on the X-axis of a graph, and the sinusoidal response signal I(t) on 

the Y-axis, the result is an oval - "Lissajous Figure". Analysis of Lissajous Figures on oscilloscope screens was the 

accepted method of impedance measurement prior to the availability of modern EIS instrumentation. 

With Euler’s relationship, it is possible to express the impedance as a complex function (equation 6).  

 

 

𝑍(𝜔) =  
𝐸

𝐼
= 𝑍 𝑒𝑥𝑝(𝑗𝜙) =  𝑍 (𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛(𝜙) 

 
 

(6) 

The expression for Z(ω), which is composed of a real and an imaginary part, is represented by “Nyquist Plot" 

(Figure 18a). Y-axis is negative and that each point on the Nyquist Plot is the impedance at one frequency, low-

frequency data are on the right side of the plot and higher frequencies are on the left.  

On the Nyquist Plot, the impedance can be represented as a vector (arrow) of length |Z|. The angle between this 

vector and the X-axis, commonly called the “phase angle”, is f (=arg Z). The impedance is plotted with log 

frequency on the X-axis and both the absolute values of the impedance (|Z|=Z0) and the phase-shift on the Y-

axis, defined by “Bode Plot” (figure 18b), does show frequency information. 
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Figure 18: a) Nyquist Plot with Impedance vector; b) Bode Plot (taken from(136) 

Electrical circuit theory distinguishes between linear and non-linear systems (circuits), impedance analysis of 

linear circuits is much easier than analysis of non-linear ones, Figure 19 shows how electrochemical systems can 

be pseudo-linear. If was analyzed a small enough portion of a cell's current versus voltage curve, a linear system 

appears (Figure 19) (137). 

  

 

Figure 19: Current versus Voltage Curve Showing Pseudo-Linearity 
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The system being measured must be at a steady-state throughout the time required to measure the EIS 

spectrum, in practice a steady state can be difficult to achieve. The cell can change through adsorption of solution 

impurities, growth of an oxide layer, build-up of reaction products in solution, coating degradation, or 

temperature changes (138).  

1.10.4.2 Electrical Circuit Elements 

EIS data are commonly analyzed by fitting with an equivalent electrical circuit model (EEC). Most of the circuit 

elements in the model are common electrical elements such as resistors, capacitors, and inductors. To be useful, 

the elements in the model should have a basis in the physical electrochemistry of the system. As an example, 

many EECs contain a resistor that models the resistance of the solution on the electrochemical cell. 

Some knowledge of the impedance of the standard circuit components is therefore quite useful. Table 4 lists the 

most common circuit elements, the equation for their current versus voltage relationship, and their impedance. 

Table 4:  Common Electrical Elements 

Component Current Vs. Voltage Impedance 

resistor E= IR Z = R 

inductor E = L di/dt Z = jωL 

capacitor I = C dE/dt Z = 1/jωC 

The impedance of a resistor is independent of the frequency and has no imaginary component, only a real 

impedance component, the current through a resistor stays in phase with the voltage across the resistor. The 

impedance of an inductor increases as the frequency increases, inductors have only an imaginary impedance 

component. The impedance versus frequency behavior of a capacitor is opposite to that of an inductor. A 

capacitor's impedance decreases as the frequency is raised. Capacitors also have only an imaginary impedance 

component. The current through a capacitor is phase-shifted 90 degrees with respect to the voltage. 

The total impedance of an electrical circuit, at a given frequency, depends on the individual impedance of each 

element (capacitor and resistor), as an example for a one-time constant, the equivalent circuit is given by Figure 

20.    

 
Figure 20:  Nyquist Plot with Impedance vector and their equivalent circuit for one time constant 
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Each association of a capacitor with resistance, when added in series or parallel, corresponds to new time 

constants, used to describe more complex systems (139). 

1.10.5 Solution Simulated Body Fluid (SBF) Protocol 

The bone-bonding ability of a material is frequently evaluated by analyzing the capability of apatite to form on 

the surface using simulated body fluid (SBF), that has an ion concentration nearly to that of human blood 

plasma(140). SBF was first introduced by Kokubo (141)(Table 5), in order to evaluate its changes and reactions 

on bioactive surfaces of ceramic glasses. 

Table 5: Ion concentrations (mM) of SBF and human blood plasma 

Ion Simulate Body Fluid (141) Blood plasma (140) 

Na+ 142.0 142.0 

K+ 5.0 5.0 

Mg2+ 1.5 1.5 

Ca2+ 2.5 2.5 

Cl- 148.8 103.0 

HCO3- 4.2 27.0 

HPO42- 1.0 1.0 

SO42- 0.5 0.5 

This means that the in vivo bone bioactivity of a material can be predicted from the formation of apatite on its 

surface when immersed in the SBF. Since then, the in vivo bone bioactivity of various materials have been 

assessed by the formation of apatite in SBF.  

The preparation of the SBF solution requires two precautions. On the one hand, it is necessary to ensure that all 

laboratory material is properly cleaned, to avoid contamination and the development of microorganisms in the 

solution. On the other hand, it is necessary to adjust the pH of the solution to 7.4 after adding all the components, 

without the precipitation of the salt already in the solution. The SBF solution was prepared on a heating plate 

and the temperature and pH were monitored during preparation with a thermo and pH probe, respectively. At 

the end, the pH was stabilized at 7.4 and 37ºC. The amount of reagents used and the order of adding them is 

described in Table 6. 

Table 6: Regents used for preparing SBF (pH 7.40, 1L solution) 

Order of adding Reagent Amount 

1 NaCl 7.996 g 

2 NaHCO3 0.350 g 

3 KCl 0.224 g 

4 K2HPO4･3H2O 0.228 g 

5 MgCl2･6H2O 0.305 g 

6 1M-HCl 5mL + amount to maintain pH (max. 35mL) 

7 CaCl2 0.278 g 

8 Na2SO4 0.071 g 

9 (CH2OH)3CNH2 6.057 g 
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B EXPERIMENTAL SECTION 

In this chapter, it will be described how the different techniques and procedures were used to develop the 

research relating to the (i) MOF synthesis, (ii) fabrication of a MOF-based coating on Zn, and (iii) assessment of 

the in-vitro behavior of the functionalized material.  

The methodology used to synthesize the new ACFs, compounds and equipment used will be detailed. After, the 

technique used to design the ACF coating, materials used, as well as substrate preparation and cleaning 

procedures will be presented. In both sections, a detailed physicochemical characterization of the ACF and 

coating respectively were performed. Finally, the degradation behavior of the functionalized zinc was assessed, 

and the resulting morphological and chemical changes were investigated. 
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2 Materials and Methods  

2.1 Synthesis of the ACFs  

The starting materials were purchased and used without further purification. Their specifications are assigned in 

Table 7.  

Table 7: Reagents’ specifications 

Reagent Produced Purity Physical State 

Nalidixic acid Sigma- Aldrich, Munich, Germany 98% Solid 

Nicotinic acid Fluka, Buchs, Switzerland 99.5% Solid 

Isonicotinic acid Sigma- Aldrich, Munich, Germany 99% Solid 

Salicylic acid Fluka, Buchs, Switzerland 99% Solid 

Calcium hydroxide Sigma- Aldrich, Munich, Germany 96% Solid 

The structure of the organic ligands is presented in Figure 21.  

 
Figure 21: Structure of the organic ligands 

All the syntheses were carried out through mechanochemistry. In the first approach, manual grinding was used 

to assess the viability of the reaction (Figure 22a).  A vibrational ball mill was then used to optimize the reaction 

conditions (Figure 22b). In order to promote the formation of the ACFs, minimum amounts of solvents were 

used, applying the so-called liquid-assisted grinding (LAG).  

 
Figure 22: a) Different types of grinding jars that can be used for mechanochemistry b) Stainless-steel grinding jars in a 

Retsch MM400 ball mill 
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The procedures and description specifications of the conditions tested are shown in Table 7: starting reagents, 

stoichiometry, solvent quantity and reaction time are described.  

Table 8: Experimental conditions of synthesis  
ACF Antibiotic Co-ligand Metal Solvents Stoichiometry Time 

ACF1 nalidixic acid salicylic acid calcium hydroxide 
Water 

200µl 
3:1:2 5 min 

ACF2 nalidixic acid nicotinic acid calcium hydroxide 
Water 

200µl 
3:1:2 5 min 

ACF3 nalidixic acid isonicotinic acid calcium hydroxide 
Water 

200µl 
3:1:2 5 min 

All the reactions were performed in a Retsch MM400 ball mill operating at a frequency of 29 s−1, using 15 mL 

stainless steel grinding jars, with 2 stainless steel balls (7 mm diameter). 

Single crystals of ACF1 were obtained by recrystallization in methanol and ammonia, by slow evaporation of the 

solvents, at room temperature. For ACF2, the recrystallization was carried out in MeOH/H2O and MeOH/ N,N-

dimetilformamida mixtures. ACF3 single crystals were obtained from a solution reaction in which the starting 

materials were dissolved in 10 mL of methanol and 1 mL of ammonia and stirred for about 1h at 40⁰C, and left 

to crystallize by slow evaporation of the solvents, at room temperature. 

All the new  structures synthesized were stored at room temperature. 

2.2 Coating Formulation   

Due to its chemical properties, ACF1 was chosen for the coating formulations studies. This ACF is a compound 

that results from the coordination of nalidixic acid, used as an antibiotic, and salicylic acid, known as an 

antimicrobial, to calcium centers, with bone regeneration properties. Moreover, it was shown to be stable after 

synthesis for several months on shelf conditions. 

2.2.1 Substrate Preparation 

The specifications of the metallic zinc foil used are listed in Table 9. A previous pretreatment step, necessary to 

prepare the surface, consisted of polishing with a 360 grain (P600) assisted with water, to level and homogenize 

the surface; to minimize the formation of oxides at the surface of the substrate, with the same grit was used with 

ethanol. Finally, the surface was dried with compressed air. 

Table 9: Specifications of zinc foil   

Zinc Foil Specifications 

Brand GoodFellow 

Purity 99.99% 

Temperature as rolled 

Net weight 37.5 g 

CAS 7440-66-6 
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2.2.2 Electrodeposition    

To test the best conditions for the electrophoresis of the as-synthesized MOF on zinc, two types of equipment 

with different current and voltage ranges were used, a Laboratory DC Power Supply Sorensen LH110 (Figure 23a) 

and a Gamry instruments interface 1010E (Figure 23b). Despite the high voltages used, the stability of operation 

deposition was performed inside of a Faraday Cage, to reduce any possible noise and avoid possible interferences 

from external magnetic fields. The noise with an electronic component that exists outside the cage is completely 

cancelled within that space. All the tests were performed at room temperature.  

 

Figure 23: a) Laboratory DC Power Supply b) Gamry Interface on top couple to a Faraday cage 

For the electrophoresis of the new ACF1 on bare zinc, a two-cell system assembly was performed as depicted in 

Figure 24a). The two-cell system consists of two electrodes with opposite charges (anode, cathode), immerged 

in an electrolyte. In this system, the anode was a platinum coil, and the cathode was the zinc foil, as schematically 

represented in Figure 24b. 

   
Figure 24: a) Real electrophoresis apparatus, and system cell detailed, b) Scheme of the system 

For this experimental step, the assembly of a small volume and a feasible system was achieved with an acrylic 

cylindrical cell, where the cathode was assembled on the bottom of the cell, with an exposed area of 1.99 cm2. 

The electrophoresis tests were performed by applying constant voltages from -12.56V/cm2 to 25.13V/cm2, for 
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different periods (60-3600s). The electrolyte was prepared with MilliQ water by adding different concentrations 

of the ACF1 (1 to 5 mg/mL) to a final volume of 6 mL. Some additives were also added to the electrolyte, namely 

urea, nicotinamide, and ammonia (Table 10).  

Table 10: Reagents for electrolyte preparation 

Reagent Produced Purity Physical State 

Urea Sigma- Aldrich, Munich, Germany 99% Solid 

Nicotinamide Sigma- Aldrich, Munich, Germany 99% Solid 

Ammonia AnalaR NORMAPUR, Fontenay-sous-Bois, France 25% Liquid 

 

2.3 In vitro behavior of bare and coated zinc 

2.3.1 Preparation of the Simulated Body Fluid  

The simulated body fluid (SBF) solution was selected as the medium to study the in vitro degradation behavior 

and apatite formation of both bare and coated zinc. According to the bibliography(142), and as explained in the 

introduction chapter, the preparation of the SBF solution occurred at a controlled pH 7.4 and 37°C, using the 

reagents described in Table 11, and MilliQ water produced in the Arium® water system. 

Table 11: Reagents used for SBF  

Order of adding Reagent Produced Purity Physical State 

1 NaCl Sigma- Aldrich, Munich, Germany 99.0% solid 

2 NaHCO3 Sigma- Aldrich, Munich, Germany 99.7% solid 

3 KCl JMGS, Lda, Lisboa, Portugal  99.0% solid 

4 K2HPO4･3H2O Merk, Darmstadt, Germany 99.0% solid 

5 MgCl2･6H2O Merk, Darmstadt, Germany 99.0% solid 

6 1M-HCl Roth, Karls Ruhe, Germany 98.0% liquid 

7 CaCl22H2O Merk, Darmstadt, Germany 99.5% solid 

8 Na2SO4 Sigma- Aldrich, Munich, Germany 99.0% solid 

9 (CH2OH)3CNH2 Sigma- Aldrich, Munich, Germany 99.8% solid 
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2.3.2 Degradation behavior  

To assess the degradation behavior of bare and coated zinc, electrochemical impedance spectroscopy (EIS) 

technique was used. These tests were performed by using a Gamry Instruments interface 500+, at 37°C and 50% 

of humidity. For this setup a three-cell electrode system was used, where the working electrode (WE) was the 

bare or coated metallic zinc, the counter electrode (CE) was a platinum coil, and the reference electrode (RE) 

was a saturated calomel electrode (SCE) (Figure 25). The RE electrode is based on the reaction between metallic 

mercury and mercury (I) chloride. The aqueous phase in contact with mercury and mercury (I) chloride (Hg2Cl2, 

"calomel") is a saturated solution of potassium chloride in water. The electrode is connected by porous medium 

porcelain to the solution in which the other electrode is immersed. The presence of porous porcelain forms a 

salt bridge. In a three-electrode cell, the potential is measured between the WE and the RE, while the current 

measurement is carried out between the WE and the CE. As these measurements are made between different 

electrode pairs, each measured quantity (potential or current intensity) does not affect the measurement of the 

other.  

  
Figure 25: System of EIS inside an oven with controlled temperature and humidity 

Since EIS is a steady-state technique, to obtain reliable results is important to guarantee the stability of the 

electrochemical system. Tests of EIS typically start by measuring the open circuit potential (OCP) on day zero for 

30min, when the system requires more time to reach a steady-state, whereas in the remaining days of the assays 

the OCP measurements took 10 min. An electrochemical system is considered stable if the OCP is kept 

approximately constant over the period of the analysis. To avoid the interference of external electromagnetic 

noise, essential in these highly sensible tests, all measurements were performed inside an oven that worked as 

a Faraday Cage. This allowed keeping the operation conditions constant during the seven days of analysis.  

Temperature and relative humidity (RH) were kept at 37°C to simulate the temperature of the human body, and 

at 50%, to maintain the % of water on the system, respectively.  
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The parameters defined for the EIS test, on the Gamry software were: frequency range from 10-2 to 105 Hz; and 

7 points per decade, i. e. seven impedance measurements were made for each variation of the order of 

magnitude, starting at the highest frequency. The number of points per decade must always be an odd number 

to avoid resonance with the frequency of the national electricity grid (50 Hz) and its harmonics. Impedance 

spectra are generally performed with a small amplitude perturbation (typically between 1 – 10 mV). The 

amplitude of the disturbance was defined as 10 mV for this system. The electrolyte used to assess the 

degradation behavior of the system was 12mL of SBF solution for an exposed area of the WE of 1.99 cm2. 

2.4 Physicochemical Characterization  

2.4.1 Structural, Chemical and Morphological Characterization 

Powder X-Ray Diffraction (PXRD): data for ACFs and coated zinc samples were obtained in a D8 Advance Bruker 

AXS θ–2θ diffractometer (Bruker, Karlsruhe, Germany) equipped with a LYNXEYE-XE detector, using copper 

radiation source (Cu Kα, λ = 1.5406 Å), operated at 40 kV and 30 mA. Data was collected in the 3–60° 2θ range a 

step size of 0.02°, and 0.6 s per step.   

Single crystal X-Ray Diffraction (SCXRD): Crystals of ACF1, ACF2 and ACF3 suitable for X-ray diffraction studies 

were mounted on a loop with Fomblin© protective oil. SCXRD data were collected on a Bruker AXS-KAPPA 

D8QUEST, at 293 K, with graphite-monochromated radiation (Mo K, =0.71073 Å). The X-ray generator was 

operated at 50 kV and 30 mA and the X-ray data collection was monitored by the APEX3 program. All data were 

corrected for Lorentzian polarization and absorption effects using SAINT(142) and SADABS(143) programs. 

SHELXT(144) was used for structure solution and SHELXL-97(144) was used for full-matrix least-squares 

refinement on F2. These two programs are included in the package of programs WINGX-Version 2014.1(145). A 

full-matrix least-squares refinement was used for the non-hydrogen atoms with anisotropic thermal parameters. 

HOH atoms were added in calculated positions. HCH and HOH atoms were added in calculated positions and refined 

riding on their respective C and O atoms. Water hydrogen atoms were not modeled. MERCURY 2020.3.0(146) 

was used for packing diagrams. PLATON(147) was used for hydrogen bond interactions. Refinement details are 

listed in Table 12.  
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Table 12: Crystallographic details for ACF1, ACF2 and ACF3 

: ACF1 ACF2 ACF3 

Chemical formula C43H38N6O20Ca2 C42H37N7O19Ca2 C42H37N7O19Ca2 
Mr 1037.95 1023.95 1023.95 

T / K 298 298 150 
Morphology, 

colour 
Block, colourless Block, 

colourless 
Block, colourless 

Crystal size / mm 0.32x0.16x0.02 0.18x0.10x0.04 0.10x0.03x0.02 
Crystal system Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 

a / Å 12.2952(16) 12.2014(8) 12.2221(12) 
b / Å 12.6162(15) 12.5343(8) 12.3753(13) 
c / Å 16.2844(18) 15.9942(11) 15.8689(18) 
 / ° 77.517(3) 77.028(3) 78.374(4) 
 / ° 85.482(3) 85.122(3) 86.490(4) 
 / ° 84.262(3) 83.299(3) 83.831(5) 

V / Å3 2449.7(5) 2363.0(3) 2335.4(4) 
Z 2 2 2 

d / mg.m-3 1.407 1.438 1.456 
 / mm-1 0.316 0.325 0.329 

 range (min -max) 
/ ° 

2.250 - 26.473 2.691 – 26.535 2.937 – 26.465 

Reflections 
collected/unique 

33419/9669 23504/9700 19442/9528 

Rint 0.1568 0.0643 0.0830 
GoF 1.001 1.039 0.994 

R1, wR2 (> 2(I)) 0.0932, 0.2320 0.0754, 0.1917 0.0733, 0.1629 

Combined TG-DSC measurements of the ACF1 were carried out on a SETARAM TG-DTA 92 (Caluire, France) 

thermobalance under nitrogen flow with a heating rate of 10°C.min-1. The samples weights were in the range of 

5-10 mg. 

Morphological features of ACF1, and coated zinc samples, before and after the in vitro testes were analyzed by 

scanning electron microscopy (SEM) using a JEOL-JSM7001F (Tokyo, Japan) or Hitachi S2400 apparatus; for the 

energy dispersive spectrometer (EDS) analyses the corresponding EDS light elements spectrometers were used, 

Oxford INCA 250 and Bruker Esprit, respectively. Whenever required, the conductivity of the samples was 

improved with a thin coating of conductive gold/palladium (Polaron E-5100). 

Solubility analyses of the ACF1 were performed by visual inspection when adding 10 mg of ACF1 to 10 mL of 

different solvents; their properties are presented in Table 13.  

Table 13: Solvents’ properties used in the solubility tests 

Reagent Produced Purity Physical State 

Acetone 
Honeywell, Riedel-de-Haën, 

Seelze, Germany 
99.5% Liquid 

Ethanol Carlo Erba, Barcelona, Spain 96.0% Liquid 

Chloroform Merck, Darmstadt, Germany 99.0% Liquid 
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2.4.2 Biological Activity 

This biological activity characterization was carried out in full partnership within the project ““ACFs: Antibiotic 

coordination frameworks as a way to enhance the bioactivity of the drugs” (LISBOA-01-0145-FEDER-030988; 

PTDC/QUI-OUT/30988/2017) through Dr. Paula Alves, and Prof Patrícia Rijo, to whom I would like to extend my 

deep gratitude. The operating conditions of the tests are described below. 

Gram-negative and Gram-positive bacteria (Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 

25923), respectively) were selected as model organisms for the detection of the minimum inhibitory and 

bactericidal concentrations (MIC and MBC, respectively) of the synthesized compounds and respective reagents. 

These values were determined by the microdilution method (148, 149). Briefly, 100 μL of Mueller-Hinton liquid 

culture medium were added to all the 96-wells of a microplate. Then, solutions of 1mg/ml of the compounds 

that are going to be tested were prepared. A volume of 100 μL of these solutions was added to the first column 

and serial dilutions of (1:2) were performed. The final step was the addition of 10 μL of bacterial inoculum to 

each well. Then, the microplates were incubated for 24 h at 37 °C. After 24 h, the plates were visually analyzed 

and the lower concentration where no visible bacterial growth could be detected was considered as the MIC. 

Then, the content of wells without active bacterial growth (within the range of concentrations equal and higher 

to the MIC) was used as inoculum and spread onto a new sterile Mueller-Hinton solid culture medium. These 

solid medium plates were incubated at 37 °C for 24 h to allow MBC determination, which is the lowest 

concentration with no visible bacterial growth. 
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C RESULTS AND DISCUSSION 
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3 Design, synthesis and characterization of new Ca-nalidixic acid ACFs 
The design of the new ACFs was based on the ability of nalidixic acid to deprotonate the carboxylic acid moiety 

and coordinate to metal centers like Ca(II) via the carbonyl and carboxylate moieties. Nevertheless, the previous 

results obtained within the group show that often the final product is a coordination complex that does not give 

rise to coordination frameworks. Bearing this in mind, it was decided to include secondary ligands into the system 

to promote the formation of metal-organic frameworks. The choice of the ligands was based on several factors: 

i) their propensity to coordinate to the Ca(II) centers; ii) their compatibility to be used in pharmaceutical 

formulations; and iii) if possible, have some type of biological effect. Thus, the coformers chosen were salicylic, 

nicotinic and isonicotinic acids.  

Regarding the synthesis of these compounds, the preferred synthetic technique was mechanochemistry. After 

optimization of the reaction conditions (stoichiometry of the starting materials, solvent used to promote the 

reaction, number of balls, reaction time), LAG proved to be effective in obtaining the desired final products, with 

high purity and high yields. 

The characterization of the new products by a combination of different techniques was fundamental to 

determine their crystal structures, assess relevant properties, and check their stability. The results for the 

characterization of these compounds will be presented below. 

3.1 ACF1 

ACF1 results from the LAG reaction between nalidixic and salicylic acids with Ca(OH)2 that led to the complete 

reaction yielding pure ACF1, with the final bulk product having no traces of any of the starting materials (Figure 

25a). Good quality single crystals were grown from the recrystallization process, and therefore crystal structure 

determination was possible from single-crystal X-ray diffraction data. This information further confirmed the 

purity of the bulk, by the comparison of the diffraction pattern simulated from the crystal structure with the 

experimental powder diffraction pattern (Figure 26b).  
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Figure 26: PXRD patterns for a) ACF1 (blue), nalidixic acid (purple), and salicylic acid (pink); b) ACF1 (blue) and pattern from 
simulated the crystal structure (black) 
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The reproducibility of the synthetic process was confirmed by PXRD after several the analysis of different batches 

(Figure 27).  
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Figure 27: PXRD pattern of ACF1 from different batches compared with the pattern simulated from the crystal structure 

(black) 

Regarding the crystal structure, a brief discussion will be presented, as it is important to understand its main 

structural features. The asymmetric unit consists of two crystallographically independent Ca(II) metal centers, 

three nalidixic acid, one salicylic acid, three coordinated water molecules and five hydration water molecules 

(Figure 28a). In order to coordinate to Ca(II), the carboxylic moieties of nalidixic and salicylic acids are 

deprotonated. One of the Ca sites coordinates to the three nalidixic acid anions and assumes a square 

antiprismatic geometry (CN=8), while the other Ca center coordinates to both nalidixic and salicylic acids anions 

and water molecules displaying an octahedral geometry (CN=6) (Figure 28b). 

 

 a) 

 

 

                                                                                                b) 

Figure 28: Details on ACF1 crystal structure depicting the: a) details of the coordination to the Ca(II) metal centers; b) 
coordination Ca(II) geometries. Hydrogen atoms were omitted for clarity 
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The supramolecular arrangement of ACF1 is characterized by the formation of 1D frameworks, in a view along 

the b axis. Hydration water molecules occupy the space between consecutive 1D frameworks (Figure 29).  

The structure arrangement presents a laminae appearance with length variations between 0.3 to 0.6 µm, with a 

superior dominance over the minimum length of 0.3 µm (Figure 30a). Distribution of calcium in the structure 

(Figure 30b) identified an equal distribution of the atoms along all the crystal structure. 

a)  b) 

The atomic percentage attained by EDS of each element is given inTable 13, the elements identified were carbon, 

oxygen and calcium, all present at the structure of ACF1. Following the crystal structure analyzed on Figure 30a) 

the percentage of which atom can be estimated. A significant variation on the percentage of carbon was 

observed, this type of characterization requires the use of a carbon ribbon, an aspect that supports the deviation 

on values. The elements oxygen and calcium were considered by EDS and the estimated values are in the same 

range of values. 

Table 14: Atomic percentage on ACF1  

Element Carbon Nitrogen Oxygen Calcium 

% Atomic by EDS 69.6 n.d. 24.1 6.3 

% Atomic estimated 49.0 8.0 30.3 7.6 

Deviation 20.6 n.d. -6.2 -1.3 

Analyses of atomic characterization by the ratio between different atoms give a more viable way of comparison 

of the results. So, ratios between oxygen/carbon and oxygen/calcium were also analyzed, ratio oxygen/calcium 

Figure 29: Crystal Packing of ACF1. Hydration water molecules are represented in blue, using space fill style, for clarity 

Figure 30: a) Morphological structure of ACF1; b)Atomic distribution of Calcium on ACF1 
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was similar to both cases, while oxygen/carbon shown a higher ratio for the same reason that was explained 

before (Table 14). 

Table 15: Atomic ratio on ACF1 

Ratio ACF1 by EDS  ACF1 estimated  

Oxygen/carbon 0.3 0.6 

Oxygen/calcium 3.8 4.0 

ACF1 has shown to be stable over time under shelf conditions, as its crystalline structure is maintained over time 

(Figure 31).   
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Figure 31: PXRD pattern for ACF1 as-synthesized and ACF1 6 months after synthesis 

DSC and TG were obtained for ACF1 to determine its thermal stability.  ACF1 is stable until approximately 100⁰C, 

the temperature at which the loss water present its structure is detected, corresponding to 11.2% weight loss 

(theoretical 13.9%) until 120.4°C. After 250°C several decomposition phenomena are detected (Figure 32). From 

the point of view of the application, this indicates that ACF1 is stable not only at the human body temperature 

but also in the relevant temperature range for drug storage and transportation. 
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Figure 32: TGA and DSC of ACF1  

The antimicrobial activity of the new synthesized ACF1 was tested, as part of a collaboration, against Escherichia 

coli (Gram-negative) and Staphylococcus aureus (Gram-positive) bacteria and compared with the activity of the 
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starting materials (Table 15). Results show that the antimicrobial activity is maintained in the new ACF, which is 

more active E. coli, a Gram-negative bacteria, than against S. aureus, a Gram-positive bacteria, similarly to 

nalidixic acid’s behavior. 

Table 16: Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of each reagent and 
synthesized compound for Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-positive) bacteria. The 

compounds’ concentration tested ranged from 500 to 0.33 μg/mL 

Compounds 
Escherichia coli Staphylococcus aureus 

MIC ( g/mL) MBC ( g/mL) MIC ( g/mL) MBC ( g/mL) 

Ca(OH)2 125 500 250 500 

Nalidixic acid 1.95 >7.81 250 500 

Salicylic acid 125 500 250 500 

ACF1 1.95 7.81 250 500 

Positive control 0.49 (NOR) Nd 0.98 (VAN) Nd 

Negative control (DMSO) 125 Nd 250 Nd 

As a positive control was tested Norfloxacin (NOR) for Gram-negative bacteria and Vancomycin (VAN) was used as positive control for 

Gram- positive bacteria. 

 

3.2 ACF2 and ACF3  

ACF2 and ACF3 were synthesized by LAG reaction between nalidixic acid, Ca(OH)2 and nicotinic acid or isonicotinic 

acid, respectively. The final products were obtained as pure phases with high yields (higher than 98%). The 

powder diffraction patterns were very similar between ACF2 and ACF3, and similar to the one obtained for ACF1, 

indicating a structural similarity among the three compounds. After recrystallization, it was possible to obtain 

good quality single crystals for both ACF2 and ACF3 that allowed the structure elucidation and confirmed that 

the three structures are very similar amongst them (Figure 33).  
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Figure 33: PXRD pattern of ACF3 (dark blue) and pattern from simulated single crystal (light blue), PXRD pattern of ACF2 

(dark purple) and pattern from simulated single crystal (light purple), PXRD pattern of ACF1 (dark green) and pattern from 
simulated single crystal (light green) 
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Similarly, to what was described for ACF1, also in ACF2 and ACF3, the asymmetric unit consists of two metal 

centers of calcium, coordinated to three molecules of nalidixic acid via the carboxylate and carbonyl moieties, to 

a second organic ligand (nicotinic acid for ACF2, and isonicotinic acid for ACF3) via the carboxylate moiety and 

three water molecules, also enclosing five hydration water molecules (Figure 34). The Ca(II) centers assume 

antiprismatic (CN=8) and octahedral (CN=6) geometries. 

 a) b) 

 

 

c) d) 

Figure 34: Details on ACF2 and ACF3 crystal structure depicting the: a) details of the coordination to the Ca(II) metal centers 
in ACF2; b) details of the coordination to the Ca(II) metal centers in ACF3 coordination Ca(II) geometries; c) representation of 
the geometry around the Ca(II) centers in ACF2; d) representation of the 1D framework formed in ACF2, in a view along the a 

axis. Hydrogen atoms were omitted in (c) and (d) for clarity 

The successful synthesis by mechanochemistry of  ACF1, ACF2, ACF3 was easily replicable, according to the 

operating conditions.   

From these three structures, due to the properties of the second ligand, ACF1 was chosen to proceed to the 

following studies of coating formulation to create a localized drug delivery system. 
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4 Synthetic Route for the Antimicrobial Coating Formulation  

The coating formation was based on the capability that ACF1 has to be deposited on the surface of a metal when 

an electric charge is applied. This synthetic route, where particles instead of the molecular precursors are used, 

is called electrophoresis. 

4.1 Fine-tuning the coating formulation 

As a new and innovative system for coating metals, all variables were unidentified. As such it was necessary to 

understand how the system reacts to different variables: i) electrolyte composition, ii) applied charge and iii) 

time of operation.  

To select the appropriate electrolyte, solubility analyses of the ACF1 were performed by visual inspection, when 

adding 10 mg of ACF-1 to 10 mL of a solvent. Visually (data not shown) ACF1 was soluble in chloroform and 

insoluble in water, acetone and ethanol. For the cases of insoluble solvents and taking into consideration that it 

will be useful to build a “green” system, water was the selected choice. Having the guarantee that the ACF1 

structure was preserved in water, without any risk of modification on its initial structure, this electrolyte was 

used.  

To monitor the changes caused by the applied charge and time variables, different techniques were used to 

identify the structures/coatings attained at the surface of the substrate.  

For the development of this new system, different potentials and deposition times were applied to understand 

which conditions were leading to the successful deposition of ACF1. By changing the potential from negative to 

positive values for different periods, it was possible to observe, by visual inspection, that only the positive 

potential resulted in the deposition of a white coating on the substrate (Figure 35). This evaluation suggests that 

whatever was being deposited on the zinc surface was negatively charged. As previously shown (Figure 27), ACF1 

has a negative charge density, confirming the deposition attained at positive potentials. 

 
Figure 35: Viability of electrophoresis: green dots represent successful cases, the red cross represents enviably cases 

[Potential (V/cm2) vs time(s)]. 

To confirm that ACF1 was being deposited on the zinc surface and that the electrophoresis was not compromising 

this MOF PXRD analyses was performed. PXRD confirmed that the stability of ACF1 was kept after the 

electrophoresis, as the diffractogram of the compound deposited on the surface matches that of the as-
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synthesized compound (Figure 36). The optimization of the ACF1 coating production, including coating thickness 

and homogeneity, was explored with positive potentials. 
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Figure 36: PXRD pattern of the substrate after electrophoresis on negative potential (red), on positive potential (blue) and 

for ACF1. 

To further improve the coating formulation, the concentration of ACF1 was varied. This was quite challenging as 

the low affinity of the ACF1 to water resulted in the formation of  suspensions, limiting the real perception of the 

effective concentration of ACF1 that was effectively on the electrolyte. Since all the changes in concentration (1 

mg/mL, 2 mg/mL e 5mg/mL), in a total volume of 6 mL electrolyte, and time variation (for 3600s and 1200s) at a 

constant the potential of 2.51V/cm2 resulted in the deposition of ACF1 on zinc, a more sensitive parameter was 

required to fine-tune this coating formulation. At this stage, the pH variation observed on the electrolyte upon 

electrophoresis was chosen. The pH presented variations according to the applied conditions with the most 

consistent results being attained at 1200s and 3600s. At low concentrations of the ACF, instability was observed 

for the final pH values, (Table 17). To guarantee reliability of the results, the concentration chosen for further 

experiments was 5 mg/mL. The hypothesis that proved to be more viable for success was 5mg/mL for periods 

between 1200s to 3600s (highlighted green on Table 17). In a complex system, where was verified substrate 

dissolution and can occur rearrangements of ACF, target studies are required to explain these pH changes. 

Table 17: conditions of operation of Electrophoresis.  

Potential (V/cm2)  Time (s)  C [ACF1] mg/mL Electrolyte addition pHinicial pHfinal 

2.51 1200 1 Water  91 71 

2.51 1200 2 Water 91 81 

2.51 1200 5 Water 91 111 

2.51 3600 1 Water 91 91 

2.51 3600 2 Water 91 111 

2.51 3600 5 Water 91 111 

Since the optimization of this coating formulation was an iterative process, the potential values were again 

different, but at this time by applying small changes. The potentials of 2.51 V/cm2 and 5.02 V/cm2 were chosen 
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and applied for 1200s and 3600s. The results at 5.02 V/cm2 were more consistent, which led to the selection of 

this as the final potential value to be applied for the fabrication of ACF1 coatings on zinc. 

The progress of the system is shown in Figure 37, where the optical images of the coatings attained with the 

potential and time are presented, as well as the final pH values. In Figure 37, lighter background areas refer to 

the initial and broader screening of the electrophoresis conditions whereas a darker background refers to a fine-

tuning of the selected conditions.  

 
Figure 37: Optical images of the coatings obtained for the different potentials and time used on the electrophoresis 

procedure; final pH values were added for the relevant cases. 

Summarizing, the conditions that led to the successful deposition of ACF1 on zinc by electrophoresis were: i) a 

concentration of ACF1 of 5 mg/mL, on an electrolyte volume of 6 mL with water, ii) a potential applied of 

5.02V/cm2, and iii) an operation times between 1200 and 3600 seconds. 

For an in-depth understanding of the coating formulation, coating attained with 1200 and 3600 seconds were 

explored.   
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4.2 In-depth understanding of the coating formulation  

To have a deeper insight into the changes occurring in this new and challenging system, the conditions described 

in Table 18 were analyzed in detail. 

Table 18: Parameters used in the synthesis of ZnACF1-1 and ZnACF1-2. 

Parameters ZnACF1-1 ZnACF1-2 

Potential (V/cm2) 5.02 5.02 

Concentration ACF1 (mg/mL) 5 5 

Time (s) 1200 3600 

Electrolyte water water 

To confirm that a higher potential was not damaging ACF1, the deposits formed were analyzed by XRD. The 

presence of crystals of ACF1 deposited on the surface of the substrate was confirmed for both cases tested, 

ZnACF1-1 and ZnACF1-2, therewith at 1200 and 3600 seconds (Figure 38). 
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Figure 38: PXRD pattern of the as-synthesized ACF1 (blue), and ZnACF1-1 (green), ZnACF2-2 (yellow) coatings.   

The structural analysis of the coatings was also analyzed as well as the substrate surface after deposition. The 

coatings visual images presented in Figure 39, showed that at the end of the deposition ACF1 was deposited on 

the substrate.  

a) b) 

Figure 39:  Optical images of the coatings obtained for samples a) ZnACF1-1 and b) ZnACF1-2  

A deeper morphological analysis was made by SEM (Figure 40). The substrate surface (without deposition), bare 

zinc, shows the polishing shafts. In the coated zinc, namely in samples ZnACF1-1 and ZnACF1-2 the presence of 

a structural form laminae depicted in Figure 40 corroborates the presence of ACF1. Besides ACF1 deposits, were 

also visible on the surface, as well as several holes caused by Zn degradation. This shows that the ACF1 deposition 
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was made at the expense of Zn dissolution. The main difference between the two coatings is related to the holes 

formed on the zinc surface, while in ZnACF1-1 there are several and well-defined holes, in ZnACF1-2 the 

degradation was so extensive that a rough surface (instead of holes) was developed along with the deposition. 

In both cases, as referred, islands of ACF1 were depicted and additionally in ZnACF1-2 big extensions of ACF1 

deposits were also visible on the surface. Interestingly the lamina-like structures of the ACF1 deposits were 

slightly different, whereas the laminas formed on ZnACF1-1 were smaller when compared with ZnACF1-2, these 

were larger (insets in Fig. 40). 

 
Figure 40: Morphological features of (a) bare zinc and after deposition  of ACF1 for 1200s  and 3600s, (b) ZnACF1-1 and (c) 

ZnACF-2, respectively.    

To confirm that these laminae-like structures belong to the organic crystalline compound (Figure 40, yellow and 

green marks) an EDS quantification was made.  The elemental compositions, given in table 19, revealed the 

presence of carbon, zinc, oxygen and calcium. All the organics belong to the ACF1 structure, whereas zinc signal 

comes from the underneath substrate. When comparing ZnACF1-1 with ACF1-2, the same percentages of carbon 

and calcium, belonging to ACF1 were detected on the surface. The difference between these two samples was 

depicted on the Zn:O values, a result that can be related to the analyzed area, i.e., a higher substrate signal was 

read on the ZnACF1-2 spot than on the ZnACF1-1.  

Table 19: Atomic quantification of elements present in coating for samples ZnACF1-1 and ZnACF1-2. 
 

 

 

 

 

A comparison between the ratios of ZnACF1 samples (Table 19) with the ones for the as-synthesized ACF1 (Table 

15), showed that the ratios of oxygen to calcium were slightly increased on the ZnACF1-1 sample and decreased 

on the ZnACF1-2 sample.  This is a complex system that despite having the same structural packing, can have 

suffered some chemical modification. Due to the high alkalinization of the medium upon the deposition, the 

possible hydrolysis of the peripheric carboxylic groups can be hypothesized (Figure 40a), thus decreasing the O 

content on the material’s surface of the sample deposited for a longer period (ZnACF1-2). 

Table 20: Ratio of atomic elements carbon/oxygen and carbon/oxygen for cases ZnACF1-1 and ZnACF1-2  

Ratio ZnACF1-1 ZnACF1-2 

Oxygen/calcium 4.8 2.1 

Element % Atomic SP ZnACF1-1 % Atomic SP ZnACF1-2 

Carbon 78.0 78.0 
Zinc 12.2 16.7 

Oxygen 8.1 3.6 
Calcium 1.7 1.7 
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Despite the successful deposition of ACF1 on zinc, the presence of “holes” (Figure 40) on ZnACF1-1 and ZnACF1-

2 were perceptible on the surface. These are a consequence of the imposed potential.  By the fact that ACF1 has 

a negative net charge, its deposition could only be guarantee by imposing a positive voltage, thus using zinc as a 

sacrificial anode. This strategy caused zinc dissolution, as evidenced by the anodic reaction given by equation 7. 

 
 

𝑍𝑛(𝑠) → 𝑍𝑛 (𝑎𝑞) + 2𝑒  
 

(7) 

These holes can bring drawbacks in terms of the degradation rate and mechanical properties. In an attempt to 

eliminate this unwanted effect, a modification to the original system was made, by applying a cathodic potential 

on WE, as suggested in previous studies(118). In an attempt to change the global net charge of the ACF1 from 

negative to positive in the electrolyte, different compounds were dissolved in water. Ideally, a new system 

formed by ACF1+new compound would result in a positive net charge, thus avoiding zinc dissolution.  

4.3 A new system for the coating formulation 

These tests were performed by using an electrolyte solution saturated in urea (ZnACF1-3) or niacinamide 

(ZnACF1-4) with the same but opposite potential -5.02V /cm2, for 3600 seconds. These additives resulted in the 

same electrolyte appearance, i.e., a white solution.  

After electrophoresis, the sample ZnACF1-3 showed a visual appearance (Figure 41) which did not reveal any 

modification on the surface of the substrate, clearly revealing the inefficiency of this strategy. The electrolyte 

appeared yellowish (instead of a white solution) suggesting that a modification on the structure of ACF1 

occurred, most probably as a result of ACF1 disintegration. A final pH value of 12, higher than the typically 

obtained when ACF1 is electrodeposited (Figure 37, pH=11), further corroborates the inadequacy of this strategy.  

In the case of ZnACF1-4 an altered surface of the substrate was observed (Figure 41), this morphology was 

completely different in comparison with results shown before( figure 39) This was the morphology before dry 

(as previously shown in Figure 36). Contrary to ZnACF1-1 or-2, the ZnACF1-4 presented a dark residue on the zinc 

surface, and the electrolyte an orange coloration; no change in the final pH of the electrolyte was depicted upon 

electrodeposition, as a final value of 7 was measured.  

 

Figure 41: Optical image of the substrate after electrophoresis for cases ZnACF1- 3, and ZnACF1-4. 
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Even though, physicochemical characterization of ZnACF1-4 was performed. As observed in Figure 42, the type 

of structures present on the surface with cubic and sphere-like morphologies, have no morphologic similarities 

to the structure of ACF1 prior (Figure 29a) or after electrophoresis (Figure 40). By the EDS characterization, the 

presence of all expected elements was identified (Figure 42). The high Ca content, compared with the low C 

content (Table 19) further evidence that ACF1 structure was compromised, where the Ca released from its 

structure was precipitated on zinc surface in the form of a different compound (e.g., calcium carbonates). 

 

 

Element 
% Atomic SP ZnACF1-4 

Point 1 

% Atomic SP ZnACF1-4 

Point 2 

Oxygen 60.9 52.6 

Carbon 25.2 25.4 

Calcium 7.5 20.9 

Zinc 6.4 1.1 

 

Figure 42: Morphology of ZnACF1-4 and the EDS for the same sample  

Upon the failure of inverting zinc role from a sacrificial anode to a cathode for the electrophoresis deposition, 

the real impact of having an ACF1 coating on zinc at the expense of its dissolution was assessed by degradation 

studies on ZnACF1-1 and ZnACF1-2 using mimicked physiological conditions. 

4.4 Degradation behavior 

As zinc is well-acknowledged as a bioresorbable material (112, 119), any surface modification can result in an 

altered degradation behavior. To evaluate these changes, electrochemical and physicochemical analyses were 

performed under biomimetic conditions. Progressing with the study of the electrochemical behavior of bare zinc 

and coated zinc, the evolution of the OCP during the immersion, in SBF at 37ºC was registered. This parameter, 

analyzed for a period of 10 min before impedance spectroscopy, revealed that in the first days there was a 

variation in the OCP of bare Zn that stabilized after 1 day of immersion (Figure 43); for the ZnACF1-1, such 

stabilization was achieved as well after the first day, whereas for ZnACF1-2, such a stabilization was not visible 

for the period of the analysis. 
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Figure 43: Evolution of OCP of samples: Bare Zinc, ZnACF1-1 and ZnACF1-2, immersed on SBF for 7 days. 

Interestingly, for bare zinc the OCP decreased after 6 days of immersion, whereas for the coated samples the 

was OCP increased, revealing that distinct evolutions were achieved for the bare and coated zinc samples. To 

have a deeper insight into these changes, EIS measurements were performed. The EIS results, for the samples 

immersed in SBF at 37°C are presented in Figure 44.    

Figure 44:Electrochemical impedance spectroscopy data; Nyquist (left) and Bode plots (right) for Bare Zn, ZnACF1-1 and 
ZnACF1-2 after 7 days of immersion in SBF at 37ºC  

The Nyquist plots showed that both bare Zn and ZnACF1-1 have similar behaviors, with the semi-circles 

suggesting similar corrosion resistance behaviors; a small slop tending to 45o suggests that active corrosion may 

be occurring through pitting, which agrees with the holes depicted on this surface (Figure 40). The plot for the 

ZnACF1-2, with a large semi-circle, indicates a higher corrosion resistance, when compared with bare Zn or 

ZnACF1-1.    
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The value of |Z| at lower frequencies shows that ZnACF1-2 has the highest corrosion resistance, whereas both 

bare Zn and ZnACF1-1 have similar corrosion resistances. These results suggest that, despite the holes formed 

on ZnACF1-2, the corrosion onset resulted in a more protective surface than in the case of both bare zinc and 

znACF1-1. This means that upon corroding, the protective effect of the ACF1-2 coating super passed the 

detrimental effect of the hole formed on the sample surface coating (which due to the extension of Zn dissolution 

resulted in a rough surface, as explained above, Figure 40). When comparing the phase angle plots, there is clear 

evidence that the time constant appearing in the middle frequency range, referring to the resulting corrosion 

products formed upon immersion, are quite distinct. Both in bare zinc and ZnACF1-1, despite the similar 

protectiveness, the nature of the resulting products is different. The most protective corrosion products, 

achieved on the ZnACF1-2 sample, are visible by the highest phase angle in the middle-frequency range. 

To further disclose the differences in the degradation behaviors observed for Zn, ZnACF1-1 and ZnACF1-2, a 

detailed physicochemical analysis of the degradation products was performed (Figure 45). Globally, it was 

possible to conclude that the sample of bare zinc is the one with the smallest area showing corrosion products, 

compared to the substrates that were previously coated with ACF1. Between samples ZnACF1-1 and ZnACF1-2, 

the difference in the degradation activity was enormous, the sample that was coated for the longest time 

resulted in the formation of more corrosion products (ZnACF1-2), which were responsible for the increased 

protection detected by EIS. It should be noted that, on the coated samples, the presence of ACF1 was not 

identified morphologically, assuming that has been degraded. Future studies to analyze the release rate and form 

of degradation of the compound are required. It is noteworthy that the elements present on ACF1 (carbon, 

oxygen and calcium) promoted the formation of degradation products that can be favorable to the system, in 

the sense that these can improve the biocompatibility of the designed materials. A deep and complete analysis 

of the structures obtained should be carried out for an interpretation of the chemical products of corrosion and 

biocompatibility evaluation. 

Bare zinc ZnACF1-1 ZnACF1-2 

  

Figure 45: Analysis of the corroded surfaces of bare zinc, ZnACF1-1 and ZnACF1-2 upon immersion in SBF for 7 days at 37°C. 

By working with a simulation of plasma, such as SBF, which is rich in physiologically relevant ions, is possible to 

predict the combination of ions with the released zinc and ACF1 through the chemical elements’ analysis on the 

corroded surface. From the corrosion products reported in other studies (113, 116,118), where zinc behavior 

was analyzed, new structures were identified, in which elements such as oxygen, carbon, calcium, phosphorus, 

chlorine and zinc were identified. 

On first analysis, zinc oxidation can occur, and is given by equation (8):  
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 𝑍𝑛 → 𝑍𝑛 + 2𝑒  (8) 

The reduction of zinc occurs by producing a precipitate of zinc hydroxide, [Zn(OH)2], equation (9). By the 

dehydration of zinc, hydroxide is possible to form zincite, ZnO, form a typical galvanic couple with Zn which 

promote an acceleration of corrosion. 

 𝑍𝑛 + 2𝑂𝐻  →  𝑍𝑛(𝑂𝐻)  (9) 

In presence of carbon dioxide, zinc hydroxide can be converted in a new structure hydrozincite [Zn5(OH)6(CO3)2], 

equation 10:  

 5 𝑍𝑛(𝑂𝐻) + 2 𝐶𝑂  →  𝑍𝑛 (𝑂𝐻) (𝐶𝑂 ) + 2𝐻 𝑂      (10) 

The presence of zinc hydroxide and zinc oxide in contact with chloride ions promotes the formation of 

simonkolleite [Zn5 (OH)8 (Cl2)H2O], equations 11 and 12: 

 4 𝑍𝑛(𝑂𝐻) + 𝑍𝑛𝐶𝑙 + 𝐻 𝑂 →  𝑍𝑛 (𝑂𝐻) 𝐶𝑙 ∙ 𝐻 𝑂      (11) 

 4 𝑍𝑛𝑂 + 𝑍𝑛𝐶𝑙 +  5 𝐻 𝑂 →  𝑍𝑛 (𝑂𝐻) 𝐶𝑙 ∙ 𝐻 𝑂 (12) 

For the presence of zinc oxide simultaneously dissolution of carbon dioxide can occur a new form of precipitate 

ZnCO3 (smithsonite), equation 13: 

 𝑍𝑛𝑂 + 𝐻𝐶𝑂 →  𝑍𝑛𝐶𝑂 + 𝑂𝐻       (13) 

Compounds derived from the presence of phosphates in solution have also been reported, hopeite [Zn3(PO4)2] 

and skorpionite [Ca3Zn2(PO4)2CO3(OH)2]. 

Without any relationship with existing zinc, but with high importance due to the constitution of ACF1 were 

formed calcium phosphates, hydroxyapatite, Ca10(PO4)6(OH)2 (equation 14). This is a structure widely studied as 

a coating to improve the biocompatibility of biomaterials (150-153). 

 2 𝐶𝑎𝐻𝑃𝑂 + 2 𝐶𝑎  (𝑃𝑂 ) 𝑂 →   𝐶𝑎  (𝑃𝑂 ) (𝑂𝐻)       (14) 

By the presence of certain chemical elements, was possible to predict the existence of some of these corrosion 

products on ZnACF1-1 and ZnACF1-2 surfaces. Their elemental relationship is shown in Table 21. 

Table 21:Corrosion product and their chemical element composition  

 

 

 

 

 

 

 

 

Analyzed by EDS, the chemical element composition was identified in each surface region, according to the 

distinct morphological variations revealed. Following the different morphologies, on bare zinc after seven days 

Element Corrosion product 

Oxygen Zincite, hydrozincite, simonkolleite, skorpionite, hydroxyapatite, smithsonite 

Carbon Hydrozincite, skorpionite, smithsonite 

Calcium Hydroxyapatite 

Zinc Zincite, hydrozincite, simonkolleite, skorpionite, smithsonite, hopeite 

Phosphorous  Hydroxyapatite, skorpionite, hopeite 

Chlorine Simonkolleite 
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of immersion (Figure 46), three morphologically distinct zones were identified: point 1 the precipitated 

compounds have an elongated geometric shape, that together with C and O contents can suggest the 

precipitation of carbonates as hydrozincite, skorpionite, hopeite; at zone 2 few corrosion products were detected, 

where Zn predominates, and at point 3 spherical-like structure were and together with higher P contents can be 

associated to zinc phosphates and/or calcium phosphates like skorpionite, hydroxyapatite, hopeite; the presence 

of zincite can be also considered. 

 

 

 

 

 

 

 

 

On sample ZnACF1-1 after seven days of immersion (Figure 47) a larger area with corrosion compounds can be depicted. 

Morphologically was observed different zones, there is a significant difference in brightness intensity between 1 and 2, which 

the contrast in the image is due to the absorption of electrons by the material, on that case suggests the existence of distinct 

corrosion compounds. On full analysis was revealed the existence of a new element, chlorine, without loss of any of the 

elements described before, which suggest that an additional corrosion product was formed, Simonkolleite. 

 

 

 

 

 

 

 

As described in ZnACF1-1, the elements identified were the same. The major difference occurred in the layer of products 

deposited on this sample. From the bare zinc and ZnACF1-1, ZnACF1-2 is by far the sample with more corrosion products 

(Figure 48). So, corrosion products such as hydrozincite, skorpionite, hopeite, zincite, skorpionite, hydroxyapatite, 

hopeite and simonkolleite are expected to be found in this layer.  

 

Element 
% Atomic SP ZnBare_day7 

Point 1 Point 2 Point 3 

Oxygen 10.6 11.6 43.8 

Carbon 10.8 33.8 n.d. 

Calcium 0.7 n.d. 1.2 

Zinc 75.2 54.0 42.9 

Phosphorous 2.7 0.5 10.4 

Figure 46: Physicochemical analysis of the corrosion products formed on zinc bare, and 
corresponding atomic quantification by EDS  

 

Element 
% Atomic SP ZnACF1-1_day7 

Point 1 Point 2 Point 3 

Oxygen 20.2 53.1 25.9 

Carbon 16.9 13.3 14.1 

Calcium 4.1 3.4 1.6 

Zinc 48.2 22.3 53.1 

Phosphorous 9.5 7.4 5.1 

Chlorine 1.1 0.5 n.d. 

Figure 47: Physicochemical analysis of the corrosion products formed on ZnACF1-1, and corresponding atomic quantification 
by EDS 
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Upon an overall comparison of the corrosion products formed on ZnACF1-1 (Figure 47) and ZnACF1-2 (Figure 48), 

there is a notable increase in Ca content in ZnACF1-2. This, expected to form hydroxyapatite can endow ZnACF1-

2 with increased biocompatibility. 

In an attempt to identify this important inorganic compound, the corroded substrates were analyzed by XRD. For 

sample ZnACF1-1 no signs of crystalline corrosion products were recorded. Whatsoever, a peak was successfully 

obtained for the corroded ZnACF1-2 sample for a theta value of approximately 11°, a peak that is regularly 

identified in the literature for the presence of hydroxyapatite (154-156). 
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Figure 49: PXRD pattern of substrate after immersion for sample ZnACF1-1 (black)  and ZnACF1-2 ( blue)  

The high Ca content (Figure 48) and XRD analysis (Figure 49) are strong indications for the formation of calcium 

phosphates, a compound that has a major interest in this study, as it is shown to be important on the success of 

bone implants. By improving the cytocompatibility with human bone cells, is responsible to promote 

osteoconductive and promote biosorption properties. The increased capability of reabsorption of molecules 

responsible for the recovery of bone may therefore improve the desirable properties of the biomaterial 

presented herein. 

 

 

 

 

 

 

 

 

Element 
% Atomic SP ZnACF1-2_day7 

Point 1 Point 2 Point 3 

Oxygen 49.8 56.6 24.2 

Carbon 9.1 18.1 16.5 

Calcium 7.8 3.9 1.9 

Zinc 23.1 18.3 50.2 

Phosphorous 10.3 3.2 5.4 

Chlorine n.d. n.d. 1.8 

Figure 48: Physicochemical analysis of the corrosion products formed on ZnACF1-2, and corresponding atomic quantification 
by EDS  
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D CONCLUSIONS 

New antibiotic coordination frameworks represent a possible alternative with many advantages to the 

pharmaceutical industry. Three new ACF structures (ACF1, ACF2 and ACF3) were described herein, corresponding 

to the coordination of nalidixic acid and a second ligand (salicylic, nicotinic and isonicotinic acids, respectively) 

to Ca(II).  Mechanochemistry, the synthetic method used, is a very important aspect of this work, as nowadays 

both academia and industry are requested to explore sustainable methods, as the one presented, for new drugs 

production. 

The structure of the new compounds was fully elucidated by the X-ray diffraction techniques, revealing that, 

despite the different second ligands used, the final ACF structures were very similar and characterized as 1D 

frameworks. Due to the bioactive interest of ACF1 - anti-inflammatory and antibacterial activities, the stability 

studies performed, proved its stability for shelf-lives of at least 6 months, and temperatures up to approximately 

100⁰C. These are important aspects for pharmaceutical industries, as storage and transportation represent 

significant costs on new drugs commercialization. 

As part of a collaboration, it was possible to confirm the antimicrobial activity of ACF1 against E. coli, a Gram-

negative bacteria, and S. aureus, a Gram-positive bacteria. This new and reinforced structure, when compared 

with nalidixic acid alone, presents new solutions for bioactive and antibacterial coatings design.   

The deposition of the new ACF1 on zinc was successfully achieved by green and safe electrophoretic procedures. 

The deposition of ACF1, made at the expense of zinc dissolution, delivered materials with a higher degradation 

activity. This activity together with ACF1 dissolution led to the formation of highly biocompatible corrosion layers 

where hydroxyapatite, an important bone analogue, was formed.  

The innovative system presented in this thesis, for the design of robust bioactive and antibacterial ACFs for zinc 

functionalization, opened the door for a new line of research on local drug delivery systems. 
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E FUTURE PERSPECTIVES 

 

Due to the success achieved on the mechanochemical synthesis of the new metal-organic drug structures, the 

studies on the antimicrobial activity should be extended, namely towards antibiotic-resistant bacteria, as MRSA 

and fungi, like pathogenic Candida spp. Moreover, by changing the second ligand, new chemical and biological 

properties can be achieved to expand these ACFs to different areas of treatment, namely in cardiovascular 

diseases. 

The approach presented herein, regarding surface engineering is innovative, as identified in the analysis of the 

results, and as being in its infancy requires major advances. The coating system by using zinc as a sacrificial anode 

need further improvements, either by changing the net charge of the ACF or by changing the zinc surface to avoid 

or limit its dissolution. When aiming for local drug delivery systems, the drug release and form of release is crucial 

for the success of the implanted material. A deep understanding of this behavior is still missing, and its correlation 

with the initial drug design is essential for the success of this unexplored strategy. 
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