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Abstract 
 

A wide range of nanomaterials have been developed for biomedical 

applications, such as drug delivery, biomedical imaging, and sensors. Nanomaterials 

can include nanoparticles (NPs) and nanofibers with various dimensions that are both 

natural and synthetic. A successful nanomaterial, for use in biological applications, is 

characterized by its biocompatibility, biodegradability, intrinsic high surfaces area, 

high interconnected porosity and functionality. These features were achieved with the 

development of metal-organic framework (MOF) nanostructures. MOFs are 

assemblies of metal ions and organic linkers that are built into different geometries 

and can exist in all dimensions (up to 3-D). The choice of linkers with well-defined 

shapes and connectivity to secondary building units (SBUs) allows for the desired 

design of MOF structures. Furthermore, these reticular materials can be post-

synthetically modified and fine-tuned for specific biological properties. BioMOFs 

have proven their effective delivery of various molecular drug entities, however, a 

focus on these materials as a stand-alone treatment is needed. The intrinsic peroxidase 

activity of Cu2+ and its ability to cause oxidative stress in cancer and bacterial cells 

sparked our interest in studying and further evaluating the efficacy of copper-based 

MOFs as anti-cancer and anti-bacterial stand-alone treatments. Gallic Acid (GA), an 

edible phytochemical found in nature, can exhibit pro-oxidant and antioxidant 

properties by causing reactive oxidative species (ROS) accumulation while decreasing 

glutathione (GSH) levels in tumor cells. In this work, the effectiveness of Cu-BTC and 

Cu-GA MOFs were evaluated in gastric and colon cancer cell lines. The bacterial 

inhibition of gram-negative and gram-positive bacteria was also examined with both 

pristine MOFs. In addition, Cu-BTC, a microporous MOF, was chosen for the 
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development of a hierarchical structure containing both micro-and mesopores for the 

intended encapsulation and loading of larger drug molecular compounds. Lastly, a 

MOF core-shell nanoflower was formed for the enhanced stability and release of Cu2+ 

from the Cu-BTC MOF structure. 

 

Keywords: Metal-Organic Framework (MOF), secondary building units (SBUs), 

nanoparticle (NP), biocompatibility, reactive oxidative species (ROS), nanoflowers 

(NFs), hierarchical MOF structure 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

 
 

Title and Abstract (in Arabic) 
 

ضد    إستخداماتهاتصميم وتوليف وتوصيف الأطر المعدنية القائمة على النحاس من أجل 

 السرطان وكعوامل مضادة للميكروبات 

 الملخص 

تم تطوير مجموعة واسعة من المواد النانوية للتطبيقات الطبية الحيوية، مثل توصيل  

أن   يمكن  الاستشعار.  وأجهزة  الحيوي،  الطبي  والتصوير  على الأدوية،  النانوية  المواد  تشتمل 

( والألياف النانوية بأبعاد مختلفة طبيعية وصناعية. تتميز المادة النانوية  NPsالجسيمات النانوية ) 

البيولوجي،   للتحلل  وقابليتها  الحيوي،  بتوافقها  البيولوجية،  التطبيقات  في  لاستخدامها  الناجحة، 

ظائف العالية المترابطة. تم تحقيق هذه الميزات  ومساحة الأسطح العالية الجوهرية، والمسامية والو

(. الأطر العضوية المعدنية  MOFمن خلال تطوير الهياكل النانوية للإطار المعدني العضوي )

هي تجمعات من الأيونات المعدنية والروابط العضوية المبنية في أشكال هندسية مختلفة ويمكن  

)حتى   الأبعاد  جميع  في  توجد  اخت D- 3أن  يسمح  جيداً  (.  المحددة  الأشكال  ذات  الروابط  يار 

( الثانوية  البناء  المعدنية. علاوة  SBUsوالاتصال بوحدات  لهياكل الأطر  المطلوب  بالتصميم   )

بيولوجية محددة.  التصنيع وضبطها لخصائص  بعد  الشبكية  المواد  هذه  تعديل  يمكن  ذلك،  على 

ة الجزيئية، ومع ذلك، هناك حاجة إلى تقديمها الفعال للعديد من كيانات الأدوي  BioMOFsأثبتت  

وقدرته على   Cu+2التركيز على هذه المواد كعلاج مستقل. أثار نشاط البيروكسيديز الجوهري لـ 

التسبب في الإجهاد التأكسدي في السرطان والخلايا البكتيرية اهتمامنا بدراسة وتقييم فعالية الأطر  

العضوية المعدنية القائمة على النحاس باعتبارها علاجات قائمة بذاتها مضادة للسرطان والبكتيريا.  

ي الطبيعة، يمكن أن تظهر  (، وهو مادة كيميائية نباتية صالحة للأكل توجد فGAحمض الغال )

خصائص مؤيدة للأكسدة ومضادة للأكسدة عن طريق التسبب في تراكم الأنواع المؤكسدة التفاعلية  

(ROS ( مع تقليل مستويات الجلوتاثيون )GSH  في الخلايا السرطانية. في هذا العمل، تم تقييم )

والقول   Cu-GA MOFsو    Cu-BTCفعالية   المعدة  تم فحص في خطوط خلايا سرطان  ون. 

التثبيط البكتيري للبكتيريا سالبة الجرام والبكتيريا موجبة الجرام أيضًا مع كل من الأطر العضوية  

اختيار   تم  ذلك،  إلى  بالإضافة  البكر.  يسهل  Cu-BTCالعضوية  إطار عضوي صغير  وهو   ،

ليف  اختراقه، لتطوير هيكل هرمي يحتوي على كل من الثقوب الصغيرة والمتوسطة الحجم للتغ

تم تشكيل زهرة نانوية من   للدواء الأكبر. أخيرًا،    MOFالمقصود وتحميل المركبات الجزيئية 

 .BTC MOF-Cuمن هيكل   Cu+2لتحسين الاستقرار وإطلاق 
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Chapter 1: An Introduction to the Development of Bio-based Metal-

Organic Frameworks (MOFs) 

 

1.1 Introduction 

 

The majority of biological applications focus on the use of MOFs as drug 

delivery systems for the transport of therapeutic agents to targeted sites in a controlled 

manner for cell internalization (El-Hammadi & Arias, 2021). However, little attention 

has been made on the utilization of their physical and chemical properties for potential 

anticancer and antibacterial treatment. Chemotherapeutics face certain limitations such 

as, poor pharmacokinetics, rapid clearance and nonspecific biodistribution (Cho et al., 

2008). Efforts in designing drug delivery carriers to overcome these challenges are 

made by improving targeted delivery, reducing toxicity and increasing drug 

accumulation in targeted tissue. However, the efficacy of these vehicles depends on 

their hydrophobicity, size, shape and surface features (Patel et al., 2015; Senapati et 

al., 2018). Designing a bio-friendly material is essential for biological applications 

such as drug delivery. Ideally, the drug carrier should be biocompatible and 

biodegradable with minimum side effects. Various types of nanocarriers for biological 

applications have been developed such as, metal NPs (Chen et al., 2018; Du et al., 

2018; Kim et al., 2009; Kooti et al., 2018), micelles (Lu et al., 2018; Zhou et al., 2018), 

liposomes (Miyazaki et al., 2018), dendrimers (Wu et al., 2018; Zhang et al., 2018) 

and hydrogels (Ghawanmeh et al., 2019; Hyun et al., 2019) Figure 1. What 

differentiates these nanomaterials from each other are their surface properties, 

porosity, hydrophobicity, etc. For example, micelles, which consist of hydrophobic 

and hydrophilic components, can be tuned to release a drug in a stimuli-sensitive 

environment (e.g., pH and enzyme). They can be functionalized more so than other 
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drug delivery vehicles because of their higher surface area and nano-size. A micellar 

system, prepared by Watanabe et al., bearing camptothecin was conjugated with 

polymeric micelles composed of various poly (ethylene glycol)–poly (aspartate ester) 

block copolymers. This system showed prolonged circulation and efficient release of 

the drug at the tumor site (Watanabe et al., 2006). 

 

 

 

 

 

 

 

 

 

Figure 1: Nanocarriers used as controlled drug delivery vehicles. 

 

Dendrimers have also been used as drug delivery vesicles in tumor tissue 

because of their modifiable peripheral groups and their ability to perform controlled 

and targeted drug delivery. They allow for a higher stability, increased half-life and 

bioavailability of drugs. Particularly, dendrimer conjugated drugs reduce systemic 

toxicity and increased accumulation in tumor tissue (Mignani et al., 2013; Mignani et 

al., 2020). Liposomes, amphiphilic molecules composed of natural or synthetic lipids, 

were conjugated with doxorubicin (DOX) by Ogawara et al. and investigated in colon 

cancer bearing mice (Ogawara et al., 2009). The polyethylene glycol-coated liposomal 
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DOX showed antitumor effects on DOX-resistant and non-DOX-resistant C26 cells 

(Ogawara et al., 2009). The success of these NP systems has led to further investigation 

and development of anti-cancer carriers with increased efficacy and reduced toxicity. 

Moreover, Nanomaterials, such as nanorods, nanoparticles and nanowires are used as 

stand-alone treatment against bacterial strains to help overcome the challenges faced 

with antibiotic resistance towards conventional pharmaceutical drugs (Blair et al., 

2015). These nanomaterials can also be used as drug cargos for the enhanced targeted 

delivery and antibiotic accumulation in bacteria (Naskar & Kim, 2019).  

Compared to other nanomaterials, metal-organic frameworks (MOFs), a class 

of crystalline materials, exhibit several advantages such as ultrahigh porosity and a 

surface area that can exceed 6,000 m2 g−1 (Zhou et al., 2012). These MOFs consist of 

metal ions or clusters coordinated to organic bridging ligands (Li et al., 1999) allowing 

for the fine tuning and flexible design of pore size, surface area and functionality with 

different building blocks (Yaghi et al., 2003). The high crystallinity of MOFs provides 

defined networks and clear structural information, which is important in determining 

the interactions with guest molecules. Applications of MOFs include gas adsorption 

(Jhung et al., 2007), storage of clean gas fuels (Latroche et al., 2006; Qin et al., 2014), 

catalysis (Sun et al., 2009; Tonigold et al., 2009), separation science (Britt et al., 2009; 

Chen et al., 2006; Hu et al., 2010), and drug delivery (Hartlieb et al., 2017). MOFs 

used for biomedical applications need to be biocompatible with little to no toxicity. 

This research explores the design and fine tuning of copper-based MOFs and their 

effect against various cancers and bacterial strains.   
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1.2 Research Problem 

 

The list of bioMOFs used as drug delivery carriers are endless and have proven 

to drastically enhance drug targeting and accumulation. However, a focus on the use 

of MOF materials as a stand-alone treatment is needed. More recently, researchers are 

looking into the physical and chemical properties of MOFs and their ability to inhibit 

tumor growth and bacterial inhibition through various mechanisms such as oxidative 

stress. In particular, copper-based MOFs have shown promising results but an effort is 

needed to further investigate the viability against various cancer cell lines to prove the 

success of treatment without the need for encapsulation of additional drug molecules. 

Also, the design of a MOF that includes a combined therapeutic effect from both the 

inorganic and organic components is needed.  

Recent advances in the post-synthesis modification of MOFs have shown 

improved stability, thermal behavior, porosity, catalytic behavior, and adsorption 

capacity. Cu-BTC (HKUST-1), being a microporous MOF (pore size ~ 1nm), can face 

challenges with hosting larger guest molecules. Previously, researchers successfully 

attempted to increase the pore size in other MOFs by extending the linker during 

synthesis, however, the MOF lacked stability (DeCoste et al., 2013). Only a few MOFs 

are reported to have both micro- and mesopores within their structure and the current 

methods, leading to a hierarchical structure can be harsh and require lengthy synthetic 

procedures (Huang et al., 2015; Huo et al., 2013; Li et al., 2013; Qiu et al., 2008).  

Gallic acid (GA) is a weak acid that possesses antioxidant properties. Therefore, GA 

can be used as an etching agent to create a hierarchical Cu-BTC structure while 

simultaneously being encapsulated within the structure for further investigation in 

drug delivery applications. Furthermore, most MOFs display poor stability in 
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biological media such as, PBS (phosphate buffer solution). The goal is to improve the 

stability while controlling the leaching out of copper ions from our copper-based 

MOFs.  

Research Approach 

1) In Chapter 2 Cu-BTC is used as a model bioMOF for its high porosity, 

biocompatibility and biodegradable features. To enhance the biological effects 

of copper-based MOFs, GA was used as the organic linker to synthesize Cu-

GA MOF. The antioxidant properties of GA could possibly cause a synergistic 

cancer killing effect along with Cu2+. Furthermore, the lipophilic properties of 

Cu-GA could increase the cellular uptake compared to free GA in cancer and 

bacterial cells. Both pristine Cu-BTC and pristine Cu-GA were studied for 

their anti-cancer and anti-bacterial effects (Chapters 5 and 6). An attempt was 

made to combine both GA and BTC for a mixed linker Cu-BTC-GA MOF, 

however, characterization proved that GA was not present in the structure.  

2) Chapter 3 discusses the post-synthesis etching and encapsulation of Cu-BTC 

using GA. In this work, GA was shown to create a hierarchical structure on 

Cu-BTC. Gallic acid, a weak acid was used an etching agent to create a micro- 

and meso- porous structure of Cu-BTC to host larger molecular entities. In 

addition, the encapsulation of GA was successful all while maintaining the 

overall crystal structure of the MOF. The formation of surface and bulk 

porosity in Cu-BTC results in a material that could be a potential candidate in 

future drug delivery applications.  

3) Chapter 4 focuses on improving the stability of the copper-based MOFs 

presented in this dissertation. The copper release of Cu-BTC was first studied 
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in PBS and RPMI (Roswell Park Memorial Institute) biological media. It was 

serendipitously discovered that the copper release in RMPI was sustained and 

controlled due to the presence of phosphate and amino acids in the media, 

which ultimately led to the formation of Cu3(PO4)2 nanoflowers (NFs).  

4) Presented in Chapter 5, Cu-BTC and Cu-GA were both examined for their 

effect on gastric and colon cancer cells as stand-alone treatments. Although, 

gastric cancer being the second most common cause of cancer and colon 

cancer being the third worldwide, few efforts have been made in utilizing 

MOFs for the treatment of these deadly diseases. Research efforts to detect, 

diagnose and treat these deadly cancers early on, before metastasizing in 

patients, is crucial. Cu-BTC has been studied for its Fenton-like properties by 

inducing cell apoptosis and causing oxidative stress in certain cancers. Also, 

the lipophilic and antioxidant properties of Cu-GA could allow for a higher 

uptake in cancer cells and an overall synergistic effect.  

5) In Chapter 6, the antibacterial effects of Cu-BTC and Cu-GA were tested on 

E. coli (gram negative) and Lactobacillus (gram-positive). Both Cu2+ and GA 

have the ability to disrupt bacterial cellular membrane through oxidative 

damage and ROS accumulation within the cell. When compared to the controls 

(Cu2+ and GA), Cu-BTC and Cu-GA were specific to certain bacterial strains 

and observed an overall sustained release of its constituents all while 

inhibiting bacterial growth. Cu-BTC and Cu-GA were further examined for 

their effect on bacterial DNA and their ability to cause morphological damage.   
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1.3 Literature Review 

 

This review, not only focuses on the synthesis and application of MOFs as 

nanocarriers and theragnostic agents, it is also followed by a survey of the most 

recently developed MOFs for the treatment of breast (Afzalinia & Mirzaee, 2020; 

Alijani et al., 2020; Alves et al., 2021; Chen et al., 2017; Deng et al., 2020; Haddad et 

al., 2020; Kim et al., 2019; Laha et al., 2019; Li et al., 2021; Liang et al., 2021; 

Nejadshafiee et al., 2019; Pooresmaeil et al., 2021; Sun et al., 2019; Sun et al., 2021; 

Sun et al., 2020; Tian et al., 2021; Tian et al., 2017; Wang et al., 2019; Wang et al., 

2019; Wang et al., 2021; Zhang et al., 2020; Zhang et al., 2020; Zhang et al., 2018; 

Zhou et al., 2019), lung (Afzalinia & Mirzaee, 2020; Wang et al., 2021; Wei et al., 

2020), oral (Tan et al., 2020; Xiang et al., 2020), hepatic (Chen et al., 2019; Chen et 

al., 2018; Hu et al., 2020; Leng et al., 2018; Li et al., 2020; Sun et al., 2019; Xiao et 

al., 2020), pancreatic (Ke et al., 2011; Sharma et al., 2019), colon (Duan et al., 2020; 

Li et al., 2019; Li et al., 2020; Lu et al., 2019; Lv et al., 2020), bladder (Wu et al., 

2021), ovarian (Chen et al., 2020; Chen et al., 2019; He et al., 2014; Li et al., 2020; 

Sun et al., 2015; Xiang et al., 2021; Yan et al., 2020; Zhang et al., 2015; Zhao et al., 

2020), cervical (Li et al., 2020; Yang et al., 2020; Zheng et al., 2015), brain (Mu et al., 

2020) and blood cancers (Xi et al., 2019). In addition, the review covers the use of 

copper-based MOFs as antibacterial agents and the mechanism towards a newly 

improved treatment overcoming challenges faced with antibiotic resistance.  

MOFs are a class of crystalline materials with ultrahigh porosity and surface 

area that can exceed 6,000 m2 g−1 (Zhou et al., 2012). MOFs can be constructed in the 

form of 1D, 2D and 3D structures for a wide range of applications (Jeremias, 2015). 

Their synthesis takes place by self-assembly of a metal ion cluster and an organic 
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linker forming highly thermal and mechanical stable compounds, which can be useful 

in photothermal therapy (PTT) (Czaja et al., 2009). Depending on the structure of the 

MOF as well as its desired application, there are various approaches to MOF synthesis 

such as solvothermal, hydrothermal, vapor diffusion, microwave synthesis, ultrasonic, 

mechanochemical and electrosynthesis. Moreover, MOFs can also be post-

synthetically modified, introducing functional groups to allow for additional 

functionality while maintaining the MOFs integral network (Wang & Cohen, 2009).  

 Due to the above-mentioned unique characteristics of MOFs, they are further 

investigated for biomedical applications, especially in the areas of imaging, bio-

sensing, bio-catalysis, drug delivery and cancer treatment (Giménez-Marqués et al., 

2016; Rojas et al., 2017; Yang & Yang, 2020). MOFs used for biomedical applications 

need to be biocompatible with little to no toxicity. There are a few factors to consider 

when selecting a metal to be used for biomedical applications including the kinetics of 

degradation, biodistribution, accumulation in tissues and organs and daily dosage 

requirements. These characteristics are often studied for the metal ions and the organic 

linkers on an individual basis as well as after their augmentation in the form of a MOF 

structure. 

1.3.1 Biocompatibility of Metal Ions and Linkers 

 

The most fitting metals with acceptable toxicities include Ca, Cu, Fe, Ti, Zn or 

Mg with a lethal dose (LD50) ranging from 0.025 g/kg to 30g/kg. Daily dosage and 

chemical formulation of the metal needs to be taken into consideration when using 

MOFs for biomedical applications (Alnaqbi et al., 2021; Horcajada et al., 2012). 

Exogenous linkers, polycarboxylic and imidazolate, have been proven to have low 

toxicity due to their high polarity and clearance under physiological conditions 
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(Horcajada et al., 2012). These linkers can also be functionalized to improve their 

pharmacokinetics and to allow for an improved delivery system of bioactive 

molecules.  

The use of functional groups has not only enhanced host-guest interactions but 

also the adsorption and delivery of the bioactive molecules due to changes in the MOF 

flexibility (Devic et al., 2010; Horcajada et al., 2011). Alternatively, endogenous 

linkers with less toxic effects are also ideal for biomedical applications. Amino acids 

are chiral and can be used to synthesize homochiral MOFs for applications including 

separation of chiral structures (Zhang et al., 2017). A functionalized Zr-fumarate MOF 

was reported to outperform UiO-66 for nanoscale drug delivery (Taddei et al., 2019). 

Figure 2 shows various MOF structures for drug delivery formulations, including Zr-

fumarate. 

 

Figure 2: MOF structures for drug delivery formulations. a) Zr-fumarate. b) Zn-

nalidixate. c) [Fe(H2cit) (H2O)]n (NICS-2). d) Co4O4 cubane. e) MOF-1201. f) 

K2Co(C4H4O4)2. (Taddei et al., André et al., 2019; 2019; Birsa Čelič et al., 2013; Jiang 

et al., 2017; Yang et al., 2017; Livage et al., 2001). 
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Active pharmaceutical ingredients (APIs) are ideal linkers as they possess 

reduced adverse effects once the MOF components are degraded (Rojas et al., 2017). 

Using an API in the MOF structure can also lead to improved dosage and/or solubility 

(Al Neyadi et al., 2021). Miller et al. built a MOF using non-toxic iron and the 

therapeutically active linker, nicotinic acid. This bioactive MOF displayed a high drug 

uptake (71 wt%) and a fast release of the drug in phosphate buffer solution (Miller et 

al., 2010). Zinc and bismuth were also used as coordination networks where an iron 

overload drug, deferiprone, was used as a chelating ligand (Burrows et al., 2013; 

Burrows et al., 2015). Olsalazine, a prodrug of the anti-inflammatory 5-

aminosalicyclic acid, has the same coordinating functionalities as 4,4′-

dioxidobiphenyl-3,3′-dicarboxylate but slightly longer (Chen et al., 2012; Xiao et al., 

2011). Other APIs have been used as MOF linkers including the antibiotic nalidixic 

acid and the anti-inflammatory, anti-oxidative and anti-cancer drug, curcumin (CCM) 

(André et al., 2019; Su et al., 2015). Medi-MOF-1 was initially synthesized 

solvothermally using the less toxic zinc as a metal node and curcumin as a functional 

natural linker (Su et al., 2015). The MOF was loaded with ibuprofen (IBU) and used 

as a co-delivery cargo for the treatment of pancreatic cancer cells (BxPC-3) (Su et al., 

2015). Other biocompatible linkers include: citric acid (Birsa Čelič et al., 2013; Jiang 

et al., 2017), lactic acid (Yang et al., 2017), succinic acid (Jung et al., 2018; Livage et 

al., 2001; Zhang et al., 2017), L-malic acid (Nagaraja et al., 2012; Senthil Raja et al., 

2013; Yutkin et al., 2013; Zavakhina et al., 2014; Zhang et al., 2008), and peptides 

(Katsoulidis et al., 2019; Kirchon et al., 2018).  

1.3.2 Synthesis of BioMOFs 

In a typical MOF synthesis, the precursor solutions are usually mixed together 

to allow for nucleation and crystal growth. Mixing of MOF precursors takes place in 
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a suitable solvent at room temperature, while the formation of MOF takes place under 

various temperatures and pressure (Della Rocca et al., 2011). Methods such as 

solvothermal (Bian et al., 2018),sonochemical (Lee et al., 2013), electrochemical, 

reverse-phase, microemulsion have been used to synthesize BioMOFs, as illustrated 

in Figure 3. The key to obtain formulations that are stable and reproducible is to control 

the particle size of NPs as this dictates the properties of the NP’s such as, reactivity, 

external surface, packing, etc. (Manna et al., 2003; Mokari et al., 2007; Peng et al., 

2000; Sun et al., 2000). When synthesizing NP’s for specific administration routes, the 

goal is to produce nanosized, homogenous, monodispersed and stable particles that fit 

for the targeted route (Horcajada et al., 2012).  

 

Figure 3: MOF synthesis. a) Low temperature synthesis. b) 

Solvothermal/hydrothermal. c) Sonochemical. d) Microwave-assisted solvothermal 

synthesis. (Della Rocca et al., 2011; Bian et al., 2018; Lee et al., 2013; Lee et al., 

2013). 
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Solvothermal/Hydrothermal 

Conventional synthesis of MOFs takes place in a solvent at temperatures 

ranging from room temperature to around 250°C (Stock & Biswas, 2012). 

Solvothermal and hydrothermal methods allow for a higher yield and smaller, more 

homogenous crystals than non-thermal methods (He et al., 2021). Various parameters 

can affect the nucleation and growth of the MOF particles such as, temperature, 

reaction time, stoichiometry, etc. Zinc imidazolate (ZIF-8) is an example of how 

reducing temperature and reaction time can produce nanocrystals with the size ∼85 

nm with enhanced thermal, hydrothermal and solvothermal stabilities (Pan et al., 

2011). Horcajada et al. fine-tuned porous hybrid solids: MIL-88A and MIL-88B_4CH3 

to improve their structures and porosities for better drug interactions and high loadings 

and to serve as nanocarriers for delivery and imaging applications. They determined 

that non-toxic porous iron(III)-based MOFs with engineered cores and surfaces were 

efficient drug nanocarriers for the delivery of anti-tumor and retroviral biomolecules 

(Horcajada et al., 2010).  

Sonochemical 

 Recent MOF synthesis has been geared to a ‘greener’ approach. Using a 

synthetic method can minimize the use of organic solvents, decrease reaction 

temperature/pressure and reduce reaction time. Sonochemistry, electrochemistry and 

ball milling are a few examples of green synthesis. The interaction of high-energy 

ultrasound with the liquid sample, leads to extremely high temperatures and pressures 

contributing to a rapid heating and cooling rate and ultimately fine crystal growth  (He 

et al., 2021; Stock & Biswas, 2012). Li et al. synthesized HKUST-1 crystals under 

ultrasonic irradiation at ambient temperatures for 5-60 min (Li et al., 2009). They 
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observed improved pore volumes and no significant differences in porosity when 

compared with the traditional solvothermal synthesis of HKUST-1. This work proves 

that environment-friendly and efficient alternative methods to MOF synthesis are 

promising.  

Electrochemical 

Electrochemical synthesis allows for the possibility of preparing a higher solids 

content when compared to batch reactions (Stock & Biswas, 2012). Bio-based MOF, 

[Zn3(BTC)2] (BTC = benzenetricarboxylate) was prepared using electrochemistry and 

sonochemistry and then loaded with IBU (Lestari et al., 2018). The electrochemical 

method produced larger average particle size (ca. 18.43 ± 8.10 µm) compared to the 

sonochemical method (average particle size ca. 87.63 ±22.86 nm). The study also 

showed that the longer the reaction time took place under ultrasonic irradiation, the 

larger the MOF particle size (Lestari et al., 2018). 

Microwave-Assisted  

Microwave-assisted synthesis involves the interaction between 

electromagnetic waves and moving electric charges in the MOF solid sample 

Compared to conventional heating, microwave-assisted synthesis is faster and 

produces smaller crystals.  (Stock & Biswas, 2012). This rapid method is environment-

friendly  and produces a high-yield of sample with good monodispersity and controlled 

size (He et al., 2021). Horcajada et al. synthesized an iron terephthalate MOF, MIL-

53 (Fe), at 220°C for 30 min under microwave irradiation at 600 W yielding a flexible 

framework with pore size of 8.6 Å and particle size of 350nm (Horcajada et al., 2010). 

The iron (III)-based MOF was successfully loaded with pharmaceutical drugs 
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including, busulfan, azidothymidine triphosphate, ibuprofen, caffeine, urea and 

benzophenone 4.  

Vapor Diffusion 

Vapor diffusion is a method that requires a small amount of reactants yielding 

good crystals with control over reaction parameters (Rajkumar et al., 2019). 

Cyclodextrin MOF (CD-MOF) is prepared using edible ingredients including, γ-

cyclodextrin, potassium chloride, and ethanol under vapor diffusion synthesis 

(Smaldone et al., 2010). This porous “edible” MOF has been successfully used for 

various applications including drug delivery (Jia et al., 2019; Li et al., 2017).    

 Reverse-Phase microemulsions 

 This method allows for the control of the MOF particle size by tuning the 

dimensions of the micelles of cationic cetyl trimethylammonium bromide (CTAB) 

surfactant. Surfactant‐assisted synthesis of two novel gadolinium (Gd) nanoMOFs 

(NMOFs) at elevated temperatures were noted and demonstrated to have potential as 

magnetic resonance imaging (MRI) and optical contrast agents (Taylor et al., 2008). 

Also, Mn containing NMOFs with controllable morphologies were synthesized at 

room temperature using surfactant-assisted procedure at 120°C with microwave 

heating. The cell-targeting molecules on the MOF improved their delivery to cancer 

cells to allow for target-specific MRI imaging (Taylor et al., 2008). 

1.3.3 Surface Modification of BioMOFs 

Surface modification of BioMOFs is a strategy that can solve challenges such 

as, targeted delivery, opsonization by blood proteins, biodistribution, and transcytosis 

of drug molecules (Horcajada et al., 2012) as illustrated in Figure 4. It can improve the 
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MOFs water dispersity and reduce plasma protein binding to help avoiding the 

reticuloendothelial system and allow for targeted cell delivery of drugs (Li & Huang, 

2008). Figure 4 shows the ability to modify the surface (internal and external) of the 

MOF structure in order to accommodate the differences in the 

hydrophobicity/hydrophilicity of the drug and MOF crystal  (Abánades Lázaro et al., 

2018).  

 

 

Figure 4: Surface modification of MOF nanostructures. 

 

Certain coating materials such as polyethylene glycol (PEG), can ‘protect’ the 

NMOF from early degradation, allowing for a more targeted and increased 

accumulation of the biomolecule. MIL-100 (Fe) was functionalized with acryl-PEG 

(480 Da, 2 kDa, and 5 kDa) and acryl-Hyaluronic acid (HA)-PEG moieties using a 

green, biocompatible and simple GraftFast method. This method produced 

homogenous coatings and improved its shielding effect. The modified PEG-coated 

MIL-100 (Fe) produced a lower immune response while maintaining the drug loading 
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and release. Also, the circulation time was prolonged due to reduced macrophage 

phagocytosis (Giménez-Marqués et al., 2018). PEG acts as a brush like shell on the 

NMOF that would sterically protect it from macrophage uptake (Horcajada et al., 

2012).  

 Chowdhuri et al. synthesized a carboxymethyl chitosan‐modified magnetic 

NMOF (IRMOF‐3) composed of Zn2+ ions and 2‐amino terephthalic acid with a target 

molecule, folic acid (FA), on its surface. The results displayed that the carboxymethyl 

chitosan increased the drug loading efficiency and improved the performance of the 

pH‐responsive drug release. The anti-cancer drug, DOX was incorporated into the 

NMOF with a loading capacity of 1.63 g g−1. The release of the drug was investigated 

in PBS with an intercellular cancer cell environment (pH 5.5) at 37°C. After 24h at pH 

7.4, about 26.72% of DOX was released, whereas at pH 5.5, 55.1% was released 

(Chowdhuri et al., 2016).  

1.3.4 BioMOFs for Drug Delivery and Imaging Applications 

 

A drug-MOF conjugate would combine the properties of both, the biomolecule 

and MOF carrier, and enhance the efficacy of the drug. The MOF would create a 

stabilized microenvironment for the drug while improving its activity against harsh 

conditions, allowing for the separation and recovery of the drug upon internal/external 

stimuli. The formation of a drug-MOF conjugate could be synthesized using various 

methods Figure 5.  
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Figure 5: Various strategies for drug loading into MOF nanostructures. (An et al., 

2019) 

 

In general, biomolecules are incorporated through different methods (An et al., 

2019): 

1. Biomolecules can be absorbed into the pores of MOFs  

2. Biomolecules can be attached on the external surface of MOF crystals 

3. Biomolecules can be in situ encapsulated into MOF crystals as ‘crystal 

defect’ 

4. Biomolecules can be directly used as ligands to synthesize MOFs.  

In 2004 and 2005, Férey et al., developed mesoporous rigid chromium 

carboxylate MOFs (MIL-100 (Cr) and MIL-101 (Cr)) that were then loaded with the 

model drug, IBU (Férey et al., 2005; Férey et al., 2004). The MOF structures possessed 

cage sizes around 25 to 34 Å and windows 5 to 16 Å. The Brunauer-Emmett-Teller 

(BET) surface areas (2100 to 4400 m2 g−1) allowed for a successful loading of IBU 

that was 4 times higher than silica materials and 9 times higher than zeolites (He & 

Shi, 2011; Horcajada et al., 2006). Although, mesoporous silica MCM-41 has a larger 

pore size and more impressive pore volume than MIL-101, the higher drug loading 

capacity in MIL-101 is an evidence that the surface area plays an important role in 
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drug encapsulation along with the drug/metal interaction (Horcajada et al., 2006). The 

same group later encapsulated MIL-53 (Fe and Cr) with IBU and determined that the 

smaller the pore volume, the less drug loading occurred (Horcajada et al., 2008). The 

release of IBU from MIL-100, MIL-101 and MIL-53, happened through diffusion and 

drug-matrix interaction. The MOFs released the drug cargo after 3, 6, or 21 days, 

respectively when immersed in simulated body fluid (pH 7.4 @ 37°C) (Horcajada et 

al., 2012).  

Rojas et al. conducted an experimental and computational study on the 

physiochemical parameters that were driving the drug adsorption and desorption 

kinetics of aspirin and IBU using MIL-100(Fe), UiO-66(Zr) and MIL-127(Fe) (Rojas 

et al., 2018). Given that aspirin is hydrophilic and IBU is hydrophobic, the drug uptake 

was dependent on the cargo/matrix interaction and the accessibility of the drug in the 

framework. The release kinetics was dependent on: i) the structure of the MOF, a 

slower release with a narrower pore or ii) the hydrophobicity/hydrophilicity of the 

carrier (with UiO-66, aspirin displayed a faster release and slower release with IBU) 

(Rojas et al., 2018). 

MOFs are promising chemotherapeutic drug delivery carriers. More recently, 

researchers have combined porous MOFs with organic polymers to prevent a burst 

release of drug molecules (Souza et al., 2020). Souza and colleagues synthesized a 

nanocomposite MOF, HKUST-1, embedded in a polymeric matrix (polyurethane) for 

the encapsulation and release of 5-fluorouracil (5-FU) (5-FU@HKUST-

1/polyurethane). They used synchrotron microspectroscopy to track the release 

kinetics of 5-FU and discovered that HKUST-1 created hydrophilic channels within 

the hydrophobic polyurethane matrix to prevent a burst release effect. The MOFs role 
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was to release the cancer agent while the polymer matrix protected the moisture 

sensitive MOF structure from water degradation, as shown in Figure 6 (Souza et al., 

2020). 

 

Figure 6: Incorporation of drugs through MOF nanostructures. f-

fluorouracil@HKUST-1. (Souza et al., 2020).  

 

MOFs can also carry out multiple roles in therapeutic and diagnostic 

applications such as, drug delivery carriers and MRI contrast agents, simultaneously. 

MRI is a non-invasive imaging technique that provides 3D anatomical images based 

on the detection of nuclear spin reorientations. A contrasting agent, Gd, is usually 

given to patients intravenously to allow for faster proton alignment within the magnetic 

field, for a brighter image (Bioengineering). The Gd chelates a T1-weighted or positive 

signal enhancement and can help distinguish between diseases and non-diseased tissue 

(Della Rocca et al., 2011). MRI contrast agents exist as T1- (positive contrast), 

shortening the longitudinal relaxation time of water protons and T2- (negative 

contrast), which can reduce the transverse relaxation time of water protons 

(Chowdhury, 2017). MOFs can be utilized as a T1- or T2- contrast or combined for the 

use of drug delivery and as an MRI contrasting agent (Chowdhury, 2017). 

MOF-based magnetic composites can also be used for targeted drug delivery 

as demonstrated by Ke et al. in 2011 (Ke et al., 2011). The group synthesized the 

nanocomposites by encapsulating Fe3O4 nanorods in HKUST-1. The material 
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displayed magnetic properties and high porosity, that was able to adsorb around 16 

wt% of Nimesulide and release the drug for up to 11 days in physiological saline 

solution at 37°C (Ke et al., 2011).  

1.3.5 Stimuli-Responsive BioMOFs 

 

BioMOFs can be designed to respond to intrinsic triggers (pH, ATP, redox, 

etc.) and/or external triggers (temperature, ions, pressure, light) to offer an enhanced 

permeability and active targeting of the drug molecule, as illustrated in Figure 7 (Cai 

et al., 2019). The drug delivery system, once activated by these triggers, will release 

the drug molecule in a controlled manner, making them ideal for cancer treatments.  

pH-Responsive BioMOFs 

pH-responsive MOFs are of particular interest in cancer treatment as the 

coordination bonds are extremely sensitive to external pH changes (Angelos et al., 

2009). MOFs can be designed to release cargo at tumor sites (pH ~ 6.5−6.9) for a 

targeted delivery and increased cellular uptake. ZIF-8, commonly used for the pH-

responsive drug release, was encapsulated with DOX/Bovine serum albumin (BSA) 

NPs by Liang et al. (Liang et al., 2018). The MOF carrier was designed for the 

protection of the drug as it is stable at pH7.4 and can decompose under acidic 

conditions and to also introduce positive charges on the outer surface for an increased 

cellular uptake (Liang et al., 2018; Ren et al., 2014; Zheng et al., 2016; Zhuang et al., 

2014). The BSA/DOX@ZIF nanocomposite demonstrated a higher efficiency than the 

free drug and showed an improved biocompatibility when compared to pure ZIF NPs 

(Liang et al., 2018). 
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The polyacrylic acid@ZIF-8 (PAA@ZIF-8) NPs were synthesized using a 

simple synthetic strategy for the ultrahigh DOX loading capacity of 1.9 g g-1 NPs (Ren 

et al., 2014). This high drug loading capacity could be due to the electrostatic 

interaction between the positively charged drug molecule and the negatively charged 

–COOH groups located on the PAA@ZIF-8 structure. The coordination of Zn2+ and 

DOX also plays a role in the uptake of the drug molecule (Ren et al., 2014). The DOX-

loaded NPs were efficiently taken by MCF-7 cells and displayed a faster release of 

DOX in a mild acidic buffer solution (pH 5.5) when compared to a neutral PBS (pH 

7.4). The nanocarriers showed low toxicity to normal healthy cells, making them a 

promising anti-cancer treatment and potential use in biological applications (Ren et 

al., 2014). 

 

 

Figure 7: MOFs based stimuli-responsive system for drug delivery. (Cai et al., 2019) 
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Ion-Responsive BioMOFs 

A drug@MOF composite consists of strong electrostatic interactions between 

the ionic drug and ionic MOF structure. This interaction allows for the release of the 

drug compound through diffusion, making it an ion-responsive mode of drug delivery. 

An et al. synthesized a porous anionic MOF, bio-MOF-1, using adenine as the building 

block for the storage and release of procainamide, a cationic antiarrythmic drug (An 

et al., 2009). With a short half-life and a dosing of every 3-4 hours, procainamide HCl, 

is an ideal drug for controlled release studies. After the drug was introduced in the 

MOF pores, through a cation exchange process over 15 days, the loading capacity was 

determined to reach up to 0.22 g g−1. The ionic interaction between the drug and the 

MOF triggered a release of the drug from the carrier when placed in PBS (pH 7.4). 

This was studied against a control (nanopure water) to prove that the drug released was 

mediated by the buffer cations (An et al., 2009).  

Later on, the Hu group prepared a positively charged carrier, MOF-74-Fe (III) 

through the oxidation of the neutral MOF (Hu et al., 2014). The cationic MOF was 

loaded with IBU anions and displayed a loading capacity of 0.19 g g−1. Two different 

release rates were observed due to the presence of coordinated or free IBU anions. The 

drug release occurred by diffusion and triggered by the anionic phosphate buffer 

solution. Therefore, the drug release can be controlled by regulating the carrier size 

and encapsulating them into other stimuli-responsive matrices Figure 8 (a) (Hu et al., 

2014). 

In 2016, Yang and colleagues, constructed a cationic nanocarrier, ZJU-101, by 

post-modification of MOF-867. Methyl groups were added to the pyridyl groups of 

MOF-867 (zirconium with 2,2′-bipyridine-5,5′-dicarboxylate) and loaded with the 
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anionic drug, diclofenac sodium (Yang et al., 2016). Diclofenac sodium forms anions 

in solution, making it ideal for loading in cationic MOF pores. The loading of the drug 

was carried out in ethanol solution and determined to have a loading capacity of 0.546 

g g-1. The drug demonstrated a more efficient release in PBS of pH 5.4 compared to 

PBS of pH 7.4. This displays a drug delivery system that is pH-responsive and a drug 

release controlled by the anionic PBS and drug anions, as shown in Figure 8 (b) (Yang 

et al., 2016). 

 

Figure 8: Examples of ion-responsive chemically-modified bioMOF nanostructures. 

a) Oxidative procedure of MOF-74-Fe(II). b) Ionic-modified MOF-867. (Yang, et al., 

2016; Hu et al., 2014). 

 

Magnetically-Responsive BioMOFs 

Magnetic-responsive drug delivery systems work under the influence of a 

magnetic field and can be used for magnetic targeting, MRI, magnetic separation and 

magnetic hyperthermia (Hergt et al., 2006). In 2019, Chen et al. constructed a magnetic 

composite for the simultaneous treatment using magnetic hyperthermia and 
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chemotherapy (Chen et al., 2019). ZIF-90 was grown on polydopamine (PDA) coated 

Fe3O4 NPs to give Fe3O4@PDA@ZIF-90 core-shell particles with an average size of 

200nm. ZIF-90 was encapsulated with DOX with a loading efficiency of 80% (160 μg 

mg−1) due to the porosity and MOF/drug interaction. The Fe3O4 cores allowed for the 

localized temperature to reach hyperthermia conditions under an alternating magnetic 

field while eradicating tumor cells with an enhanced efficiency. This synergistic effect 

is a promising form of cancer treatment compared to magnetic hyperthermia alone, as 

shown in Figure 9 (a) (Chen et al., 2019). 

Recently, Mukerjee et al. designed a NP composite for theragnostic 

applications by doping NaGdF4 with Yb3+ and Er3+ NPs as imaging agents and MIL-

53(Fe) as a drug carrier with FA conjugated on the surface for targeted drug delivery 

(Mukherjee et al., 2020). The nanocomposite was loaded with the anticancer drug, 

DOX, displaying a drug loading efficiency of 16% and drug encapsulation efficiency 

of 65%. Not only did the NaGdF4:Yb/Er@MIL-53(Fe)/FA system suppress tumor cell 

growth and enhanced cancer cellular uptake, it also showed colloidal stability and 

enhanced magnetic and fluorescence properties, making it an ideal candidate for both 

relaxation times, T1 and T2 MRI contrasting agents, as shown in Figure 9 (b) 

(Mukherjee et al., 2020).  

Temperature-Responsive BioMOFs 

The ability of temperature-responsive MOFs to transform upon thermal stimuli 

while maintaining its crystalline structural integrity is of particular interest when it 

comes to designing drug delivery nanocarriers. 
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Figure 9: Examples of magnetically-responsive chemically-modified bioMOF 

nanostructures. a) Fe3O4@PDA@ZIF-90 core-shell NPs. b) DOX-loaded 

NaGdF4:Yb/Er@MIL-53(Fe)/FA. (Chen et al., 2019; Mukherjee et al., 2020). 

 

A temperature would induce a change in the thermoresponsive material 

allowing for the release of the drug cargo. Procainamide has recently been studied for 

the control release from UiO-66 in a temperature and pH sensitive environment 

(Nagata et al., 2020). The MOF was surrounded with N-isopropyl acrylamide 

(NIPAM) and acrylic acid (AA) by post-synthetic modification to give UiO-66-

P(NIPAM-AA). PNIPAM is known for its thermoresponsive properties and its 

solubility in water at cloud point, making it useful in drug delivery systems (Roy et 

al., 2013). UiO-66-P(NIPAM-AA) experienced an on/off release when exposed to 

variations in pH and temperature. At pH 6.86 or low temperatures (less than 25°C) the 

polymer composite turned into a coil conformation, allowing procainamide to be 

instantly released from the MOF pores. With a pH 4.01 or high temperatures (more 

than 40°C), the polymer displayed a globular conformation and the release of the drug 

was suppressed. Therefore, drug release can be controlled by applying an external 

stimulus (eg. temperature or pH) even after the initial release of the drug from the 

MOF carrier (Nagata et al., 2020).  
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Redox-Responsive BioMOFs 

 Redox concentrations vary between normal human tissue and cancerous tissue 

with tumors having a higher concentration due to the presence of reducing agents such 

as, glutathione (GSH) (Li et al., 2012; Meng et al., 2009). Redox-responsive MOFs 

can be functionalized to target the receptor site that is responsible for the cleavage of 

the disulfide group in the presence of GSH. Lei and co-workers developed an intrinsic 

redox-responsive MOF carrier, MOF-M(DTBA) (M = Fe, Al or Zr) by using iron, 

aluminum, or zirconium as metal nodes and 4,4′-dithiobisbenzoic acid (4,4′-DTBA) as 

the organic ligand (Lei et al., 2018). DTBA is a GSH-sensitive organic ligand, which 

contains a disulfide bond, cleavable by GSH. In this study, the researchers loaded the 

drug carrier with the natural polyphenol anticancer drug, CCM producing, 

CCM@MOF-M(DTBA). The redox-responsiveness of the synthesized NP was 

exposed to various concentrations of DL-dithiothreitol (DTT). The results showed that 

with an increase of DTT in PBS, the release of CCM from the drug delivery system 

was much faster Figure 10 (a). It is clear that the cleavage of the disulfide bond led to 

a more efficient release of the drug molecule (Lei et al., 2018). Ferroptosis is cell death 

dependent on iron and the accumulation of toxic lipid peroxides (LPOs), usually in 

tumor tissue. Once GSH is consumed by cells, glutathione peroxide 4 (GPX4) activity 

is inhibited and the level of lipid oxidation in cells increases accordingly, which leads 

to ferroptosis (Gao et al., 2019; Gaschler et al., 2018; Hangauer et al., 2017; Liu et al., 

2019; Seibt et al., 2019). The ability to produce LPOs can lead researchers into 

developing effective targeted cancer treatment. 
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Figure 10: Examples of redox-responsive chemically-modified bioMOF 

nanostructures. a) CCM@MOF-M(DTBA). b) PFP@Fe/Cu‐SS MOFs. (Lei et al., 

2018; He et al., 2020). 

 

 Recently, a group synthesized a hybrid PFP@Fe/Cu‐SS MOF by coordinating 

the disulfide-modified, phloroglucinol with Fe3+ and Cu2+ metals (He et al., 2020). The 

porous MOF was loaded with perfluoropentane (PFP) and the nanocarrier was 

functionalized with PDA and PEG for improved stability and biocompatibility. The 

system proved to increase LPO concentration in tumor sites through redox reactions 

generating ·OH while inhibiting the activity of GPX4. This prevented the conversion 

of toxic LPO to nontoxic hydroxyl compounds in the presence of GSH Figure 10 (b). 

The inclusion of the copper(II) metal also allows for the PFP@Fe/Cu‐SS NP to be used 

as an MRI contrasting agent (He et al., 2020).  

ATP-Responsive BioMOFs 

Adenosine triphosphate (ATP) provides energy for all living cells by 

hydrolyzing phosphoanhydride bonds. Tumor cells contain a higher level of ATP 

compared to normal cells, allowing for the use of ATP-responsive drug delivery 

systems. A ZIF-90/protein NP was synthesized using ZIF-90 as a platform for the 
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cytosolic protein delivery and CRISPR/Cas9 genome editing. With ATP present as 

stimuli, the NPs were degraded to release the protein and this was due to the ATP and 

zinc metal bond of ZIF-90 (Yang, Tang, et al., 2019). The RNase A-NBC (RNase A 

modified with 4-nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzyl 

carbonate) protein, having cytotoxic effects against cancer cells, showed enhanced 

toxicity against HeLa cells when compared to the free protein Figure 11. The cell 

viability was reduced to 15%, suggesting that ATP can promote protein release from 

ZIF-90/RNase A-NBC (Yang, Tang, et al., 2019). Photodynamic therapy (PDT) is 

non-invasive and has been successfully used in treatment and diagnostics. Light-

responsive MOFs can be designed to deliver biomolecules by irradiation of specific 

wavelengths of light where the photosensitizers (PSs) in target cells would absorb the 

light energy and produce ROS upon activation and killing the target cells (Lucky et 

al., 2015). Recently, ZIF-8 NPs were co-encapsulated with chlorin e6 (Ce6, a potent 

PS) and cytochrome c (Cyt c, a protein that induces apoptosis) by Ding et al. (Ding et 

al., 2020). The NP was then functionalized with a HA shell to produce 

Ce6/Cyt c@ZIF-8/HA for targeted cancer cell activity. 
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Figure 11: Example of ATP-responsive chemically-modified bioMOF nanostructure: 

ZIF-90/protein NPs. (Yang et al., 2019). 

 

Light-Responsive BioMOFs 

1,3-Diphenylisobenzofuran (DPBF), an ROS probe, was used to determine the 

ROS (reactive oxidative species) generation of Ce6. Along with a pH-responsive 

release behavior of the nanocarrier, light irradiation caused Ce6 to produce ROS for a 

PDT effect. Furthermore, Cyt c, in the presence H2O2, will generate ROS while further 

inducing cell apoptosis Figure 12. The co-encapsulation of therapeutic protein in the 

porous MOF structure allowed for a synergistic mode of cancer therapy that could lead 

to further developments in drug delivery design (Ding et al., 2020). 
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Figure 12: Examples of Light-responsive chemically-modified bioMOF 

nanostructures: Ce6/Cyt c@ZIF-8/HA NPs. (Ding et al., 2020). 

 

1.3.6 BioMOFs for Cancer Treatment  

 

MOFs have alleviated most of the limitations observed from traditional 

nanocarriers by providing an enhanced targeted delivery and higher accumulation of 

drug molecules. Especially, MOFs can be tuned to respond to endogenous and external 

stimuli, which can be beneficial in cancer treatment and diagnosis. Their porosity and 

high surface area, allows for a more efficient loading of biomolecules while providing 

a low toxic carrier. Various cancer treatments and/or diagnosis using MOFs include: 

radiotherapy, MRI imaging, carbon monoxide therapy, magnetic hyperthermia 

treatment and PDT depending on the targeted tumor cells. 

Breast Cancer 

Breast cancer, according to the World Cancer Research Fund, is the most 

prevalent cancer in women and the second most common overall, ranking the highest 
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in Belgium, Luxembourg and the Netherlands (World Cancer Research Fund). 

Methods of treatment include: radiotherapy, hormone therapy, chemotherapeutics 

and/or surgery, each having their disadvantages and toxic side effects. Breast cancer 

chemotherapeutics such as, Tamoxifen, can cause cancer endometrial carcinoma and 

other unwanted side effects (Dhull et al., 2013). Using MOFs as anti-cancer drug 

delivery vehicles would reduce toxic side effects while increasing drug accumulation 

in breast cancer cells compared to the free drug. 

Zhang et al. engineered a triple-negative breast cancer (TNBC) targeted 

peptide (ZD2) using a single gold nanostar (AuNS) coated within MIL-101-NH2(Fe) 

producing a well-defined core-shell AuNS@MOF‐ZD2 nanocomposite (Zhang et al., 

2018). These nanocomposites were utilized for MRI and photothermal therapy (PTT) 

specifically towards TNBC. The AuNS@MOF‐ZD2 nanoprobes targeted TNBC cells 

(MDA‐MB‐231) but not any other subtypes of breast cancer cells (MDA‐MB‐435, 

MDA‐MB‐468, and MCF‐7), making them promising tools for theragnostics of breast 

cancers of a certain molecular classification (Zhang et al., 2018). Laha and co-workers 

also developed a system to target TNBC both in vitro and in vivo by encapsulating 

CCM in FA conjugated IRMOF-3 (IRMOF-3@CCM@FA) (Laha et al., 2019). As 

previously mentioned in this review, folate receptors are overexpressed in tumor cells, 

allowing for the targeted delivery of drug molecules when FA is conjugated on the 

MOF surface. The IRMOF-3@CCM@FA system was successful in reducing tumor 

size in mice and induced apoptosis by upregulating the pro-apoptotic protein Bax and 

downregulating the anti-apoptotic Bcl-2 while upregulating JNK and p53 in human 

TNBC cells (Laha et al., 2019). 
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Microtubules (MT) play an important role in fundamental cellular activities 

such as, cell motility, cell division and intracellular trafficking. Evidence shows that a 

minor disruption in the dynamics of MTs can arrest cell cycle progression at mitosis 

and eventually lead to cell death. Current treatment includes Paclitaxel and Vinca 

alkaloids, which are designed to disrupt microtubule dynamics without changing MT 

mass for solid tumors and leukemias (Chen et al., 2017). Although, these drugs have 

been proven to be successful, tumor drug resistance can be caused by the 

overexpression of the multidrug resistance (MDR) protein, P-glycoprotein (Pgp, 

MRP4, ABCB1) and the class III β-tubulin (TUBB3) (Kodaira et al., 2010; Mozzetti 

et al., 2005). Breast cancer, in particular, has an overexpression of TUBB3, which can 

increase the dynamic instability of MTs, reducing the effect of taxane drugs (Lebok et 

al., 2016; Yeh et al., 2003). The goal, to overcome this treatment obstacle, is to 

downregulate the expression of Pgp while disrupting the MT dynamics for the 

inhibition of drug-resistant tumor cells. Chen and co-workers developed a 

selenium/ruthenium NP modified MIL-101(Fe) for the delivery of small interfering 

RNAs (siRNAs) to inhibit MDR genes while disrupting MT dynamics in MCF-7/T 

(taxol-resistance) cells. RNA interference can be useful for gene-targeted therapy 

because of its ability to suppress specific sequences in genes. Previous work has shown 

that the simultaneous delivery of nucleic acid drugs and chemotherapeutics reversed 

MDR in tumor tissue (Li et al., 2014; Zheng et al., 2015). Selenium was chosen for its 

ability in reducing the incidence of cancers while having low toxicity (Abdulah et al., 

2005; Hatfield et al., 2014; Sinha & El-Bayoumy, 2004; Wang et al., 2007). In 

addition, ruthenium was added to the MOF NP for its anti-metastatic activity as an 

attempt for enhanced effect and efficiency (Bergamo et al., 2012; Levina et al., 2009). 

MIL-101(Fe) was modified with cysteine owing to the strong linkage between Se/Ru 
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and the MOF structure forming NPs (Se@MIL-101 and Ru@MIL-101). Small 

interfering RNA (siRNA) loaded MOFs provided enhanced protection against MDR 

and nuclease degradation while increasing cellular uptake in MCF-7/T cells Figure 13 

(a). Furthermore, in vivo studies confirmed the chemotherapeutic efficiency of 

Se@MIL-101-(P+V)siRNA NPs by causing significant shrinkage of tumor size, nuclei 

fragmentation and chromosome condensation, and induced apoptosis (Chen et al., 

2017). 

 More recently, researchers designed a mitochondria-targeted MOF that tested 

to increase the efficacy of the anti-cancer drug, dichloroacetate (DCA) when compared 

to the free drug (Haddad et al., 2020). Given that the mitochondria play an important 

role in oncogenesis, targeting it with a triphenylphosphonium (TPP) conjugated MOF 

would localize the drug delivery system. Zirconium-based MOF, UiO-66, was 

conjugated with TPP and loaded with DCA, which inhibits pyruvate dehydrogenase 

kinase (PDK), shifting cancer cell metabolism from aerobic glycolysis to oxidative 

phosphorylation (Bonnet et al., 2007). To confirm the targeted delivery to the site of 

action, Haddad et al. modified the particles with a fluorescent pyrene group, 

fTPP@(DCA5-UiO-66), for imaging and tracking Figure 13 (b). It was reported that 

the required dose of the DCA5-TPP5-UiO-66 drug delivery system was reduced to 

less than 1% when compared to the free drug (10%) (Haddad et al., 2020).  

 PDT involves three key components: 1) light (laser), 2) tissue oxygen and 3) 

the photosensitizer (PS) (Huang et al., 2013). When the PS is illuminated using the 

appropriate wavelength, it is able to transfer the absorbed photon energy to oxygen 

molecules, generating ROS leading to cell death and tissue destruction (Huang et al., 

2011; Huang et al., 2012). Gold nanoclusters (AuNCs), as inorganic PSs, have been 
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used in PDT, but due to their short circulation in the bloodstream their application is 

limited. To overcome this hurdle, Zhang et al. developed a stimuli-responsive ZIF-8 

encapsulated with AuNCs and loaded with the anti-tumor drug, DOX to obtain 

AuNCs@MOF-DOX nanoprobes for breast cancer treatment (Zhang et al., 2020). 

 

 

Figure 13: Applications of chemically-modified bioMOF nanostructures for breast 

cancer treatment. a) MIL-101. b) UiO-66. c) PDT/ZIF-8/Graphene Quantum Dots. 

(Chen et al., 2017; Haddad et al., 2020; Tian et al., 2017). 

 

The structure of ZIF-8 degraded when exposed to a microenvironment with pH 

5.5, releasing about 77.1% of DOX. The simultaneous treatment of DOX and PDT, 

displayed almost complete tumor inhibition and only partial inhibition when treated 

individually (Zhang et al., 2020). PDT using photo absorbers located in tumors can 

also be used to convert near-infrared (NIR) energy into heat, causing irreversible 

cellular damage leading to tumor eradication (Shen et al., 2015). Tian et al. 

functionalized ZIF-8 with graphene quantum dots (GQDs) and encapsulated the carrier 

with the anti-cancer drug, DOX, using a one-pot synthesis method (Tian et al., 2017). 
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GQDs exhibit good NIR absorbance, high photothermal conversion efficiency, 

excellent thermal conductivity, and low toxicity (Biswal et al., 2013; Wang et al., 

2013; Yang et al., 2015). The ZIF-8/GQD multifunctional NPs were able to generate 

heat caused by NIR irradiation while also displaying a pH-responsive release of DOX 

under acidic conditions in breast cancer cells, 4T1 cells. The system exhibited a 

synergistic effect in cancer therapy and is a promising tool for future drug delivery 

design, as shown in Figure 13 (c) (Tian et al., 2017). 

Lung Cancer 

According to the World Health Organization, lung cancer was the most 

common cause of cancer death worldwide in 2020 with around 1.8 million deaths 

(Organization, 2021). Risk factors include environmental, lifestyle, and occupational 

exposures with cigarette smoking being the lead cause of the deadly cancer (Barta et 

al., 2019). About 16% of cases are detected before malignancy occurs with most 

detected during malignant stages (Barash et al., 2009). Therefore, the development of 

a more complex nanocarrier with better diagnostic and therapeutic efficacy is needed. 

Recently, Wang et al. modified a Fe-MOF system with a cationic polymer made from 

methyl viologen and polyallylamine hydrochloride (MV-PAH) for the treatment of 

A549 lung cancer cells (Wang et al., 2021). Methyl viologen, a bipyridyl herbicide, 

can have genotoxic and cytotoxic effect due to its ability to generate ROS (Wang et 

al., 2021). With the pH-responsiveness of the Fe-MOF system, the encapsulation of 

DOX and polyelectrolyte multilayer (PEM) coating, the group was able to successfully 

synthesize DOX@Fe-MOF@PEM NPs. The uptake of the NPs by A549 cells was 

successful and explained by the effective encapsulation of DOX due to the pH-

sensitivity of the PEM coating. The amount of ROS generation in the cancer cells was 



36 
 

 
 

30-fold more than that of the control group and 8.29-fold more than that of the free 

drug alone. The DOX@Fe-MOF@PEM system induced higher apoptosis (62.9%) in 

A549 cells when compared with the Fe-MOF (3.34%), the free drug (22.39%), and 

DOX@Fe-MOF (39.79%) alone. These results prove the heightened synergistic effect 

of the drug, Fe-MOF, and PEM (Wang et al., 2021).  

Liver Cancer 

Hepatocellular carcinoma (HCC) and pancreatic ductal adenocarcinoma 

(PDAC) are the most deadly forms of cancer with the shortest life expectancy after 

diagnosis (Siegel et al., 2012). HCC is the most common primary cancer of the liver 

and the fastest rising cause of cancer related deaths in the US and second leading cause 

of cancer deaths in East Asia and Sub-Saharan Africa (Juaid et al., 2021; Rawla et al., 

2018). Both cancers are mostly inoperable and the primary treatment is chemotherapy 

or palliative procedures (Chong et al., 2013; Siegel et al., 2012; Warsame & Grothey, 

2012). There have been limitations with targeted therapy and the only FDA approved 

drug, Sorafenib, is for the treatment of advanced HCC cases. Sorafenib, a protein 

kinase inhibitor, blocks vascular endothelial growth factor and platelet-derived growth 

factor receptors (Keating & Santoro, 2009; Wilhelm et al., 2008). The epidermal 

growth factor (EGF) receptor kinase inhibitor, Erlotininib, is also used in conjunction 

with Gemcitabine to modestly improve the life expectancy in a sub-group of patients 

(Urtasun et al., 2015). To overcome the hurdles associated with traditional 

chemotherapeutics, researchers are focused on developing combined cancer treatments 

to downregulate MDR, increase drug efficacy and reduce toxic effects.  

 Leng et al. encapsulated the ent-kaurene diterpenoid compound, Oridonin 

(Ori), in MIL-53(Fe) for the delivery in human liver cancer cells, HepG2 (Leng et al., 
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2018). Although, possessing strong anti-cancer activity, Ori is moderately 

hydrophobic, chemically instable and has a short half-life (Wang et al., 2017; Wang et 

al., 2016). Using the flexible, mesoporous and biocompatible MIL-53(Fe) would help 

alleviating the challenges of delivering the free drug on its own. The drug loading 

capacity was determined to be 56.25 wt% using a solvent diffusion method and left for 

2/3/4 days at room temperature. The drug release was carried out in PBS pH 5.5 

(91.75%) and pH 7.2 (82.23%) on the seventh day. Ori@MIL-53(Fe) showed 

inhibition of HepG2 cells at 28–57 µg/mL (equivalent to 15–30 µg/mL of free Ori), as 

shown in Figure 14 (a). 

 For an enhanced targeted delivery and improved pharmacokinetics, Chen and 

co-workers synthesized a Gd-porphyrin NMOF with the conjugation of FA to produce 

FA-NPMOF (Chen et al., 2018). FA is used as a targeting ligand for specific drug 

delivery in tumor tissue while porphyrin MOFs work as PSs for their use in PDT. The 

addition of Gd to the nanostructure will provide the combination of imaging and 

therapy owing to Gd3+ ions having long electronic relaxation times. The study was 

conducted using HCC cells in krasG12V zebrafish with DOX as the model drug for drug 

delivery. According to the MRI study, the T1-weighted signals were enhanced when 

FA-NPMOF dosage increased with no malformations observed. The tumor targeting 

effect of FA-NPMOF NPs on HCC-bearing krasG12V zebrafish was determined by 

treating the cells with 200 µg/mL for 96 hours and observing the fluorescence signal. 

A gradual increase in fluorescence occurred during the first 48 hours suggesting that 

the NPs were specially delivered to HCC for that time period. There was also a 

noticeable shrinkage in tumor size with a tumor volume of around 23 mm3 in the FA-

NPMOF/PDT group vs. 48 mm3 in the FANPMOF group, concluding the significance 

of using PDT in cancer treatments (Chen et al., 2018). 
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More recently, MIL-100(Fe) was synthesized by solvothermal method and 

tested on two types of hepatocytes (HL-7702 and HepG2) to determine the 

biocompatibility and safety of the MOF structure (Chen et al., 2019). MTT assays on 

various concentration of MIL-100(Fe) on HL-7702 cells (normal human liver cells) 

revealed a concentration less than 80 µg/mL was nontoxic with a cell viability greater 

than 85%. When the concentration was increased to 160 µg/mL, LDH was released 

indicating that the cell membrane was compromised and therefore, toxic to HL-7702 

cells. With human liver cancer cells, Hep-G2, the cell viability was greater than 91% 

when treated with various concentrations of MIL-100(Fe), revealing a high tolerance 

up to 160 µg/mL. The study proved the use of MIL-100(Fe) as potential drug carriers 

in HCC treatment (Chen et al., 2019). Sun and co-workers loaded a Gd(III) MOF 

carrier, [Gd(BCB)(DMF)](H2O)2, with an anticancer drug (5-FU) and evaluated its 

activity on both cell lines (HL-7702 and Hep-G2) (Sun et al., 2019). The 5-FU loaded 

carrier had a drug uptake of 36.4% and stimuli dependent release in an acidic pH 

cancer microenvironment. Furthermore, the drug loaded carrier showed anticancer 

activity against HCC (Chen et al., 2019).  

 

Figure 14: Applications of chemically-modified bioMOF nanostructures for hepatic 

cancer Treatment. a) MIL-53(Fe). b) DOX@Gal-PCN-224. (Leng et al., 2018; Hu et 

al., 2020). 
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In 2020, Hu and co-workers synthesized a photosensitive porphyrinic galactose 

modified MOF encapsulated with the anti-cancer drug, DOX (DOX@Gal-PCN-224) 

for the synergistic interventional PDT and chemotherapy using HCC cells and tumor 

tissue (Hu et al., 2020). Galactose can target asialoglycoprotein receptor (ASGPR), 

which is expressed on the surface of liver cancer cells, enhancing the cellular uptake 

of the NP (Wang et al., 2016). The Dox loading efficiency was determined to be around 

14% while release studies revealed a 16% release of the drug in PBS (pH = 7.4) 

compared to an impressive 65% in a more acidic environment (pH = 5.6). Targeted 

cellular uptake was determined using confocal laser scanning microscopy (CLSM) and 

flow cytometry analysis. HepG2 and Huh7 cells exhibited significant fluorescence 

indicating active targeting using DOX@Gal-PCN-224 toward ASGPR+ cells. In vivo 

studies proved the DOX@Gal-PCN-224-RhB tumor targeting ability owing to the 

higher fluorescence intensity in tumor tissue compared to other organs. As for the 

combined chemotherapy and PDT effect on tumor growth inhibition, there was a 

noticeable increase (>40%) with the group treated using combination therapy, 

demonstrating a the potential treatment for hepatocellular carcinoma, as shown in 

Figure 14 (b) (Hu et al., 2020). 

Colon Cancer 

MOFs have also been used as cytosensors to detect colon (CT26) cancer cells 

(Duan et al., 2020). Researchers created a nanohybrid by combining a Cr-based MOF 

(Cr-MOF) with cobalt phthalocyanine (CoPc) nanoparticles. The idea of combining 

MOFs with metal nanoparticles can enhance the electrochemical features of the MOF 

and can be used in bio-sensing (Al-Sagur et al., 2019; Liang et al., 2018). The early 

detection of colon cancer is paramount when treating patients as it is the third most 
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prevalent cancer and has contributed to a high number of cancer-related deaths (Clarke 

et al., 2013). The Cr-MOF@CoPC cytosensor developed by Duan et al., demonstrated 

a higher sensing sensitivity towards CT26 cells when compared to the Cr-MOF and 

CoPc alone (Duan et al., 2020). The low limit of detection in CT26 cells was 36 cells 

mL-1 and 8 cells mL-1 for electrochemical impedance spectroscopy (EIS) and 

differential pulse voltammetry, respectively. These values were compared with the 

detection limit in human normal L929 cells, which showed no significant EIS signals, 

proving the selectivity of the MOF towards colorectal (CT26) cells. 

A biocompatible porous In(III)-based MOF, [In(Hpbic)(pbic)](DMF)3, was 

prepared using solvothermal synthesis with 2-(pyridin-4-yl)-1H-benzo[d]imidazole-5-

carboxylic acid (H2pbic) as the organic linker for the treatment of SW60 colon cancer 

cells (Li et al., 2019). The nontoxic MOF was loaded with 36.2% of 5-FU and 

displayed a 73% cumulative release up to 192 h. Cell Counting Kit-8 (CCK-8) assay 

revealed that the MOF system successfully reduced cell viability and proliferation in 

SW60 cells. Furthermore, the encapsulated MOF increased intracellular ROS levels 

with 65.17% and 95.80% of apoptosis at 1x IC50 and 3 x IC50, respectively. Tumor 

volume was also inhibited in SW60 colon cancer treated mice when treated with the 

5-FU@[In(Hpbic)(pbic)](DMF)3 system (Li et al., 2019). More recently, Lv and 

coworkers synthesized an Er(III) MOF, [Er3(bpydb)3(HCOO)(OH)(H2O))]·6H2On, 

using a rigid tripodal nitrogen-containing heterotopic ligand 4,4′-(4,4′-bipyridine-2,6-

diyl) dibenzoic acid (bpydbH2) for the inhibition on Caco-2 colon cancer cells (Lv et 

al., 2020). The Er(III) based MOF showed a significant decrease in cell viability, while 

the metal ion and ligand had no effect on the Caco-2 cancer cells.  
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 Endogenous H2S is found to be overexpressed in colon and ovarian cancers 

resulting from the catalysis of cysteine related enzymes (Chen et al., 2019; Dong et 

al., 2019; Liu et al., 2019; Szabo et al., 2013; Wu et al., 2018). When exposed to 

endogenous H2S, HKUST-1 NPs produce NIR-activatable copper sulfide for the 

synergistic PTT and CDT (chemodynamic therapy) of colon cancer (Li et al., 2020). 

Researchers treated CT26 colon cancer cells with the Cu-based MOF as a stand-alone 

treatment. Not only can HKUST-1 be converted to photoactive copper sulfide for PTT, 

the MOF NP also exhibits a conversion of H2O2 in cancer cells into a more toxic ·OH 

for CDT (Li et al., 2020) (Wang et al., 2019; Wang et al., 2019). CT26 colon cancer 

cells exhibited a gradual reduction in cell viability with increasing concentrations of 

HKUST-1.  

 Pancreatic Cancer 

Pancreatic cancer is the seventh leading cause of cancer related deaths 

worldwide and the fourth in developed countries (Rawla et al., 2019). It remains one 

of the most lethal malignant neoplasms with over 400,000 new cases globally and a 5-

year survival rate at only 9%. Cu3(BTC)2 (HKUST-1) was incorporated with 

Fe3O4 nanorods to produce magnetic MOF nanocomposites for the targeted drug 

delivery of Nimesulide in pancreatic cancer cells (Ke et al., 2011). Nimesulide, a 

selective cyclooxygenase-2 (COX-2) inhibitor, exhibits chemopreventive activity by 

blocking COX-2, thereby decrease the concentration of prostaglandins inside tumor 

tissue. It has been shown to protect against N-nitrosobis(2-oxopropyl) amine-induced 

pancreatic tumors in hamsters and the post-initiation development of squamous cell 

carcinomas in 4-nitroquinoline-1-oxide-induced rat tongue carcinogenesis (Furukawa 

et al., 2003; Kawamori et al., 2002; Nakatsugi et al., 2000). The Nimesulide carrier 
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system demonstrated magnetic properties while showing a drug uptake of up to 0.2g 

g-1. The system is a promising anti-cancer treatment as the drug displayed a sustained 

release for up to 11 days (Ke et al., 2011).  

 More recently, GA, an anti-oxidant and anti-cancer agent was used for the 

synthesis of a copper-gallic acid MOF (Cu-GA NMOF) and post-synthetically loaded 

with the PS, methylene blue (MB), for PDT using Panc-1 cells (Sharma et al., 2019). 

The copper bioactive MOF framework was determined to have a BET specific surface 

area of 172 m2 g−1 and an average pore diameter of 2.2 nm. The loading efficiency of 

MB in the Cu-GA NMOF reached 2 wt% owing to the hydrogen bonding between the 

nitrogen or sulfur groups on MB and the H+ of GA. There was a higher drug release 

of GA and MB (69% and 94%) when placed in PBS (pH 7, pH 4) making it ideal for 

the drug delivery in tumor tissue. The hydrophilic nature of GA will reduce its uptake 

into tumor tissue, whereas the Cu-GA NMOF exhibits lipophilicity giving it the ability 

to interact with the cell membrane of tumor cells more readily than the free GA. 

According to the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) assay 

using PANC-1 cells, Cu-GA induced cytotoxicity (IC50 = 50 μg/mL) more efficiently 

than the free GA (IC50 = 25 μg/mL). The MB-loaded Cu-GA NMOFs induced a 

significant tumor growth inhibition in rats, proving its synergistic PDT and 

chemotherapeutic effects in pancreatic cancer cells (Sharma et al., 2019).  

Bladder Cancer 

Bladder cancer occurs on the bladder mucosa when the cells DNA begins to 

mutate. The different types of bladder cancer include urothelial carcinoma, squamous 

cell carcinoma, and adenocarcinoma. These types are differentiated by the type of cells 

that are affected. Risk factors include smoking, age, sex, chemical exposure, chronic 
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bladder inflammation and family history (Clinic, 2020b). CYLD (CYLD Lysine 63 

Deubiquitinase) is a gene that plays a negative regulatory role in bladder cancer and 

the loss of CYLD expression can be observed in different types of human cancer  

(Massoumi, 2011; Wu et al., 2021). MiR-181b (microRNA 181b), a RNA gene, has 

been shown to regulate the expression of CYLD, leading to the apoptosis of certain 

cancer cells (Yang et al., 2020). Wu et al. prepared a MOF based on Zn(II) via the 

rigid V-shaped ligand  2,6-di(2′,5′-dicarboxylphenyl)pyridine (H4L) with 

Zn(NO3)2·6H2O giving the complex, [Zn3(L)(OH)2(H2O)4](DMF)5 (Wu et al., 2021). 

The MOF complex was observed for the detection of miR-130 and CYLD and their 

roles in the progression and downregulation of bladder cancer. The group exhibited a 

decrease in miR-130 and an increase in CYLD gene expression when treated with 

[Zn3(L)(OH)2(H2O)4](DMF)5. These results indicate that the MOF compound can 

induce programmed cell death by regulating the miR-130 and CYLD genes in bladder 

cancer. 

 Ovarian and Cervical Cancer 

Ovarian cancer is the 8th most commonly occurring cancer in women and the 

deadliest among gynecological patients due to the asymptomatic nature of the disease 

(Coleman et al., 2013; World Cancer Research Fund). Patient prognosis has not 

improved much compared to other cancers due to the resistance of epithelial ovarian 

cancer to platinum based chemotherapy (Vaughan et al., 2011). Ovarian cancer 

patients are usually diagnosed with stage III and stage IV because of late detection and 

poor screening tests (Koshiyama et al., 2017; Mathieu et al., 2018). Current advanced 

ovarian cancer treatment involves a combination of surgical cytoreduction and 

chemotherapy (Wright et al., 2016). The goal is to overcome drug resistance while 
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using new imaging techniques and contrasting agents for early diagnosis and targeted 

delivery towards ovarian cancer cells (van-Dam et al., 2011). Silencing genes via 

siRNA, has been used in combating resistant cancers and can reverse cisplatin (Cis) 

resistance in ovarian cancer (Fire et al., 1998; Meng et al., 2010; Xiong & Lavasanifar, 

2011; Yellepeddi et al., 2012). He et al. encapsulated a UiO NMOF with siRNA and 

the anticancer drug, Cis, for the co-delivery in human ovarian cancer cells, SK-OV-3 

(He et al., 2014). The nanocarrier protects the siRNA from nuclease degradation 

allowing for an increased cellular uptake while promoting release from endosomes for 

the silencing of MDR genes in OC cells. UiO-Cis exhibited a 12.3 wt% drug loading 

capacity determined by inductively coupled plasma mass spectrometry (ICP-MS). 

Dynamic light scattering measurements increased after the loading of siRNA 

confirming its presence in the drug delivery system. There was a much higher 

siRNA/UiO-Cis cellular uptake compared to the free siRNA solution confirmed by 

confocal laser scanning microscopy with red fluorescence in the cytoplasm of SK-OV-

3 cells. The nanosystem was successful in the knockdown and reversal of three MDR- 

relevant genes (survivin, Bcl-2 and P-gp) with IC50 decreasing by more than 11-fold 

by co-delivering pooled siRNAs and cisplatin in a NMOF carrier  (He et al., 2014). 

Sun et al. reported a dinuclear gold(I) pyrrolidinedithiocarbamato (PDTC) 

complex with a bidentate carbene ligand for the cytotoxic activity towards Cis‐

resistant ovarian cancer cells, A2780cis (Sun et al., 2015). PDTC, a dithiocarbamate, 

has been proven to exhibit cytotoxic and antiangiogenic activities (Pfeilschifter et al., 

2010). Furthermore, metal-based dithiocarbamato complexes have been proven to 

have anticancer potencies comparable to Cis (Keter et al., 2014). Zn-MOF (zinc (II), 

adenine, and a BTC linker was used as a carrier for the uptake and release of dinuclear 

gold(I) pyrrolidinedithiocarbamato complex. The Zn-MOF complex was successful in 
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killing A2780cis cancer cells with a decreased cell survival by 50% when the co-

incubation period was greater than 24h. The antimigratory activity of the Zn-MOF 

complex was exhibited using a transwell antimigratory assay where the Zn-MOF 

complex effectively inhibited A2870cis OC cells (Sun et al., 2015). 

Lysophosphatidic acid (LPA), a bioactive phospholipid, causes the 

proliferation of cancer cells with elevated levels in plasma, suggesting that it plays an 

important role in the pathophysiology of cancer cells (Mills & Moolenaar, 2003; Xu 

et al., 1998). LPA has also been shown to alter receptor expression in ovarian 

carcinogenesis and metastasis when compared to other epithelial tumors; therefore, 

early detection of LPA levels in plasma could aid in early diagnosis and treatment of 

the disease (Ren et al., 2006; Sutphen et al., 2004; Umezu-Goto et al., 2004). Zhang et 

al. constructed a three mixed-crystal isostructural MZMOFs with variable Eu:Tb 

stoichiometry for the detection of LPA, the biomarker for OC (Zhang et al., 2015). 

Lanthanide-MOFs exhibit luminescent properties associated with those of lanthanide 

cations, which can be tuned by host-guest chemistry for the chemical sensing of LPA 

(Cui et al., 2014). MZMOF-3 (Eu0.6059Tb0.3941-ZMOF) was successful in the detection 

of LPA in the presence of other major compounds in the blood plasma making it a 

promising biochemical sensing tool, as illustrated in (Zhang et al., 2015). 

Recently, Chen et al. loaded a nucleic acid functionalized UiO-68 with DOX 

for the unlocking and release of the anticancer drug towards OVCAR‐3 ovarian cancer 

cells (Chen et al., 2019). The nucleic acid includes a base sequence that is 

complementary to the miRNA-221, a specific biomarker for ovarian cancer cells, 

inducing the ‘un-locking’ of the MOF carrier for targeted delivery of DOX (Dahiya et 

al., 2008). The research revealed the enhanced release of DOX from the carrier with 
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increased concentrations of miRNA-221, proving its unlocking capabilities in target 

tissue when exposed to exonuclease III. Upon treatment with the DOX-loaded 

miRNA-221-responsive NMOFs, OVCAR-3 cells exhibited a 50% decrease in cell 

viability, displaying cytotoxicity towards OCCAR-3 ovarian cancer cells (Chen et al., 

2019). 

More recently, a Cu(II) metal-organic framework (MOF), 

[(Cu(L)2(H2O)2](DMF)4)n (L = 3-(1H-pyrazol-4-yl)pyridine) was studied for its 

inhibitory effect on Hey ovarian cancer cells (Li et al., 2020). MTT assay, CCK-8 

proved the anti-cancer activity of the MOF system with an IC50 value 

2.81 ± 0.17 μg/mL. The system induced cell apoptosis in Hey cells by increasing ROS 

accumulation. The treatment was dose-dependent, meaning that the level of ROS 

accumulation increased significantly with increased concentrations of the Cu-MOF.  

Cervical cancer is the fourth most common gynecologic cause of cancer with 

about 99% of cases linked with high-risk human papillomaviruses. Early diagnosis and 

treatment can lead to very successful eradication of the cancer (Organization). Zheng 

and co-workers synthesized a CCM loaded nanoscale ZIF-8 (CCM@NZIF-8) NP to 

evaluate the antitumor effect on xenograft tumors of U14 cervical cancer (Zheng et al., 

2015). The CCM@NZIF-8 NPs exhibited a drug encapsulation efficiency of 88.2% 

and a tumor inhibitory rate of 85% making it an ideal, biocompatible drug delivery 

carrier. The NPs were also proven to be highly stable when placed in methanol 

solution, PBS, and fetal calf serum solutions as the hydrodynamic parameters did not 

change significantly. TGA was also used to measure the stability of the NP, resulting 

in the structure breaking down at 547°C. Furthermore, CCM@NZIF-8 had a higher 
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inhibition rate and enhanced cytotoxicity in HeLa cells when compared to the free 

CCM due to the effective endocytosis by the cells, as shown in (Zheng et al., 2015).  

Oral Cancer 

Traditional single cancer therapy has limitations and harmful side effects, 

owing to the need of multimodal systems for a more effective therapy (Fan et al., 

2017). Xiang et al. synthesized magnetic MOF NPs with porous carbon (Fe3O4@C) 

for the combined cancer therapy and magnetic-triggered hyperthermia in human oral 

squamous cell carcinoma cell line, CAL27 and CAL27 tumor-bearing mice (Xiang et 

al., 2020). The NPs were further coated with PVP and encapsulated with DOX to give 

Fe3O4@C-PVP@DOX nanocomposites. About 70% of DOX was adsorbed and loaded 

in the porous MOF NP with only 4% being released after 6 h at pH 7.4, indicating the 

effectiveness of the drug loading. The DOX release increased when an alternating 

magnetic field (AMF) was added, proving that the NPs are magnetically triggered. 

Furthermore, the NPs were incubated with CAL27 cells followed by magnetic 

hyperthermia (MHT) at 43°C where more DOX was released, indicating the AMF-

triggered heat leads to the accumulation of the drug towards cancer cells (Xiang et al., 

2020).  

Tan and researchers developed a hybrid nanocomposite 

(DOX/Cel/MOFs@Gel) by integrating IRMOF-3 with a thermosensitive hydrogel, 

poly(D,L-lactide-coglycolide)-poly(ethylene glycol)-poly(D,L-lactide-coglycolide) 

triblock copolymers (PLGA-PEG-PLGA) where DOX and celecoxib (Cel) were 

coloaded for a localized treatment in KB and SCC-9 oral cancer cells (Tan et al., 2020). 

The group compared the nanocomposite along with the free drug, DOX/MOFs, and 

DOX/Cel/MOFs. DOX exhibited more than 80% release in an acidic environment (pH 
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~6.5) with a sustained release due to the protective layer from the IRMOF-3. The 

introduction of the  thermosensitive hydrogel decreased the burst release of Cel from 

the nanocomposite and about 66% of the drug experienced a cumulative release after 

11 days in the acidic medium, which could be due to the hydrophobic nature of the gel 

(Tan et al., 2020).  The cytotoxicity studies on KB and SCC-9 oral cancer cells 

revealed that DOX/Cel/MOFs had the highest amount of cell death. The 

thermosensitive gel added an extra layer for the drug to be able to break through, 

leading to a weakened cell killing effect. However, the DOX/Cel/MOFs@Gel 

nanocomposite exhibited the most tumor ablation in nude mice bearing SCC-9 

xenografts. This could be due to the steady drug release and the combined effect of the 

DOX and Cel, indicating a localized treatment for oral cancer patients.  

Brain Cancer 

Brain cancer is one of the most aggressive cancers due to late diagnosis and 

the inability of drug delivery systems being able to pass through the blood-brain barrier 

(BBB). NPs have tremendously improved early and accurate diagnosis while 

providing enhanced sensitivity and targeted drug delivery (Biswas et al., 2019; Meyers 

et al., 2015). Researchers studied the effect of a planar MOF-based composite on 

U87MG brain cancer cells and U87MG tumor-bearing nude mice (Mu et al., 2020). 

They seeded Au NPs on Zr-based porphyrinic MOF nanosheets and loaded them with 

L-Arg for PDT and gas therapy (Mu et al., 2020). The Au NPs were added for their 

ability to catalyze glucose into H2O2 and gluconic acid in the presence of O2 (Luo et 

al., 2010; Xu et al., 2019). This generated H2O2 can metabolize L-Arg to L-citrulline, 

leading to NO generation (Fan et al., 2017; Keshet & Erez, 2018; Stuehr, 2004). NO 

could inhibit cancer growth by causing DNA damage, nitrosylation of certain 
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enzymes, or mitochondrial ablation (Chandrawati et al., 2017; Fan et al., 2018; Wang 

et al., 2015). A hydrogen peroxide assay kit was used to measure H2O2 generation and 

the results indicated that the levels of H2O2 decreased due to the consumption by L-

Arg. Griess assay revealed that NO generation was proportional to L-Arg loading and 

that the designed MOF composite (GMOF-LA) could produce NO in the presence of 

converted H2O2, leading to an enhanced tumor suppression by means of a biocatalytic 

cascade (Mu et al., 2020). Cellular uptake of the MOF composite in U87MG human 

glioblastoma cells increased gradually with a maximum internalization reaching 12 h. 

Furthermore, the GMOF nanosheets showed little to no toxicity against U87MG cells 

when compared to the combination treatment system (GMOF-LA + laser). The cell 

viability decreased to 18.6% when the MOF composite was used in conjunction with 

PDT and NO-mediated gas therapy (GMOF-LA). Finally, in-vivo studies revealed the 

accumulation of GMOF-LA nanosheets in U87MG tumor-bearing mice reaching a 

maximum value of 4.45 ± 0.70%ID g−1, owing to the enhanced permeability and 

retention effect (Mu et al., 2020). This multifunctional MOF composite can pave the 

way for future developments using nanoreactor-mediated therapy.  

Blood Cancer 

Leukemia, a cancer of blood tissue, occurs when bone marrow overproduces 

white blood cells, causing an abnormal amount white blood cells leading to overall 

malfunction. Risk factors include genetics, smoking, history of cancer treatment, 

chemical exposure and family history (Clinic, 2021). Traditional drug delivery 

systems used for treating leukemia revealed some challenges such as stability, drug 

leakage, and toxicity (Draz et al., 2014; Elsabahy & Wooley, 2012; Reynolds et al., 

2012; Williford et al., 2014). 
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A porous MOF was synthesized by reacting 3-phenylpyridine polycarboxylic 

(H3L) ligands with Ni(NO3)2·6H2O giving, (Me2NH2)[Ni3(L)2(μ3-OH)(H2O)]·2DMF 

(Xi et al., 2019). DCFH-DA detection kit assay was used to determine ROS production 

of the MOF compound in HL-60 promyelocytic leukemia cells. Results revealed ROS 

accumulation in a dose-dependent manner, with 58.70% and 90.02% at 1 x IC50 and 3 

x IC50, respectively. The compound was further tested on HL-60 cells using the MTT 

assay. Results showed significant reduction in cell colonies and cell viability with IC50 

of 2.13 ± 0.07 µg/mL, suggesting the MOFs anti-cancer effect without the addition or 

encapsulation of other drug compounds.  

1.3.7 Copper-based MOFs as Antibacterial Agents 

 

Copper has been studied for its antimicrobial effects since 1962 and increasing 

since (Rosenberg et al., 2019). Studies have shown its efficacy against Staphylococcus 

aureus (S. aureus), Clostridium difficile, Bacillus subtilis, Escherichia coli (E. coli), 

Pseudomonas aeruginosa and Legionella pneumophilia (Carson et al., 2007; Gant et 

al., 2007; Harrison et al., 2008; Ibrahim et al., 2008; Ren et al., 2009; Ruparelia et al., 

2008; Santo et al., 2008; Stout & Yu, 2003; Weaver et al., 2008; Wheeldon et al., 

2008). Cu2+ ions have been identified to induce damage by binding to 

lipopolysaccharides or peptidoglycans or carboxylic groups of bacteria causing a 

disruption in the bacterial envelope (Casey et al., 2010; Fang et al., 2009; Langley & 

Beveridge, 1999; Santo et al., 2012). Cu2+ ions cause membrane depolarization by 

binding to negatively charged domains and reducing the potential. This process could 

eventually lead to membrane leakiness or complete membrane rupture (Mitra et al., 

2020). Bacterial damage can also be caused by Cu NPs that have been internalized or 

bound by bacteria. ROS generated by Cu NPs can lead to oxidative stress and 
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eventually lead to deoxyribonucleic acid (DNA) damage and lipid peroxidation in 

bacterial membranes (Chatterjee et al., 2014; Lemire et al., 2013; Slavin et al., 2017). 

Rodríguez et al. examined HKUST-1 for its antibacterial activity (Rodríguez et al., 

2014). The group immobilized the MOF material onto cellulosic fibers and observed 

complete elimination of E. coli growth. They determined that HKUST-1 was 

responsible for the antibacterial activity against E. coli and not due its individual 

components (Rodríguez et al., 2014). 
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Chapter 2: Synthesis and Characterization of Copper-based MOFs 

 

2.1 Introduction 

 

 Copper, a trace element, plays an important role in the growth and development 

of the human body (Wang et al., 2021). Recent advances made with copper-based 

biomaterials has encouraged researchers to further expand their use in biological 

applications to overcome challenges such as, antibiotic resistance (Blair et al., 2015; 

Cox et al., 2019), bone fracture healing (Ren et al., 2015), cardiovascular diseases (Jin 

et al., 2018), and conventional chemotherapeutics (Dicken et al., 2005). In particular, 

copper-based MOFs offer a high degree of tunability, porosity and thermal stability. 

Cu-BTC, synthesized by Chui Stephen et al. in 1999, consists of Cu2+ ions bridged by 

1,3,5-benzenetricarboxylic acid (BTC) organic linker molecules (Chui Stephen et al., 

1999). The dimeric metal unit is connected to four carboxylate groups from the linker 

molecule forming the paddlewheel unit also known as the secondary building unit 

(SBU). Herein, we synthesize Cu-BTC according to the method published by Rowsell 

and Yaghi in 2006 (Rowsell & Yaghi, 2006) for further modifications (Chapters 3 & 

4) and use in biological applications (Chapters 5 & 6). 

 The second MOF candidate in this work includes Cu-GA. GA, a phenolic 

compound,  is a scavenger of ROS and can also act as a pro-oxidant by generating 

ROS, ultimately causing oxidative stress (Babich et al., 2011). However, a free GA 

compound is hydrophilic in nature, so having it a part of a MOF structure, would 

improve its stability and solubility in biological media (Sharma et al., 2019). We 

synthesized Cu-GA using a novel method and further investigated its effect on cancer 

and bacterial cells. Lastly, an approach was made to combine both GA and BTC in a 
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mixed linker Cu-BTC-GA MOF. Tables 1 and 2 list all experimental conditions that 

were explored for the synthesis of Cu-BTC and Cu-GA. 

2.2 Materials and Methods  

 

The synthesis of Cu-BTC and Cu-GA structures were explored through various 

preparations as explained in the literature. In both reactions, a base was used to 

deprotonate the -COOH groups of both linkers. Despite the fact that triethylamine 

(TEA) has been widely used to deprotonate BTC during the synthesis of Cu-BTC, our 

optimized conditions showed that the presence of TEA can be replaced by using DMF 

in a mixed solvent of DMF: H2O: EtOH. Similarly, A stronger base (KOH) was used 

to deprotonate the GA linker in a mixed solvent of DMF: H2O: EtOH.   

 Based on the chemical structure of the GA and BTC linkers, both have the 

affinity to Cu2+ ions forming 2D-3D structures. This has been established, as 

mentioned above, through the formation of pristine Cu-BTC and Cu-GA MOF 

nanostructures. Accordingly, we attempted to explore the formation of a mixed-linker 

MOF structure through the utilization of the binding potential of both linkers and study 

the contribution of each linker for the formation of a BTC and GA mixed linker MOF 

structure. This study was carried out by varying the proportion of the BTC and GA 

linkers while maintaining the stoichiometry of reaction between Cu2+ ions and the -

COOH functional groups. Three formulations were investigated by varying the molar 

ratio of the BTC:GA (1:1, 3:1 and 1:3). The detailed characterization of the structures 

are explained in the following sections. Due to relevance of the results, a description 

of the 1:1 and 3:1 formulations will be explained followed by that of the 1:3 

formulation.  
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Table 1: Experimental approaches for the preparation of Cu-BTC MOF 

nanostructures. 

Sample 

Code 

Metal 

source 

Linker Base Conditions Time Reactor 

System 

Notes 

Sample 

1 

Copper 

nitrate 

2.38 

mmol 

BTC  

4.31 

mmol 

DMF in 

solvent 

Dissolve metal in 

12 mL 

DMF:H2O:EtOH 

(1:1:1). Same for 

BTC. Combine. 

Stir x 15 min. 

Heat @ 85°C x 

24h. Pour mother 

liquor out. Wash 

2x with DMF. 

Exchange with 

DCM 3x for 2 

days and then 

heat x 5h 

@200°C 

24h Glass 

bottle 

Targeted 

Surface 

area was 

not 

achieved 

Sample 

2 

Copper 

nitrate 

2.38 

mmol 

BTC  

4.31 

mmol 

DMF in 

solvent 

and 

Triethyl

amine 

Dissolve metal in 

12 mL 

DMF:H2O:EtOH 

(1:1:1). Same for 

BTC. Combine. 

Add 0.5mL of 

triethylamine. 

Stir x 15 min. 

Heat @ 85°C x 

24h. Pour mother 

liquor out. Wash 

2x with DMF. 

Exchange with 

DCM 3x for 2 

days and then 

heat x 5h 

@200°C. 

24h Glass 

bottle 

XRD did 

not 

appear 

crystallin

e 

Sample 

3 

Copper 

nitrate 

2.38 

mmol 

BTC  

4.31 

mmol 

DMF in 

solvent 

Dissolve metal in 

12 mL 

DMF:H2O:EtOH 

(1:1:1). Same for 

BTC. Combine. 

Stir x 23h at 

room temperature 

23h Beaker very little 

product 

was 

formed. 

Discontin

ued 

before 

XRD 

Sample 

4 

Copper 

nitrate 

2.38 

mmol 

BTC  

4.31 

mmol 

DMF in 

solvent 

and 

Triethyl

amine 

Dissolve metal in 

12 mL 

DMF:H2O:EtOH 

(1:1:1). Same for 

BTC. Combine. 

Add 0.5mL of 

triethylamine. 

Stir x 23h at 

room temperature 

 

 

 

 

23h Beaker very little 

product 

was 

formed. 

Discontin

ued 

before 

XRD 
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Table 1: Experimental approaches for the preparation of Cu-BTC MOF 

nanostructures. (continued) 

Sample 

Code 

Metal 

source 

Linker Base Conditions Time Reactor 

System 

Notes 

Sample 

5 

Copper 

nitrate 

8.62 

mmol 

BTC  

4.76 

mmol 

DMF in 

solvent 

Dissolve metal in 

24 mL 

DMF:H2O:EtOH 

(1:1:1). Same for 

BTC. Combine. 

Stir x 15 min. 

Heat @ 85°C x 

24h. Pour mother 

liquor out. Wash 

2x with DMF. 

Exchange with 

meOH 3x for 2 

days and then 

heat x 5h 

@200°C 

24h Glass 

bottle 

Modificat

ion: 

solvent 

used in 

exchange    

 

Target 

surface 

area was 

not 

achieved 

Sample 

6 

Copper 

nitrate  

8.62 

mmol 

BTC  

4.76 

mmol 

DMF in 

solvent 

Dissolve metal in 

24 mL 

DMF:H2O:EtOH 

(1:1:1). Same for 

BTC. Combine. 

Stir x 15 min. 

Heat @ 85°C x 

24h. Pour mother 

liquor out. Wash 

2x with DMF. 

Exchange with 

DCM 3x for 3 

days (Filter 

vacuum each 

time) and then 

heat under 

vacuum @ 

170°C.  A RBF 

and vacuum line 

were used here 

(before vacuum 

oven arrived) 

 

 

 

 

 

 

 

 

 

24h Glass 

bottle 

Target 

surface 

area was 

not 

achieved 
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Table 1: Experimental approaches for the preparation of Cu-BTC MOF 

nanostructures. (continued) 

Sample 

Code 

Metal 

source 

Linker Base Conditions Time Reactor 

System 

Notes 

Cu-BTC Copper 

nitrate 

8.62 

mmol 

BTC  

4.76 

mmol 

DMF in 

solvent 

Dissolve metal in 

24 mL 

DMF:H2O:EtOH 

(1:1:1). Same for 

BTC. Combine. 

Stir x 15 min. 

Heat @ 85°C x 

24h. Pour mother 

liquor out. Wash 

2x with DMF. 

Exchange with 

DCM 3x for 3 

days (Filter 

vacuum each  

time) and then 

heat in vacuum 

oven @ 140°C x 

24h.   

24h Sealed 

tube 

Highest 

surface 

area 

achieved 

here. This 

was the 

method 

used for 

further 

synthesis 

of Cu-

BTC    

 

Table 2: Experimental approaches for the preparation of Cu-GA MOF 

nanostructures. 

Sample 

Code 

Metal 

Source 

Linker Base Conditions Time Reactor 

System 

Notes 

Sample 

A 

Copper 

nitrate 

2mmol 

GA  

1mmol 

KOH 

2mmol 

150°C 24h RBF XRD did not 

appear 

crystalline 

Sample 

B 

Copper 

nitrate 

2mmol 

GA  

1mmol 

TEA 

2mmol 

50°C x 1h under 

stirring first with 

TEA and GA soln 

then add metal 

and stir x 48h.  

150°C for 

synthesis 

24h RBF XRD did not 

appear 

crystalline 

Sample 

C 

Copper 

nitrate 

2mmol 

GA 

1mmol 

KOH 

2mmol 

150°C 24h RBF XRD did not 

appear 

crystalline 

Sample 

D 

Copper 

nitrate 

2mmol 

GA  

1mmol 

KOH 

2mmol 

85°C in oven and 

then dry sample 

under reflux 

24h Sealed 

tube 

XRD did not 

appear 

crystalline 

Sample 

E 

Copper 

nitrate 

2mmol 

GA  

1mmol 

DMF Solvothermal 

synthesis @110°C 

x 24h  and 

exchanged with 

DCM x 1week 

 

 

24h Sealed 

tube 

XRD did not 

appear 

crystalline 
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Table 2: Experimental approaches for the preparation of Cu-GA MOF 

nanostructures. (continued) 

Sample 

Code 

Metal 

Source 

Linker Base Conditions Time Reactor 

System 

Notes 

Sample 

F 

Copper 

nitrate 

2mmol 

GA  

1mmol 

5M 

KOH  

GA dissolved in 

water and then Cu 

added to GA soln. 

5M KOH was 

added til pH 

reached 9. Heat x 

12h @120°C in 

Autoclave. Wash 

with water 

12h Autoclave 

reactor 

XRD did not 

appear 

crystalline 

Sample 

G 

Copper 

nitrate 

2mmol 

GA  

1mmol 

DMF  Cu dissolved in 

DMF:H2O:EtOH 

(1:1:1). and GA 

dissolved in DMF 

and added to Cu 

soln. Heat x 24h 

@110°C in sealed 

tube. Wash with 

DMF. Exchange 

with DCM x 1 

week 

24h Sealed 

tube 

XRD did not 

appear 

crystalline 

Sample 

H 

Copper 

nitrate 

2mmol 

GA  

1mmol 

5M 

KOH  

GA dissolved in 

water and then Cu 

added to GA soln. 

1000µL of 5M 

KOH added. Heat 

x 12h @120°C in 

Autoclave. Wash 

with water. 

Exchange with 

DCM x 1 week 

12h Autoclave 

reactor 

XRD did not 

appear 

crystalline 

Sample 

I 

Copper 

nitrate 

2mmol 

GA  

1mmol 

5M 

KOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1). and then 

Cu added to GA 

soln. 700µL of 

5M KOH added. 

Heat x 12h 

@120°C in 

Autoclave. Wash 

with water. 

Exchange with 

DCM x 1 week 

12h Autoclave 

reactor 

XRD did not 

appear 

crystalline 

Sample 

J 

Copper 

nitrate  

2mmol 

 

GA  

1mmol 

DMF GA dissolved in 

11 mL of DMF 

and then Cu added 

to GA soln. Heat 

x 12h @120°C in 

Autoclave. Wash 

with DMF. 

Exchange with 

DCM x 1 week  

12h Autoclave 

reactor 

XRD did not 

appear 

crystalline 
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Table 2: Experimental approaches for the preparation of Cu-GA MOF 

nanostructures. (continued) 

Sample 

Code 

Metal 

Source 

Linker Base Conditions Time Reactor 

System 

Notes 

Sample 

K 

Copper 

nitrate 

2mmol 

GA 

1mmol 

DMF  Cu dissolved in 

DMF:H2O:EtOH 

(1:1:1). and GA 

dissolved in DMF 

and added to Cu 

soln. Heat x 24h 

@120°C in sealed 

tube. Wash with 

DMF. Exchange 

with DCM x 1 

week 

24h Sealed 

tube 

XRD did not 

appear 

crystalline 

Sample 

L 

Copper 

nitrate 

2mmol 

GA 

1mmol 

5M 

KOH  

GA dissolved in 

water and then Cu 

added to GA soln. 

1000µL of 5M 

KOH added. Heat 

x 12h @120°C in 

Autoclave. Wash 

with water. 

Exchange with 

DCM x 1 week 

24h Autoclave 

reactor 

XRD did not 

appear 

crystalline 

Sample 

M 

Copper 

nitrate 

2mmol 

GA  

1mmol 

5M 

KOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1). and then 

Cu added to GA 

soln. 700µL of 

5M KOH added. 

Heat x 12h 

@120°C in 

Autoclave. Wash 

with water. 

Exchange with 

DCM x 1 week 

24h Autoclave 

reactor 

XRD did not 

appear 

crystalline 

Cu-GA Copper 

nitrate 

2mmol 

GA 

1mmol 

5M 

KOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1).  and then 

Cu added to GA 

soln. 5M KOH 

added til pH~7. 

Heat x 12h 

@120°C in 

Autoclave. Wash 

with methanol and 

Exchange with 

DCM 3x for 3 

days 

 

 

 

 

24h Autoclave 

reactor 

XRD very 

close to patter 

in the 

literature. This 

was the 

method used 

for further 

synthesis of 

Cu-GA.    
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Table 2: Experimental approaches for the preparation of Cu-GA MOF 

nanostructures. (continued) 

Sample 

Code 

Metal 

Source 

Linker Base Conditions Time Reactor 

System 

Notes 

Cu-GA 

(base 

change) 

 

Copper 

nitrate 

2mmol 

GA 

1mmol 

5M 

NaOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1). and then 

Cu added to GA 

soln. 5M KOH 

added til pH~7. 

Heat x 12h 

@120°C in 

Autoclave. Wash 

with methanol 

and Exchange 

with DCM 3x for 

3 days 

24h Autoclave 

reactor 

Base was 

changed to 

determine if 

crystallinity 

can be 

improved. 

However, it 

did not.  

Cu-GA 

(solvent 

change) 

 

Copper 

nitrate 

2mmol 

GA 

1mmol 

5M 

KOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1). and then 

Cu added to GA 

soln. 5M KOH 

added til pH~7. 

Heat x 12h 

@120°C in 

Autoclave. Wash 

with methanol 

and Exchange 

with DCM 3x for 

3 days 

24h Autoclave 

reactor 

solvent was 

changed to 

determine if 

crystallinity 

can be 

improved. 

However, it 

did not. 

Cu-GA 

(salt 

change) 

 

Copper 

Chloride 

2mmol 

GA 

1mmol 

5M 

KOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1). and then 

Cu added to GA 

soln. 5M KOH 

added til pH~7. 

Heat x 12h 

@120°C in 

Autoclave. Wash 

with methanoland 

Exchange with 

DCM 3x for 3 

days 

24h Autoclave 

reactor 

Copper salt 

was changed to 

determine if 

crystallinity 

can be 

improved. 

However, it 

did not. 

Cu-GA 

(temp. 

change) 

 

Copper 

nitrate 

2mmol 

GA 

1mmol 

5M 

KOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1). and then 

Cu added to GA 

soln. 5M KOH 

added til pH~7. 

Heat x 24h 

@85°C in 

Autoclave. Wash 

with methanol 

and Exchange 

with DCM 3x for 

3 days 

24h Autoclave 

reactor 

temperature 

was changed to 

determine if 

crystallinity 

can be 

improved. 

However, it 

did not. 
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Table 2: Experimental approaches for the preparation of Cu-GA MOF 

nanostructures. (continued) 

Sample 

Code 

Metal 

Source 

Linker Base Conditions Time Reactor 

System 

Notes 

Cu-GA 

(time 

change) 

Copper 

nitrate 

2mmol 

GA 

1mmol 

5M 

KOH  

GA dissolved in 

DMF:H2O:EtOH 

(1:1:1). and then 

Cu added to GA 

soln. 5M KOH 

added til pH~7. 

Heat x 24h 

@120°C in 

Autoclave. Wash 

with methanol and 

Exchange with 

DCM 3x for 3 

days 

24h Autoclave 

reactor 

Synthesis time 

was changed to 

determine if 

crystallinity 

can be 

improved. 

However, it 

did not. 

 

Cu-BTC (HKUST-1) was prepared from the synthesis procedure carried out by 

Rowsell and Yaghi (Rowsell & Yaghi, 2006) as follows: 1,3,5-benzenetricarboxylic 

acid (BTC) (1.0 g, 4.76 mmol, Aldrich) and copper(II) nitrate hemipentahydrate (1.72 

g, 8.62 mmol, Aldrich) were each dissolved in 24 mL of solvent consisting of equal 

parts N,N-dimethylformamide (DMF) (Fisher), ethanol (Fisher) and deionized water. 

Once dissolved, the copper solution was added to the linker solution and stirred for 15 

minutes. The entire mixture was added to a 150 mL sealed tube and placed in an 85 

°C oven for 24h to yield small octahedral crystals. After decanting the hot mother 

liquor and rinsing with DMF, the product was immersed in dichloromethane (DCM) 

(Fisher) and filtered, washed and replaced with fresh DCM daily for 3 days. The 

remaining solvent was evacuated completely from the pores under vacuum at 140°C 

for 24h, yielding the porous material.  

Cu-GA MOF was synthesized by dissolving gallic acid monohydrate (0.376 g, 

2 mmol, Riedel-de Haën) in 5 mL of solvent consisting of equal parts N,N-

dimethylformamide (Fisher), ethanol (Fisher) and deionized water. Simultaneously, 

copper(II) nitrate hemipentahydrate (0.232 g, 1 mmol, Aldrich) was also dissolved in 

5 mL of the same solvent mixture. Once the two solutions were completely dissolved, 
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the copper solution was then added dropwise to the gallic acid solution while stirring. 

5M KOH was added to the Cu-GA mixture dropwise until the pH reached ~ 6.5. The 

reaction mixture was put in a sealed Teflon lined autoclave reactor and placed in the 

oven for 12h at 120°C. The sample was then washed with methanol 3 times daily for 

2 days and then with DCM 3 times for 1 day for the evacuation of the original solvent 

from the pores. Finally, to activate the sample, the dried powder was placed under 

vacuum at 130°C for 24h.  

Cu-BTC-GA (1:1 mixed linker) was prepared by dissolving GA (0.282 g, 1.5 

mmol) in 5 mL of solvent consisting of equal parts DMF, ethanol and deionized water. 

Triethylamine (TEA) (0.152 g, 1.5 mmol, Aldrich) was added to the GA solution and 

stirred for 15 min. Simultaneously, BTC (0.105g, 0.5 mmol) was dissolved in 5 mL of 

solvent consisting of equal parts DMF, ethanol and deionized water. TEA (0.152 g, 

1.5 mmol) was also to the BTC solution and stirred for 15 min. Both linker solutions 

are combined and kept under stirring. Copper(II) nitrate hemipentahydrate (0.349 g, 

1.5 mmol) was dissolved in 5 mL of the same solvent mixture and then added to the 

combined linker solution. The reaction mixture is added to a sealed Teflon lined 

autoclave reactor and placed in the oven for 24h at 85°C. The sample was then washed 

with methanol 3 times daily for 2 days and then with DCM 3 times for 1 day to 

evacuate original solvent from the pores. The product is dried first in the oven for about 

9h at 120°C and then finally, to activate the sample, the dried powder was placed under 

vacuum at 120°C for 24h. 

Cu-BTC-GA (3:1 mixed linker) was prepared by dissolving GA (0.094 g, 0.5 

mmol) in 5 mL of solvent consisting of equal parts DMF, ethanol and deionized water. 

TEA (0.051 g, 0.5 mmol) was added to the GA solution and stirred for 15 min. 

Simultaneously, BTC (0.105 g, 0.5 mmol) was dissolved in 5 mL of solvent consisting 
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of equal parts DMF, ethanol and deionized water. TEA (0.152 g, 1.5 mmol) was also 

to the BTC solution and stirred for 15 min. Both linker solutions are combined and 

kept under stirring. Copper(II) nitrate hemipentahydrate (0.233 g, 1 mmol) was 

dissolved in 5 mL of the same solvent mixture and then added to the combined linker 

solution. The reaction mixture is added to a sealed Teflon lined autoclave reactor and 

placed in the oven for 24h at 85°C. The sample was then washed with methanol 3 times 

daily for 2 days and then with DCM 3 times for 1 day to evacuate original solvent from 

the pores. The product is dried first in the oven for about 9h at 120°C and then finally, 

to activate the sample, the dried powder was placed under vacuum at 120°C for 24h. 

Cu-BTC-GA (1:3 mixed linker) was prepared by dissolving GA (0.564 g, 3 

mmol) in 10 mL of solvent consisting of equal parts DMF, ethanol and deionized 

water. TEA (0.304 g, 3 mmol) was added to the GA solution and stirred for 15 min. 

Simultaneously, BTC (0.070 g, 0.33 mmol) was dissolved in 5 mL of solvent 

consisting of equal parts DMF, ethanol and deionized water. TEA (0.101 g, 1 mmol) 

was also to the BTC solution and stirred for 15 min. Both linker solutions are combined 

and kept under stirring. Copper (II) nitrate hemipentahydrate (0.465 g, 2 mmol) was 

dissolved in 5 mL of the same solvent mixture and then added to the combined linker 

solution. The reaction mixture is added to a sealed Teflon lined autoclave reactor and 

placed in the oven for 24h at 85°C. The sample was then washed with methanol 3 times 

daily for 2 days and then with DCM 3 times for 1 day to evacuate original solvent from 

the pores. The product is dried first in the oven for about 9h at 120°C and then finally, 

to activate the sample, the dried powder was placed under vacuum at 120°C for 24h. 

Characterization of MOF samples. The morphology and particle size of the 

MOF samples were obtained using a JEOL JSM–6010LA scanning electron 

microscope (SEM). Powder x-ray diffraction (XRD) data was recorded on a 
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Shimadzu-6100 powder XRD diffractometer with Cu-Kα radiation, λ = 1.542 Å. 

Diffraction data were collected in the 2θ angle range of 20–70 degrees on a Bruker D8 

Advance Diffractometer. Thermogravimetric analysis (TGA) was performed to 

determine the thermostability of the material. A Shimadzu DTG60 thermogravimetric 

analyzer with a temperature ramp of 10°C/min in N2
 was used. BET and Langmuir 

surface areas and total pore volumes of the samples were determined from N2 

adsorption isotherms at 77 K on a Quantachrome Autosorb-1 volumetric gas sorption 

instrument. The MOF materials were first degassed at 140°C for 3 hours to completely 

eradicate all solvents and moisture from the pores. Fourier transform infrared (FTIR) 

spectra (4000–400 cm−1) were obtained from KBr pellets using a Bruker Vector 22 

instrument. To confirm the structure and the presence of organic linkers (BTC and 

GA) in the MOF network, 0.5 mL of dimethyl sulfoxide-d6 (DMSO) (Sigma-Aldrich) 

was added to 3 mg of MOF material and digested with 40%HCl/60%D2O (Sigma-

Aldrich). The sample was then sonicated until the powder was completely dissolved. 

1H NMR spectra were recorded, using Varian-400 MHz (USA), at 25°C in DMSO-d6 

using solvent peaks 2.50 ppm as internal references. The assignment of chemical shifts 

was relative to a known standard compound. 

2.3 Results and Discussion 

Pristine Cu-BTC and Cu-GA MOFs 

X-ray diffraction (XRD): A detailed characterization of the as-prepared and 

activated Cu-BTC and Cu-GA metal-organic frameworks are shown in Figure 15. The 

powder XRD pattern for Cu-BTC shown in Figure 15a is consistent with previously 

published work (Biemmi et al., 2009; Chowdhury et al., 2009; Schlichte et al., 2004; 

Tranchemontagne et al., 2008). The material exhibited high crystallinity with intensive 

peaks appearing in the 2θ range of 5° to 15°, where the most intense peaks were 
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observed at 2 values of 5.97,6.88, 9.67, 11.80 and 13.58o. The presence of high 

intensity XRD peaks within this range is characteristic of microporous MOF materials 

due to the small pores and cavities of MOF nanostructures. All peaks were indexed to 

their standard hkl values as compared with the previously published work. Figure 15 

(b) is the XRD pattern of the as-prepared Cu-GA MOF, which indicates a highly 

crystalline material with the most intense peak at 10.3o. Despite the presence of a single 

high intensity peak within the 2 range of 5o to 15o, Cu-GA has been previously known 

to exhibit a typical MOF structure (Azhar et al., 2020; Sharma et al., 2019). The 

broadness of the peaks at 2 > 25o may indicate the nm-size of the as-prepared Cu-

GA, as will be shown in the SEM of these samples. 

Single-crystal X-ray diffraction (SC-XRD): The crystal structure of the as-

prepared Cu-BTC is cubic with space group Fm-3m, and lattice parameters a = 26.32 

Å, and a = 90o. The empirical formula of the structure is C1.5HCu0.25O1.25. A detailed 

description of the crystallographic data of the as-prepared Cu-BTC is given in Table 

3. The Cu2+ ions are coordinated to the organic ligand BTC in the ratio (Cu:BTC = 

1:1). The Cu2+ ions adopt a square pyramidal coordination environment, as shown in 

Figure 16. The BTC linker molecule consists of three carboxylic acid group attached 

to the benzene ring. 
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Figure 15: XRD patterns of the as-prepared a) Cu-BTC and b) Cu-GA MOF. 
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Table 3: Crystal Structure information for the as-synthesized Cu-BTC. 

Identification code exp_327_autoSE-1J 

Empirical formula C1.5HCu0.25O1.25 

Formula weight 54.91 

Temperature/K 297(2) 

Crystal system Cubic 

Space group Fm-3m 

a/Å, b/Å, c/Å 26.3223(3) 

α/°, β/°, γ/° 90 

Volume/Å3 18237.7(6) 

Z 192 

ρcalcg/cm3 0.960 

μ/mm-1 1.982 

F(000) 5232.0 

Crystal size/mm3 ? × ? × ? 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 6.716 to 154.266 

Index ranges -33 ≤ h ≤ 25, -19 ≤ k ≤ 33, -25 ≤ l ≤ 21 

Reflections collected 7835 

Independent reflections 965 [Rint = 0.0332, Rsigma = 0.0137] 

Data/restraints/parameters 965/0/38 

Goodness-of-fit on F2 1.343 

Final R indexes [I>=2σ (I)] R1 = 0.0966, wR2 = 0.3140 

Final R indexes [all data] R1 = 0.0989, wR2 = 0.3164 

Largest diff. peak/hole / e Å-3 1.39/-0.48 
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Figure 16: Crystal structure of Cu-BTC. a) 3D structure b) Paddlewheel unit 

(secondary building unit). 
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Four carboxylic groups of the ligand are coordinated to the metal dimer, 

forming a paddlewheel secondary building unit. The BTC linker molecules participate 

in the stacking of the Cu-BTC coordinated network through a combination of H-

bonding and − stacking of the BTC ligand.  

Due to the relatively weak crystallinity of the as-prepared Cu-GA, it was 

difficult to retrieve a single crystal for further single-crystal XRD analysis. This was 

also confirmed by the absence of the crystallographic data in the literature. 

Alternatively, a simulated crystallographic arrangement of the Cu-GA MOF structure 

was proposed by Azhar et al (Azhar et al., 2020), as shown in Figure 17. Each GA 

linker molecule has one -COOH and three -OH functional groups. The Cu2+ clusters 

are bonded to all GA functional groups, while the GA linker molecules are stacked 

through H-bonding and − interactions.  

Fourier Transfer-Infrared Spectroscopy (FT-IR): The FT-IR spectra of Cu-

BTC and Cu-GA are shown in Figure 18. The chemical structures of BTC and GA 

linkers were also shown in their respective FT-IR spectra. The Cu-BTC FT-IR 

spectrum shown in Figure 18 (a) exhibits vibrational bands at 1639, 1445 and 1378 

cm-1 representing the vibrations of the ˗COOH groups from the BTC linker. The broad 

band at 3500 cm-1 can indicate the presence of physically-adsorbed water and/or -OH 

groups in the material. The low intensity of this band indicates the complete 

deprotonation of the BTC carboxylic acid groups, and is thus attributed to the 

physically adsorbed water molecules. The linkage between Cu2+ions and the BTC 

carboxylate anions were shown as bands representing the Cu-O group at 752.2 and 

515.5 cm-1. The results are in good agreement with other reported data indicating that 

the Cu-MOF was properly synthesized (Li & Yang, 2008). Figure 18 (b) shows the 

FT-IR spectrum of the Cu-GA, where bands representing the Cu-COO- bond are 
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observed at 740.7 and 485.8 cm-1. In addition, the highly hydroxylated GA structure 

was also reflected in the high intensity band at 3236.9 cm-1 and 1384 cm-1. Other bands 

representing the GA linker are also indicated on the spectrum. These results are also 

in agreement with the reported FT-IR spectra of Cu-GA (Azhar et al., 2020). The FT-

IR spectra of both Cu-BTC and Cu-GA confirm the formation of Cu-coordinated 

structures with both linkers.  

 

 

Figure 17: A simulated crystal structure of Cu-GA showing the overall 3D structure 

of the MOF. (Azhar et al., 2020). 
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Figure 18: FT-IR spectra of a) Cu-BTC and b) Cu-GA. 

 

Raman Spectroscopy (RS): Figure 19 represents the Raman spectra of Cu-BTC 

and Cu-GA MOFs. The Raman spectrum of the Cu-BTC in Figure 19 (a) reveals the 

presence of high intensity sharp peaks at 1007.9 and 1616.6 cm-1, which are attributed 

to the aromatic C=C group of the GA linker (Nivetha et al., 2020).In addition, doublet 

peaks at Raman shifts of 748.2, 829 cm-1, and at 1463.3, 1544.4 cm-1 are attributed to 
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the C-H and C=O functional groups, respectively (Nivetha et al., 2020). A low-

medium intensity peak was also observed at 501.3 cm-1, which is related to the Cu-O 

linkage (Nivetha et al., 2020). On the other hand, the Raman spectrum of the as-

prepared Cu-GA in Figure 19 (b) shows the presence of bands at 1321.7 and 1391.9 

cm-1, 1497.5 and 1593.0 cm-1 and 1648.3 and 1675.6 cm-1, which are related to the 

presence of C-OH, C=O, and C=C functional groups, respectively (Huguenin et al., 

2015). Moreover, a peak at 1176.1 cm-1 was observed and is attributed to the C-H 

group (Huguenin et al., 2015). The highest intensity peak at 1321.7 cm-1 is correlated 

to the highly hydroxylated GA structure (Huguenin et al., 2015). It should be 

mentioned that the presence of a Raman shift due to the absorption of the Cu-O linkage 

was not observed. In comparison with that observed in the Raman spectrum of the Cu-

BTC, this could be related to the presence of a lower proportion of Cu-COO- linkages 

in the Cu-GA compared to Cu-BTC. 

Thermogravimetric Analysis (TGA): The elemental composition of Cu-BTC 

and Cu-GA was verified by TGA analysis, which records the change in the weight of 

the sample with increasing temperature under inert atmosphere, as shown in Figure 20. 

An accurate investigation of the weight loss events was also carried out via the 

differential TG (DTG). Figure 20 (a) illustrates the presence of multiple weight loss 

events as a result of the thermal degradation of the Cu-BTC structure. Two main events 

occurred at 67.3 and 336.1oC, attributing to the evaporation of physically attached 

water molecules and the thermal degradation of the BTC linker and the consequent 

evaporation of the organic degradation products (Kar & Srivastava, 2018). The extent 

of water vapor removal accounts for a weight loss of 13.2%, while the thermal 

breakdown of the BTC linker accounts for a weight loss of 33.7%. Lower extent weight 

loss events were also observed throughout the diagram, which can be attributed to the 
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removal of volatile organic residues. The overall weight loss of the Cu-BTC was 

estimated to be 66.8%. Inorganic CuO residue was formed in the process and is 

represented by the plateau continuing after 500oC (Kar & Srivastava, 2018). On the 

other hand, the TGA-DTG thermograms of the as-prepared Cu-GA in Figure 20 (b) 

features two major weight loss events at 225.7 and 309.9oC. These are attributed to the 

dihydroxylation of the GA linker and the breakdown of the GA remaining aromatic 

structure, respectively (Dorniani et al., 2012).In addition, two minor events can be seen 

at 67.5 and 195.4oC, which are related to the evaporation of the physically and 

chemically attached water molecules, respectively (Dorniani et al., 2012). A slowed-

down thermal degradation of the Cu-GA structure was observed after 400oC without 

reaching a plateau, which could be attributed to the successive formation of the 

inorganic CuO residue.  
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Figure 19: Raman spectra of a) Cu-BTC and b) Cu-GA. 
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Figure 20: TGA and DTG thermograms of a) Cu-BTC and b) Cu-GA. 

 

1H Nuclear Magnetic Resonance Spectroscopy (1H NMR): Figure 21 shows the 

1H NMR spectra of the as-prepared Cu-BTC and Cu-GA MOF structures, along with 

a comparison to the 1H NMR spectra of pure BTC and GA linkers. The pure BTC 
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linker was shown as a singlet at 8.63 ppm, while BTC in the Cu-BTC was observed at 

8.55 ppm, Figure 21 (a). This peak is attributed to the phenyl proton of the BTC 

molecule. Pure GA was observed at 6.9 ppm, while GA in the Cu-GA MOF was 

observed at 6.86 ppm, as shown in Figure 21 (b). The presence of the peak is attributed 

to the phenyl proton of the GA linker. The slight shifts could be due to the presence of 

both linkers in the form of coordinated linkages with the Cu2+ ions in both structures. 

These findings confirm the presence of both linkers in the structure of the as-prepared 

Cu-BTC and Cu-GA MOFs.  
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Figure 21: 1H-NMR spectra of a) Cu-BTC and b) Cu-GA. Each MOF was prepared in 

0.5 mL of DMSO + 40% HCl + 60% D2O. All spectra were referenced to a DMSO 

signal at 2.50 ppm. 

 

Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-

EDX): The high crystallinity of the as-prepared and activated Cu-BTC was further 

observed in the SEM micrographs of the powder, as shown in Figure 22 (a). Cu-BTC 

exhibits a defect-free octahedral crystal structure with sharply identified edges and an 

overall unified morphology and size distribution. Elemental analysis of the powder 

was further examined for its elemental composition, as shown in the EDX pattern in 

Figure 22 (b). The presence of C, O, and Cu with weight percentages of 16.23, 19.33, 

and 35.86, respectively was evident. On the other hand, Cu-GA appears as highly 
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agglomerated 2D flakes with an average size of 1 m and thickness of < 1 m, as 

shown in Figure 23 (a). The nm-scale features of the Cu-GA explains the broadness of 

the XRD peaks of Cu-GA that was observed in Figure 15 (b). The EDX analysis of 

Cu-GA nanosized crystallites confirm the presence of C, O, and Cu with weight 

percentages of 23.39, 27.13, and 45.69, respectively, as shown in Figure 23 (b). The 

higher proportion of the Cu2+ in Cu-BTC compared to Cu-GA is related to the higher 

extent of bond formation between the Cu2+ ions and the three -COOH groups of BTC 

versus one -COOH group along every GA linker unit.  

 

Figure 22: a) SEM micrograph and b) EDX spectrum of Cu-BTC. 
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Figure 23: a) SEM micrograph and b) EDX spectrum of Cu-GA. 

 

N2-adsorption: Figure 24 displays the N2-adsorption hysteresis and pore size 

distribution of the as-prepared and activated Cu-BTC. Gas adsorption was carried out 

to determine the MOFs pore size and surface area. The N2 adsorption-desorption is 

type II, indicating the microporous nature of the Cu-BTC structure, as shown in Figure 

24 (a). The Langmuir surface area and the Brunauer-Emmett-Teller (BET) surface 

areas are 1,507 m2 g-1 and 1,268.9 m2 g-1, respectively. The pore volume was 0.54 cm3 

g-1 and the pore size and width distribution obtained by Horvath-Kawazoe is about 

57.86 Å and 7.6 Å, respectively, as shown in Figure 24 (b). The observed surface area 
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of the activated Cu-BTC MOF structure is in accordance to the literature, and confirms 

its high porosity.   

 

Figure 24: a) N2-adsorption hysteresis and b) pore size distribution of Cu-BTC. 

 

Due to the highly agglomerated morphology of the Cu-GA flaky particulates, 

the MOF displayed weak adsorption of N2, with a type III isotherm and an average 
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pore size of 200 Å, as shown in Figure 25. Accordingly, the measured BET and 

Langmuir surface area values were of 1.41 and 4.23m2/g, respectively.  

 

Figure 25: a) N2-adsorption hysteresis and b) pore size distribution of Cu-GA. 

 

Cu-BTC/GA mixed linker (1:1) and (3:1) 

XRD: Figure 26 shows the XRD patterns of the Cu-BTC/GA 1:1 and 3:1 

formulations in comparison to Cu-BTC and Cu-GA pristine MOFs. Both Cu-BTC/GA 

1:1 and 3:1 formulations reveal the presence of intense peaks at 2 values below 10o. 
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Compared with the most intense XRD peaks of pristine MOFs at 9.69, 6.89, and 5.99o 

for Cu-BTC and at 10.41o for Cu-GA, the Cu-BTC/GA 1:1 formulation showed an 

intense peak at 10.35 and broad low intensity peak at 8.62 with a sharp shoulder at 

7.55o. On the other hand, the Cu-BTC/GA 3:1 formulation showed a broad and intense 

peak at 9.22o and a sharp medium-intensity shoulder at 7.91o, while the broadness of 

the peak at 9.22 shows the possibility of a peak at 9.93o, as indicated on the spectra. A 

close similarity of the Cu-BTC/GA 1:1 and 3:1 peaks with those of pristine Cu-BTC 

and Cu-GA were observed. The structure and position of the three peaks present in 

Cu-BTC/GA 1:1 and 3:1 were previously observed in the work of Yang et al. (Yang 

et al., 2015) referring to the presence of Cu-BTC structure. Considering the sole 

intense peak of the pristine Cu-GA, the presence of a mixed-MOF structure was 

considered a possibility. Therefore, a further investigation of the detailed structure of 

the produced Cu-BTC/GA 1:1 and 3:1 was carried out by 1H NMR analysis. 
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Figure 26: XRD patterns of Cu-BTC/GA 1:1 and 3:1 compared to pristine Cu-BTC 

and Cu-GA. 

 

1H NMR: The 1H NMR spectra of the Cu-BTC/GA 1:1 and 3:1 formulations 

are shown in Figure 27. The presence of BTC in the structure of both Cu-BTC/GA 1:1 

(Figure 27 (a)) and 3:1 (Figure 27 (b)) was confirmed at 8.6 ppm. However, the 

presence of a peak at 6.9 ppm, which is characteristic to GA linker, as previously 

shown in Figure 21 (b), was not present. These findings indicate the absence of GA in 

the structure of both Cu-BTC/GA 1:1 and 3:1 formulations, and the sole formation of 

a Cu-BTC hierarchical structure. Accordingly, no contribution of GA to the formation 

of the produced MOF structures was found. These results indicate the preferential 

interaction of the BTC linker with the Cu2+ ion, with the influence of [BTC] in the 

initial reaction mixtures, 1:1 and 3:1 were 50% and 75%, respectively. The presence 

of a higher BTC molecule enforced its sole interaction between the Cu2+ ions. It should 

be mentioned that the pKa values of the BTC linker are: 3.12, 3.89 and 4.7 which 
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correspond to the three -COOH groups along the BTC structure. On the other hand, 

the pKa values of the GA linker are 4, corresponding to the -COOH group in the GA 

structure, and 8.7, 11.4 and >13 attributing to the phenolic -OH groups. The relative 

strength of the BTC-(COOH)3 groups and their higher affinity towards the interaction 

with the Cu2+ ions compared to GA-(COOH) can be presumed. Considering the 

stoichiometry of the reactions involved, it can be stated that a non-stoichiometric Cu-

BTC was formed. 

SEM: The unique high crystallinity of the pristine Cu-BTC MOF exhibited in 

the SEM micrograph in Figure 28 (a), was not observed in the SEM micrographs of 

the Cu-BTC/GA 1:1 and 3:1 samples in Figure 28 (c) and 28 (d), respectively. 

Moreover, the highly agglomerated 2D flakes of pristine Cu-GA, shown in Figure 28 

(b), were also not seen in the proposed 1:1 and 3:1 formulations. Instead, both Cu-

BTC/GA 1:1 and 3:1 revealed the presence of crystalline material with elongated 2D 

morphology. This morphology was previously cited in the work of David et al. (Shooto 

& Dikio, 2015)  as a result of the interaction between Cu2+ ions and 1,2,4,5-

Tetrabenzenecarboxylic acid (H4TBCA). Therefore, we hypothesize that the Cu-BTC 

with the same elongated 2D morphology is attributed to the formation of a non-

stoichiometric Cu-BTC and is related to the presence of a lower [BTC] than required 

for the formation of the stoichiometric Cu-BTC with the known octahedral 

morphology.  

FT-IR: The FT-IR spectra of the Cu-BTC/GA 1:1 and 3:1 are shown in Figure 

29 with pristine Cu-BTC and Cu-GA for comparison. The spectra can be divided in 5 

parts. Part I shows a sharp band at 726 cm-1, which is attributed to the Cu-O absorption 

in the pristine Cu-BTC spectrum. This band was shifted to 736 and 730 cm-1 in the 

spectra of the Cu-BTC/GA 1:1 and 3:1, respectively. 
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Figure 27: 1H-NMR spectra of a) Cu-BTC/GA 1:1 and b) Cu-BTC/GA 3:1. Each 

sample was prepared in 0.5 ml of DMSO + 40% HCl + 60% D2O. The 1H spectra of 

standard BTC and GA linkers are also shown in both graphs. All spectra were 

referenced to a DMSO signal at 2.50 ppm. 



85 
 

 
 

 

Figure 28: SEM micrographs of a) pristine Cu-BTC b) pristine Cu-GA c) Cu-BTC/GA 

1:1 and d) Cu-BTC/GA 3:1. 

 

Part II shows a medium intensity band at 1106.6 cm-1 in the spectrum of 

pristine Cu-BTC, which correlates to the C-O functional group. This band was shifted 

to 1040 and 1069 cm-1 in the spectra of the Cu-BTC/GA 1:1 and 3:1, respectively. 

Parts III and IV show bands at 1378 and 1645 cm-1, which are characteristic to the 

BTC-COOH, namely the C=O and C-O functional groups, respectively, of the pristine 

Cu-BTC. These bands were shifted to 1389, 1695 cm-1 and 1377 and 1689 cm-1 in the 

spectra of the mixed formulations. In part V, the low intensity broad band at 3547 cm-

1, which is characteristic to the absorption of the -OH group in the pristine BTC, was 

observed at 3468 and 3480 cm-1 in the spectra of the Cu-BTC/GA 1:1 and 3:1, 

respectively. A careful study of these bands with those in the spectrum of Cu-GA, 

indicates the sole formation of Cu-BTC structures, while the shift in the Cu-BTC bands 
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could be attributed to the formation of the non-stoichiometric 2D Cu-BTC structures 

in both Cu-BTC/GA 1:1 and 3:1 formulations.   

 

Figure 29: FT-IR spectra of Cu-BTC/GA 1:1 and 3:1 compared to pristine Cu-BTC 

and Cu-GA. 

 

TGA: The thermal characteristics of the Cu-BTC/GA 1:1 and 3:1 are compared 

with those of pristine Cu-BTC and Cu-GA, as shown in Figures 30 and 31. Compared 

with overall weight loss values of 76.2 and 55.4% for pristine Cu-BTC and Cu-GA, 

respectively, Cu-BTC/GA 1:1 and 3:1 formulations showed weight loss values of 65.8 

and 68.5%, as shown in Figure 30 (b). The detailed thermal events are represented in 

Figure 31 as related to their respective thermograms in Figure 30 (a). A detailed 

analysis of the thermal events of the Cu-BTC/GA 1:1 and 3:1 formulations as well as 

the pristine Cu-BTC and Cu-GA MOFs are shown in Table 4. 
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Figure 30: a) TGA thermograms of Cu-BTC/GA 1:1 and 3:1 as well as pristine Cu-

BTC and Cu-GA and b) A summary of their overall weight loss values. 
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Figure 31: DTG analysis of the TGA thermograms of Cu-BTC/GA 1:1 and 3:1 

compared to pristine Cu-BTC and Cu-GA. 

 

Table 4: Thermal events depicted from the TGA thermograms of the Cu-BTC/GA 

1:1 and 3:1, Cu-BTC and Cu-GA MOFs. 

Cu-BTC (oC) Cu-GA (oC) Cu-BTC/GA 1:1 (oC) Cu-BTC/GA 

3:1 (oC) 

67.3 

336.1 

226.3 

309.8 

46.3 

202.1 

246.2 

289.9  

365.9  

45.7  

213.2  

252.1  

301.9  

331.8  

 

Thermal events were observed for each of the pristine MOF structures at 67.3 

and 309.9oC for Cu-BTC and 226.3 and 309.8oC for Cu-GA. As previously explained, 

these events are related to the evaporation of physically and chemically attached water 

molecules and the breakdown BTC and GA molecules. Cu-BTC/GA 1:1 and 3:1 

formulations showed multiple thermal events at variable temperatures, as shown in 
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Table 4. These thermal events could be attributed to the presence of the 2D non-

stoichiometric Cu-BTC structures with variable extents of coordination between the 

Cu2+ ions and the BTC linker molecules, hence the previous findings are confirmed.   

Cu-BTC/GA mixed linker (1:3)  

XRD: Figure 32 shows XRD pattern of the Cu-BTC/GA 1:3 formulation 

compared with patterns of pristine Cu-BTC and Cu-GA. A close resemblance with the 

pattern of GA was observed, where the main XRD peak at 2 value of 10.3o was 

observed. Other low intensity peaks were also displayed, matching closely to those of 

pure Cu-GA. None of the peaks observed in the XRD pattern of the Cu-BTC/GA 1:3 

formulation match those in the XRD pattern of the pristine Cu-BTC. These results 

indicate the preferential interaction between the Cu2+ ions and the GA linker 

molecules, which are present in a higher concentration (75%) in the formulation. No 

signs for a possible interaction between the Cu2+ ions and the BTC molecules were 

found. The broadness of the XRD peaks of the Cu-BTC/GA 1:3 pattern could be 

related to the low crystallinity of the formed Cu-GA-like structure, as will be 

demonstrated in the next sections. 
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Figure 32: XRD patterns of Cu-BTC/GA 1:3 and pristine Cu-BTC and Cu-GA 

MOFs. 

 

SEM: The morphology of the Cu-GA-like structure formed as a result of the 

interaction between the Cu2+ ions and the dominating GA in the BTC:GA (1:3) 

formulation, is shown in Figure 33. Agglomerates of 2D flaky crystallites can be seen 

in the SEM micrograph of the Cu-BTC/GA 1:3 formulation. These results confirm the 

formation of Cu-GA-like structure and the absence of signs of other morphologies that 

could be related to the interaction between Cu2+ ions and the BTC linker. 

FT-IR: Figure 34 reveals the IR spectrum of the Cu-BTC/GA 1:3 in 

comparison with those of the pristine Cu-BTC and Cu-GA structures. A close match 

between the bands of the Cu-BTC/GA 1:3 and their respective counterparts in the 

spectrum of the Cu-GA was observed, as outlined in part I of the spectrum. On the 

other hand, a resolution of the broad band at 3247 cm-1, which is attributed to the -OH 

absorption in the Cu-GA was observed in the spectrum of the Cu-BTC/GA 1:3 



91 
 

 
 

formulation. Two lower intensity bands were observed at 3443.5 and 3106.2 cm-1, 

which could be contributed to the absorption of the GA phenolic -OH groups and the 

presence of physically adsorbed water molecules, respectively. These results, therefore 

confirm the formation of Cu-GA-like structure as a result of the reaction between Cu2+ 

ions and the GA-dominant Cu-BTC/GA 1:3 formulation.   

 

Figure 33: SEM micrographs of a) pristine Cu-GA and b) Cu-BTC/GA 1:3. 
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Figure 34: FT-IR spectra of Cu-BTC/GA 1:3, pristine Cu-BTC and Cu-GA. 

 

TGA: The as-prepared Cu-BTC/GA 1:3 formulation showed an overall thermal 

history similar to that of the Cu-GA MOF as shown in the TGA thermograms of these 

samples in Figure 35 (a). The overall weight loss of the Cu-GA-like structure was 

found to be 59.6%, which is comparable to that of the Cu-GA which amounted for 

55.3%. This slight difference is attributed to the lower proportion of GA in the Cu-

BTC/GA 1:3 formulation than that of pristine Cu-GA. A detailed description of the 

slight differences between the thermograms of the Cu-BTC/GA 1:3 formulation and 

Cu-GA is shown in Figure 35 (b). In part I of the diagram, an initial event was observed 

at 40.1oC in the thermogram of Cu-GA but was not present in the thermogram of the 

Cu-GA-like sample. This difference could be attributed to the lower extent of 

physically-adsorbed water molecules evaporation. In part II of the diagram, the 2 

events at 225.1 and 191.4oC in the thermogram of Cu-GA were unified in a single 

event at 217.9oC in the thermogram of the Cu-GA-like sample. On the other hand, the 
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two thermal events at 285.4 and 309.9oC in the thermogram of the pristine Cu-GA 

were shifted to 264.9 and 315.1oC in the thermogram of the Cu-GA-like sample. These 

slight variations could be attributed to the difference in the proportion of GA in the 

Cu-GA-like structure and the morphology of its crystallites.   

 

Figure 35: a) TGA thermograms and b) DTG analysis of Cu-BTC/GA 1:3, pristine Cu-

BTC and Cu-GA.  

2.4 Conclusion 

 

The synthesis of two copper-based MOFs were successfully carried out with 

Cu2+ as the metal node along with a) 1,3,5-benzene tricarboxylic acid and b) gallic acid 

for the organic ligands. Both Cu-based MOFs were characterized using PXRD, SEM-
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EDX, FT-IR spectroscopy, Raman Spectroscopy, TGA-DTG, SXRD (Cu-BTC only), 

1H NMR digestion and N2 sorption. A mixed-linker MOF that contains both BTC and 

GA was attempted, however, the presence of both linkers was not achievable in this 

work. It was observed that BTC has a higher affinity to the interaction with Cu2+ ions, 

especially when its proportion was 50 and 75% where BTC dominated the Cu-

BTC/GA composition. This can be attributed to the relatively higher acidic strength of 

the BTC as compared with that of GA considering the differences between their pKa 

values. On the other hand, increasing the proportion of GA to 75% was reflected on 

the formation of Cu-GA-like crystallites where no signs of an interaction between the 

minor linker (BTC; 25%) with Cu2+ ions were found.
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Chapter 3: Post-synthesis Modification and Encapsulation of Cu-BTC 

with Gallic Acid 

 

3.1 Introduction 

 

Cu-BTC is a microporous structure owing to its very high surface area. This 

feature allows for the incorporation of small guest molecules and can be challenging 

when introducing larger molecular entities (Cavka et al., 2008). Therefore, the ability 

to create mesopores with a larger pore volume is advantageous all while maintaining 

the overall integrity of the structure. This can be achieved by etching or hollowing out 

the MOF, leading to a hierarchical structure, containing both micro- and mesopores. 

Most recently, Ai et al. fabricated a hierarchical porous UiO-66-NH2 MOF using 

benzoic acid as the modulator, shown in Figure 36 (Ai et al., 2022).  

 

 
 

Figure 36: Synthesis of hierarchical UiO-66 MOF with benzoic acid as the modulator. 

(Ai et al., 2022). 

 

Having both micro- and mesopores within a MOF structure will allow 

combined advantages such as high surface area and the facilitation of mass transfer 

process (Bueken et al., 2017; Koo et al., 2017; Küsgens et al., 2010; Lian et al., 2016; 

Lohe et al., 2009). Hierarchical MOF structures have also been shown to improve 
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catalytic processes and to host larger guest molecules (Ai et al.; Li et al., 2016; Shi et 

al., 2020), which is crucial for most biological applications.  In this research, we use 

GA, a weak acid, as the etching agent, creating a hierarchical Cu-BTC structure while 

simultaneously encapsulating GA. This work is carried out to create an enhanced 

surface and bulk porosity of Cu-BTC for the intended use in future drug delivery 

applications. Having gallic acid encapsulated within the newly constructed pores can 

allow for a synergistic anti-cancer and anti-bacterial treatment. Cu-BTC was treated 

under mild conditions with varying concentrations of aqueous gallic acid solutions and 

harsher parameters with gallic acid in DMF. The effect of varying the treatment 

conditions; low temperature and hydrothermal, as well as the concentration of the on 

the structure and morphology of the produced Cu-BTC structures will be explained in 

detail. Finally, single x-ray diffraction (SXRD) crystallography results confirm that 

the overall structural integrity of the MOF was not compromised during the etching 

process.  

3.2 Materials and Methods 

Cu-BTC etching with Gallic Acid (aqueous): 50 mg of Cu-BTC was suspended 

in 15 mL of GA aqueous solution with various concentrations (5 mg/L, 10 mg/L, 20 

mg/L, 40 mg/L, 50 mg/L, 120 mg/L, and 200 mg/L). The entire mixture was placed at 

room temperature in a shaker (Benchmark Incu-Shaker 10L) for 30 min at 300 rpm. 

The sample was then centrifuged and washed with water. The powder was left to 

completely dry at room temperature before continuing with characterization of the 

product.  

Cu-BTC etching with gallic acid (0.01M, 0.05M and 0.1M): Samples were 

prepared by dissolving the appropriate amount of gallic acid in 5 mL of DMF and 

adding 200 mg of HKUST-1 (previously prepared) to the gallic acid solution. The 



97 
 

 
 

entire mixture was added to a sealed Teflon lined autoclave reactor and placed in the 

oven for 12h at 120°C. The sample solvent was washed and replaced with fresh hot 

DMF until the solvent appeared to be clear (~4 washes). DMF was exchanged with 

DCM 3 times daily for 2 days and then the sample was filtered. The final product was 

completely evacuated from all solvents under vacuum at 130°C for 24h. 

Characterization and copper leaching were carried out following the same 

methodology in Chapter 2.  

3.3 Results and Discussion 

Cu-BTC low temperature treatment with Gallic Acid  

SEM-EDX: Variations in the Cu-BTC morphology after treatment with GA can 

be seen in Figure 37. A gradual increase in the surface roughness of the Cu-BTC was 

observed with increasing the concentration of GA. Moreover, a breakdown of the Cu-

BTC crystal surface was evident at high concentration of GA, as shown in Figure 37 

(g). A higher magnification was carried out to further study the surface morphological 

changes, as shown in Figure 38. A consistent increase in the roughness of Cu-BTC 

crystal surfaces was observed with increasing [GA], evident up to 50 mg/L. Upon 

increasing the concentration of GA to 120 and 200 mg/L, a deeper modification of the 

surface was observed. The surface roughness developed a surface porosity with 

extended bulk porosity, as shown in Figure 38 (f). In addition, surface cracks were also 

observed. The elemental composition of the GA-treated Cu-BTC samples is illustrated 

in the EDX graphs (Figure 39). All EDX spectra exhibit the presence of Cu-BTC 

elements (C, O, and Cu) with minimal variation in their concentrations. These results 

indicate that the observed variation in the morphology of the Cu-BTC crystals are more 

concentrated on their surfaces. 
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Figure 37: SEM micrographs of Cu-BTC particulates treated with a) 5 b) 10 c) 20 d) 

40 e) 50 f) 120 and g) 200 mg/L GA aqueous solutions at room temperature for 30 

minutes.  

XRD: The generation of mesopores in the hierarchical structure of Cu-BTC 

does not significantly affect its inherent micropores. The XRD patterns of the GA-

treated Cu-BTC samples are shown in Figure 40. The development of surface 

roughness and porosity of the GA-treated Cu-BTC powder samples were not reflected 
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on their phase composition and crystallinity. All samples showed a consistent 

resemblance of their phase purity and degree of crystallinity to the XRD pattern of the 

pristine Cu-BTC. Three additional peaks were observed in the XRD patterns of the 

Cu-BTC treated with 5 and 10 mg/L GA. These peaks were observed at 2 values of 

12.03°, 9.08° and 7.78°, and are attributed to the presence of 2D Cu-BTC crystallites, 

as highlighted in their respective SEM micrographs in Figure 37 (a, b). These results 

suggest that the hierarchical Cu-BTC@GA synthesized by this method can 

simultaneously own hierarchical pores and overall stability.  

FT-IR: Figure 41 shows the FTIR spectra of the GA-treated Cu-BTC powder 

samples. Compared with that of pristine Cu-BTC, all samples showed a close 

similarity in terms of bands location and intensity. These results imply the structural 

stability of the GA-treated Cu-BTC, despite the increased concentration of GA in the 

reaction media. No bands were observed that may indicate the presence of GA or Cu-

GA in the treated Cu-BTC samples. In addition, the increased broadness and intensity 

of the GA-treated Cu-BTC samples could be attributed to the presence of physically-

adsorbed water molecules despite the complete dryness of the GA-treated samples. 

The developed surface roughness and porosity contribute to the availability of surfaces 

for the adsorption of water molecules. The latter takes place on the newly formed 

surfaces as well as into the opened channels to the bulk, especially with samples that 

were treated in a high concentration of GA.     
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Figure 38: High magnification SEM micrographs of Cu-BTC particulates treated with 

a) 10 b) 20 c) 40 d) 50 e) 120 and f) 200 mg/L GA aqueous solutions at room 

temperature for 30 minutes. 
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Figure 39: EDX spectra of Cu-BTC particulates treated with a) 10 b) 40 c) 120 and d) 

200 mg/L of GA aqueous solutions at room temperature for 30 minutes. 
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Figure 40: XRD patterns of Cu-BTC particulates treated with 5, 10, 20, 40, 50, 120, 

and 200 mg/L of GA aqueous solutions at room temperature for 30 minutes. XRD 

patterns of pristine Cu-BTC and Cu-GA are included for comparison. 

 

 

Figure 41: FT-IR patterns of Cu-BTC particulates treated with 5, 10, 20, 40, 50, 120, 

and 200 mg/L of GA aqueous solutions at room temperature for 30 minutes. FT-IR 

spectrum of pristine Cu-BTC is included for comparison. 

Raman Spectroscopy: The development of Raman spectra in Figure 42 

indicates the continued presence of GA in the structure of the etched Cu-BTC under 
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aqueous conditions. Compared with the Raman spectra of pure Cu-GA, Raman peaks 

highlighted in Figure 42 within the range of 1250-1650 ppm shows a consistent 

increase in their intensities with increasing the concentration of GA initially used 

during the etching process. These findings further confirm the potential encapsulation 

of GA onto and within the surface porosity created on the Cu-BTC. 

 

Figure 42: Raman Spectra of Cu-BTC particulates treated with 5, 10, 20, 40, 50, 120, 

and 200 mg/L of GA aqueous solutions at room temperature for 30 minutes. Raman 

spectra of pristine Cu-BTC and Cu-GA are included for comparison. 

 

TGA: All GA-treated Cu-BTC samples showed a consistent thermal history 

with an overall similarity to that of pristine Cu-BTC, as shown in the TGA 

thermograms of these samples in Figure 43. All samples showed the presence of two 

major thermal events at temperature ranges of 50-110oC and 300-355oC, which are 

attributed to the evaporation of physically adsorbed water molecules and the 

breakdown of the BTC linker molecules. A closer investigation of the extent of weight 
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loss of these events is seen in Figure 43 (b). All samples displayed an increased weight 

loss for the first thermal event, which is related to the evaporation of the physically 

adsorbed water molecules. These results are in accordance with the FTIR findings 

(Figure 41) and confirm the increase of water absorption on the newly developed 

surface roughness and porosity.    

Cu-BTC etching and encapsulation with GA  

SEM-EDX: The variation in the morphology of the hydrothermally treated Cu-

BTC in the presence of variable concentrations of GA is shown in Figure 44. 

Compared with the smooth geometry of the Cu-BTC octahedron crystals that were 

observed in the micrographs of pristine Cu-BTC, all samples showed a developed 

surface degradation accompanied by the formation of surface mesopores. The extent 

of surface modification was observed to increase with increasing the concentration of 

GA in the reaction medium. A closer look at the GA-treated samples at higher 

magnification is shown in Figure 45. A remarkable increase in the surface porosity of 

the Cu-BTC crystals was observed. Moreover, this etching was also extended to the 

bulk of the crystals causing a breakdown of the Cu-BTC hierarchical octahedron 

crystalline structure to highly porous smaller crystallites, as shown in Figure 45 (c). 

The surface of the 0.1M GA-treated Cu-BTC was  
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Figure 43: a) TGA thermograms and b) DTG analysis of Cu-BTC particulates treated 

with 5, 10, 20, 40, 50, 120, and 200 mg/L of GA aqueous solutions at room temperature 

for 30 minutes. TGA and DTG thermograms of pristine Cu-BTC is included for 

comparison. 
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Figure 44: SEM micrographs of Cu-BTC MOF particulates hydrothermally treated 

with a) 0.01 b) 0.05 and c) 0.1 M GA in DMF. 
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Figure 45: High magnification SEM micrographs of Cu-BTC MOF particulates 

hydrothermally treated with a, b) 0.05 and c, d) 0.1 M GA in DMF. 

 

Also shown to develop a homogeneously distributed porosity, as shown in 

Figure 45 (d). These results indicate an etching process, where the GA weak acid 

molecules started to attack the Cu-BTC crystallites leading to the development of a 

hierarchical structure. These findings were previously observed using phosphoric acid 

etchant for Cu-BTC (Doan et al., 2019) and MIL-101(Fe) (Koo et al., 2017), UiO-66 

by sulfuric acid (Shi et al., 2020) and UiO-66 (NH2) by formic acid (Ai et al., 2022). 

In these studies, weak acids or dilute strong acid, were used to create surface and bulk 

porosity of the corresponding MOF structures for the purpose of introducing 

mesopores to extend the readily porous MOF structures for gas-sorption, water 

treatment, and drug delivery applications. The effect of increasing the concentration 

of GA on the elemental composition of the produced etched Cu-BTC is shown in the 
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EDX diagrams of the etched samples in Figure 46. A comparison between the 

elemental composition of the etched samples is also shown in Figure 47. A gradual 

decrease in the concentration of Cu in the etched sample was observed with increasing 

the concentration of GA in the medium. Compared with the C:O:Cu elemental 

proportions in the non-treated Cu-BTC, the decrease in the concentration of Cu2+ ions 

with etching could be related to the leaching out of these ions from the Cu-BTC 

structure as a result of GA etching. However, the increase in the concentration of C 

and O in the etched samples with increasing the concentration of GA indicates the 

increased organic content in the etched samples. The maintained morphology of the 

Cu-BTC after etching may also indicate a selective leaching of the Cu2+ ions from the 

Cu-BTC structure as a result of the interaction with the attacking GA molecules. An 

additional possibility is the replacement of the BTC units with GA molecules or the 

encapsulation of the GA within the open porosity created as a result of etching of the 

Cu-BTC structure. A detailed analysis of these possibilities is presented in the 

following sections. 

XRD: The variation in the phase composition and crystallinity of the etched 

Cu-BTC samples as a result of hydrothermal treatment with variable concentrations of 

GA is shown in the XRD patterns of these samples in Figure 48. Compared with the 

XRD pattern of the pristine non-treated Cu-BTC all patterns showed a consistent 

degree of crystallinity and constancy in their phase composition. No signs were 

observed for phase transformation or formation of other Cu-based coordination 

compounds. Relating these results to the SEM micrographs of the etched samples in 

Figure 43 indicate that the hierarchical crystal structure of Cu-BTC was created. 

Furthermore, the highly deformed and highly porous morphologies that were observed 

in the SEM micrographs of the Cu-BTC treated with 0.1M GA (Figure 44 (c)) did not 
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reflect a change in the phase composition and crystallinity of the etched samples. These 

findings may indicate that the observed deformed morphologies in Figures 45 (c) still 

maintain the known crystallographic structure of the crystallites, which is reflected on 

a maintained degree of crystallinity and constancy in the phase composition of these 

samples.  

 

Figure 46: EDX spectra of Cu-BTC MOF particulates hydrothermally treated with a) 

0.01 b) 0.05 and c) 0.1 M GA in DMF. 
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Figure 47: Variation of the elemental composition of pristine Cu-BTC MOF and Cu-

BTC particulates hydrothermally treated with 0.01, 0.05 and 0.1 M GA in DMF. 

 

 

Figure 48: XRD patterns of Cu-BTC MOF particulates hydrothermally treated with 

0.01, 0.05 and 0.1 M GA in DMF. 
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SC-XRD: All Cu-BTC etched samples were subjected to a detailed analysis of 

their crystallographic features using single-crystal XRD technique. Tables 5-7 

summarize the crystallographic data of the three samples. All etched samples exhibited 

a cubic crystal system with no variation in the lattice parameters nor the lattice volume. 

However, a change in the space group of the Cu-BTC (Fm-3m) was observed in the 

crystal structure of the sample to Pa-3 as a result of etching in 0.1M GA but the overall 

Cubic crystal system was maintained. This could be attributed to the deformation of 

the Cu-BTC crystal structure, as depicted from its morphology in Figure 45 (c). The 

simulated crystal structures of the etched samples are shown in Figures 49-51. All 

structures showed the coordination of Cu2+ oxy clusters with the -COOH functional 

groups along the BTC linker. There was no evidence that GA is a part of the crystal 

structure. Therefore, the increase organic content in the etched samples could be 

related to the encapsulation of GA within the created porosity of the etched Cu-BTC 

crystallites. This assumption will be investigated in more detail using Raman 

spectroscopy, N2 sorption, and 1H NMR digestion. 
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Figure 49: Crystal structure of Cu-BTC@GA 0.01M. 

 

 

 

Figure 50: Crystal structure of Cu-BTC@GA 0.05M. 
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Figure 51: Crystal structure of Cu-BTC@GA 0.1M. 

 

Table 5: Crystal data for Cu-BTC@GA 0.01M. 

Identification code exp_326_auto 0.01M 

Empirical formula C1.875H1.375Cu0.25O0.875 

Formula weight 53.79225 

Temperature/K 297(2) 

Crystal system cubic 

Space group Fm-3m 

a/Å 26.3148(3) 

b/Å 26.3148(3) 

c/Å 26.3148(3) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 18222.2(6) 

Z 12 

ρcalcg/cm3 180.697 

μ/mm-1 364.745 

F(000) 990720.0 

Crystal size/mm3 ? × ? × ? 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 6.718 to 153.514 

Index ranges -19 ≤ h ≤ 22, -31 ≤ k ≤ 21, -30 ≤ l ≤ 25 

Reflections collected 8012 
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Table 5: Crystal data for Cu-BTC@GA 0.01M. (continued) 

Independent reflections 983 [Rint = 0.0206, Rsigma = 0.0149] 

Data/restraints/parameters 983/0/18 

Goodness-of-fit on F2 5.825 

Final R indexes [I>=2σ (I)] R1 = 0.1559, wR2 = 0.5420 

Final R indexes [all data] R1 = 0.1624, wR2 = 0.5598 

Largest diff. peak/hole / e Å-3 2.06/-2.33 

 

Table 6: Crystal data for Cu-BTC@GA 0.05M. 

Identification code exp_328 0.05M 

Empirical formula C1.75H1.25Cu0.25O 

Formula weight 54.16475 

Temperature/K 297(2) 

Crystal system Cubic 

Space group Fm-3m 

a/Å 26.3252(3) 

b/Å 26.3252(3) 

c/Å 26.3252(3) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 18243.8(6) 

Z 192 

ρcalcg/cm3 0.947 

μ/mm-1 1.926 

F(000) 5184.0 

Crystal size/mm3 ? × ? × ? 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 6.716 to 138.396 

Index ranges -22 ≤ h ≤ 31, -26 ≤ k ≤ 24, -30 ≤ l ≤ 26 

Reflections collected 7890 

Independent reflections 905 [Rint = 0.0496, Rsigma = 0.0166] 

Data/restraints/parameters 905/0/38 

Goodness-of-fit on F2 1.353 

Final R indexes [I>=2σ (I)] R1 = 0.1006, wR2 = 0.3192 

Final R indexes [all data] R1 = 0.1027, wR2 = 0.3226 

Largest diff. peak/hole / e Å-3 1.36/-0.66 
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Table 7: Crystal data for Cu-BTC@GA 0.1M. 

Identification code exp_329 0.1 

Empirical formula C1.5H1Cu0.25O1.25 

Formula weight 54.90975 

Temperature/K 297.00(10) 

Crystal system Cubic 

Space group Pa-3 

a/Å 26.3148(6) 

b/Å 26.3148(6) 

c/Å 26.3148(6) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 18222.1(7) 

Z 24 

ρcalcg/cm3 0.948 

μ/mm-1 1.928 

F(000) 5106.4 

Crystal size/mm3 N/A × N/A × N/A 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 5.82 to 154.64 

Index ranges -20 ≤ h ≤ 24, -31 ≤ k ≤ 30, -31 ≤ l ≤ 25 

Reflections collected 26119 

Independent reflections 5840 [Rint = 0.1371, Rsigma = 0.0636] 

Data/restraints/parameters 5840/0/220 

Goodness-of-fit on F2 1.817 

Final R indexes [I>=2σ (I)] R1 = 0.2356, wR2 = 0.5874 

Final R indexes [all data] R1 = 0.3335, wR2 = 0.6485 

Largest diff. peak/hole / e Å-3 3.47/-1.17 

 

N2-adsorption and Pore size distribution: The effect of etching Cu-BTC with 

GA under hydrothermal conditions resulted in the degree and type of porosity of the 

etched crystals, as depicted from their N2-adsorption isotherms in Figure 52. A 

pronounced decrease in the volume of adsorbed N2 gas was observed by increasing the 

concentration of GA. Moreover, a typical type II isotherm of the as-prepared Cu-BTC 

was converted to type IV isotherms upon etching with GA, as shown in Figure 52 (a). 

Moreover, the etching process resulted in the creation of mesoporosity within the 
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highly porous crystals, as shown in Figure 53. An average pore size of 150 Å was 

observed in all etched samples with an increased volume of adsorbed gas with 

increasing the concentration of GA used for etching. These results further confirm the 

previous findings where highly mesoporous architecture is created by etching on the 

surface and throughout the bulk of the Cu-BTC crystals.   

BET and Langmuir surface areas: The variation in the BET and Langmuir 

surface area of the GA-etched Cu-BTC particulates is shown in Figure 54. Compared 

with a BET and Langmuir surface area of 1,268.9 and 1,507.7 m2/g for pristine Cu-

BTC, all GA-etched Cu-BTC particulates showed a gradual decrease in their surface 

area with increasing the concentration of GA in DMF. The development of surface 

porosity was initially believed to result in an increase in the surface area of the etched 

Cu-BTC particulates. However, the decrease in the surface area of all etched samples 

indicate the occupation of the freshly created porosity with other molecules, such as 

solvent and/or GA molecules. It should be mentioned that all etched samples were 

thoroughly dried under vacuum to remove any remaining solvent molecules. 

Therefore, the gradual decrease in the surface area is directly proportional to the 

increased concentration of the GA etchant. Accordingly, it is presumed that GA 

molecules could be entrapped within the freshly created surface and bulk pores.  
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Figure 52: a) N2-adsorption hysteresis and b) pore size distribution of Cu-BTC etched 

with GA in DMF under hydrothermal conditions. 
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Figure 53: Pore size distribution of Cu-BTC etched with GA in DMF under 

hydrothermal conditions showing the developed mesoporosity. 

 

 
Figure 54: Variation of the BET and Langmuir surface area of pristine Cu-BTC etched 

with GA in DMF. 

FT-IR: The FTIR spectra of the GA-etched Cu-BTC structures are shown in 

Figure 55. All spectra showed a similar pattern that closely resembles the FTIR 
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spectrum of pure Cu-BTC in terms of band location and intensity. However, a closer 

look at parts I and II that are highlighted in Figure 55 indicate the presence of GA 

residues in the etched Cu-BTC samples. The band at 1034.7 cm-1, which is 

characteristic to the absorption of the C-O functional group in GA has a counterpart 

band at 1110.2 cm-1 in the FTIR spectrum of pristine Cu-BTC. A decrease in the 

intensity of the latter band was observed with the increase in the concentration of GA 

in the etching medium. Concurrently, an increase in the band at 1063.1 cm-1 was 

observed, which could be considered a shifted band of the GA that was found at 1034.7 

cm-1. Moreover, a gradual decrease in the location of the broad band that is 

characteristic to the -OH absorption was also observed, as shown in part II in Figure 

55. This band was shown at 3527.7 cm-1 and 3244.6 cm-1 in the FTIR spectra of pristine 

Cu-BTC and Cu-GA, respectively. Upon etching with 0.01, 0.05 and 0.1 GA, the bands 

shifted to 3471.3, 3427.3 and 2295.7 cm-1, respectively. These findings confirm the 

presence of GA in the structure of post-etching. Furthermore, the absence of Cu-GA 

peaks in the XRD patterns of the etched samples indicate that Cu-GA was not a 

possible product of the etching process. We can assume that GA is physically 

entrapped within the pores of the etched Cu-BTC.  
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Figure 55: FT-IR spectra of Cu-BTC@GA etched samples compared to pure Cu-

BTC. 

 

TGA: Figure 56 (a) shows the TGA thermograms of the etched Cu-BTC 

samples as a function of the concentration of GA in the medium. All etched samples 

exhibit a similar weight loss pattern to that of pristine Cu-BTC. Two major events 

were observed within the ranges of 62.3-84.5oC and 311.7-340.5oC, as shown in Figure 

55 (b). These events are attributed to the removal of the weakly adsorbed water 

molecules and the breakdown of the BTC linker molecules, respectively. A gradual 

decrease in the overall weight loss of the etched Cu-BTC samples was observed, as 

shown in Figure 57. This is related to overall decreased organic content of the etched 

Cu-BTC samples as a result of being etched. However, the dramatic extent of etching, 

as depicted from the SEM micrographs of the etched samples indicate a higher extent 

of organic materials removal, hence a higher weight loss was expected. Therefore, it 

could be also assumed that the removal of the BTC linker units from the BTC 
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hierarchical structure is accompanied by the entrapment of GA units in the remaining 

porous structures. 

1H-NMR: It has been established that 1H NMR digestion is one of the most 

successful tools to provide additional evidence of the presence of organic species in 

the MOF structures. This technique has, therefore, been selected to investigate the 

structure of the etched Cu-BTC samples. Figure 58 shows the 1H NMR spectra of the 

etched samples as a function of the initial [GA] in the reaction media. The 1H NMR 

spectra of pristine BTC and GA linker molecules are also included for comparison. A 

peak at 8.56-8.58 ppm was observed in the spectra of the etched samples, which 

account for the presence of the BTC linker molecules (8.63 ppm). On the other hand, 

a peak denoting the structure of the GA linker molecule is known to appear at 6.9 ppm. 

Upon etching of the Cu-BTC structures, this peak started to appear at 6.85 ppm in the 

spectrum of the Cu-BTC sample that was etched by 0.05 M GA. With increasing the 

concentration of GA etchant to 0.1M, a pronounced increase in the intensity of this 

peak was exhibited, while its location was maintained at 6.88 ppm. These strings of 

evidences clearly indicate the presence of GA molecules entrapped within the porous 

structure of the GA-etched Cu-BTC hierarchical and highly porous structure. The 

highly hydroxylated GA molecule is, therefore, expected to be entrapped within the 

pores of the highly porous Cu-BTC units through the formation of H-bonding with the 

surrounding BTC linker units, and as part of the Cu-BTC 3D structure.  
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Figure 56: a) TGA thermograms and b) DTG analysis of Cu-BTC@GA etched 

samples compared to Cu-BTC. 
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Figure 57: Variation of the overall weight loss of pristine Cu-BTC and that of Cu-

BTC@GA etched samples. 

 

 

Figure 58: 1H-NMR spectra of Cu-BTC@GA etched samples. Each sample was 

prepared in 0.5 ml of DMSO + 40% HCl + 60% D2O. 1H spectra of standard BTC and 

GA linkers are provided for comparison. All spectra were referenced to a DMSO signal 

at 2.50 ppm. 
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Raman Spectroscopy: Figure 59 displays the Raman spectra of all etched Cu-

BTC samples, compared with Cu-BTC and Cu-GA MOF structures. All etched spectra 

resemble the spectrum of pure Cu-BTC. However, peaks in the three highlighted areas 

of the spectra strongly indicate the presence of GA after the etching process. In area I, 

a peak at 1322.5 cm-1, is attributed to the absorption of the C-OH bond of the Cu-GA 

in the Raman spectra of the etched samples with increasing intensities correlated to the 

increasing [GA]. Similarly, two peaks at 1503.0 and 1588.7 cm-1, which are attributed 

to the absorption of the C=O functional group of GA, were also observed in the spectra 

of the etched samples. Their intensities seem to increase with increasing GA treatment 

concentrations. These findings provide strong evidence for the presence of GA in the 

structure of the etched Cu-BTC samples. The possibility of the interaction between 

GA and the Cu2+ ions that are linked to the BTC linker units in the Cu-BTC structure 

and the consequent formation of Cu-GA has been excluded since no evidence for the 

presence of Cu-GA was found. It is, therefore, confidently proven that GA molecules 

have caused a surface and bulk etching of the Cu-BTC molecules and have been 

encapsulated within the created highly porous structure of the Cu-BTC. These findings 

are in accordance with the previously observed results and provide a novel modality 

for the creation of a hierarchical Cu-BTC MOF structure.  
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Figure 59: Raman spectra of Cu-BTC@GA etched samples compared to Cu-BTC and 

Cu-GA. 

 

3.4 Conclusion 

 

The ability to fine tune the porosity and create a hierarchical structure of Cu-

BTC using gallic acid has been proven in this work. Simultaneously, the encapsulation 

of gallic acid within the structure was also a success. This research overcomes the 

challenges faced with the drug loading of larger molecular entities within microporous 

MOFs and enhances its mass transfer all while maintaining the MOFs overall 

crystalline structure. The degree of etching or hollowing out of the MOF can be 

controlled by varying the concentration of gallic acid. In addition, the higher the 

concentration of gallic used, the more loading into the MOF structure. The modified 

Cu-BTC@GA NPs can further be studied for possible enhanced anti-cancer and anti-

bacterial synergistic properties. In addition, the removal of GA from the pores to obtain 
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a completely empty and hollowed out hierarchical Cu-BTC structure can be attempted 

for drug delivery applications. 
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Chapter 4: Development of a Hierarchical Cu-BTC@Cu3(PO4)2 MOF 

Core-Shell Nanoflower for Improved Stability and Enhanced Biological 

Activity 

 

4.1 Introduction 

Nanoflowers (NFs) are hybrid organic-inorganic nanostructures that are driven 

by biomolecules for their assembly into micro- and nano-superstructures (Altinkaynak 

et al., 2016; Ge et al., 2012; Lee et al., 2015; Yao et al., 2011). These nanoflowers are 

usually synthesized using amino acids as the organic component and metal phosphates 

or metal ions as the inorganic material (Ge et al., 2012; Li et al., 2016; Wang et al., 

2014; Zhang et al., 2016; Zhang et al., 2015). The flower-like structures occur under 

mild conditions and possess high surface-to-volume ratios (Wu et al., 2016). Lee et al. 

explain the formation of NFs in 3 steps: 1) primary crystals of metal phosphate are 

formed from the coordination of metal ions with protein through amide groups 2) 

metal-protein crystals nucleate into larger molecules, where petals start to form 3) 

protein continues to induce crystal growth to form the complete structure while 

keeping the scaffold intact (Lee et al., 2015). Hybrid NFs allowed for a higher catalytic 

activity compared to the free enzyme, owing to the localization by the NFs for ease of 

accessibility to the substrate (Batule et al., 2019; Li et al., 2014; Lin et al., 2014). Li et 

al. developed a multienzyme-inorganic nanocrystal complex using horseradish 

peroxidase and glucose oxidase (Li et al., 2014). The complex demonstrated high 

catalytic activity due to the direct substrate transport. The complex also observed well-

defined spatial distribution of the enzymes, making it a promising nano-biomaterial 

(Li et al., 2014).  

More recently, Hu et al. designed a CuCo2O4@CoS-Cu/Co-MOF core-shell 

nanoflower derived from copper/cobalt bimetallic MOFs for enhanced 
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electrochemical properties (Hu et al., 2021). They synthesized CuCo2O4 and CoS on 

Ni foam coated with  Cu/Co bimetal MOF by using  a two-step electrodeposition 

technique. According to the authors, the core-shell NF structure increased sites for 

redox reaction, improving the ability of charge storage and transfer of the composites 

(Hu et al., 2021). 

In addition to enhancing enzymatic activity, protein-incorporated NFs exhibit 

an intrinsic peroxidase-like activity (Batule et al., 2019; Wu et al., 2016). In 2015, 

researchers synthesized copper NFs and studied the intrinsic peroxidase of various 

amino acid copper-based complexes.  They determined, when exposed to H2O2, the 20 

amino acid NFs experienced peroxidase-like activity against that was more 

pronounced than that of copper phosphate crystals (Wu et al., 2016). In particular, 

positively charged amino acids NFs exhibited the highest peroxidase-like activity. 

TEM images proved that the positively charged R groups induced the appearance of 

Cu1+ ions, which was noticeable in the more compacted Lys-incorporated NFs 

comparing to the Asn-incorporated NFs (Wu et al., 2016).  

The overall goal in drug delivery or stand-alone treatments by MOF structures 

is to have the material breakdown over time for the release of its constituents. To 

mimic this effect in the human body, PBS and RPMI are used as physiological media. 

PBS is composed of NaCl, KCl, NaH2PO4, and K2HPO4 and is usually buffered to be 

at a pH of 7.4. On the other hand, a common media used for cell culture experiments 

for the in vitro evaluation of nanomaterials in terms of their interaction with live cells 

RPMI. RPMI has been found suitable for the assessment of a variety of mammalian 

cells, including HeLa, Jurkat, MCF-7, PC12, PBMC, astrocytes, and carcinomas. The 

composition of RPMI is shown in Table 8. The aim of this study is to evaluate the 

structural and morphological stability of Cu-BTC nanostructures in PBS and RPMI 

https://www.sciencedirect.com/topics/physics-and-astronomy/sulfide
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media and the potential transformation of Cu-BTC into NFs. Creating NFs using our 

copper-based samples would allow for the sustained release of copper from the 

structure overcoming the burst release effect observed in the PBS biological media. 

Copper-based NFs are also known to exhibit intrinsic peroxidase like properties with 

high surface area to volume ratios (Wu et al., 2016). We hypothesize that the 

development of NF composite from our copper-based MOFs will enhance the stability 

and overall anticancer and antibacterial activity of the MOFs. 

Table 8: The composition of RPMI Physiologic Media. 

Components 

Molecular 

Weight 

Concentration 

(mg/L) mM 

Amino Acids 

Glycine 75.0 10.0 0.13333334 

L-Arginine 174.0 200.0 1.1494253 

L-Asparagine 132.0 50.0 0.37878788 

L-Aspartic acid 133.0 20.0 0.15037593 

L-Cystine 2HCl 313.0 65.0 0.20766774 

L-Glutamic Acid 147.0 20.0 0.13605443 

L-Glutamine 146.0 300.0 2.0547945 

L-Histidine 155.0 15.0 0.09677419 

L-Hydroxyproline 131.0 20.0 0.15267175 

L-Isoleucine 131.0 50.0 0.3816794 

L-Leucine 131.0 50.0 0.3816794 

L-Lysine hydrochloride 183.0 40.0 0.21857923 

L-Methionine 149.0 15.0 0.10067114 

L-Phenylalanine 165.0 15.0 0.09090909 

L-Proline 115.0 20.0 0.17391305 

L-Serine 105.0 30.0 0.2857143 

L-Threonine 119.0 20.0 0.16806723 

L-Tryptophan 204.0 5.0 0.024509804 

L-Tyrosine disodium salt dihydrate 261.0 29.0 0.11111111 

L-Valine 117.0 20.0 0.17094018 

Vitamins 

Biotin 244.0 0.2 8.1967213E-4 
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Table 8: The composition of RPMI Physiologic Media. (continued) 

Components 

Molecular 

Weight 

Concentration 

(mg/L) mM 

Choline chloride 140.0 3.0 0.021428572 

D-Calcium pantothenate 477.0 0.25 5.24109E-4 

Folic Acid 441.0 1.0 0.0022675737 

Niacinamide 122.0 1.0 0.008196721 

Para-Aminobenzoic Acid 137.0 1.0 0.00729927 

Pyridoxine hydrochloride 206.0 1.0 0.004854369 

Riboflavin 376.0 0.2 5.319149E-4 

Thiamine hydrochloride 337.0 1.0 0.002967359 

Vitamin B12 1355.0 0.005 3.690037E-6 

i-Inositol 180.0 35.0 0.19444445 

Inorganic Salts 

Calcium nitrate (Ca(NO3)2 4H2O) 236.0 100.0 0.42372882 

Magnesium Sulfate (MgSO4) (anhyd.) 120.0 48.84 0.407 

Potassium Chloride (KCl) 75.0 400.0 5.3333335 

Sodium Bicarbonate (NaHCO3) 84.0 2000.0 23.809525 

Sodium Chloride (NaCl) 58.0 6000.0 103.44827 

Sodium Phosphate dibasic (Na2HPO4) anhydrous 142.0 800.0 5.633803 

Other Components 

D-Glucose (Dextrose) 180.0 2000.0 11.111111 

Glutathione (reduced) 307.0 1.0 0.0032573289 

Phenol Red 376.4 5.0 0.013283741 

      

4.2 Materials and Methods 

 

Cu-BTC nanoparticles were investigated for their stability in PBS and RPMI 

physiologic media, which are readily adjusted at a pH of 7.4. In a typical experiment, 

100 mg of the Cu-BTC powder sample was added to 10 mL PBS or RPMI media. All 

samples were placed in a shaker incubator at 110 rpm and a temperature of 37oC for 

up to 72 hours. solutions were collected after 1, 3, 6, 9, 12, 24, 36 and 48 hours, filtered 

through a 0.22 m syringe filter in a separate vial to be analyzed for their composition 

in terms of [Cu2+] using inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) technique. Solid samples were dried and used for the analysis of their 

composition and morphology using XRD and SEM-EDX techniques, respectively.  
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4.3 Results and Discussion 

 

The structural and morphological stability of Cu-BTC in two physiologic 

media (PBS and RPMI) were assessed. Figure 60 illustrates the effect of time on the 

fate of Cu-BTC particulates when soaked in both media for up to 3 days. Initially, there 

was increase in the concentration of Cu2+ ions within the first 3 hours of Cu-BTC in 

PBS media along with an increase in the equilibrium concentration. This burst leaching 

out of the Cu2+ ions describes its role as a drug delivery vehicle, where it is a sign of 

the breakdown of the Cu-BTC structure. A sustained release of the Cu2+ ions was 

observed throughout the duration of the experiment. On the other hand, a slower rate 

Cu2+ ion release was observed in RPMI media during the first 3 hours. The highest 

observed concentration of Cu2+ions as a result of this release was 18 ppm, which is 

much lower than that observed in PBS media (145 ppm). The slow burst of Cu2+ ions 

from the Cu-BTC particulates in RPMI media was sustained at the same level for the 

entire duration of the experiment.  
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Figure 60: ICP-AES analysis of Cu2+ ions in PBS and RPMI media after incubation 

with Cu-BTC for up to 3 days. 

 

An investigation of the structural stability of the Cu-BTC particulates after 24, 

48 and 72 hours of exposure to both types of media was carried out using XRD and 

SEM analyses, as shown in Figures 61 and 62. The burst release of Cu2+ ions from the 

Cu-BTC particulates in PBS media was reflected in a dramatic change in the phase 

composition and crystallinity of the Cu-BTC structure, as shown in Figure 61 (a). The 

most intense peaks that characterize the structure of Cu-BTC as a MOF nanostructure 

at 2 values 5-15o were diminished, leaving more intense peaks at 2 values of 30.2, 

31.2 and 35.2o. These results may indicate the destruction of the Cu-BTC structure and 

its conversion to Cu-coordinated BTC units. These assumptions were further proven 

through the examination of the SEM micrographs of the PBS-treated Cu-BTC 

particulates, as shown in Figure 62 (a-c). The characteristic morphology of the Cu-
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BTC octahedral crystalline structures disappeared and an agglomeration of the 

resulting Cu-coordinated BTC crystallites was seen.  

The crystallinity and phase composition of the Cu-BTC immersed in RPMI 

media was preserved for the entire duration of the experiment. All Cu-BTC 

characteristic XRD peaks were observed in the XRD patterns after 24, 48 and 72 hours. 

However, new peaks were observed after a 48h incubation period and further increased 

in intensity after 72 hours of exposure, as shown in Figure 61 (b). These peaks 

appeared at 2 values of 9.3, 9.9, 10.9, 15.1, 17.1, 18.6, 21.9, 25.3, and 28.5o, and are 

attributed to the presence of Cu3(PO4)2 crystalline phase with JCPDS (Joint Committee 

on Powder Diffraction Standards) card number 80-0992 (PramilaDevamani & Alagar, 

2013). The development of this phase was also observed in the SEM micrographs of 

the RPMI-treated Cu-BTC particulates, as shown in Figure 62 (d-f). Cu3(PO4)2 phase 

appears in its characteristic nanoflower morphology, epitaxially grown onto the Cu-

BTC octahedrons. A detailed investigation of the morphology of the Cu3(PO4)2 

nanoflowers is shown in Figure 63. Cu3(PO4)2 nanoflowers are formed from the 

agglomeration of Cu3(PO4)2 nano-flakes adopting the spherical flower morphology, 

producing a hierarchical MOF Cu-BTC@Cu3(PO4)2 core-shell NF. An EDX analysis 

of the Cu3(PO4)2 nanoflowers at two different spots is shown in Figure 63 (c-d), in 

which the elemental composition of the Cu3(PO4)2 nanoflowers where Cu, P and O 

elements were shown in addition to possible contamination with Na and Cl which are 

present in the form of soluble ions in the RPMI media. This work exhibits the 

mechanism Cu2+ ions leaching out from Cu-BTC octahedra, reacting with phosphate 

ions (800 ppm) in the surrounding RPMI medium, forming Cu3(PO4)2. Once the 

precipitation of copper phosphate develops, metal-protein crystals nucleate into larger 

molecules, where petals start to form and continue to grow into a flower-like scaffold, 
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aided by the existing protein in the media.  Figure 64 (a) shows a magnified image of 

the SEM micrograph in Figure 63 (a), where the process of nucleation of the Cu3(PO4)2 

nanoflowers is highlighted. Accordingly, the process of self-assembly of the 

precipitated leaflets and its further growth and agglomeration in the form of Cu3(PO4)2 

nanoflowers is outlined in Figure 64 (b). 

 

Figure 61: XRD patterns of Cu-BTC particulates incubated in a) PBS and b) RPMI 

media for 24, 48 and 72 hours at 37oC.  XRD pattern of pristine Cu-BTC MOF is 

included for comparison. 
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Figure 62: SEM micrographs of Cu-BTC suspended in PBS (left) and RPMI (right) 

physiological media at 37°C x up to 72 hours. a, d) 24 hours b, e) 48 hours and c, f) 72 

hours. Cu-BTC crystals are indicated by white arrows and copper phosphate NF 

formation are referred to by yellow arrows. 
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Figure 63: a) SEM micrograph of Cu-BTC@Cu3(PO4)2 MOF core-shell NF and b) 

EDX selected spot analysis of points (x) in (c) and (Y) in (d). The process of 

nanoflowers growth is referred to by the arrow in (z). 
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Figure 64: a) A magnified SEM micrograph showing the epitaxial growth of Cu3(PO4)2 

nanoflowers onto the surfaces of Cu-BTC MOF crystals after incubation with RPMI 

media for 72 hours at 37oC. and b) a schematic representation of the mechanism of 

hierarchical Cu-BTC@Cu3(PO4)2 MOF core-shell NF formation. 

4.4 Conclusion 

 

A hybrid organic-inorganic NF was developed for the overall stability of the 

MOF structures listed in this work. The goal is to control the amount of copper 

leaching from the copper-based MOFs for the sustained release in biological 

applications. Previously, NFs were proven to enhance catalytic activity and the 

stability of enzymes. In particular, copper-based NFs exhibit intrinsic peroxidase-like 

activity, which could potentially augment the anti-cancer and ant-bacterial activity of 

our MOFs. These flower-shaped NPs are simply “grown” from the Cu2+ ions present 

in the MOF, in PBS, and amino acids yielding hierarchical Cu-BTC@Cu3(PO4)2 core-

shell NFs. 
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Chapter 5: Copper-based Metal-Organic Frameworks and Their Anti-

gastric and Anti-colon Cancer Activities  

 

5.1 Introduction 

 

Gastric Cancer is the second most common cause of cancer death worldwide, 

especially among older males, and any advancement in treatment and prevention 

would have a global significance (World Health Organization, 2018). The incidence 

and mortality rates vary from region to region but the majority of new diagnoses per 

year occur mainly in Asian and South American countries (World Cancer Research 

Fund, 2016). Risk factors include genetics, smoking, diet, prior stomach surgery, race, 

age, and/or being infected with Helicobacter pylori (H. pylori) (American Institute for 

Cancer Research). The 5-year survival rate has increased from 15% to 31% in the 

United States with the latest advancements in chemotherapy (Bando et al., 2016). 

However, the 5-year survival rate worldwide remains at 25% due to diagnoses of the 

deadly cancer at later stages and due to chemotherapy resistance (Sexton et al., 2020). 

Researchers are continuously working on improved treatment monitoring, early 

diagnosis and targeted therapy to increase the survival rates for this deadly disease. 

Current treatment for in situ gastric cancers include surgery, radiation and 

chemotherapy, however, metastatic stages do not usually respond to these traditional 

forms of treatment (Comis & Carter, 1974; Cui et al., 2015; Dicken et al., 2005; Kuo 

et al., 2014; Proserpio et al., 2014; Takahashi et al., 2013; Uemura et al., 2001). 

Furthermore, colon cancer, the third most common cancer in both men and women, is 

the third leading cause of cancer related deaths in the world (Division of Cancer 

Prevention and Control, 2021; Fund, 2022). Most colorectal cancers are asymptomatic 

and can reach deadlier stages without early diagnosis and detection (Clinic, 2020a). 
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Therefore, the goal is to detect, diagnose, and kill gastric and colon cancer cells at an 

early stage to prevent these deadly diseases from metastasizing in patients.  

Certain metals can act as a Fenton catalysts including, Cu2+, Fe2+ and Mn2+, 

owing to the mechanism of MOF materials in the Fenton-like reaction (Yang et al., 

2019). Recently, Li et al. used Cu-BTC for the PTT of colon cancer cells (CT26) (Li, 

et al., 2020). The cancer cells exhibited a gradual decrease in cell viability with an 

increased concentration of the Cu-MOF when compared to normal mouse fibroblast 

cells (L929). The authors attributed this selectivity due to the high levels of H2O2 in 

the cancer cells. Additionally, GA can generate ROS, causing oxidative stress and 

overall apoptosis in cancer cells (Babich et al., 2011). This work examines BioMOFs, 

Cu-BTC and Cu-GA, for their efficacy against gastric and colon cancer cells.   

5.2 Materials and Methods 

 

Cytotoxicity assay (gastric cancer cells): The cytotoxic activity of Cu-BTC 

and Cu-GA was analyzed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) method (Mosmann, 1983). Mouse gastric cancer stem cells (mGS), 

human gastric cancer stem cells (AGS) and normal mouse cells (L929) were seeded in 

quadruplicates into 96-well plates at a density of 5,000 cells per well in RPMI 

containing 10% FBS, 1% penicillin-streptomycin, 25mM HEPES and cultured 

overnight at 37°C in a humidified incubator with 5% CO2. After 24 hours the culture 

media was removed with a suction and replaced with fresh media containing Cu-BTC 

with various concentrations (2.5, 5, 10, 25, 50, and 75 µg/mL) and with Cu-GA, the 

same concentrations were used against mGS cancer cells but concentrations of 5, 10, 

15, 25, 50, and 100 µg/mL were chosen for AGS cancer cells. For the control, the 

vehicle (PBS) was used. After 24 and 48 hours of incubation, MTT solution was added 
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to a final concentration of 0.5 mg/mL and the plates were further incubated at 37°C 

for 4 hours. The culture media containing MTT was then aspirated carefully and 150 

µL of DMSO was added to each well for dissolving the developed formazan crystals. 

The plates were kept on a shaker for 5 minutes at room temperature and the absorbance 

was taken at 570 nm and 690 nm using BioTek microplate reader. 

Cytotoxicity assay (colon cancer cells): Colorectal carcinoma cell, HCT116 

cell line, was used in this study. The HCT116 cells were cultured in McCoy’s Medium 

(Hyclone). The medium was supplemented with 10% fetal bovine serum (Sigma 

Aldrich) containing 1% of 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma 

Aldrich) at 37 °C in a humidified 5% CO2 atmosphere. Cells were sub-cultured every 

3–5 days using Trypsin 0.25% (Hyclone). Cu-BTC and Cu-GA were mixed in the 

culture medium to prepare a stock of 1mg/ml. The stock was further diluted into 

working concentrations with the cell culture medium. The compound suspension was 

made on the day of treatment. All cells were seeded at a density of 5000 cells/well in 

96-well plates in 100 µl of complete growth medium. Cells were allowed to attach for 

24h before being treated with different concentrations (2.5, 5, 10, 25, 50 and 75 µg/ml, 

for Cu-GA) and (2.5, 5, 10, 25, 50, 75 and 100 µg/ml, for Cu-BTC) of the MOF for 

24h and 48h time periods. Cells were then treated with each MOF for 24h and 48h. 

The formed formazan crystals were dissolved using DMSO and the absorbance of the 

resulting product was measured at 570 nm using GloMax Microplate Reader 

(Promega). Cell viability is the percent of viable cells = (Abs. of treated cells/Abs. of 

control cells) X 100. The experiment was carried out in triplicates 
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5.3 Results and Discussion 

Gastric cancer inhibition by Cu-BTC 

Cu-BTC was evaluated for its cytotoxic activity against mGS and AGS cell 

lines following a 24h and 48h incubation period. Figure 65 depicts the cell viability 

results after both time points. The increase in the concentration of Cu-BTC is 

associated with a decrease in the viability of both types of cells. At 10 µg/ml 

concentration, the mGS cells lost about 50% of their viability within one day and 

within two days at the same concentration, they lost almost 75% of their viability. In 

the case of AGS cells, the 10 µg/ml concentration for 1 day led to loss of a 55% drop 

in the viability. By 2 days, 65% of the cells lost their viability. Cu-BTC had little to no 

effect on the cell viability in L929 cells for up to a concentration of 25 µg/mL, as seen 

in Figure 65. At 25 µg/mL, the cell viability in L929 cells was 4-fold and 4.7-fold 

higher than AGS cells after 24 and 48 hours, respectively. Furthermore, at the same 

concentration, cell viability in L929 cells was almost 21-fold higher than mGS cells 

after a 48h incubation period, indicating that Cu-BTC was more potent against mGS 

and AGS cells than normal mouse L929 cells. 

A microscopic examination of the mGS cells post-treatment can be seen in Figure 66. 

decrease of cell viability percentages is also correlated with the increase in the number 

of floating “dead” cells. Moreover, the close microscopic examination of the cells 

revealed small clumps of floating cells appearing at 10 µg/mL, becoming more 

apparent with increasing MOF concentration up to 75 µg/mL (Figure 66).  

On the basis of previous reports, the mechanism of the Cu-based MOF is to 

catalyze overexpressed H2O2 within the tumor microenvironment to generate toxic 

hydroxy radicals (OH), leading to apoptosis in colon cancer cells (Li et al., 2020). 

Another mode of action, according to the literature, is the changes of gene expression 
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and actin cytoskeleton inflicted on SKOV3 cancer cells by Cu-BTC (Li et al., 2020). 

The MOF successfully induced programmed cell death by disrupting microtubule 

dynamics and disruption of F-actin on SKOV3 cancer cells. However, these results 

were not observed on A549, HT-29, and KB cell lines, indicating the specificity of the 

MOF to certain types of cancers (Chen et al., 2020). In this work, Cu-BTC displayed 

promising results in both gastric cancer cell lines used, mGS and AGS. 

Gastric cancer inhibition by Cu-GA  

Cu-GA was also evaluated for its cytotoxic activity against mGS and AGS cell 

lines following a 24h and 48h incubation period. Figure 67 displays the cell viability 

results after both time points. The effect of Cu-GA on the mGS cell line was not as 

dramatic as AGS cancer cells for both 24 and 48 hours. In mGS cells, there was only 

a noticeable inhibition of cell growth after 48h with 50 µg/mL of Cu-GA. However, 

after 24 hours, a 25 µg/mL and 50 µg/mL concentration led to almost a 60 and 15% 

decrease in cell viability with AGS cancer cells, respectively. After day two, AGS cells 

experienced almost total cell death at 75 µg/mL. This can also be seen in the 

microscopic images of AGS cells after 24h treatment with Cu-GA (Figure 68). The 

number of live cells diminish with increasing concentrations of the MOF. A 

concentration of 100 µg/mL causes almost all cells to shrink and float, as shown in the 

microscopic image.  
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Figure 65: Cell viability assay demonstrating the effects of Cu-BTC on a) 24h 

incubation on mGS and AGS cancer cells b) 48h incubation on mGS and AGS cancer 

cells and c) 24h and 48h incubation on L929 normal fibroblasts. 
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Figure 66: Microscopic images of mGS cancer cells treated with Cu-BTC after 24h (a-

g) and 48 (h-n) hours in culture, treated with (a, h) 0 (control), (b, i) 2.5 µg/mL, (c, j) 

5 ug/mL, (d, k) 10 ug/mL, (e, l) 25 ug/mL, (f, m) 50 ug/mL, and (g, n) 75 ug/mL at 

37oC. Scale bar = 100 µm 

 

 

Figure 67: Cell viability assay demonstrating the effects of Cu-GA on a) 24h 

incubation on mGS and AGS cancer cells b) 48h incubation on mGS and AGS 

cancer cells 

 

 

 

 

 

Figure 68: Microscopic images of AGS cancer cells treated with Cu-GA after 24h in 

culture. a) 0 (control), b) PBS, c) 5 ug/mL, d) 10 ug/mL, e) 25 ug/mL, f) 50 ug/mL, g) 

75 ug/mL, and h) 100 µg/mL at 37oC. Scale bar = 100 µm.  
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Colon cancer inhibition by Cu-BTC  

Cu-BTC barely displayed an inhibitory effect on HCT116 cells. The cells 

treated with the MOF powder at 24h exhibited healthy grown cells that were 

comparable to the control (untreated cells). After 48h, the cell viability decreased by 

about 20% with a concentration of 50 µg/mL and a 60% loss at 100 µg/mL, as shown 

in Figure 69. This was also mirrored in the microscopic images in Figure 70. The 

number of ‘live’ cells can be seen throughout all concentrations, with very minimal 

‘dead’ for floating cells.  

 

 

Figure 69: Cell viability assay demonstrating the effects after 48 hours of incubation 

with Cu-BTC on HCT116 colon cancer cells. 

 

Figure 70: Microscopic images of HCT116 colon cancer cells treated with Cu-BTC 

after 24h in culture. a) 0 (control), b) 2.5 ug/mL, c) 5 ug/mL, d) 10 ug/mL, e) 25 ug/mL, 

f) 50 ug/mL, g) 75 ug/mL, and h) 100 µg/mL at 37oC. Scale bar = 100 µm. 
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Colon cancer inhibition by Cu-GA: Contrary to the results exhibited by Cu-

BTC, Cu-GA demonstrated impressive cytotoxic activity against HCT116 cells. After 

just one day of treatment with the MOF powder, cell viability decreased by about 40% 

with the lowest concentration used (2.5 µg/mL). Furthermore, a Cu-GA concentration 

of 50 µg/mL caused a 70% loss of cell viability. The results in Figure 71 show that 

Cu-GA could obviously decrease the viability of HCT116 cells in a dose-dependent 

manner compared with the control. In addition, the microscopic images of HCT116 

cells treated with Cu-GA (Figure 72) illustrate obvious ‘dead’ or floating cells. This 

can be seen in the lowest concentration (2.5 µg/mL) of treatment with Cu-GA. Once 

reaching the highest concentration of Cu-GA (75 µg/mL), the presence of ‘live’ or 

healthy cells are almost completely diminished.  

The half maximal inhibitory concentration (IC50) of Cu-GA against HCT116 

cells was 15 µg/mL, which is much less than the IC50 of Cu-BTC (99 µg/mL). This 

result indicates that HCT116 cells are much more sensitive to Cu-GA MOF compared 

to Cu-BTC.  

 

 

Figure 71: Cell viability assay demonstrating the effects after 24 hours of incubation 

with Cu-GA on HCT116 colon cancer cells.  
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Figure 72: Microscopic images of HCT116 colon cancer cells treated with Cu-GA 

after 24h in culture. a) 0 (control), b) 2.5 ug/mL, c) 5 ug/mL, d) 10 ug/mL, e) 25 ug/mL, 

f) 50 ug/mL, and g) 75 ug/mL at 37oC. Scale bar = 100 µm. 

 

5.4 Conclusion 

The first demonstration of Cu-BTC and Cu-GA as a stand-alone treatment 

against gastric cancer and colorectal carcinoma cells (HCT116) is presented in this 

work. The cytotoxicity studies revealed that both MOFs were successful in inhibiting 

both gastric cancer cells but only Cu-GA showed promising effects against HCT116 

colon cancer cells. Gastric cancer cells exhibited a higher sensitivity to Cu-BTC when 

compared to Cu-GA. Meanwhile, Cu-GA was more specific to HCT116 colon cancer 

cells, causing almost complete cell inhibition in a dose-dependent manner. The 

inhibitory activity of Cu-BTC and Cu-GA is due to the ability to induce ROS 

production and accumulation, leading to a decrease in cell viability.  
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Chapter 6: Copper-based Metal-Organic Frameworks as Anti-bacterial 

Agents Against E. coli and Lactobacillus 

 

6.1 Introduction 

 

Antibiotic resistance is a major public health threat that is rapidly emerging 

due to the unneeded and overuse of antibiotics in the past years (Gao & Zhang, 2021). 

If resistance continues without the development of effective alternatives, bacterial 

infections will become untreatable once again (Cox et al., 2019). Bacteria can develop 

resistance through various mechanisms in which traditional antibiotics can no longer 

be effective against (Blair et al., 2015). Copper-based MOFs can cause bacterial 

damage inhibit further bacterial growth without the need of antibiotic drugs. GA or 

3,4,5-trihydroxybenzoic acid, is a phenolic compound that is known for its anti-

inflammatory (Karimi-Khouzani et al., 2017), anticarcinogenic (Rezaei-Seresht et al., 

2019), antimicrobial (Kang et al., 2008), antifungal (Li et al., 2017) and antioxidant 

(Inoue et al., 1994) effects. The polyphenol compound has proven to disrupt the 

integrity of the cell membrane and inhibit the motility of various bacteria and biofilm 

(Borges et al., 2012; Kang et al., 2008; Li et al., 2007; Shao et al., 2015). The 

antimicrobial effect is due to the disintegration of the cell membrane and the leakage 

of intracellular bacterial constituents (Borges et al., 2013; Nohynek et al., 2006). GA 

can also act as a pro-oxidant by generating ROS, and ultimately causing oxidative 

stress in cells (Babich et al., 2011). Wang et al, enhanced the antimicrobial activity of 

GA against Escherichia coli (E. Coli) O157:H7 by using a UV-A light for photo-

irradiation (Wang et al., 2017). They discovered that the UV-A light enhanced the 

internalization of GA into the bacteria allowing for increased ROS accumulation and 

oxidative damage to cells. GA has also reported to inhibit the activity of bacterial 
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dihydrofolate reductase and its effect on DNA cleavage in various bacteria (Enwa, 

2014). However, GA is readily metabolized after digestion and its efficacy is limited 

due to its poor bioavailability (Yang et al., 2020). The goal is to increase absorption, 

reduce the elimination rate and improve the overall bioavailability of GA. 

Additionally, Cu-BTC was studied for its antimicrobial activity against E. coli and S. 

aureus (Ouyang et al., 2021; Su et al., 2019). The study revealed that the MOF material 

was able to inhibit bacterial growth at high concentrations (900 mg/L for E. coli and 

1200 mg/L for S. aureus). Bacterial death was due to the loss of the cytoplasm and 

flagella when treated with Cu-BTC and oxidative stress led to further membrane and 

DNA damage, as shown in Figure 73 (Ouyang et al., 2021). 

 

Figure 73: The fabrication of MOF-deposited woody materials and their anti-bacterial 

mechanism. (Ouyang et al., 2021). 

 

Cu-BTC and Cu-GA were both tested E. coli (gram-negative) and 

Lactobacillus (gram-positive) for their antibacterial effects. To investigate the 
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sustained release of both bioMOFs we compared the zone of inhibition with two 

controls, Cu salt and free GA.  

6.2 Materials and Methods 

 

Zone of inhibition. The antimicrobial activity of Cu-BTC and Cu-GA was 

determined on E.coli BL21 (DE3) (gram-negative) (Strategene, USA) and 

Lactobacillus (gram-positive) cells using standard zone of inhibition or dynamic 

contact (ASTM E2149-13a) method with some modifications as described below (a). 

Fresh inoculum of E. coli and Lactobacillus cells were spread on LB agar plates to 

obtain a smooth microbial lawn. A 1 cm MOF disk was directly placed in the center 

of the plate. The antibacterial behavior of the MOF was observed after 12, 24, and 48 

hours incubation at 37°, 25° and 16°C, respectively. The lower incubation 

temperatures, 25°C and 16°C were used to avoid the fast growth of the bacterium and 

provide enough time for Cu leaching from MOF to observe the antimicrobial activity 

of the sample for a longer time of 24 and 48 hours. A similar sized disk using copper(II) 

acetate and GA were used as controls. The diameter of non-growth around the MOF 

disk of each sample was measured per mm. The relationship between incubation time 

and inhibition zone was plotted on a graph.  

Elucidation of the minimum inhibitory concentration (MIC). To determine the 

lowest concentration of Cu-BTC and Cu-GA needed for inhibiting growth of E. coli 

and Lactobacillus strains, MIC was measured according to microtiter broth dilution 

method (Moghimi et al., 2016; Xu et al., 2017). 5 µL of individual bacterial 

suspension, with a final concentration of 1 x 105 CFU mL-1, was prepared in LB broth 

and added to each well in a 96 well plate. Each MOF was diluted two folds in the wells 

ranging concentration from 7.81 ug to 2mg.  Plates were incubated at 37°C for 24h for 

antibacterial assessment. A negative control, without MOF powder, was also assessed 
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for its antibacterial activity. Absorbance of wells was measured at a wavelength of 600 

nm and the MIC of both MOFs was recorded as the well that exhibited no visible 

growth of either bacterial strain.  

Agarose gel electrophoresis for DNA disintegration. Agarose gel 

electrophoresis was used to analyze the destruction and disintegration of DNA for 

assessing cell death caused by Cu-BTC. E. coli was treated with Cu-BTC using various 

concentrations (0 – 1.5 x MIC) and incubated at 37°C for 24h. Each sample was 

collected, after 24h, centrifuged and their DNA was extracted using a Wizard® 

Genomic DNA purification kit (Promega). NanoDrop 2000 (Thermofisher) was used 

to quantify and qualify the DNA. 5 µl of each Cu-BTC treated sample was mixed with 

1.5 µl of the loading dye and run through an agarose gel. 

6.3 Results and Discussion 

 

Zone of inhibition. To determine the antibacterial effects of Cu-BTC and Cu-

GA, E. coli (gram negative) and Lactobacillus (gram-positive) were the chosen 

bacterial strains. A qualitative and quantitative analysis of these characteristics was 

carried out following a standard procedure (ASTM E2149-13a) (a). A clear zone of 

inhibition with an increasing diameter around the sample disks incubated with E. coli 

and Lactobacillus was observed after 12 hours, 24 hours and 48 hours. The larger 

inhibition zone with a longer exposure time is attributed to the increased extent of 

leaching out of the Cu2+ ions from both MOFs with time. At 12 hours, Cu-BTC 

exhibited a 2 mm and 6.5 mm zone of inhibition with E. coli and Lactobacillus, 

respectively (Figure 74 and 75). Cu-GA exhibited a wider zone of inhibition against 

in E. coli, with a 5.5 mm zone, but only appeared to have a 1 mm zone of inhibition 

with Lactobacillus (Figure 76 and 77). After 48 hours, Cu-BTC displayed a 4 mm zone 

of inhibition in E. coli, whereas Cu-GA observed an impressive 17 mm zone. Cu-GA 
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also inhibited a much larger zone than Cu-BTC in E. coli at 24 hours, which can be 

attributed to the synergistic effect of copper and GA in the MOF structure. Copper (II) 

acetate and pure GA were used as controls to prove the inhibiting effect of both 

constituents contained in the MOF structures. With E. coli, the metal salt displayed a 

13, 17, and 23.5 mm zone of inhibition at 12, 24, and 48 hours, respectively (Figure 

78 and 79). Similar results were seen in Lactobacillus, as shown in Figures 80 and 81. 

 

 
Figure 74: Antibacterial activity results Cu-BTC against E. coli and Lactobacillus. 
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Figure 75: Diameters of zones of inhibition for Cu-BTC towards E. coli and 

Lactobacillus. 

 
Figure 76: Antibacterial activity results Cu-GA against E. coli and Lactobacillus. 
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Figure 77: Diameters of zones of inhibition for Cu-GA towards E. coli and 

Lactobacillus. 

 

 

Figure 78: Antibacterial activity results of copper acetate and gallic acid controls 

against E. coli.  



155 
 

 
 

 

Figure 79: Diameters of zones of inhibition for copper acetate and gallic acid controls 

towards E. coli. 

 

 

Figure 80: Antibacterial activity results of copper acetate and gallic acid controls 

against Lactobacillus.  
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Figure 81: Diameters of zones of inhibition for copper acetate and gallic acid controls 

towards Lactobacillus. 

 

The larger zones of inhibition for the copper control proves the burst release 

effect compared to both MOF samples, which gave a more sustained release of the 

copper ion. The antioxidant, GA, was also used as a control and successfully inhibited 

both strains of bacteria. With E. coli, GA inhibited smaller zones compared to Cu-GA 

proving that the addition of copper leads to a more pronounced antibacterial effect. 

Lactobacillus showed less resistance to almost all samples except for Cu-GA in 

comparison to E. coli. Being a gram-positive bacteria, Lactobacillus lacks an outer 

membrane making the bacteria more vulnerable to foreign invasion through the cell 

wall (Shams et al., 2020). Cu2+ ions have been identified to induce damage to the cell 

wall and cell membrane by binding to lipopolysaccharides or peptidoglycans or 

carboxylic groups of bacteria causing a disruption in the bacterial envelope (Casey et 

al., 2010; Fang et al., 2009; Langley & Beveridge, 1999; Santo et al., 2012). Cu2+ ions 
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can also cause complete membrane rupture by binding to negatively charged domains 

and reducing the potential (Mitra et al., 2020). For a synergistic effect, GA can further 

disrupt the integrity of the cell membrane and inhibit the motility of bacteria by 

generating ROS, causing oxidative stress in cells (Babich et al., 2011; Borges et al., 

2012; Kang et al., 2008; Li et al., 2007; Shao et al., 2015).  

Elucidation of the minimum inhibitory concentration (MIC). The MIC of Cu-

BTC and Cu-GA at various concentrations (7.81 µg - 2000 µg) were examined against 

E. coli and Lactobacillus. Initially, the concentrations used for the first round, 

indicated a partial inhibition in both strains from 1000 µg to 2000 µg with both MOF 

samples. Therefore, a second experiment was conducted using 1000 µg to 2000 µg of 

both MOFs in order to achieve a more accurate result (Figures 82-85). Results indicate 

that the antibacterial activity of Cu-BTC was more pronounced against E. coli than 

Lactobacillus when compared to the controlled groups. With Cu-BTC, a MIC of 1500 

µg and 1700 µg was notable for E. coli and Lactobacillus, respectively. Cu-GA 

partially inhibited microbial growth at 1800 µg and 1900 µg concentrations but 

exhibited complete antimicrobial activity at 2000 µg for both strains, this can be seen 

by the absence of growth (cloudiness) in the well. All results are shown in Table 9.   
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Figure 82: MIC against E. coli before incubation (zero hour). 1: 1000ug, 2: 1100ug, 3: 

1200ug, 4: 1300ug, 5: 1400ug, 6: 1500ug, 7: 1600ug, 8: 1700ug, 9: 1800ug, 10: 

1900ug, 11: 2000ug, 12: Positive control E. coli (without MOF treatment). 

 

 
Figure 83: MIC against E. coli after incubation (24 hour). 1: 1000ug, 2: 1100ug, 3: 

1200ug, 4: 1300ug, 5: 1400ug, 6: 1500ug, 7: 1600ug, 8: 1700ug, 9:  1800ug, 10: 

1900ug, 11: 2000ug, 12: Positive control E. coli (without MOF treatment). 
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Figure 84: MIC against Lactobacillus before incubation (zero hour). 1: 1000ug, 2: 

1100ug, 3: 1200ug, 4: 1300ug, 5: 1400ug, 6: 1500ug, 7: 1600ug, 8: 1700ug, 9:  

1800ug, 10: 1900ug, 11: 2000ug, 12: Positive control Lactobacillus (without MOF 

treatment). 

 

 
Figure 85: MIC against Lactobacillus after incubation (24 hour). 1: 1000ug, 2: 1100ug, 

3: 1200ug, 4: 1300ug, 5: 1400ug, 6: 1500ug, 7: 1600ug, 8: 1700ug, 9:  1800ug, 10: 

1900ug, 11: 2000ug, 12: Positive control Lactobacillus (without MOF treatment). 
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Table 9: MIC Results of Cu-BTC and Cu-GA against two bacterial strains. 

 

       --- no growth    + significant growth inhibition ++ partial growth inhibition +++ strong growth 

 

Agarose gel electrophoresis for DNA disintegration. The influence of Cu-BTC 

and Cu-GA on the DNA of E. coli and Lactobacillus was studied using agarose gel 

electrophoresis technique. Figures 86-89 shows a brighter and clearer band of DNA 

for the sample that was not treated with the MOF. Once the bacterial DNA is treated 

with Cu-BTC, the brightness of the band decreases, indicating that the DNA 

morphology of E. coli and Lactobacillus was disrupted by the MOF sample. In 

addition, the dimness of the band increases with increasing concentrations of Cu-BTC 

MOF. These results indicate that not only do copper-based MOFs have an effect on 

bacterial cellular membrane and cellular wall, but they can also hinder their DNA 

structure, causing morphological damage. This disruptive effect increased with the 

increase in the concentration of both Cu-BTC and Cu-GA MOFs, that is, higher the 

concentration, the more indistinct the DNA bands.  
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Figure 86: DNA agarose gel electrophoresis of E. coli treated with various 

concentrations of Cu-BTC. L: 1kb DNA Ladder (Promega) C: control- E. coli DNA 

(without MOF treatment) 1: 0.125 x MIC 2: 0.25 x MIC 3: 0.5 x MIC 4: 1 x MIC 5: 

1.5 MIC. 

 

 

Figure 87: DNA agarose gel electrophoresis of Lactobacillus treated with various 

concentrations of Cu-BTC. L: 1kb DNA Ladder (Promega) C: control- E. coli DNA 

(without MOF treatment) 1: 0.125 x MIC 2: 0.25 x MIC 3: 0.5 x MIC 4: 1 x MIC 5: 

1.5 MIC. 
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Figure 88: DNA agarose gel electrophoresis of E. coli treated with various 

concentrations of Cu-GA. L: 1kb DNA Ladder (Promega) C: control- E. coli DNA 

(without MOF treatment) 1: 0.125 x MIC 2: 0.25 x MIC 3: 0.5 x MIC 4: 1 x MIC 5: 

1.5 MIC. 

 

Figure 89: DNA agarose gel electrophoresis of Lactobacillus treated with various 

concentrations of Cu-GA. L: 1kb DNA Ladder (Promega) C: control- E. coli DNA 

(without MOF treatment) 1: 0.125 x MIC 2: 0.25 x MIC 3: 0.5 x MIC 4: 1 x MIC 5: 

1.5 MIC.  
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6.4 Conclusion 

 

This work demonstrates the use of Cu-BTC and Cu-GA as antibacterial agents 

proven by their specificity and antibacterial activity against two different types of 

bacterial strains. The mechanism in which bacterial death occurs is through the 

disruption of the cell membrane (E. coli) and damage of bacterial DNA. The 

destruction of the bacterial cell membrane makes the bacteria vulnerable to MOF 

treatments, ultimately degrading the DNA. E. coli was more sensitive to the Cu-GA 

MOF when compared to Cu-BTC. This could be due to the presence of GA in the 

structure, which possesses the ability to destroy the bacterial cellular membrane. On 

the other hand, Lactobacillus exhibited a greater sensitivity to Cu-BTC when 

compared to Cu-GA. Both bioMOFs were successful in inhibiting gram-positive and 

gram-negative bacteria, which is promising when trying to overcome challenges faced 

with increasing antibiotic resistance.
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Chapter 7: Summary 
 

The primary objective of the research contained within this dissertation is to 

develop a biocompatible and biodegradable therapeutic nanomaterial with enhanced 

anti-cancer and anti-bacterial properties. Copper is a trace element and plays an 

important role in the growth and development of the human body while demonstrating 

high microbicidal and chemotherapeutic effects (Mitra et al., 2020). Therefore, the 

synthesis of a Cu2+ releasing nanomaterial which can sustain its structural integrity in 

physiological media over an extended period of time will result in a more targeted 

delivery and higher accumulation in tumor tissue.  This was first achieved by 

coordinating Cu2+ with the organic compound 1,3,5-benzene tricarboxylic acid 

producing a Cu-BTC MOF structure possessing an impressive surface area of 1,268 

m2 g-1. Secondly, a Cu-GA MOF was developed based on the antioxidant and ROS 

scavenger properties of the organic molecule, gallic acid. Lastly, the stability and host 

mechanics of Cu-BTC was modified for the enhanced use in biological activities.  

 Characterization of both MOF materials using PXRD, FT-IR spectroscopy, 

TGA-DTG, SEM-EDX, SXRD (Cu-BTC only), Raman spectroscopy, and N2 sorption 

is essential before measuring the materials effectiveness. Knowing that the 

microporous structure of Cu-BTC would be a challenge to encapsulate or host larger 

biological molecules lead to efforts in designing a hierarchical structure. GA was used 

to fine tune the MOF, creating an etched hierarchical micro- and mesoporous 

framework while simultaneously, encapsulating the antioxidant into the framework, 

all while maintaining the overall crystal structure. The extent of etching and 

encapsulation can be controlled with controlling the concentration of GA, as shown in 

Figure 90.  
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Figure 90: Post-synthesis etching and encapsulation of Cu-BTC with gallic acid. 

 

  The amount of [Cu2+] leaching out of the structure is crucial for determining 

the stability of the MOFs. When Cu-BTC was placed in PBS for 3 days, the 

concentration of copper ions, in the initial stages, was much greater than in RPMI 

media. RPMI media allowed for the sustained release of copper ions from the MOF 

structure, observed by ICP-AES. SEM results revealed the formation of Cu3(PO4)2 

NFs, which were ‘grown’ from the presence of amino acids and phosphate in the RPMI 

media, as shown in Figure 91. This hierarchical Cu-BTC@Cu3(PO4)2 core-shell NF 

composite enhanced the stability of the MOF, preventing the burst release of Cu2+ ions 

from the structure.  

Finally, the roles of Cu-BTC and Gu-GA as anti-cancer and anti-bacterial agents was 

assessed through various assays. To begin with, both bioMOFs were studied for the 

first time against gastric cancer cells as stand-alone treatments. The MTT assay 

revealed that gastric cancer cells were more sensitive to Cu-BTC as a stand-alone 

treatment, with almost complete cell inhibition at 75 µg/µL. On the other hand, Cu-

GA displayed enhanced anti-cancer effects towards HCT116 colon cancer cells when 
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compared to Cu-BTC. These coordination polymers can exhibit a Fenton-like activity, 

by generating ROS, causing oxidative stress in cancer cells and ultimately cell 

apoptosis (Babich et al., 2011; Liang et al., 2021). These mechanisms were further 

proven in the antibacterial studies conducted in this dissertation. Both MOFs 

successfully inhibited E. coli and Lactobacillus through disruption of bacterial cellular 

membrane and by damaging bacterial DNA.  

 

 

Figure 91: Copper-based nanoflower formed from Cu-BTC in RPMI media, 

resembling a Viburnun Opulus flower. 

 

The research presented in this dissertation was carried out with the intention of 

improving the limitations and challenges faced with conventional chemotherapeutic 

drugs and to overcome the antibiotic resistance crisis that stems from overuse and lack 

of developing new antibiotics (Nathan, 2004). MOF nanomaterials possess a high 

surface area and small size, allowing for a larger number of assembled molecules for 

dynamic interfacing with cancer and bacterial cells (Gao & Zhang, 2021). This work, 

not only explores copper-based MOFs and their role in overcoming the hurdles listed 

previously, but to enhance the stability and biological functions of the bioMOFs. This 
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was achieved by creating two different hierarchical structures for the intent of extended 

copper ion release from the framework and for the encapsulation of gallic acid within 

the framework. These newly improved MOF structures will potentially improve the 

chemotherapeutic and antibacterial effects observed with Cu-BTC and Cu-GA.  

7.1 Future Outlook 

 

The suggested mechanism for which Cu-BTC and Cu-GA have been 

successful in inhibiting both cancer and bacterial cells requires further investigation. 

To determine the ROS accumulation caused by Cu2+ ions, a Dichloro-dihydro-

fluorescein diacetate (DCFH-DA) assay can be used to measure the presence of 

oxidative species before and after treatment with both MOFs. The annexin V-FITC 

assay can be also used to detect whether both the copper-based MOFs could induce 

apoptosis in mGS, AGS and HCT116 cancers cell lines. Chen et al., determined that 

Cu-BTC caused a 25% apoptosis in SKOV4 cells. This percent was much lower than 

cytotoxic cells, suggesting the cytotoxicity induced by Cu-BTC was not primarily due 

to apoptosis (Chen et al., 2020). After showing promising in-vitro results against mGS, 

AGS and HCT116 cancer cell lines, the plan is to proceed with assessing the in vivo 

anticancer properties using mice bearing tumors from similar cell lines. This is to 

determine the tumor inhibition capabilities of both copper MOFS in mice while testing 

its safety.  

The developed hierarchical Cu-BTC@ GA nanocomposite containing both 

micro-and mesopores needs to be further evaluated for the extent of Cu2+ leaching out 

during the etching process. This can be carried out by measuring the amount of copper 

ions in the remaining solvent post-synthesis. Although, having GA entrapped with the 

pores of the newly created hierarchical structure, an attempt needs to be made to 

remove all GA molecules for the complete evacuation and of Cu-BTC. This will create 
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a drug delivery carrier with the possibility of an enhanced surface area. Future work is 

aimed at using the hierarchical Cu-BTC@GA nanocomposite towards the same 

biological studies carried out in Chapters 3 and 4 for the possibility of enhanced 

properties.  

Finally, we hypothesize that the newly designed Cu-BTC@Cu3(PO4)2 core-

shell NF will exhibit an enhanced stability compared to the Cu-BTC pristine MOF. 

One of the goals of this research is to create a biocompatible, material without the need 

of encapsulation with a therapeutic drug, that displays a sustained release of its 

constituents for anti-cancer and anti-bacterial purposes. The formation of Cu3(PO4)2 

on the Cu-BTC MOF structure will potentially lead to an enhanced intrinsic peroxidase 

activity and overall sustained release of copper ions.  Future work is aimed at using 

the hierarchical Cu-BTC@Cu3(PO4)2 core-shell NF towards the same biological 

studies carried out in Chapters 3 and 4 for comparison with pristine Cu-BTC.
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The research presented in this dissertation was carried out with the intention of 

improving the limitations and challenges faced with conventional 

chemotherapeutic drugs and to overcome the antibiotic resistance crisis that 

stems from overuse and lack of developing new antibiotics. The designed copper-

based MOFs were successful in overcoming these hurdles while acting as stand-

alone treatments. Furthermore, the stability and biological functions of these 

copper-based MOFs were enhanced by post-synthetic modifications creating a 

MOF core-shell nanoflower with dual intrinsic peroxidase activity.  
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