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Abstract 
 

Chemical Tools for Detecting Transition Metals for Biological and Environmental 

Applications 

 

By Sumin Lee 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Christopher J. Chang, Chair 

 

 

Copper, iron and sodium are essential elements for life. The potent redox activity of copper 

and iron are essential to redox-dependent cellular processes, including respiration and biology 

spanning oxygen transport, nucleotide synthesis, and electron transfer. At the same time, however, 

mismanagement of copper and iron stores and subsequent oxidative stress and damaging events 

are implicated to many diseases such as Wilson’s disease and neurodegenerative disorders. The 

non-redox active metal, sodium, has been recognized as regulating acid-base homeostasis and 

participating in maintaining membrane potential and triggering the activation of diverse signal 

transduction pathways. Therefore, we seek to develop new methods for monitoring copper, iron, 

and sodium in biological and environmental samples and in turn, to apply these chemical tools to 

help study the roles of these essential metals in healthy and disease states. The aims of my graduate 

research in Prof. Chris Chang’s lab at UC Berkeley have been focused on developing new material-

based binding platforms to enable monitoring of copper and iron levels in biological and 

environmental samples without complex and expensive instrumentation, designing novel imaging 

probes for copper based on protein tagging technique in living cells and in the neurons, and 

developing sodium fluorescent sensors based on a photoinduced electron transfer mechanism.  
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The Lord’s Prayer (NLT)  

 

Our Father in heaven, may your name be honored.  

May your kingdom come soon. May your will be done here on earth, just as it is in heaven.  

Give us our food for today, and forgive us our sins, just as we have forgiven those who have 

sinned against us. And don’t let us yield to temptation, but deliver us from the evil one.  

For yours is the kingdom, and the power, and the glory, forever, Amen. 

 Matt, 6:9-13 
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1.1. Background and Motivation 
 

Metals are necessary for sustaining all life and more than one third of the human proteome 

contains metal cations as cofactors at active-sites with catalytic functions or as structural 

cofactors.1,2 Metals play roles in all aspects of biology such as interplaying between DNA to RNA 

to proteins3 and mediating electron transfer,4 transporting small-molecules, and acting as redox 

catalysts.5 Over the past decades, a number of diseases have been reported to be related to metal 

imbalance in cells and tissues.6 The discovery of Menkes and Wilson’s diseases and their 

corresponding mutated genes provided a clear correlation between metal homeostasis and the 

developed symptoms.7 Furthermore, Parkinson’s and Alzheimer’s diseases have been reported to 

show hyperaccumulation of transition metals in brain tissues.8  

Traditionally, studies have mainly focused on the redox-inactive alkali metals, such as 

calcium, sodium, or potassium because of their abundance in biological systems and involvement 

in basic and complex biological processes. In contrast, the ability of redox-active transition metals 

like copper and iron in the cellular system has been relatively less explored. As these metals can 

generate reactive oxygen species (ROS) through Fenton chemistry,9 numerous studies have 

reported that redox-active transition metals are involved in fundamental redox-dependent cellular 

processes including respiration, photosynthesis, and electron transfer and are required as cofactors 

within enzyme active sites and as signaling factors in the neuronal system.10–12 Among these 

transition metals, I would like to focus on copper and iron as two of the most abundant transition 

metals in the human body and the environmental system as well. 

Copper is an essential element for life, forming tight metal-ligand  interactions as indicated 

by the natural order of stability for divalent metals, termed the Irving–Williams series,13. A 

catalogue of the principal types of enzymes that use each metal reveals that iron and copper are 

most commonly used as conduits for electrons in oxidoreductases.14 Copper is not only an 

important cofactor for metalloproteins, but also its redox activity is utilized for fundamental redox-

dependent cellular processes such as respiration and electron transfer (e.g., cytochrome c oxidase, 

azurin), pigmentation (tyrosinase), antioxidant defense (Cu/Zn superoxide dismutase)15, 

neurotransmitter synthesis (dopamine β-hydroxylase)16. Therefore, misregulation of copper 

homeostasis is related to development of many diseases, including cancer,2 neurodegenerative 

Alzheimer’s, Parkinson’s, and Huntington’s diseases,3 and genetic disorders such as Menkes and 

Wilson’s diseases.4 However, the mechanisms of how copper causes such diseases remain unclear. 

To have a better understanding of the mechanism between copper misregulation and pathogenesis, 

appropriate detection tools for copper are highly necessary. These tools can help elucidate the 

mechanisms of metal acquisition and sequestration, which are vital for understanding the 

contribution of metals to healthy and disease states of human beings.  

In addition to copper, iron is another biological metal of interest, being the fourth most 

abundant element in the earth's crust and the most abundant transition metal in the human body.17 

This metal is required for sustaining a range of physiological processes such as electron transfer, 

oxygen transport, respiration, and gene expression,18–21 and iron deficiency leads to anemia, which 

can be associated with impairments such as cognitive development and immunity mechanisms.22  

At the same time, however, excess iron can increase production of reactive oxygen species, 

resulting in oxidative stress cascades that lead to lipid oxidation and DNA damage.19–21,23,24 Indeed, 

aberrant iron accumulation is implicated in aging and in several diseases, including cardiovascular 

diseases, neurodegenerative diseases, and cancer.22,25–30 For example, proliferating cancer cells 

accumulate elevated concentrations of labile iron compared to normal cells owing to their 
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increased metabolic activity, yet this expanded iron pool may also sensitize cancer cells to death 

by ferroptosis, a newly recognized iron-dependent cell-death pathwa.y.31 Due to its importance, 

iron homeostasis is precisely controlled from cellular to whole body level, with local and global 

overload and/or deficiency being detrimental.  

Therefore, analytical techniques have been developed to trace copper and iron ions in 

cellular system and environmental systems. Over the past few decades, numerous techniques have 

been developed for characterizing the total metal ion pools to give spatial information, including 

laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS), secondary ion mass 

spectrometry (SIMS), X-ray fluorescence microscopy (XFM), X-ray absorbance spectroscopy 

(XAS), particle-induced X-ray emission (PIXE), and various electron microscopy (EM) methods. 

Additionally, to image labile metal pools in the cellular system, fluorescent probes have been 

designed and utilized for specific organelles or animal studies by employing bioluminescence 

(Figure1.1).32 

Herein, I have developed new platforms for detecting copper and iron which can be applied 

in both living and environmental systems.These tools can monitor the copper and iron pools and 

their roles in biological and environmental samples, respectively. As a first platform for metal ion 

detection, I envisioned the application of solid-state frameworks, seeking to take advantage of their 

high surface area, well-defined porosity,33–35 ease of processability,36 and the diverse synthetic 

routes for functionalization.35,37–41 Functional porous polymers have been shown to demonstrate 

efficient gas uptake and have been used in gas storage and separation and as catalysts for 

biomolecular immobilization.. (Figure 1.2) 

As another platform for monitoring copper and iron, I would like to use a protein labeling 

strategy to monitor copper-related proteins. Over the last few decades, fluorescent probes have 

been reported as powerful tools to detect copper, demonstrating high sensitivity and high spatial 

and temporal resolution in living systems. The Chang lab has developed a series of copper(I) 

selective fluorescent probes for endogenous copper capture and targeting specific organelles, as 

well as bioluminescent probe for animal studies. (Figure 1.3) These studies have shown that labile 

copper is translocated upon copper influx and efflux which is triggered by mitochondrial redox 

signals, confirming that copper is involved in cellular signaling. However, we would like to 

address more specific questions regarding the proteins responsible for copper translocation and 

how they regulate redox-active copper in different physiological processes. Herein, we seek to 

address these questions by applying a protein labeling technology to stain cuproproteins upon 

formation of a covalent bond between a fluorophore and the protein, therefore providing a robust 

signal and enabling proteomic studies. 

Towards this end, I have developed solid-state frameworks and protein labeling fluorescent 

probes for detecting copper and iron in biological and environmental systems. Additionally, I have 

also worked on developing probes for detecting sodium ions in the cells and using acyl imidazole-

alkyne and episulfide-alkyne probes for identification of novel metalloproteins . This dissertation 

summarizes progress on the development of porous frameworks and fluorescent probes for 

transition metals and their application to detect transition metals in biomedical applications. 

1.2. Polymer Platform to Detect Metal Ions  
 

1.2.1 Design and advantages of porous polymers 

 

Over the last few decades, numerous examples of inorganic–organic hybrid polymers have 

been reported. Porous polymer compounds with infinite structures have been intensively studied, 
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the natural and artificial zeolites serving as representative examples given their elaborate functions 

in molecular storage, recognition, separation, and catalytic activity. To improve their applicability, 

chemists have developed porous organic–inorganic hybrids and organic frameworks, 

supramolecules, and oligomers with a controlled functional pore to target specific analytes of 

interest in molecular separation, clean energy storage, photoelectric materials,  molecular motors, 

and catalysis. As another direction of artificial porous polymer, compounds with backbones 

constructed from metal ions as connectors and ligands as linkers have been introduced as so-called 

coordination polymers or Metal Organic Frameworks (MOFs). The term ‘coordination polymer’ 

was first used by Y. Shibata in 1916 and the area was first reviewed in 1964.42 Since the 

introduction of coordination polymers , covalent organic frameworks (COFs), polymers of 

intrinsic microporosity (PIMs), conjugated microporous polymers (CMPs), hyper-crosslinked 

polymers (HCPs), and porous aromatic frameworks (PAFs) have been prepared.. PAFs have 

attracted  huge attention given the interest in creating  nanometer-sized spaces and exploring novel 

phenomena within them. Their application has extended to gas separation, storage, and 

heterogeneous catalysis. In this thesis, we demonstrate the use of PAFs as backbone for detecting 

copper and iron ions. 

 

1.2.2 Porous aromatic frameworks (PAF-1) 

 

In 2009, T. Ben, S. Qiu, and S. Zhu group developed a PAF based on diamond-topology. 

The original idea of PAF-1 comes from the structure and properties of diamond, in which each 

carbon atom is tetrahedrally connected to four neighboring atoms through covalent bonds. 

Breaking the C–C covalent bond of diamond and inserting rigid phenyl rings via a nickel(0)-

catalyzed Yamamoto-type Ullmann cross-coupling should allow sufficient exposure of the faces 

and edges of phenyl rings with the expectation of increasing the internal surface area.35 Indeed, 

PAF-1 displayed a record surface area of BET = 5640 m2 g-1 and exceptional physicochemical 

stability, being stable in acidic and basic conditions and at high temperatures (> 400 oC). 

Furthermore, PAF-1 also showed very high uptake of carbon dioxide (1.3 g g−1 at 40 bar, 298 K). 

This new type of three-dimensional homogeneous, rigid, and open-network structure afforded a “new 

generation” PAF with several unusual, even peculiar properties. This example describes the significant 

progress in the development of PAFs, highlighting the relationship between structure design, synthetic 

method, and properties. The average pore size of PAF-1 is very small, resulting in broad reflection 

peaks in the powder X-ray diffraction (Figure 1.4). Most PAFs do not dissolve in organic solvents 

and the properties can be maintained in aqueous condition even in boiling water or cold acid or 

base solution. Based on their stability and  high surface area, PAFs have been used as efficient gas 

storage, heterogenous catalysts, and selective uptake reagents in aqueous systems. 

 

1.2.3 Applications of porous aromatic frameworks (PAFs) 

 

Compared with other ultrahigh surface area solids such as porous carbons, zeolites, (MOFs, 

and COFs, PAFs showed very high surface areas and excellent physicochemical stability. PAF-1  

recorded surface area of 5640 m2 g−1 and based on this high surface area, PAFs appear to have high 

physicochemical stability which makes them unique ultrahigh surface area materials. Most PAFs have 

been reported to maintain their properties in boiling water and cold acid or base solution. This is due 

to their covalent bonding nature and crosslinked rigid biphenyl framework. High pressure hydrogen 

storage of PAF-1, PAF-3, and PAF-4 was determined at 77 K and the excess hydrogen uptake capacity 
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was found to be  7.0 wt% at 48 bar, 5.5 wt% at 60 bar, and 4.2 wt% at 60 bar for PAF-1, PAF-3, and 

PAF-4, respectively. The heat of adsorption related to hydrogen-adsorbent interactions were calculated 

from the hydrogen adsorption isotherms recorded at 77 K and 87 K, using the Clausius–Clapeyron 

equation, to afford values of 5.4 kJ mol−1, 6.6 kJ mol−1, and 6.3 kJ mol−1 for PAF-1, PAF-3 and PAF-

4 respectively. Accordingly, the pressure uptake of hydrogen by the corresponding PAFs were 

evaluated at 186 cm3 g−1, 232 cm3 g−1, and 169 cm3 g−1 for PAF-1, PAF-3, and PAF-4, respectively. A 

greater surface area means a greater volume of gas can be stored. However, in the case of low pressure 

gas storage, especially when ambient condition gas storage (1 bar, room temperature) was applied, 

both surface area and Qst should be considered. Usually, the Qst is more important and results often 

show higher gas uptake materials express higher Qst at ambient conditions. PAFs not only have high 

surface areas and excellent physicochemical stabilities, but also exceptional selectivity for greenhouse 

gases such as CO2 and methane.  

In addition to their usage in gas storage, PAFs also show molecular recognition properties 

between organic molecules and water. PAF-5, PAF-11, and JUC-Z1 are hydrophobic materials 

with high organic small molecule uptake such as methanol and benzene against water, selectivity 

which could be used to eliminate harmful small organic molecules produced in industrial processes. 

PAF-2 shows high selectivity for adsorption of aromatic benzene as compared to aliphatic hexane. 

PAF-6 could uptake 0.35 g g−1 of ibuprofen, with drug release occurring with a large initial burst 

within 10 h. PAF-15 exhibits high luminescence quenching ability of hazardous and explosive 

molecules, such as nitrobenzene, 2,4-dinitrotoluene (2,4-DNT), and 2,4,6-trinitrotoluene (TNT), 

and may serve as a new sensing material.43 PAF-5 displays high stability and high surface area and 

exhibits excellent abilities to adsorb organic chemical pollutants at saturated vapor pressures and room 

temperature.44 Combining the advantages of porous aromatic frameworks and ionic liquids, PAF/IL 

composite coated Solid Phase Microextraction (SPME) fibers exhibited a high adsorption capacity 

for organochlorine pesticides. Under optimized experimental conditions, enhancement factors of 247–

1696 were obtained with good linearity in the range of 1–500 μg L−1. The detection and quantification 

limits were determined to be in the range of 0.11–0.29 μg L−1 and 0.35–0.93 μg L−1.45  

Functionalized PAFs have also been used for heavy metal ion capture, where a a mercury 

‘nano-trap’ was generated by functionalizing a high surface area and robust porous organic 

polymer with a high density of strong mercury chelating groups. The resultant porous organic 

polymer-based mercury ‘nano-trap’ exhibits a record-high saturation mercury uptake capacity 

of over 1,000 mg g−1, and can effectively reduce the mercury(II) concentration from 10 ppm to 

an extremely low level (less than 0.4 ppb).46 T. Beng group present a study of the adsorption of 

selected metal ions, Sr2+, Fe3+, Nd3+, and Am3+, from aqueous solutions employing a carbon-based 

porous aromatic framework, BPP-7 (Berkeley Porous Polymer-7). This material displays high 

metal loading capacities together with excellent adsorption selectivity for neodymium over 

strontium.47 Urea-functionalized PAF (Urea-MPN) has been applied to remove the perrhenate 

anion ReO4
– in a similar fashion to the mode of operation of the intractable anion radioactive 

pollutant TcO4
– .48  These examples confirm that PAF-1 is a good backbone candidate for 

functionalization, allowing broad applications for absorption of analytes of interest. Furthermore, 

the unprecedented stability of PAFs enables their application in aqueous systems while still 

maintaining their properties. (Figure 1.5). 

 

1.3. Fluorescence Platforms to Detect Metal Ions  
 

1.3.1 Approaches for designing transition metal-sensing fluorescent probes 
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One of the most remarkable scientific developments over the past decade is the ability to 

image   individual biomolecules using optical microscopy techniques described as fluorescent 

single molecule detection which enables real-time, room temperature observations from cellular 

systems to animal studies. Single molecule fluorescent probes have allowed striking visualizations 

of single biomolecules at work.49,50 Desirable properties of an effective fluorescent metal probe 

include (1) high selectivity for the metal of interest in the cellular media or upon local changes in 

pH, redox, and hydrophilicity/hydrophobicity and (2) high signal either from high turn-on or 

ratiometric shift to provide spatial information. There have been several turn-off fluorescent probes 

reported, however, these may provide false information because the absence of signal might result 

from turn-off upon interaction with the  analytes of interest or due to the absence of the probe. The 

other important feature is (3) compatibility with common microscopy laser lines and/or filter sets 

with respect to excitation/emission wavelengths, being additionally desirable to have (4) visible, 

red-shifted spectral profiles to minimize sample photodamage and interference from native cellular 

autofluorescence when using blue wavelengths.  

Based on these advantages of fluorescent probes, Chris Chang’s group has developed 

several generations of fluorescent probes for labile copper pools that target Cu(I) and Cu(II). There 

are two strategies to access a fluorescent signal in correlation with the analytyes of interest: 

“recognition” and “reactivity”-based fluorescence turn-on (Figure. 1.3). Recognition-based 

sensing utilizes a fluorophore attached to a metal receptor group that is not fluorescent in the 

absence of metal binding; however, upon metal coordination, the quenching mechanism is blocked 

and fluorescence is restored. A suitable receptor can often be designed based on coordination 

chemistry fundamentals, such as hard-soft acid-base theory,preferred coordination numbers, and 

ligand field geometries. In case of reactivity-based fluorescent probes, fluorescence turn-on occurs 

following a chemical reaction between the probe and metal of interest that causes the fluorophore 

to be uncaged. Because this approach most commonly makes use of an irreversible reaction, the 

fluorescent signal accumulates over time, generating high cell-retention species after the reaction. 

The Chang group has reported various types of copper fluorescent probes (Figure 1.6) and we 

would like to move to new generations of fluorescent copper probes built  for protein labeling 

technologies.  

Selective incorporation of a probe into a protein of interest (POI)  usually requires several 

strategies.51,52 (Figure 1.7) The most widely used probe is a fluorescent protein (FP), such as GFP 

(green fluorescent protein), which can be genetically encoded and facilitates the fluorescent 

monitoring of the behavior of a POI in live cells. Although such approach is quite powerful, the 

FP-fusion method is not applicable to natural (endogenous) proteins as it requires artificial 

expression of the FP-fused proteins. There are also concerns that the original properties of the POI 

are not retained in the FP-fused proteins as its bulky structure might interfere with the structure, 

function, and localization of the original proteins.53 To overcome these shortcomings, the covalent 

labeling of proteins with synthetic small molecule probes has been developed. This strategy makes 

use of synthetic organic principles which has the advantages of flexible design of the probes that 

are amenable for NMR, IR, or Raman imaging and incorporate affinity tags or photo-crosslinking 

units.  

There are two distinct strategies for the chemical labeling of a POI in live cells: (1) 

bioorthogonal chemical reactions and (2) a combination of molecular recognition and chemical 

reaction.54 The first strategy relies completely on the selectivity of the chemical reaction. This 

method initially incorporates a noncanonical functional group (as a bioorthogonal reaction handle) 
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into a POI. The introduced reaction handle is subsequently modified using a corresponding 

reactant with high bioorthogonality (bioorthogonal reaction). In 2000, Bertozzi’s group reported 

the modified Staudinger ligation between an azide and a phosphine.55 Inspired by this 

bioorthogonality, Huisgen cycloadditions using azides/alkyne, transition metal-catalyzed 

bioorthogonal coupling reactions,56 and inverse electron-demand Diels–Alder reactions of 

tetrazines with distorted alkenes/alkynes were developed.57 Owing to the continuous development 

and improvement of such biorthogonal reactions, the selective and efficient chemical modification 

of a POI in live cells has recently become possible. 

The other approach other than blocking the active-site with biorthogonal strategies has 

mainly been based on a proximity effect to enhance both the reaction kinetics and the selectivity. 

In this strategy, the proximity between a POI and a labeling reagent is mainly driven by molecular 

recognition by a specific recognition moiety. This recognition unit triggers a nucleophilic reaction 

to form a covalent bond to a POI. After forming the covalent bond between a POI and the probe, 

the recognition moiety can be released because it is not bound to the active sites of the enzymes 

or proteins. This strategy enables retention of the POI function while still providing robust 

information regarding metal-protein interactions..  

 

1.3.2 Ligand-directed chemistry (LDAI) 

 

Even though the activity-based probes have advantages strategies are valuable for target 

identification and proteomics studies, these reagents cause the loss of the natural function of the proteins 

of interest. Permanent masking of the active site upon formation of a covalent bond ,results in the loss 

of unique structures and functions of the POI. Therefore, these methods are not appropriate to give 

spatial and temporal information in living systems. To preserve the functions of the POI, the Hamachi 

group has developed a new approach for endogenous protein labeling, termed ligand-directed (LD) 

chemistry.58 LD chemistry is also facilitated through the proximity effect of protein–ligand recognition, 

with the ligand portion not being covalently linked to the POI owing to a cleavable electrophile moiety. 

The labeling proceeds in three steps: (1) recognition of the ligand moiety by the corresponding protein 

(micromolar to sub-micromolar dissociation constants are typically required); (2) the selective and 

accelerated reaction of the reactive electrophile on the reagent with a proximal nucleophilic amino acid 

on the surface of the POI; and (3) dissociation of the ligand from the labeled protein (Table 1). LD 

chemistry allows the activity and functions of the POI to be maintained after labeling. This is because 

the ligand moiety can protect nucleophiles at the active site of the POI from attacking the electrophile 

of the labeling reagent during labeling, and the cleaved ligand is removed from the POI after labeling. 

LD chemistry methods have been reported by Hamachi's group using tosyl (LDT), acyl imidazole 

(LDAI) and dibromophenyl benzoate (LDBB) as cleavable electrophiles. These methods exhibit 

distinct reactivity and amino acid selectivity. LDT chemistry employs a phenyl sulfonate (tosylate) 

group, which undergoes an SN2 reaction with nucleophilic amino acids, such as His, Tyr, Glu, Cys, and 

Asp. However, LDT chemistry has not given good results for membrane-protein labeling and 

sometimes suffers from slow reaction kinetics. LDAI and LDBB chemistry labels the POI through an 

acyl transfer reaction. LDAI chemistry showed a faster reaction rate than LDT chemistry, but it is 

applicable only to membrane-bound proteins. LDBB chemistry can be applied to intracellular proteins 

as well as cell surface membrane proteins; however, the reactive module is rather bulky and 

hydrophobic. Hamachi group developed a 'conditional proteomics' approach to identify proteins 

involved in zinc homeostasis based on a chemical proteomics strategy that utilizes designer zinc-

responsive labeling reagents to tag such proteins and quantitative mass spectrometry for their 
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identification. Based on this LDAI chemistry, the Hamachi group applied this method to elucidate zinc 

dyshomeostasis, which can detect endogenous zinc induced by nitric-oxide in glioma cells, and 

monitored dynamic changes of the zinc-related proteome.  

 

 

1.3. Dissertation Overview 
An interest in monitoring redox active metals in biology and environmental system led to 

the development of (1) solid-state frameworks for copper detection in biofluid samples applied as 

a Wilson’s disease diagnostic tool; and (2) protein labeling fluorescent probes for  monitoring 

cuproproteins. In addition to developing tools for redox-active metals, I have worked on preparing 

fluorescent probes for sodium ions and identifying methionines involved in MsrA/MsrB.  

Lastly, gel analysis of metalloprotein probes which is activated by metal coordination, followed 

by nucleophilic attack from amino acid on protein surface to identify metalloproteins. This 

dissertation focuses on the design, characterization, and application of two platforms for the 

detection of biological and environmental copper and iron for disease diagnostic tools and 

environmental indicators.  

Chapter 2 presents the design, synthesis, characterization, and application of a copper 

specific porous aromatic framework (PAF-1-SMe). This chapter highlights the first use of this 

solid-state framework in biological systems to monitor the copper concentration in biofluid 

samples, with application in Wilson’s disease diagnosis.  

Chapter 3 presents the characterization and application of iron specific porous aromatic 

framework (PAF-1-ET) . This chapter showed further application of a solid-state porous polymer 

in environmental systems to monitor iron in drinking water. 

Chapter 4 discusses the labeling of copper-rich compartments in the cells and the neuronal 

system using LDAI chemistry. By covalently attaching Si-rhodamine to copper-rich proteins, this 

method provides stable information regarding the type of proteins responsible for copper efflux as 

well as the movement of copper within the neural system.  

Chapter 5 presents several fluorescent sodium probes based on an aldehyde ether sodium 

receptor. This key intermediate was prepared and used to synthesize a BODIPY-based, rhodamine, 

and Tokyo-green fluorescent probes. We attempted to link an ester moiety to increase cell-

retention and targetable moieties for mitochondria localization to visualize sodium ions in various 

cell lines. 

Appendices detail the development of other series of functionalized porous aromatic 

frameworks (Appendix 1), methionine sulfoxide profiling (Appendix 2), synthetic variation by 

linking electron withdrawing group to electron donating group on TPA to study Cu-triggered C-O 

bond cleavage (Appendix 3), and strategies for identification of novel metalloproteins using 

episulfide-alkyne probes. (Appendix 4).  
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Figures 

 
Figure 1.1. The total metal pool comprises the labile and static metal pools. Physical techniques 

that map the distribution of the total metal pool in cells, tissues, and organisms include 

technologies that measure atomic mass (LA-ICPMS and SIMS) and technologies that probe 

electronic structure (e.g., XFM, XAS, and EFTEM, among others). Fluorescent sensors map the 

labile metal pool. Cited from Anal. Chem. 2017, 89, 22−41 
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Figure 1.2. Selected examples for diverse assembly of building units to construct 

inorganic/hybrid/organic chemical architectures, ranging from the discrete 0D/non-

porous/amorphous structures to the extended 3D/porous/crystalline structures. For clarity, many 

related systems, such as active carbons, mesoporous silicas, periodic mesoporous organosilicas, 

mesoporous carbons, and supermolecules, are not included herein. Cited from Chem. Soc. Rev., 

2013, 42, 548  
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Figure 1.5. Illustration of recognition-based and reaction-based fluorescent sensors for metal 

ions. (Upper row) Recognition-based turn-on sensors fluoresce when the metal is bound; they are 

reversible, turning off when the metal is released. (Bottom row) Reaction-based indicators 

fluoresce after a metal-catalyzed, irreversible chemical event. The fluorophore does not remain 

associated with the metal after the reaction takes place. Cited from Anal. Chem. 2017, 89, 22−41 
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Figure 1.4. Structure model of synthesized and simulated PAF. (C, purple; N, blue; Si, yellow, O, 

green, Ge, brown). Cited from CrystEngComm, 2013, 15, 17–26 
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Figure 1.5. Examples of functionalized Porous Aromatic Framework (PAF) for organic 

molecules uptake (upper row) and heavy metal uptake (bottom row) in aqueous conditions. 
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Figure 1.6. Fluorescent probes for copper (I): a) recognition based and b) reactivity based 

probes. Cited from Anal. Chem. 2017, 89, 22−41   

a) 

b) 
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Figure 1.7. Outline of protein labelling with synthetic small molecule probes: (a) functional 

group selective labeling (e.g. thiol or amine); (b) (1) bioorthogonal chemical reaction (e.g. 

Huisgen cycloaddition), (2) combination of molecular recognition and chemical reaction. Cited 

from Chem. Commun., 2017, 53, 11972-11983  
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Tabele 1.1. Protein labeling of LD chemistry 

 

 

 

 

 

 

 
Table 1.1 Summary of the Ligand-Directed (LD) Chemistry. Cited from Chem. Commun., 2017, 

53, 11972-11983  
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Abstract 

Copper is an essential nutrient for life, but at the same time hyperaccumulation of this 

redox-active metal in biological fluids and tissues is a hallmark of pathologies such as Wilson’s 

and Menkes diseases, various neurodegenerative diseases, and toxic environmental exposure. 

Diseases characterized by copper hyperaccumulation are currently challenging to identify due to 

costly diagnostic tools that involve extensive technical workup. Motivated to create simple yet 

highly selective and sensitive diagnostic tools, we have initiated a program to developed new 

materials that can enable monitoring of copper levels in biological fluid samples without complex 

and expensive instrumentation. Herein, we report the design, synthesis, and properties of PAF-1-

SMe, a robust diamondoid porous aromatic framework (PAF) densely functionalized with 

thioether groups for selective capture and concentration of copper from biofluids as well as 

aqueous samples. PAF-1-SMe exhibits a high selectivity for copper over other biologically-

relevant metals, with a saturation capacity reaching over 600 mg/g. More-over, the combination 

of PAF-1-SMe as a material for concentration and capture of copper from biological samples with 

8-hydroxyquinoline as a colorimetric indicator affords a method for identifying aberrant elevations 

of copper in urine samples from mice with Wilson's disease and also tracing exogenously added 

copper in serum. This divide-and-conquer sensing strategy, where functional and robust porous 

materials serve as molecular recognition elements that can be used to capture and concentrate 

analytes in conjunction with molecular indicators for signal readouts, establishes a valuable 

starting point for the use of porous polymer materials in non-invasive diagnostic applications. 

2.1. Introduction 
 

Copper is an essential element for human health,1 and enzymes harness the redox activity 

of this metal to perform functions spanning energy generation, neurotransmitter and pigment 

synthesis, and epigenetic modification. On the other hand, misregulation of copper homeostasis is 

also connected to many diseases, including cancer,2 neurodegenerative Alzheimer’s, Parkinson’s, 

and Huntington’s diseases,3 and genetic disorders such as Menkes and Wilson’s diseases.4 

Technologies that can monitor copper homeostasis may therefore serve as valuable diagnostic tools 

for these diseases and related conditions. In one example of a copper-mediated disorder, Wilson’s 

disease is caused by mutation of the gene that encodes the copper transporter ATP7B protein. 

Mutations in this protein may lead to hyperaccumulation of copper in the liver, brain, kidney, and 

cornea, which can result in lipid peroxidation and corresponding liver damage as well as 

neurologic and psychiatric abnormalities.4-6 Patients suffering from Wilson’s disease also exhibit 

high urinary copper levels (>100 mg/day, compared to 20-40 mg/day in healthy individuals) and 

increased serum free copper levels (>25 µg/dL, compared to 11-25 µg/dL in healthy individuals).4 

The source of this elevated copper is not sufficiently understood, but it is thought to derive from 

necrosis of damaged liver cells that are cleared through the blood stream.5  

Wilson’s disease is potentially fatal, although it is readily treated if diagnosed early in its 

development and before extensive tissue damage has occurred. Recognizing Wilson’s disease is a 

challenge all its own, however, owing to a lack of targeted and readily implemented diagnostic 

tools. Magnetic resonance imaging (MRI) and electroencephalography (EEG) are two non-

invasive techniques currently used to aid in Wilson's diagnosis; however, these techniques are not 

specific for Wilson’s disease and instead serve primarily to identify secondary characteristics. 

While genetic tests can offer highly accurate diagnoses, over 300 different mutations for Wilson’s 
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disease are listed in the Human Genome Organization database and only a few are fully 

characterized or widespread. Thus, genetic tests based on selected exons are not globally 

applicable.7 In contrast, non-invasive tests on biofluids such as urine and blood can alternatively 

provide an accurate diagnosis, although these methods can require cumbersome extraction 

procedures that include the concentration of urine collected over 24 hours or acid digestion of 

serum. Expensive characterization methods such as inductively coupled plasma mass spectrometry 

(ICP-MS) or atomic absorption spectroscopy (AAS) are then used for direct copper detection.6-9  

We therefore envisioned an alternative approach that would enable copper detection and 

readout of corresponding levels directly from biofluids as well as environmental samples in a 

colorimetric assay, thereby circumventing extensive sample processing. This strategy relies on the 

utilization of solid-state adsorbents to capture copper selectively and efficiently from the 

biosample of interest followed by treatment with a colorimetric agent to quantify copper levels. 

We anticipate that such a divide-and-conquer approach should be broadly applicable to detection 

of many biological and environmental analytes. In this context, porous polymers represent a 

promising class of such adsorbents for this purpose, owing to their high thermal and chemical 

stability, particularly to aqueous media, as well as high surface area, permanent porosity, and 

diversity of functional groups.10-15 The canonical material porous aromatic framework (PAF)-1 in 

particular exhibits a high Brunauer-Emmett-Teller (BET) surface area (up to 5600 m2/g)14 and is 

readily modified post-synthetically to introduce a variety of desired chemical functionalities in a 

dense and accessible manner.15 Indeed, an elegant thiol (–SH) functionalized PAF-1 was recently 

reported as an effective and efficient platform for the capture of the toxic heavy metal mercury in 

water treatment.16 We sought to prepare a new PAF-1 analog with copper-selective appendages to 

allow for specific and sensitive capture of this naturally occurring biological metal from biofluid 

samples. Inspection of copper binding sites in cytosolic metalloregulatory proteins show that they 

are dominated by histidine, cysteine, and methionine residues,17 which feature –NH, –SH, and 

thioether (–SMe) functionalities, respectively. We reasoned that thioethers are less redox-active 

and pH-independent comparedto their thiol counterparts and are also advantageous over nitrogen-

containing binding moieties, such as histidine, to achieve high copper selectivity over other 

biologically relevant cations like Fe(II) and Zn(II). Indeed, our laboratory has previously reported 

synthetic fluorescent18,19 and MRI copper probes20,21 with thioether rich receptors, which revealed 

high selectivity towards copper ions in biological samples from cells to tissues to whole organisms. 

We now report the thioether-functionalized solid-state porous polymer PAF-1-SMe, an adsorbent 

that is selective for the capture and concentration of copper from complex biofluid samples. In 

conjunction with a colorimetric reagent for assessing copper levels, we further demonstrate that 

PAF-1-SMe can be used in an assay to selectively adsorb copper and detect elevated copper levels 

in biosamples (Scheme 2.1). This work establishes the potential utility of porous polymeric 

materials for non-invasive diagnostic applications, without the need for extensive sample 

processing or complex and expensive instrumentation. 

2.2. Methods 

2.2.1. General Method 

 

Starting materials and reagents were purchased from Sigma-Aldrich and used as received 

without further purification. Tetrakis(4-bromophenyl)methane was prepared following the 

procedure reported in the literature.1 All reactions were performed under a nitrogen or argon 

atmosphere and in dry solvents, unless otherwise stated  
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Gas adsorption isotherms were measured using a Micromeritics ASAP 2020 or 2040 

instrument. Samples were transferred to a pre-weighed glass analysis tube, which was capped with 

a Transeal, and were evacuated on the ASAP until the outgas rate was less than 3 µbar/min. 

Ultrahigh-purity grade (99.999%) nitrogen was used for gas adsorption measurements. Nitrogen 

isotherms were obtained using a 77 K liquid-N2 bath and used to determine the surface areas and 

pore volumes using the Micromeritics software, assuming a value of 16.2 Å2 for the molecular 

cross-sectional area of N2. Pore-size distributions were calculated using the density functional 

theory method with a QSDFT adsorption branch model of N2 at 77 K adsorbed in carbon with 

slit/cylindrical/spherical pores, as implemented in the Quantachrome VersaWin software.  

Infrared spectra were obtained on a Perkin-Elmer Spectrum 100 Optica FTIR spectrometer 

furnished with an attenuated total reflectance accessory.  

Thermal gravimetric analysis (TGA) data was collected at ramp rates of 5 ºC/min under 

flowing nitrogen using a TA Instruments TGA Q5000.  

Diffraction data were collected with 0.2° steps using a Bruker AXS D8 Advance 

diffractometer equipped with Cu-Kα radiation (λ = 1.5418 Å).  

Scanning electron microscopy (SEM) samples of polymers were prepared by dispersing 

fine powders into methanol and drop casting onto a silicon chip. To dissipate charge, the samples 

were sputter coated with approximately 3 nm of Au (Denton Vacuum). Polymers were imaged at 

5 keV and 12 μA by field emission SEM (JEOL FSM6430).  

Carbon, hydrogen, nitrogen, and sulfur elemental analyses were obtained from the 

Microanalytical Laboratory at the University of California, Berkeley. Elemental analysis for 

chlorine was performed at Galbraith Laboratories.  

Solid state NMR spectra 1H–13C cross-polarization (CP) spectra were collected on a 7.05 

Tesla magnet at 13C frequency of 75.5 MHz under 10 kHz magic-angle spinning (MAS) condition. 

A Chemagnetics 4 mm H/X probe and a Tecmag Discovery spectrometer were used. The 

Hartmann-Hahn condition for CP experiments was obtained on solid adamantane, which is also a 

secondary reference of 13C chemical shift (the methylene signal of adamantane was set to 38.48 

ppm relative to TMS). Two pulse phase modulation (TPPM) proton decoupling scheme was used. 

The TPPM angle was 15 degree and the decoupling field strength was ~60 kHz. A contact time of 

10 ms and a pulse delay of 4 s were used in CP experiments.  

EPR measurement were recorded at ambient temperature using an Active Spectrum X-

band continuous wave spectrometer. The sweep was from 210 mT to 420 mT.  

UV-Vis spectroscopic measurements were performed in 100 mM HEPES buffer (pH 6.7). 

Absorption spectra were recorded using a Varian Cary 50 spectrophotometer and samples for 

absorption measurements were prepared in 1 cm × 0.5 cm quartz cuvettes (1.4-mL volume, 

Starna).  

Inductively coupled plasma-mass spectrometry (ICP-MS) was performed on samples that 

had been diluted into 2% nitric acid (made freshly from concentrated nitric acid (BDH Aristar 

Ultra) and MilliQ water) containing 20 ppb Ga internal standard (Inorganic Ventures, 

Christiansburg, VA). The samples were analyzed on a ThermoFisher iCAP-Qc ICP-MS in Kinetic 

Energy Discrimination (KED) mode against a calibration curve of known metal concentrations 

(made from CMS-5, Inorganic Ventures, Christiansburg, VA). 

2.2.2. Synthesis of PAF-1-SMe 
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Anhydrous 1,5-cyclooctadiene (cod, 1.05 mL, 8.32 mmol, Aldrich) was added to a solution 

of bis(1,5-cyclooctadiene)nickel(0) (2.25 g, 8.18 mmol, Aldrich) and dried 2,2’-bipyridyl (1.28 g, 

8.18 mmol, Aldrich) in distilled DMF (100 mL, Aldrich) in a dry box. The mixture was heated at 

80 ºC for 1 h. Tetrakis(4-bromophenyl)methane (1 g, 1.57 mmol) was added to the purple solution 

and the mixture was stirred at 80 ºC overnight to obtain a deep purple suspension. After cooling to 

room temperature, concentrated HCl was added to the mixture. The residue was filtered with 

washing with warm THF (100 mL), H2O (100 mL), ethanol (100 mL), and CH3Cl (100 mL) 

respectively, and dried in vacuum oven (170 ºC) to give PAF-1 as an off white powder. A pressure 

flask was charged with PAF-1 (200.0 mg), paraformaldehyde (1.0 g), glacial AcOH (6.0 ml), 

H3PO4 (3.0 ml) and conc. HCl (20.0 ml). The flask was sealed and heated to 100 ºC for 3 days. 

The resulting solid was filtered and washed with H2O (500 mL), THF (100 mL), ethanol (100 mL), 

and CH3Cl (100 mL) and then dried under vacuum oven (150 ºC) to produce pale yellow solid of 

PAF-1-CH2Cl. Subsequently, PAF-1-CH2Cl was mixed with NaSCH3 (1.2 g, 21.0 mmol, Aldrich) 

in 100 mL ethanol under N2 and stirred at 70 ºC for 3 days. The resulting solid was collected, 

washed with H2O (100 mL), THF (100 mL), ethanol (100 mL), and CH3Cl (100 mL), and then 

dried under vacuum oven (150 ºC) to produce PAF-1-SMe as pale yellow powder. Elemental 

analysis found for PAF-1-SMe: 68.28% C, 5.68% H, 0.502% Cl, 9.60% S. 

2.2.3. Determination of Distribution Coefficient (Kd) for Copper Uptake 

 

PAF-1-SMe (100.0 mg) was added to a column connected to a jar containing 1 L of 4.03 

ppm CuCl2 solution (100 mM HEPES buffer, pH 6.7). The copper solution was passed through 

PAF-1-SMe with flow rate of 0.5 mL/min. Subsequently, initial copper solution (Ci) and filtrate 

(Cf) were analyzed using ICP-MS (Ci = 4.03 ppm; Cf = 0.283 ppm) and used to determine the 

amount of copper captured by PAF-1-SMe. The amount of copper adsorbed by PAF-1-SMe was 

calculated by subtracting the residual copper concentration from the initial copper concentration. 

The following equation was used in order to determine the Kd value: 

 

𝐾𝑑 =
(𝐶𝑖 − 𝐶𝑓)

𝐶𝑓
×

𝑉

𝑚
 

 

Where Ci is the initial metal ion concentration, Cf is the final equilibrium metal ion 

concentration, V is the volume of the treated solution (mL) and m is the mass of sorbent used (g).2 

 

2.2.4. Adsorption Kinetics for Copper and Iron Removal 

 

A 10 mL aqueous CuCl2 solution (10 ppm) or FeCl3 solution (5 ppm in 100 mM HEPES buffer, 

pH 6.7) was added to an Erlenmeyer flask containing 2 mg of PAF-1-SMe. The mixture was stirred 

at room temperature for 8 h. During the stirring period, the mixture was filtered at intervals through 

a 0.45-mm membrane filter for all samples. The filtrates were analyzed using ICP-MS to determine 

the remaining copper concentration. The amount of copper adsorbed by PAF-1-SMe was 

calculated by subtracting the residual copper concentration from the initial copper concentration. 

The experimental data were fitted with a pseudo-second-order kinetic model using the following 

equation: 
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𝑡

𝑞𝑡
 =  

1

𝑘2𝑞𝑒
2

+  
𝑡

𝑞𝑒
 

 

where k2 is the pseudo-second-order rate constant of adsorption (g/mg·min) and qe is the amount 

of copper ion adsorbed at equilibrium (mg/g). The slope and intercept of the linear plot t/qt vs t 

yielded the values of qe and k2, respectively. 

2.2.5. Adsorption Isotherm 

 

PAF-1-SMe (2.0 mg) was added to conical tubes containing 10 mL CuCl2 solution (100 

mM HEPES buffer, pH 6.7) with a wide range of copper concentrations. Each mixture was capped 

and stored in a shaker at room temperature overnight, and then filtered separately through a 0.45 

mm membrane filter. The filtrates were analyzed by ICP-MS to determine the remaining copper 

content. The amount of copper adsorbed by PAF-1-SMe was calculated by subtracting the residual 

copper concentration from the initial copper concentration. The experimental copper uptake data 

were best fitted using a dual-site Langmuir model: 

 

𝑞𝑒 =
𝑞𝑠𝑎𝑡,1𝐾𝐿,1𝐶𝑒

1 + 𝐾𝐿,1𝐶𝑒
+

𝑞𝑠𝑎𝑡,2𝐾𝐿,2𝐶𝑒

1 +  𝐾𝐿,2𝐶𝑒
 

 

where qe is the adsorption capacity (mmol/g), Ce is the equilibrium concentration of the 

metal ion (mg/L), qsat,1 and qsat,2 are saturation adsorption capacities (mmol/g) of two distinct 

adsorption sites, and KL,1 and KL,2 are the Langmuir constants (L/mg) that are related to the binding 

affinities of those adsorption sites. For comparison, the experimental data were also fitted using 

commonly employed single-site Langmuir and Freundlich models, top and bottom equations 

below, respectively: 

 

𝑞𝑒 =
𝑞𝑠𝑎𝑡𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 
 

where KF is the binding energy constant (mg1–(1/n)·L1/n/g) and n is the Freundlich exponent. 

Overall, the dual-site Langmuir model provided a good description of the experimental data, 

particularly in the low concentration region. The fitting parameters and correlation coefficients are 

summarized in Table S1. Nonlinear regression was used in fitting all models. 

 

2.2.6. Competitive assay 

 

2 mg of PAF-1-SMe was added into separate conical tubes containing 10 mL aqueous solution of 

ZnCl2, CaCl2, MgCl2, NaCl, KCl, NiCl2, CoCl2, MnCl2, or NH4Fe(SO4)2·12H2O (10 ppm each in 

100 mM HEPES buffer, pH 6.7). The slurry was stored in a shaker at room temperature 

overnight, and then was filtered through a 0.45 mm membrane filter. The filtrates were analyzed 

using ICP-MS to determine the concentration of remaining metal ions. The amount of metal ion 
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adsorbed by PAF-1-SMe was calculated by subtracting the residual copper concentration from 

the initial copper concentration. 

 

2.2.7. Copper Uptake Studies in Biofluid Samples and Its Colorimetric Detection 

 

Urine collection. To collect urine, 14-week-old Wilson’s disease mice and controls from 

the background strain C57BL x129s6/svev were placed in Tecniplast metabolic cage systems for 

a period of 48 hours. During this period, the animals had access to water and food. The collected 

urine was centrifuged at 4,000 x g for 5 min at 4 °C to remove debris or food particles, and then 

stored at −80 °C until further analysis. 

Serum collection. 2 L of porcine blood was purchased from Marin Sun Farm Inc. and was 

allowed to clot by leaving it undisturbed at room temperature for 30 minutes. The clot was removed 

by centrifuging at 3000 x g for 15 minutes in a refrigerated centrifuge, and the resulting supernatant 

was transferred to 6 mL tubes from Becton Dickinson (BD Vacutainer REF 367815 6.0 mL). The 

samples were stored at −20 °C and freshly thawed before each experiment. 

Copper uptake in biofluid samples. A 1 mL sample of the urine of 14-week-old mice from 

a murine model of Wilson’s disease or heterozygous type controls was added to a 1.5 mL tube 

containing 2 mg of PAF-1-SMe. In case of serum, additional copper salts (2, 5, 10 ppm) were 

added in 4 mL of serum to simulate Wilson’s disease.3 Moreover, as serum contains ca. 4-fold 

higher levels of iron compared to copper,4 1 mM acetohydroxyamic acid (AHA) as iron chelator 

was additionally added into serum.5 PAF-1-SMe (2 mg) was added into each urine and serum 

sample, and biofluid samples with/without PAF-1-SMe were kept in a shaker at room temperature 

for overnight, filtered through 0.45 mm membrane filters, and analyzed by ICP-MS to determine 

remaining copper content. The amount of copper adsorbed by PAF-1-SMe was calculated by 

subtracting the residual copper concentration from the initial copper concentration.  

Colorimetric detection. PAF-1-SMe applied to heterozygous and Wilson’s disease urine 

specimens and serum samples was dried open to air overnight. Before treatment with 8-

hydroxyquinoline (8-HQ), dried PAF-1-SMe was washed by adding 1 mL of DMSO and remove 

DMSO by immediate filtration. Subsequently, 1 mM 8-HQ in DMSO (1 mL) was added to the 

washed PAF-1-SMe and shaken three times. The liquid was filtered through a 0.45 mm membrane 

filter and transferred into 1 cm  0.5 cm quartz cuvette (1.4-mL volume, Starna). The formation 

of complex between 8-HQ and copper extracted from PAF-1-SMe was monitored using a Varian 

Cary 50 spectrophotometer. 

Detection limit of 8-HQ was measured in DMSO, in serum by adding external copper salt 

(1, 2, and 5 ppm of 1 mL of serum), and in urine by adding external copper salt (1.5, 3, and 5 ppm 

in 200 μL of urine sample). PAF-1-SMe (2 mg) was stored in each sample overnight in a shaker 

and dried after filtration. Dried PAF-1-SMe was washed by adding 1 mL of DMSO, and 1 mM 8-

HQ in DMSO (1 mL) was added into washed PAF-1-SMe. The absorbance at 410 nm of each 

samples was plotted against initial copper concentrations. The detection limit of 8-HQ was 

calculated by the three-sigma method 3σ/k as 186 ppb in DMSO, 756 ppb in serum samples, and 

552 ppb for urine samples, respectively. 

2.3. Result and discussion 
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The parent material PAF-1- was synthesized following a procedure reported in the 

literature14 and chloromethylation of the phenyl rings of PAF-116 followed by treatment with 

NaSMe afforded the final PAF-1-SMe product (Scheme 2.2). Infrared spectroscopy revealed the 

successful formation of PAF-1-SMe as evidenced by the disappearance of C–H wagging of the –

CH2Cl group at 1265 cm–1 in PAF-1-CH2Cl (Figure 2.2). Elemental analysis also revealed a 

decrease in chlorine content from 13.6% in PAF-1-CH2Cl to 0.5% in the thioether-functionalized 

material, further supporting a successful transformation. The sulfur content in PAF-1-SMe was 

determined to be 9.6  1.3% via elemental analysis, providing further evidence for efficient 

thioether formation from the chloromethyl starting material. Finally, solid-state 1H–13C cross-

polarization magic angle spinning (CP/MAS) NMR (Figure 2.1a) monitored distinct 13C chemical 

shifts associated with the PAF-1-CH2Cl synthetic intermediate (43 ppm for –CH2Cl group) and the 

final PAF-1-SMe product (35 and 13 ppm for –CH2SCH3 group), further confirming successful 

incorporation of –SMe groups. 

 In order to reveal the copper coordination in thioether groups, additional solid-state 13C 

NMR experiments were performed. Indeed, we observed that addition of copper to the PAF1-SMe 

material specifically broadened and decreased the intensities of peaks assigned to the thioether 

ligands and benzyl ring, which can be interpreted as copper being in proximity to these 

functionalities. Furthermore, data from EPR experiments provided a separate line of evidence for 

interaction between copper and thioether groups (Figure 2.3). N2 adsorption isotherms collected at 

77 K (Figure 2.4) revealed that PAF-1-SMe retained high permanent porosity with a BET surface 

area of 1075 m2/g, albeit smaller than the parent PAF-1 surface area of 3505 m2/g. The pore size 

distributions obtained from the adsorption isotherms were also in agreement with the incorporation 

of –CH2SMe groups. Indeed, while PAF-1 exhibited a uniform pore size distribution centered 

around 12 Å, PAF-1-SMe exhibited pore width maxima located at 6 Å and 9 Å (Figure 2.4d). To 

the best of our knowledge, PAF-1-SMe possesses the highest surface area of any thioether-

modified porous material, including mesoporous materials (~979 m2/g),22 organosilicas (15–260 

m2/g),23 metal-organic frameworks (~618 m2/g),24 silsesquioxane aerogels (90–272 m2/g)25, and a 

thioether-based fluorescent covalent organic framework (454 m2/g).26 Although we note elegant 

work that shows that high surface area is not a strict prerequisite for high performance27, the 

relatively high surface area and permanent porosity of PAF-1-SMe are both good indicators of the 

accessibility of the thioether groups within the polymeric network. 

2.3.1. Copper Uptake, Kinetics, and Selectivity 

 

After confirming the porosity and structural integrity of PAF-1-SMe upon post synthetic 

modification, we examined its ability to capture copper ions from aqueous solution. The 

distribution coefficient, Kd, was measured with 4 ppm copper in HEPES buffer at pH = 6.7 and 

found 1.3  0.2 × 105 mL/g, indicating a high copper selectivity and a more than 10-fold 

improvement over the best copper adsorbent materials reported to date (1.2 × 104 mL/g).28 Time-

course adsorption measurements further indicated that copper capture by PAF-1-SMe is kinetically 

efficient (Figure 2.9), with a pseudo-second order adsorption rate constant of 5.2 mg/mg·min that 

reaches equilibrium capacity within ~30 min. We assessed the overall capacity of PAF-1-SMe for 

copper from fitting of adsorption isotherms collected after equilibrating the polymer with a wide 

range of copper levels (1 ppb–800 ppm, Figure 2.8a). The best fit for the experimental data utilized 

a dual-site Langmuir model29 with a strong adsorption site (saturation capacity of 67 mg/g) and a 

weak adsorption site (saturation capacity of 662 mg/g). The strong adsorption site was correlated 
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with the thioether groups within the framework, and this assignment is supported by comparing 

copper adsorption in PAF-1-CH2Cl and PAF-1-SMe up to ~10 ppm (Figure 2.8a, inset). For the 

low concentrations most relevant to diagnostic copper capture in biofluids, PAF-1-SMe displayed 

a much steeper uptake than PAF-1-CH2Cl, and this enhanced uptake notably persisted for higher 

copper concentrations (35 mg/g at 740 ppm). By comparison, PAF-1-CH2Cl showed higher uptake 

(~30-fold) in the range 3 ppb–740 ppm, providing evidence for the presence of copper ions trapped 

within the pores and/or adsorption at weaker binding sites in PAF-1-SMe. We note that the 

experimental saturation capacities for PAF-1-SMe were higher than predicted based on the 

calculated thioether density, and thus it is likely that each sulfur atom is capable of coordinating 

more than one copper ion. A similar observation was made with regard to sulfur-functionalized 

mesoporous carbons.30 Notably, the total saturation capacity exhibited by PAF-1-SMe is higher 

than all previously reported copper adsorbents, including cellulose resin modified with sodium 

metaperiodate and hydroxamic acid groups (~246 mg/g),31 zeolites, biomass and lignin-derived 

adsorbents (5.1-133.4 mg/g),32 silica-polyamine composite resins (~80 mg/g),33 and silica-based 

polymers (0.5-147 mg/g) 34.  More interestingly, the comparison of PAF-1-SMe to a commercially 

available thiol functionalized resin (Duolite GT-73) provided us valuable information on the highly 

accessible nature of –CH2SMe groups in PAF-1-SMe. Thisresin, featuring a higher loading of thiol 

groups (sulfur content of 16%) yet a much lower surface area (50 m2/g), was reported35 to have a 

copper uptake of 25 mg/g at an equilibrium concentration of 160 ppm. Such a striking difference 

in uptake capacities underlines the importance of functional group accessibility which we believe 

is enabled by the highly porous nature of PAF-1-SMe. 

Most importantly, PAF-1-SMe shows high selectivity for copper over other biologically 

relevant metal ions with minor background from only iron(II) (Figure 2.8b). Moreover, a direct 

competition assay revealed that PAF-1-SMe binds copper(II) much more tightly than iron(II) 

(Figure 2.10), suggesting its potential utility for selective copper capture in biological and 

environmental samples. 

2.3.2. Copper Capture and Detection in Biofluids. 

 

After demonstrating the ability of PAF-1-SMe to capture copper with good affinity and 

selectivity in aqueous buffer, we examined its performance in biofluid samples, with specific 

application as part of a potential diagnostic tool for Wilson’s disease. Initial ICP-MS 

characterization of urine samples from 14-week old Wilson’s disease and healthy heterozygous 

control mice revealed a much greater urine copper level for the disease model (1420 ppb versus 

295 ppb Cu, respectively, Figure 2.11a).36 The urine samples were accordingly treated with PAF-

1-SMe, which resulted in successful capture of 1195 ppb copper from the Wilson's disease mice 

compared to 269 ppb for the control sample (capture efficiencies of 84% and 91%, respectively, 

Figure 2.11a). Thus, PAF-1-SMe is capable of extracting copper directly from biofluid samples 

and importantly distinguishing between healthy and diseased mouse models. As further 

improvement of this diagnostic, we sought to identify the adsorbed copper concentration using a 

colorimetric agent, thus obviating the need for expensive ICP-MS or related instrumentation. We 

chose to apply 8-hydroxyquinoline (8-HQ), which undergoes a distinct color change upon copper 

binding from colorless (315 nm absorption,  = 1.95  103 M–1 cm–1) to green (410 nm absorption, 

 = 1.86  103 M–1 cm–1) by formation of a Cu(II)-8-HQ complex.37 To examine whether 8-HQ 

could bind copper captured within PAF-1-SMe, a solution of 8-HQ in DMSO was added to dried 

samples of PAF-1-SMe that had been exposed to urine from Wilson’s disease or healthy control 
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mice. Indeed, PAF-1-SMe copper capture from unprocessed urine samples followed by treatment 

with 8-HQ led to a visible change in the absorbance at 410 nm for the Wilson’s disease murine 

models, which was sufficient to distinguish them from the heterozygous mice. (Figure 2.11b). 

Calculation of the amount of copper adsorbed by PAF-1-SMe using the 410 nm absorbance peak 

as a standard also provided a good correlation with direct copper measurements by ICP-MS 

(Figure 2.11c). Furthermore, PAF-1-SMe adsorbed copper completely from the urine of 

heterozygous and Wilson’s disease mice in ~30 min and showed substantially different uptake in 

as little as 1 min (Figure 2.11d), suggesting that these materials can be employed at shorter 

timescales. 

Finally, we evaluated the performance of PAF-1-SMe for the detection of copper in serum, 

which is notably a more complex biofluid compared to urine with iron concentrations 

approximately 5 times greater than that of copper.38 We used porcine serum sources owing to 

limitations in obtaining sufficient amounts of murine specimens required for this first-generation 

assay. Exogenous copper was added to the samples to simulate elevated serum free copper levels 

observed in patients with Wilson’s disease.6,7 Although we observed that PAF-1-SMe could 

preferentially bind copper over iron(II), it also absorbed a significant amount of iron in 

unprocessed serum. This iron uptake disturbed the subsequent colorimetric assay with 8-HQ due 

to an interfering signal from the 8-HQ-iron(II) complex (Figure 2.13). To reduce iron interference, 

we pre-treated the serum sample with acetohydroxamic acid (AHA), a high-affinity iron chelator 

that shows little interaction with copper.39 Indeed, PAF-1-SMe shows dose-dependent copper 

capture for exogenous copper addition over a range of 0-10 ppm (Figures 2.12a, 2.12b). Analogous 

to the urine sample results, with AHA pretreatment 8-HQ can also serve as a colorimetric indicator 

when coupled with PAF-1-SMe for direct copper capture from serum and the 8-HQ assay revealed 

a positive linear dependence of the absorbance at 410 nm with increasing serum copper 

concentration (Figure 2.12c, inset). As also demonstrated for the urine samples, copper levels 

calculated from the 410 nm absorption was in good agreement with direct ICP-MS measurements 

(Figure 2.12d). Using a three-sigma method (3σ/k), we determined that the detection limit for this 

PAF-1-SMe/8-HQ assay is 186 ppb in DMSO, 552 ppb in urine, and 756 ppb in serum (Figure 

2.15). On balance, we note that AHA pretreatment does add an extra step to the protocol for serum 

compared to urine, but this methodology still avoids expensive instrumentation and sample 

processing. Indeed, this AHA pretreatment followed by application of PAF-1-SME/8-HQ radically 

simplifies the traditional method to detect copper by ICP-MS, which includes boiling in nitric acid 

for digestion, centrifugation, and filtration.40 Importantly PAF-1-SMe retained structure and 

porosity and maintained a high effective copper capture capacity after regeneration with 8-HQ 

(Figure 2.17 and Figure 2.18). 

2.3.3. Conclusion 

 

To close, we have demonstrated that the robust thi-oether-functionalized porous aromatic 

framework, PAF-1-SMe, accomplishes selective and efficient copper uptake from aqueous media, 

including from biofluid samples. Fur-ther, as demonstrated by the differentiation between urine 

samples of healthy and Wilson's disease mice, the combi-nation of PAF-1-SMe with 8-HQ as a 

colorimetric indicator provides an efficient and accessible tool for metal detec-tion directly from 

biological specimens with minimal pro-cessing and instrumentation needs. Our data provide a 

starting point for the use of functionalized porous materials in diagnostic or sensing applications 

for compatible biolog-ical, and perhaps environmental, field samples. In a broad-er sense, this 

divide-and-conquer strategy to indicator de-sign, where one materials component is involved in 
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capture and concentration of analytes from samples with minimal processing, while the other 

molecular component offers a detection readout, is readily generalized and should offer a broad 

range of possibilities for mixing and matching differ-ent molecular, materials, and biological 

components for various sensing and imaging applications 
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Figures 
 

 

 
Scheme 2.1. Copper detection assay with PAF-1-SMe as a selective copper capture material 

coupled to a colorimetric indicator for detection and regeneration 

 

 

 

 

 

 
 

Scheme 2.2. Synthesis of PAF-1-SMe. 
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Figure 2.1. (a) Solid-state 13C NMR spectra of PAF-1-CH2Cl and PAF-1-SMe (b) N2 sorption 

isotherms of PAF-1, PAF-1-CH2Cl, and PAF-1-SMe at 77 K. Closed and open symbols represent 

adsorption and desorption branches, respectively.  
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Figure 2.2. (a,b) FT-IR spectra of PAF-1, PAF-1-CH2Cl, and PAF-1-SMe. 
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Figure 2.3. (a) Solid-state 13C NMR spectra of PAF-1 and PAF-1-SMe and copper bound PAF-1-

SMe, (b) EPR spectra of PAF-1-SMe and copper bound PAF-1-SMe. 
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Figure 2.4. (a) Pore size distribution comparison of PAF-1 and PAF-1-SMe, (b) differential and 

cumulative pore volume graph of PAF-1, and (c) differential and cumulative pore volume graph 

of PAF-1-SMe   
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Figure 2.5. Powder X-ray diffraction patterns of PAF-1 and PAF-1-SMe, demonstrating the 

amorphous nature of both polymers. 
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Figure 2.6. Thermogravimetric analysis of PAF-1, PAF-1-CH2Cl, and PAF-1-SMe. 
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Figure 2.7. SEM images of (a) PAF-1 and (b) PAF-1-SMe. 
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Figure 2.8. (a) Copper adsorption isotherm for PAF-1-SMe (black circles) and PAF-1-CH2Cl 

(gray triangle) fit using a dual-site Langmuir model (red line) The inset plot is magnified portion 

of initial equilibrium concentration range (0-10 mg/L) and absorbed amount of copper (mg/g) (b) 

PAF-1-SMe capture capacities of physiologically relevant metal ions (10 ppm). Data collected in 

100 mM HEPES pH = 6.7. 
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Figure 2.9. (a, b) Copper(II) adsorption kinetics of PAF-1-SMe using a copper(II) solution of 10 

ppm (100 mM HEPES buffer, pH 6.7). (c) Pseudo-second order kinetic plot for copper(II) 

adsorption provided a high correlation coefficient and a rate constant k2 of 5.2 mg mg–1 min–1. 
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Figure 2.10. Competitive assay for iron and copper ion uptake. (a) Iron uptake (10 ppm in 100 

mM HEPES buffer, pH 6.7, light gray bar) showed a decrease (dark gray bar) upon addition of 

copper ions (10 ppm). (b) Copper uptake (10 ppm, light gray bar) showed a slight decrease (dark 

gray bar) after adding additional iron ions (10 ppm). 
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Figure 2.11. a) Urine samples (1 mL) from 14-week old heterozygous (light gray bars) and 

Wilson’s disease (dark gray bars) mice analyzed by ICP-MS before (-) and after (+) exposure to 2 

mg of PAF-1-SMe. (b) Absorption spectra after 8-hydroxyquinoline addition to dried PAF-1-SMe 

with DMSO washes applied to heterozygous (light gray) and Wilson’s disease (dark gray) urine 

specimens. (c) Correlation between direct copper measurements by ICP-MS (open circles) versus 

calculated copper levels from 410-nm light absorption using 8-hydroxyquinoline as an indicator 

(black filled squares). (d) Real time copper uptake of PAF-1-SMe in the urine samples of 

heterozygous (light gray) and Wilson’s disease mice (dark gray) measured at 1, 3, 5, 10, 20, and 

30 min intervals and fitted with the double exponential decay model: y = 

A1∙exp(−x/t1)+A2∙exp(−x/t2); ‹τ Wilson’s disease› = 15.9 min and ‹τ Heterozygous› = 5.4 min (red lines). 
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Figure 2.12. (a) Porcine serum samples (4 mL) with varying amounts of exogenous copper 

analyzed by ICP-MS before (light grey bars) and after (black bars) addition of PAF-1-SMe. (b) 

Dose-dependent adsorption of copper by PAF-1-SMe from serum samples. (c) Absorption spectra 

after addition of 8-hydroxyquinoline to dried PAF-1-SMe with one DMSO wash applied to serum 

specimens with 0, 2, 5, and 10 ppm of exogenous copper. (Inset) Calibration curve showing 

dependence of absorbance at 410 nm on initial copper concentration for each sample. (d) 

Comparison of direct copper measurements by ICP-MS (open circles) and calculated copper levels 

from absorbance at 410 nm using 8-hydroxyquinoline as an indicator (black filled squares). 

 

  



45 

 

 

Figure 2.13. UV-Vis absorption spectra of 8-hydroxyquinoline with copper and iron ions (100 

equiv. to 8-HQ in DMSO, red and blue, respectively) and spectra of 8-hydroxyquinoline (8-HQ) 

treated with PAF-1-SMe (2 mg) applied in serum without acetohydroxamic acid (AHA), which 

reveals absorption at 400 nm, 450 nm (sh) and 600 nm (sh) (dashed). 
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Figure 2.14. (a) Iron contents in serum (4 mL) in the absence (light gray bar) and presence (gray 

bar) of acetohydroxamic acid (AHA). (b) Copper contents in serum in the absence (dark gray bar) 

and presence (black bar) of acetohydroxamic acid (AHA). Adsorbed amount of iron and copper 

ions by PAF-1-SMe (2 mg) in the absence of AHA is shown in (c) and in presence of AHA is 

shown in (d).  
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Figure 2.15. The detection limits (three-sigma method 3σ/k) of 8-hydroxyquinoline (1 mM) in 

DMSO (a and b), serum (c and d), and urine (e and f) were calculated to be 186, 756, and 552 ppb, 

respectively.  
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Figure 2.16. Comparison of copper uptake (10 ppm in 100 mM HEPES buffer, pH 6.7) by 

freshly synthesized PAF-1-SMe (cycle 1) with PAF-1-SMe regenerated twice by 8-

hydroxyquinoline (1 mM) in DMSO (cycles 2 and 3).  
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Figure 2.17. (a) N2 sorption isotherms (77 K) of freshly synthesized PAF-1-SMe (black) and 

regenerated PAF-1-SMe (red) which was treated with biofluid and then followed by 8-HQ (100 

mM) Closed and open symbols represent adsorption and desorption branches, respectively. 
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Table 2.1. Fitting parameters for three different models for the adsorption of copper(II) ions of 

PAF-1-SMe using nonlinear regression.  

Model Dual-site Langmuir Single-site Langmuir Freundlich 

Parameters 

qsat,1 = 67 

KL,1 = 0.68 

qsat,2 = 662 

KL,2 = 0.0035 

qsat = 682 

KL = 0.0054 

KF = 34.99 

n = 2.42 

R2 0.9999 0.9961 0.9981 
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Abstract 

      

     Iron is one of the most abundant elements in the environment and in the human body. Owing 

to its central role as an essential nutrient, iron homeostasis is tightly regulated and dysregulation 

of iron pools is implicated in numerous pathologies, including neurodegenerative diseases, 

atherosclerosis, and diabetes. Endogenous iron pool concentrations are directly linked to iron 

uptake from environmental sources such as drinking water and provide motivation for developing 

new technologies for assessing iron(II)&(III) levels. However, conventional methods for 

measuring iron(II)&(III) levels remain laborious and costly and require additional equipment and 

processing to remove iron(II)&(III) from the original environmental source. Herein, we report a 

simplified and accurate chemical platform to measure iron(II)&(III) concentrations in aqueous 

samples through a post-synthetically modified porous aromatic framework (PAF). The 

ether/thioether-functionalized PAF, termed PAF-1-ET, exhibits high selectivity for the uptake of 

iron(II)&(III) over other physiologically and environmentally relevant metal ions. Mössbauer 

spectroscopy, XANES, and EXAF measurements provide evidence to support iron(III) 

coordination within the PAF-1-ET. The iron-selective PAF-1-ET material was successfully 

employed to absorb and remove iron from groundwater, including field sources from West Bengal. 

Combined with the colorimetric sensor 8-hydroxyquinoline, PAF-1-ET enables direct readout of 

iron(II)&(III) concentrations from these same samples, providing a starting point to design and use 

molecularly-functionalized porous materials for potential dual remediation and detection 

applications.  

3.1.1 Introduction 

     Iron is the fourth most abundant element in the earth's crust and the most abundant transition 

metal in the human body.1 This metal is required for sustaining a range of physiological processes 

such as electron transfer, oxygen transport, respiration, and gene expression,2–5 and iron deficiency 

leads to anemia.6 At the same time, however, excess iron can increase production of reactive 

oxygen species, resulting in oxidative stress cascades that lead to lipid oxidation and DNA 

damage.3–5,7,8 Indeed, aberrant iron accumulation is implicated in aging and in several diseases, 

including cardiovascular diseases, neurodegenerative diseases, and cancer.6,9–14 In this context, 

chronic exposure to elevated iron levels is a potential contributor to abnormal iron accumulation 

and a common source of iron contamination is drinking water. The World Health Organization 

(WHO) recommends an upper limit of 0.3 ppm for iron in drinking water,15 yet reported iron 

concentrations in water sources can vary over several orders of magnitude, ranging from 0.007 to 

33.6 ppm in west Bengal16 to undetectable amounts to 950 ppm based on Groundwater Ambient 

Monitoring and Assessment (GAMA) data from the San Francisco Bay (Supporting information). 

Because traditional methods for iron(II)&(III) detection require expensive instrumentation such as 

inductively coupled plasma mass spectrometry (ICP-MS) or atomic absorption spectroscopy,17,18 

it remains a challenge to rapidly and inexpensively screen the quality of drinking water in the 

context of iron and other metal contaminants, particularly in developing countries and other lower-

resource environments.11,16,17,19–24 

To meet this challenge, we sought to develop a chemical strategy that would enable 

simultaneous detection and removal of both ferrous and ferric iron from drinking water and other 

environmental and biomedical samples, with high selectivity over other metal competitors. In 

particular, we envisioned synthesizing a molecularly-tailored solid-state adsorbent that could 
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efficiently capture and remove iron(II)&(III) from a complex field specimen, allowing for 

simultaneous remediation of the sample and selective concentration of the metal analyte to 

facilitate its detection. We chose porous polymers as a materials chemistry platform for this dual 

remediation/detection function owing to their high chemical and thermal stability, particularly in 

aqueous and biological samples, as well as their ability to be functionalized in a molecular 

fashion.25–34 Indeed, the parent porous aromatic framework, PAF-1, exhibits a high Brunauer-

Emmett-Teller (BET) surface area (up to 5600 m2/g)35 and is readily functionalized through post-

synthetic modification.36–38 We previously reported a thioether-functionalized variant of this 

porous polymer, PAF-1-SMe, as a platform for selective copper capture from biofluid samples as 

a diagnostic tool for Wilson’s disease.36 Herein, we present the development of an iron-selective 

PAF for dual remediation and detection of iron from environmental sources, including 

groundwater field samples. Specifically, ether-thioether (ET) functionalization of PAF-1 yields 

the material PAF-1-ET (Figure 1a), which exhibits highly selective iron uptake of both ferrous and 

ferric iron pools over other competing metals in laboratory and field water samples. Combining 

this molecular material for selective iron(II)&(III) capture and concentration from aqueous 

specimens with the dye 8-hydroxyquinoline enables the rapid and quantitative monitoring of iron 

levels in a simple and tunable colorimetric assay (Scheme 1). We highlight the potential utility of 

this method for remediation and screening of synthetic groundwater as well as field samples of 

drinking water sources collected from Bangladesh. This work provides a starting point for further 

applications of PAF-1-ET and development of new porous molecular materials for simplified, 

accurate, and rapid diagnostic and remediation applications without the need of bulky and 

expensive instrumentation. 

 

3.1.2. Methods 

3.1.2.1. Synthesis of PAF-1-ET  

 

Anhydrous 1,5-cyclooctadiene (cod, 1.05 mL, 8.32 mmol, Aldrich) was added to a solution 

of bis(1,5-cyclooctadiene)nickel(0) (2.25 g, 8.18 mmol, Aldrich) and dried 2,2’-bipyridyl (1.28 g, 

8.18 mmol, Aldrich) in distilled DMF (100 mL, Aldrich) in a dry box. The mixture was heated at 

80 ºC for 1 h. Tetrakis(4-bromophenyl)methane (1.00 g, 1.57 mmol) was added to the purple 

solution and the mixture was stirred at 80 ºC overnight to obtain a deep purple suspension. After 

cooling to room temperature, concentrated HCl was added to the mixture. The residue was filtered 

with washing with warm THF (100 mL), H2O (100 mL), ethanol (100 mL), and CH3Cl (100 mL) 

respectively, and dried in a vacuum oven at 170 ºC to give PAF-1 as an off white powder. For 

PAF-1, % calc. for C24.5H16: C 94.80, H 5.20; observed. A pressure flask was charged with PAF-

1 (0.20 g), paraformaldehyde (1.0 g), glacial AcOH (6.0 ml), H3PO4 (3.0 ml), and conc. HCl (20.0 

ml). The flask was sealed and heated to 90 ºC for 3 days. The resulting solid was filtered and 

washed with H2O (500 mL), THF (100 mL), ethanol (100 mL), and CH3Cl (100 mL) to give PAF-

1-CH2Cl. Elemental analysis found for PAF-1.CH2Cl, % calc. for C26.5H20Cl2: C 77.76, H 4.92, Cl 

17.32; observed C 75.88, H 4.63, Cl 13.6. and then dried in vacuum oven at 150 ºC to produce 

pale yellow solid of PAF-1-CH2Cl. Subsequently, PAF-1-CH2Cl was mixed with 2-

(methylthio)ethan-1-ol (2.2 g, 0.021 mol, Aldrich) in 100 mL toluene in presence of 3 equivalents 

of NaH (1.5 g, 0.063 mol) under N2 and stirred at 100 ºC for 3 days. The resulting solid was 

collected, washed with H2O (100 mL), THF (100 mL), ethanol (100 mL), and CH3Cl (100 mL), 

and then dried under vacuum oven (150 ºC) to produce PAF-1-ET as white powder. Elemental 
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analysis found for PAF-1.ET, % calc. for C32.5H34O2S2: C 74.96, H 6.58, O 6.14, S 12.31, Cl 0.00; 

observed C 74.89, H 5.08, O unmeasured, S 4.30, Cl 1.04. 

 Here the yield of substitution with 2-(methylthio)ethan-1-ol is 35% based on S elemental 

analysis of PAF-1-ET, which showed discrepancy of the decreased % of Cl. This might be 

attributed to high reactivity of sodium hydride with benzyl chloride to generate other side 

products.39 Especially in case of 1,2-diphenylethane, estimated 13C NMR peak for bridge peak is 

reported to be 39 ppm in 13C NMR40,41, which might be responsible for the noise background in 

PAF-1-ET (Figure 1b) 

3.1.2.2. Effect of Anion in Iron Uptake 

 

Checked the anions effect of iron uptake using iron(III) chloride, iron(III) sulfate hydrate, 

ammonium iron(III) citrate. The metal stock concentration varied from 1~3 mg/L and from 21~30 

mg/L and compared the iron uptake using 2 mg of PAF-1-ET. The mixture was stirred at room 

temperature for overnight. The mixture was filtered through a 0.45-mm membrane filter for all 

samples. The filtrates were analyzed using ICP-MS to determine the remaining iron concentration. 

The amount of iron adsorbed by PAF-1-ET was calculated by subtracting the residual iron 

concentration from the initial iron concentration: 

3.1.2.3. Mössbauer Spectral Measurements. 

 
57FeCl3 has been prepared by following a reported10 procedure. A round bottom flask 

containing 50 mg of 57Fe oxide powder was fitted with a condenser and filled with an argon 

atmosphere. To this flask was added 1 mL of concentrated HCl which had been freeze-pump-

thawed to remove any O2. The solution was allowed to stir at reflux overnight until the evolution 

of H2 gas ceased and all of the 57Fe oxide had dissolved. The resulting yellow/green solution was 

heated under vacuum to remove excess HCl and water to make the 57FeCl2 dihydrate in a near 

quantitative 100 % yield. Storage in air lead to oxidation and a 57FeCl3 solution, to which ~50 mg 

of PAF-1-ET was added. The mixture was then stirred overnight at room temperature under N2. 

PAF-1-ET with adsorbed iron(III) ions was collected, washed with 100 mL of warm H2O and 100 

mL of CH3Cl and then dried in a vacuum oven at 150 ºC to yield a white powder. 

The 57Fe Mössbauer spectra of PAF-1-ET coordinated with 57Fe(III) have been obtained 

between 5 and 300 K with a SEE Co. Mössbauer spectrometer equipped with a Co-57 source in 

Rh matrix. The isomer shifts are given relative to α-iron at 295 K. The spectral absorber was 

prepared under air by packing the sample into a 1.27 cm diameter Nylon washer before transferring 

to the spectrometer where the absorber was always maintained in a helium atmosphere. 

The fits of all the 5 to 300 K Mössbauer spectra of PAF-1-ET used a Lorentzian line shape 

and involved two quadrupole doublets with a distribution of the local environments associated 

with the adsorbed iron(III) ions. Preliminary fits indicated that these two quadrupole doublets 

always had, within their experimental uncertainty, the same isomer shift and, in all subsequent fits, 

these two isomer shifts have been constrained to be equal. Further, the spectral area of these two 

components have been constrained to be equal because preliminary fits indicated a somewhat 

random temperature variation of their relative areas. The quadrupole splitting of the two doublets 

is found to be essentially independent of temperature. In addition a 9 percent by area high-spin 
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iron(II) component of unknown origin, but perhaps a residual from the preparation, was observed 

at all temperatures and is shown as the green component in Figures 4(a) and S7.  

In addition to the two paramagnetic quadrupole doublets observed between 300 and 50 K, at 

20, 10, and 5 K the spectra also exhibit additional components due to slow paramagnetic relaxation, 

on the Mössbauer timescale, components that have been fitted with the minimum number of 

broadened sextets needed to fit the spectral profile; as might be expected for a distribution of local 

iron(III) environments, quadrupole shifts of less than ca. ±0.3 mm/s were associated with the 

iron(III) sextets. 

A fit with the Debye model for a solid of the temperature dependence between 5 and 300 K 

of the isomer shift of the iron(III) adsorbed on PAF-1-ET, see the top of Figure 3.7, yields a 

Mössbauer temperature, M, of 358(34) K. Further, a fit with the Debye model for a solid of the 

temperature dependence between 50 and 300 K of the logarithm of the spectral absorption area of 

PAF-1-ET, see the bottom of Figure 3.8, yields a Debye temperature, D, of 141(3) K. The data 

points obtained at 5, 10, and 20 K have been excluded from this fit because of the extensive 

differences in the internal reabsorption of the Mössbauer -ray in the doublet and sextet portions 

of the spectra lead to larger than expected areas at these temperatures.  

As is usually observed11,12 the Mössbauer temperature is two to three times higher than the 

Debye temperature, because the two temperatures probe different portions of the phonon spectrum. 

Because the isomer shift depends on <v2>, the mean-square velocity, and the absorption area 

depends on <x2>, the mean-square displacement of the iron-57 nuclide, there is no model-

independent relationship between these two temperatures. Generally, the isomer shift temperature 

dependence is more sensitive to high-energy phonons. Both these temperatures are relatively low 

and indicate the relative softness of the lattice around the iron(III) in PAF-1-ET. It is worth noting 

that the vibrations probed in the Mössbauer spectra are at lower energies than those probed in the 

FT-IR spectra shown in Figure 3.2 (b). 

3.1.2.4. X-ray absorption spectroscopy and EPR analysis 

 

X-ray Absorption Data collection. X-ray absorption spectroscopy (XAS) data was 

collected at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 9-3 (Storage 

ring conditions, 3.0 GeV, 500mA). Fe K-edge XAS spectra of porous aromatic framework (PAF) 

samples, packed in 0.5 mm thick aluminum sample holders with Kapton film windows on both 

sides, were recorded at room temperature. Reference compounds were used after diluting with 

boron nitride (1% w/w). Data were collected in transmission mode for reference compounds and 

as fluorescence excitation spectra for PAF samples using a 100-element Ge monolithic solid-state 

detector (Canberra). The incident radiation was monochromatized using a Si(220) double crystal 

monochromator which was detuned to 50% of flux maximum at Fe K-edge to minimize the higher 

harmonics and reduce x-ray flux. Harmonic rejection mirror was used to further reduce the 

contamination of higher harmonics radiation. The incident and transmitted X-ray intensities were 

monitored using N2-filled ion chambers. An iron foil spectrum was concomitantly recorded for 

energy calibration where the first inflection point was assigned to 7111.2 eV. Even at low X-ray 

flux, slight photoreduction of the PAF samples was observed after every 2 scans on the same spot. 

Therefore, data were collected at multiple spots of each sample and only first 2 scans from each 

spot were used for averaging the data. 
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EXAFS Data Analysis. XAS data reduction was done using program SamView (SixPack 

software, http://www.sams-xrays.com/sixpack). Athena software (Demeter version 0.9.25)45 was 

used for data averaging and removal of pre-edge and post-edge backgrounds. A five-domain cubic 

spline was used to remove low-frequency background in k-space. The resulting k-space data, k3
χ(k), 

was then Fourier transformed in to r-space using a k range of 3.46-10.52 Å-1 (Figure 4b bottom) 

and used for extended X-ray absorption fine structure (EXAFS) refinement. EXAFS fitting was 

carried out using Artemis (Demeter software version 0.9.25)45 with phase and amplitude functions 

obtained from FEFF, version 6.46 The parameters R (average bond distance between Fe and 

scattering atom) and σ2 (mean square displacement of the bond distance) were allowed to vary, 

while N, the number of atoms in the shell, was systematically varied by integer steps. The value 

of E0 (the energy which represents the zero value of the photoelectron wave vector k) was also 

varied but restricted to a common value for every shell in a given fit. The value for 𝑆0
2  (the 

amplitude reduction factor) was extracted from the fit to the data of Fe foil, and was fixed (0.95) 

during the fits. The best fit parameters for EXAFS curve fitting are listed in Table S1. 

EPR Analysis. Low-temperature X-band EPR spectra were recorded using a Varian E109 

EPR spectrometer equipped with a Model 102 Microwave bridge. Sample temperature was 

maintained at 8 K using an Air Products LTR liquid helium cryostat. The following spectrometer 

conditions were used: microwave frequency, 9.22 GHz; field modulation amplitude, 32 G at 100 

kHz; microwave power, 20 mW. The data shown in Fig S8 shows a peak at g ~ 4.3 that is expected 

for high spin (S = 5/2) FeIII complexes 

3.1.2.5. Iron Uptake Studies in Environmental Samples and Its Colorimetric Detection 

 

Genuine ground water collection. Raw water samples were collected from the well head 

after approximately 5 min of continuous initial pumping to avoid bacterial contamination and 

oxygenated water. These samples were acidified immediately using HCl. As monitored by pH test 

strips (Merck, ±1 pH unit), the pH of the samples of raw water, and those collected after 

electrolysis and settling, remained near pH 7. This result was consistent with beaker batch tests in 

synthetic Bangladesh groundwater and field tests of a 100 L ECAR reactor in West Bengal.47 

 

Synthetic Bengal Groundwater Preparation. Concentrations of HCO3
−, Ca2+, Mg2+, Si, and 

P (8.2, 2.6 1.9 mM, 1.3, and 0.16 μM respectively) were prepared from reflected average levels in 

Bangladesh tube wells according to the British Geological Survey (BGS).48 The target pH value 

(6.6 or 7.5) was maintained throughout the experiments by adding drops of 1.1 M HCl as needed. 

Initial concentrations of all ions varied by less than 10% in replicate batch experiments. The 

samples were stored at −20 °C and freshly thawed before each experiment.49  

Iron uptake in ground water samples. A 5 mL sample of the synthetic ground water and 

genuine ground water samples was added to a 15 mL tube containing 2 mg of PAF-1-ET. To 

simulate different iron concentration in natural samples, ammonium iron(II) sulfate along with 1 

equivalent of citric acid was added to synthetic ground water. In case of genuine ground water 

samples, 15-10 ppm of citric acid was added into samples before adding PAF-1-ET. Water samples 

with/without PAF-1-ET were kept in a shaker at room temperature overnight, filtered through 0.45 

mm membrane filters, and analyzed by ICP-MS to determine remaining iron content. The amount 

of iron adsorbed by PAF-1-ET was calculated by subtracting the residual iron concentration from 

the initial iron concentration.  

http://www.sams-xrays.com/sixpack
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Colorimetric detection. PAF-1-ET applied to water samples was dried open to air 

overnight. Subsequently, 1 mM 8-hydroxyquinoline, 8-HQ in DMSO (1 mL) was added to the 

PAF-1-ET, followed by being shaken three times. The liquid was filtered through a 0.45 mm 

membrane filter and transferred into 1 cm  0.5 cm quartz cuvette (1.4-mL volume, Starna). The 

formation of complex between 8-HQ and iron extracted from PAF-1-ET was monitored using a 

Varian Cary 50 spectrophotometer. 

The Detection of limit was based on the 3 sigma method (3σ/k). Six replicates of dried 

PAF-1-ET which were applied in 133 ppb of Iron(III) stock solution as lowest sample point were 

measured in 1 mM of 8-HQ in DMSO. The standard deviation is calculated as σ. Subsequently, 

dried PAF-1-ET applied in the different iron(III) concentration from 190 to 1090 ppb were 

measured and 1 mM 8-HQ was added in dried PAFs and measured spectrum of each samples. 

The absorbance at 460 nm was plotted against the initial iron concentration and a linear 

regression curve was then fitted to give k the slope of the same line.50–54 The detection of limit is 

calculated as 283 ppb.  

3.1.2.6. Modeling study for iron coordination in PAF-1-ET 

 

To determine the maximum number of ET functional groups that could feasibly coordinate 

the same iron atom based on geometric and steric constraints, a hypothetical PAF-1-ET with a 

single diamond net was generated using the program Materials Studio 2017 R2, and the geometry 

of the modeled structure was optimized with the Forcite module in Materials Studio. To build 

structures, we assume the following conditions. 

 

 No S coordination to the iron ion due to the EXAFS data. 

 To maintain charge balance, one monodentate sulfate anion is attached to the iron ion. The 

rest of the iron coordination sphere is filled with water molecules.  

 

Considering the ET/Fe ratio of 2.9 for genuine groundwater samples (West Bengal, India), 

it is presumed that up to 3 oxygen atoms from the ET functional groups are coordinated to a single 

iron ion. Therefore, we first generated five feasible structures, where either 2 or 3 oxygen atoms 

from the ET functional group are coordinated to the iron atom. For easy understanding, a small 

portion of PAF-1-ET (a single tetra(biphenyl-yl)methane unit) is demonstrated in Figure 3.2. 

For Figure 3.11a-c, an ET functional group is connected to each of two phenyl rings 

attached to the same tetrahedral carbon, and the oxygen atoms of each of these two ET functional 

groups are able to coordinate the same iron atom. Due to the flexibility of the ET functional groups, 

these functionalities can be located at either 2- or 3-position of the biphenyl moieties without 

disrupting their ability to coordinate the same iron atom. A third ET functional group can also 

coordinate the same iron atom when the three ET functionalities are located at the 2-, 2′-, and 3-

positions of two biphenyl groups (Figure 3.11d). Furthermore, an iron ion can be coordinated by 

two functional groups at the 2- and 2′-positions of a single biphenyl moiety (Figure 3.11e). The 

wide range of possible ET/Fe coordination behaviors (as well as the random nature of ET 

functionalization throughout the PAF) would support the shift and broadening of 13C NMR solid-

state NMR spectra.  

Because of the high porosity of pristine PAF-1, the actual framework can be partially 

interpenetrated. In this case, two or three ET functionalities from different nets can be coordinated 

to the same iron. As a typical example, the iron coordination environment of the interpenetrating 
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net is illustrated in Figure 3.11f. However, it was not possible to build a feasible structure with 

four ET functionalities coordinated to the same iron, due to congestion of the ET groups.  

It should be noted that, in the case of maximum iron uptake, the ET/Fe ratio is estimated 

to be ca. 1.2. To provide a possible illustration of this lower ET/Fe ratio, another model structure 

was prepared in which the iron atom is coordinated by only one ET group (with the rest of the 

coordination sphere occupied by four water molecules and one sulfate anion). As a typical 

example, Figure 3.12a-b demonstrates the small portion of Fe-coordinated PAF-1-ET in different 

perspectives. In this structure, the ET functionality is attached to the 3-position of the 

tetra(biphenyl-yl)methane unit to minimize the interaction between the Fe ion and the tetrahedral 

carbon (because the solid-state NMR data implies the location of the iron ion should close to the 

benzene ring rather than the tetrahedral carbon). To stabilize the iron ions, the coordinated water 

molecule might weakly interact with a benzene ring (possibly weak CH-  interaction), which may 

also related to the broadening of the signal in solid-state NMR spectra. However, we cannot fully 

exclude the possibility that the FeO6 unit (i.e. Fe(SO4)(H2O)4(ET)) is stabilized at the corner 

created by the tetrahedral carbon.  

Assuming that the structure of pristine PAF-1 is described as a single diamond net and half 

of the benzene rings are functionalized, four ET groups can be accommodated in each adamantane 

cage. This indicates that there is enough room to allow the guest diffusion even at the high Fe 

loading (Figure 3.12c).   

3.1.2.7. Iron Uptake Studies in Environmental Samples and Its Colorimetric Detection 

 

Genuine ground water collection. Raw water samples were collected from the well head 

after approximately 5 min of continuous initial pumping to avoid bacterial contamination and 

oxygenated water. These samples were acidified immediately using HCl. As monitored by pH test 

strips (Merck, ±1 pH unit), the pH of the samples of raw water, and those collected after 

electrolysis and settling, remained near pH 7. This result was consistent with beaker batch tests in 

synthetic Bangladesh groundwater and field tests of a 100 L ECAR reactor in West Bengal.47 

           Synthetic Bengal Groundwater Preparation. Concentrations of HCO3
−, Ca2+, Mg2+, 

Si, and P (8.2, 2.6 1.9 mM, 1.3, and 0.16 μM respectively) were prepared from reflected average 

levels in Bangladesh tube wells according to the British Geological Survey (BGS).48 The target 

pH value (6.6 or 7.5) was maintained throughout the experiments by adding drops of 1.1 M HCl 

as needed. Initial concentrations of all ions varied by less than 10% in replicate batch experiments. 

The samples were stored at −20 °C and freshly thawed before each experiment.49  

Iron uptake in ground water samples. A 5 mL sample of the synthetic ground water and 

genuine ground water samples was added to a 15 mL tube containing 2 mg of PAF-1-ET. To 

simulate different iron concentration in natural samples, ammonium iron(II) sulfate along with 1 

equivalent of citric acid was added to synthetic ground water. In case of genuine ground water 

samples, 15-10 ppm of citric acid was added into samples before adding PAF-1-ET. Water samples 

with/without PAF-1-ET were kept in a shaker at room temperature overnight, filtered through 0.45 

mm membrane filters, and analyzed by ICP-MS to determine remaining iron content. The amount 

of iron adsorbed by PAF-1-ET was calculated by subtracting the residual iron concentration from 

the initial iron concentration.  

Colorimetric detection. PAF-1-ET applied to water samples was dried open to air 

overnight. Subsequently, 1 mM 8-hydroxyquinoline, 8-HQ in DMSO (1 mL) was added to the 

PAF-1-ET, followed by being shaken three times. The liquid was filtered through a 0.45 mm 
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membrane filter and transferred into 1 cm  0.5 cm quartz cuvette (1.4-mL volume, Starna). The 

formation of complex between 8-HQ and iron extracted from PAF-1-ET was monitored using a 

Varian Cary 50 spectrophotometer. 

The Detection of limit was based on the 3 sigma method (3σ/k). Six replicates of dried PAF-

1-ET which were applied in 133 ppb of Iron(III) stock solution as lowest sample point were 

measured in 1 mM of 8-HQ in DMSO. The standard deviation is calculated as σ. Subsequently, 

dried PAF-1-ET applied in the different iron(III) concentration from 190 to 1090 ppb were 

measured and 1 mM 8-HQ was added in dried PAFs and measured spectrum of each samples. The 

absorbance at 460 nm was plotted against the initial iron concentration and a linear regression 

curve was then fitted to give k the slope of the same line.50–54 The detection of limit is calculated 

as 283 ppb.  

3.1.3. Result and Discussion 

3.1.3.1. Synthesis and Characterization  

 

     Building on the design of PAF-1-SMe thioether for selective copper capture37 as well 

as the related thiol material for mercury adsorption25. We synthesized a variety of PAF scaffolds 

and found that the derivative with an extended ether-thioether pendant, referred to here as PAF-1-

ET, was an effective material for selective capture of both iron (II) and (III). The PAF-1-ET 

material was prepared in a three-step sequence based on reported procedures for the parent PAF-

1 and PAF-1-CH2Cl,38 followed by subsequent treatment with 2-(methylthio)ethan-1-ol to install 

the ether-thioether ligand (Figure 1a). Elemental analysis revealed that the chlorine content 

decreased from 13.6% in PAF-1-CH2Cl to 1.04% in PAF-1-ET while the sulfur content of the 

latter was found to be 4.30%, corresponding to grafting of 35% of the phenyl groups in PAF-1-

ET. Infrared spectroscopy afforded further confirmation of the successful functionalization 

through the disappearance of a peak assigned to the C–H wagging mode of the –CH2Cl group at 

1270 cm−1 in PAF-1-CH2Cl (Figure 3.2a and b). It was also possible to monitor the successful 

functionalization by solid-state1H−13C cross-polarization magic angle spinning (CP/MAS) NMR 

spectroscopy and identification of 13C new chemical shifts arising from the –CH2OCH2CH2SCH3 

group in PAF-1-ET (66, 53, 36, and 14 ppm) compared with a shift at 43 ppm for the -CH2Cl 

group in PAF-1-CH2Cl (Figure 1b). Nitrogen adsorption isotherms collected at 77 K revealed that 

PAF-1-ET retained permanent porosity with a high BET surface area of 1500 (420) m2/g. The 

average pore size distribution obtained from the adsorption isotherms was smaller than the average 

value of 12 Å for PAF-1 and supporting incorporation of the ether-thioether groups (Figure 3.2). 

3.1.3.2. Kinetics and Selectivity of Iron Uptake.  

 

After confirming the structural integrity and porosity of PAF-1-ET, we assessed its 

capacity for iron capture from aqueous solution by fitting of adsorption isotherms collected after 

equilibration with a wide range of iron levels (1 ppb to 300 ppm, Figure 2a). The best fit for the 

experimental data utilized a dual-site Langmuir model29 encompassing a strong adsorption site 

correlated with the framework ether-thioether groups (saturation capacity of 16.3 mg/g) and a 

weak adsorption site associated with iron ions trapped and physisorbed in the pores37 (saturation 

capacity of 98.0 mg/g) (Table S1). The strong adsorption site was correlated with the ether-

thioether groups within the framework, and this assignment is supported by comparing copper 

adsorption in PAF-1-CH2Cl and PAF-1-ET up to ~10 mg/L (Figure 2a, inset). PAF-1-ET displayed 
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a much steeper up-take than PAF-1-CH2Cl, and this enhanced uptake notably persisted for higher 

iron concentrations. By comparison, PAF-1-CH2Cl showed higher uptake from 3.9 mg/g to 

77(~20-fold) in the range 2.6 mg/L–126 mg/L, providing evidence for the presence of iron(II) and 

(III) trapped within the pores and/or adsorption at weaker binding sites in PAF-1-ET. For the 

comparison, data collected on iron uptake by PAF-1-CH2Cl has been similarly fitted with a dual-

site Langmuir model, albeit with lower saturation capacity (strong adsorption site saturation 

capacity of 6 mg/g and a weak adsorption site saturation capacity of 26 mg/g). Iron uptake by PAF-

1-ET was also much steeper than PAF-1-CH2Cl over the entire range of iron solutions examined 

(7.6 mg/g for PAF-1-ET and PAF-1-CH2Cl 0.9 mg/g at 9.8 ppm, respectively). Most importantly, 

PAF-1-ET exhibited high selectivity for ferrous and ferric iron over other biologically-relevant 

metal ions (Na+, K+, Mg2+, Ca2+, Cu2+, and Zn2+) at 0.3, 2, and 20 ppm (Figure 2b). For example, 

the distribution coefficient, Kd, was found to be 2.6  0.7  104 mL/g for 10 ppm ferrous iron in 

HEPES buffer at pH = 6.7 compared with Kd values of 6.0  102, 1.2  102, 1.8  102, 7.7  102, 

3.3  103, and 38 mL/g for 10 ppm Na+, K+, Mg2+, Ca2+, Cu2+, and Zn2+, respectively, indicating 

most efficient uptake of iron in aqueous media. The concentration dependence of iron uptake by 

PAF-1-ET was also evaluated by examining various pH 6.7 aqueous solutions in HEPES buffer, 

and it was found that the amount of iron absorbed increases with its increasing concentration in 

solution (Figure 3a). In an effort to develop a colorimetric assay for the detection of iron(III) uptake 

by PAF-1-ET, we further evaluated the ability of 8-hydroxyquinoline (8-HQ) to bind iron captured 

within the framework. Upon binding iron, 8-HQ undergoes a distinct change from colorless (315 

nm absorption, ε = 1.95 × 103 M−1 cm−1) to a blue-green color (460 and 560 nm absorption, ε = 

750 M−1 cm-1 at 460 nm) distinctive of a Fe−8-HQ complex.55–58 Thus, the successful binding of 

captured iron(III) within PAF-1-ET by 8-HQ would allow for facile and quantitative determination 

of absorbed iron. To test for this capability, a 1 mM solution of 8-HQ in DMSO was added to dried 

samples of PAF-1-ET following their exposure to aqueous samples of iron (Figure 3a). 

Gratifyingly, in the presence of these iron-decorated samples the 8-HQ absorption spectra 

exhibited two new peaks at 460 and 560 nm (Figure 3b), indicative of iron(III) complex formation. 

The calculated amount of iron adsorbed by PAF-1-ET, based on the 460 nm absorbance peak for 

the highest sample concentration, correlated well with direct iron measurements by ICP-MS 

(Figure 3c).  

To garner additional insight into the nature of the interaction of absorbed iron with the framework 

functional groups, 57Fe Mössbauer data was collected between 5 and 300 K and the 100 and 5 K 

fitted spectra are shown in Figure 3.6. The complete set of fitted spectra are shown in Figure 3.7 

and plots of the temperature dependence of the fitted hyperfine spectral parameters are shown in 

Figure 3.7 and given in Table 3.2. The details of the experimental measurements and the fitting 

procedure are given in the SI. 

The spectral fits indicate that PAF-1-ET has adsorbed high-spin iron(III) ions that are 

completely paramagnetic; between 50 and 300 K the spectra are very similar and reveal a bimodal 

distribution of quadrupole splittings, ΔEQ, between ca. 0.6 and 1.0 mm/s, a distribution centered 

about a unique high-spin iron(III) isomer shift, δ, of 0.385(2) mm/s at 300 K and 0.507(1) mm/s 

at 50 K. These values are all consistent with an iron(III) The spectral fits indicate that PAF-1-ET 

has adsorbed high-spin iron(III) ions that are completely paramagnetic; between 50 and 300 K the 

spectra are very similar and reveal a bimodal distribution of quadrupole splittings, ΔEQ, between 

ca. 0.6 and 1.0 mm/s, a distribution centered about a unique high-spin iron(III) isomer shift, δ, of 

0.385(2) mm/s at 300 K and 0.507(1) mm/s at 50 K. These values are all consistent with an iron(III) 

used to further investigate the nature and local coordination environment of iron within the 
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framework. X-ray absorption near edge structure (XANES) spectrum of iron(III) coordinated 

PAF-1-ET is presented in Figure 4b (top) along with some reference compounds. The rising edge 

energy of the sample aligns well with that of Fe2O3 suggesting the existence iron as Fe+3. Figure 

4b shows the k3-weighted Fe EXAFS data for iron(III) coordinated PAF-1-ET in r-space along 

with the best fit (see Table S3 for best fit parameters). The independent axis represents the apparent 

distance R′, which is shorter than the actual distance by ~0.5 Å due to a phase shift. For iron(III) 

coordinated PAF-1-ET59, the best two-shell fit was achieved with an immediate coordination 

environment of six oxygen at a distance of 2.00 ± 0.01 Å and 12 carbon at a distance of 3.06 ± 

0.04 Å (Figure 4b, Table S3). 

3.1.3.3. Iron Capture and Detection in Aqueous and Environmental Samples.  

 

     After demonstrating the ability of PAF-1-ET to absorb both iron(II) and (III) with high affinity 

and selectivity in aqueous buffer, we examined its performance in environmental samples. In 

particular, to verify its detection capability when exposed to various iron sources from different 

regions, synthetic ground water was prepared according to Gadgil group49 with iron 

concentrations of 1.8, 4.7, 6.7, and 37 ppm. Furthermore, PAF-1-ET was also used to treat genuine 

ground water samples collected in West Bengal, which were reported to have 14 ppm of iron.16 

We found that PAF-1-ET adsorbed ca. 41 to 91 % of the iron(III) in the synthetic ground water 

samples depending on the solution concentration. In the presence of PAF-1-ET, the concentration 

of iron(III) in the genuine ground water decreases as indicated by the function, y = Ae−t/t0 + C, 

where y is the detected amount of iron(III), A is a scale factor, C is a constant, t0 is the decay time, 

and t is the elapsed time. The best fit shown in Figure 5 b corresponds to A = 10.0(4) mg/g, C = 

4.1(1) mg/g, and t0 = 12(1) min. In other words, within 24 min PAF-1-ET has captured 72 % of 

the iron(III) and is essentially saturated after ca. 36 minutes, so that the iron(III) concentration in 

the ground water remains constant (Figure 5b). Subsequent analysis of the PAF-1-ET samples 

using an 8-HQ assay revealed an increase in absorbance at 460 and 600 nm with increasing iron 

concentration in the original water samples (Figure 5c). As demonstrated for the aqueous buffer 

samples, the iron levels calculated from the absorption at 460 nm were in good agreement with 

those determined from direct ICP-MS measurements (Figure 5d). Using the three-sigma method 

(3σ/k)50–52,60, we determined that the detection limit for this PAF-1-ET/8-HQ assay is 283 ppb 

in aqueous solution (Figure 3.14). Importantly, PAF-1-ET retains crystallinity and porosity 

following regeneration with 8-HQ, and can be cycled three times without notable loss of iron 

absorption capacity (Figure 3.15). 

3.1.4 Conclusion 

 

In conclusion, we have demonstrated that the ether-thioether-functionalized porous 

aromatic framework PAF-1-ET is capable of selective and efficient iron(II) and (III) uptake and 

removal from aqueous media and ground water. Following iron coordination, characterization of 

PAF-1-ET using Mössbauer spectroscopies and X-adsorption spectroscopy reveals that iron(III) is 

preferentially bound by oxygen in an octahedral environment. Thus it is the introduction of oxygen 

functionality within the framework that is responsible for the shift to iron selectivity from the 

previously reported thioether functionalized copper selective polymer36. Finally, the combination 

of PAF-1- ET with 8-HQ as a colorimetric indicator results in an efficient and accurate tool for 

determining iron ion concentration directly from ground water samples, with minimal processing 

and equipment needs. 
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Figures 
 

 
Scheme 3.1. Iron detection assay with PAF-1-ET as a selective iron capture and concentrator 

material for removal coupled to a colorimetric indicator for detection and regeneration. 
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Figure 3.1. (a) Synthesis of PAF-1-ET. (b) Solid-state 13C NMR spectra of PAF-1-CH2Cl and PAF-

1-ET (b) N2 absorption isotherms of PAF-1, PAF-1-CH2Cl, and PAF-1-ET at 77 K. Closed and 

open symbols represent adsorption and desorption branches, respectively. 
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Figure 3.2. (a) FT-IR spectrum of PAF-1-ET and (b) a comparison of the 500-2000 cm−1 

spectral regions for PAF-1-CH2Cl (red) and PAF-1-ET (black). The grey band indicates the 

wagging mode of the –CH2Cl group. 
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Figure 3.3. (a) Iron(III) adsorption isotherm in mg/g of PAF-1-ET (black squares) and PAF-1-

CH2Cl (gray circles) fit obtained by using the dual-site Langmuir model (red lines) in different 

iron solution (1 ppb to 300 ppm using (NH4)2Fe(SO4)2·6H2O in a 100 mM HEPES buffer solution 

at pH = 6.7). Langmuir model (red line) discussed in the SI. The inset plot is a magnified portion 

of the initial equilibrium concentration range (0-10 mg/L) and the adsorbed amount of iron(III) 

(mg/g) (b) Capture capacities of PAF-1-ET in the presence of physiologically relevant metal ions 

(0.3, 2 and 20 ppm). In the case of the measurement with iron(III), one equivalent of citric acid 

was added. All data were collected in a 100 mM HEPES buffer solution at pH = 6.7. 
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Figure 3.4. (a) Adsorbed iron(III) uptake of PAF-1-ET from the various initial iron(III) aqueous 

solutions in a 100 mM HEPES at pH 6.7. (b) Absorption spectra resulting from the addition of 1 

mM aqueous solution of 8-hydroxy-quinoline(8-HQ) to dried PAF-1-ET obtained after their 

exposure to the iron(III) aqueous solutions shown in (a). The top red line corresponds to the 

absorption of a complex of iron(III) with 8-hydroxyquinoline(8-HQ) and the increase in the grey 

line absorbance at 460 nm correspond to the increase in initial concentrations of iron(III) in (a). 

(c) The good correlation between the iron(III) uptake meas ured by ICP-MS (gray filled squares) 

and the iron(III) uptake obtained from the absorbance at 460 nm in the presence of the 8-

hydroxyquinoline indicator (open circles). 
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Figure 3.5. Comparison of the iron(III) uptake in the presence of chloride, sulfate, and citrate 

anions. The concentration of the initial PAF-1-ET aqueous solutions was 1 to 3 mg/L for (a) and 

21 to 30 mg/L for (b). 
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Figure 3.6. (a) The iron-57 Mössbauer spectra of PAF-1-ET obtained at 100 K (top) and 5 K 

(bottom). The red and green components in the fits are assigned to iron(III) and iron(II) ions, 

respectively. The total fit is shown in black. (b) The room temperature XANES spectra obtained 

at the Fe K-edge. (up) The Fourier transform of k3-weighted Fe K-edge EXAFS data of Fe(III) 

adsorbed to PAF-1-ET and its fit shown in red.(bottom) 
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Figure 3.7. Mössbauer spectra of PAF-1-ET obtained at the indicated temperatures. The 

components assigned to iron(III) and iron(II) are shown in red and green, respectively. The total 

fit is shown in black. 
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Figure 3.8. Top: the temperature dependence of the iron(III) isomer shift, with the Debye-model 

fit shown as the red line. Second: the temperature dependence of the iron(III) quadrupole splitting, 

with a linear fit shown. Third: the temperature dependence of the percent area of the two iron(III) 

quadrupole doublets. Bottom: the temperature dependence from 300 to 50 K of the logarithm of 

the spectral absorption area, expressed in (%ε)(mm/s), with the Debye-model fit shown as the 

black line. In all four plots the uncertainties are essentially the size of the symbols.  
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Figure 3.9. The derivative of the X-band of the electron paramagnetic resonance absorption 

spectrum of iron(III) adsorbed on PAF-1-ET measured at 8 K. The spectral absorption peak with 

a g-value of 4.3 is characteristic of high-spin iron(III). 
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Figure 3.10. Solid-state 13C NMR comparison between PAF-1-ET (black) and Fe(III)-PAF-1-

ET(red). For isotropic magnetic moments of paramagnetic iron, coordination results in a line 

broadening and overall shift. Benzene ring peaks of PAF-1-ET (148-132 ppm) shifted to 147-140 

ppm of Fe(III)-PAF-1-ET and all ET functional group peaks of PAF-1-ET (73, 42, 39, and 17 ppm, 

refer to Figure 1b for assignment) to upshield in Fe(III)-PAF-1-ET. The quaternary carbon atom 

that is connected to four phenyl groups can be assigned to 67 ppm18 and it was not affected by iron 

coordination. The peak at -1 ppm in PAF-1-ET is spinning sidebands. 
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Figure 3.11. (Top) Illustration of the proposed local Fe coordination environment. (Bottom) 

Tetrahedral units extracted from the Fe-coordinated PAF-1-ET, where two (a-c, e) or three (d, f) 

ether oxygen atoms and a sulfate anion coordinate iron, along with two or one water molecules. 

Atom colors: C, O, S, and Fe atoms are gray, red, yellow, and orange, respectively. Hydrogen 

atoms and non-coordinated ET functional groups are omitted for clarity.  
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Figure 3.12. (a, b) Tetrahedral units extracted from the Fe-coordinated PAF-1-ET, where the ether 

oxygen atom coordinates with the central iron ion, along with a sulfate anion and four water 

molecules. The model is shown in two perspectives for clarity (a and b). (c) The adamantane cage 

of the same modeled structure. Four ET functionalities in the cage are shown for clarity. Atom 

colors are the same as those in Figure 3.11, while tetrahedral carbon (in the panel c) was shown in 

gray tetrahedra.   
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Figure 3.13. (a) Uptake by PAF-1-ET of iron(III) from synthetic ground water with initial iron(III) 

concentrations of 1.8, 4.7, 6.7, and 37 mg/L, and from ground water collected from West Bengal16 

with an initial iron(III) concentration of 14 ppm. (b) Real time iron(III) uptake of PAF-1-ET in the 

genuine ground water collected from West Bengal16 and monitored from 1 to 720 min and fitted 

with the single exponential decay model: y = Ae(−t/t0)+C; t = 11 min (red line). (c) Absorption 

spectra after 8-hydroxyquinoline addition to dried PAF-1-ET applied in ground water shown in 

(a). Black as 1.8, charcoal gray as 4.7, middle gray as 6.7, gray as 14, and light gray as 37 mg/L. 

(d) Comparison of direct iron(III) measurements by ICP-MS (black filled squares) and calculated 

iron(III) levels from absorbance at 460 nm using 8-hydroxyquinoline as an indicator (open circles). 
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Figure 3.14. The detection limit was determined based on the 3 sigma method(3σ/k). The 

colorimetric assay of 8-hydroxyquinoline(1 mM) in DMSO applied to dried PAF-1-ET in different 

iron(III) concentration (the lowest one is 133 ppb and upto 1090 ppb). a) The spectra from 1 mM 

8-HQ in each iron(III) concentration and b) the plot of calculated capture iron(III) concentration 

based on 460 nm absorbance against the initial iron concentration. The detection of limit is 

calculated to be 283 ppb.  
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Figure 3.15. (a) Iron uptake comparison between freshly prepared PAF-1-ET, first regenerated 

polymer, and second regenerated polymer. (b) Solid-state 13C NMR comparison between freshly 

synthesized PAF-1-ET (black) and regenerated PAF-1-ET (red) that was treated in synthetic 

ground water samples followed by 8-hydroxyquilnoline (100 mM). 
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Table 3.1. Fitting parameters for three different models for the adsorption of iron(III) ions of PAF-

1-ET using nonlinear regression.  

Model Dual-site Langmuir 

Parameters 

qsat,1 = 16.31 

KL,1 = 0.0070 

qsat,2 = 98.02 

KL,2 = 5.56 10-8 

R2 0.9934 
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Table 3.2. Iron-57 Mössbauer spectral parameters for the iron(III) quadrupole doublets in PAF-1-

ETa 

T, K b EQ
1, mm/s EQ

2, mm/s EQ,ave mm/s ,ave mm/s Area, % 

300 0.385(2) 0.61(1) 0.97(1) 0.79(1) 0.45(2) 91 

200 0.443(2) 0.614(8) 0.98(1) 0.80(1) 0.45(1) 91 

100 0.492(1) 0.613(5) 0.999(3) 0.803(5) 0.45(1) 91 

50 0.507(1) 0.617(5) 1.000(6) 0.809(6) 0.46(1) 91 

20 0.516(1) 0.673(8) 0.99(1) 0.83(1) 0.58(2) 73.4(6) 

10 0.522(1) 0.597(5) 1.025(6) 0.811(6) 0.45(1) 40.6(6) 

5 0.522(1) 0.594(6) 1.019(7) 0.807(7) 0.43(1) 32.2(4) 
aStatistical fitting uncertainties are given in parentheses. More realistic uncertainties are ca. two to 

three times larger. The absence of an uncertainty indicates that the parameter was constrained to 

the value given.  bReferred to -iron at 295K. 

 

 

 

 

 

 

 

 

Table 3.3. EXAFS fitting results for Fe K-edge.a 

Sample Path R ( Å) N 
σ2 

( 10-3 Å2) 

R-factor 

(%) 

ΔE0 

(eV) 

Fe(III)@PAF-1-ET Fe-O 2.00±0.01 6 5.98±0.59 0.65 -1.58±1.94 

 Fe-C 3.06±0.04 12 16.6±5.11   

aFitting for Fe(III)@PAF-1-ET sample was performed over the k-range 3.46≤ k(Å-1)≤10.52  and 

1.0 ≤ R(Å)  ≤ 3.1. 
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Abstract 

 

   Metals are key building blocks of life and essential for variety of important functions within 

living organisms, many of which involve proteins. As such, it is of importance to develop tools to 

investigate interactions between metals and proteins. As powerful tools for studying protein 

functions, labeling with chemical tags has been developed to facilitate tagging and enable analysis. 

Ligand-directed alkyloxyacyl imidazole (LDAI) chemistry has been reported to be cell-permeable 

and to undergo selective labeling to identify proteins that are spatially associated with given 

analytes in living cells. Herein, we envisioned that new chemical tagging probes, Cu-DAI, will 

enable us to study the dynamics of copper proteins with cellular activity. The Cu-DAI showed 

selective binding to copper even in the presence of other biologically relevant metals. We then 

applied the probe to living cells, showing 2-fold fluorescent enhancement by copper addition while 

significant diminishment in fluorescence was found upon addition of BCS which is a known 

copper chelator. To investigate the identity of labeled proteins, cells were transfected with ATP7a-

Venus and a good co-localization of the fluorescence from probe-labeled proteins and ATP7a-

Venus indicates that Cu-DAI is capable of tagging specific copper-rich compartments. With these 

promising results, we further utilized Cu-DAI for imaging copper-rich vesicles as well as copper 

fluxes in primary hippocampal neurons. The neurons were depolarized by chemo- or 

electrostimulation and triggered translocation of copper pools from soma to dendrites in neurons 

and Cu-DAI can follow these depolarization-induced copper fluxes, indicating Cu-DAI enables to 

follow and to unravel the importance of copper ion on neuron biology as well. We hope this project 

further elucidates the identity of copper rich compartments involved in biological signaling process 

in cells and neurons. 

4.1.1 Introduction 

 

Copper is an essential element for human health,1 and enzymes harness the redox activity of copper 

to exploit functions spanning energy generation, pigment synthesis, and epigenetic modification. 

In addition, copper is found in high concentrations in the brain2,3 and activation of neurons causes 

a marked redistribution of cellular copper and copper has been shown to affect the excitability of 

cultured neurons.4–6 On the other hand, misregulation of copper homeostasis can lead to cellular 

malfunctions resulting from an aberrant increase of reactive oxygen species (ROS) and oxidative 

damages to proteins, lipids, and DNA/RNA,3,7 and these are related to several diseases including 

cancer,8 neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s diseases,5 

and genetic disorders such as Menkes and Wilson’s diseases.4 However, the roles of copper in 

cellular and central nervous system remain poorly understood.A number of technologies have 

developed to monitor copper fluxes, and this includes synthetic fluorescent2,5,9–24 and MRI copper 

probes25–29 based on thioether-rich receptors which revealed high selectivity towards copper ions 

in intracellular system as well as whole organisms. Yet, they cannot be applied for specific labeling 

of copper-rich cellular compartments or proteins involved in copper fluxes, which are important 

for having better and more detailed understanding of how copper is regulated to fulfil fundamental 

physiological roles in live cells, tissues, and in vivo as well as the identification of copper-related 

proteins.   

   As powerful tools for studying cuproproteins, labeling with chemical tags has been developed to 

facilitate tagging and enable analysis. To date, the most widely used approach are genetically 

encodable protein-tag and tag-fused proteins, such as fluorescent proteins (FP; e.g. GFP) and 

SNAP/HALO-tag respectively.30–32 Although they are widely used, the inherently large size and 
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innate differences between natural proteins and artificial proteins hinder them from being applied 

in metalloprotein identification. To minimize such perturbations, bioorthogonal chemistry has 

recently been developed by introducing reactive handles such as azide and alkyne groups onto 

target proteins by genetic methods. Like the protein tags, however, this strategy also demands 

genetic engineering for introduction of an appropriate reaction handle and thereby inapplicable to 

endogenously expressed (natural) proteins.33–37 To minimize disturbing the natural cellular 

context, chemistry-based protein labeling techniques use a designed compound connecting a 

protein ligand and a probe through a cleavable reactive group, termed ligand-directed (LD) 

chemistry. In LD chemistry, the ligand part selectively recognizes and binds to the target protein, 

facilitating the chemical reaction of the reactive group with an amino acid located near the ligand-

binding site through a proximity effect. Importantly, the ligand part can be removed after labeling 

using the cleavable linker of the LD reagents, so that the labeled protein retains its original 

function. This labeling mechanism permits biosensors to elucidate complicated cellular processes 

and allow visualization of various biological parameters, such as pH, ionic concentrations, 

metabolites, and protein activities.38–41  

   In particular, ligand-directed alkyloxyacyl imidazole (LDAI) chemistry has been reported to be 

cell-permeable and to undergo selective labeling to identify proteins that are spatially associated 

with given analytes in living cells.42–45 Herein, we envisioned that new chemical tagging probes 

based on LDAI, Cu-DAI will enable us to study the dynamics of cuproproteins with cellular and 

neuronal activity. For copper selectivity, thioether-rich copper activator which is directly linked to 

acyl imidazole, allows selective labeling of amino acids on the proteins and/or copper rich 

compartments via acyl transfer reaction. As Cu-DAI contains a silicon-rhodamine (SiR) 

fluorophore which is linked to other side of acyl imidazole and known to have high photostability, 

low phototoxicity, and low background signal,46–50 after acyl transfer reaction the proteins or 

copper-rich compartments can be labeled with SiR and hence they can be visualized by 

fluorescence microscopy. This Cu-DAI is robust in the aqueous condition and its selective binding 

and cleavage with copper is found over other biologically relevant metals. In cellular system, Cu-

DAI shows copper-dependent fluorescent staining as indicated by treatment with copper ionophore 

Cu(gtsm) and copper chelator bathocuproine sulfonate (BCS), confirming the probe stains proteins 

with high local copper concentrations. (Scheme 4.1) Furthermore, the probe successfully labels 

copper rich compartments in neuronal system and reveals its capability to trace copper dynamics 

upon depolarization. We hope this project further elucidates the identity of copper rich 

compartments involved in biological signaling process in cells and neurons. 

4.1.2. Methods 

4.1.2.1. Synthesis of Cu-DAI 

 

Compound 1 (Bis((3-methyloxetan-3-yl)methyl) 4-bromoisophthalate) : To a solution of 3-

methyl-3-oxetanemethanol (2.73 mL, 27.3 mmol) and pyridine (3.32 mL, 41.0 mmol) in CH2Cl2 

(25 mL), 2-bromobenzoyl chloride (3.00 g, 13.7 mmol) was added at 0 °C. The ice bath was 

removed, and the reaction was stirred at room temperature for 90 min. The solution was diluted 

with brine and extracted with CH2Cl2. The combined organics were washed with saturated 

NaHCO3 and dried with MgSO4, and evaporated. Flash chromatography (10–30% 

EtOAc/hexanes) afforded the product as a colorless oil (3.74 g, 72%). 1H NMR (CDCl3, 400 MHz) 

δ 7.85 – 7.80 (m, 1H), 7.69 – 7.65 (m, 1H), 7.41 – 7.36 (m, 1H), 7.36 – 7.32 (m, 1H), 4.64 (d, J = 

6.1 Hz, 2H), 4.45 (d, J = 5.7 Hz, 2H), 4.44 (s, 2H), 1.44 (s, 3H); 13C NMR (CDCl3, 500 MHz) δ 
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166.4 (C), 134.5 (CH), 132.9 (CH), 132.2 (C), 131.6 (CH), 127.4 (CH), 121.7 (C), 79.7 (CH2), 

70.0 (CH2), 39.4 (C), 21.5 (CH3); HRMS (ESI) calcd for C12H14BrO3 [M+H]+ 285.0121, found 

285.0125. 

Compound 2 (1,1'-(4-Bromo-1,3-phenylene)bis(4-methyl-2,6,7-trioxabicyclo[2.2.2]octane)) : A 

solution of compound 1 (4.40 g, 10.6 mmol) in CH2Cl2 was cooled to 0 °C under nitrogen, and 

BF3·OEt2 (756 mg, 5.32 mmol, 0.5 eq) was added dropwise. The reaction was warm up to room 

temperature overnight while stirring (12 h). Anhydrous Et3N (3 mL) was added, and the resulting 

solution was stirred for 15 min at room temperature. It was then concentrated in vacuo and purified 

by flash chromatography (0–20% EtOAc/hexanes, with constant 40% v/v CH2Cl2 additive) to 

provide 2.03 g (34%) as a white solid. 1H NMR (DMSO-d6, 400 MHz) δ 7.81 (d, J = 2.2 Hz, 1H), 

7.59 (d, J = 8.3 Hz, 1H), 7.34 (dd, J = 8.3, 2.3 Hz, 1H), 4.01 (s, 6H), 3.99 (s, 6H), 0.84 (s, 3H), 

0.82 (s, 3H); 13C NMR (DMSO-d6, 125 MHz) δ 136.6 (C), 135.5 (C), 133.9 (CH), 127.5 (CH), 

125.7 (CH), 121.1 (C), 106.3 (C), 106.1 (C), 72.4 (CH2), 72.1 (CH2), 30.1 (C), 29.9 (C), 13.7 

(CH3), 13.6 (CH3); HRMS (ESI) calcd for C18H25BrO8Na [M+2H2O+Na]+ 471.0625, found 

471.0611. 

The compound 3 and 4 were prepared according to reported procedure.51 

Compound 3 (4,4'-methylenebis(3-bromo-N,N-dimethylaniline)) : Synthesis of 1 3-Bromo-N,N-

dimethylaniline (5.00 g, 25.0 mmol) was dissolved in 37% formaldehyde solution (3.80 mL) and 

acetic acid (35.0 mL) and stirred at 60 ºC for 2 h. After cooling, acetic acid was evaporated, then 

saturated NaHCO3 aq. was added carefully. The aqueous phase was extracted with ethyl acetate 

(AcOEt), and the combined organic phase was washed with water and brine, dried over Na2SO4, 

filtered, and evaporated. The residue was purified by recrystallization (n-hexane/AcOEt) to obtain 

1 as a white solid (4.20 g, 82%). 1H NMR (400 MHz, CDCl3):  2.91 (s, 12H), 4.00 (s, 2H), 6.58 

(dd, 2H, J = 2.4 Hz, 8.8 Hz), 6.84 (d, 2H, J = 8.8 Hz), 6.94 (d, 2H, J = 2.4 Hz). MS (ESI+ ) m/z: 

Calcd for [M+H]+ 413.00, found 412.88.  

Compound 4 Compound 3 (3.80 g, 9.22 mmol) was dissolved in dry tetrahydrofuran (THF) (100 

mL) and stirred at −78 °C. sec-Butyllithium (s-BuLi) (1.4 M solution in n-hexane, 20.0 mL, 27.7 

mmol) was slowly added for 30 min to the solution and stirred for further 2 h at the same 

temperature. SiMe2Cl2 (2.20 mL, 18.4 mmol) was added to the reaction mixture and stirred at room 

temperature for 2 h. Then, 2 M HCl aq. was added carefully to neutralize the solution and THF 

was evaporated. The resulting aqueous solution was extracted with AcOEt, and the organic phase 

was washed with saturated NaHCO3 aq., water, and brine, dried over Na2SO4, filtered, and 

evaporated to obtain the crude including 2, which was used for the next reaction immediately due 

to its high sensitivity toward oxygen. The residue was dissolved in acetone (50.0 mL) and stirred 

at −15 °C. KMnO4 powder was added portion wise (6 × 600 mg) for 30 min, and stirring was 

continued for further 2 h at the same temperature. The purple suspension was filtered through a 

Celite pad, and the yellow filtrate was evaporated. The residue was purified by silica gel column 

chromatography to obtain 3 as a yellow solid (1.15 mg, 38%). 1H NMR (400 MHz, CDCl3):  0.47 

(s, 6H), 3.10 (s, 12H), 6.79 (d, 2H, J = 3.2 Hz), 6.84 (dd, 2H, J = 3.2 Hz, 8.8 Hz), 8.39 (d, 2H, J = 

8.8 Hz). MS (ESI+ ) m/z: Calcd for [M+H]+ 325.17, found 325.17. 

Compound 6 (3,7-bis(dimethylamino)-5,5-dimethyl-3'-oxo-3'H,5H-spiro[dibenzo[b,e]siline-

10,1'-isobenzofuran]-5'-carboxylic acid) : A solution of compound 2 (0.76 g, 1.85 mmol, 3 eq) in 

THF (70 mL) was cooled to −78 °C under nitrogen. tert-Butyllithium (1.7 M in pentane, 3.6 mL, 

6.16 mmol, 10 eq) was added dropwise, and the reaction was stirred for 30 min at −78 °C. A 

solution of compound 4 (200 mg, 0.616 mmol) in THF (10 mL) was then added dropwise. The 

reaction was allowed to slowly warm to room temperature and stirring for 5 h. It was subsequently 
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quenched with 1 N HCl (5 mL), which caused an immediate color change from pale orange to dark 

blue. After stirring for 10 min, the dark blue mixture was diluted with 15% iPrOH/CHCl3 and brine 

(3×). The combined organic layers were dried with MgSO4, filtered, and concentrated in vacuo. 

Silica gel chromatography (0–20% MeOH/CH2Cl2, with constant 1% v/v AcOH additive) to 

provide the compound 5 and proceed the deprotection in 6 N HCl with 2% (v/v) of CH3CN at 90 
oC for overnight. The solution changed the color to yellowish orange and was concentrated in 

vacuo. The residual solution was diluted with 15% iPrOH/CHCl3 and brine (3×). The combined 

organic layers were dried with MgSO4, filtered, and concentrated in vacuo. Silica gel 

chromatography (0–20% MeOH/CH2Cl2) to give the product with the yield of 16%. 1H NMR 

(CDCl3, 400 MHz) δ 8.09 (d, J = 1.3 Hz, 1H), 7.35 (d, J = 1.2 Hz, 1H), 4.86 (s, 1H), 4.56–4.52 (m, 

2H), 3.81–3.77 (m, 2H), 3.68 (s, 2H), 3.57 (t, J = 5.2 Hz, 2H), 3.33 (q, J = 5.5 Hz, 2H), 2.80–2.72 

(m, 4H), 2.71–2.63 (m, 4H), 2.55 (q, J = 7.4 Hz, 4H), 1.44 (s, 9H), 1.25 (t, J = 7.4 Hz, 6H). 

Compound 7 (2,5-dioxopyrrolidin-1-yl 3,7-bis(dimethylamino)-5,5-dimethyl-3'-oxo-3'H,5H-

spiro[dibenzo[b,e]siline-10,1'-isobenzofuran]-5'-carboxylate ) : Compound 6 (38 mg, 80 µmol), 

DMAP (4.0 mg, 32 µmol), and Et3N (67 µL, 0.48 mmol) were dissolved in dry DMF (3.0 mL). 

DSC (45 mg, 0.18 mmol) was added and the reaction was stirred at room temperature for 2 hour. 

It was subsequently diluted with 5% w/v citric acid and extracted with EtOAc (×2). The combined 

organic extracts were washed with brine, then dried over MgSO4, filtered and evaporated. The 

crude residue was purified by column chromatography on silica gel (50% EtOAc/hexane) to yield 

Compound 7 (21 mg, 36 µmol, 45%), and used for the next step without further purification. 

Compound 8 (bis(2-(ethylthio)ethyl)amine) : Sodium cubes (500 mg, 22.4 mmol) were added into 

ethanol at 0 oC. After stirring for 10 min, ethanethiol (0.8 mL, 11.2 mmol) was added into the 

solution, followed by bis(2-chloroethyl)amine (1 g, 5.60 mmol) was added. The solution was 

stirring at room temperature for overnight and water (2 mL) was added carefully and residual 

ethanol was removed in vacuo. The solution is extracted with CH2Cl2 and brine and organic layer 

was dried with MgSO4 and concentration in vacuo. The crude product was purified by silica 

column in (Hexane: Ethyl acetate = 10:0 to 4:1) and the produce on TLC was stained by KMnO4, 

giving the colorless liquid with 26% yield. 1H NMR (CDCl3, 400 MHz) δ 2.83 (t, J = 8 Hz, 4 H), 

2.71 (t, J = 8 Hz, 4H), 2.56 (q, J = 8 Hz, 4H), 1.70 (s, broad, 1H), 1.27 (t, J = 8 Hz, 6H). 13C NMR 

(CDCl3, 125 MHz) δ 48.3, 31.9, 25.8, 14.9. 

Compound 9 (N-((1H-imidazol-4-yl)methyl)-2-(ethylthio)-N-(2-(ethylthio)ethyl)ethan-1-amine) 

: 4-imidazole aldehyde (0.36 g, 3.74 mmol) was dissolved in 2 mL methanol. Compound 8 (0.73 

g, 3.74 mmol) in mixture of 10 mL methanol and acetic acid (10:1 v/v) was added dropwise into 

the solution. The solution was added sodium cyanoborohydride (0.38 g, 6.04 mmol) in 2 mL 

methanol and stirred at room temperature overnight. The solution was quenched by adding conc. 

HCl and remove the solvent by reduced pressure. The crude product was extracted with NaHCO3 

and ethyl acetate. The combined organic layer was dried with MgSO4 ad purified with alumina 

column (CH2Cl2 : CH3OH = 100:0 to 96:4) to give slight yellowish gel with 86% yield. 1H NMR 

(CDCl3, 400 MHz) δ 7.60 (s, 1 H), 7.27 (s, 1H), 6.91 (s, 1H), 3.68 (s, 2H), 2.74 (t, J = 8 Hz, 4H), 

2.64 (t, J = 8 Hz, 4H), 2.52 (q, J = 8 Hz, 4H), 1.23 (t, J = 8 Hz, 6H). 13C NMR (CDCl3, 125 MHz) 

δ 135.0, 120.8, 53.4, 49.6, 29.6, 26.1, 14.9. 

Compound 10 (2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl 4-((bis(2-

(ethylthio)ethyl)amino)methyl)-1H-imidazole-1-carboxylate) : A solution of compound 9 (48 mg, 

0.18 mmol), tert-butyl (2-(2-((((2,5-dioxopyrrolidin-1-

yl)oxy)carbonyl)oxy)ethoxy)ethyl)carbamate which was prepared following previous procedure52 

(51 mg, 0.15 mmol), and pyridine (35 µL, 0.44 mmol) in dry DMF (1.5 mL) was stirred at room 
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temperature for 12 hour under Ar atmosphere. It was subsequently diluted with EtOAc and washed 

with water (×2) and brine, then dried over Na2SO4, filtered and evaporated. The crude residue was 

purified by column chromatography on silica gel (50–75% EtOAc/hexane, linear gradient) to yield 

10 (28 mg, 55 µmol, 37%) as a colorless oil. 1H NMR (CDCl3, 400 MHz) δ 8.09 (d, J = 1.3 Hz, 

1H), 7.35 (d, J = 1.2 Hz, 1H), 4.86 (s, 1H), 4.56–4.52 (m, 2H), 3.81–3.77 (m, 2H), 3.68 (s, 2H), 

3.57 (t, J = 5.2 Hz, 2H), 3.33 (q, J = 5.5 Hz, 2H), 2.80–2.72 (m, 4H), 2.71–2.63 (m, 4H), 2.55 (q, 

J = 7.4 Hz, 4H), 1.44 (s, 9H), 1.25 (t, J = 7.4 Hz, 6H).  

Synthesis of Cu-DAI 

A solution of compound 10 (11 mg, 21 µmol) in CH2Cl2 (1 mL) / TFA (0.2 mL) was stirred at 

room temperature for 30 min. After removal of the solvent by evaporation, the residual TFA was 

further removed azeotropically with toluene (×2) to give Boc-deprotected 10’. The compound 

was used for the next step without further purification. A solution of 10’, 7 (11 mg, 19 µmol), 

and Et3N (26 µL, 0.19 mmol) in dry DMF (1.0 mL) was stirred at room temperature for 1 hour. 

After removal of the solvent by evaporation, the residue was purified by RP-HPLC (ODS-A, 

preparative, A/B = 60/40 to 100/0 for 40 min, A = CH3CN, B = 10 mM NH4OAc). The fraction 

was lyophilized to yield Cu-DAI (1.4 mg, 1.6 µmol, 8.6%) as a blue film. 1H NMR (CDCl3, 400 

MHz) δ 8.34 (s, 1H), 8.24 (d, J = 7.9 Hz, 1H), 8.13 (s, 1H), 7.39 (dd, J = 8.0, 0.7 Hz, 1H), 6.97 

(d, J = 2.9 Hz, 2H), 6.72 (d, J = 8.9 Hz, 2H), 6.52 (dd, J = 8.9, 2.9 Hz, 2H), 4.63–4.57 (m, 2H), 

3.89–3.82 (m, 2H), 3.78–3.68 (m, 4H), 2.97 (s, 12H), 2.94–2.82 (m, 4H), 2.82–2.68 (m, 4H), 

2.53 (q, J = 7.4 Hz, 4H), 1.22 (t, J = 7.4 Hz, 6H), 0.64 (s, 3H), 0.60 (s, 3H). HR-ESI MS m/z 

calcd for [M+H]+ 859.3702, found 859.3685 

4.1.2.2. Spectroscopic studies 

 

uHPLC : The UHPLC in the facility is a Waters Acquity UHPLC-MS system. The analytical 

column is a Waters XBridge BEH C18, 3.5um, 4.6 x 100 mm column. The catalysis facility is 

supported by Director, Office of Science, Office of Basic Energy Sciences, Chemical Sciences, 

Geosciences, & Biosciences Division, of the U.S. Department of Energy under Contract No. DE-

AC02-05CH11231, FWP No. CH030201 (Catalysis Research Program). 

Spectroscopic methods and materials All spectroscopic measurements were performed at 25 °C 

in PBS buffer (pH 7.4) purchased from. Absorption spectra were recorded using a Varian Cary 60 

spectrophotometer and fluorescence spectra were recorded using a Photon Technology 

International Quanta Master 4 L-format scan spectrofluorometer equipped with an LPS-220B 75-

W xenon lamp, A-1010B lamp housing with integrated igniter, switchable 814 

photocounting/analog photomultiplier detection unit and MD5020 motor driver. Samples for 

absorption and emission measurements were contained in 0.35 × 1 cm quartz cuvettes (1.4-mL 

volume; Starna). Excitation was at 633 nm. Stock solutions of Cu(gtsm)53–55 in DMSO were used 

to provide Cu2+. Metals used in the selectivity assays were derived from their chloride salts in PBS 

buffer.  

Cell fractionation and Inductively Coupled Plasma (ICP)-MS analysis Atp7a−/− and matched 

control MEFs were fractionated using the NE-PER kit (Thermo Fisher). Extracts were digested by 

adding equal volumes of concentrated nitric acid, incubated overnight at room temperature on a 

rotator, and boiled for 2 hours at 95 °C. Digested extracts were diluted into 2% nitric acid with an 

internal standard and run on an iCAP-Q ICP-MS in KED mode. The level of each element found 

in the extraction reagent was subtracted from each measurement. The resulting values were 

normalized to protein concentration. 
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Cell Culture Procedures. Cells were maintained by the UC Berkeley Tissue Culture Facility. 

HEK293T cells were maintained as a monolayer in exponential growth at 37 °C in a 5% CO2 

atmosphere in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal 

bovine serum (FBS, Seradigm), 1% glutamax (Gibco), and 1% non-essential amino acids (NEAA, 

Gibco). MEF ATP7a KO and WT cells were maintained as a monolayer in exponential growth at 

37 °C in a 5% CO2 atmosphere in DMEM supplemented with 10% FBS. One day before imaging,  

Neuron cultures: Hippocampi were dissected from embryonic day 18 Sprague Dawley rats 

(Charles River Laboratory) in cold sterile HBSS (zero Ca2+, zero Mg2+). All dissection products 

were supplied by Invitrogen, unless otherwise stated. Hippocampal tissue was treated with trypsin 

(2.5%) for 15 min at 37 °C. The tissue was triturated using fire polished Pasteur pipettes, in 

minimum essential media (MEM) supplemented with 5% fetal bovine serum (FBS; Thermo 

Scientific), 2% B-27, 2% 1M D-glucose (Fisher Scientific) and 1% glutamax. The dissociated cells 

were plated onto 12 mm diameter coverslips (Fisher Scientific) pre-treated with PDLat a density 

of 30-40,000 cells per coverslip in MEM supplemented media (as above). Neurons were 

maintained at 37 °C in a humidified incubator with 5 % CO2. At 3 days in vitro (DIV) half of the 

MEM supplemented media was removed and replaced with Neurobasal media containing 2% B-

27 supplement and 1% glutamax. 

Confocal Fluorescence Imaging Experiments. Confocal fluorescence imaging studies were 

performed with a Zeiss laser scanning microscope 710 with a 20x or 63x oil immersion objective 

lens using Zen 2009 software (Carl Zeiss). Cu-DAI were excited using 633 nm diode laser and 

emission was collected using a META detector between 650 to 750 nm. The cells were incubated 

with 1 μM Cu-DAI in HBSS (0.9 mM MgCl2) and imaged at 37 °C throughout the course of the 

experiment. Image analysis and quantification was performed using ImageJ (National Institutes of 

Health).  

Image analysis and quantification ImageJ (National Institutes of Health) was used for image 

analysis. For quantification of fluorescence intensity, each image was set to 8-bit greyscale and 

inverted. The fluorescence intensity was estimated using non-calibrated OD function. The area of 

stained cells was selected by setting appropriate threshold (≥0.025). The statistics of the image 

was then measured by the “Measure” function and the average fluorescence intensity was obtained 

by dividing the integrated density (IntDen) over area. For each condition, four images of different 

fields of cells from each biological replicate were analyzed using this process and the values were 

combined for statistical analysis.  

For dot blots, HEK 293T cell (1 mg/mL, concentration was determined by BCA assay) was 

homogenized in PBS buffer. Cleared lysates were quantified and spotted on a nitrocellulose 

membrane at protein content of 2 μg. After blocking, the membrane was visualized on with 

excitation of 633 nm channel. ImageJ was used for blot quantification. 

Transfection in hippocampus neurons: Before siRNA transfection, the neurons were first placed 

in an incubator containing 5% CO2 at 37 oC for 24 h. Transfection was carried out using 

Lipofectamine 2000 (Invitrogen, USA) following the manufacturer's instructions. 5 μg of siDNA 

was dissolved in 50 μL of serum-free NB medium (solution A) and incubated at room temperature 

(RT) for 5 min. Then, 3 μL of Lipofectamine 2000 was added to 50 μL of a serum-free NB medium 

(solution B) and incubated at RT for 5 min. The two solutions were mixed together and incubated 

at RT for 30 min. Finally, the mixture was added to the cells dropwise followed by incubation 

under an atmosphere of CO2. After 48 h incubation, the cells were obtained for transfection 

efficacy identification.  
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Extracellular field stimulation: Extracellular field stimulation was delivered by a Grass 

Stimulator connected to a recording chamber containing two platinum electrodes (Warner), with 

triggering provided through a Digidata 1332A digitizer and pCLAMP 10 software (Molecular 

Devices). Action potentials were triggered by 1 ms 80 V field potentials delivered at 5 Hz. To 

prevent recurrent activity the HBS bath solution 

was supplemented with synaptic blockers 10 μM 2,3-Dioxo-6-nitro-1,2,3,4-

tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX; Santa Cruz Biotechnology) and 25 μM 

DL-2-Amino-5-phosphonopentanoic acid (APV; Sigma-Aldrich). 

 

4.1.3. Result and Discussion 

4.1.3.1. Design of Cu-DAI and Characterization.  

To develop cuproprotein labeling probe, thioether-rich copper receptor (compound 8 in Figure 

4.1), with reference to previous copper selective fluorescent probes,2,5,9–24 was synthesized in three 

steps. Dicarboxylic acid silicon-rhodamine, SirR, was prepared according to reported procedure.46 

Two pieces were linked by amide coupling to give Cu-DAI. The probe is cell-permeable and 

selectively binds to copper which can activate the carbamate unit of AI, resulting in the formation 

of  covalent linkage to the cuproprotein surface through acyl transfer reaction.  

Coordination of copper to the thioether-rich activator facilitates the reactivity of the carbamate 

unit of acyl imidazole, which is supported by changes of HPLC traces shown in the Figure 4.1. LC 

chromatograms of the reaction between 5 μM Cu-DAI in the presence of 5 molar equivalent of 

methyl ester serine and 2 molar equivalent of Cu+ in PBS with 2 mM GSH showed conversion to 

copper-bound species and/or copper-induced acyl transfer reaction product. No significant reaction 

was found in the absence of the amino acid (Figure 4.1a and Figure 4.2), suggesting minimal 

hydrolysis and hence good stability of the probe in aqueous solution. Especially, after 1 hour 

incubation of Cu-DAI with Cu+ and methyl ester serine, the copper-bound intermediate with MS 

at 1042 m/z was detected at the LC chromatogram of the reaction mixture at retention time of 7.4 

min, confirming Cu-DAI is following LDAI chemistry. To examine the effect of amino acid in the 

activation of acyl imidazole, 5 different amino acids were incubated with 5 μM Cu-DAI and 

compared the traces after 30 min incubation. Most of the Cu-DAI was found to remain intact in 

the presence of Cu+ but no amino acid in 2 mM GSH/PBS buffer, as well as in the presence of the 

amino acid but no Cu+. Interestingly, almost complete conversion of Cu-DAI was found in the 

presence of both Cu+ and amino acid, suggesting acyl transfer reaction occurred through activation 

of the acyl imidazole by copper ion and nucleophilic attack by amino acids. 

 Furthermore, the labeling of Cu-DAI showed good selectivity for copper(II) over copper(I) and 

other biologically relevant metals ions by HPLC (Figure 4.1 c) and dot blots imaging (Figure 4.2), 

where the latter showed remarkable increase in fluorescence from labeled cell lysates only in the 

presence of copper. The specificity toward copper was further supported by diminishment of the 

Cu-induced fluorescent enhancement of the cell lysates by copper chelator BCS (Figure 4.2). To 

evaluate the copper binding constant by Cu-DAI, coumarin analog of Cu-DAI, Cu-DAI-Dc, was 

employed for this study instead of the SiR one because of possible emission overlap between SiR 

and the reported copper fluorescent probe CSR1.56,57 The competitive assay can help to deduce the 

range of binding constant of Cu-DAI-Dc in comparison with the previously reported copper 

fluorescent probe. In this study, Cu-DAI-Dc (0−5 equiv) was continuously added to a pH 7.0 buffer 

solution (25 mM HEPES) containing CuCl2 (2 equiv) and a fluorescence turn-on copper sensor, 

CSR1 (2 μM), which is reported to have dissociation constant (Kd) with Cu2+of 2 × 10−13 M.58 The 
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solution containing probes was excited at 608 nm where Cu-DAI-Dc does not absorb but CSR1 

and its copper-bound complex do. If Cu-DAI-Dc has smaller dissociation constant, free Cu-DAI-

Dc can displace copper ion from CSR1, resulting in decrease in fluorescence from CSR1. It was 

found that the addition of Cu-DAI-Dc to the solution mixture revealed significant decrease in 

fluorescence intensity of CSR1, which confirmed that Cu-DAI-Dc has comparable and probably 

smaller dissociation constant than CSR1 (2 × 10−13 M; Figure 4.3) This value is promising as it is 

in similar range as the dissociation constants of copper-binding proteins or copper ligands in living 

system.59 

4.1.3.2. Live-Cell Imaging of Changes in Labile Copper Pools in HEK 293T and MEF ATP7A 

KO/WT 

 

  Having established the ability of Cu-DAI to respond selectively to copper levels in aqueous 

buffer system, we next explored its ability to respond to changes in copper(II) levels in living cells. 

The data established that Cu-DAI is capable of visualizing increases in intracellular copper levels 

in HEK 293T cells which are pre-incubated with copper ionophore Cu(gtsm) (2 μM)53–55 for 2 

hours. An overall 2-fold increase in fluorescent intensity in cytosol was found as compared to 

control which showed punctate pattern along some specific compartments. In contrast, HEK 293T 

cells pretreated with 200 μM BCS as copper chelator for 10 h then stained with Cu-DAI for 15 

min exhibited a significant decrease in fluorescent intensity as compared to control cells (Figure 

4.5), supporting that Cu-DAI can monitor dynamic changes in intracellular copper level.  

 Next, we sought to explore its applicability to assay Cu levels in different cell types, particularly 

those with different expression levels of ATP7A as mutations in the copper transporters (ATP7A 

and ATP7B) are the main causes of disorders in copper metabolism and homeostasis,60,61 and  the 

mutation in the ATP7A/ATP7B gene can cause dislocation of copper excretion, resulting in toxic 

accumulation of Cu in the liver and, as a consequence, development of Wilson disease.62,63 Cu-

DAI stained-ATP7A KO cells were found to show brighter fluorescence compared with ATP7A 

WT cells, revealing that Cu-DAI can detect higher basal copper level in ATP7A KO cells, probably 

due to the deficiency in cellular copper export. Furthermore, both WT and KO cells showed 

fluorescent increase with Cu(gtsm) in time- and concentration-dependent manner and fluorescent 

decrease in the presence of 200 μM BCS, respectively (Figure 4.6). These validates that Cu-DAI 

can detect changes in copper levels in the ATP7A WT and KO cells. 

4.1.3.3. Neuron Imaging, Transfection and Electrostimulation 

 

We moved on to neuron imaging with Cu-DAI to visualize copper-rich compartments. Cu-DAI 

was incubated in cultured hippocampal neurons and showed punctate staining in the resting states. 

(Figure 4.7, red channel) One of the benefits of copper protein labeling probe in the far-red to NIR 

window is that these new tools can be interfaced with a wide variety of blue, green, and 

red optical tools, i.e. capable for multicolor imaging of multi-analytes simultaneously. Of 

particular interests are the genetically encoded optical tools such as GFP, since these fluorescent 

proteins are more widely used and exhibit more predictable cellular and photophysical behavior 

than their red fluorescent counterparts.64 Based on these benefits, multicolor imaging by Cu-DAI 

and fluorescence protein fused with different cellular proteins, including mitochondria, vesicle-

associated membrane protein: VAMP, and copper trafficking proteins: ATP7a, were conducted in 

order to identify the proteins or compartments labeled by Cu-DAI. We performed simultaneous 

co-staining experiments on neurons with Cu-DAI (Figure 4.7 Red channel), mitochondria (Figure 
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4.7a)), vesicle-associated membrane protein (VAMP2) (Figure 4.7 b)), and ATP7a (Figure 4.7 c)). 

Under these conditions distinct cellular components were clearly visible in different colors, 

establishing the utility of Cu-DAI as multicolor imaging probe as well as its ability for providing 

robust signal anchored in cuproproteins. Colocalization between organelle markers and Cu-DAI 

labeling revealed that ATP7A is one of the predominant proteins labeled by Cu-DAI but not with 

mitochondria and VAMP2. (Figure 4.7) 

 Herein, we moved on to characterize the distribution of labile copper pools in activated neuronal 

cells. Depolarization of neurons induced by KCl (50 mM),19 Glu/Gly (50 μM/ 5 μM),6 and 

electrostimulation65,66 followed by staining with Cu-DAI  revealed significant different staining 

patterns as compared to the control neurons in resting state. The fluorescence puncta in chemically 

and electrically stimulated neurons labeled with 1 μM Cu-DAI are more diffuse than those in 

control neurons, suggesting that copper-rich compartments mainly localized in the cell body of the 

resting neurons while copper-rich compartments moved from their somatic cell bodies to 

peripheral processes, i.e. copper fluxes, upon depolarization and Cu-DAI can detect distributed 

copper-proteins in the neurons. (Figure 4.8) 

 In Figure 4.9, the number of stained neurons with Cu-DAI fluorescence puncta which were located 

at 1 cell body away from the center of neuron was counted and 2-fold increase was found in 

electrostimulated neurons than those in resting states, clearly displaying that Cu-DAI can visualize 

changes in copper location in neurons under resting state and after electrostimulation. To further 

identify proteins or organelles which are involved in copper movements throughout depolarization, 

we imaged depolarization in neuronal cultures expressing fluorescent proteins fused with different 

cellular proteins and labeled with Cu-DAI. Upon electrostimulation at 3000 AP at 20 Hz, we could 

clearly observe copper-rich compartments stained with Cu-DAI moved away from cell body to 

dendrites. Mitochondria and VAMP2 showed more punctate staining in the dendrites as compared 

to the control neurons, however, still their GFP fluorescence did not match with the stained Cu-

DAI signal. On the other hand, in case of ATP7a, its Venus fluorescence showed more puncta in 

dendrites of electrostimulated neurons, as compared to control resting neurons, and the staining 

pattern matches well with the red signal from Cu-DAI labeled proteins. Taken together, these 

experiments demonstrate the ability of Cu-DAI as probe for multichannel co-staining experiments 

and to help elucidate the identity of copper-rich compartments and organelles as well as their roles 

on neuronal activities.  

 

4.1.4. Conclusion 
 

   We have described the design, synthesis, and characterization of a new protein labeling reagent, 

Cu-DAI as a stable and selective probe toward copper over biologically relevant metal ions. 

Copper promoted protein labeling was evaluated on fluorescence imaging of HEK293T cells, 

showing fluorescent increase by Cu(gtsm) treatment and decrease by BCS. It could also detect 

endogenous copper accumulation caused by ATP7A mutation in MEF cells.  

Furthermore, we applied this copper protein labeling reagent in cultured hippocampal neurons and 

Cu-DAI readily stained proteins with punctate labeling in resting state. Through colocalization 

imaging with Cu-DAI and molecular markers for cellular organelles and protein, copper trafficking 

protein, ATP7A was found to be one of the predominantly labeled proteins by Cu-DAI, but not 

mitochondria and VAMP2. We triggered depolarization-induced copper movement from soma to 

dendrites by chemical and electrical depolarization, followed by staining with Cu-DAI. The 

reagent successfully labeled copper-rich compartments and revealed more diffused copper loci, 
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which spread from soma to peripheral processes of neurons, after electrostimulation. To identify 

proteins or organelles which are involved in copper movements during depolarization, constructs 

of fluorescence proteins fused with different cellular proteins were expressed in neurons, and 

changes in fluorescence pattern of these constructs throughout depolarization processes were 

investigated and compared to the fluorescence of Cu-DAI-labeled proteins by co-staining 

experiments. It was found that fluorescence from fluorescence proteins fused with ATP7A 

overlapped well with the staining by Cu-DAI but neither for fluorescence proteins fused with 

mitochondria or VAMP2. To conclude, we have established a new copper-rich protein labeling 

reagent with red emission which can show robust performance on imaging copper ion in live cells 

and neurons with high selectivity. We anticipate that Cu-DAI will prove to be a valuable tool in 

efforts to map protein involvement in cellular dynamics in a variety of systems. 
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Figures 

 
Scheme 4.1. Workflow of conditional labeling of Cu-DAI on cellular proteins with high local Cu 

levels 
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Scheme 4.2. Synthetic route of Cu-DAI 
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Figure 4.1. a) LC chromatograms of the reaction between 5 μM Cu-DAI and 2 equivalent of Cu+ 

in 2 mM GSH in PBS. b) MS of the peak with retention time at 8.0 min, confirming the presence 

of the probe. c) MS of the peak with retention time 7.4 min, confirming formation of product from 

the probe , Cu+ and methyl ester serine. d) Metal selectivity test with biologically relevant  metals 

including 2 mM for Na+, K+, Mg2+, Ca2+, and 10 μM for other metals such as Fe2+, Co2+, Ni2+, 

Cu2+, and Zn2+. 5 molar equivalent of methyl ester serine was incubated with 5 μM Cu-DAI for 15 

min, followed by further incubation with the metal ions for 15 min and recorded the LC 

chromatograms of the solution mixture. e) LC chromatograms of 5 uM Cu-DAI (red), 5 uM Cu-

DAI incubated with 10 uM Cu+ (pink), and 5 uM Cu-DAI incubated with different amino acids 

(25 uM) for 30 min, followed by further incubation with 10 uM Cu+ for 30 min. 
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Figure 4.2. a) Dot blot of HEK 293T cell lysate (1 mg/mL measured by BCA assay) incubated 

with 50 μM Cu-DAI and 2 mM Na+, K+, Mg2+, Ca2+ and 50 μM Mn2+, Fe2+, Fe3+, Co2+, vitamin B, 

Ni2+, Cu+, Cu2+, Cu2+ with pre-incubation with 5 molar equivalent of BCS, Zn2+. In case of Cu+ 

and Fe2+, protein pellets were brought inside glovebox, and metal stock solution were prepared 

and added to the pellets with Cu-DAI-Dc for 1 hr incubation inside the glovebox. b) Integrated 

fluorescent intensity of each dot blot showing Cu-DAI showed strongest fluorescence in the 

presence of Cu2+.  
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Figure 4.3. a) LC chromatograms of the reaction between 5 μM Cu-DAI and 2 equivalent of Cu+ 

in 2 mM GSH in PBS. b) Normalized intensity of the peak of parent ion over time upto 120 min. 

  

a) 

b) 
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Figure 4.4. a) Competitive binding of copper ion between Cu-DAI-Dc and CSR1, a reported 

fluorescent copper probe (CSR1)58. Increasing concentration of Cu-DAI-Dc resulted in a 

significant decrease in fluorescence of CSR1, suggesting displacement of bound copper ion from 

CSR1 and hence strong binding affinity on copper ion by Cu-DAI-Dc. 
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Figure 4.5. a) Confocal fluorescence microscopic images of HEK 293T cells treated with 1 μM 

Cu-DAI, Cu(gtsm), and BCS. The cells were incubated with 2 μM Cu(gtsm) for 2 hrs or 200 μM 

BCS in DMEM/10% FBS medium overnight and washed with DMEM/10% FBS and PBS, 

followed by incubation with 1 μM Cu-DAI in DPBS solution and then imaged after 15 min. b) 

The chemical structures of Cu(gtsm) and BCS. c) Normalized cellular fluorescence intensities of 

the HEK 293T cells as determined by ImageJ, showing 2-fold turn on and fluorescent turn off in 

presence of BCS. Error bars denote standard derivation (SD; n = 3).  

  

c) 

a) b) 
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Figure 4.6. . a) Confocal fluorescence microscopic images of MEF ATP7a WT or KO cells treated 

with 1 μM Cu-DAI, Cu(gtsm), and BCS. The cells were incubated with 2 μM Cu(gtsm) for 30 

min,  4 μM Cu(gtsm) for 30 min,  1 μM Cu(gtsm) for 60 min or 200 μM BCS in DMEM/10% FBS 

for overnight and washed with DMEM/10% FBS and PBS, followed by incubation with 1 μM Cu-

DAI in DPBS and then imaged after 15 min. b) Fluorescence intensities of the MEF cells as 

determined by ImageJ. Error bars denote standard derivation (SD; n = 3). 

  

a) b) 
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Figure 4.7. Primary hippocampal neurons transfected with (a) mitochondria-GFP, (b) VMAP-

GFP (c) ATP7a-Venus and co-incubated with 1 μM Cu-DAI. The green channel shows 

fluorescence from GFP or Venus and the red channel shows fluorescence from Cu-DAI. 
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Figure 4.8. a) Illustration of neurons showing copper flux in primary hippocampal neurons from 

soma to dendrities upon by KCl (2 mM), Glu/Gly (50 μM/ 5 μM), and electrostimulation. b) 

Primary hippocampal neurons in resting state or after stimulation by KCl, Glu/Gly or electrical 

pulses were stained by 1 μM Cu-DAI in HBSS for 15 min and then imaged by confocal 

microscopy, showing significant changes in distribution of copper-rich compartments 

  

c) 

b) 

a) 

b) 
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Figure 4.9. Primary hippocampal neuron images in resting state and depolarized state upon 

electrostimulation. Percentage of the number of neurons showing at least one body away from 

soma to dendrite away increases as double after depolarization.  
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Figure 4.10. Electrostimulation triggered depolarization of primary hippocampal neurons 

transfected with (a) mitochondria-GFP, (b) VMAP-GFP (c) ATP7a-Venus and co-incubated with 

1 μM Cu-DAI. The neurons images were observed by confocal microscopy. The green channel 

shows fluorescence from GFP or Venus and the red channel shows fluorescence from Cu-DAI. 
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5.1.1 Introduction 

 

Sodium is the most abundant metal ion in the human body and is involved in many 

physiological and pathological processes. Sodium concentration is regulated by various 

exchangers and transporters to maintain intracellular Na+ concentrations in the 50 mM range while 

extracellular sodium is typically in the 100 mM range and higher.1,2 This Na+ gradient across the 

cell membrane is a major source of energy for most transport systems.3–5  

Additionally, abnormal levels of Na+ in tissues and misregulation of Na+ influx may be 

critical indicators for pathological human states such as neurodegeneration and heart disease. Thus, 

detecting fluctuations in sodium ion concentrations would be highly useful.6–9 For example, 

inhibitors of oxidative phosphorylation or of the Na+/ K+ pump can lead to aberrant neurotoxic  

effects of the endogenous neurotransmitters NMDA or glutamate. Reduced ATP levels depolarize 

cell membranes and permit intracellular accumulation of sodium.10 The ability to trace sodium 

influxes in cells, along with an understanding of the corresponding metabolism, can help us to 

better understand human disease. 

To understand the role of sodium, various methods have been utilized; for example, flame 

photometry, 22Na tracer experiments and electron microprobe analysis. However, these destructive 

techniques only measure total Na+ concentration but not labile Na+ as well as causing the loss of 

spatial information of Na+.11 Additionally, nuclear magnetic resonance of 23Na can detect the Na+ 

in non-destructive way but requires a large quantity of tissues and expensive instrumentation. 

Lastly, Na-sensitive microelectrodes can also be used but are limited to relatively large cells.12 

One of the most promising ways to detect the Na+ is the use of fluorescent sensors. These 

chemical probes have manyadvantages, such as high signal to noise ratio, detection limits in the 

millimolar range, spatial and temporal resolution and real time detection of sodium ions. Several 

fluorescent sodium sensors have been reported, including commercially available probes such as 

SBFI and Sodium Green.13 These probes display ratiometric signal and have high turn-on in the 

presence of sodium ions, respectively. However, both dyes are too bulky to load into live cells as 

the cellular environment induces their aggregation within the cell. Other related sensors still 

require further optimization, since their Kd values are not appropriate for applications in biological 

systems and some have low selectivity over K+ ions, which limits their usage. 13 

Therefore, the principles that should be considered in designing improved fluorescent 

sodium sensors are 1) fluorophores with excitation in the visible range, 2) reasonable Kd values for 

intracellular sodium as 2~30 mM, 3) high selectivity over K+ ion, 4) solubility, and 5) permeability 

and trappability in live cells.  
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5.1.2. Experiment 

5.1.2.1. Materials and physical methods.  

All reactions utilizing air- or moisture-sensitive reagents were performed in flame-dried 

glassware under a dry N2 atmosphere. All other reagents were purchased from Aldrich, Oakwood, 

AK Scientific, or Fisher Scientific and used as received without further purification. Silica gel P60 

(SiliCycle) and Brockmann basic aluminum oxide (Sigma-Aldrich) were used for column 

chromatography. 3,6-bis((tert-butyldimethylsilyl)oxy)-9H-xanthen-9-one (compound 18) were 

prepared as reported previously.14 1H and 13C NMR spectra of new compounds were collected in 

either CDCl3 or CD3OD (Cambridge Isotope Laboratories) at 25 °C at the reported frequency at 

the College of Chemistry NMR Facility at the University of California, Berkeley unless otherwise 

specified. All chemical shifts were referenced to the residual solvent peak from chloroform at 7.26 

ppm. Fluorometry measurements were performed on a Quanta Master 4 L-format scanning 

spectrofluorometer equipped with an LPS-220B 75 W xenon lamp and power supply, A-1010B 

lamp housing with an integrated igniter, switchable 814 photon-counting/analog photomultiplier 

detection unit, and MD5020 motor driver (Photon Technology International). Preparatory HPLC 

purification was performed on an Agilent 1260 Infinity HPLC with an Agilent Zorbax-Extend C18 

column (particle size 5 m, 5 mm  250 mm) and a flow rate of 10 mL/min. UV spectra were 

acquired using a Cary Bio50 spectrophotometer (Varian). Samples for both fluorometry and UV-

visible spectroscopy were prepared in a 1 cm  0.1 cm quartz cuvette (Starna).    

 

5.1.2.2. Synthesis 

3-methoxy-4-nitrobenzaldehyde (1) : 3-hydroxy-4-nitrobenzaldehyde (18 g, 106 mmol, 1 equiv.) 

and methyl iodide (20 mL, 3 equiv.) were dissolved in 200 mL CH3CN. The reaction was stirred 

for 4 hours at room temperature and extracted with brine and dichloromethane. The solvent was 

removed by rotary evaporation to give the 1 (18 g, 95%) 1H NMR (400 MHz, CDCl3) δ 9.69 (s, 

1H), 7.57 (d, J = 8.0 Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 6.89 (s, 1H), 3.68 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 190.21, 152.99, 139.63, 125.91, 122.59, 112.49, 56.78.  

 

2-(3-methoxy-4-nitrophenyl)-5,5-dimethyl-1,3-dioxane (2) : Compound 1 (20 g, 110 mmol, 1 

equiv.), 2,2-dimthylpropane-1,3-diol (34 g, 330 mmol, 3 equiv.) and 2 mL H2SO4 were dissolved 

in 200 mL anhydrous benzene. The reaction was stirred for overnight at 120 ℃ and cooled to room 

temperature. The mixture was extracted with brine and dichloromethane and dried over Na2SO4. 

The combined organic layer was condensed to give the 2 (32 g, 100%) 1H NMR (400 MHz, CDCl3) 

δ 7.83 (d, J = 8.4 Hz, 1H), 7.24 (s, 1H), 7.13 (d, J = 8.4 Hz, 1H), 5.38 (s, 1H), 3.96 (s, 3H), 3.77 (d, 

J = 11.2 Hz, 2H), 3.64 (d, J = 11.2 Hz, 2H), 1.24 (s, 3H) 0.80 (s, 3H). 13C NMR (100 MHz, CDCl3) 

δ 144.75, 128.92, 125.67, 118.09, 111.27, 99.92, 56.50, 30.26, 22.98, 21.78.  

 

4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-methyoxyaniline (3) : Compound 2 (25 g, 112 mmol, 1 

equiv.) and raney nickle (catalytic amount, about 3 mL) were added into methanol in the water 

bath (30- 40 ℃). sodium borohydride (10 g, 280 mmol, 2.5 equiv.) were slowly added into the 

solution. The reaction stirred for 20 minutes and celite filtration removed the raney nikel and 

filtrate was concentrated to yield the 3 (19 g, 85%) 1H NMR (400 MHz, CDCl3) δ 6.95 (s, 1H), 6.89 

(d, J = 8.0 Hz, 1H), 6.66 (d, J = 8.0 Hz, 1H), 5.28 (s, 1H), 3.86 (s, 3H), 3.73 (d, J = 11.2 Hz, 2H), 
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3.61 (d, J = 11.2 Hz, 2H), 1.28 (s, 3H), 0.77 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 136.77, 

129.02, 119.13, 114.37, 108.06, 102.19, 55.47, 30.21, 23.15, 21.94 

 

N-(4-(5,5-dimethyl-1.3-dioxan-2-yl)-2-methoxyphenyl)-4-nitrobenzenesulfonamide (4 ) 

N-(2-methoxyphenyl)-4-nitrobenzenesulfonamide (6 a), N-(4-bromo-2-methoxyphenyl)-4-

nitrobenzenesulfonamide (6 b). : Compound 4 a (19 g, 80 mmol, 1.0 equv.) and pyridine (50 

mL) were dissolved in 100 mL dichloromethane.  Nosyl  chloride  (26.6 g,  120  mmol,  1.5  

equiv.)  dissolved  in  100  mL dichloromethane was then added into the reaction mixture 

dropwise over 30 minutes at room temperature. The reaction mixture was stirred for 3 hours at 

room temperature and washed with brine and dried over Na2SO4. The solvent was removed by 

rotary evaporation and purified by flash column chromatography (silica gel, 75% 

dichloromethane/hexanes) gave 4 as a yellow solid (20.1 g, 65% yield). 1H NMR (300 MHz, 

CDCl3) δ 8.21 (d, J = 8.8 Hz, 2H), 7.90 (d, J = 8.8 Hz, 2H), 7.55 (d, J = 8.0 Hz, 1H), 7.04 (s, 2H), 

6.92 (s, 1H), 5.28 (s, 1H), 3.72 (d, J = 11.2 Hz, 2H), 3.67 (s, 3H), 3.60 (d, J = 11.2 Hz, 2H), 1.24 

(s, 3H), 0.77 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 149.50, 136.84, 128.46, 124.99, 123.99, 

123.90, 121.29, 119.22, 108.42, 100.92, 55.67, 30.19, 23.03, 21.79 

6 a 1H NMR (300 MHz, CDCl3) δ 8.24 (d, J = 9.0, 2H), 7.91 (d, J = 9.0, 2H), 7.56 (dd, 

J = 7.9, 1.6 Hz, 1H), 7.11 (td, J = 7.9, 1.7 Hz, 1H), 7.03 (s, 1H), 6.94 (td, J = 7.8, 1.3 Hz, 1H), 

6.74 (dd, J = 8.2, 1.3 Hz, 1H), 3.62 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 150.26, 150.08, 

145.00, 128.69, 126.78, 124.79, 124.07, 122.42, 121.45, 110.93, 55.76.  

6 b1H NMR (300 MHz, CDCl3) δ 8.32 – 8.21 (m, 2H), 7.99 – 7.86 (m, 2H), 7.44 (d, J = 

8.5 Hz, 1H), 7.08 (dd, J = 8.6, 2.1 Hz, 1H), 6.96 (br s, 1H), 6.88 (d, J = 2.1 Hz, 1H), 3.64 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 150.56, 150.42, 144.81, 128.68, 124.53, 124.27, 124.08, 

123.37, 119.49, 114.66, 56.19. 13C NMR (101 MHz, CDCl3) δ 155.93, 149.89, 146.24, 133.70, 

130.65, 128.92, 125.77, 123.70, 121.11, 111.82, 72.63, 70.51, 69.21, 61.92, 54.94, 49.58.  

 

N-(2-(2-(2-hydroxyethoxy)ethoxy)ethyl)-N-(2-methoxyphenyl)-4-nitrozenesulfonamide (7a), 

N-(4-bromo-2-methoxyphenyl-N-(2-(2-(2-hydroxyethyoxy)ethoxy)ethyl)4-

nitrozenesulfonamide (7 b) : Compound 6 a (20.0 g, 65 mmol), 2-(2-(2-

chloroethoxy)ethoxy)ethan-1-ol (9.4 mL, 65 mmol), potassium carbonate (8.9 g, 65 mmol), and 

potassium iodide (43 g, 259 mmol) were suspended in dry DMF (80 mL) and heated to 70 °C 

while stirring under nitrogen. After 24 h, the reaction was poured into brine (700 mL), and the 

mixture was extracted with ethyl acetate (3  200 mL). The combined organic layers were dried 

over sodium sulfate, filtered, and concentrated via rotary evaporation. The crude residue was 

purified by column chromatography (silica gel, 30-100% EtOAc in hexanes) to afford 7 a as a 

transparent, yellow oil (26.0 g, 50.0 mmol, 97%). gave 2 as a light brown oil (37 g, 0.84 mmol, 

quantitative yield). 1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 8.8, 2H), 7.85 (d, J = 8.8, 2H), 7.40 

– 7.28 (m, 2H), 6.97 (td, J = 7.6, 1.3 Hz, 1H), 6.77 (dd, J = 8.3, 1.3 Hz, 1H), 3.71 (dq, J = 4.9, 

1.6 Hz, 2H), 3.57 (ddd, J = 8.6, 4.9, 2.8 Hz, 10H), 3.34 (s, 3H). 13C NMR (100 MHz, CDCl3):  

162.54, 156.13, 147.81, 134.03, 133.09, 132.92, 131.26, 130.56, 130.44, 125.12, 123.36, 120.78, 

111.47, 72.45, 70.29,70.08, 68.79, 61.72, 54.72, 53.43, 49.51, 36.49, 31.41.  

7 b 1H NMR (400 MHz, CDCl3):  8.28 (d, 2H, J = 8.8 Hz), 7.84 (d, 2H, J = 9.2 Hz), 7.21 

(d, 1H, J = 8.4 Hz), 7.09 (dd, 1H, J = 8.4, 2.0 Hz), 6.91 (d, 1H, J = 2.0 Hz), 3.71-3.66 (m, 3H), 

3.56-3.51 (m, 8H), 3.35 (s, 3H). 13C NMR (101 MHz, CDCl3):  156.46, 149.93, 145.99, 134.71, 

128.82, 125.07, 124.30, 123.97, 123.76, 115.57, 72.54, 70.42, 69.08, 61.84, 55.35, 49.43.  
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2-(2-(2-(N-(2-methoxyphenyl)-4-nitrophenyl)sulfonamido)ethoxy)ethoxy)ethyl 4-

methylbenzenesulfonate (8 a), 2-(2-(2-(N-(4-boromo-2-methoxyphenyl)-4-

nitrophenyl)sulfonamido)ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (8 b) : Compound 

7 (30 g, 68 mmol) and triethylamine (19 mL, 136 mmol) were dissolved in methylene chloride 

(200 mL) and cooled to 0 °C while stirring. Tosyl chloride (26 g, 136 mmol) was added, and the 

reaction was allowed to warm to ambient temperature while stirring. After 6 h, the reaction was 

concentrated via rotary evaporation, and the resulting residue was purified by column 

chromatography (silica gel, 25% EtOAc in hexanes to 10% MeOH in EtOAc) to afford 8 a as a 

white solid (31 g, 75%). 1H NMR (300 MHz, CDCl3) δ 8.26 (d, J = 8.8 Hz, 2H), 7.84 (d, J = 8.8 

Hz, 2H), 7.78 (d, J = 8.3 Hz, 2H), 7.37 – 7.24 (m, 4H), 6.95 (td, J = 7.6, 1.3 Hz, 1H), 6.77 (dd, 

J = 8.8, 1.3 Hz, 1H), 4.17 – 4.08 (m, 2H), 3.67 – 3.59 (m, 2H), 3.55 – 3.41 (m, 8H), 3.34 (s, 3H), 

2.43 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 155.97, 149.86, 146.31, 145.01, 133.63, 133.10, 

130.62, 130.02, 128.92, 128.14, 125.82, 123.70, 121.10, 111.82, 70.83, 70.43, 69.41, 69.25, 68.91,  

54.96, 49.61, 21.83. 

8 b 1H NMR (400 MHz, CDCl3):  8.35 (d, 2H, J = 8.2 Hz), 7.91 (d, 2H, J = 6.8 Hz), 7.83 

(d, 2H, J = 8.4 Hz), 7.46 (d, 2H, J = 8.0 Hz), 7.24 (d, 1H, J = 8.0 Hz), 7.17-7.13 (m, 2H), 4.15 

4.17-4.14 (m, 2H), 3.62 (t, 2H, J = 4.4 Hz), 3.43-3.40 (m, 8H), 3.41 (s, 3H), 2.47 (s, 3H). 13C NMR 

(101 MHz, CDCl3):  164.25, 157.24, 152.89, 152.51, 141.87, 139.99, 137.24, 135.91, 134.98, 

132,44, 131.21, 130.74, 130.39, 124.57, 122.88, 67.21, 62.46, 56.49, 28.01, 20.85.  

 

N-(4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-methoxyphenyl)-N-(2-(2-(2-((N-(2-methoxyphenyl)-4-

nitrophenyl)sulfonamido)ethoxy)ethoxy)ethyl)-4-nitrobenzenesulfonamide (9 a), N-(4-bromo-2-

methoxyphenyl)-N-(2-(2-(2-((N-(2-methoxyphenyl)-4-

nitrophenyl)sulfonamido)ethoxy)ethoxy)ethyl)-4-nitrobenzenesulfonamide (9 b). : Compound 8 

a (13 g, 21 mmol), Compound 4 (8.2 g, 19 mmol), potassium carbonate (10.7 g, 74 mmol), and 

potassium iodide (3.2 g, 19 mmol) were suspended in dry DMF (100 mL) and heated to 70 °C 

while stirring under nitrogen. After 24 h, the reaction was poured into brine (600 mL), and the 

mixture was extracted with ethyl acetate (3  100 mL). The combined organic layers were dried 

over sodium sulfate, filtered, and concentrated via rotary evaporation. The crude residue was 

passed through a silica plug (100 g, 10% MeOH in EtOAc), filtered, and concentrated to afford 9 

a as a foamy yellow solid (9.0 g, 98%). 1H NMR (400 MHz, CDCl3):  8.26-8.19 (m, 5H), 7.91-

7.81 (m, 5H), 7.31 (m, 2H), 6.90 -6.74 (m, 3H), 5.43 (s, 1H), 3.77-3.35 (m, 22H), 1.25-1.21 (m, 

3H), 0.77 (s, 3H). 13C NMR (100 MHz, CDCl3):  128.46, 124.36, 124.01, 121.23, 119.62, 108.06, 

103.01, 69.03, 65.28, 60.38, 55.71, 21.03, 14.17 

9 b 1H NMR (400 MHz, CDCl3) δ 8.34 – 8.21 (m, 4H), 7.91 – 7.79 (m, 4H), 7.36 – 7.28 (m, 

2H), 7.17 (d, J = 8.3 Hz, 1H), 7.07 (dd, J = 8.3, 2.1 Hz, 1H), 7.00 – 6.88 (m, 2H), 6.78 (d, 1H), 

4.13 – 3.46 (m, 8H), 3.44 (s, 4H), 3.36 (s, 3H), 3.33 (s, 3H). 1 3C NMR (101 MHz, CDCl3) 

δ 156.62, 155.98, 149.99, 149.89, 146.31, 146.14, 134.75, 133.70, 130.67, 128.94, 128.92, 

125.81, 125.23, 124.35, 124.02, 123.84, 123.72, 121.13, 115.66, 111.85, 70.39, 70.36, 69.17, 

55.46, 54.98, 49.60, 49.56.  

 

4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-methoxy-N-(2-(2-(2-((2 

methoxyphenyl)amino)ethoxy)ethoxy)ethyl)aniline (10 a) 4-bromo-2-methoxy-N-(2-(2-(2-

((2-methoxyphenyl)amino)ethoxy)ethoxy)ethyl)aniline (10 b). : Compound 8 a (10 g, 12 

mmol), thiophenol (8.5 mL, 83 mmol, 7 equiv.), and potassium carbonate (16 g, 118 mmol) were 

suspended in DMF (100 mL) and stirred at room temperature. After 2 h, the reaction was poured 
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into brine (700 mL), and the mixture was extracted with ethyl acetate (3  100 mL). The combined 

organic layers were dried over sodium sulfate, filtered, and concentrated via rotary evaporation. 

The crude residue was purified by column chromatography (silica gel, 20-40% EtOAc in hexanes) 

to afford 10 a as a transparent, amber oil (2.1 g, 3.8 mmol, 78%).  1H NMR (400 MHz, CDCl3) δ 

6.95-6.91 (m, 3H), 6.84 (t, J = 7.6 Hz, 1H), 6.74 (d, J = 7.2 Hz, 1H), 6.68-6.55 (m, 3H), 5.29 (s, 

1H), 3.85-3.60 (m, 20H), 1.28 (s, 3H), 0.77 (s, 3H).
13C NMR (100 MHz, CDCl3) δ 147.70, 147.12, 

147.17, 142.37, 140.23, 139.90, 139.30, 126.73, 124.24, 115.78, 114.99, 114.78, 110.063, 103.49, 

100.97, 73.39, 65.60, 54.86, 52.41, 30.12 

10 b 1H NMR (400 MHz, CDCl3) δ 6.95 (dd, J = 8.4, 2.1 Hz, 1H), 6.87 (td, J = 7.5, 1.6 

Hz, 1H), 6.83 (d, J = 2.1 Hz, 1H), 6.76 (dd, J = 7.9, 1.5 Hz, 1H), 6.70 (dd, J = 7.4, 1.6 Hz, 1H), 

6.67 – 6.59 (m, 1H), 6.45 (d, J = 8.4 Hz, 1H), 4.58 (s, 2H), 3.81 (s, 3H), 3.79 (s, 3H), 3.74 (q, 

J = 5.2 Hz, 4H), 3.67 (s, 4H), 3.33 (t, J = 5.4 Hz, 2H), 3.28 (t, J = 5.4 Hz, 2H).
13C NMR (100 

MHz, CDCl3) δ 147.70, 147.12, 138.10, 137.37, 123.73, 121.24, 116.78, 112.79, 110.78, 110.03, 

109.49, 107.97, 70.39, 70.35, 69.83, 69.60, 55.66, 55.41, 43.32. 

 

7-(4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-methoxyphenyl)-13-(2-methoxyphenyl)-1,4,10-trioxa-

7,13-diazacyclopentadecane-8,12-dione (11 a), 7-(4-bromo-2-methoxyphenyl)-13-(2-

methoxyphenyl)-1,4,10-trioxa-7,13-diazacyclopentadecane-8,12-dione (11 b) : Compound 10 

a (3.00 g, 6.32 mmol) and glycoyl chloride (0.83 mL, 6.76 mmol) were separately dissolved in 

anhydrous benzene (50 mL) under nitrogen. Using two syringe pumps (KDS-100, KD Scientific), 

the two solutions were added dropwise over 24 h (rate 2.0 mmL/h) to a stirring solution of 

anhydrous pyridine (5.15 mL, 63.2 mmol) and anhydrous benzene (2.0 L) in a flame-dried, three-

neck round bottom flask under nitrogen. After completion of addition, the reaction was heated to 

reflux while stirring under nitrogen. After 12 h, the solvent was removed via rotary evaporation, 

and the crude residue was purified by column chromatography (basic alumina, 0-10% MeOH in 

CH2Cl2) to afford 11 a as a foamy white solid (3.2 g, 53%). 1H NMR (400 MHz, CDCl3) δ 7.67–

6.62 (m, 7H), 5.06–2.65 (m, 22H). 13C NMR (100 MHz, CDCl3):  169.59, 155.55, 130.16, 128.32, 

118.10, 118.98, 108.45, 104.52, 71.20, 55.76, 55.49, 30.24, 29.93, 23.08, 21.84. HRMS-ESI 

calculated for C30H40N2O9 [M + Na+]: 595.2632; found: 595.2622. 

11 b 1H NMR (400 MHz, CDCl3) δ 7.67 – 6.62  (m, 7H), 5.06 – 2.65 (m, 22H). HRMS‐

ESI  calculated for C24H30O7N2Br (M+H+), 537.1231; found, 537.1231. 

 

7-(4-(5,5-dimethyl-1,3-dioxan-2-yl)-2-methoxyphenyl)-13-(2-methoxyphenyl)-1,4,10-trioxa-

7,13-diazacyclopentadecanert-butyl-4-(13-(4-bromo-2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecan-7-yl)-3-methoxybenzoate (12 a), 7-(4-bromo-2-methoxyphenyl)-13-(2-

methoxyphenyl)-1,4,10-trioxa-7,13-diazacyclopentadecane (12 b) : Compound 11 a (10 g, 

22.7 mmol) was dissolved in anhydrous tetrahydrofuran (20 mL) in a flamed-dried, round bottom 

flask equipped with a reflux condenser. The resulting solution was cooled to 0 °C, and diborane 

(50 mL, 1.0 M in anhydrous tetrahydrofuran, 2.2 equiv.) was added dropwise. The reaction was 

heated to reflux under nitrogen for 2 h. The reaction was pourted into water (20 mL) the solvent 

was removed via rotary evaporation. The crude residue was purified by column chromatography 

(basic alumina, 50% EtOAc in hexanes) to afford 12 a as a transparent, pale yellow oil (6 g, 63%). 
1H NMR (400 MHz, MeOD):  8.13 (d, 2H, J = 7.6 Hz, 2H), 7.47 (d, 2H, J = 7.68 Hz, 2H), 6.92 

(m, 3H), 4.87 (s, 1H), 3.81-3.29 (m, 24H), 2.81 (m, 3H), 0.84 (s, 3H) . 13C NMR (100 MHz, 

MeOD):  48.47, 126.18, 123.48, 72.24, 69.98, 68.17, 60.87, 59.81, 54.52, 45.06, 40.72, 36.67, 

33.76, 20.20. 



122 

 

12 b 1H NMR (500 MHz, CDCl3) δ 7.03 (d, J = 7.8 Hz, 1H), 7.00 – 6.81 (m, 5H), 3.82 (s, 

3H), 3.81 (s, 3H), 3.72 – 3.59 (m, 10H), 3.50 – 3.37 (m, 10H). 13C NMR (100 MHz, CDCl3) δ 

153.68, 153.12, 140.61, 139.80, 123.71, 122.49, 122.21, 121.18, 120.92, 115.28, 114.36, 111.98, 

71.41, 71.18, 70.98, 70.81, 69.97, 69.80, 55.86, 55.58, 53.38, 53.26, 52.61. HRMS‐ESI calculated 

for C24H33O5N2BrNa (M+Na+), 531.1465; found, 531.1469. 

  

3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-diazacyclopentadecan-7-

yl)benzaldehyde (13) : Compound 12 a was added to TFA:CH2Cl2 (1:1 v/v) mixture solution 

and heat up to 70 ℃ for overnight. Then sat. KHCO3 solution and KOH pallet were used to adjust 

pH to 7 and extract with EtOAc and water to collect the organic layer. The combined layer was 

dried over MgSO4 and purified by prep TLC (CH2Cl2 : MeOH = 9:1) to give the 13 as brown oil. 
1H NMR (400 MHz, CDCl3) δ 9.77 (s, 1H), 7.33 (s, 2H), 6.94 (m, 4H), 6.84 (m, 3H), 3.85 – 3.81 

(m, 12H), 3.63 – 3.41 (m, 12H). 13C NMR (100 MHz, MeOD) δ 166.31, 150.12, 147.78, 135.36, 

130.59, 129.41, 127.17, 126.87, 125.49, 125.36, 124.52, 124.05, 123.14, 123.06, 122.44, 121.90, 

120.33, 119.33, 119.03, 118.58, 110.47, 109.36, 109.16, 74.75, 70.80, 68.38, 67.70, 66.58, 66.43, 

66.90, 65.19, 53.99, 53.54, 53.13, 52.97, 51.98.  

 

< BODIPY based fluorescent sodium sensor 15 a, b> 

7-(4-(2,8-diethyl-5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-10-yl)-2-methoxyphenyl)-13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecane (15) : Compound 13 (0.045 g, 0.098 mmol) was suspended in CH2Cl2 

and 2,4-dimethyl-1H-pyrrole (0.02 mL, 2.2 equiv.) were added dropwise into the solution. The 

reaction mixture stirred for 1 hour under an argon atmosphere and condensed under reduced 

pressure. (14 a and b) The crude products were used for the next step without further purification 

and poured into toluene (20 mL) and N,N-Diisopropylethylamine (0.06 mL, 4.5 equiv.) was added 

for 10 minutes and followed by adding Boron trifluoride diethyl etherate (0.14 mL, 10 equiv.) 

dropwise and heated up the reaction up to 90 ℃. Water and CH2Cl2 were added and the organic 

layer was separated and was dried over MgSO4 to obtain Compound 15 1H NMR (400 MHz, 

CDCl3) δ 7.62 (d, J = 10.2 Hz, 2H), 7.54 (m, 2H), 7.18 (d, J = 10.2 Hz, 2H), 7.02-6,71 (m, 4H), 3.62 

(s, 3), 2.33 (s, 3H), 1.62 (m, 18H), 1.23 (m, 17H), 0.84 (m, 10H).  

 

7-(4-(5-fluoro-5-methoxy-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-

f][1,3,2]diazaborinin-10-yl)-2-methoxyphenyl)-13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecane : followed the reported procedure.15–17 Compound 15 (0.045 g, 0.098 

mmol) was treated with TMSOTf (2 equivalent) in CH2Cl2 at 0 oC. Subsequently, MeOH and Et3N 

(2 equivalent each) were added dropwise into the solution at 0 oC. The reaction mixture stirred for 

1 hour under an argon atmosphere and the solvent was then removed in vacuo and the residue 

dissolved in CH2Cl2 and washed with distilled water. After drying over MgSO4, reduction of the 

volume followed in vacuo and the crude products were purified by silica gel column using CH2Cl2 

and MeOH gradation from 0 to 15% of MeOH. 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 10.2 Hz, 

2H), 7.54 (m, 2H), 7.18 (d, J = 10.2 Hz, 2H), 7.02-6,71 (m, 4H), 3.62 (s, 3), 2.33 (s, 3H), 1.62 (m, 

18H), 1.23 (m, 17H), 0.84 (m, 10H).  

 

N-(6-(dimethylamino)-9-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecan-7-yl)phenyl)-3H-xanthen-3-ylidene)-N-methylmethanaminium (19 a), 

3-(acetoxymethoxy)-N-(3-(acetoxymethoxy)-3-oxopropyl)-N-(6-(bis(3-(acetoxymethoxy)-3-
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oxopropyl)amino)-9-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecan-7-yl)phenyl)-3H-xanthen-3-ylidene)-3-oxopropan-1-aminium (19 b) : 

Compound 13 (0.1 g, 0.219 mmol), 3-dimethylaminophenol (130 mg, 2 equiv.), and p-

TsOH•H2O (10 mg, 0.05 mmol) in propionic acid (10 mL) was stirred at 65 °C overnight. After 

cooling to room temperature, the mixture was poured into 3 M NaOAc (70 mL). The resulting 

suspension was extracted with CHCl3 (70 mL × 3). The combined organic extracts were dried over 

MgSO4 and evaporated. The residue was then dissolved in a mixture of MeOH (10 mL) and CHCl3 

(10 mL), followed by the addition of chloranil (35 mg, 0.5 equiv.). The mixture was vigorously 

stirred for 2 h and concentrated in vacuo. The resulting solid was purified by flash chromatography 

(CHCl3:MeOH, 9:1) three times to give a dark purple solid. This compound was then dissolved in 

water (50 mL) and KPF6 (520 mg, 10 equiv.) was added to the solution. Precipitation thus formed 

was collected by filtration, rinsed with cold water, and dried in vacuo to give 19 a (70 mg, 19 %) 

as a dark purple powder. 1H NMR (400 MHz, CDCl3) δ 7.54 -6.27 (m, 6H), 3.77-2.83 (m, 20H), 

1.26-0.88 (m, 12H). 13C NMR (100 MHz, MeOD) δ 132.26, 113.15, 95.69, 69.10, 55.18, 39.93, 

39.33, 38.94, 29.92 

19 b 1H NMR (400 MHz, CDCl3) δ 7.27-6.84 (m, 7H), 3.87 (m, 3H), 3.72 (m, 4H), 3.50 (m, 

10H), 3.18 (m, 3H), 1.67 (m, 12H). 13C NMR (100 MHz, MeOD) δ 166.31, 150.12, 147.78, 

135.36, 130.59, 129.41, 127.17, 126.87, 125.49, 125.36, 124.52, 124.05, 123.14, 123.06, 122.44, 

121.90, 120.33, 119.33, 119.03, 118.58, 110.47, 109.36, 109.16, 74.75, 70.80, 68.38, 67.70, 66.58, 

66.43, 66.90, 65.19, 53.99, 53.54, 53.13, 52.97, 51.98.  

 

<Xanthene based fluorescent sodium sensor> 

6hydroxy-9(3-methoxy4(13(2-methoxyphenyl)-1,4,10-trioxa7,13-

diazacyclopentadecan-7-yl)phenyl)-3H-xanthen3one (TGSodium).  

In the glovebox, 8 (0.102 g, 0.20 mmol, 3.0 equiv.) was dissolved in 1 mL THF and 

xanthone 9 (30 mg, 0.066 mmol,  1.0  equiv.)  was  dissolved  in  5  mL  THF.  Both  dissolved  

compounds  were  then brought out of the glove box. 8 in THF was cooled to ‐78 °C and 1.7M 

tert-‐butyllithium in pentane (129 µL, 0.22  mmol,  3.3 equiv.) was then added  to  the  cooled  

solution  dropwise. The resulting mixture was stirred for 8 minutes at ‐78 °C.   Xanthone 9 

dissolved THF was then added to the reaction mixture dropwise at ‐78 °C. After addition has 

completed, the reaction mixture was warmed to room temperature and stirred for 30 minutes. 2M 

HCl (2 mL) was then added to the reaction mixture, which was allowed to stir for 1 hour at room 

temperature.  The  mixture  was  poured  into  a  saturated  solution  of  NaHCO3   and  extracted 

with ethyl acetate (2×). The combined organic layer was then washed with water (2×) and dried  

over  Na2SO4. The  solvent  was  removed  by  rotary  evaporation  to  give  a  red  film. Purification  

by  column  chromatography  (basic  alumina,  10-30%  methanol  in  DCM)  gave TG-Sodium as 

a red film (13 mg, 0.020 mmol, 31%). 1H NMR (500 MHz, Acetonitrile-‐d3 and 2 drops of 

Methanol-d4, 75°C) δ 7.47 (d, J = 8.1 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.20 (t, J = 8.0 Hz, 1H), 

7.14 – 6.96 (m, 6H), 6.45 (dd, J = 9.7, 2.1 Hz, 2H), 6.37 (d, J = 2.2 Hz, 2H), 3.83 (s, 3H), 3.81 (s, 

3H), 3.72 (q, J = 5.9 Hz, 4H), 3.63 (t, J = 5.0 Hz, 2H), 3.57 (t, J = 5.2 Hz, 2H), 3.52 q, J = 6.1, 5.7 

Hz, 4H), 3.32 (dt, J = 9.4, 4.6 Hz, 4H), 3.27 (br s, 1H), 3.25 (t, J = 4.9 Hz, 2H), .21 (t, J = 5.0 Hz, 

2H). HRMS‐ESI calculated for C37H41O8N2 (M+H+), 641.2857; found, 641.2869. 

 

From resorcinol condensation Aldehyde 2 (50 mg, 0.23 mmol) and resorcinol (55 mg, 

0.51 mmol, 2.2 equiv) were combined with 4 mL TFA in a heavy-walled reaction tube. The 

reaction was sealed, heated at 110 ºC for 12 h, and cooled to room temperature. After removing 



124 

 

the TFA solvent by rotary evaporation, the residue taken up in 10% methanol/dichloromethane 

and dry-loaded onto silica gel. Flash column chromatography (silica gel, 10% 

methanol/dichloromethane) furnished compound 19 as a orange/yellow film (23 mg, 14% yield). 
1H NMR (CD3OD, 300 MHz): δ 8.90 (1H, s), 7.94 (2H, m), 7.27 (1H, m), 7.10 (2H, m), 6.99 (3H, 

m), 6.60 (2H, m). 

 

9-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-diazacyclopentadecan-7-

yl)phenyl)-3-oxo-3H-xanthen-6-yl trifluoromethanesulfonate : Compound 19 was dissolved in 

DMF and N-Phenyl-bis(trifluoromethanesulfonimide) (3 equivalents) was added along with N,N-

Diisopropylethylamine (3 equivalents) in DMF and stirring at room temperature for overnight. The 

solution was extracted with ethyl acetate (3  200 mL) with brine. The combined organic layers 

were dried over sodium sulfate, filtered, and concentrated via rotary evaporation. The crude 

residue was purified by column chromatography (silica gel, 0-20% MeOH in CH2Cl2) to afford 

Compound xxa as a red film 

 

tert-butyl (1-(9-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecan-7-yl)phenyl)-3-oxo-3H-xanthen-6-yl)piperidin-4-yl)carbamate : 

Compound 23 was dissolved in DMSO and tert-butyl piperidin-4-ylcarbamate (3 equivalents) was 

dropwisely added and stirring at room temperature for overnight. The solution was extracted with 

ethyl acetate (3  200 mL) with brine. The combined organic layers were dried over sodium sulfate, 

filtered, and concentrated via rotary evaporation. The crude residue was moved to the next step 

without further purification. 

 

6-(4-aminopiperidin-1-yl)-9-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecan-7-yl)phenyl)-3H-xanthen-3-one : Compound 24 was dissolved in 

TFA:CH2Cl2 (1:1 v/v) and stirring at room temperature for overnight. The solution was extracted 

with ethyl acetate (3  200 mL) with NaHCO3. The combined organic layers were dried over 

sodium sulfate, filtered, and concentrated via rotary evaporation. The crude residue was purified 

by column chromatography (silica gel, 0-20% MeOH in CH2Cl2) to afford Compound xxa as a 

red film 

 

methyl 6-((1-(9-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-

diazacyclopentadecan-7-yl)phenyl)-3-oxo-3H-xanthen-6-yl)piperidin-4-yl)amino)-6-

oxohexanoate : Compound 25 was dissolved in DMF. N-ethyl-N’-

dimethylaminopropylcarbodiimide (EDCl) (3 equiv), 1-hydroxybenzotriazole (HOBt) (5 equiv), 

and trimethylamine (Et3N) (5 equiv) were added subsequently into the solution in DMF. 1H NMR 

(CDCl3) 

5.1.3. Result and discussion  

5.1.3.1. Design and Synthesis of Sodium Fluorescent Sensors.  

Based on the desired properties, my project has focused on synthesizing fluorescent sodium 

sensors which have high turn-on, high selectivity toward sodium ion and show adequate 

trappability in live cells. New sodium sensors were derived from a sodium selective receptor, 

1,4,10-trioxa-7,13-diazacyclopentadecane, which was developed by Minta et al.12 The ring size of 

1,4,10-trioxa-7,13-diazacyclopentadecane provides good selectivity for Na+ over K+. This 

selective sodium receptor will be covalently linked to various fluorophores to construct molecular 
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probes. Herein, I focused on synthesizing two key sodium receptor derivatives, one which is 

functionalized with an aldehyde group and the other which is a bromo derivative.  

The aldehyde group is a useful handle that can be used to condense with pyrrole, 3-

aminophenol, and xanthone to generate BODIPY, rhodamine, and xanthene cores respectively. 

One of the biggest advantages of BODIPY sensors is their versatility in biological labeling and 

and inherent resistance to photobleaching and chemical degradation.11 The basic BODIPY 

fluorophores, composed of 3-ethyl-2,4-dimethyl-1H-pyrrole, were reported to have quantum 

yields as high 0.70.18 I synthesized the aldehyde derivative from Li-halogen exchange of bromo 

derivatives, using tBuLi, or from Vilsmeier reaction using phosphoryl chloride on the parent crown 

ether. However, both methods involve flammable reagents, which can be dangerous on large scales. 

To avoid these hazards, I chose an alternate route, starting with 3-hydroxy-4-nitrobenzaldehyde 

which can be protected with 2,2-dimethylpropane-1,3-diol and subjected to macrocyclization to 

form the Na receptor. The acetal can then be deprotected using TFA, yielding the desired aldehyde 

derivative. The aldehyde-derivatized receptor was then reacted with two different kind of pyrroles 

and 3-aminophenol to form BODIPY sensors. 

The aldehyde sodium receptor also can be used to make rhodamine-based fluorescent 

sensors. CoroNa-red (Molecular Probes, Invitrogen, Eugene, OR) is very lipophilic and allows 

direct bath-loading into cells due to the positive charge on the probe. The challenging point for 

rhodamine based sensors is that the Kd value has been reported as 200 mM, which is too high for 

even extracellular sodium ion levels (~100-150 mM).19 Compound 13 was condensed with 3-

dimethylaminophenol and di-tert-butyl 3,3'-((3-hydroxyphenyl)azanediyl)dipropionate 

(compound 18) to make two rhodamine based fluorescent sensors, compound 19 a and b.  

In the case of the bromo derivative, the key step was the formation of lithium adduct by 

adding tBuLi and reacting with xanthone to generate xanthenes. Xanthones were chosen as the 

fluorophores for a number of reasons. First, they are relatively hydrophilic and photostable relative 

to many commonly used fluorophores. Secondly, their excitation energies can be readily tuned by 

changing the aryl substituents on the xanthone, either at the 2’- or 7’- positions or by an SNAr 

reaction of the phenolic triflate. Finally, they were known to yield good turn-on levels and 

photostability in other small-molecule probes utilizing a chelation-based, photo-induced electron 

transfer (PET) mechanism.20,21 Previously, several attempts were made to develop trappable 

xanthenes by conjugating the tert-butyl ester group at para position to sodium receptor and 

xanthone. However, though most literature suggests that tert-butyl esters are inert to tert-

butyllithium, it seemed that some sort of side reactivity at the ester group may have occurred based 

on several trials.  

Furthermore, several xanthenes based fluorescent sensors were synthesized by previous lab 

members using bromo-sodium receptors and xanthone. (Scheme 5.5). The fluorine substituents at 

the 2’- and 7’- positions substantially lowered the pKa of the xanthene phenol, approximately 4.9 

versus 6.9 for unsubstituted Tokyo Green dyes, and increased photostability.13 Previous graduate 

student, Spencer Knight prepared several series of sodium probes based on SP488 by introducing 

ester groups on xanthone.  (Scheme 5.5) Both the apo and sodium-bound forms of SP488 and show 

reasonable dissociation constant (Kd) of 31.4 mM, which is in the range of endogenous sodium 

levels within cells. SP488 shows a quantum yield as 0.0051 in 0 mM Na+ and 0.1248 in the 

presence of 135 mM Na+ showing the 24-fold fluorescence turn-on with high sodium selectivity 

over other biologically relevant metals (Figure 5.5). However, this successful in vitro result did 

not agree with the results from cellular experiments conducted in HEK293T cells. The sensor was 

permeable but not trappable in the cell. In order to improve SP488 by making it more trappable, 
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A series of sensors were synthesized by linking the AM-ether or ester moiety as shown in scheme 

5.5. However, none of these sensors displayed the desired  trappability, suggesting they cannot be 

applied to detect sodium influxes in monolayer cell culture model. 

Based on this previous observation, I decided to introduce the trappable moieties such as 

tri AM-ether and positive charge to increase trappability in the cell. Also, I tried to develop the 

protocol to solve the low reaction yield of the lithiation which was reported as 3-5% previously. 

This optimization includes preparation of extremely dry THF and adjusting the appropriate 

concentration of the bromo-sodium receptor to prevent precipitation during cooling down in ice 

bath (-78 ℃).  Molecular sieve, 300 g and 150 g each in schlenk flask and were heated up to 200 ℃ 

under high vacuum for 3 days. THF was collected from solvent purification system. Second, THF 

was filtered through activated alumina with glass filter twice. Using extremely dry THF could 

support the consistent success of the lithiation reaction. Under this protocol, the yield of the 

lithiation was drastically increased up to 40%. However, attempt to use try solution could not solve 

the inconsistence of lithiation reaction. Therefore, I decided to make detour route with aldehyde 

sodium receptor, which can build up TG-sodium by resorcinol concentration. This route 

established consistent and stable reaction condition and through modification on one side of 

xanthene, ester moiety can be conjugate to increase the cell-retention (compound 26) which 

showed stable signal upon cell washing.  

 

5.1.3.2. Spectroscopic Properties and Response to Sodium 

I synthesized several fluorescent sodium sensors from aldehyde receptors and measured 

their fluorescence turn-on responses in vitro. To mimic physiological conditions, Na+ titrations 

were conducted in aqueous buffers with various Na+ concentrations while maintaining the ionic 

strength at 135 mM with K+. I prepared 10 mM MOPs buffer at pH 7.4 with 0 mM Na+ / 135 

mM K+ and 135 mM Na+ / 0 mM K+. 

In the case of BODIPYs, Compound 15 showed 1.1-fold fluorescence turn on in 

response to sodium (Figure 5.1). This small turn-on might be the consequence of the high 

hydrophobicity of BODIPY fluorophores (logD value ~4), which has previously been 

determined.13 This hydrophobicity could be reduced by conjugating carboxylate groups at the 3 

position of the pyrrole, which would give the molecule an overall negative charge and improve 

the solubility of the dye in water.  

To increase aqueous solubility and lipophilicity and to obtain a favorable logP, facile 

modification with functional groups was attempted.15 The di-fluoro BODIPY was accessed by 

activated with excess trimethylsilyl trifluoromethane sulfonate (TMSOTf) to yield intermediate, 

followed by addition of a suitable alcohol to afford the desired monoalkoxy- BODIPY in moderate 

yield to give Compound 15a and Compound 15b. (Scheme 5.2.) This modification resulted in 

13 fold-fluorescent turn-on in case of Compound 15a compared to silence fluorescent behavior 

of Compound 15. However, even though it showed fluorescent turn-on in vitro, it did not showed 

fluorescent turn-on by adding gramicidin in vivo. Moreover, it showed severe cell leaking upon 

cell washing from HEK293T cell culture along with fluorescence turn-off. (Figure 5.1.) 

Rhodamine sensors were synthesized from condensation of the aldehyde receptor with 

aminophenol. Their physical properties were measured under the same conditions as previously 

described for the BODIPY-based sensors. Compound 19a showed 1.4-fold turn-on in the presence 

of 135 mM Na+. This small turn-on response might be caused by unfavorable electrostatic 

interactions between the positively charged rhodamine core and positively charged sodium ion. 

(Figure 5.4 a) and b)). This result was similar to that of CoroNa Red, which is reported to have a 
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Kd value of 200 mM. To overcome this repulsion, balancing the negative charge on the rhodamine 

body with an AM-ether was attempted. The resulting sensor showed 11-fold fluorescence turn-on 

in 135 mM Na+ MOPS buffer, pH 7.4. (Figure 5.4, c and d) This fluorescence enhancement in the 

future could be significantly improved by optimizing the synthesis work up, which involved 

several consecutive aqueous washes during the extraction step. The AM-ether is vulnerable to 

hydrolysis under aqueous condition, which resulted in some decomposition of the sensor. Another 

scale up synthesis of the AM-ether rhodamine sensor is on-going.  

Lastly, xanthenes could be synthesized from two different pathways (Scheme 5.6.) 

Compound 19, which is designated TG-Sodium, was previously synthesized by another student 

via lithiation. TG-Sodium exhibited an absorption peak centered at 495 nm with a  maximum 

fluorescence emission at 512 nm. The quantum yield (Φ) of the apo form is low (Φ = 0.0037) due 

to efficient photoinduced electron transfer (PeT). In the presence of 135 mM Na+, the quantum 

yield increases to 0.12, resulting in a 20‐fold enhancement upon sodium binding. 

I also tried to synthesize TG-sodium via an alternate synthetic route, using resorcinol 

condensation following reported method.22 This condensation in strong acid detoured the way of 

t-butyl lithiation and in addition, it reveals the decent yield. However, the TG-sodium showed 

severe leaking out of the cell, which is not appropriate to obtain reliable information. To increase 

cell-retention, ester moiety (adipate ester) has been introduced through hydrophilic linker. (Figure 

5.6) This adipate linked TG-sodium probe exhibited enhanced cell-trappability, which maintained 

cell-retention upon 3rd washing, furthermore, it showed fluorescent turn-on by Gramacidin 

addition, showing 2.2-fold fluorescent increase. 

 

5.1.4. Conclusion and Future Directions 

 

So far, we have presented the synthesis of two key molecules, compound 13 and 

compound 12 b, and demonstrated successful condensations with various fluorophores to develop 

fluorescent sensors. The sensors showed typical responses to sodium ion in aqueous buffers at pH 

7.4. Based on findings from previous research efforts, a primary goal for sodium sensor 

development is preparation of trappable dyes for use in mammalian cell lines. 

To accomplish this goal, I attempted to introduce trappable moieties on the fluorophore 

such as AM-ethers or triphenyl phosphine to give reliable information about sodium influxes 

(scheme 5.8). I am now focused on making a series of trappable sensors based on xanthene and 

rhodamine derivatives. I am planning to access these dyes via lithiation of the bromo sodium 

receptor and addition to the boc-protected piperazine-substituted xanthenes. After synthesizing the 

piperazine xanthene compound 23, conjugating trappable moieties into xanthone is 

straightforward to generate the series of sensors shown in scheme 5.7. The same idea using boc-

protected piperazine can be applied to the rhodamine, condensing aldehyde sodium receptor with 

tert-butyl 4-(3-hydroxyphenyl)piperazine-1-carboxylate results in the boc-protected piperazine 

rhodamine. Various trappable moieties can be incorporated into these rhodamine dyes as well in 

scheme 5.8.  

Once the dyes are synthesized, they will be tested in a model cell line such as HEK 293T. 

Previously, SP488 and TG-Sodium were successfully applied to see the intracellular sodium ion 

without washing in HEK293T cells. Preliminary optimization experiments have helped us identify 

conditions that work well for sodium sensor calibration experiments in cells. Cells were stained 

by incubating a 10 uM solution of sodium sensor in HEPES buffer, pH 7.3 for 30 min. After 

detecting the dye’s fluorescence in the cell, the HEPES media was exchanged for HEPES buffer 
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containing 2-10 M gramicidin (Invitrogen). Gramicidin is a pore‐forming antibiotic that allows 

equilibration of Na+ inside and outside cells. The cells were allowed to equilibrate in the new 

media for 5 min prior to imaging. In the same way, quabain, which is a poisonous cardiac glycoside, 

can be used as the inhibitor of Na+/K+ ATPase to increase the intracellular sodium influx. After 

exchanging HEPES media containing 2-10 M 10 uM quabain (Invitrogen), more than 10 min is 

needed to equilibrate in the new media prior to imaging. The increased fluorescent signal in living 

cells equilibrated with gramicidin or quabain in HEK293T cells demonstrates that these sodium 

sensors can reliably report Na+ levels in a concentration-dependent manner in living cells.   
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Figures 

 

 
 

Scheme 5.1.. Synthesis of the two key molecules, bromo sodium receptor, compound 12 b and 

aldehyde sodium receptor, compound 13. 
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Scheme 5.2. Fluorescent sodium sensor based on BODIPY, compound 15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. BODIPY based fluorescent sensor, compound 15 a) UV-vis absorption of various 

concentration from 1  to 5 N in 135 mM K+ in 10 mM MOPS buffer, pH 7.4 b) Fluorescent 

intensity of 5 M compound 15 black: 0 mM Na+ / 135 mM K+ red: 0 mM K+ /135 mM Na+ in 

10 mM MOPS, pH 7.4 λex = 514 nm λem = 535 nm. 
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Scheme 5.3. Fluorescent sodium sensor based on BODIPY substitution of F to OMe, Compound 

15a and Compound 15b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. a) BODIPY based fluorescent sensor, 5 μM Compound 15 of fluorescent intensity 

black: 0 mM Na+ / 135 mM K+ red: 135 mM Na+ / 0 mM K+ in 10 mM MOPS, pH 7.4 b) BODIPY 

based fluorescent sensor, 5 μM Compound 15b of fluorescent intensity black: 0 mM Na+ / 135 

mM K+
, red: 34 mM Na+ /100 mM K+ blue 68 mM Na+ /67 mM K+, purple 101 mM Na+ /35 mM 

K+
, magenta: 135 mM Na+ /0 mM K+ in 10 mM MOPS, pH 7.4 λex = 514 nm λem = 535 nm. 
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Figure 5.3. a) Cell imaging of 10 μM Compound 15a in 10 mM HEPES buffer pH 7.4 before 

washing the cell after incubation compared with washing twice and after the addition of 

gramicidin. b) The integrated fluorescent intensity depending on sodium concentration from 0, 10, 

20, 30, 50, 135 mM [Na++K+]t = 135 mM λex = 488 nm λem = 525 nm.  
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Scheme 5.4. Fluorescent sodium sensor based on rhodamine compound 16 a and 16 b 

 

 

 

 

 

 

 

 

Figure 5.4. a) Rhodamine based fluorescent sensor, 5 μM Compound 16a of fluorescent intensity 

black: 0 mM Na+ / 135 mM K+ red: 0 mM K+ /135 mM Na+ in 10 mM MOPS, pH 7.4 b) Rhodamine 

based fluorescent sensor, 5 μM Compound 16b of fluorescent intensity black: 0 mM Na+ / 135 

mM K+
, red: 20 mM Na+ /115 mM K+

, blue 40 mM Na+ /95 mM K+, green 60 mM Na+ /55 mM 

K+
, magenta: 75 mM Na+ /60 mM K+

, olive: 90 mM Na+ /45 mM K+
, wine: 101 mM Na+ /35 mM 

K+
, navy: 135 mM Na+ /0 mM K+ in 10 mM MOPS, pH 7.4 λex = 514 nm λem = 535 nm. 

 

550 600 650 700

0

2

4

6

8

10

12

F
lu

o
re

sc
e

n
t 

in
te

n
si

ty
 (

a
.u

.)

Wavelength (nm)

Na
+

550 600 650 700

0

5

10

15

20

25

30

F
lu

o
re

sc
e

n
ce

 in
te

n
st

iy
 (

a
.u

.)

Wavelength (nm)

135 mM Na
+



134 

 

 
Scheme 5.5. Synthesis of SP488 derivatives by linking trappable moieties. 
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Scheme 5.6. Two different pathways to synthesize compound 19. The top was resorcinol 

condensation using aldehyde sodium receptor in trifluoroacetic acid and the bottom is through 

lithiation using bromo receptor and TBS-protected xanthone in tetrahydrofuran 
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Figure 5.5. Compound 19 synthesized from resorcinol condensation. 1 M in 10 mM MOPS 

pH 7.4 a) UV-visible spectrum of in the absence (red) and presence (black) of Na+ 135 mM, 

respectively b) Fluorescent spectra with increase of the Na+ concentration up to 135 mM in total 

metal concentration of 135 mM (M = K+ or Na+) in MOPS buffer, pH 7.4. 
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Scheme 5.7. Synthesis of key intermediate, compound 23, from lithiation using box-protected 

piperazine xanthone bromo-sodium receptor  

 

 

 

 

 

 

 

 

 

Scheme 5.8. Trappable fluorescent sodium sensor based on piperazine xanthene 
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Figure 5.6. a) Synthetic route to make Compound 26 from TG-sodium b) Cell images of 1 M 

compound 26 treated with Na+ 0 mM and 135 mM ([Na+]+[K+] = 135 mM in 10 mM MOPS pH 

6.7) c) Integrated fluorescent intensity in case of treated with Na+ 0 mM and upto third washing 

and observed fluorescent intensity upto 90 min after third washing. Fluorescent does not 

increased after the addition of gramicidin in Na+ 0 mM condition in 10 mM MOPS pH 6.7.  
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Functionalized Porous Aromatic Framework (PAFs)  
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A1.1. Introduction 

 

Last few decades, enormous examples are reported in inorganic–organic hybrid polymers. 

Porous polymer compounds with infinite structures have been intensively studied and the natural 

and/or artificial zeolites which have been representative for their elaborate functions such as 

molecular storage, recognition, separation and catalytic activity. To improve its application 

availability, chemist have developed porous organic–inorganic hybrids and organic frameworks, 

supramolecules, and oligomers with a controlled functional pore to be suitable for application such 

as molecular separation, clean energy storage, photoelectric materials,  molecular motors, and 

catalysis. As another direction of artificial porous polymer, compounds with backbones 

constructed from metal ions as connectors and ligands as linkers has been introduced so-called 

coordination polymers or Metal Organic Frameworks (MOFs). ‘Coordination polymer’ was first 

used by Y. Shibata in 1916 and the area was first reviewed in 19641. Since the coordination 

polymer has introduced, covalent organic frameworks (COFs), polymers of intrinsic microporosity 

(PIMs), conjugated microporous polymers (CMPs), hyper-crosslinked polymers (HCPs) In 2009, 

T. Ben, S. Qiu, S. Zhu groups developed a method to synthesize the first long range ordered porous 

aromatic framework (PAF) based on diamond-topology, PAF-1.The original idea for the synthesis 

of PAF-1 comes from the structure and properties of diamond, in which each carbon atom is 

tetrahedrally connected to four neighboring atoms by covalent bonds. Breaking the C–C covalent 

bond of diamond and inserting rigid phenyl rings should allow sufficient exposure of the faces and 

edges of phenyl rings with the expectation of increasing the internal surface areas via a nickel(0)-

catalyzed Yamamoto-type Ullmann cross-coupling.2. PAF-1 had a record surface area as BET = 

5640 m2 g-1 and exceptional physicochemical stability stable in acidic and basic condition and 

high temperature (> 400 oC). Based on this high surface area, PAF-1 exhibited very high uptake 

of carbon dioxide (1.3 g g−1 at 40 bar, 298 K). Besides the high uptake of carbon dioxide, the 

significant progress in the development of PAF has been reported, which particularly focus on the 

relationship between structure design, synthesis method and properties. Most PAFs do not dissolve 

in organic solvents and the structure is maintained in boiling water and cold acid or base solution. 

Based on this stability, the application of PAFs has extended to gas separation, storage, and 

heterogeneous catalysis. I would like to apply the porous aromatic framework (PAF) as backbone 

for detecting copper and iron ions selectively and efficiently. 

I have developed new platforms for detecting metal ions which can be applied in living 

systems and environment system.3 Expending the solid-state framework to detect metal ions could 

lead to efficient uptake based on the advantages of high surface area, well-defined porosity2,4,5, 

easy processability6, and the diversity of synthetic routes for functionality2,7–11. The functional 

porous polymers have been reported to demonstrate efficient uptake used in heavy metal ions 

uptake such as mercury12, lanthanide ions13. Inspired by this examples, new platforms of 

functionalized PAFs would be designed to visualize copper and iron through corporation of 

colorimetric assay as biological and environmental application.  

 

A1. 2. Methods 

A1.2.1. Synthesis of functionalized PAFs  

Anhydrous 1,5-cyclooctadiene (cod, 1.05 mL, 8.32 mmol, Aldrich) was added to a solution 

of bis(1,5-cyclooctadiene)nickel(0) (2.25 g, 8.18 mmol, Aldrich) and dried 2,2’-bipyridyl (1.28 g, 

8.18 mmol, Aldrich) in distilled DMF (100 mL, Aldrich) in a dry box. The mixture was heated at 
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80 ºC for 1 h. Tetrakis(4-bromophenyl)methane (1.00 g, 1.57 mmol) was added to the purple 

solution and the mixture was stirred at 80 ºC overnight to obtain a deep purple suspension. After 

cooling to room temperature, concentrated HCl was added to the mixture. The residue was filtered 

with washing with warm THF (100 mL), H2O (100 mL), ethanol (100 mL), and CH3Cl (100 mL) 

respectively, and dried in a vacuum oven at 170 ºC to give PAF-1 as an off white powder. For 

PAF-1, % calc. for C24.5H16: C 94.80, H 5.20; observed. A pressure flask was charged with PAF-

1 (0.20 g), paraformaldehyde (1.0 g), glacial AcOH (6.0 ml), H3PO4 (3.0 ml), and conc. HCl (20.0 

ml). The flask was sealed and heated to 90 ºC for 3 days. The resulting solid was filtered and 

washed with H2O (500 mL), THF (100 mL), ethanol (100 mL), and CH3Cl (100 mL) to give PAF-

1-CH2Cl PAF-1-CH2Cl.  

Subsequently, PAF-1-CH2Cl was substituted 2-(methylthio)ethane-1-thiol (3 equiv) in 

ethanol at 90 oC for 3 days to produce PAF-1-SSMe. 

PAF-1-CH2Cl were transferred to different ligands as different ligand under refluxing for 

three days. The ligand was 2-methoxyethane-1-thiol (3 equiv) with cesium carbonate (3 equiv) in 

ethanol, 2-(methylthio)ethan-1-ol (3 equiv) with sodium hydride (3 equiv) in toluene, methyl 3-

mercaptopropanoate (3 equiv) in ethanol and this methyl 3-mercaptopropanoate was esterased 

using LiOH in methanol. Methyl glycinate (3 equiv) with trimethylamine (3 equiv) in ethanol and 

it was esterased with LiOH in methanol. Also this PAFs were further modified by adding 

hydroxylamine followed by 1M HCl. PAF-1-CH2Cl were substituted with 

hydrazinecarbothioamide (3 equiv) with trimethylamine (3 equiv) in ethanol, and hydrazine (3 

equiv) in ethanol. The structures are shown in Scheme1.2 and numbered from 1 to 9. 

The ether functionalized PAFs, PAF-1-CH2Cl were substituted with series of ether14–16 

sodium methoxide (3 equiv) in presence of sodium hydride (3 equiv), 2-methoxyethan-1-ol (3 

equiv) with sodium hydride (3 equiv), 2-(2-methoxyethoxy)ethan-1-ol (3 equiv) with sodium 

hydride (3 equiv) in toluene. And the solution is under reflux for 3 days. The structure of ether 

functionalized PAFs were shown in Scheme 1.3.  

The resulting solid was collected, washed with H2O (100 mL), THF (100 mL), ethanol 

(100 mL), and CH3Cl (100 mL), and then dried under vacuum oven (150 ºC) to produce 

functionalized PAFs as yellowish white powder. The functionalized PAFs were checked with FT-

IR and elemental analysis of Cl and S for calculating the efficiency of functionalization.  

. Elemental analysis found for PAF-1.CH2Cl, % calc. for C26.5H20Cl2: C 77.76, H 4.92, Cl 

17.32; observed C 75.88, H 4.63, Cl 13.6. Dried in vacuum oven at 150 ºC to produce pale yellow 

solid of  

A1.2.2. Structural characterization 

Infrared spectra were obtained on a Perkin-Elmer Spectrum 100 Optica FTIR spectrometer 

furnished with an attenuated total reflectance accessory. 

Carbon, hydrogen, nitrogen, and sulfur elemental analyses were obtained from the 

Microanalytical Laboratory at the University of California, Berkeley. Elemental analysis for 

chlorine was performed at Galbraith Laboratories.  

Solid state NMR spectra 1H–13C cross-polarization (CP) spectra were collected on a 7.05 

Tesla magnet at 13C frequency of 75.5 MHz under 10 kHz magic-angle spinning (MAS) condition. 

A Chemagnetics 4 mm H/X probe and a Tecmag Discovery spectrometer were used. The 

Hartmann-Hahn condition for CP experiments was obtained on solid adamantane, which is also a 

secondary reference of 13C chemical shift (the methylene signal of adamantane was set to 38.48 

ppm relative to TMS). Two pulse phase modulation (TPPM) proton decoupling scheme was used. 
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The TPPM angle was 15 degree and the decoupling field strength was ~60 kHz. A contact time of 

10 ms and a pulse delay of 4 s were used in CP experiments.  

Inductively coupled plasma-mass spectrometry (ICP-MS) was performed on samples that 

had been diluted into 2% nitric acid (made freshly from concentrated nitric acid (BDH Aristar 

Ultra) and MilliQ water) containing 20 ppb Ga internal standard (Inorganic Ventures, 

Christiansburg, VA). The samples were analyzed on a ThermoFisher iCAP-Qc ICP-MS in Kinetic 

Energy Discrimination (KED) mode against a calibration curve of known metal concentrations 

(made from CMS-5, Inorganic Ventures, Christiansburg, VA). 

Conductivity measurement The ether functionalized PAFs (20 to 200 mg) was added to salt 

solutions (NaCl 12 mL) and sodium uptake has been analyzed by conductivity meter (Hanna 

Instruments, HI-8733N). Rejection (Ri) of the ions was calculated by; 

 Ri=(Cir-Cip)*100%/Cir  

where Cir and Cip represent the ion concentrations in the retentate and permeate solutions, 

respectively.17 

A1.2.3. Metal uptake in aqueous samples  

Functionalized PAFs (2 mg) were added in different metal stock solutions in 10 mM 

HEPES pH = 7.0. The metal stock was prepared using ZnCl2, CuCl2, CaCl2, MgCl2, NiCl2, CoCl2, 

MnCl2, NH4Fe(SO4)2·12H2O, FeCl3 with 1 equiv of citric acid (10 ppm each in 100 mM HEPES 

buffer, pH 6.7). The functionalized PAFs have been stored in metal solutions equipped with shaker 

for overnight at room temperature. The next day, the supernatant was filtered through a 0.45 mm 

membrane filter and measured ICP-MS by the filtered supernatant. The amount of metals uptake 

was calculated by subtracting the stock solutions with filtered supernatant. 

For ether functionalized PAFs were added in different metal stock solutions in 10 mM 

HEPES pH = 7.0. The metal stock was prepared using NaCl or KCl make 20 g/L and dilute the 

stock solution to 4 g/L. 

A1.3. Result and Discussion 
 

The parent material PAF-1 was synthesized following a procedure reported in the literature,14 and 

chloromethylation of the phenyl rings of PAF-116 followed by treatment with different ligands 

afforded the final PAFs products (Scheme A1.1, 1.2 and 1.3). The first generation for the biological 

application purpose was copper detection based on thioether ligand. Therefore the methyl thioether 

was functionalized as PAF-1-SMe (Chapter 2) and the elongated linkers (2-(methylthio)ethane-1-

thiol) are prepared following the same procedure. (Scheme A1.1)  Elemental analysis also revealed 

a decrease in chlorine content from 13.6% in PAF-1-CH2Cl to 36-50% SCH3 group in PAF-1-SMe 

and 8.52 wt% corresponding to 27% SSMe group. The PAF-1-SSMe showed comparable copper 

uptake with PAF-1-SMe along with metal selectivity and uptake kinetics and biological application 

in Wilson’s disease model rodent’s urine samples. Even though there are more sulfur which 

provides copper binding sites, the post modification efficiency is lower than that of PAF-1-SMe, 

therefore, the overall copper uptake does not surpass compared with PAF-1-SMe. (Figure A1.1) 

Even though this elongated linker did not show the better copper uptake, this examples gives us a 

valuable point of expanding functionalized porous aromatic frameworks. 

Inspired by the fact that thioether group is solely responsible for copper uptake, other linkers have 

been substituted with PAF-1-CH2Cl to screen out the responsibility of the linkers and metal 

selectivity. The linkers have been varied by inserting oxygen or nitrogen or glycine or urea groups. 
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After substitution reaction with PAF-1-CH2Cl, functionalization efficiency was calculated by the 

elemental analysis and based on the content of sulfur, the functionalization efficiency was 

calculated. 

Elemental analysis revealed that 4.3% in the 2-methoxyethane-1-thiol (compound 1), to 1.95% in 

the 2-(methylthio)ethan-1-ol (compound 2), to 1.2% in the methyl 3-mercaptopropanoate 

(compound 3), to 1.7% in the methyl glycinate (compound 5), to 9.8% in the 

hydrazinecarbothioamide (compound 8), and to 1.1% in the hydrazine (compound 9) substituted 

PAFs. Further modified PAFs such as esterased one and hydroxyl amine attached ones showed 

comparable Cl elemental analysis. Especially, hydrazinecarbothioamide showed significantly low 

post-modification yield.  

The sulfur content in 2-(methylthio)ethan-1-ol (compound 2) was determined to be 4.3  1.3%  

which is 35% modification and sulfur content in the methyl 3-mercaptopropanoate (compound 3) 

to be 6.1% which is 65% modification via elemental analysis, providing further evidence for 

efficient thioether formation from the chloromethyl starting material. Infrared spectroscopy 

revealed the successful formation of functionalized PAFs, as evidenced by the disappearance of 

the peak corresponding to the C–H wagging mode of the –CH2Cl group at 1270 cm–1 in PAF-1-

CH2Cl (Figure A1.2 and zoom in plot is Figure A1.3). In case of low post modification such as 

compound 8, residual wagging band –CH2Cl group still detected. Finally, solid-state 1H–13C cross-

polarization magic angle spinning (CP/MAS) NMR spectroscopy (Figure 1.4) monitored distinct 
13C chemical shifts associated with the functionalized PAFs.  

 After confirming the structural integrity of functionalized PAFs, we assessed its capacity 

for metal capture from aqueous solution in wide range of metal levels (The metal stock was 

prepared using ZnCl2, CuCl2, CaCl2, MgCl2, NiCl2, CoCl2, MnCl2, NH4Fe(SO4)2·12H2O, FeCl3 

with 1 equiv of citric acid; the concentration of metal were 0.3 ppm, 2 ppm, and 20 ppm, Figure 

1.5). Each mixture was capped and stored in a shaker at room temperature overnight, and then 

filtered separately through a 0.45 mm membrane filter. The filtrates were analyzed by ICP-MS to 

determine the remaining metal content. The amount of metal adsorbed by functionalized PAFs 

was calculated by subtracting the residual metal concentration from the initial metal concentration. 

And the compound 2 and compound 4 showed distinct iron(II) and iron(III) uptake. Especially, 

compound 2 showed the different uptake compared with compound 1 which has reverse opposition 

with oxygen and sulfur.  

In case of ether functionalized PAFs, the conductivity was checked with 20 mg of PAFs. 

In case of PAF-1-OMe, the conductivity changed from 3.50 to 3.30 g/L and the conductivity 

changed from 3.50 to 3.24 g/L in case of PAF-1-OH, it changed from 3.50 to 3.02 g/L of PAF-1-

methyl glycol, and changed from 3.50 to 3.30 g/L of PAF-1-glycol, changed from 3.20 to 3.16 g/L 

of PAF-1- 2-(2-methoxyethoxy)ethan-1-ol. All of these case did not show significant decrease in 

the conductivity, the amount of PAFs have been increased from 20 to 200 mg and then, in case of 

PAF-1-OMe and PAF-1-glycol showed noticeable decrease from 3.97 to 3.32 g/L and 3.97 to 2.39 

g/L. However, at the same time, we observed pH dropped might derived from coordinated proton 

is exchanged with sodium.  

 

 A1.4. Conclusion 

 

In conclusion, we have modified the thioether-functionalized porous aromatic framework 

PAF-1-SMe to ether-thioether group, carboxylic acid group, glycine, hydrazinecarbothioamide, 

hydrazine, urea, and thiourea group through the same procedure. Compound 2 and compound 4 
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revealed that metal selectivity of ether-thioether functionalized PAFs (compound 2) and carboxylic 

acid functionalized PAFs (compound 4) shifted from copper(II) to both iron(II) and iron(III). The 

application of compound 2 as environmental iron indicator in drinking water was described in the 

Chapter 3. In case of ether functionalized PAFs, different length of ether linkers were substituted 

with PAF-1-CH2Cl and those ether PAFs were further demethylated with BBr3 to give alcohol 

groups at the end. Those ether functionalized PAFs and alcohol functionalized PAFs were applied 

in saline water to check its sodium uptake by conductivity change. When the dose increased up to 

200 mg, it showed meaningful results around 40% uptake in case of PAF-1-glycol. However we 

observed this sodium uptake happened by exchanged coordinated proton, resulting in significant 

drop in pH. Further modification can be made by adding buffer anion ligand to take released 

sodium ion to resolve this pH drop phenomenon. 
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Figures 

 
Figure A1. The structures of PAF-1-SSMe. a) FT-IR b) surface area measurement of PAF-1, PAF-

1-CH2Cl, PAF-1-SMe, and PAF-1-SSMe. c) TGA of PAF-1-SMe and PAF-1-SSMe, d) copper 

absorption of PAF-1-SSMe e) the saturation uptake qe of PAF-1-SSMe. 
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Figure A2. Structures of PAF-1-SMe and PAF-1-SSMe. a) metal selectivity of both PAFs showing 

good selectivity for copper and affinity to ferrous ions. b) Copper absorption of kinetics of both 

PAFs which is calculated as The rate of Fe(II) of PAF-1-SCH3 is calculated as 0.71 (g mg-1 min-1)  

The rate of PAF-1-SSCH3 is calculated as 0.44 (g mg-1 min-1) c) Copper uptake in urine samples 

showing 725 ppb for PAF-1-SMe and 733 ppb for PAF-1-SSMe. 
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Scheme A1. The structures of functionalized PAFs. 
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Scheme A2. The structures of ether functionalized PAFs. 
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Figure A3. FI-IR of functionalized PAFs range from 4000 to 400 cm-1. 
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Figure A4. FI-IR of functionalized PAFs with comparison of PAF-1-CH2Cl range from 1500 to 

1000 cm-1. 
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Figure A5. 13C NMR of functionalized PAFs. 
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Figure A6. Adsorbed metal uptake of functionalized PAFs 1.5 mg in metal solution (1 ppm) in 1 

mL HEPES buffer (100 mM, pH = 6.7) 
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Modifying Electron Density of Tris(2-methylpyridine)amine (TPA) 
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A2.1. Introduction 
 

The first Tris(2-pyridylmethyl)amine (TPA)-based copper probe was reported by Taki and 

Yamamoto in 2010.1 Upon Cu+ binding to the probe FluTPA1, oxidative C–O bond cleavage 

separates the TPA fragment from the fluorophore and releases the fluorescent dye with a 100-fold 

turn-on. FluTPA1 and its membrane-permeable FluTPA2 analogue, based on Tokyo Green,2 show 

good selectivity to copper over other metal cations, as well as biological oxidants, including 

hydrogen peroxide, hypochlorite, and hydroxyl radical. FluTPA2 exhibits a notable fluorescence 

turn-on in HeLa cells after treatment with copper,1 Based on this examples, various TPA-ligand 

has subsequently been used to cage 2-(2′-hydroxyphenyl) benzothiazole,3 coumarin,4 xanthone,5 

resorufin,6 cyanine-quinone,7 and imino-coumarin8 (Figure A2.1), although only the latter three 

have been applied to cells. Additionally, a mitochondrially targeted reaction-based Cu+ probe, 

RdlTPA-TPP (Figure A2.1), has been developed using the TPA ligand, circumventing the 

localization problem associated with this probe.9 In addition, Chris Chang lab have recently 

utilized the TPA trigger to develop the first bioluminescent probe for Cu+, Copper Caged 

Luciferin-1 (CCL-1), which enables the imaging of labile copper levels in cells and living 

animals.10  

Here, we noticed the possibility of tuning the TPA-ligand scaffold to improve turn-on 

kinetics and increase the signal-to-noise ratio fluorescent probes. The proposed mechanism 

indicated that Cu+ catalyzed oxidative cleavage of the benzylic C–O bond of coumarine-TPA in 

the presence of O2. From ESI-MS traces, the complex between the probe with Cu+ coordination 

with water is then oxidized by O2 resulting in cleavage of the C–O bond and formation of a 

stabilized Cu2+–TPA complex.4 Based on this proposed mechanism, the electron density of C-O 

bond could play an important role in between Cu+ and C-O bond interaction. (Figure A2.2)  To 

modify electron density on TPA, electron deficient groups or electron donating group would be 

linked to p-position toward pyridine. (Figure A2.2 b). Such structure-activity studies will allow 

Cu+ coordinated to TPA moiety whether the kinetics of the formation of putative Cu2+ intermediate 

would be affected. Maintaining TPA is important because previously TPA was replaced by  

pyridine, resulting in that Cu+ could not effectively bind to the probe, and the C–O bond of the 

ether could not be broken. This control experiment revealed that the benzylic ether (C–O) linkage 

is cleaved only after Cu+ selectivity coordinates with the tetradentate moiety of fluorescent 

probes.4  

We would electron donating group may facilitate the Cu-induced C-O bond cleavage verse 

electron withdrawing group may retard the cleavage. Karlin, Zuberbühler, and coworkers found 

that increasing the electron donating character in such 4-pyridyl scaffolds increases the 

thermodynamic stability of their Cu2+ complexes.11 The strategy will allow us to identify what the 

important, rate-limiting steps are in the copper-induced receptor cleavage pathway towards 

developing an optimized luminescent copper probe.  

A2.2. Materials and methods 
 

A2.2.1 Materials and physical methods.  

All reactions utilizing air- or moisture-sensitive reagents were performed in flame-dried 

glassware under a dry N2 atmosphere. All other reagents were purchased from Aldrich, Oakwood, 

AK Scientific, or Fisher Scientific and used as received without further purification. Silica gel P60 

(SiliCycle) and Brockmann basic aluminum oxide (Sigma-Aldrich) were used for column 

chromatography. 1H and 13C NMR spectra of new compounds were collected in either CDCl3 or 
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CD3OD (Cambridge Isotope Laboratories) at 25 °C at the reported frequency at the College of 

Chemistry NMR Facility at the University of California, Berkeley unless otherwise specified. All 

chemical shifts were referenced to the residual solvent peak from chloroform at 7.26 ppm. 

Preparatory HPLC purification was performed on an Agilent 1260 Infinity HPLC with an Agilent 

Zorbax-Extend C18 column (particle size 5 m, 5 mm  250 mm) and a flow rate of 10 mL/min. 

UV spectra were acquired using a Cary Bio50 spectrophotometer (Varian).  

 

A2.2.2. Synthesis  

Compound 1 (dimethyl 4-methoxypyridine-2,6-dicarboxylate): dimethyl 4-

hydroxypyridine-2,6-dicarboxylate (0.5 g, 2.4 mmol) is dissolved in acetonitrile and K2CO3 (1.5 

equiv) and methyl iodide (1.5 equiv) were added into the mixture and heat upto reflux for 18 

hours. After cooling to the room temperature, water was added and extracted with ethyl acetate. 

Purification with silica gel column with eluent (dimethyl chloride/methanol from 1% to 10%). 

The yield is 22%. 1H NMR (CD3OD, 400 MHz): δ 7.84 (2H, s), 4.90 (6H, s), 4.03 (3H, S) 

Compound 2 (4-methoxy-2,6-bis(methoxymethyl)pyridine): Compound 1 is dissolved in 

methanol and NaBH4 (4 equiv) was added in three portions. The product was used without 

further purification. 1H NMR (CDCl3, 400 MHz): δ 6.96 (2H, s), 4.89 (2H, s), 4.60 (4H, S), 3.88 

(3H, S)  

            Compound 3 (2,6-bis(chloromethyl)-4-methoxypyridine): Compound 2 was added into 

SOCl2 (5 mL) at 0 oC and warm up to room temperature and stir for 1 hour. Heat up the mixture 

to reflux for 2 hours. After cooling to the room temperature, the mixture was concentrated and 

sat. NaHCO3 was added and filter to collect the precipitate. and extracted with ethyl acetate. 

Purification with silica gel column with eluent (dimethyl chloride/methanol from 1% to 10%). 

The yield is 56%. 1H NMR (CDCl3, 400 MHz): δ 7.11 (2H, s), 4.71 (4H, s), 3.86 (3H, S), 3.33 

(4H, S) 

Compound 4 (1-(6-(chloromethyl)-4-methoxypyridin-2-yl)-N,N-bis(pyridin-2-

ylmethyl)methanamine) : Compound 3 (1 equiv), 2,2′-Dipyridylamine (1.1 equiv), and DIPEA (6 

equiv) were added into distilled THF. The mixture was stirring at room temperature for a week. 

The color changed from pale yellow to dark orange and formed precipitate. After one week, 

collect the precipitate through filtration. 1H NMR (CDCl3, 400 MHz): δ 7.45 (1H, s), 7.30 (1H, 

S), 7.15 (2H, d), 7.10 (2H, d), 7.01 (2H, d), 6.84 (2H, s), 4.27 (2H, d), 3.86 (6H, S), 3.81 (3H, S). 

Compound 5 (methyl 2,6-bis(hydroxymethyl)isonicotinate) : methyl isonicotinate (1 g, 

7.3 mmol), ammonium persulfate (10 equiv), and Ferrous chloride tetrahydrate (0.25 equiv) were 

added into methanol:water (1:1 v/v) mixture. The mixture was heat up to 50 oC for 17 hour. After 

cooling down, the mixture was concentrated and filter the crude product which is used for the 

next step without purification. 

Compound 6 (methyl 2,6-bis(chloromethyl)isonicotinate) : Compound 5  (0.2 g, 1.01 

mmol) was added in dry DCM. TEA (2 equiv) and methanesulfonyl chloride (2.1 equiv) were 

added through syringe. The mixture was heat up to reflux for 15 hours. The crude compound is 

purified by silica gel column using CH2Cl2 and MeOH gradation from 0 to 15% of MeOH. 1H 

NMR (CDCl3, 400 MHz): δ 8.5 (2H, s), 7.30 (1H, S), 3.69 (3H, s), 3.15 (4H, s). 

Compound 7 (methyl 2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-

(chloromethyl)isonicotinate) : Compound 6 (1 equiv), 2,2′-Dipyridylamine (1.1 equiv), and 

DIPEA (6 equiv) were added into distilled THF. The mixture was stirring at room temperature 

for a week. The color changed from pale yellow to dark orange and formed precipitate. After one 

week, collect the precipitate through filtration. 1H NMR (CDCl3, 400 MHz): δ 8.35 (2H, d), 
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8.04-8.01 (5H, multiple), 7.98 (2H, s), 7.96 (1H, s), 7.01 (2H, d), 4.87 (2H, t), 4.48 (4H, t), 4.15 

(2H, t), 3.31 (3H, S). 

Resorufin-ED (7-((6-((bis(pyridin-2-ylmethyl)amino)methyl)-4-methoxypyridin-2-

yl)methoxy)-3H-phenoxazin-3-one) : Compound 4 (1.2 equiv), resorufin (1 equiv), and K2CO3 

(1.5 equiv) were dissolve in DMF. The mixture was heat up to 90 oC for overnight. The mixture 

was extracted with H2O/ethyl acetate three times. The organic layers were collected and dried 

with MgSO4 and purified by column  chromatography  (basic  alumina,  10-30%  methanol  in  

DCM). 1H NMR (CD3OD, 400 MHz): δ 8.55 (2H, d), 7.77-7.41 (6H, m), 7.28-7.07 (6H, m), 6.04 

(2H, s), 4.90 (2H, s), 3.82 (3H, d), 4.15 (6H, t). LC-MS calculated for C32H27N5O4 (M+H+), 

546.2; found, 547.0. 

Resorufin-EW (methyl 2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-(((3-oxo-3H-

phenoxazin-7-yl)oxy)methyl)isonicotinate) : Compound 7 (1.2 equiv), resorufin (1 equiv), and 

K2CO3 (1.5 equiv) were dissolve in DMF. The mixture was heat up to 90 oC for overnight. The 

mixture was extracted with H2O/ethyl acetate three times. The organic layers were collected and 

dried with MgSO4 and purified by  column  chromatography  (basic  alumina,  10-30%  methanol  

in  DCM). 1H NMR (CD3OD, 400 MHz): δ 8.53 (24H, s), 7.69-7.17 (12H, m), 4.55 (2H, s), 4.28 

(6H, d), 3.08 (3H, s). 

A2.3. Results and Discussion 
 

I prepared two functionalized TPA by starting with methoxy group linked on p-position at 

of 2,6-bis(chloromethyl)pyridine as electron donating moiety or methyl ester group as electron 

withdrawing moiety. Two modified TPA molecules were successfully coupled with resorufin. In 

case of methoxy verified resorufin called as Resorufin-ED was characterized by 1H NMR and mass 

spectroscopy. After confirmed its structure, I checked its fluorescent behavior toward copper 

coordination. Resorufin-ED showed concentration dependent absorption increases checked by 

UV-spectroscopy, however, it showed slightly decrease fluorescenec in presence of 2 equiv of 

copper over 3 hours in 25 mM HEPES buffer pH 6.7 for 3 hours. (Figure A2.5) This behavior can 

be compared parallel with the reported fluorescent response of ResCu which is constructed with 

resorufin fluorophore and TPA cleavage moiety (The structure is shown in Figure A2.1).6 Previous 

reported data showed that copper-induced cleavage of TPA caused 7-fold fluorescent turn on by 

adding 2 equiv of copper within 2 h. We could not figure it out why the fluorescent of Resorufin-

ED showed slightly decrease in addition of Cu+ even though it was expected to show faster kinetics 

based on Karlin and Zuberbühler group’s study about increasing the electron donating character 

increases the thermodynamic stability of their Cu2+ complexes11. 

As pair of Resorufin-ED, I synthesized the Resorufin-EW, functionalized with methyl ester 

as electron withdrawing group, but did not fully characterize and its fluorescent behavior toward 

copper was not checked out. Beside of methoxy and methyl ester functionalization on TPA ligand, 

dimethyl amine, methyl, and trifluoromethane groups were designed, however, those synthesis 

was challenge so was not successful to prepare TPA groups.  

A2.4. Conclusion 
  

Copper-mediated oxidative cleavage of TPA has been utilized in numerous fluorescent 

probes, showing selective cleavage toward copper. However the mechanism of this copper-

induced C-O cleavage has not been clearly understood even though the presence of radical species 

on phenol is the crucial intermediates. To elucidate the mechanism of the copper-induced cleavage 
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of TPA, we attempted to vary the electron density of TPA by introducing electron donating group 

and electron withdrawing group on p-position of TPA binding pocket. Methoxy group linked TPA 

was successfully conjugated with resorufin to give Resorufin-ED and the probe was characterized 

by 1H NMR, mass, and UV-spectroscopy. However, the reaction toward copper showed slightly 

decreased fluorescence over 3 hr in presence of 2 equiv of Cu+. By considering the reported 

resorufin-TPA fluorescent probe (ResCu) which showed about 7-fold fluorescent increase under 

similar condition, Resorufin-ED did not exhibit faster kinetics but slight decrease. We did not go 

further to make other TPA with different functional groups, however, it would be promising to 

check out other functional groups, especially, electron withdrawing group to compare its reaction 

toward copper with ResCu and Resorufin-ED.  
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Figures 

 

 
 

Figure A2.1. Structures and representative data from reaction-based indicators for Cu+. (A) All 

reaction-based triggers for Cu+ are based on the TPA trigger (designated “T”, in blue). This 

trigger has been appended to many small molecule reporters, including fluorescein (FluTPA1), 

Tokyo Green (FluTPA2), cyanine-quinone (TPACy), an imino-coumarin precursor (CP1), 

benzothiazole (HBTCu), coumarin (Probe 1), xanthone (XanCu), resorufin (ResCu), rhodol with 

a mitochondrial tag (RdlTPA-TPP), and, most recently, luciferin (CCL-1). (B) The use and 

mechanism-of-action of CCL-1 for imaging Cu+ in live animals is illustrated. (C) In mice 

expressing liver-specific luciferase, CCL-1 signal is observed only in the liver and is dependent 

on copper levels (top panel); its signal increases in response to copper supplementation with 

copper chloride and decreases in response to copper chelation with ATN-224, a derivative of 

tetrathiomolybdate. (C, Bottom panel) After 8 weeks of a high-fat diet, mice have lower CCL-1 

liver signal than mice fed a control diet for 8 weeks, even though both groups of mice began the 

study with the same CCL-1 liver signal.  
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Figure A2.2. a) Proposed mechanism for copper-induced cleavage of the TPA moiety b) 

Strategies for improving cleavage kinetics by tuning tripodal ligand structure by linking electron 

donating groups or electron withdrawing groups c) General strategy for the synthetic scheme for 

electron-varied TPA 
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Figure A2.3. Schematic for a) methoxy-linked TPA b) ester-linked TPA c) Conjugation with 

resorufin with compound 4 and 7. For control, non-electron modified TPA was linked to give 

resorufin-contrl.   
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Figure A2.4. (a) Time dependent absorption spectra of ResCu (10.0 μM) after addition of 20.0 

μM of Cu+ in aqueous solution (50 mM HEPES, pH 7.2, 2 mM GSH) (isobestic point = 510 nm). 

fluorometer data. (b) ResCu (1.0 mM) after addition of 20.0 mM of Cu+ in aqueous solution (50 

mM HEPES, pH 7.2, 2 mM GSH) (lex = 540 nm). Figures are cited from RSC Adv., 2013, 3, 

16788–16794   

(a) 
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Figure A2.5. a) Absorption spectra of Resorufin-ED (10.0 μM ; black, 20.0 μM ; red, 10.0 μM ; 

blue) in aqueous solution (25 mM HEPES, pH 6.7, 2 mM GSH) and fluorescent spectra b) 

Resorufin-ED (10 μM) after addition of 20.0 μM of Cu+ in aqueous solution (25 mM HEPES, pH 

7.2, 2 mM GSH) (lex = 540 nm). Figures are cited from RSC Adv., 2013, 3, 16788–16794   

  

a) b) 
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Identifying Active Methionine under Oxidative Stress  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The procedure of protein labeling was developed by Dr. Shixian Lin   
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A3.1. Introduction 
 

Methods to label amino acid have been focused on electrophilic reagents which convert 

methionine to sulfonium salts at low pH. Methionine is the most hydrophobic amino acid and the 

second rarest amino acid, and the majority of methionine residues are found within interior protein 

cores. The surface-accessible methionines are limited but this methionines offer a potentially 

valuable handle for highly selective protein modification. In addition, post-translational 

modifications of methionine, including by oxidation and/or metal binding, are emerging as critical 

nodes in signaling pathways that control important biological signaling and pathways. For example, 

reversible oxidation of specific methionine residues within actin can control its assembly and 

disassembly to serve as a navigational signal, and the antioxidant function of methionine sulfoxide 

reductase has been linked to regulation of life span. In addition, recent work suggests that 

methionine oxidation can also increase binding interactions with aromatic residues within proteins. 

A major chemical challenge in developing a selective methionine modification reaction under pH-

neutral physiological conditions is its relatively weak nucleophilicity, which precludes the 

traditional approach of identifying an appropriate methionine-specific electrophilic partner for its 

acid-base bioconjugation in the presence of competing, more nucleophilic amino acids such as 

cysteine, lysine, tyrosine, or serine. As such, we sought to pursue redox reactivity as an alternative 

strategy for methionine ligation and now report a method, termed redox-activated chemical tagging, 

that enables chemoselective methionine bioconjugation in proteins and proteomes. 

Inspired by observations of facile autoxidation of methionine residues to methionine 

sulfoxides during mass spectrometry analyses, an oxidative sulfur imidation reaction might serve 

as an attractive starting point for the ReACT strategy, owing to the flexibility of introducing 

various functionalities on the nitrogen pendant. Chris Chang group initiated the study by screening 

a variety of sulfur imidation reactions with methionine derivative S1 as a model substrate in 1:1 

CD3OD/D2O solvent using proton nuclear magnetic resonance (1H NMR) analysis of substrate 

conversion and reaction selectivity between the desired N-transfer product (NTP, sulfimide) and 

unwanted O-transfer product (OTP, sulfoxide) (Figure. A1 B). Surveys of various transition metal–

catalyzed sulfur imidation reactions were unfruitful, resulting in either no conversion or formation 

of sulfoxide as the only product. However, a strain-driven sulfur imidation of methionine using 

oxaziridine 1 (Ox1) as the sulfur imidation reagent afforded 95% conversion of S1 within 2.5 min 

without additional catalyst with a NTP:OTP ratio of 5:1 (Figrue. A1 B). On the basis of previous 

reports that oxaziridines substituted with an electron-withdrawing group (EWG) favored formation 

of the OTP (30), a carbamate substituted with a weak EWG was initially examined (Figure. A1C). 

From this starting point, altering the linkage of the probe from carbamate to a weaker electron 

withdrawing urea (Ox2) resulted in enhanced selectivity (NTP:OTP = 12:1) with comparable 

conversion. Further attempts to tune electronic effects by substitution of the benzylic hydrogen of 

Ox2 with an electron withdrawing CF3 group (Ox3) resulted in much lower selectivity (NTP:OTP 

= 2:1) and reaction conversion (58%), likely as a result of increased steric hindrance. We observed 

a marked improvement in NTP:OTP selectivity from 6:1 to 18:1 by increasing the percentage of 

water in the solvent medium from 0 to 95% (Figure. A1 B). In accord with previously posited 

hypotheses, this improvement likely results from increased stabilization of the transition state 

leading to intermediate A, which should be improved by solvation and hydrogen bonding to the 

developing alkoxy anion (Fig. A1 C). Together, these data presage the utility of this ligation 

reaction in biological environments. 
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Cysteinue is also a major ligand for copper in cells,9 so we believed that an isoTOP-ABPP 

approach would allow us to identify novel cuproproteins in the human proteome. While free 

cysteine residues are nucleophilic, we hypothesized that copper-cysteine complexation would 

diminish cysteine nucleophilicity. A decrease in nucleophilicity should minimize interaction with 

a cysteine-reactive, alkyne-containing probe, resulting in decreased labeling. Subsequent Click 

chemistry can be used to append a fluorophore for in-gel fluorescence visualization on an SDS-

PAGE gel or a cleavable biotin tag for identification by mass spectrometry analysis, which can be 

used to elucidate Cu-binding cysteine residues. As such, mass spectrometry data can be read out 

as a ratio of light- to heavy- labeled peptide to generate a list of potential copper-binding proteins. 

This chapter details our efforts towards using this strategy to profile the copper-binding proteome. 

The optimization of cellular treatments and efforts towards validation of potential targets are 

described herein.   

 

A3.2. Materials and methods 
 

A3.3.1. Preparation of human cell line proteome 

Cells were maintained by the UC Berkeley Tissue Culture Facility. HEK 293T cells were 

maintained as a monolayer in exponential growth at 37 °C in a 5% CO2 atmosphere in Dulbecco’s 

Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, 

Hyclone), and glutamax (Gibco). One day before harvesting, HEK 293T cells were passaged and 

plated in DMEM. 

A3.4.2. Procedures for click reactions. 

 Oxaziridine labeled protein or proteome samples carrying alkyne handles at the 

concentration 1 mg/mL in PBS were labeled with the CuAAC reaction. The reactions were 

performed by addition of 1 mM CuSO4 (100x stock in water), 100 μM 

Tris(benzyltriazolylmethyl)amine (TBTA, 100x stock in DMSO), 100 μM azide-PEG3-biotin or 

azide-Cy3 (100x stock in DMSO, Click Chemistry Tools) and 2 mM sodium ascorbate (100x stock 

in water). The reactions were then agitated for 1 hour at room temperature before quenching with 

5 mM disodium bathocuproine disulfonate (BCS, 100x stock in water). Protein samples carrying 

azide handles at the concentration 1 mg/mL in PBS were labeled with dibenzocyclooctyne 

(DBCO) containing compounds using copper-free click reaction. The reactions were performed 

by addition of 2-10 equivalents of DBCO-Biotin, DBCO-Cy3, DBCOPEG-10kDa or DBCO-

MMAE and reacted for 8 hour at room temperature before quenching by protein desalting. 

A3.5.3. Reactive methionine profiling 

HeLa cell lysates at the concentration 1 mg/mL in RIPA buffer (1 mL each) were labeled 

with 10 μM (low dose, 200x stock in DMF), 50 μM (medium dose, 200x stock in DMF) or 250 

μM (high dose, 200x stock in DMF) Ox4 probe. The rationales behind these chosen concentrations 

is: the reaction was close to be saturated with 250 μM probe by In-gel fluorescent imaging assay 

(Fig. S12). So we chose 250 μM as high dose group; previous literature applied 10 μM probe for 

the hyper-reactive cysteine profiling. So we used 10 μM probe as our low dose group. The ReACT 

labeling reactions were performed at room temperature for 10 min and quenched by desalting twice 

to remove free oxazirdine probes. The CuAAC reactions were performed on the labeled protein 

with aforementioned method using 200 μM acid-cleavable biotin azide probe (200x stock in 
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DMSO).(40, 41) Samples were precipitated and washed with 7 cold methanol and dissolved in 250 

μL of 2% SDS/PBS. The solutions were diluted to 5 mL with 1% triton X-100/PBS. The solutions 

were then added with 2 mg of streptavidin-coated magnetic beads (Promega Corporation) 

overnight at 4 °C with agitation. The magnetic beads were washed with 1% triton X-100/PBS (5 

mL), PBS (5 mL), 6 M urea (5 mL) and PBS (5 mL). The washed beads were then reduced with 5 

mM TCEP at 65 °C for 15 min and alkylated with 10 mM iodoacetamide (IAA) at 37 °C for 30 

min. On-beads trypsin (2 μg each sample) digestion were performed at 37 °C for 16 hour. The 

beads were then pelleted and washed with PBS (2 x 2mL), water (2 x 2mL). Modified peptides on 

the magnetic beads were cleaved using 1% formic acid/water (2 x 500 μL) at room temperature 

for 30 min and subsequently cleaved with 1% formic acid + 50% acetonitrile/water (2 x 500 μL) 

with agitation for 30 min. The eluents were combined and concentrated with a vacuum 

concentrator. Peptide samples were desalted by Pierce™ C18 Spin Columns (Thermo Fisher 

Scientific) and kept at – 20 °C until analysis. 

A3.6.4. Synthesis of Ox2 

N-ethyl-3-phenyl-1,2-oxaziridine-2-carboxamide (Ox2) To a solution of benzaldehyde 

(1.21 mL, 12 mmol) and urea (880 mg, 10 mmol) in THF (20 mL) was added Ti(OiPr)4 (3.2 mL, 

11 mL) at r.t. After stirring overnight, the mixture was concentrated under vacuum to afford a 

residue. To a mixture solution of satd. K2CO3 (30 mL) and DCM (30 mL) was added 

metachloroperoxybenzoic acid (mCPBA, 6.9 g, 76% purity, 30 mmol) at r.t. After stirring for 10 

min, a solution of the above residue in DCM (30 mL) was added slowly into the mixture at r.t. 

After stirring for another 6 h, water (100 mL) was added and the mixture was extracted with DCM 

for three times. The combined organic layer was then washed with brine, dried over Na2SO4, 

filtered and concentrated under vacuum to give a residue, which was purified by column 

chromatography (DCM/Et2O, 100 : 1) to afford the Ox2 as a white solid (802 mg, 42%). 1 H NMR 

(400 MHz, CDCl3) δ 7.52 – 7.37 (m, 5H), 6.14 (brs, 1H), 4.99 (s, 1H), 3.40 – 3.23 (m, 2H), 1.19 

(t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 162.23, 132.48, 131.06, 128.69, 128.03, 79.42, 

35.45, 14.79. (Figure S16) m/z HRMS (ESI) found [M+H]+ 193.0972, C10H13O2N2 + requires 

193.0972. 

A3.7.5. Protocol for gel analysis 

We then evaluated ReACT as a method for site-selective methionine conjugation of 

proteins. Starting with bovine serum albumin (BSA) as a model protein using a two-step labeling 

protocol, BSA at a concentration of 15 μM was first treated with 100 μM oxaziridine probe Ox4 

bearing a bioorthogonal alkyne group and then subsequently coupled to Cy3-azide through a 

copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. The resulting redox conjugation 

yield to BSA was analyzed by in-gel fluorescence imaging. ReACT proceeds rapidly and can be 

completed with a yield > 95% within 1 to 2 min, with 50% of labeling occurring within the first 5 

s after the addition of Ox4 to the protein under standard reaction conditions (Figure. A3.3). 

Moreover, the measured second-order rate constant for reaction of methionine (at 5- to 40-fold 

excess) with Ox2 in phosphate-buffered saline is 18.0 ± 0.6 M−1 s−1, which is comparable to what 

is observed for the CuAAC reaction. We then moved on to apply ReACT to modification of 

calmodulin (CaM) as a model protein with redox-sensitive methionine. CaM carries nine redox-

active methionine residues, and upon pretreatment with increasing concentrations of hydrogen 

peroxide, we observed the expected dose-dependent decrease in Ox4 labeling as these residues 

were oxidized from methionine to methionine sulfoxide, the latter of which is insensitive to 

ReACT. Only methionine residues were identified carrying the desired modification by LC-
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MS/MS analysis of Ox4-labeled calmodulin, with no probe-generated conjugation modification 

observed on any other amino acids. The results presage the potential application of ReACT to 

probe redox-sensitive methionines by distinguishing them from their oxidized forms. 

Intially, we turned our attention to the use of ReACT as a methionine-targeted warhead 

for chemoproteomics applications, owing to its high specificity and reactivity, as well as the small 

warhead size of the oxaziridine group (e.g., the molecular weight of Ox4 is 202 Da) that allows 

access to a broad range of proteins. To this end, we applied ReACT to probe reactive methionines 

in the proteome through tandem orthogonal proteolysis–activity–based protein profiling (TOP-

ABPP). Through dose-dependent treatment of cells with low, medium, and high levels of ReACT 

probe Ox4 (Fig. A3.3), we sought to identify hyperreactive methionines that should be enriched 

with low-dose labeling along with less-reactive methionine sites. By performing parallel TOP-

ABPP (n = 2 for all three groups) in HeLa cell lysates, we were able to identify 116 (low dose), 

458 (medium dose), and 1111 (high dose) peptides that carry the desired ReACT methionine 

modification (Fig. 4, A and B, and Data S2). Compilation of the hyperreactive methionine-

containing target proteins identified in the low-dose ReACT-treated group spanned many protein 

classes, including enzymes, chaperones, and nucleoproteins, as well as many structural proteins. 

In general, only surface-accessible methionine residues were identified even with the high-dose 

probe, indicating that ReACT does not disrupt or denature proteins under these labeling conditions 

(Fig. A3C). 

 

With these data in hand, we envisioned that ReACT could enable installation of various 

payloads onto a protein of interest at defined methionine sites, serving as a method for 

functionalization using naturally occurring amino acids (Fig. 2A). To this end, we evaluated the 

reactivity of various alkyne- and azide-containing oxaziridine probes (1 mM) with a 100-μM CaM 

model protein (Fig. A2B). LC-MS/MS results showed that ReACT enabled near quantitative 

installation of these bioorthogonal handles on all nine native methionine residues within 10 min 

of labeling time at room temperature, with a 25:1 selectivity over the only other observed minor 

CaM product bearing eight sulfimide modifications (NTP) and one sulfoxide modification (OTP) 

(Fig. A2B). Further functionalizations with biotin, fluorophore, and polyethylene glycol (PEG) 

payloads proceeded smoothly. The high methionine reactivity and specificity of ReACT coupled 

with the ready availability of click reaction partners provides a straightforward method for precise 

protein functionalization based on this naturally occurring amino acid (Fig. A2A). 

 

Cell lysate were prepared as 2 mg/mL and MrsA (cytosol) : 20 uM, Trx (500 μg) : 1 mM 

stock with Tris buffer (50 mM pH 7.4) TCEP: 400 mM stock with milliQ 

 

1) Labed with Ox2 (1 mM) for 1 hr 

2) Desalting column 

3) Reduction by MsrA (0.2 uM), Trx (2 uM), TCEP ( 20 uM) at 37 oC for 2 hrs 

4) Desalting  

5) Label with Ox4 (100 μM) for 30 min to 1 hr 

6) Click with cy3 or biotin / TBTA/ CuSO4 / Ascorbic acid for 1 hr 

7) Stop the click by adding BCS (5 equiv) 

8) Run protein gel 
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• Control showed good staining, however, H2O2 (10 mM for 2 hr incubation at 37 

oC) did not show same pattern staining. 

• Repeated H2O2 experiment but it was same 

• Control protein lysate were measured 10, 20, 30 min and 1, 2, 4, 6, 12 hr time 

interval and 2 hr incubation showed the brightest – after 2hr it might precipitate 

 

A3.8. Results and Discussion 
 

The surface-accessible methionines are limited but this methionines offer a potentially 

valuable handle for highly selective protein modification. Previously, Ox2 reagent was prepared 

and through protein labeling experiment, it showed that only methionine gave a ligated product. 

Cysteine as well as selenocysteine were oxidized to their cystine forms, with no NTP formation 

observed, attesting to the high selectivity of the ReACT reagent for methionine functionalization 

over its sulfur congener. As a further demonstration of the high selectivity of ReACT for 

methionine conjugation, we next identified sites of probe labeling within a whole proteome using 

liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis. HeLa cell lysates were 

treated with Ox4, trypsin digested, and then analyzed by LC-MS/MS for probe modification on all 

nucleophilic amino acids using the Tandem program. We observed labeling of 235 methionine 

residues and a single lysine residue, with no other modifications detected on cysteine side chains 

or other nucleophilic amino acids (Fig. 1D and Data S1). These experiments demonstrate the fast 

kinetics of the ReACT strategy as well as near-perfect selectivity for methionine residues from the 

single-protein to whole-proteome level under mild biocompatible conditions.  

The lysate incubated with hydrogen peroxide will be oxidize sepcific methionine involved 

in oxidative stress in the cell, however non-active methionine stays intact. This non-active 

methionine is masked with Ox3 and then oxidized methionine is reduced using MsrA and a strong 

protein disulfide reducing agent such as tris(2-carboxyethyl)phosphine (TCEP) along with Trx. 

Once oxidized methionine is reduced to free methionine, it can be labeled with Ox2, followed by 

click chemistry to labeled with fluorescent probe to show the labeled band visualization or by 

biotin to pull down all methionine with Ox2 alkyne. In control protein lysate from HEK 293T cell, 

I was able to check the fluorescent from the lane treated with MsrA/TCEP/Trx but not anywhere 

else. The repeated experiment confirmed that active methionine involved in oxidative stress can 

be labeled with the strategy. Time dependent incubation of hydrogen peroxide showed that 120 

min was the brightest and after 120 min, it might cause precipitation of proteins in presence of the 

hydrogen peroxide. However the protein lysate treated with hydrogen peroxide 2 mM or 10 mM 

for 1 hour at room temperature did not show the proper labeling even in the repeated experiment.  

A3.9. Conclusion 
  

We attempted to label methionine which is involved in oxidative stress by using ReACT 

reagents. Reactive methionine can be selectively labeled with Ox2 after masking non-reactive 

methionine with Ox3, followed by reduction of reactive methionine with MsrA/Trx/TCEP. Free 

methionine reduced is finally labeled with Ox2 for click chemistry. This strategy was able to stain 

active methionine in non-hydrogene peroxide treated protein lysate, however, hydrogen peroxide 

treated lysate did not show any labeling. Increase the concentration of hydrogen peroxide did not 

solve the issue, further the incubation time of hydrogen peroxide also did not show the expected 

result neither. There are several conditions can be tried such as using different oxidation rather 
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than hydrogen peroxide. Also control lysate stained with Ox2 and biotin can measured with LC-

MS/MS to identify what kind of protein were involved in oxidative stress.  
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Figures 

 
 

Figure A3.1. Fig. 1. The ReACT strategy for chemoselective methionine bioconjugation. (A) 

(Left) Acid-base conjugation strategies for cysteine-based protein functionalization. 

Iodoacetamide (IAA) and maleimide reagents are representative electrophiles for selective 

cysteine bioconjugation. (Right) ReACT strategies for methionine-based protein 

functionalization.Oxaziridine (Ox) compounds serve as oxidantmediated reagents for direct 

functionalization by converting methionine to the corresponding sulfimide conjugation product. 

During this redox process, the Ox ReACT reagents are reduced to benzaldehyde. (B) Model redox 

conjugation reaction with 25 mM of N-acetyl-L-methionine methyl ester (S1) and 27.5 mM of 

various oxaziridine compounds as substrates in cosolvent (CD3OD/D2O = 1:1). The reactions 

were monitored by detecting the chemical shift of the methionine methyl group with 1 H NMR 

(fig. S1). The reaction time was 10 min in 100% CD3OD solution due to slow reaction rate and 

20 min in 5% CD3OD /D2O solution due to poor solubility of substrate in aqueous solution. (C) 

The proposed reaction mechanism between methionine and oxaziridine compound proceeds by 

nucleophilic attack of sulfide at N atom or O atom of oxaziridine ring, followed by N–O bond 

cleavage to generate reaction intermediate A or B, respectively.The NTP or OTP is generated, 

along with the corresponding aldehyde or imine as side product, through an intramolecular 

rearrangement. (D) Number of unique ReACT-sensitive Met, Lys, and Cys residues detected in 

HeLa cell lysates when treated with 1 mM Ox4 for 10 min. (E) Yield of conjugation reaction was 

performed with 15 mM of BSA carrying four methionines per protein and 100 mM Ox4 at the 

indicated time point as measured by in-gel fluorescence imaging. Error bars, mean ± SD from 

three independent experiments. Cited from Science 2017, 355, 597-602.  
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Figure A3.2. (A) General two-step procedure for methionine-specific protein functionalization is 

a combination of ReACT and click reactions. Various payloads (red sphere) can be installed 

through methionine conjugation at a directed position on a given protein. (B) Redox conjugation 

of a CaM model protein (100 μM) with various Ox compounds (1 mM). The chemical structures 

of oxaziridine probes are shown with molecular weight changes (ΔM) listed for the 

corresponding modifications. The deconvoluted MS data of full protein peaks are plotted in the 

same figure. The major peaks correspond to CaM protein carrying nine sulfimide modifications 

(ΔM). For Ox2-labeled protein: expected mass 17,564 Da, found 17,565 Da; Ox4-labeled 

protein: expected mass 17,654 Da, found 17,654 Da; Ox5-labeled protein: expected mass 18,050 

Da, found 18,051 Da; Ox6-labeled protein: expected mass 18,059 Da, found 18,060 Da. The 

minor peaks correspond to CaM protein bearing eight sulfimide modifications (ΔM) and one 

sulfoxide modification (O). Cited from Science 2017, 355, 597-602 
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Figure A3.3. (A) Reactive methionine profiling with ReACT involves treatment of proteomes 

with low, medium, and high doses of Ox4 probe, followed by CuAAC-based installation of acid 

cleavable biotin-azide tag, enrichment with streptavidin magnetic beads, and sequential on-bead 

trypsin digestions to afford probe-labeled peptides for LC-MS/MS analysis. (B) The number of 

peptides carrying the desired ReACT modification on methionine and appearing in two 

independent runs from the low-, medium-, and high-dose groups is shown. (C) Reactive 

methionine map on actin (PDB 3byh), with hyperreactive methionines colored in red, including 

Met44 and Met47; medium-reactive methionines colored in purple; and less-reactive 

methionines colored in blue. The methionines colored in yellow represent residues identified by 

LC-MS/MS that do not carry redox modification. The domains carrying these yellow-colored 

methionines are involved in actin polymerization. Because of this activity, no desired 

modification is detected on these residues even when these are surface accessible on the protein 

x-ray crystal structure. (D) Protein structure alignment of human alpha enolase (yellow; PDB 

2psn) and yeast enolase 1 (red; PDB 2AL1), with conserved methionine residues shown in stick 

representation. (E) The relative activity of yeast enolase 1 variants with or without treatment of 

NaClO (100 μM). Error bars, mean ± SD from four independent experiments. P values indicated 

in the figure represent results of an unpaired t test. (F) Growth curve of wild-type (WT) (ENO2 

null) and ENO1-M171L (ENO2 null) strains, with or without treatment of NaClO (100 μM). 

Knockout and mutation strains were generated by clustered regularly interspaced short 

palindromic repeats (CRISPR)–Cas9–mediated genome editing. Error bars, mean ± SD from 

three independent experiments. Cited from Science 2017, 355, 597-602 
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Figure A3.4. Work flow to label methionine involved in oxidation under hydrogen peroxide. 

Masking non-active methionine with ethyl oxaziridine (ethyl-Ox) and reduce oxidized methionine 

with MsrA/Trx/TCEP and label with ethylene oxaziridine (Ox2) for click chemistry to identify 

redox active methionine. 
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Figure A3.5. (a) Fluorescent labeling of HEK 293T cell lysates (1 mg/mL) treated with 2 mM 

H2O2 for 1 hr at room temperature and non-H2O2 treated cells (control). Lanes a) is incubated 

with MsrA/Trx/TCEP, lanes b) is without MsrA, lane c) is without Trx and TECP, lane d) is 

control, and lane e) is five times of reagents of lane a) to confirm its reduction ability. (b) is 

coomassie staining of (a).  
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Figure A3.5. Time dependence of redox activity of MsrA/Trx/TCEP in non-H2O2 treated HEK 

293T cell lysates (1 mg/mL).  
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Figure A3.6. Repeated experiment of Figure A3.4 a) Fluorescent labeling of HEK 293T cell 

lysates (1 mg/mL) treated with 10 mM H2O2 for 1 hr at room temperature and non-H2O2 treated 

cells (control). Lanes a) is incubated with MsrA/Trx/TCEP, lanes b) is without MsrA, lane c) is 

without Trx and TECP, lane d) is control, and lane e) is five times of reagents of lane a) to 

confirm its reduction ability. (b) is coomassie staining of (a). 
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Metalloproteomic Study with Episulfide Alkyne Probes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Portions of this work were performed in collaboration with the following persons: 

 

Yuki Nishikawa at Kyoto University synthesized three alkyne probes and did preliminary gel 

analysis of those probes   
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A2.1. Introduction 

  Metal elements represent some of the most fundamental chemical building blocks of life and are 

required to sustain the growth, development, and sustenance of all living organisms and 

ecosystems across the planet.1 Across all species, proteins compose of about 50% of the cell mass 

and reaches 2~4 million proteins per cubic micrometer.2 The extensive proteomics of the cell 

adapts dynamically to external or internal perturbations and thereby defines the cell’s functions 

and reveals its phenotype.3,4 Having an insight of complete and quantitative proteomics as well as 

understanding intact structure is ultimate goal of biology. Traditionally, specific proteins are 

isolated and analyzed their functions and structure through the established methods. However, it 

becomes to run large-scale measurement of proteomes to have information based on the 

computational datasets.3 This proteomes approaches have been transformed by development of 

mass-spectroscopy-based methods. This technique can identify and localization of amino acids as 

well as determine the composition, stoichiometry and topology of the subunits of protein 

complexes and even useful to establishing their structures. Its estimated that metalloproteins are 

about one third to one half of the proteome.5 However, discovering new metal-binding proteins is 

challenging. It is hard to predict metal-binding proteins through computational methods, as there 

is no conserved consensus sequence for metal-coordination so far. The high-throughput mass-

spectroscopy methods are emerging for characterizing novel metalloproteins.6 However, those 

method often requires specialized equipment and laborious procedures. One of methods using 

mass-spectroscopy is an isoTOP-ABPP (isotopic tandem orthogonal proteolysis–activity-based 

protein profiling) which has been developed for profiling cysteine residues that bind copper.7 

(Figure 1) This appendix describes an alternative strategy for profiling metalloproteins using 

ABPP especially using episulfide for metal coordination, activating nucleophilic reaction from 

amino acid near to metal site. Instead of profiling amino acid reactivity as an indirect readout of 

metal-binding, the strategy described in this appendix attempts tag metalloproteins based on 

interactions between metal center and probe headgroup such as acyl-imidazole and episulfide 

groups. We envisioned developing a probe that would contain a metal-chelating headgroup, a 

photocrosslinking group, and a pull-down handle for protein identification. We envisioned the 

metal-chelating would provide specificity, the photocrosslinking group would covalently link 

probe to protein, and the pull-down handle would enable protein identification.  

A4.2 Materials and Methods  

A4.2.1. General synthetic methods  

 

Reactions using moisture- or air-sensitive reagents were carried out in flame-dried 

glassware under an inert atmosphere of N2. Solvent was passed over activated alumina and stored 

over activated 3Å molecular sieves before use when dry solvent was required. All other 

commercially purchased chemicals were used as received (without further purification). SiliCycle 

60 F254 silica gel (pre-coated sheets, 0.25 mm thick) were used for analytical thin layer 

chromatography and visualized by fluorescence quenching under UV light. Silica gel P60 

(SiliCycle) was used for column chromatography. 1H and 13C NMR NMR spectra were collected 

at 298 K in CDCl3 or CD3OD (Cambridge Isotope Laboratories, Cambridge, MA) at 25 °C on 

Bruker AVQ-400, AVB-400, AV-500, or AV-600 at the College of Chemistry NMR Facility at 

the University of California, Berkeley or on Bruker 900 at the QB3 Central California 900 MHz 

NMR Facility. All chemical shifts are reported in the standard notation of δ parts per mil-lion 
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relative to residual solvent peak at 7.26 (CDCl3) or 3.31 (CD3OD) for 1H and 77.16 (CDCl3) or 

49.00 (CD3OD) for 13C as an internal reference. Splitting patterns are indicated as fol-lows: br, 

broad; s, singlet; d, doublet; t, triplet; m, multiplet; dd, doublet of doublets. Low-resolution 

electrospray mass spectral analyses were carried out using a LC-MS (Agilent Technology 6130, 

Quadrupole LC/MS and Advion expression-L Compact Mass Spectrometer). High-resolution 

mass spectral analyses (ESI-MS) were carried out at the College of Chemistry Mass Spectrometry 

Facility at the University of California, Berkeley. 

 

A2.3. Materials and methods 

A4.3.1. Synthesis of acyl-imidazole, epoxy-alkyne, and episulfide-alkyne 

     2-((prop-2-yn-1-yloxy)methyl)oxirane (epoxy-alkyne) : 2-(chloromethyl)oxirane (0.5 g) was 

added in benzene:50% NaOH (1:1 v/v) at 0 oC. To this mixture, prop-2-yn-1-ol (1.2 equiv) and 

tetrabutylammonium bromide (0.5 equiv) werer added and warm up to room temperature and stir 

vigorously for 2 days. Extract with water and ethyl acetate and organic layers were combined and 

dried with Mg2SO4. The crude produce was purified with hexane and ethyl acetate from 5% to 

50%. The TLC was stained with potassium permanganate. 1H NMR (400 MHz, CDCl3) 4.21(2H,s) 

4.03 (1H, s), 3.66-3.58 (2H, m), 2.46 (1H, s), 2.18-1.98 (2H,m).  

     2-((prop-2-yn-1-yloxy)methyl)thiirane (episulfide-alkyne) : In a round-bottomed flask (10 mL) 

equipped with a magnetic stirrer and condenser, a solution of the epoxy-alkyne (1 mmol) and 

thiourea (0.152 g, 2 mmol) in MeOH (3 mL) was prepared. Molecular sieve 4Å (0.1 g) was then 

added to the resulting solution and the reaction mixture was stirred magnetically under reflux 

condition for 12-25 min. The progress of the reaction was monitored by TLC. After completion of 

the reaction, MeOH was evaporated and diethyl ether (5 mL) was added to the reaction mixture 

followed by stirring for 5 min. The mixture was filtered and the organic solvent was evaporated to 

give crude thiirane for further purification by a short-column chromatography over silica gel. Yield 

97%. 1H NMR (400 MHz, CDCl3) 4.21(2H,s) 3.66-3.58 (2H, m), 3.10 (1H, s), 2.36 (1H, s), 2.08-

1.78 (2H,m).  

 

A4.3.2 Preparation of cell lysate 

Cells were maintained by the UC Berkeley Tissue Culture Facility. HEK 293T cells 

were maintained as a monolayer in exponential growth at 37 °C in a 5% CO2 atmosphere 

in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal 

bovine serum (FBS, Hyclone), and glutamax (Gibco). One day before harvesting, HEK 

293T cells were passaged and plated in DMEM. 

 

A4.3.3. Preparation of apo-carbonic anhydrase 

Dissolve CA 1 mg in 1 mL in 25 mM HEPES pH 7.4 buffer with 0.05 M dipicolinic 

acid (hard to make stock solution of dipicolinic acid so dissolve it together with CA). Keep 

the solution at room temperature for 3~4 hr in 3K ultrafiltration (10K is also fine. How it 

works is it filtered below 3 K) filled up 10 mL and centrifuge at 5000 g for 100 min. discard 

the filtrate and fill 10 mL again. Exchange buffer to 25 mM HEPES pH 8.5 and make sure 

the final concentration of dipicolinc acid is below 5 μM. Check the concentration of the 

protein and store at -80 oC. 

 

A4.2.3. Protocol for preparation of mass-spectroscopy sampling  
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Pre- Day-1  

1. Scrape plates separately, such that 6 150mm dishes are combined to make one sample – 

there should be 4 samples total (these will be split into 4 BCS-treated and 4 Control). Then 

take up cells from the 5 dishes combined in ~50 mL cold PBS (aspirate, scrape into 8 mL 

PBS, then wash each plate with 2 mL). Wash 2x more times with 20 mL cold PBS, spinning 

down at 1.4G for 5 mins between each wash. 

2. Then pellet samples and bring each sample into the glovebox as a pellet. 

3. Once in the glovebox, reconstitute each sample in 1.4 mL and sonicate each sample in the 

glovebox – 5 sec on, 10 sec off x 6 – check by looking at under the microscope. 

4. Then quantify protein (using Bradford – each sample is ~8 mg/mL). Dilute desired 

proteome to 2 mg/ml solution in PBS (total volume = 2.5 mL or 2 mL) 

5. Treat 4 samples with 10 uM CuCl in MOPS (prepared from concentrated stock in 0.1 M 

HCl, 50 mM stock) for 1.0  hr. Treat 4 control samples with the same volume of acid + 

MOPS only. While this is labeling, bring in IA-alkyne.  

6. Add fresh made IA-alkyne probe stock (10mM in DMSO) to each sample to get final 

concentration of 100uM (this is 25 uL in 2.5 mL samples or 20 uL in 2.0 mL samples). 

After addition of the probe, vortex and incubate the reaction in RT for one hour. 

 

7. Then run each of the 8 samples through a PD-10 column – load 2.5 mL, then elute in 3.5 

mL.  

8. Collect in 500 uL aliquots (~8 drops) then find protein by running a Bradford assay. Protein 

was in fractions 3-6 (collecting FT, then subsequent fractions 1-8). Dilute to 2 mg/mL (500 

uL x 4) 

9. Prepare a fresh solution of 50mM TCEP in water (14.4mg/ml), chill MeOH in -20 freezer.  

10. To each control eppie, add 10ul of the 5mM Light Tev-biotin tag (9.24mg/ml), to each 

treated/disease sample add 10ul of 5mM-Heavy Tev-biotin tag (9.27mg/ml) and vortex  

11. Vortex the TEV tag stock thoroughly before adding to the sample 

12. If you see particles floating in the Azo tag stock, sonicate the stock to re-solubilize 

13. Add 10ul of fresh 50mM TCEP solution without vortexing 

14. Add 30ul of TBTA “ligand” solution and vortex (0.9mg/ml in DMSO:t-butanol=1:4) 

15. Add 10ul of 50mM Copper (II) Sulfate (12.5mg/ml in water) and vortex 

16. Incubate the reaction at RT for one hour with vortexing every 15min. At this stage, the 

proteins will start to precipitate and the solution will turn cloudy. 

17. Combine the tubes pairwise (Heavy+Light) and centrifuge for 4min at 6500g. A protein 

pellet will form. 

18. Use 100ul or 200ul pipet for all the transfer steps to minimize the sample loss 

19. Save the pipet tip and re-use later for transferring the same sample 

20. Step 11-13 should be done at 4°C or on ice 

21. Remove the supernatant, add 500 uL cold methanol (pre-chilled at -20°C) to each tube and 

sonicate for several seconds till pellet goes into solution completely.  
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22. Centrifuge tubes for 4 min at 6500g in the cold room 

23. Remove the supernatant and repeat the wash (steps 11 and 12) with 500ul cold methanol 

24. Remove the supernatant, add 1ml 1.2% SDS/PBS (w/v), sonicate for several seconds till 

the solution turns clear and heat to 80-90°C for 5min. Then, centrifuge for 5 min at 6500g. 

25. Take out the streptavidin agarose beads slurry from 4°C fridge and resuspend the slurry by 

rotating the bottle. Aliquot 170 ul slurry per sample, up to 6 samples per column. 

26. Wash beads in the vacuum manifold with 1 ml PBS three times, then resuspend beads in 

the original volume taken from the avidin-agarose bottle (including beads). 

27. Using a 200 ul pipette tip with ~1 cm cut off, transfer 170ul washed beads into 15mL 

conicals containing 5mL PBS 

28. Transfer the 1ml sample to the 15ml conical tube which already contains 5ml PBS and 

beads. The final concentration of SDS in the sample is 0.2%. 

29. Incubate the labeled proteome sample with the beads in 15ml conical tube on a rotator at 

4°C (cold room) over-night 

Day-2 (4-5h) 

1. Incubate the labeled proteome sample with the beads on a rotator at RT for couple hours 

to re-solubilize the SDS. 

2. Centrifuge the conical tubes at 1400g for 3 min and remove the supernatant. 

3. Wash the beads by adding 5ml of 0.2%SDS/PBS (w/v), place on a rotator for 10min, then 

spin at 1400g for 3min and remove the supernatant 

4. Transfer beads to Micro Bio-Spin column using two washes of 500 ul PBS 

5. Wash beads on vacuum manifold using three 1 ml washes of PBS 

6. Wash beads on vacuum manifold using three 1 ml washes with water 

7. Transfer the washed beads to screw-capped eppi tubes using two 250 ul washes of fresh 

6M Urea/PBS (1.8g/5ml) 

8. Add 25ul fresh-made DTT solution (30mg/ml in water) to each tube 

9. Incubate the tube at 65°C for 20 min resuspending every 10 min (avoid vortexing) 

10. Cool the tube for several seconds and add 25ul fresh-made 400mM IA solution (74mg/ml 

in water) to each tube. Incubate with agitation at 37°C for 30min. 

11. Dilute the reaction by adding 950ul PBS to each tube, centrifuge at 1400g for 2min and 

remove the supernatant. 

12. Add a pre-mixed solution of 200ul of 2M Urea/PBS, 2ul of 100mM Calcium Chloride 

(14.7mg/ml) in water and 4ul of Trypsin solution (20ug lyophilized powder reconstituted 

in 40ul Trypsin Buffer) to each tube. 

13. Incubate the reaction at 37°C over-night in the shaking incubator 

Day-3 (1h) 

1. Transfer the supernatant and beads to a Bio-Spin column  

a. If saving the tryptic peptides elute into a low adhesion tube by centrifugation 

(1,000g)  
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b. Add 16uL formic acid and store at -80C. 

2. Wash the beads with 3X 500ul PBS and then 3X 500ul water. 

3. Transfer the beads to screw top epi tubes with 2X 500ul water 

4. Spin down the beads and remove the supernatant 

5. Wash the beads with 1 x TEV buffer (140 ul water, 7.5 ul of 20x TEV buffer, 1.5 ul of 100 

uM DTT). 

6. To the beads, add a premixed solution of TEV buffer as above, containing 5 ul of Ac-TEV 

protease. 

7. Leave the reaction in a 29°C incubator overnight with mild agitation. 

Day-4 (1h) 

8. Transfer the supernatant and beads to a Bio-Spin column and elute into a low adhesion 

eppie tube 

9. Wash the beads with 2 x 75 ul of water and combine the water washings with the eluent 

10. Add 16 ul of formic acid to the sample and store TEV samples at -80°C until mass 

spectrometric analysis. 

A2.4. Results and Discussion 
 

We performed our initial chemoproteomics experiment (Figure A4.1) comparing HEK 

293T cells treated in situ with 2mM with BCS, EDTA, DFO, TETA, and TTM for one hour to 

vehicle-treated HEK 293T cells. Cells were incubated with acyl-imidazole alkyne probe and 

episulfide-alkyne probes for another one hour in the biobox, followed by click chemistry, and 

subsequent processing steps were performed aerobically.15 The fluorescent intensity revealed that 

acyl imidazole does not show any difference between control and chelator incubated cases. 

However in case of episulfide-alkyne probe exhibited distinct fluorescent decrease in presence of 

all chelator incubated cases, indicating that the metal activation is the key step for metalloprotein 

labeling with those probes. This results was confirmed by several repeated experiments. To 

identify the protein labeled with episulfide-alkyne, mass spectroscopy samples were prepared for 

control/EDTA and control/TETA cases. Each cases were prepared in triplet. For mass 

spectroscopy samples, isoTOP-ABPP strategy were utilized by treating control lysate linked with 

light-TEV and chelator treated incubated with heavy-TEV.  

Seeking to validate targets identified on the generated list, the following criteria were 

considered for validation - (1) Light/Heavy ratio > 3 (2) n > 2 (3) protein has an established 

activity/functional assay in vitro and in situ (4) protein has a known metal sites. To demonstrate 

the probe’s ability to detect metalloproteins, carbonic anhydrase was chosen as model protein and 

apo-carbonic anhydrase was prepared for comparing the presence of zinc and EDTA affects the 

labeling of episulfide-alkyne probe. Furthermore, one of Chang group’s postdoc, Byungsun, 

prepared another series of episulfide probes with different linker length and with rigid benzene 

ring. 2-(4-ethynylphenyl)oxirane and 2-(4-ethynylphenyl)thiirane where are linked to benzene ring 

did not show any chelator effect upon BCS, EDTA, DFO, TETA, and TTM. Also longer linker 

with amide bond in the middle, N-(hex-5-yn-1-yl)-4-(thiiran-2-yl)butanamide and N-(hex-5-yn-1-

yl)-4-(thiiran-2-yl)butanamide also did not difference in presence and absence of chelator. Those 

imply that the length and rigidity is important for designing the mealloprotein especially, be able 

to reach metal center where usually buried deep on the protein surface. 
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A2.5. Conclusion 
  

We developed a chemoproteomic strategy for identifying novel metalloproteins 

with new probes. This strategy was based on the hypothesis that probes are activated with 

metal coordination, triggering nucleophilic attack from amino acids on protein surfaces 

which is near to the metal coordination sites. The probes are based on episulfide with 

alkyne-containing probe for tag labeling. For control probe, epoxide probes have been 

prepared to decreases in nucleophilicity, resulting in decreased labeling. Furthermore, the 

episulfide probes have been prepared by differentiating the length of the carbon chain or 

introducing the aryl group to increase the rigidity of the probes. The epoxide probes showed 

decreased staining compared with episulfide probes, confirming that nucleophilicity is an 

important factor for staining. Among those probes, the episulfide1 showed significant 

decrease staining in presence of chelator (EDTA, BCS, DFO, TTM, and TETA). The 

protein polysates from HEK293T cell were labeled with episulfide in presence and absence 

of EDTA and TETA. Through mass-specstroscopy, we attempted to identify a number 

proteins. Additionally, carbonic anhydrase proteins were selected to demonstrate the 

episulfide-alkyne probes can be active by the presence of zinc and not activated in absence 

of zinc (incubated with excess EDTA). So far apo-carbonic anhydrase was prepared and 

will test with episulfide-alkyne probe.  
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Figures 

 
 

Figure A2.1. a) isoTOP-ABPP involves proteome labelling, click-chemistry-based incorporation 

of isotopically labelled cleavable tags, and sequential on-bead protease digestions to provide 

probe-labelled peptides for MS analysis. The IA probe is shown in the inset. LC-MS/MS, liquid-

chromatography-MS/MS. B) Measured isoTOP-ABPP ratios for peptides from MCF7 cells 

labelled with four pairwise IA probe concentration. Cited from Nature, 2010, 468, 790–795. 
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Figure A2.2. (a) A Cu-binding protein, such as the protein depicted in green, will exhibit a 

light/heavy ratio > 2 while (b) a control protein, such as the protein depicted in pink, will exhibit 

a light/heavy ratio = 1 in an isoTOP-ABPP experiment.  
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Figure A4.3. The sturctures of acyl-imidzole-alkyne and episulfide-alkyne probes and the 

illustartion of how the probe works in the cells.  
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Figure A4.4 Acyl-imidzole (50 μM) and the labeling in presence of 100 equiv of imidzole for 

competitive binding. The rest of half left side is protein lystae (1 mg/mL) incubated with indicated 

chelator (2 mM) for 15 min, followed by incubation of acyl imidzole-alkyne for 1 hour at room 

temperature. The episulfide-alkyne showed the brighest among the protein lystae, however the 

epoxy-alkyne showe really dim. The rest of half right side is protein lystae (1 mg/mL) incubated 

with indicated chelator (2 mM) for 15 min, followed by incubation of episulfide-alkyne for 1 hour 

at room temperature. The plot is integrated fluorescent intensity in each lanes.  
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Figure A4.5. Acyl-imidzole (100 μM) and the labeling in presence of 100 equiv of imidzole for 

competitive binding. The rest of half left side is protein lystae (1 mg/mL) incubated with indicated 

chelator (2 mM) for 15 min, followed by incubation of acyl imidzole-alkyne for 1 hour at room 

temperature. The episulfide-alkyne (100 μM) showed the brighest among the protein lystae, 

however the epoxy-alkyne (100 μM) showe really dim. The rest of half right side is protein lystae 

(1 mg/mL) incubated with indicated chelator (2 mM) for 15 min, followed by incubation of 

episulfide-alkyne for 1 hour at room temperature. The plot is integrated fluorescent intensity in 

each lanes. 
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