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Abstract 
 

GUMBOS (group of uniform materials based on organic salts) are considered promising 

candidates for chemical and biological analyses due to their facile synthesis and high 

tunability. Additionally, GUMBOS can be easily converted into nanomaterials (e.g., 

nanoGUMBOS), that can exhibit a variety of properties different from their bulk 

counterparts. 

In the first study of this dissertation, erythrosin B (EB) was converted into GUMBOS via 

simple ion metathesis reactions using several phosphonium and ammonium cations. The 

ability of EB-based GUMBOS to discriminate individual and binary mixtures of proteins was 

examined. Moreover, the effect of various values of pH (3.0, 4.5, and 6.0) and reaction times 

(5, 10, and 15 min) on their discriminatory power was also evaluated. Ultraviolet-visible (UV-

Vis) spectra resulting from interactions between GUMBOS and proteins were analyzed 

using partial least squares discriminant analysis (PLSDA). Correct protein assignments 

ranged from 86.5% to 100.0%, with the best results achieved using tetrabutylphosphonium- 

and tetrabutylammonium-erythosin B GUMBOS (i.e, [P4444]2[EB] and [N4444]2[EB]) at pH 6.0. 

Under these conditions, it was also possible to discriminate between mixtures of albumin 

(Alb) and myoglobin (Mb) at different ratios. 

Despite the successful use of EB-based GUMBOS to discriminate proteins at 20 µg mL-1, a 

range of detection limits is necessary to determine the full potential of these GUMBOS for 

qualitative and quantitative analyses. In this regard, UV-Vis spectra of [P4444]2[EB] and 

[N4444]2[EB] in the presence of Alb, Mb, ribonuclease A (RNAse A), lysozyme (Lyz), and α-

chymotrypsin (α-ChT) at concentrations ranging from 0.05 to 20 µg mL-1 were analyzed 

using PLSDA and partial least squares (PLS). The highest percentages of correct protein 

assignments were obtained using [N4444]2[EB] for concentrations greater than 0.50 µg mL-1 

and GUMBOS were most successful for identification of Mb among all proteins studied. It 

was also found that both GUMBOS can successfully estimate concentrations of Alb, Mb, 

Lyz, and α-ChT in the range of 0.50–20 µg mL-1. 

In a subsequent study, [P4444]2[EB] GUMBOS was converted into nanoGUMBOS using an 

ultrasound-assisted reprecipitation method, and evaluated for ability to discriminate and 

quantify protein analytes. Sonication time (30 s, 5 min, and 15 min) and cyclodextrin 

templating (α-, 2-HP-β-, and γ-CD) were investigated for impact on discrimination 

performance of synthesized nanomaterial. Alb, Lyz, hemoglobin (Hb), trypsin (Try), catalase 

(Cat), and cytochrome c (Cyt c) were selected as target proteins due to their distinct 

physicochemical properties and levels of abundance. It was possible to achieve 99.6% of 

correct protein assignments when sonication time was set to 5 min and no template was 
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used. Moreover, [P4444]2[EB] nanoGUMBOS was able to distinguish proteins at 

concentrations as low as 2.0 µg mL-1 and discriminate mixtures of different ratios of Lyz, 

Hb, and Cyt c. The PLS model developed for Alb was also determined to be suitable for 

quantification. 

Protein binding to cell membranes plays an important role in several physiological and 

pathophysiological conditions. In this regard, ANS (8-anilino-1-naphthalenesulfonic acid) 

was modified to form GUMBOS with distinct cations, and the resulting GUMBOS were 

investigated as fluorescent probes for membrane binding studies with Lyz, Mb, α-ChT, and 

RNAse A. Changes in fluorescence intensity were used to monitor protein binding to 

liposomes of dimyristoyl-sn-glycero-phosphocholine (DMPC), which were chosen due to 

their ability to mimic membrane structure and composition. When compared to the parent 

ANS dye, [N4444][ANS] and [P4444][ANS] were determined to have improved optical 

properties and lipophilicity. Distinct fluorescence responses were observed upon addition 

of proteins to each probe, showing that surface hydrophobicity impacts the binding process. 

The relative maintenance of binding cooperativity and maximum fluorescence intensity 

further suggests that proteins compete with GUMBOS for membrane binding sites. 

In an attempt to overcome clinical limitations of rose bengal (RB), three novel GUMBOS 

were strategically designed and synthesized from RB dye via ion metathesis reactions using 

select cationic antiseptics. RB-based GUMBOS were evaluated for their potential use as 

antibacterial agents and were investigated against a panel of clinically relevant Gram-

positive and Gram-negative bacteria. GUMBOS were determined to have equal efficacy, 

and in some cases to be more effective than the parent RB dye and cationic antiseptics as 

well as their unreacted mixtures towards Staphylococcus aureus DSM 2569 and 

Enterococcus faecalis. Moreover, chlorhexidine RB ([CHX][RB]) was determined to be 

active against Gram-negative Escherichia coli and produced the lowest percentage of 

hemolysis (<5%) among all tested compounds and mixtures. 

Finally, an automated yeast-based assay was developed to study toxic effects of GUMBOS 

and other groups of compounds. The assay was implemented using a sequential injection 

analysis system that relied on the ability of living Saccharomyces cerevisiae cells to 

enzymatically reduce methylene blue dye to a colorless product. Results confirmed the 

impact of structural elements on compounds’ toxicity. Furthermore, the developed method 

showed satisfactory repeatability and reproducibility, involved consumption of only 40 µL of 

reagents, and produced less than 2 mL of effluents. 

 

Keywords: Antibacterial activity; Chemometrics; (Nano)GUMBOS; Proteins; Toxicity. 
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Resumo 
 

A simplicidade da síntese e adaptação das propriedades dos GUMBOS (grupo de materiais 

uniformes à base de sais orgânicos), tornam estes materiais atrativos para análises 

químicas e biológicas. Os GUMBOS podem ainda ser convertidos em nanomateriais (i.e., 

nanoGUMBOS) com a obtenção de propriedades distintas. 

No primeiro estudo apresentado, a eritrosina B (EB) foi combinada com catiões fosfónio e 

amónio através de reações simples de metátese, avaliando-se a capacidade dos GUMBOS 

sintetizados para diferenciar entre várias proteínas e misturas de proteínas. Além disso, foi 

estudado o efeito de diferentes valores de pH (3,0; 4,5 e 6,0) e tempos de incubação (5, 10 

e 15 min) no poder discriminatório dos GUMBOS. Os espetros de ultravioleta-visível (UV-

Vis) resultantes da interação dos GUMBOS com as proteínas foram sujeitos à análise 

discriminante por regressão de mínimos quadrados parciais (PLSDA). As percentagens de 

previsão correta das proteínas variaram entre 86,5% e 100,0%, tendo sido obtidos os 

melhores resultados com o tetrabutilfosfónio- e o tetrabutilamónio-EB ([P4444]2[EB] e 

[N4444]2[EB]) a pH 6,0. Foi, ainda, possível discriminar misturas de proteínas com diferentes 

proporções de albumina (Alb) e mioglobina (Mb). 

Apesar dos GUMBOS derivados da EB terem sido capazes de discriminar as proteínas na 

concentração de 20 µg mL-1, considerou-se importante testar uma ampla gama de 

concentrações para confirmar o seu potencial para análises qualitativas e quantitativas. 

Como tal, os espetros de UV-Vis do [P4444]2[EB] e do [N4444]2[EB] na presença de Alb, Mb, 

ribonuclease A (RNAse A), lisozima (Lyz) e α-quimotripsina (α-ChT), nas concentrações 

compreendidas entre 0,05 e 20 µg mL-1, foram analisados usando a PLSDA e a regressão 

por mínimos quadrados parciais (PLS). As percentagens mais elevadas de discriminação 

correta foram obtidas usando o [N4444]2[EB] para concentrações superiores a 0,50 µg mL-1. 

Além disso, ambos os GUMBOS foram mais bem sucedidos na identificação da Mb e 

mostraram ser capazes de estimar as concentrações de Alb, Mb, Lyz e α-ChT no intervalo 

de 0,50 a 20 µg mL-1. 

No estudo subsequente, o [P4444]2[EB] foi convertido em nanoGUMBOS usando o método 

de nanoprecipitação combinado com ultrasonicação, sendo avaliada a sua capacidade 

para discriminar e quantificar várias proteinas. O efeito do tempo de sonicação (30 s, 5 min 

e 15 min) e do uso de ciclodextrinas (α-, 2-HP-β- e γ-CD) na capacidade discriminatória do 

nanoGUMBOS foram, adicionalmente, investigados. A Alb, a Lyz, a hemoglobina (Hb), a 

tripsina (Try), a catalase (Cat) e o citocromo c (Cyt c) foram selecionadas como proteínas-

modelo devido às suas propriedades e abundância distintas. Após 5 min de sonicação, e 

na ausência de CD, foi possível obter uma percentagem de discriminação correta de 
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proteínas de 99,6%. Verificou-se ainda que o nanoGUMBOS [P4444]2[EB] é capaz de 

distinguir proteínas em concentrações tão baixas quanto 2,0 µg mL-1, bem como misturas 

de proteínas contendo diferentes proporções de Lyz, Hb e Cyt c. O modelo de PLS que 

mostrou ter uma melhor capacidade preditiva da concentração de proteína foi o modelo 

desenvolvido com a Alb. 

A ligação das proteínas às membranas celulares desempenha um papel importante em 

inúmeros processos fisiológicos e patofisiológicos. Neste contexto, foram obtidos três 

GUMBOS por reação do ANS (ácido 8-anilino-1-naftalenosulfónico) com diferentes catiões, 

tendo sido avaliado o seu potencial como sondas fluorescentes, para o estudo das 

interações proteína-membrana. As variações na intensidade de fluorescência foram 

usadas para monitorizar a ligação das proteínas (Lyz, Mb, α-ChT e RNAse A) aos 

lipossomas de 1,2-dimiristoil-sn-glicero-fosfocolina (DMPC), os quais foram escolhidos de 

forma a mimetizar a estrutura e a composição das membranas lipídicas. Verificou-se uma 

melhoria das propriedades óticas e um aumento da lipofilia do [N4444][ANS] e [P4444][ANS] 

comparativamente ao ANS. Além disso, foram obtidas diferentes respostas após adição 

das proteínas a cada uma das sondas, como resultado provável de diferenças na sua 

hidrofobia da superfície. A relativa manutenção da cooperatividade e da intensidade de 

fluorescência máxima sugerem ainda que as proteínas e os GUMBOS competem pelos 

mesmos locais de ligação nas membranas. 

Por forma a ultrapassar as limitações clínicas da rosa de bengala (RB), três novos 

GUMBOS foram sintetizados a partir deste corante e de antisséticos catiónicos 

selecionados. O seu potencial uso como agentes antibacterianos foi avaliado usando um 

painel de bactérias Gram-positivas e Gram-negativas clinicamente relevantes. Os 

GUMBOS mostraram ter igual eficácia e, em alguns casos maior eficácia, do que os 

precursores e as respetivas misturas contra a Staphylococcus aureus DSM 2569 e a 

Enterococcus faecalis. A clorohexidina RB ([CHX][RB]) provou, ainda, ser ativa contra a 

bactéria Gram-negativa Escherichia coli e ser hemocompatível (hemólise < 5%) 

comparativamente a todos os compostos e misturas em estudo. 

Para estudar a toxicidade de GUMBOS e outros compostos foi implementando um método 

automático, em que se avalia a capacidade de células viáveis de Saccharomyces 

cerevisiae reduzirem o corante azul de metileno a um produto incolor. Este método 

apresentou repetibilidade e reprodutibilidade satisfatórias, com um consumo de 40 µL de 

reagentes e produção de cerca de 2 mL de efluentes. Os resultados confirmaram o impacto 

dos elementos estruturais na toxicidade dos compostos. 

 

Palavras-chave: Atividade antibacteriana; (Nano)GUMBOS; Proteínas; Quimiometria; 

Toxicidade.  
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Outline of the dissertation 
 

The present dissertation is organized into eight chapters as follows: 

 

Chapter 1. Theoretical background 
Chapter 1 provides an overview of the field of GUMBOS (group of uniform materials based 

on organic salts). This introductory chapter also highlights the possibility of modulating 

properties of organic salts as well as their conversion to nanoparticles. In addition, chapter 

1 describes strategies for syntheses of GUMBOS and nanoGUMBOS to obtain a variety of 

shapes and spectral characteristics suitable for analytical purposes, such as sensing and 

solid-phase extraction. The motivation and objectives for this dissertation are also 

presented at the end of chapter 1 as a bridge between current state-of-the-art and the 

original research presented herein. 

 

Chapters 2–7. Original research 

The next five chapters (chapters 2 to 7) describe work developed under the scope of this 

dissertation. Three chapters (i.e., chapters 2, 4, and 7) are published. The remaining (i.e., 

chapters 3, 5, and 6) have been submitted for publication in international journals with 

strong peer review processes. As such, each chapter is structured with the following 

sections: introduction, materials and methods, results and discussion, and conclusions. The 

limitations of the dyes selected to form GUMBOS and the deficiencies of the methodologies 

commonly employed for the same purpose, along with research opportunities they offer are 

presented in the introduction. Subsequently, the preparation of reagents, instrumentation, 

synthesis and characterization of GUMBOS (and nanoGUMBOS), analytical procedure, 

and strategies used for data analysis are provided in the experimental section. The obtained 

results are detailed in the next section of the manuscript, and comparisons are made with 

what has been described in the literature. Finally, the primary findings and improvements 

of these studies are highlighted in the “Conclusions” section. 

 

Chapter 8. Concluding remarks and future perspectives 

The final chapter of this dissertation summarizes the essential findings of all studies 

investigated under the scope of this dissertation. This final chapter also outlines the 

foremost advantages offered by these developed GUMBOS (and nanoGUMBOS), as well 

as provides approaches and suggestions for future research directions. 
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Chapter 1 
 

Theoretical background 

 
 

 

 

 

 

 

 

Highlights 
• The tunable features of GUMBOS allow for tailoring materials for specific uses. 

• NanoGUMBOS can exhibit different properties from GUMBOS. 

• Methods for synthesis of nanoGUMBOS with defined characteristics are described. 

• GUMBOS and nanoGUMBOS were designed for sensing and solid-phase 

extraction. 

• NanoGUMBOS are a viable alternative to overcome potential risks of other 

nanoparticles. 

 

 

Literature review published after international peer review as “Azevedo AMO, Santos JLM, 

Warner IM, Saraiva MLMFS. GUMBOS and nanoGUMBOS in chemical and biological 

analysis: A review. Anal Chim Acta. 2020;1133:180-98”. 

~  

~  
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Abstract 
GUMBOS (group of uniform materials based on organic salts) is a novel class of materials 

that exhibits similar features to those of ionic liquids, but have melting points between 25 

and 250 °C. GUMBOS can be easily converted into nanomaterials (nanoGUMBOS), with 

advantages of working at nanoscale. Due to the huge number of possible cation-anion 

combinations, these materials can be multifunctional and designed for a specific task. 

This review highlights the possibility of fine-tuning GUMBOS physical and chemical 

properties in view of changing their ionic counterparts. Their outstanding potential for 

analytical applications is shown through recent developments in areas such as sensing, 

and solid-phase extraction. Available methods for synthesis of nanoGUMBOS, and their 

different outcomes in shapes and optical properties are described, with pros and cons being 

outlined. Finally, an analysis is made of opportunities and challenges faced by this class of 

organic ionic materials. 

 

Keywords: Bioanalysis; GUMBOS; Ionic liquid; Nanomaterial. 

 

 



  Chapter 1 

35 
 

~  

1.1. Introduction 
Although ionic liquids (ILs) have received increased attention recently, their history goes 

back to the mid-19th century when the formation of a ‘red oil’ was observed during the course 

of a Friedel-Crafts reaction (1). ILs have been defined (perhaps vaguely) as organic salts 

composed entirely of ions that melt below the boiling point of water (2). The choice of this 

maximum temperature limit is quite arbitrary, but serves the purpose of distinguishing ILs 

from molten salts (3). It is also worth noting that there are many synonyms for materials that 

meet ILs definition, namely ‘room temperature molten salts’, ‘liquid organic salts’, and ‘ionic 

fluids’ (1). 

In contrast to inorganic salts that have high melting temperatures because of strong 

interionic electrostatic interactions, ILs exhibit much lower melting points (m.p.< 100 ºC) 

due to inefficient packing of the ions (4, 5). Symmetry seems to play an important role in 

crystal packing, with irregularly shaped cations leading to poor lattice matching and reduced 

melting temperatures (6, 7). For example, when Na+ of sodium chloride (NaCl) is replaced 

by the asymmetric and bulky 1-ethylimidazolium (C2im) cation, the melting point decreases 

from 800 to 58 °C (Fig. 1.1) (5, 8). The melting points of ILs are also influenced by the size 

and charge distribution of constituent ions as well as by the length of alkyl side chains (7, 

9). Furthermore, it has been reported that polymorphism can lead to inhibition of 

crystallization, consequent depression of the melting point, and thus formation of ILs (10, 

11). 

 

 

Fig. 1.1. Schematic representation of the change in ion packing from (a) NaCl to (b) [C2im][Cl]. 

 

A growing interest in ILs as greener alternatives to conventional organic solvents is due to 

their peculiar features, namely unique solvation capability for a wide range of polar and 

nonpolar molecules, great chemical and thermal stability, high ionic conductivity, large 

electrochemical window, low flammability and vapor pressure. Moreover, ILs properties can 
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readily be tuned by varying the cation, anion, and attached substituents (12-14). For 

instance, the miscibility of ILs with water is primarily dictated by the hydrophilic/hydrophobic 

property of the anion. Hydrophilic anions such as halides and nitrate form ILs that are water 

miscible, whereas more hydrophobic anions, e.g., bis(trifluoromethylsulfonyl)imide and 

hexafluorophosphate usually hinder aqueous miscibility. Furthermore, increasing the alkyl 

chain length of an organic cation leads to enhanced hydrophobicity, and thus results in 

lower solubility (15, 16). In addition to water miscibility and hydrophobicity, the viscosity, 

density, and solvation behavior of ILs can also be modulated by changing their chemical 

structure (17-19). Similar to what happens with the aforementioned properties, toxicity and 

biodegradability seem to be related to the structural elements of ILs, which allows the design 

of less toxic and more environmentally friendly compounds (20). Ultimately, the cation and 

anion may have distinct and desirable functions, enabling the preparation of multifunctional 

materials in a simpler and more convenient way (21, 22). 

Over the last two decades, tremendous progress in the field of ILs has been observed, with 

applications extending from analytical chemistry (23, 24) and electrochemistry (25, 26) to 

biotechnology (27, 28), engineering (29, 30), drug delivery, and pharmaceutics (31-33). In 

addition, ILs have been used at the industrial level, namely in the BASIL, Difasol, and 

Ionikylation processes developed by BASF, IFP (Institut Français du Pétrole), and 

PetroChina, respectively (34). Applications of ILs have also been proposed for the food 

industry, including as surfactants, lubricants, and solvents for extraction procedures (35, 

36). However, it is worth noting that the use of ILs can be restricted by their relatively low 

maximum temperature limit. Thus, the emergence of solid-state analogues of ILs has 

opened many new possibilities for applications (37). 

Although much attention has been paid to use of ILs in liquid-state applications, much less 

reference has been made to solid-phase utilization. It was only a decade ago that the first 

reports emerged of so-called ‘GUMBOS’ (group of uniform materials based on organic salts) 

(38). These materials share similar properties to those of ILs, but can be differentiated by 

the melting points (< 100 °C for ILs and 25–250 °C for GUMBOS), making them suitable for 

analytical, biomedical, and materials application (37). In parallel, a number of studies have 

focused on controlled synthesis of nanomaterials derived from GUMBOS (nanoGUMBOS) 

as well as their characterization and potential uses (39-41). 

This review updates the literature regarding GUMBOS-based materials, integrating studies 

conducted in this field since 2014. The versatility and tunable properties of these 

compounds are highlighted, with emphasis placed on applications that were not mentioned 

in Warner’s perspective article (37). Here, we also describe alternative strategies for 

synthesis of nanoGUMBOS, and discuss their pros and cons. Finally, opportunities and 

challenges of this novel class of materials are outlined. 
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A list of abbreviations, names, and chemical structures of ions typically used to form ILs 

and GUMBOS mentioned in this review is provided in Table 1.1. 

 

 

1.2. Ionic liquids 
Within ILs, two broad categories can be distinguished. These categories are based on the 

melting point: room temperature ILs (RTILs, m.p. < 25 °C) and frozen ILs (FILs, 25 ºC 

<m.p.< 100 ºC) (37). 

 

1.2.1. Room temperature ionic liquids 
After an initial report by Paul Walden (1914) on synthesis and physical properties of 

ethylammonium nitrate (m.p. = 13–14 ºC), RTILs began to be exploited as electrolytes for 

batteries (34, 69). Since then, this group of compounds has sparked interest for applications 

in many other fields, namely analytical chemistry (70) and nanotechnology (71). 

Some researchers have devoted efforts toward development of nanosensors based on 

RTILs. For instance, Das and coworkers have described preparation and pH dependent 

properties of NMs derived from ILs containing the trihexyltetradecylphosphonium (P66614) 

cation paired with the fluorescein (FL) anion. [P66614]2[FL] nanodroplets exhibited variable 

sizes and colorimetric responses as a function of pH values, which supports their potential 

use as biosensors for early detection of cancer and bacterial infections (Fig. 1.2) (63). These 

same nanodroplets were employed by Galpothdeniya and colleagues for development of a 

selective and sensitive fluorescence sensor for detection of albumins. Spectral analysis 

revealed distinct fluorescent features of [P66614]2[FL] nanodroplets with respect to the type 

and concentration of proteins. In the presence of human and bovine serum albumins, there 

was an enhancement of more than 19 times in the integrated fluorescence intensity. In 

contrast, the remaining proteins produced a less than 5-fold increase (64). 
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Table 1.1. Names, abbreviations, and chemical structures of the cations and anions reported in this review. 

Cations Anions 

[Abbreviation] Name Chemical structure Ref. [Abbreviation] Name Chemical structure Ref. 

[AP] 
1-aminopyrene 

 

(42) 
[AOT] 

Bis(2-ethyl-1-hexyl) 
sulfosuccinate 

 

(43-47) 

      

[BG] 
Brilliant green 

 

(48) 
[Asc] 

Ascorbate 

 

(42, 49, 
50) 

[C2im] 
1-ethylimidazolium  

(8) 
[BETI] 

Bis(pentafluoroethylsulfonyl) 
imide  

(44, 48-
54) 

      
[C3mim] 

1-methy-3-propylimidazolium  
(55) 

[CuPcS4] 
Copper phthalocyanine-

3,4’,4’’,4’’’-tetrasulfonic acid 

 

(56) 

[C4dmim] 
1-butyl-2,3-dimethylimidazolium 

 
(57) 

[C16mim] 
1-hexadecyl-3-methylimidazolium 

 

(58, 59) 
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Table 1.1 (continued) 

Cations Anions 

[Abbreviation] Name Chemical structure Ref. [Abbreviation] Name Chemical structure Ref. 

      

[DD] 
1,1’-diethyl-2,2’-dicarbocyanine 

 

(52) 

[CuTCPP] 
Copper (II) meso-tetra(4-
carboxyphenyl)porphyrin 

 

(60) 

[DDMA] 
3-(dodecyldimethyl-

ammonio)propanesulfonate  
(56) 

[HMT] 
1,1′,3,3,3′,3′-

hexamethylindotricarbocyanine  

(43-46) 

   
[IR780] 

2-[2-[2-chloro-3-[(1,3-dihydro-3,3-
dimethyl-1-propyl-2H-indol-2-

ylidene)ethylidene]-1-cyclohexen-1-
yl]ethenyl]-3,3-dimethyl-1-

propylindolium  

(49, 61) 

      

[N4444] 
Tetrabutylammonium  

(56) 

[DC] 
Deoxycholate 

 

(62) 
[P4444] 

Tetrabutylphosphonium  
(56) 

(continued on next page) 
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Table 1.1 (continued) 

Cations Anions 

[Abbreviation] Name Chemical structure Ref. [Abbreviation] Name Chemical structure Ref. 

      

[P4448] 
Tributyl-n-octylphosphonium 

 
(56) 

[FL] 
Fluorescein 

 

(63, 64) 

[P66614] 
Trihexyltetradecylphosphonium 

 

(60, 63-
65) 

[PC] 
1,1’-diethyl-2,2’-carbocyanine 

 

(52) [NTf2] 
Bis(trifluoromethylsulfonyl)imide 

 

(42, 44, 
46, 47, 
51, 52, 
54, 55, 
58, 66)    

[PIC] 
1,1'-diethyl-2,2'-cyanine 

 

(51, 52, 
54) 

[OTf] 
Trifluoromethanesulfonate 

 

(49, 50) 

   

[Ptc] 
Iron(III) phthalocyanine 

 

(62) 

      
(continued on next page) 
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Table 1.1 (continued) 

Cations Anions 

[Abbreviation] Name Chemical structure Ref. [Abbreviation] Name Chemical structure Ref. 

      

[R6G] 
Rhodamine 6G 

 

(39, 50) [PF6] 
Hexafluorophosphate 

 

(57) 

[TC0] 
3,3’-diethylthiacyanine 

 

(53) 
[TFPB] 

3,5-bis (trifluoromethyl) 
phenyltrifluoroborate 

 

(43, 44) 

     

[TC1] 
3,3’-diethylthiacarbocyanine 

 

(53) 

[TFP4B] 
Tetrakis[3,5-bis-(1,1,1,3,3,3-

hexafluoro-2-methoxy-2-
propyl)phenyl] borate 

 

(44) 

 
      
      

(continued on next page) 

O

O

O

NHHN

P

F

F
F F

FF

S

N

S

N

BF3

CF3F3C

N

S

S

N
B

CF3

CF3

OCH3

F3C
H3CO

F3C

F3C

F3C

OCH3

CF3

CF3

OCH3

F3C
OCH3

F3C CF3

OCH3
CF3

CF3
CF3

OCH3

F3C
CF3

H3CO



 

42 
 

Table 1.1 (continued) 

Cations Anions 

[Abbreviation] Name Chemical structure Ref. [Abbreviation] Name Chemical structure Ref. 

[TC2] 
3,3’-diethylthiadicarbocyanine 

 

(53) 
[TPB] 

Tetraphenylborate 

 

(39, 50, 
55, 61) 

[1048] 
1-butyl-2-[2-[3-[(1-butyl-6-
chlorobenz[cd]indol-2(1H)-

ylidene)ethylidene]-2-chloro-1-
cyclohexen-1-yl]ethenyl]-6-

chlorobenz[cd]indolium  

(67, 68) 

[Zn-PCS] 
Zinc(II) phthalocyanine 

tetrasulfonate 

 

(65) 
[1061] 

4-[2-[2-chloro-3-[(2,6-diphenyl-4H-
thiopyran-4-ylidene)ethylidene]-1-

cyclohexen-1-yl]ethenyl]-2,6-
diphenylthiopyrylium 

 

(67, 68) 
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Fig. 1.2. pH dependent colorimetric response of [P66614]2[FL] nanodroplets in (a) water and buffers of 

pH (b) 7.4, (c) 5.4, (d) 4, and (e) 2.2. The color changes from red to orange, orange green, and light 

green as the pH decreases. Adapted with permission from (63). Copyright (2013) Royal Society of 

Chemistry. 

 

The unique properties of RTILs have also led to their use as stabilizers (72) and reaction 

media for the synthesis of NMs (73), allowing better control of morphology (74). A number 

of studies have examined the stabilizing effect of ILs on nanoparticles (NPs). For example, 

Safavi et al. reported synthesis of stable gold NPs using imidazolium-based amino acid ILs 

with distinct alkyl side chain lengths. It was also observed that the cation with the longest 

alkyl chain (dodecyl) imparted greater stability to NPs (75). More recently, Guleria and 

coworkers discovered that 1-ethyl-3-methylimidazolium thiocyanate slows down phase 

transformation of selenium NPs, imparting them with higher stability (> 2 months) (76). In 

addition to their role as stabilizers, ILs have been employed as solvents for synthesis of 

several NMs, including cobalt platinum nanorods (77), gold nanosheets (78), and nickel 

NPs (79). In contrast, Trewyn and colleagues demonstrated the possibility of modulating 

the morphology of NPs through use of RTILs as synthetic templates. Mesoporous silica 

NMs with morphologies ranging from spheres to ellipsoids, rods, and tubes were prepared 

by using four distinct RTILs (1-tetradecyl-3-methylimidazolium bromide, 1-hexadecyl-3-

methylimidazolium bromide, 1-octadecyl-3-methylimidazolium bromide, and 1-

tetradecyloxymethyl-3-methylimidazolium chloride) (80). 

 

1.2.2. Frozen ionic liquids 
In the past, concerted efforts to replace volatile organic solvents drove the notion that solid 

ILs were useless and needed modifications to depress the melting points to a room 

temperature range. The pursuit for RTILs has led to investigations such as using 

compressed carbon dioxide to decrease the melting point of FILs (81). Another example 

where solid ILs were regarded as unfortunate (since RTILs were desired) is in the 

preparation of amino acid chiral ILs as solvents for asymmetric synthesis by Bao and 

coworkers (82). In fact, only a few published studies have found general utility for FILs. For 

example, Rutten et al. demonstrated the use of FILs as substrates for rewritable imaging. 
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The authors reported the discovery of a method for producing localized charge patterns that 

allowed recording of a rewritable image or data set on the surface of 1-ethyl-3-

methylimidazolium ethylsulfate and provided a useful probe for conductor-insulator 

transition (83). In contrast, Pang and coworkers developed a simple method for hollow fiber 

solid-phase microextraction of dichlorodiphenyltrichloroethane and its primary metabolites 

using the hydrophobic IL 1-hexadecyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 

imide ([C16mim][NTf2]) as sorbent. Briefly, [C16mim][NTf2] methanolic solution was loaded 

into hollow fiber membrane and solvent was evaporated under vacuum at 60 ºC. This FIL 

was confined in hollow fiber pores via NTf2 anion as confirmed by EDX (energy dispersive 

X-ray spectroscopy) and FTIR analysis. The obtained results demonstrated that the 

proposed method exhibits low limits of detection and comparable relative standard 

deviations to other methods (Table 1.2). Indeed, this FIL reinforced hollow fiber shows high 

extraction efficiency for dichlorodiphenyltrichloroethane and its primary metabolites with low 

limits of detection, good linearity, and recovery. Additionally, as it is easily functionalized, 

FIL based hollow fiber solid-phase microextraction (HF-SPME) is a promising approach for 

trace determination of various organic compounds and metal ions (58). 

 
Table 1.2. Comparison of the FIL based hollow-fiber solid-phase microextraction with other reported 

methods for determination of dichlorodiphenyltrichloroethane and its primary metabolites in real 

samples. Reprinted with permission from (58). Copyright (2017) Wiley. 

Method Detection 
system 

Linear range 
(µg L-1) 

LOD 
(µg L-1) 

LOQ 
(µg L-1) 

RSD 
(%) 

Matrix Ref. 

IL-DLLMEa HPLC-UV 1–100 <0.45 __ <6.7 Water (90) 

SPE GC-MS 50–500f 30f 100f 13.9 
Drinking 

water 
(91) 

d-SPEb ELISA 0.625–25g <0.4g __ __ Fish (92) 
TDH-Mg-Al-
LDO-GCB 

SPEc 
GC-MS 10–5000g <3.33g <11.11g <1.3 

Green 
tea 

(93) 

MAME-SPMEd HPLC-UV 30–500g <84g __ <8.4 Soil (94) 
SWCNT-
SPMEe GC-ECD 2–800f <1.43f __ <13.9 Water (95) 

Graphene-
coated SPME 

GC-MS 10–1000f <0.21f __ <6.6 Water (96) 

FIL reinforced 
HF-SPME 

HPLC-UV 0.5–50 <0.38 <1.25 <6 Water (58) 

a Temperature-controlled IL dispersive liquid-liquid microextraction. 
b Dispersive SPE. 
c Three dimensionally honeycomb mg-Al layered double oxide combined with graphitized carbon 
black. 
d Microwave-assisted micellar extraction coupled with SPME. 
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e Single-walled carbon nanotubes as sorbents for SPME. 
f ng L-1. 
g µg Kg-1. 
 

A year later, 3-hydroxy-2-naphthoate based ILs were synthesized and the impact of cation’s 

central atom (N or P) on extraction efficiency of heavy metals and leaching behavior was 

further investigated. Both ILs were able to extract metal ions (Ag, Cd, Cu, and Pb) from 

aqueous solutions, but with distinct efficiencies. The ammonium IL provided a faster 

extraction and showed higher selectivity toward Cu, while Pb was found to be the best 

extracted metal with phosphonium IL. This difference in extraction speed can be explained 

by the greater polarity of ammonium IL, which also proved to be more stable than the 

phosphonium one during extraction. Additionally, the higher hydrophobicity of the selected 

anion led to substantial reduction of leaching when compared to ILs containing similar 

cations and more hydrophilic anions. Further developments of this work will include 

immobilization of ILs onto solid supports for microextraction of heavy metals (84). Overall, 

the possibility of designing ILs to incorporate functional groups that selectively interact with 

analytes, together with their unique physicochemical properties, make ILs suitable for 

application in solid-phase extraction. It is worth noting that, because of their dual nature, ILs 

can also interact with either polar or nonpolar molecules (85-87). There have also been 

reports on synthesis and use of FIL micro- and nanoparticles (88, 89). 

 

 

1.3. Group of uniform materials based on organic salts (GUMBOS) 
GUMBOS have emerged primarily from interest of the Warner research group at Louisiana 

State University. The desire of this group is to manipulate properties of solid-phase organic 

ionic materials that do not fit the general definition of ILs. This group has proposed a melting 

point range between 25 and 250 ºC for GUMBOS (37). Therefore, many GUMBOS can also 

be categorized as FILs since some have melting points that fall below 100 ºC (Fig. 1.3). 
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Fig. 1.3. Melting range for RTILs, FILs, and GUMBOS. 

 

The development of solid-phase materials from organic salts has brought a new meaning 

to FILs, which until then had been discredited. In fact, until recently, many ILs researchers 

had proclaimed that you were a failure if your IL is a solid. Although solid-phase, many 

GUMBOS properties, including solubility, thermal stability, and fluorescence can also be 

tuned by varying the constituent ions (37, 97, 98). The effect of three counteranions (BETI-

, NTF2
-, and OTf-) on morphological, spectral, and physical characteristics of the propidium 

cation was studied by De Silva et al. It was found that the incorporation of bulkier and more 

hydrophobic anions (BETI- and NTF2
-) led to lower crystallinity, higher solubility in less polar 

solvents (e.g. ethyl acetate, tetrahydrofuran, and dichloromethane), and greater thermal 

stability compared to propidium iodide. The lower stability of the parent dye is due to the 

nucleophilic and basic nature of the halide. Anion exchange with BETI- and NTF2
- also 

resulted in an increase of quantum yield by providing a more hydrophobic environment to 

propidium luminophore (98). Li and coworkers from this group further demonstrated that 

several properties can be incorporated into a single molecule. For example, these authors 

synthesized four phosphonium-lanthanide compounds that simultaneously exhibited 

paramagnetism and luminescence, attributable to the dysprosium-containing anion, as well 

as tumor-targeting properties, which are assigned to the presence of the 

aryltriphenylphosphonium cations (99). 

Due to their peculiar properties and high tunability, GUMBOS are considered promising 

candidates for various analytical applications, including as sensing materials for organic 

vapors and proteins (56, 57, 60, 100, 101) as well as MALDI matrices for analyses of 

peptides (42). Regmi and coworkers investigated the vapor sensing properties of composite 

films containing binary blends of GUMBOS and polymers using a quartz crystal 

microbalance (QCM) device as a sensor. They were able to demonstrate the superior 

potential for discrimination and molecular weight determination of various volatile analytes 
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using this approach (57, 100). A patent for molecular weight determination using the QCM 

also resulted from this research (102). Later on, this research group described preparation 

of two QCM sensors coated with phthalocyanine and porphyrin-based GUMBOS that 

displayed cross-reactive responses to different organic vapors, making this approach a 

promising tool for application in array-based vapor sensors (60). The estimated detection 

limits and sensitivities for some volatile organic compounds are compiled in Table 1.3. 

 
Table 1.3. Summary of the concentration ranges, detection limits, and sensitivities for different 

volatile organic compounds. 

Analyte VOC sensora Range studied 
(mg L-1) 

Detection 
limit (mg L-1) 

Sensitivity 
(Hz/mgL-1) 

Ref. 

Acetone [C4dmim][PF6]-CAb 0.19–60.8 0.0806 6.7 (57) 

[P66614]4[CuTCPP] 0.191–19.1 35.8c __ (60) 

Acetonitrile [C4dmim][PF6]-CAb 0.19–15.2 0.0267 24.6 (57) 

[P66614]4[CuTCPP] 0.190–19.0 18.7c __ (60) 

Benzene [N4444]4[CuPcS4] 41–126 5.99 0.155 (56) 

[P4444]4[CuPcS4] 0.951 0.165 

[DDMA]4[CuPcS4] 3.87 0.087 

[P4448]4[CuPcS4] 3.16 0.279 

1-Butanol [P66614]4[CuTCPP] 0.117–1.88 0.363c __ (60) 

Chloroform [C4dmim][PF6]-CAb 0.36–57.0 0.1271 4.1 (57) 

[N4444]4[CuPcS4] 161–405 2.57 0.362 (56) 

[P4444]4[CuPcS4] 0.507 0.310 

[DDMA]4[CuPcS4] 3.93 0.085 

[P4448]4[CuPcS4] 1.39 0.635 

[P66614]4[CuTCPP] 0.357–17.9 14.3c __ (60) 

Dichloromethane [N4444]4[CuPcS4] 425–861 5.85 0.159 (56) 

[P4444]4[CuPcS4] 1.17 0.134 

[DDMA]4[CuPcS4] 9.07 0.037 

[P4448]4[CuPcS4] 5.45 0.162 

Ethanol [C4dmim][PF6]-CAb 0.19–60.8 0.1189 5.4 (57) 

[N4444]4[CuPcS4] 18–47 0.8883 1.046 (56) 

[P4444]4[CuPcS4] 0.201 0.783 

[DDMA]4[CuPcS4] 0.379 0.885 

[P4448]4[CuPcS4] 1.26 0.700 

[P66614]4[CuTCPP] 0.114–11.5 2.3c 0.529 (60) 

(continued on next page) 
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Table 1.3 (continued) 
Analyte VOC sensora Range studied 

(mg L-1) 
Detection 

limit (mg L-1) 
Sensitivity 
(Hz/mgL-1) 

Ref. 

Heptane [N4444]4[CuPcS4] 20–75 27.5 0.034 (56) 

[P4444]4[CuPcS4] 2.10 0.075 

[DDMA]4[CuPcS4] 4.72 0.071 

[P4448]4[CuPcS4] 6.89 0.128 

Hexane [N4444]4[CuPcS4] 88–258 147.5 0.006 (56) 

[P4444]4[CuPcS4] 4.41 0.036 

[DDMA]4[CuPcS4] 10.7 0.032 

[P4448]4[CuPcS4] 14.6 0.060 

Methanol [C4dmim][PF6]-CAb 0.19–61.1 0.1611 3.8 (57) 

[N4444]4[CuPcS4] 41–82 3.79 0.245 (56) 

[P4444]4[CuPcS4] 0.237 0.662 

[DDMA]4[CuPcS4] 5.40 0.062 

[P4448]4[CuPcS4] 6.35 0.139 

[P66614]4[CuTCPP] 0.191–11.5 5.06c 0.167 (60) 

3-Methyl-1-
butanol 

[P66614]4[CuTCPP] 0.117–1.17 0.264c __ (60) 

Nitromethane [P66614]4[CuTCPP] 0.275–19.3 25.4c __ (60) 

1-Propanol [N4444]4[CuPcS4] 8–20 0.3581 2.595 (56) 

[P4444]4[CuPcS4] 0.0707 2.221 

[DDMA]4[CuPcS4] 1.33 0.252 

[P4448]4[CuPcS4] 0.324 2.724 

[P66614]4[CuTCPP] 0.116–5.94 0.911c __ (60) 

2-Propanol [P66614]4[CuTCPP] 0.114–11.5 2.39c __ (60) 

Toluene [C4dmim][PF6]-CAb 0.21–16.7 0.0508 11.2 (57) 

[N4444]4[CuPcS4] 12–41 5.50 0.169 (56) 

[P4444]4[CuPcS4] 0.418 0.376 

[DDMA]4[CuPcS4] 1.54 0.218 

[P4448]4[CuPcS4] 1.32 0.669 

[P66614]4[CuTCPP] 0.209–20.9 27.3c __ (60) 

Xylene [N4444]4[CuPcS4] 6–15 2.17 0.428 (56) 

[P4444]4[CuPcS4] 0.235 0.669 

[DDMA]4[CuPcS4] 0.605 0.555 

[P4448]4[CuPcS4] 0.570 1.547 

a GUMBOS was used as the active sensing material and immobilized on the surface of a quartz 
crystal resonator by solvent precipitation or electrospray methods. 
b Cellulose acetate (CA) was used to improve film’s mechanical properties. 
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c µg L-1. 
 

Galpothdeniya et al. explored the potential of 6-(p-toluidino)-2-naphthalenesulfonate-based 

sensor arrays for label-free detection and differentiation of proteins and protein mixtures. 

The developed sensors showed distinct fluorescence responses for each of the three tested 

proteins and also for different concentrations of the same protein. Additionally, this sensor 

array approach proved suitable for distinguishing mixtures of human serum albumin and α-

antitrypsin at distinct concentrations. By using principal component analysis clusters 

produced from various protein concentrations, data from these studies were found to follow 

a specific trend (101). 

GUMBOS have also been evaluated as matrix materials for MALDI determination of 

peptides. In one study, 1-aminopyrene (AP)-based GUMBOS with different anions resulted 

in matrices with tailored hydrophobicity, better performance and differential interaction with 

hydrophobic and hydrophilic peptides. Hydrophobic matrices were found to be more 

selective to valinomycin and gramicidin (hydrophobic peptides). In contrast, hydrophilic 

matrices displayed improved signal intensity in the presence of hydrophilic (bradykinin and 

angiotensin II) peptides (Fig. 1.4) (42). 

 

 
Fig. 1.4. (a) Average signal intensity plotted against the logarithm of partition coefficient of AP-

derived matrices ([AP][Asc], [AP][Cl], and [AP][NTf2], from left to right). (b) MALDI-MS spectrum in 

the positive ion mode of equimolar mixture of hydrophilic (angiotensin II) and hydrophobic 
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(valinomycin) peptides using [AP][Asc] matrix. Adapted with permission from Ref. (42). Copyright 

(2014) Wiley. 

 

In the same year, Siraj and colleagues also demonstrated the ability to tune the thermal 

stability and fluorescence quantum yield of carbazole-derived GUMBOS through 

appropriate selection of the counteranion. The observed spectral and electrochemical 

characteristics, in combination with computed band gaps, suggest their potential use in 

organic light-emitting diodes (97). 

The work of Kolic et al. explored the synthesis of rhodamine-, cyanine-, and porphyrin-

based GUMBOS in view of their possible applications as energy relay dyes (ERDs) in dye-

sensitized solar cells (DSSCs). When compared to their parent dyes, GUMBOS showed 

improved solubility in acetonitrile (electrolyte solvent), fluorescence quantum yield and 

molar extinction coefficient, making them attractive alternatives for use as ERDs. Moreover, 

the DSSCs fabricated from GUMBOS-derived ERDs displayed increased solar efficiencies, 

which seem to be dependent on anion identity (103). 

The potential of GUMBOS as an alternative approach to combating bacterial infections has 

also been explored. In 2013, Cole et al. reported synergism and increased antibacterial 

activity of chlorhexidine di-ampicillin GUMBOS on seven strains of Escherichia coli 

O157:H7. Additionally, chlorhexidine di-ampicillin proved to be less toxic than its parent 

compounds (separately or combined), thus rationalizing its potential use in control and 

prevention of infections caused by enterohaemorrhagic Escherichia coli transmitted from 

ruminants (104). More recently, an extension of this work has been presented, with three 

more β-lactam-based chlorhexidine GUMBOS being proposed as alternatives to 

conventional combination drug strategy for treatment of wound infections caused by multi-

drug resistant bacteria. As in the previous study, obtained results demonstrated a 

synergistic effect between chlorhexidine and β-lactam antibiotics when used in the form of 

GUMBOS. Furthermore, chlorhexidine di-carbenicillin, chlorhexidine di-cephalothin, and 

chlorhexidine di-oxacillin showed improved antibacterial efficacy comparable to unreacted 

starting materials as well as reduced toxicity against invasive cells usually present in 

superficial and chronic wounds (105). In subsequent work, chlorhexidine di-cephalothin and 

chlorhexidine di-oxacillin were loaded into hyaluronic acid/cellulose-based composites. An 

analysis of the results from drug release studies and Kirby-Bauer disk tests demonstrated 

their potential use for combating infections caused by Staphylococcus aureus (106). 
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1.4. Nanomaterials derived from GUMBOS 
Materials at the nanoscale (dimensions in the 1–100 nm range) often exhibit unique 

properties that distinguish them from bulk counterparts, namely quantum size effects and 

enhanced surface area (107, 108). Compared to larger particles of the same composition, 

NPs possess higher surface area to volume ratio, which results, among other things, in 

increased solubility and allows use for the delivery of hydrophobic drugs (108-110). 

Additionally, the properties of NPs are dependent on particle size and shape, thus making 

them suitable candidates for numerous other applications in areas ranging from medicine 

to electronics (111). 

A general overview of the synthesis methods, as well as the properties and potential 

applications of nanoGUMBOS is provided below. 

 

1.4.1. Synthesis of nanoGUMBOS 
Various strategies have been employed for controlled production of nanoGUMBOS with 

well-defined size and narrow size distribution, including both non-templated and templated 

synthesis methods. It has been found that size tunability can be achieved by adjusting 

experimental parameters such as reactants concentration, cation to anion volume ratio, and 

template choice. For example, when using an ultrasonication bath, the size of 

nanoGUMBOS decreased with reducing concentrations of reactants and ratio of cation to 

anion. Smaller sizes of nanoGUMBOS and increased uniformity were achieved with the use 

of 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) and Triton X-100 micellar templates (40, 112). 

In addition to a soft-templating approach, a hard-template synthetic route was also 

described for preparation of nanoGUMBOS. One-dimensional nanostructures, e.g., 

nanowires, nanotubes, and nanorods were fabricated using anodic aluminum oxide 

membranes as templates (55, 113). 

The melt-emulsion-quench (88), reprecipitation (43, 44), reverse micelle (38, 55), 

aerosolization (89, 114), and hydrogel-assisted (45, 46) methods have already proved 

useful for production of nanoGUMBOS. Nevertheless, each of these synthetic approaches 

has comparative pros and cons with respect to properties such as particle size and 

uniformity. A more detailed analysis of these methods is presented in the following 

subsections. 

 

1.4.1.1. Melt-emulsion-quench approach 
The first report on preparation of solid-state IL micro- and nanoparticles using a melt-

emulsion-quench approach date back to 2008. In this approach, GUMBOS particles were 

produced from 1-butyl-2,3-dimethylimidazolium hexafluorophosphate ([C4dmim][PF6], 
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m.p.=43 ºC) via both non-surfactant and surfactant-assisted methods (57, 88). Briefly, while 

the first procedure begins with melting of GUMBOS, the second involves addition of the 

molten GUMBOS to a surfactant solution. Homogenization and probe sonication then 

follow, with the last step being swift quenching of the oil-in-water emulsion by immersion in 

ice. It was found that NPs prepared using polyoxyethylene lauryl ether (Brij® 35) were fairly 

uniform in size, but more irregular in shape and less spherical than those synthesized 

without any emulsifying agent. In addition, the surfactant-assisted method produced more 

monodispersed NPs due to the ability of Brij® 35 to act as a protective layer against particle 

coalescence (88, 89). 

A melt-emulsion-quench procedure described by Tesfai et al. employs molten GUMBOS as 

oil phase and is advantageous for not requiring harsh conditions or use of specialized 

equipments or surfactants. In addition, particle shape and size can be tuned by varying 

various parameters, including pressure, temperature, homogenization duration, and 

sonication intensity (88, 89). Despite these variable parameters, control of particles size 

was still considered a challenge, which is why other methods have been explored for 

synthesis of nanoGUMBOS (40). 

 

1.4.1.2. Reprecipitation method 
The reprecipitation method commonly used in preparation of organic NPs has been adapted 

for synthesis of nanoGUMBOS (43, 115, 116). Similar to melt-emulsion-quench approach, 

this synthesis route is additive-free and does not need expensive equipment. However, this 

approach is more rapid and simpler to implement (43). The reprecipitation procedure starts 

with dissolution of GUMBOS in a ‘good’ solvent such as ethanol or tetrahydrofuran, followed 

by addition of an aliquot of this solution to a much larger volume of a ‘poor’ solvent (e.g., 

water) under sonication (43, 62). ‘Good’ and ‘poor’ solvents are those in which GUMBOS is 

highly and poorly soluble/insoluble, respectively. The difference in solubility of GUMBOS in 

the ‘good’ and ‘poor’ solvent, and the good miscibility of the two solvents play an important 

role in this method (117). 

Although particle size can be controlled by proper selection of experimental conditions such 

as concentration of GUMBOS solution and volume added, this approach has proved to be 

a difficult task for production of NPs with diameters less than 20 nm in the absence of 

additives such as surfactants or polymers (Table 1.4) (40, 117). Moreover, there is a limited 

selection of ‘good’ and ‘poor’ solvents appropriate for reprecipitation (40, 118). 
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Table 1.4. Examples of nano/mesoscale GUMBOS obtained by the reprecipitation method. 

Nano/mesoscale 
GUMBOS 

Sizea Shape Ref. 

[BG][BETI] d 30 ± 5 nm Spherical (48) 

[HMT][AOT] d 71 ± 16 nm Spherical, slightly 
ovate 

(43) 

[HMT][TFPB] d 130 ± 41 nm 

[HMT][NTf2] d 60 ± 11 nm 

[IR780][Asc] d 98 ± 16 nm Quasi-spherical, 
slightly ovate 

(49) 

[IR780][BETI] d 92 ± 11 nm 

[IR780][Otf] d 94 ± 12 nm 

[PEG786][NTf2] d 100–220 nm Spherical (47) 

[PIC][BETI] l 1.5 ± 0.83 µm, w 88 ± 26 nm Rod-like (51) 

[PIC][BETI]–[DD][BETI] l 1.5 ± 0.85 µm, w 101 ± 37 nm Wire-like (52) 

[PIC][BETI]–[PC][BETI] l 2.2 ± 0.75 µm, w 115 ± 33 nm Rod-like network 

[PIC][NTf2] l 656 ± 139 nm, w 334 ± 74 nm, Diamond-like (51) 

[PIC][NTf2]–[DD][NTf2] d 260 ± 44 nm Hexagonal (52) 

[PIC][NTf2]–[PC][NTf2] d 161 ± 119 nm 

[PIC-PC][NTf2] l 189.2 ± 16.4 nm, w 111.4 ± 15.1 nm Diamond-like (66) 

[Ptc][DC] d 25–35 nm Spherical (62) 

[P66614]4[Zn-PCS] d 41.3 ± 8.7 nm Spherical (65) 

[R6G][BETI] 101 ± 21 nm Spherical, slightly 
ovate 

(50) 

[R6G][TPB] 92 ± 17 nm 

[TC0][BETI] d 0.82 ± 0.13 µm; l 2.42 ± 0.20 µm Rod-like, semi-
tubular 

(53) 

[TC1][BETI] d 153 ± 74 nm; l 0.53 ± 0.16 µm Rod/wire-like 

[TC2][BETI] d 137 ± 37 nm; l 3.16 ± 1.13 µm Wire-like 

[1048][Folate] d 121 ± 32.5 nm Spherical (67) 

[1061][Folate] d 144 ± 46.8 nm Spherical 

a Particle size was determined using transmission electron microscopy (TEM). 
d Diameter. 
l Length. 
w Width. 
 

1.4.1.3. Reverse micelle strategy 
Interest in using a reverse micellar template arises primarily from its ability to produce 

uniform and size-controlled NPs (38, 119). Unlike the melt-emulsion-quench approach, this 

strategy also has the advantage of providing smaller particle sizes but requires use of toxic 

organic solvents (119, 120). Ultimately, it may also be necessary to perform a purification 

step (e.g. centrifugation) (55, 121). 
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In a typical reverse micellar procedure, each reactant is separately solubilized within water-

in-oil microemulsions of the same composition. After a microemulsions mixing step, the 

exchange of reacting species occurs by coalescence of reverse micelles. The reaction 

between solubilized reactants and splitting of fused reverse micelles into smaller droplets 

containing GUMBOS particles follows. It is worth mentioning that the aqueous core of 

reverse micelles acts as a nanoreactor for synthesis of NPs and that its size can be 

controlled by altering the water to surfactant molar ratio. In turn, the surfactant helps in 

formation of small-sized and stable particles (38, 119, 122, 123). 

Similar to the aforementioned synthesis methods, the reverse micelle strategy also allows 

control of particles size through variations in parameters such as solvent composition, 

temperature, reactant, and surfactant concentrations. In fact, a direct relationship between 

concentration of reactant and size and uniformity of nanoGUMBOS was demonstrated. By 

decreasing reactant concentrations, the average diameter of NPs and the polydispersity 

were reduced (38, 55). 

 

1.4.1.4. Aerosolization process 
The aerosolization process begins with generation of an aerosol from GUMBOS stock 

solution. In order to remove humidity, the aerosolized solution passes through a silica dryer, 

and then sent to an electrostatic classifier. It follows the passage of size-selected 

nanodroplets through a tube furnace and collection of dry particles on a 

polytetrafluoroethylene filter (89, 114). The size and uniformity of synthesized particles are 

influenced by the air flow rate, concentration of GUMBOS solution, and temperature of 

furnace (89). 

Unlike the previously described strategies for synthesis of nanoGUMBOS, the aerosol 

technique requires expensive and specialized equipment, and can lead to NPs aggregation 

because of the elevated temperatures employed in the process. However, this approach 

can produce high-purity NPs and has potential for industrial scalability (124, 125). 

 

1.4.1.5. Hydrogel-assisted method 
More recently, hydrogels have also been used as templates for synthesis of nanoGUMBOS. 

The size of NPs prepared using the hydrogel-assisted method is dependent on GUMBOS’ 

chemical structure and hydrogel conditions (pH and concentration of 

tris(hydroxymethyl)aminomethane (TRIS) buffer). For instance, opposite trends were 

observed for 1,1′,3,3,3′,3′-hexamethylindotricarbocyanine (HMT)-derived nanoGUMBOS as 

a result of differences in hydrophobicity. Additionally, with increasing TRIS concentration, 

the average size of [HMT][NTf2] nanoGUMBOS was found to decrease, while for 

[HMT][AOT] the particle size was observed to increase (45, 46). 
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In contrast to the aerosolization process, the hydrogel-assisted method does not involve 

use of specialized equipment. In fact, this procedure is easy to implement, only requiring 

addition of GUMBOS solution to sodium deoxycholate in TRIS buffer, followed by sonication 

(45, 46). This approach also allows NPs with low polydispersity, but does not easily produce 

nanoGUMBOS with reduced size (40). 

 

1.4.2. Properties and applications 
NMs derived from GUMBOS combine the versatility of these solid-phase compounds with 

the improved features obtained at nanoscale, allowing mimicry or even amelioration of 

characteristics of commonly used NPs (38, 113). For instance, brilliant green 

bis(pentafluoroethylsulfonyl)imide ([BG][BETI]) nanoGUMBOS displayed increased NIR 

fluorescence as compared to BG dye in water. Additionally, its second harmonic generation 

signal was about 7 to 23-fold greater than that of colloidal gold nanospheres of the same 

size and BG dye, respectively. Unlike the gold NPs and molecular dye, a clear third 

harmonic generation signal for [BG][BETI] nanoGUMBOS was also observed (Fig. 1.5) (48). 

Moreover, nanoGUMBOS with reduced toxicity can be synthesized using biological raw 

materials such as vitamins, thus providing a viable alternative to NPs that pose potential 

hazards to human health and environment (67, 126, 127). 
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Fig. 1.5. (a) Fluorescence emission spectra of BG dye and BG-based nanoGUMBOS in water. (b) 

Second and (c) third harmonic generation spectra of BG dye, [BG][BETI] nanoGUMBOS, and gold 

nanospheres in water. Adapted with permission from Ref. (48). Copyright (2017) AIP Publishing. 

 

The tunability of the morphological, spectral, and surface charge properties of 

nanoGUMBOS is associated with cation-anion combinations (41, 51). For example, Wright 

and colleagues showed that the morphology of gold-shelled nanostructures is dependent 

on GUMBOS used as core material (Fig. 1.6). Thus, spherical NPs were obtained from 1-

methyl-3-propylimidazolium bis(trifluoromethylsulfonyl)imide ([C3mim][NTf2]), while 

nanorods were produced from 1-methyl-3-propylimidazolium tetraphenylborate 

([C3mim][TPB]). The optical properties of NPs were demonstrated to be related to particle 

size and ratio of gold hydroxide solution to gold-seeded nanoGUMBOS, whereas nanorods 

displayed enhanced absorption in both visible and NIR regions (55). In addition, Kolic et al. 

demonstrated that both size and surface charge of porphyrin-based nanoGUMBOS can be 

controlled by simply varying the ratio of cation to anion through ion association, eliminating 

the need for additives or stabilizers. Moreover, analysis of spectroscopic results revealed 
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that these NPs exhibit a broad absorbance spectrum as compared to the respective parent 

dyes. NanoGUMBOS derived from meso-tetra(4-carboxyphenyl)porphine also displayed 

increased fluorescence intensity (41). 

 

 
Fig. 1.6. Normalized absorbance spectra and TEM micrographs of gold-shelled nanoGUMBOS built 

around (a) [C3mim][NTf2] and (b) [C3mim][TPB] as core materials. Adapted with permission from Ref. 

(55). Copyright (2014) Royal Society of Chemistry. 

 

To date, there are already nanoGUMBOS synthesized and characterized with photothermal 

(61), photodynamic (128), luminescent (114), and magnetic (38) properties, among others. 

As a result of their tunable morphological and spectral features as well as in vitro behavior, 

these NMs are identified as promising candidates for an extended list of possible uses, 

including biomedical imaging (43), cancer therapy (68), sensing (66), and solid-phase 

extraction (59), as will be evident from discussions in the following paragraphs. 

Dumke et al. evaluated the photothermal properties of NIR-absorbing nanoGUMBOS 

formed by the combination of two cationic dyes ([1048] and [1061]) with two biocompatible 

anions (deoxycholate and ascorbate). These studies were performed at distinct pH values 

and revealed differences in physical and spectral characteristics. Furthermore, upon 

exposure to NIR irradiation at 1064 nm, the temperature increased an average of 20.4 ± 2.7 

ºC, and photothermal efficiency varied according to both cation and anion components (68). 

In vitro studies of folate-derived NIR-absorbing nanoGUMBOS were performed in MDA-

MB-231 breast cancer cell line. The synthesized NPs ([1048][Folate] and [1061][Folate]) 

generated heat upon NIR laser irradiation, which led to substantial reduction of cancer cell 

viability. Moreover, in the absence of irradiation and at low concentrations, folate-based 

nanoGUMBOS exhibited little toxicity towards both cancerous and non-cancerous cells. The 

obtained results demonstrate the potential of this class of compounds as valuable 
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hyperthermal delivery systems (67). More recently, it was found that the aqueous stability, 

photostability, and photothermal properties of IR780 dye can be improved by counteranion 

exchange and subsequent conversion to nanoGUMBOS using HP-β-CD. It was postulated 

that when sonicated, CD would undergo crosslinking via hydrogen bonding between the 

hydroxyl groups. The results from in vitro and in vivo studies showed enhanced selective 

toxicity against cancer cells and increased photothermal efficacy upon laser irradiation, 

making possible its application in photothermal therapy. In addition, NIR fluorescent imaging 

revealed preferential accumulation and prolonged retention of CD-[IR780][TPB] 

nanoGUMBOS at the tumor site, allowing its use as both imaging agents and drug carriers 

(Fig. 1.7) (61). 

 

 
Fig. 1.7. (a) Relative tumor volume upon treatments with and without CD-based nanoGUMBOS/laser 

irradiation. (b) In vivo NIR fluorescent imaging of [IR780][TPB] nanoGUMBOS formed in the absence 

and presence of CD. Adapted with permission from Ref. (61). Copyright (2019) American Chemical 

Society. 

 

Magut and colleagues assessed the effect of distinct anions on the hydrophobicity and 

cytotoxicity of rhodamine 6G (R6G). Hydrophilic GUMBOS ([R6G][OTf] and [R6G][Asc]) 

showed no selectivity for cancer cell lines. In contrast, NPs prepared from hydrophobic 

[R6G][TPB] and [R6G][BETI] GUMBOS revealed to be nontoxic to normal human breast 

fibroblasts, but inhibited proliferation of cancer cell lines in a concentration dependent 

manner. Moreover, MTT results showed that [R6G][TPB] and [R6G][BETI] nanoGUMBOS 

exhibited increased toxicity towards more invasive and aggressive breast cancer cell lines. 

These findings are particularly remarkable since they demonstrate the ability to reduce 

chemotherapeutic toxicity (50). A year later, electro-optical characterization of [R6G][TPB] 

nanoGUMBOS was performed by use of conductive probe atomic force microscopy (CP-

AFM) and Raman spectroscopy. CP-AFM measurements showed current values between 

~10-6 and 10-7 A, for voltage from 0 to +1 V, and the Raman spectra did not reveal significant 

differences to R6G, further confirming that the synthetic procedure did not change the 

chemical composition or significantly alter the dye’s vibrational modes. The results also 
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suggest potential applications of [R6G][TPB] nanoGUMBOS in optoelectronics and sensing 

(39). 

In recent years, the utility of nanoGUMBOS as theranostic agents has been investigated. 

For this purpose, Das et al. designed iron(III) phthalocyanine (Ptc)-based NPs with 

magnetic, pH-responsive, and fluorescent properties. After converting bulk [Ptc][DC] into 

nanosized particles, clear changes in magnetic characteristics were observed (from 

diamagnetic to paramagnetic, respectively). At the same time, these NPs proved useful as 

pH-responsive carriers of doxorubicin for cancer therapy. Doxorubicin loaded NPs reduced 

cancer cell viability in a concentration dependent manner, but did not significantly inhibit 

normal breast cells, even at highest concentration tested (100 µmol L-1). Additionally, 

confocal fluorescence microscopic images of MDA-MB-231 cancer cell line, after a short 

incubation period of 2 h with empty NPs, evidenced their potential for simultaneous 

application in imaging and therapy (62). In subsequent work, it was further demonstrated 

that nanoGUMBOS incorporating a molecular recognition element can be synthesized and 

used for theranostic purposes. NanoGUMBOS molecularly imprinted polymers (NGMIPs) 

towards chiral recognition of L-tryptophan were prepared using four vinylimidazole IL 

crosslinkers. The resulting NGMIPs displayed higher binding affinity as compared to 

traditional molecularly imprinted polymers (~10-fold increase) and achieved good chiral 

differentiation of tryptophan enantiomers, with benzene-NGMIP showing the greatest 

enantiomeric binding ratio (13:1). These results can be explained by interactions with the 

imidazolium ring of the crosslinker, along with dipole interactions and/or π-stacking between 

the benzene spacer and aromatic region of L-tryptophan template. It is also worth noting 

that the use of crosslinking ILs in the synthesis of NMs enabled the imprinting process to 

be carried out in aqueous solutions rather than organic solvents, making this strategy a 

promising tool for molecular imprinting of water-soluble targets (129). 

Several studies have described synthesis of nanoGUMBOS from cyanine dyes, that are 

known to form J- and H-type aggregates through self-assembly (43, 44, 47, 51-54, 66). 

Bwambok et al. noticed changes in the spectral properties of HMT-derived GUMBOS upon 

conversion into nanoGUMBOS. The increasing extension of absorption bands (well over 

two hundred nanometers in width) and slight hypsochromic shift in fluorescence emission 

spectra were attributed to dye aggregation within nanoGUMBOS. Additionally, the results 

from cellular uptake studies evidenced that [HMT][AOT] nanoGUMBOS can be efficiently 

internalized by Vero cells, suggesting their potential use for biomedical imaging. This 

strategy also mitigates dye leakage problems and avoids intense purification procedures 

that are necessary when using surfactants to produce dye NPs (43). In a follow-up 

manuscript, it was further demonstrated that spectral features of HMT-based 

nanoGUMBOS can be tuned by counteranion exchange (from I- to AOT-, NTf2-, TFPB-, BETI-
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, or TFP4B-) and explained by the ratio of J to H components (Fig. 1.8). For example, the 

predominance of J component in [HMT][AOT] nanoGUMBOS was responsible for one of 

the highest fluorescence signals, whereas [HMT][TFP4B] was practically nonfluorescent 

due to the lowest J/H ratio (<1) (44). 

 

 
Fig. 1.8. (a) Fluorescence emission spectra of HMT-based nanoGUMBOS: [HMT][TFPB] (red); 

[HMT][AOT] (blue); [HMT][NTf2] (green); [HMT][BETI] (black); and [HMT][TFP4B] (grey). (b) 

Fluorescence intensity of nanoGUMBOS in water (blue), ethanolic solutions of GUMBOS (red), and 

J/H ratio of nanoGUMBOS (green). Adapted with permission from Ref. (44). Copyright (2010) 

American Chemical Society. 

 

Lu and coworkers have reported that irradiation leads to J-aggregate formation, and 

subsequently to increased fluorescence of the PEGylated IR786 nano- and mesoscale 

GUMBOS. It was found that their photostability is dependent both on the anion and 

concentration. [PEG786][AOT] displayed much greater photostability than [PEG786][NTf2] 

and higher concentrations of either nano- and mesosized GUMBOS produced an 

enhancement in fluorescence intensity after irradiation for more than 500 s. Furthermore, 

PEG chains appear to form a protective layer around the cyanine dye, which results in 

reduced nonspecific protein binding and cytotoxicity (47). In the same year, a non-templated 

approach for controlling the morphology and spectral properties of 1,1'-diethyl-2,2'-cyanine 

(PIC)-based nanoGUMBOS was described for the first time. Transmission and scanning 

electron microscopy micrographs of these NPs revealed changes in morphology upon anion 

exchange with NTf2- and BETI-. Additionally, the formation of J-aggregates within the 

diamond-shaped [PIC][NTf2] nanoGUMBOS resulted in a 590-fold increase in fluorescence 

intensity and a 2 times enhancement in quantum yield as compared to the parent compound 

([PIC][I]). In contrast, the H-aggregation of [PIC][BETI] nanorods resulted in blue-shifted 

absorption and reduced birefringence. The fluorescence quantum yield of [PIC][BETI] 
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nanoGUMBOS also exhibited an increase of one order of magnitude as compared to 

[PIC][I]. Ultimately, the wide absorption spectra (from visible to NIR region) justifies the use 

of these NMs as photosensitizers in solar cells (51). In a subsequent study, the electro-

optical characterization of [PIC][NTf2] and [PIC][BETI] nanoGUMBOS was performed by 

use of CP-AFM and Raman spectroscopy. The current-voltage curves of PIC-based 

nanoGUMBOS obtained using CP-AFM showed current values ranging from 10-10 to 10-7 A 

when stepping the voltage between -1 to +1 V. Additionally, J-aggregation of [PIC][NTf2] 

nanoGUMBOS caused an increase of approximately 25 and 38 times in Raman signal 

intensity when compared to [PIC][I] raw material and [PIC][BETI] nanoGUMBOS, 

respectively. Overall, these results further corroborate application prospects of PIC-based 

nanoGUMBOS for optoelectronic applications (54). 

Over the last years, some works have been devoted toward preparation of blended NMs, 

having explored Förster resonance energy transfer (FRET) phenomenon. In this context, 

binary and ternary thiacarbocyanine-derived nanostructures were found to exhibit tunable 

spectral characteristics that were attributed to FRET. Moreover, both morphological and 

spectral features were found to be dependent on the concentration of thiacarbocyanine-

based species (53). In a similar study, binary nano- and mesoscale GUMBOS were 

synthesized using previously described PIC-based GUMBOS as donors, and longer 

methine chain cyanine-based GUMBOS (1,1’-diethyl-2,2’-carbocyanine, PC, and 1,1’-

diethyl-2,2’-dicarbocyanine, DD) as acceptors. Unlike PC- and DD-based nanoGUMBOS, 

which were essentially non-fluorescent in aqueous suspension, these binary materials 

displayed significant fluorescence enhancement as a result of FRET. Additionally, these 

binary cyanine-based nanoGUMBOS exhibited broad absorption and fluorescence peaks 

that extend into the NIR region as a function of donor/acceptor molar ratio. The results from 

stability studies also evidenced higher photostability for these binary NMs as compared to 

the individual nanoGUMBOS with identical anions. On this basis, applications of these 

blended NMs for sensing and light harvesting were proposed (52). More recently, Cong and 

coworkers developed a ratiometric fluorescent nanoprobe based on FRET for hydroxyl 

radical detection. To achieve this goal, binary [PIC-PC][NTf2] nanoGUMBOS were produced 

by reprecipitation of both GUMBOS and without chemical linkage. This nanoprobe showed 

higher selectivity for the hydroxyl radical than for other reactive oxygen species (ROS), 

namely superoxide anion (O2﮲ -), singlet oxygen (1O2), peroxynitrite anion (ONOO-), and 

hydrogen peroxide (H2O2) (Fig. 1.9). The obtained results can be attributed to the difference 

in alkyl chain length of PIC and PC cations, which leads to distinct reduction potentials and 

ultimately different ROS reactivity, enabling a ratiometric fluorescence detection of ROS. 

Additionally, the rapid sensing response of binary nanoGUMBOS proved to overcome the 
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problem of reduced hydroxyl radical lifetime. This novel nanoprobe also showed utility for 

in vitro detection of hydroxyl radical in MDA-MB-231 breast cancer cells (66). 

 

 
Fig. 1.9. Reactivity of the binary [PIC-PC][NTf2] nanoprobe towards different ROS. Adapted with 

permission from Ref. (66). Copyright (2018) Elsevier. 

 

A novel imidazolium-dysprosium-based magnetic nanoGUMBOS ([C16mim]5[Dy(SCN)8]) 

was synthesized using a simple reprecipitation method for isolation of hemoglobin. The 

imidazolium cation was chosen because of its affinity to the heme group of hemoglobin, 

while dysprosium confers paramagnetic properties. The obtained results showed higher 

selectivity and adsorption efficiency towards hemoglobin over other proteins used in the 

study (Table 1.5). This can be ascribed to interactions between the nitrogen atom in the 

imidazolium cation and the ferrous atom in the heme group, with hydrophobic interactions 

also playing an important role. By using 1% (m/v) sodium dodecyl sulfate (SDS) solution, 

hemoglobin adsorbed on [C16mim]5[Dy(SCN)8] nanoGUMBOS could be recovered with an 

elution efficiency of 87%. Although circular dichroism measurements showed slight changes 

in hemoglobin conformation when dissolved in SDS solution, it stays mainly as α-helix. This 

nanoGUMBOS solid-phase extraction procedure proved also useful for selective isolation 

of hemoglobin from human whole blood (59). One of the advantages of nanoGUMBOS 

compared to other solid-phase extraction adsorbents is the simplicity of the preparation 

procedure, not requiring surface modification with affinity ligands to improve the selectivity 

of extraction or time-consuming purification steps (130, 131). Additionally, these NPs exhibit 

a fast adsorption rate and favorable adsorption capacity to hemoglobin (approximately 840 

µg mL-1). Overall, these results further support the application of nanoGUMBOS as 

adsorbents for selective isolation of proteins (59). 
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Table 1.5. Protein adsorption efficiency of [C16mim]5[Dy(SCN)8] nanoGUMBOS. Adapted with 

permission from Ref. (59). Copyright (2019) Elsevier. 

Tested protein Isoelectric 
point (pI) 

Molecular 
weight (kDa) 

Maximum adsorption 
efficiency (%) 

Standard 
deviation (%) 

Transferrin 5.2 80 6.8 2.72 

Human serum albumin 5.3 66.5 10.0 4.53 

Hemoglobin 6.9 64.5 95.4 4.27 

Cytochrome c 10.7 12 12.8 7.21 

Lysozyme 11.3 14.3 7.9 2.74 

 

 

1.5. Other examples of solid-phase ILs chemistry 
Besides the literature on GUMBOS and nanoGUMBOS, there are a few more references 

related to solid-phase ionic materials. Similar to what happens with ILs, there is no 

uniformity of terminology among these studies. For instance, ‘solid ionic liquids’ have been 

defined as salts with melting points below 120–140 ºC and have been applied as sorbents 

for CO2 capture after immobilization on cellulose supports by a wet coating technique (132, 

133). In addition, the terms ‘ion-based organic NPs’ and ‘organic dye NPs’ have been used 

to refer to NPs that appear to be identical to nanoGUMBOS (134-136). A method called 

‘ion-association’ has also been reported for preparation of organic NPs in aqueous media, 

including NPs of 8-anilino-1-naphthalenesulfonate (137), cyanine (138), malachite green 

(139), porphyrin (140), and styryl (141) dyes. The optical properties of these type of NPs 

have also been investigated and appear to be related to particle size. Furthermore, the large 

increase observed in dye fluorescence is attributed to the synergistic effect between 

intermolecular H-aggregation and limited intramolecular rotation (142, 143). Another 

interesting example is the possibility of tuning the fluorescence color of 3,3’-

diethylthiacyanine (TC0)-based NPs through FRET. Indeed, upon doping with ethidium, 

TC0-based NPs act as light harvesting antennae and transfer energy to the dopant 

acceptor, resulting in changes in color emission (144). 

 

 

1.6. Motivation and goals 
GUMBOS share similar traits with ILs and provide an extraordinary potential for extending 

applications of ILs chemistry. As they are tailored materials, they can be designed by 

judicious choice of the cations and anions for ion exchange to tune properties and increase 

the prospects of these materials for specific uses, including analytical ones. These 
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advantages have been extended to synthesis of nanoGUMBOS with a variety of shapes 

and spectral characteristics suitable for several purposes. 

From a different perspective, although GUMBOS and nanoGUMBOS are potentially less 

toxic than other materials, toxicity and biodegradability studies are required to clarify their 

impact on the environment and human health. There are several works devoted to 

physicochemical characterization of GUMBOS and nanoGUMBOS with an objective to 

illustrate their applicability. However, far less attention has been paid to their biological 

behavior. 

The amount of research on GUMBOS-based materials gives only a glance of their full 

potential and provides motivation for further developments in the analytical field. In this 

regard, the studies presented in this dissertation focus on development of novel ionic 

materials with properties tailored for specific applications. This work plan includes three 

main tasks, with the first consisting of the design, synthesis, and characterization of 

GUMBOS (and nanoGUMBOS) derived from selected dyes that are traditionally difficult to 

modify. Second, their potential use as optical probes for discrimination and quantification of 

proteins or as antibacterial agents is investigated. These developed approaches are 

expected to overcome limitations associated with the parent ions and/or the methodologies 

that are conventionally used for the same purpose. In addition, the studies outlined in this 

dissertation are intended to enhance sensitivity of such materials, while providing alternative 

safer strategies that avoid using toxic chemicals. With this in mind, the third objective of this 

dissertation is the in vitro toxicity screening of synthesized materials. This evaluation will 

use cell-based assays that can provide rapid and reliable results, ultimately contributing to 

a more sustainable development of ionic materials. 
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Protein discrimination using erythrosin B-based GUMBOS in 

combination with UV–Vis spectroscopy and chemometrics 

 
 

 

 

 

 

 

 

Highlights 
• Erythrosin B-based GUMBOS were synthesized and characterized for the first time. 

• In contrast to pH, the equilibration time did not affect protein discrimination. 

• Percentages of correct protein assignments ranged from 86.5 to 100.0% (pH 3.0–

6.0). 

• [P4444]2[EB] and [N4444]2[EB] were able to discriminate among four Alb/Mb mixtures. 
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Abstract 
GUMBOS (group of uniform materials based on organic salts) have recently emerged as 

interesting materials for protein analysis due to their unique features and high tunability. In 

this regard, four novel erythrosin B (EB)-based GUMBOS were synthesized and their 

potential to discriminate among proteins with distinct properties (e.g., size, charge, and 

hydrophobicity) was assessed. These solid-phase materials were prepared using a single-

step metathesis reaction between EB and various phosphonium and ammonium cations, 

namely tetrabutylphosphonium (P4444
+), tributylhexadecylphosphonium (P44416

+), 

tetrabutylammonium (N4444
+), and benzyldimethylhexadecylammonium (BDHA+). 

Subsequently, the effect of pH (3.0, 4.5, and 6.0) and reaction time (5, 10, and 15 min) on 

the discriminatory power of synthesized GUMBOS was evaluated. Absorption spectra 

resulting from the interaction between EB-based GUMBOS and proteins were analyzed 

using partial least squares discriminant analysis (PLSDA). Unlike time, the pH value was 

determined to have influence over GUMBOS discrimination potential. Correct protein 

assignments varied from 86.5% to 100.0%, and the best discriminatory results were 

observed for [P4444]2[EB] and [N4444]2[EB] at pH 6.0. Additionally, these two GUMBOS 

allowed discrimination of protein mixtures containing different ratios of albumin and 

myoglobin, which appeared as individualized clusters in the PLSDA scores plots. Overall, 

this study showcases EB-based GUMBOS as simple synthetic targets to provide a label-

free, cost-effective, rapid, and successful approach for discrimination of single proteins and 

their mixtures. 

 

Keywords: Erythrosin B; GUMBOS; PLSDA; Protein discrimination. 
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2.1. Introduction 
Proteins have been used as biomarkers for early diagnosis of various diseases, 

customization of treatment plans, and prognostic stratification of patients. For example, 

elevated levels of serum myoglobin (Mb) and troponin I play an important role in the acute 

coronary syndrome diagnosis and are predictive of a higher 5-year mortality risk (1, 2). High 

concentrations of biliary calprotectin and serum interleukin-8 are associated with disease 

severity in primary sclerosing cholangitis and transplant-free survival (3, 4). In fact, a 

combined analysis of multiple biomarkers has better accuracy for assessing diagnoses, 

providing disease progression predictions, or evaluating therapeutic responses when 

compared to analysis of individual proteins (5, 6). Moreover, a single biomarker can be 

associated with numerous diseases and various proteins can be indicative of the same 

medical condition (7, 8). 

Enzyme-linked immunosorbent assay (ELISA) is the most commonly used method for 

protein detection in biomedical research and clinical diagnosis owing to its high sensitivity 

and specificity (9, 10). However, the high cost, laborious and time-consuming processes, 

along with the need for specific antibodies have hindered its widespread application (11, 

12). Mass spectrometry-based approaches offer several advantages over conventional 

immunoassay formats, including identification of proteoforms, as well as detection and 

quantification of protein biomarkers in a multiplexed manner. Nevertheless, this method 

requires expensive instrumentation and well-trained personnel (13, 14). Due to cost-

effectiveness, simplicity, and the ability to obtain rapid responses, optical sensor arrays 

provide a reliable alternative to detect and discriminate structurally related proteins as well 

as complex protein mixtures (15, 16). In contrast to a “lock-and-key” approach, this sensing 

system comprises multiple receptors that interact differently with each protein or protein 

mixture and generate unique response patterns (17, 18). The acquired data can then be 

processed using chemometric tools such as hierarchical cluster analysis (HCA), linear 

discriminant analysis (LDA), principal component analysis (PCA), and partial least squares 

discriminant analysis (PLSDA) (19, 20). Despite the great potential of a sensor array 

strategy, its large-scale application has been hampered by need for a large number of 

sensing elements (sometimes even higher than the number of proteins), which increases 

the time required for data acquisition, processing, and analyses (16, 21). Furthermore, 

sensing materials often demand laborious chemical modifications to achieve the desired 

performance (22). GUMBOS (group of uniform materials based on organic salts) have 

recently emerged as alternative materials for detection and discrimination of proteins 

because of their facile synthesis and high tunability (23, 24). The physicochemical 

properties of these solid-state materials can be easily modulated by varying the cation-anion 
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combination similar to ionic liquids (ILs) chemistry, thus avoiding complicated synthetic 

procedures (25, 26). 

Erythrosin B (EB) is an anionic xanthene dye that has been used for various purposes, such 

as a colorant in food products (27), a vital stain (28), and a flaviviruses inhibitor (29). It has 

also been applied as a sensor for oxygen (30), heavy metals and halide ions (31), as well 

as proteins (32). To date, there are only a few spectrophotometric methods for protein 

determination using EB and they present several operational disadvantages, such as high 

temperature, long reaction time, and necessary additives (32-34). In this context, there is a 

growing interest in the development of viable alternative strategies to both detect and 

discriminate multiple proteins. 

In this study, we describe the synthesis of four novel EB-based GUMBOS and evaluate 

their ability to discriminate single and binary mixtures of proteins. Ultraviolet-visible (UV-Vis) 

spectra resulting from the binding of GUMBOS to proteins were later analyzed using 

PLSDA. Percentages of correct protein assignments were equal to or greater than 86.5% 

and mixtures with different ratios of albumin (Alb) and Mb appeared as well-defined clusters 

in two-dimensional partial least squares discriminant analysis (2D-PLSDA) scores plots. 

These findings support potential use of EB-derived GUMBOS as alternative sensing 

materials for protein identification. 

 

 

2.2. Material and methods 
 

2.2.1. Reagents and solvents 
[Na]2[EB] (2’,4’,5’,7’-tetraiodofluorescein disodium salt), tetrabutylphosphonium bromide 

([P4444][Br]), tetrabutylammonium bromide ([N4444][Br]), sodium phosphate dibasic 

(Na2HPO4), sodium phosphate monobasic (NaH2PO4), Alb (from human serum), α-

chymotrysin (α-ChT, from bovine pancreas), lysozyme (Lyz, from chicken egg white), Mb 

(from equine heart), and ribonuclease A (RNAse A, from bovine pancreas) were all 

purchased from Sigma-Aldrich (St. Louis, MO) and used as received. 

Tributylhexadecylphosphonium bromide ([P44416][Br]) was obtained from Tokyo Chemical 

Industries, Co. (TCI–America, Portland, OR) and benzyldimethylhexadecylammonium 

chloride ([BDHA][Cl]) from Alfa Aesar (Haverhill, MA). Citric acid, sodium hydroxide, and 1-

octanol were purchased from Honeywell (Charlotte, NC). Dimethylsulfoxide (DMSO) was 

acquired from Merck (Darmstadt, Germany) and deuterated chloroform (CDCl3, 99.8%) with 

0.03% tetramethylsilane was obtained from Beantown Chemical (BTC, Hudson, NH). 
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A series of citrate buffers (0.1 mol L-1) were prepared from citric acid and adjusted to pH 

3.0, 4.5, or 6.0 by adding sodium hydroxide. Phosphate buffer (0.01 mol L-1, pH 7.4) was 

used for the preparation of protein stock solutions (1 mg mL-1) and obtained by mixing 

Na2HPO4 and NaH2PO4. All buffer solutions were prepared using high purity water (Milli-

Q®, 18.2 MΩ cm). EB-based GUMBOS were dissolved in DMSO and protected from light 

degradation. 

 

2.2.2. Instrumentation 
Proton (1H, 400MHz) and carbon (13C, 125MHz) nuclear magnetic resonance (NMR) 

spectra were recorded using a Bruker Avance III NanoBay 400 and a Bruker AV-500. NMR 

samples were prepared by dissolving GUMBOS in CDCl3. Coupling constants (J) were 

reported in Hz and chemical shifts (δ) in ppm. Abbreviations used to explain multiplicities 

were as follows: singlet (s), doublet (d), triplet (t), and multiplet (m). 

An Agilent 6230 B-TOF LC/MS was used for high-resolution mass spectrometry (HRMS) 

measurements at the Louisiana State University Mass Spectrometry facility. Differential 

scanning calorimetry (DSC) thermograms were acquired using a TA DSC Q200 instrument. 

Approximately 2–5 mg of GUMBOS were crimped in an aluminum pan and heated from 25 

to 150 ºC at a rate of 10 ºC min-1 under a nitrogen purge (50 mL min-1). An empty pan was 

used as a reference during DSC measurements. 

Fourier transform infrared (FTIR) measurements were performed on a Bruker Tensor 27 

spectrometer, equipped with a Pike Miracle ATR cell. Spectra were collected from 4000 to 

650 cm-1 by averaging 32 scans at a resolution of 4 cm-1. Opus 8.0 software was used for 

data collection and initial processing. 

Absorption studies were performed, at room temperature, on a Jasco V-660 

spectrophotometer, equipped with a 1 cm path length quartz cuvette. Spectra were 

collected in the range of 250–800 nm using a slit width of 5 nm. The whole spectral data 

were subjected to PLSDA in order to discriminate aqueous protein samples. 

 

2.2.3. Synthesis and structural characterization of GUMBOS 
EB-derived GUMBOS were synthesized using a simple metathesis reaction (23). Sodium 

cations of EB dye were exchanged with several bulky organic cations (P4444
+, P44416

+, N4444
+, 

and BDHA+). Briefly, both cation and anion (2:1.1 molar ratio) were dissolved in phosphate 

buffer pH 7.4 and stirred for 24 h in the dark at room temperature (Fig. 2.1). GUMBOS 

precipitated after the allotted reaction time, were washed several times with water to 

eliminate sodium halide by-products, and freeze-dried. Ultimately, GUMBOS formation was 
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confirmed using NMR and FTIR spectroscopy as well as HRMS. Structural characterization 

data can be found in Supplementary Material (Figs. S2.1–S2.9 and Table S2.1). 

 

 
Fig. 2.1. (A) Chemical structures of the cations used in the synthesis of EB-based GUMBOS. (B) 

Synthetic diagram of [P4444]2[EB] GUMBOS. 

 

2.2.4. Octanol/water partitioning 
Following synthesis of EB-based GUMBOS, octanol/water partition coefficient (KO/W) values 

were determined using a modified shake-flask method (35). Before experiments, 1-octanol 

and water were mutually saturated by stirring for 24 h, and then phases were separated. 

Each compound was dissolved in 5 mL of 1-octanol saturated with water (Ci), to which an 

equal volume of water-saturated with octanol was added. After stirring the mixture for 24 h 

at room temperature, the absorbance of upper organic layer was measured at 540 nm. 

GUMBOS concentration (CO) was calculated from the respective calibration curve, which 

was previously established using 1-octanol standard solutions (range of 2–8 µmol L-1). The 

aqueous concentration (CW) was obtained by subtracting GUMBOS concentration in the 

octanol layer (CO) from its initial concentration (Ci). Finally, KO/W was calculated using the 

equation: 

KO/W = CO/CW               (1) 
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Three independent experiments were performed for each compound. 

 

2.2.5. Protein discrimination using the synthesized GUMBOS 
Discrimination capabilities of EB-based GUMBOS ([P4444]2[EB], [P44416]2[EB], [N4444]2[EB], 

and [BDHA]2[EB]) were tested using five proteins, e.g., RNAse A, Lyz, Alb, Mb, and α-ChT. 

The assays were performed at three different pH values (3.0, 4.5, and 6.0), and absorption 

spectra were acquired after 5, 10, and 15 min. GUMBOS and protein concentrations were 

held constant at 1 µmol L-1 and 20 µg mL-1, respectively. 

The ability of [P4444]2[EB] and [N4444]2[EB] to discriminate between mixtures of Alb and Mb 

at different proportions (20% Alb + 80% Mb, 40% Alb + 60% Mb, 60% Alb + 40% Mb, and 

80% Alb + 20% Mb) was also examined. Studies were conducted only with GUMBOS 

mentioned above at pH 6.0 and after a reaction period of 5 min since these were the 

conditions that led to best discrimination results. Total protein concentration was maintained 

constant at 4 µg mL-1. For all assays, seven replicate samples were obtained from 

independent experiments on two different days. 

 

2.2.6. Data analysis 
UV-Vis spectra were preprocessed using standard normal variate (SNV) (36), and then 

mean-centered before PLSDA application. PLSDA is a supervised model based on the 

PLS2 algorithm, which requires previous knowledge of the data set (37, 38). In PLSDA, to 

each known sample (xi, GUMBOS spectra in the presence of a single protein) is assigned 

a vector of zeros with value one at the position corresponding to its class (yi, in this study 

to each protein). The structure of the PLSDA model is described by Eqs. 2 and 3. Model 

loadings (P and Q) and corresponding scores (T and U) are obtained by sequentially 

extracting the components or latent variables (LVs) from matrices X (spectra) and Y (matrix 

codifying the proteins). 

 

X = TPt + E               (2) 

Y = UQt + F               (3) 

 

The algorithm correlates the scores of each block (T and U), yielding an internal regression 

matrix. This internal regression can be transformed on a regression matrix B. In this case, 

the regression matrix is composed of three vectors: one regression vector corresponding to 

each protein. E and F are the residual matrices and depend on the number of LVs selected. 

Predictions for new samples are obtained by multiplying a new spectrum (xnew) by the 

regression matrix B: 
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ynew = xnew B               (4) 

 

The prediction (ynew = [ynew,1, ynew,2,…,ynew,n]) is then converted into a class assignment 

(protein) from which confusion matrices are obtained. During the development of PLSDA 

model, 70% of the samples are randomly selected to obtain the regression matrix B and 

30% are used as new samples for prediction. This procedure is repeated 100 times per 

PLSDA model and confusion matrices present the mean values of correct protein 

assignments for the prediction samples. 

Chemometric data analysis was performed in MATLAB version 7.4 Release 2018b 

(MathWorks, Natick, MA) and PLS Toolbox version 8.7 (2019) for MATLAB (Eigenvector 

Research, Manson, WA). 

 

2.2.7. Rationale of the study 
Four EB-based materials ([P4444]2[EB], [P44416]2[EB], [N4444]2[EB], and [BDHA]2[EB]) were 

synthesized for the first time and structurally characterized using several traditional 

techniques as previously described in section 2.2.3. In order to confirm if they could be 

categorized as GUMBOS, their melting points were determined by DSC. Relative 

hydrophobicities were measured as KO/W to better understand GUMBOS-protein binding. 

Absorption spectra were used to evaluate the potential of synthesized materials to 

discriminate among five proteins with different features at three pH values (3.0, 4.5, and 

6.0) and reaction times (5, 10, and 15 min). Acidic pH conditions were studied as they are 

known to promote the formation of complexes between EB dye and proteins (32-34). For 

each EB-derived GUMBOS and experimental condition, a single PLSDA model was 

developed, in which a total of 36 PLSDA models: 4 GUMBOS x 3 pH values x 3 reaction 

times were combined, and the corresponding confusion matrix was generated (further 

details in section 2.2.6). The highest percentages of correct predictions obtained from 

confusion matrices were observed at pH 6.0 and 5 min of reaction for [P4444]2[EB] and 

[N4444]2[EB]. These two GUMBOS were subsequently used to discriminate between four 

binary mixtures of Alb and Mb under the conditions previously established (pH 6.0, 5 min). 

 

 

2.3. Results 
 

2.3.1. Structural characterization of EB-based GUMBOS 
Structures of the resulting GUMBOS were determined by NMR (1H and 13C), FTIR, and 

HRMS spectra analysis. A 2:1 stoichiometric ratio of cation to anion was confirmed through 
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integration of proton NMR signals (Figs. S2.1, S2.3, S2.5, and S2.7). It is worth noting that 

FTIR peaks attributable to starting materials were also observed in the spectra of final 

products (Fig. S2.9). Analysis of HRMS results further evidenced successful synthesis of 

EB-based GUMBOS. In the positive ion mode, peaks with m/z values of 259.2557, 

427.4432, 242.2841, and 360.3630 were assigned to P4444, P44416, N4444, and BDHA cations. 

The negative ion mode HRMS spectra showed presence of EB anion in all synthesized 

compounds. Moreover, experimental results were in good agreement with expected m/z 

values (Table S2.1). 

 

2.3.2. UV-Vis properties of EB-derived GUMBOS 
Absorption spectra of synthesized compounds were measured at a concentration of 1 µmol 

L-1 in DMSO. The UV-Vis profile of all EB-based GUMBOS is similar to the parent dye (Fig. 

2.2) and shows an intense band at 540 nm, a shoulder at approximately 500 nm, 

corresponding to S0→S1 transitions, as well as a lower intensity band near 330 nm 

associated with transitions S0→S2 (39, 40). Differences in absorbance values of EB-based 

GUMBOS are most likely the result of cation variations. 

 

 
Fig. 2.2. UV-Vis spectra of [Na]2[EB] and EB-based GUMBOS (1 µmol L-1) in DMSO. 

 

2.3.3. Melting point and hydrophobicity of the synthesized materials 
Similar to ILs, the physicochemical properties of GUMBOS can be fine-tuned through use 

of different ion exchange. In order to demonstrate this effect, the melting point and 

hydrophobicity of synthesized GUMBOS were determined. DSC thermograms (Fig. S2.10) 

show a broad endothermic peak for all compounds, which can be associated with either 

dehydration of adsorbed water or the amorphous property of GUMBOS (41, 42). Variation 

in melting points of synthesized compounds (from approximately 55.1 to 81.4 ºC) can be 

explained by differences in size and symmetry of cations. In fact, the reduced melting points 

of GUMBOS as compared to [Na]2[EB] (m.p. = 315 ºC, Sigma-Aldrich) can be attributed to 
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replacement of Na+ by relatively large phosphonium and ammonium cations (43). 

Furthermore, the higher melting points of [P4444]2[EB] and [N4444]2[EB] in relation to the other 

GUMBOS studied can be justified by symmetry of these cations, which could lead to a more 

efficient crystal packing and stronger ionic interactions (44, 45). The melting point of 

[P44416]2[EB] was not determined by DSC since it remained a sticky solid at room 

temperature. 

The relative hydrophobicity of GUMBOS was assessed through determination of 

octanol/water partition coefficients. Table S2.2 lists log K O W⁄  values for all synthesized 

compounds. Data analysis shows that hydrophobicity follows the order of [N4444]2[EB] < 

[P4444]2[EB] < [P44416]2[EB] < [BDHA]2[EB]; thus demonstrating the cation’s influence on 

GUMBOS hydrophobicity (23). Moreover, and in line with previous reports (46, 47), the 

elongation of alkyl side chain from four (P4444
+) to sixteen (P44416

+) carbons leads to an 

increase in log K O W⁄ . 

 

2.3.4. Protein discrimination using the synthesized GUMBOS 
In order to evaluate the discrimination potential of EB-based GUMBOS, five proteins with 

distinct molecular weights (13.7–66.5 KDa), isoelectric points (4.7–11.4), and abundance 

levels were chosen as target analytes (Table S2.3). For example, Alb constitutes about 50% 

of the total protein content in plasma, while cardiac Mb is released after myocardial 

infarction (48, 49). UV-Vis spectra of the four synthesized materials in the presence of each 

protein were then recorded at three pH values (3.0, 4.5, and 6.0) and time points (5, 10, 

and 15 min) (Fig. S2.11). Spectral data were subjected to PLSDA to find differences among 

protein samples. Thirty-six PLSDA models were developed (Figs. 2.3–2.6), and the 

corresponding confusion matrices were generated. The total percentages of correct protein 

identifications obtained with the four GUMBOS at three pH values and reaction times are 

summarized in Table 2.1. 
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Table 2.1. Total percentages of correct predictions (%) obtained from the confusion matrices of 

PLSDA models (4 LVs), which were developed for protein discrimination using the synthesized EB-

based GUMBOS. 

pH Time (min) 
Total percentage of correct protein predictions 

[P4444]2[EB] [P44416]2[EB] [N4444]2[EB] [BDHA]2[EB] 

3.0 

5 87.9 97.8 90.6 99.5 

10 86.5 95.5 90.1 99.7 

15 88.2 95.0 88.4 99.6 

4.5 

5 98.4 94.2 95.2 93.9 

10 99.6 91.9 93.1 93.2 

15 100.0 93.3 93.5 93.0 

6.0 

5 100.0 94.5 100.0 98.3 

10 100.0 96.2 99.9 98.7 

15 100.0 97.7 100.0 98.8 

 

2.3.4.1. [P4444]2[EB] 
For [P4444]2[EB], the scores plots corresponding to the first three LVs of PLSDA regression 

models obtained at pH 3.0 for 5, 10, and 15 min of reaction time are presented in Fig. 2.3 

(panels IA–IC), which also globally encompass approximately 95% of spectral variability. 

The scores plots showed five clusters, each corresponding to a single protein. Alb, Mb, and 

RNAse A clusters were perfectly separated, while some degree of overlap was found 

between α-ChT and Lyz clusters. It should be noted that the obtained results are quite 

similar for all time points. The first LV (LV1) encompasses around 60% of spectral variability 

being mostly responsible for discrimination between Alb and Mb. LV2 mainly accounts for 

discrimination between RNAse A and Lyz + α-ChT (32–35% of spectral variability), whereas 

Lyz and α-ChT were mainly discriminated in the third LV. Table S2.4 presents confusion 

matrices obtained from the corresponding PLSDA regression models (at pH 3.0 for 5, 10, 

and 15 min of reaction). Global percentages of correct discrimination of proteins were 

calculated by sum of diagonals at nearly 90% for the three reaction times, which can be 

considered quite satisfactory. Alb and Mb were correctly predicted for the three allotted 

times and were determined to be in good agreement with the clusters observed in scores 

plots. With respect to RNAse A, the great majority were correctly predicted (95.5%–5 min, 

96.0%–10 min, 98.5%–15 min); although a few were predicted as α-ChT (4.5%–5 min, 

4.0%–10 min, 1.5%–15 min). Around 80% of Lyz spectra (79.5%–5 min, 80.5%–10 min, 

77.0%–15 min) were correctly predicted, with the remaining 20% misidentified solely as α-

ChT spectra. Concerning the latter, the percentage of correct identifications varied from 



Chapter 2   

88 
 

~  

56.0% (10 min) to 65.5% (15 min). After 5 and 10 min of reaction, α-ChT spectra were 

misidentified only as Lyz spectra (35.5% and 44.0%, respectively), whereas upon 15 min 

0.5% were misidentified as being RNAse A and 34.0% as Lyz spectra. 

 

 
Fig. 2.3. Scores plots corresponding to the first three LVs of PLSDA regression models obtained 

using UV-Vis spectra at pH 3.0 (IA–IC), pH 4.5 (IIA–IIC), and pH 6.0 (IIIA–IIIC) for protein 

discrimination. [P4444]2[EB] GUMBOS + RNAse A (  ), Lyz (  ), Alb (  ), Mb (  ), and α-ChT (  ). Models 

A, B, and C correspond to 5, 10, and 15 min of reaction. 

 

Regarding pH 4.5 and 6.0, the scores plots (panels IIA–IIC and IIIA–IIIC from Fig. 2.3) 

revealed similar clusters to those observed at pH 3.0, with the first three LVs encompassing 

around 98% (LV1 approximately 70%, LV2 approximately 20%, LV3 approximately 8%) and 

99% (LV1 approximately 79%, LV2 approximately 15%, LV3 approximately 5%) of spectral 

variability, respectively. Protein discrimination was also observed among the same LVs 

(LV1–Alb/Mb, LV2–RNAse A/Lyz + α-ChT, LV3–Lyz/α-ChT). These findings were 

consistently noticed for the three reaction times. Regarding the confusion matrices obtained 

from PLSDA models at pH 4.5 and 6.0 (Tables S2.5 and S2.6, respectively), a very 

satisfactory percentage of correct discrimination of proteins was also achieved (98.4%–5 

min, 99.6%–10 min, 100.0%–15 min at pH 4.5 and 100.0%–5, 10, 15 min at pH 6.0). Similar 

to what was observed for pH 3.0, it appears that reaction time did not influence protein 
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discrimination. On the contrary, pH value impacted the results. Correct protein 

discrimination was nearly 90% for pH 3.0, 99% for pH 4.5, and 100% for pH 6.0 (Table 2.1). 

Regarding misidentifications at pH 4.5, all were related to α-ChT spectra and were 

erroneously identified as Lyz spectra. 

 

2.3.4.2. [P44416]2[EB] 
For [P44416]2[EB] at pH 3.0, the scores plots of PLSDA regression models (first three LVs 

encompassing about 99% of spectral variability) presented five individualized clusters, each 

containing a single protein, for all times studied (Fig. 2.4, panels IA–IC). In contrast to data 

observed for [P4444]2[EB] GUMBOS, no overlapping clusters were visible to the naked eye. 

The clusters obtained for Alb, Mb, and RNAse A were more scattered, which could lead to 

some misidentifications. LV1 mainly contributed to discrimination between Alb and Mb, 

while LV2 and LV3 seemed to be a cause for the remaining discriminations. As seen in 

Table 2.1, the percentages of correct protein discrimination range from 95.0% (15 min) to 

97.8% (5 min). Similar to what was observed for [P4444]2[EB], Alb and Mb were correctly 

predicted consistently (Table S2.7), whereas some RNAse A was predicted as α-ChT 

(1.5%–5 min, 15.0%–10 min, 9.0%–15 min). It should also be noted that, when using the 

[P44416]2[EB] GUMBOS, the percentage of RNAse A incorrectly predicted after 10 and 15 

min was higher than that for [P4444]2[EB]. This result was consistent with the widest scatter 

of clusters. Regarding Lyz spectra, they were all correctly predicted upon 10 min, being the 

wrong predictions related to α-ChT spectra (3.0%–5 min, 7.5%–15 min). In fact, α-ChT 

showed the worst predictions (93.5%–5 min, 92.5%–10 min, 91.5%–15 min), being 

misidentified as Lyz. 
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Fig. 2.4. Scores plots corresponding to the first three LVs of PLSDA regression models obtained 

using UV-Vis spectra at pH 3.0 (IA–IC), pH 4.5 (IIA–IIC), and pH 6.0 (IIIA–IIIC) for protein 

discrimination. [P44416]2[EB] GUMBOS + RNAse A (  ), Lyz (  ), Alb (  ), Mb (  ), and α-ChT (  ). Models 

(A) 5, (B) 10, and (C) 15 min of reaction. 

 

Concerning pH 4.5, the scores plots obtained for all time points (first three LVs 

encompassing around 98% of spectral variability) showed one well-individualized cluster 

belonging to Mb, two somehow contiguous clusters corresponding to Alb and RNAse A as 

well as a fourth cluster containing Lyz and α-ChT proteins (Fig. 2.4, panels IIA–IIC). At pH 

6.0, the scores plots (first three LVs accounting for 98% of spectral variability) were quite 

similar to those achieved at pH 3.0 (Fig. 2.4, panels IIIA–IIIC). In these cases, no visible 

overlapping was observed, but clusters remained scattered. Overall, the percentage of 

correct protein identifications varied from 91.9% (10 min) to 94.2% (5 min) at pH 4.5, and 

from 94.5% (5 min) to 97.7% (15 min) at pH 6.0 (Tables S2.8 and S2.9, respectively). The 

lower percentages observed at pH 4.5, as compared with the corresponding values at pH 

3.0 and 6.0, were in agreement with the overlapping clusters observed in PLSDA scores 

plots (Fig. 2.4, panels IIA–IIC). When regarding each protein individually, with both pH 

values and the three reaction times, only Mb spectra had a consistently correct prediction 

of 100.0%. The great majority of Alb spectra were also correctly predicted (97.0%–5 min, 
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84.0%–10 min, 86.0%–15 min at pH 4.5, and 92.5%–5 min, 98.0%–10 min, 98.5%–15 min 

at pH 6.0), while the remaining were erroneously identified as RNAse A or RNAse A and α-

ChT spectra. Additionally, RNAse A was also correctly predicted in general for both pH 

values. It was, however, misidentified as Alb (5.5%–5 min), Lyz (1.5%–15 min), and Lyz + 

Alb (2.5% + 1.5%–10 min) at pH 4.5, or as Alb (1.0%–5 min and 0.5%–15 min) at pH 6.0. 

Lyz spectra were 100.0% correctly predicted at 5 and 10 min for pH 4.5 and were 

misidentified only as α-ChT spectra after 15 min of reaction (3.0% of wrong predictions). 

With respect to pH 6.0, Lyz was globally well predicted (91.5%–5 min, 94.5%–10 min, 98.0–

15 min), being misidentified only as RNAse A at 5 and 10 min as well as RNAse A (1.0%) 

and α-ChT (1.0%) at 15 min. Overall, α-ChT spectra were the worst predicted (87.5%–5 

min, 76.5%–10 min, 85.0%–15 min at pH 4.5, and 89.5%–5 min, 88.5%–10 min, 92.5%–15 

min at pH 6.0), being misidentified with several proteins depending on the pH and reaction 

period. 

 

2.3.4.3. [N4444]2[EB] 
The scores plots obtained from PLSDA models (three LVs encompassing around 97% of 

spectral variability for the three reaction times) presented in Fig. 2.5 (panels IA–IC) showed 

three well-individualized clusters. Two of them contain spectra of a single protein (Alb or 

Mb) and the third one spectra of RNAse A, Lyz, and α-ChT. It should also be noted that 

spectra of these three proteins appeared in the scores plots contiguously, with minimal 

cluster overlapping. The worst discrimination was observed at 5 and 10 min with responses 

to Lyz and α-ChT analytes. LV1 seemed to be the principal cause for the discrimination of 

Alb and Mb, while other proteins fell into the third cluster and were partially discriminated in 

LV2 and LV3. No relevant differences were observed in the scores plots obtained for the 

three reaction periods, which was in accordance with the percentage of correct predictions 

acquired through the confusion matrices (around 90% for the times studied, Table 2.1). Alb, 

Mb, and RNAse A were almost always correctly predicted (100.0%), with exception of 

RNAse A at 15 min (0.5% misidentified as α-ChT). In contrast, Lyz and α-ChT spectra 

presented lower percentages of correct identifications and were misidentified as each other. 

The percentages of Lyz misidentifications were 17.0% at 5 min, 18.5% at 10 min, 21.5% at 

15 min, while in relation to α-ChT were 30.0% at 5 min, 31.0% at 10 min, and 36.0% at 15 

min (Table S2.10). 
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Fig. 2.5. Scores plots corresponding to the first three LVs of PLSDA regression models obtained 

using UV-Vis spectra at pH 3.0 (IA–IC), pH 4.5 (IIA–IIC), and pH 6.0 (IIIA–IIIC) for protein 

discrimination. [N4444]2[EB] GUMBOS + RNAse A (  ), Lyz (  ), Alb (  ), Mb (  ), and α-ChT (  ). Models 

A, B, and C correspond to 5, 10, and 15 min of reaction. 

 

With respect to both pH 4.5 (Fig. 2.5, panels IIA–IIC) and pH 6.0 (Fig. 2.5, panels IIIA–IIIC), 

the scores maps showed more clearly defined clusters than those obtained at pH 3.0. For 

the [N4444]2[EB] GUMBOS, time did not seem to be an influential factor for protein 

discrimination, which is in contrast to what was observed for pH value. Spectral variability 

captured on the first three LVs was around 99% for all reaction times and both pH values. 

The percentages of correct discrimination of proteins were consistent with such findings, at 

approximately 93 to 95% for pH 4.5 and 100% for pH 6.0 (Tables S2.11–pH 4.5 and S2.12–

pH 6.0). At pH 4.5, Alb and Mb spectra were correctly identified as well as RNAse A spectra 

at 15 min. After 5 and 10 min, however, RNAse A was predicted as α-ChT (0.5%–5 min and 

1.0%–10 min). Similar to what was observed for pH 3.0, Lyz and α-ChT were misidentified 

as each other (Lyz as α-ChT: 11.5%–5 min, 18.0%–10 min, 15.0%–15 min, and α-ChT as 

Lyz: 12.0%–5 min, 15.5%–10 min, 17.5%–15 min). At pH 6.0, the only misidentification was 
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related to 0.5% of α-ChT spectra, which were predicted as Lyz upon 10 min of reaction. 

 

2.3.4.4. [BDHA]2[EB] 
The scores plots obtained for protein discrimination using [BDHA]2[EB] were similar to those 

acquired for the [P4444]2[EB] GUMBOS, but with a slightly lower overlap between Lyz and α-

ChT spectra (Fig. 2.6, panels IA–IC). Five well-individualized clusters (each one 

corresponding to a single protein) were discriminated among LV1 (Alb from Mb from RNAse 

A + Lyz + α-ChT), LV2 (RNAse A from Lyz + α-ChT), and LV3 (Lyz from α-ChT). Spectral 

variability captured on the first three LVs was around 99% for all times studied. The total 

percentages of correct protein assignments (> 99%) were in agreement with the well-

individualized clusters obtained for the three reaction periods (Table S2.13). Alb, Mb, 

RNAse A, and Lyz spectra were 100% correctly predicted, with erroneous identifications 

related to a few α-ChT spectra identified as Lyz (2.5%–5 min, 1.5%–10 min, 2.0%–15 min) 

(Table S2.13). 

 

 
Fig. 2.6. Scores plots corresponding to the first three LVs of PLSDA regression models obtained 

using UV-Vis spectra at pH 3.0 (IA–IC), pH 4.5 (IIA–IIC), and pH 6.0 (IIIA–IIIC) for protein 

discrimination. [BDHA]2[EB] GUMBOS + RNAse A (  ), Lyz (  ), Alb (  ), Mb (  ), and α-ChT (  ). Models 

(A) 5, (B) 10, and (C) 15 min of reaction. 
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Regarding pH 4.5 and 6.0, the scores maps presented similar clusters to those observed at 

pH 3.0, with 98% of spectral variability captured on the first three LVs for all reaction times 

(panels IIA–IIC and IIIA–IIIC from Fig. 2.6). The percentages of correct identifications of 

proteins were nearly 93 and 99% for pH 4.5 and 6.0, respectively (Tables S2.14 and S2.15). 

As noted previously, GUMBOS-protein reaction times do not seem to affect these 

percentages, but pH value does. At pH 4.5 (Table S2.14), only Mb spectra were correctly 

identified for the three times studied. Regarding Alb spectra, 97.5%–5 min, 91.0%–10 min, 

and 88.5%–15 min were correctly predicted, as these responses were misidentified as α-

ChT (2.5%–5 min, 6.0%–10 min, 8.0%–15 min), RNAse A (2.5%–10 min, 1.0%–15 min), 

and Lyz spectra (1.0%–10 min, 1.5%–15 min). RNAse A spectra correct identifications 

varied from 86.5% (15 min) to 88.0% (10 min), as it was misidentified as α-ChT (11.0%–5 

min, 11.5%–10 min, 12.5%–15 min), Mb (1.5%–5 min), Alb (0.5%–10 min), and Lyz spectra 

(1.0%–15 min). With respect to Lyz spectra, the incorrect identifications were solely 

predicted as α-ChT spectra (6.5%–5 min, 3.5%–10 min, 2.0%–15 min). Similarly, α-ChT 

spectra were misidentified as Lyz (9.0%–5 min, 9.5%–10 min, 7.5%–15 min) and as RNAse 

A spectra (0.5%) at 15 min. At pH 6.0, higher percentages of correct protein assignments 

were observed (Table S3.15), with Alb, Mb, and RNAse A correctly predicted in a consistent 

fashion. In contrast, Lyz was relatively poorly predicted as RNAse A (4.5%–5 min, 2.5%–

10 min, 2.5%–15 min) and α-ChT (4.0%–5 min, 1.5%–10 min, 1.5%–15 min). α-ChT spectra 

were correctly predicted consistently at 5 min and poorly predicted solely as Lyz spectra 

(2.5%–10 min, 2.0%–15 min). 

 

2.3.5. Discrimination of binary mixtures containing Alb and Mb 
Among the synthesized GUMBOS, [P4444]2[EB] and [N4444]2[EB] were those that showed 

better ability to discriminate proteins at pH 6.0. Moreover, Alb and Mb were the proteins that 

consistently exhibited higher percentages of correct assignments. With this in mind, the 

[P4444]2[EB] and [N4444]2[EB] GUMBOS were used to discriminate between four protein 

mixtures of Alb and Mb (20% Alb + 80% Mb, 40% Alb + 60% Mb, 60% Alb + 40% Mb, and 

80% Alb + 20% Mb). Scores plots of the developed PLSDA models for [P4444]2[EB] and 

[N4444]2[EB] are provided in Fig. 2.7. In both cases, discrimination of protein mixtures clearly 

occurs in LV1, which encompassed almost 90% of spectral variability and where more well-

defined clusters were found. GUMBOS spectra in the presence of a single protein (100% 

Alb or Mb) appeared on opposite sides of the scores map. It is interesting to note that on 

the positive side of the LV1 axis, where 100% Alb samples are located, all samples 

containing more than 50% of Alb were also observed. In contrast, spectra with less than 

50% of Alb and more than 50% of Mb appeared on the negative side of LV1, which contains 
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100% Mb spectra. Separation of spectra along LV1 in two groups (> 50% Alb and < 50% 

Mb or < 50% Alb and > 50% Mb) was clear evidence that both GUMBOS possess the ability 

for discrimination of protein mixtures. 

 

 
Fig. 2.7. Scores plots corresponding to the first two LVs of PLSDA regression models developed 

using the UV-Vis spectra of (A) [P4444]2[EB] and (B) [N4444]2[EB] after incubation with binary mixtures 

of Alb + Mb. 

 

 

2.4. Discussion 
In this work, it was demonstrated that EB-based GUMBOS in combination with UV-Vis 

spectroscopy and PLSDA can successfully discriminate not only single proteins, but also 

binary mixtures of Alb and Mb. This study also investigated whether pH and reaction time 

affect GUMBOS discrimination performance. 

Although numerous methods have been developed to discriminate proteins, most of them 

are laborious and time-consuming. Synthesis of sensing materials often involves multi-step 

reactions and purification procedures, which has limited their widespread use and has 

motivated the search for viable alternatives (50-52). As a result of simplicity of their design 

and synthetic process, along with the possibility to tune their properties, GUMBOS appear 

to be promising candidates for discrimination of proteins (23, 24, 26). In this work, it was 



Chapter 2   

96 
 

~  

shown that melting point and hydrophobicity of EB-based GUMBOS as well as their ability 

to discriminate proteins can be modulated through simple cation exchange (Na+ by P4444
+, 

P44416
+, N4444

+, and BDHA+). A single by-product is formed during this reaction, which is 

easily removed simply by washing with water. 

It is worth noting that, because of its relatively large, planar, and rigid structure, EB can 

strongly bind to hydrophobic protein surface residues. Although van der Waals and π-

stacking interactions can also occur, the primary driving forces are hydrophobic interactions 

(53-55). EB-based GUMBOS were found to display varying degrees of hydrophobicity that 

were attributed to cation exchange and have led to changes in protein binding affinity. The 

absorbance response patterns were then used to discriminate each protein by applying 

PLSDA models. Chemometric analyses revealed that [P4444]2[EB] and [N4444]2[EB] show 

higher discriminatory power than [P44416]2[EB] and [BDHA]2[EB] GUMBOS. Moreover, 

similarities in their ability to discriminate proteins can be explained using the chemical 

resemblance between phosphorus and nitrogen atoms and shorter alkyl side chain length, 

which reduces steric hindrance and improves GUMBOS accessibility to proteins (56). 

Results demonstrated that the size, surface charge, and hydrophobic properties of proteins 

may also affect the extent of interaction with sensing materials, thus corroborating previous 

studies (23, 50, 57). Overall, Alb and Mb were determined to have the highest percentages 

of correct predictions as seen from the confusion matrices of PLSDA models (Tables S2.4–

S2.15). These findings can be explained by the fourfold difference in molecular weight 

between the two proteins (66.5 vs 16.7 kDa), opposite surface charges at pH 7.4, and great 

variation in their hydrophobicity (58). In contrast, Lyz and α-ChT were the most misclassified 

and appeared as overlapping clusters in the scores plots. The same tendency was reported 

by Hewitt and Wilson (59). 

The impact of pH and reaction time on the discriminatory power of EB-based GUMBOS was 

further examined. After 5, 10, and 15 min, the PLSDA scores plots did not show major 

differences in clustering patterns (Figs. 2.3–2.6), which suggests a rapid binding between 

GUMBOS and proteins. Moreover, the percentages of correct predictions were similar for 

all time points (Table 2.1), and thus, a period of 5 min was selected. In contrast, Soedjak 

reported that binding of EB dye to proteins is slow at room temperature and requires about 

2 h to be completed (24 times more than the corresponding GUMBOS) (32). That study 

also showed that an acidic environment tends to promote formation of EB-protein 

complexes, which was later confirmed by other studies (33, 34). In an attempt to determine 

if the same procedures apply to EB-derived GUMBOS, experiments were conducted at pH 

3.0, 4.5, and 6.0. As seen in Table 2.1, the percentages of correct assignments varied from 

86.5 to 100.0% depending on the pH of citrate buffer and GUMBOS chemical structure. The 
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best results were obtained at pH 6.0 and can be assigned to the dianionic form of EB in the 

GUMBOS (pKCOOH = 2.35 and pKOH = 3.79) (60). Overall, it was found that time does not 

affect the discriminatory power of synthesized GUMBOS, while pH does. 

Discrimination of protein binary mixtures is far more challenging as the two proteins can 

interact with each other and compete for binding to the sensing material (50). Both 

[P4444]2[EB] and [N4444]2[EB] GUMBOS were able to discriminate between mixtures 

containing different proportions of Alb and Mb. 2D-PLSDA scores plots showed clearly 

defined and separate clusters of mixtures and allowed discrimination of pure and mixed 

proteins, similar to what has been reported in the literature for sensor arrays and other 

chemometric models (24, 61, 62). However, in this work, an assembly of sensors was not 

required, with protein discrimination being achieved by use of single GUMBOS. 

Finally, it is important to highlight the ability of chemometric tools to extract useful analytical 

information from complex datasets. Both unsupervised (PCA and HCA) and supervised 

(LDA) models have been used to analyze the response patterns generated from GUMBOS-

based sensor arrays (23, 24). In this work, PLSDA models were developed to discriminate 

not only single but also binary mixtures of proteins by using the entire spectral wavelength 

range of data collected. The first LV seemed to be the main factor responsible for 

discrimination of Alb from Mb and then from RNAse A + Lyz + α-ChT. Such results were 

obtained for all EB-based GUMBOS, independent of the reaction time and pH, and can be 

attributed to the nature of proteins as previously discussed. 

 

 

2.5. Conclusions 
In this study, four novel EB-based GUMBOS were synthesized and used to discriminate 

single and binary protein mixtures. The pH and reaction time were also investigated for their 

effect on discrimination performance of synthesized materials. It was found that changes in 

pH value (3.0–6.0) affected discrimination ability of EB-based GUMBOS, while the reaction 

period (5–15 min) did not seem to affect the results. The percentages of correct protein 

assignments ranged from 86.5 to 100.0%, being the best results achieved with [P4444]2[EB] 

and [N4444]2[EB] at pH 6.0 and 5 min of reaction time. Under these conditions, it was possible 

to discriminate between protein mixtures containing four different ratios of Alb and Mb since 

they appeared as well individualized clusters in the 2D-PLSDA scores plots. Although the 

underlying mechanism still necessitates further clarification, it is reasonable to infer that the 

results are derived from changes in the absorption spectra of GUMBOS due to protein 

binding. Thus, the obtained results demonstrate the potential of using these and other 

GUMBOS in combination with UV-Vis spectroscopy and chemometric tools to discriminate 
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individual proteins and their mixtures. Moreover, this GUMBOS approach offers many 

advantages as compared to traditional analytical methods, including simplicity, rapidity, and 

cost-effectiveness. This alternative strategy is label-free, requires only five min of reaction 

time, and avoids the use of expensive instrumentation and complicated synthesis of probes. 

As part of future studies, it is planned to extend the application of this approach to more 

complex proteins and matrices (e.g., urine and blood). 
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SUPPLEMENTARY MATERIAL 
 

 

Characterization of EB-based GUMBOS 
 

[P4444]2[EB] 
1H NMR (400 MHz, CDCl3, ppm): δ 8.29-8.34 (m, 1H); 7.49-7.53 (m, 3H); 7.41-7.48 (m, 1H); 

7.01-7.03 (m, 1H); 2.17 (bs, 16H); 1.42 (bs, 24H); 0.87-0.94 (m, 24H). 13C NMR (125 MHz, 

CDCl3, ppm): δ = 172.20, 172.17, 168.76, 157.93, 138.37, 133.30, 131.10, 129.02, 128.66, 

112.97, 112.95, 95.44, 75.17, 24.06, 23.96, 23.79, 18.88, 18.51, 13.58. 

 

[P44416]2[EB] 
1H NMR (400 MHz, CDCl3, ppm): δ 8.28-8.40 (m, 1H); 7.46-7.56 (m, 3H); 7.40-7.46 (m, 1H); 

7.00-7.04 (m, 1H); 2.19 (bs, 16H); 1.42 (bs, 33H); 1.26 (bs, 50H); 0.87-0.93 (m, 21H). 13C 

NMR (125 MHz, CDCl3, ppm): δ = 172.20, 168.72, 157.79, 156.49, 138.26, 133.13, 130.98, 

128.82, 128.50, 128.25, 112.81, 95.32, 75.04, 31.77, 30.74, 30.63, 29.56, 29.53, 29.50, 

29.43, 29.21, 28.90, 23.96, 23.84, 23.71, 23.68, 22.53, 21.77, 21.73, 18.96, 18.76, 18.59, 

18.38, 13.98, 13.48. 

 

[N4444]2[EB] 
1H NMR (400 MHz, CDCl3, ppm): δ 8.30-8.36 (m, 1H); 7.47-7.56 (m, 3H); 7.38-7.45 (m, 1H); 

7.00-7.04 (m, 1H); 3.10 (bs, 16H); 1.48-1.61 (m, 16H); 1.29-1.38 (m, 16H); 0.92-0.95 (m, 

24H). 13C NMR (125 MHz, CDCl3, ppm): δ = 171.74, 168.34, 157.72, 156.94, 141.45, 

138.33, 133.01, 128.60, 128.38, 127.91, 112.67, 95.23, 74.82, 58.39, 23.83, 19.61, 13.62. 

 

[BDHA]2[EB] 
1H NMR (400 MHz, CDCl3, ppm): δ 8.29-8.33 (m, 1H); 7.58-7.62 (m, 2H); 7.51-7.57 (m, 1H); 

7.36-7.48 (m, 10H); 7.05-7.10 (m, 1H); 4.48-4.55 (bs, 4H); 3.12-3.22 (bs, 4H); 2.96 (s, 12H); 

1.21-1.35 (bs, 50H); 0.85-0.93 (m, 6H). 13C NMR (125 MHz, CDCl3, ppm): δ = 172.32, 

169.84, 157.85, 156.65, 138.39, 133.09, 132.66, 130.81, 129.20, 128.97, 128.39, 127.23, 

113.04, 95.60, 75.36, 67.60, 63.57, 49.63, 31.90, 29.70, 29.67, 29.65, 29.62, 29.50, 29.43, 

29.34, 29.24, 26.34, 22.86, 22.66, 14.11. 
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Fig. S2.1. 1H NMR spectrum of [P4444]2[EB] GUMBOS. 

 

 

 

Fig. S2.2. 13C NMR spectrum of [P4444]2[EB]. 
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Fig. S2.3. 1H NMR spectrum of [P44416]2[EB]. 

 

 

 
Fig. S2.4. 13C NMR spectrum of [P44416]2[EB] GUMBOS. 
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Fig. S2.5. 1H spectrum of [N4444]2[EB]. 

 

 

 
Fig. S2.6. 13C spectrum of [N4444]2[EB] in CDCl3. 
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Fig. S2.7. 1H NMR spectrum of [BDHA]2[EB] GUMBOS. 

 

 

 
Fig. S2.8. 13C NMR spectrum of [BDHA]2[EB]. 
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Fig. S2.9. Overlay of FTIR spectra of starting materials (blue and green) and resulting products (red): 

(A) [P4444]2[EB], (B) [P44416]2[EB], (C) [N4444]2[EB], and (D) [BDHA]2[EB]. 

 

 

 
Fig. S2.10. DSC thermograms of EB-based GUMBOS. 



 

105 
 

 

Fig. S2.11. Absorbance spectra of (A) [P4444]2[EB], (B) [P44416]2[EB], (C) [N4444]2[EB], and (D) [BDHA]2[EB]: alone (  ) and in the presence of RNAse A (  ), Lyz 

(  ), Alb (  ), Mb (  ), and α-ChT (  ). Spectra were recorded at pH 6.0 after 5 min of reaction time.
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Table S2.1. Yield and ESI-MS analysis of synthesized materials. 

 
 
Table S2.2. Logarithm of the octanol/water partition coefficients (log K O W⁄ ) of EB-based GUMBOS. 

 
 
 
 
 
 

a Data presented as mean ± standard deviation of three independent experiments. 
For [Na]2[EB], log K O W⁄  = -0.15 (63). 
 
 
Table S2.3. Molecular weights and isoelectric points of target proteins. 

 
 

GUMBOS Yield 
(%) 

Ionic formula ESI-MS (positive mode) ESI-MS (negative mode) 

Cation Anion 
Expected 

mass (m/z) 
Experimental 
mass (m/z) 

Expected 
mass (m/z) 

Experimental 
mass (m/z) 

[P4444]2[EB] 97 C16H36P+ 

C20H7I4O5- 

259.2549 259.2557 

834.6478 

834.6460 

[P44416]2[EB] 92 C28H60P+ 427.4427 427.4432 834.6461 

[N4444]2[EB] 74 C16H36N+ 242.2842 242.2841 834.6463 

[BDHA]2[EB] 81 C25H46N+ 360.3625 360.3630 834.6464 

GUMBOS log K O W⁄  ± SD a 

[P4444]2[EB] 1.10 ± 0.02 

[P44416]2[EB] 1.73 ± 0.03 

[N4444]2[EB] 0.77 ± 0.06 

[BDHA]2[EB] 1.87 ± 0.06 

Protein Molecular weight (kDa) Isoelectric point Ref. 

RNase A 13.7 9.6 (64) 

Lyz 14.3 11.4 (65) 

Alb 66.5 4.7 (66) 

Mb 16.7 7.0 (67) 

α-ChT 25.0 8.8 (64) 
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Protein discrimination using the synthesized GUMBOS 
 
Table S2.4. Confusion matrices obtained from the PLSDA models developed for protein 

discrimination at pH 3.0 using the [P4444]2[EB] GUMBOS. Models A, B, and C correspond to 5, 10, 

and 15 min of reaction. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.10 0 0 0 0.90 – 

Lyz 0 15.90 0 0 4.10 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 7.10 0 0 12.90 – 

Correct protein discrimination (%) 87.9 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.20 0 0 0 0.80 – 

Lyz 0 16.10 0 0 3.90 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 8.80 0 0 11.20 – 

Correct protein discrimination (%) 86.5 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.70 0 0 0 0.30 – 

Lyz 0 15.40 0 0 4.60 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0.10 6.80 0 0 13.10 – 

Correct protein discrimination (%) 88.2 
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Table S2.5. Confusion matrices for protein discrimination at pH 4.5 using the [P4444]2[EB] GUMBOS 

and acquired from the PLSDA models. (A) 5, (B) 10, and (C) 15 min of reaction. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 1.60 0 0 18.40 – 

Correct protein discrimination (%) 98.4 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.40 0 0 19.60 – 

Correct protein discrimination (%) 99.6 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0 0 0 20.00 – 

Correct protein discrimination (%) 100.0 

 

  



  Chapter 2 

109 
 

~  

Table S2.6. Confusion matrices acquired from the PLSDA models developed for discrimination of 

proteins at pH 6.0 using the [P4444]2[EB] GUMBOS. Models A, B, and C correspond to 5, 10, and 15 

min of reaction time. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0 0 0 20.00 – 

Correct protein discrimination (%) 100.0 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0 0 0 20.00 – 

Correct protein discrimination (%) 100.0 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0 0 0 20.00 – 

Correct protein discrimination (%) 100.0 
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Table S2.7. Confusion matrices for discrimination of proteins at pH 3.0 using the [P44416]2[EB] 

GUMBOS and acquired from PLSDA models: (A) 5, (B) 10, and (C) 15 min of reaction. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.70 0 0 0 0.30 – 

Lyz 0 19.40 0 0 0.60 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 1.30 0 0 18.70 – 

Correct protein discrimination (%) 97.8 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 17.00 0 0 0 3.00 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 1.50 0 0 18.50 – 

Correct protein discrimination (%) 95.5 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 18.20 0 0 0 1.80 – 

Lyz 0 18.50 0 0 1.50 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 1.70 0 0 18.30 – 

Correct protein discrimination (%) 95.0 
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Table S2.8. Confusion matrices obtained from the PLSDA models for protein discrimination at pH 

4.5 using the [P44416]2[EB] GUMBOS. Models A, B, and C correspond to 5, 10, and 15 min of reaction 

period. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 18.90 0 1.10 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0.50 0 19.40 0 0.10 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 2.30 0.10 0 17.50 – 

Correct protein discrimination (%) 95.8 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.20 0.50 0.30 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 1.40 0 16.80 0 1.80 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 3.60 1.10 0 15.30 – 

Correct protein discrimination (%) 91.3 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.70 0.30 0 0 0 – 

Lyz 0 19.40 0 0 0.60 – 

Alb 0.90 0 17.20 0 1.90 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 2.10 0.90 0 17.00 – 

Correct protein discrimination (%) 93.3 
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Table S2.9. Confusion matrices for discrimination of proteins at pH 6.0 using [P44416]2[EB] GUMBOS 

and acquired from the PLSDA models: (A) 5, (B) 10, and (C) 15 min of reaction. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.80 0 0.20 0 0 – 

Lyz 0.80 18.30 0 0 0.90 – 

Alb 1.30 0 18.50 0 0.20 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0.20 0.60 1.30 0 17.90 – 

Correct protein discrimination (%) 94.5 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0.70 18.90 0 0 0.40 – 

Alb 0.40 0 19.60 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0.40 0.50 1.40 0 17.70 – 

Correct protein discrimination (%) 96.2 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.90 0 0.10 0 0 – 

Lyz 0.20 19.60 0 0 0.20 – 

Alb 0.10 0 19.70 0 0.20 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.60 0.90 0 18.50 – 

Correct protein discrimination (%) 97.7 
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Table S2.10. Confusion matrices obtained from PLSDA models developed for discrimination of 

proteins at pH 3.0 using the [N4444]2[EB] GUMBOS. Models A, B, and C correspond to 5, 10, and 15 

min of reaction time. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 16.60 0 0 3.40 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 6.00 0 0 14.00 – 

Correct protein discrimination (%) 90.6 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 16.30 0 0 3.70 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 6.20 0 0 13.80 – 

Correct protein discrimination (%) 90.1 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.90 0 0 0 0.10 – 

Lyz 0 15.70 0 0 4.30 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 7.20 0 0 12.80 – 

Correct protein discrimination (%) 88.4 
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Table S2.11. Confusion matrices obtained from the PLSDA models developed for discrimination of 

proteins at pH 4.5 using the GUMBOS [N4444]2[EB]. Models A, B, and C correspond to 5, 10, and 15 

min of reaction period. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.90 0 0 0 0.10 – 

Lyz 0 17.70 0 0 2.30 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 2.40 0 0 17.60 – 

Correct protein discrimination (%) 95.2 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 19.80 0 0 0 0.20 – 

Lyz 0 16.40 0 0 3.60 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 3.10 0 0 16.90 – 

Correct protein discrimination (%) 93.1 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 17.00 0 0 3.00 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 3.50 0 0 16.50 – 

Correct protein discrimination (%) 93.5 
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Table S2.12. Confusion matrices obtained from the PLSDA models developed for protein 

discrimination at pH 6.0 using the [N4444]2[EB] GUMBOS. Models A, B, and C: 5, 10, and 15 min of 

reaction. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0 0 0 20.00 – 

Correct protein discrimination (%) 100.0 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.10 0 0 19.90 – 

Correct protein discrimination (%) 99.9 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0 0 0 20.00 – 

Correct protein discrimination (%) 100.0 
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Table S2.13. Confusion matrices generated from the PLSDA models used for protein discrimination 

at pH 3.0 with the GUMBOS [BDHA]2[EB]. Models A, B, and C correspond to 5, 10, and 15 min of 

reaction period. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.50 0 0 19.50 – 

Correct protein discrimination (%) 99.5 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.30 0 0 19.70 – 

Correct protein discrimination (%) 99.7 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0 20.00 0 0 0 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.40 0 0 19.60 – 

Correct protein discrimination (%) 99.6 
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Table S2.14. Confusion matrices for discrimination of proteins at pH 4.5 using the GUMBOS 

[BDHA]2[EB] and acquired from PLSDA models: A, B, and C correspond to 5, 10, and 15 min of 

reaction. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 17.50 0 0 0.30 2.20 – 

Lyz 0 18.70 0 0 1.30 – 

Alb 0 0 19.50 0 0.50 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 1.80 0 0 18.20 – 

Correct protein discrimination (%) 93.9 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 17.60 0.00 0.10 0 2.30 – 

Lyz 0 19.30 0 0 0.70 – 

Alb 0.50 0.20 18.20 0 1.10 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 1.90 0 0 18.10 – 

Correct protein discrimination (%) 93.2 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 17.30 0.20 0 0 2.50 – 

Lyz 0 19.60 0 0 0.40 – 

Alb 0.20 0.30 17.70 0 1.60 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0.10 1.50 0 0 18.40 – 

Correct protein discrimination (%) 93.0 
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Table S2.15. Confusion matrices obtained from the PLSDA models developed for protein 

discrimination at pH 6.0 using the [BDHA]2[EB] GUMBOS. Models A, B, and C: 5, 10, and 15 min of 

reaction. 

Model A RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0.90 18.30 0 0 0.80 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0 0 0 20.00 – 

Correct protein discrimination (%) 98.3 

Model B RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0.50 19.20 0 0 0.30 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.50 0 0 19.50 – 

Correct protein discrimination (%) 98.7 

Model C RNAse A Lyz Alb Mb α-ChT  

RNAse A 20.00 0 0 0 0 – 

Lyz 0.50 19.20 0 0 0.30 – 

Alb 0 0 20.00 0 0 – 

Mb 0 0 0 20.00 0 – 

α-ChT 0 0.40 0 0 19.60 – 

Correct protein discrimination (%) 98.8 
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Highlights 
• [N4444]2[EB] showed better discrimination performance than [P4444]2[EB]. 

• Higher percentages of correct predictions were obtained for [Protein] ≥ 0.50 µg mL-

1. 

• GUMBOS were determined to have a wider linear range than that reported for EB 

dye. 

• Alb, Mb, Lyz, and α-ChT were successfully quantified using both GUMBOS. 
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Abstract 
Detection of protein biomarkers and changes in their concentrations plays an important role 

in disease diagnosis and treatment strategy. The present study investigated erythrosin B 

(EB)-based GUMBOS (group of uniform materials based on organic salts) as optical probes 

for the potential discrimination and quantification of proteins. Albumin (Alb), ribonuclease A 

(RNAse A), myoglobin (Mb), lysozyme (Lyz), and α-chymotrypsin (α-ChT) were selected as 

target analytes primarily due to their distinct levels in biofluids and surface hydrophobicity. 

Ultraviolet-visible spectra of tetrabutylammonium- and tetrabutylphosphonium-erythrosin B 

GUMBOS (i.e., [N4444]2[EB] and [P4444]2[EB]) in the presence of each protein at different 

concentrations (0.05–20 µg mL-1) were analyzed using partial least squares discriminant 

analysis. The highest percentages of correct assignments were achieved using [N4444]2[EB] 

for protein concentrations greater than 0.50 µg mL-1 and Mb was the best identified using 

both GUMBOS. Notably, [N4444]2[EB] and [P4444]2[EB] were determined to discriminate 

proteins at concentrations lower than those reported for other sensing systems. Partial least 

squares models were further developed for quantification purposes. It was found that EB-

based GUMBOS allow estimation of concentrations of Mb, Alb, Lyz, and α-ChT from 0.50 

to 20 µg mL-1. Mb, Alb, and Lyz concentrations were best predicted using [N4444]2[EB] (errors 

≤ 5.2%), while [P4444]2[EB] was best for estimating concentrations of α-ChT and RNAse A 

(errors ≤ 5.2% and 13.4%, respectively). The results described above clearly indicate the 

potential of EB-based GUMBOS to discriminate as well as quantify several protein analytes 

in a rapid and non-laborious manner. 

 

Keywords: Erythrosin B; GUMBOS; Chemometrics; Protein analysis. 
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3.1. Introduction 
Various analytical methods have been reported for detection and quantification of protein 

biomarkers. Immunoassays are among the most commonly used in research and clinical 

practice due to their high selectivity and sensitivity, which arise from strong antibody-protein 

interactions (1, 2). However, this approach relies on availability of high-affinity antibodies 

and is difficult to multiplex (3, 4). In contrast, sensor arrays, including fluorometric ones, 

usually comprise a set of non-specific and cross-reactive elements that produce distinct 

response patterns for each analyte (5, 6). Although fluorometric sensor arrays provide high 

discriminatory power and sensitivity, fluorescent sensing materials often require tedious 

multistep synthetic procedures and can suffer from photobleaching. In turn, colorimetric 

detection offers a simple, rapid, and low-cost alternative for protein analysis (7, 8). The 

interaction between dyes and proteins can result in noticeable color changes and/or 

variations in ultraviolet-visible (UV-Vis) spectra, which usually require minimal 

preprocessing (9, 10). Moreover, application of chemometric tools such as linear 

discriminant analysis (LDA), partial least squares discriminant analysis (PLSDA), and partial 

least squares (PLS) allows extraction of relevant information from overlapped data, 

improving selectivity, and minimizing interference effects (9, 11). Despite these significant 

advantages, multi-element sensor arrays often exhibit high detection limits, and their 

construction process can be complex, time-consuming, and costly (6, 12, 13). 

More recently, several research groups have explored the potential of GUMBOS (group of 

uniform materials based on organic salts)-based sensing approach to detect and 

discriminate proteins (14-16). In contrast to other sensing materials, GUMBOS can be 

synthesized using a simple metathesis reaction and do not require extensive purification 

(14, 17). Additionally, their physicochemical properties are easily tuned by varying the 

cation, alkyl side chain length, and anion (18, 19). Despite the great promise of GUMBOS 

for protein analysis, these materials remain largely unexplored (14-16). 

In previous work, tetrabutylammonium- and tetrabutylphosphonium-erythrosin B GUMBOS 

(i.e., [N4444]2[EB] and [P4444]2[EB]) were determined to successfully discriminate proteins at 

a standardized concentration of 20 µg mL-1 and pH 6.0, achieving a percentage of correct 

assignments of 100% (16). In this study, the ability of [N4444]2[EB] and [P4444]2[EB] to 

distinguish serum and non-serum proteins at concentrations as low as 0.05 µg mL-1 were 

investigated. A range of detection limits is necessary to evaluate the detection and 

discrimination potential of these EB-based GUMBOS as fluctuations in protein levels can 

aid in early disease diagnosis and allow prompt treatment, which can improve patient 

outcomes and reduce healthcare costs (20, 21). Due to their distinct levels in biological 

fluids and physicochemical properties (e.g., surface hydrophobicity and size), albumin (Alb), 
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ribonuclease A (RNAse A), myoglobin (Mb), lysozyme (Lyz), and α-chymotrypsin (α-ChT) 

were selected as target analytes to assess GUMBOS discrimination performance. UV-Vis 

spectra of [N4444]2[EB] and [P4444]2[EB] in the presence of each protein and protein 

concentration were analyzed using PLSDA. Subsequently, PLS models were developed for 

quantification purposes, which indicated that the EB-based GUMBOS studied herein have 

the potential to expand the detection range of various protein analytes. 

 

 

3.2. Material and methods 
 

3.2.1. Reagents and solvents 
Tetrabutylammonium bromide ([N4444][Br], 98%); tetrabutylphosphonium bromide 

([P4444][Br], 98%); 2’,4’,5’,7’-tetraiodofluorescein disodium salt ([Na]2[EB], 90%); Alb from 

human serum; RNAse A from bovine pancreas; Mb from equine heart; Lyz from chicken 

egg white; α-ChT from bovine pancreas; sodium phosphate dibasic (Na2HPO4); and sodium 

phosphate monobasic (NaH2PO4) were all purchased from Sigma-Aldrich (St. Louis, MO) 

and used as supplied. Citric acid and sodium hydroxide (NaOH) were acquired from 

Honeywell (Charlotte, NC). Dimethylsulfoxide (DMSO) was obtained from Merck KGaA 

(Darmstadt, Germany). 

A 0.1 mol L-1 citrate buffer solution was prepared by dissolving citric acid in ultrapure water 

(Milli-Q®, 18.2 MΩ cm) and adjusting pH to 6.0 with NaOH. Phosphate buffer (0.01 mol L-1, 

pH 7.4) was obtained by mixing aqueous solutions of Na2HPO4 and NaH2PO4 and further 

used for the preparation of protein stock solutions (1 mg mL-1). Both GUMBOS were 

dissolved in DMSO and protected from light. 

 

3.2.2. Synthesis and characterization of GUMBOS 
EB-based GUMBOS were synthesized using a single-step metathesis reaction as 

previously described (16). The sodium cations of EB dye were replaced by two relatively 

large and symmetrical cations (N4444
+ and P4444

+). Both cation and anion (the latter in slight 

excess) were dissolved in phosphate buffer pH 7.4 and stirred for 24 h at room temperature 

(Fig. 3.1). The resulting precipitate was washed several times with water to remove sodium 

bromide by-product, and subsequently freeze-dried. Structural characterization was 

performed using nuclear magnetic resonance, Fourier transform infrared, and mass 

spectrometry. 
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Fig. 3.1. Synthetic diagram of [N4444]2[EB] and [P4444]2[EB] GUMBOS. 

 

3.2.3. Spectra acquisition 
UV-Vis spectra of EB-based GUMBOS, in the absence and presence of protein analytes, 

were acquired using a Jasco V-660 spectrophotometer and a 1 cm quartz cuvette. Briefly, 

increasing volumes of each protein solution were added to a vial containing phosphate 

buffer pH 6.0 and [N4444]2[EB] or [P4444]2[EB] GUMBOS (final volume = 5 mL). After a 5 min 

reaction period, absorption spectra were collected in the range of 800–250 nm. The 

concentration of GUMBOS solution was maintained at 1 µmol L-1, while protein 

concentrations varied from 0.05 to 20 µg mL-1 (0.05, 0.10, 0.15, 0.20, 0.30, 0.40, 0.50, 1, 2, 

4, 8, 10, 15, and 20 µg mL-1). For each protein, seven replicates were obtained from 

independent experiments on two different days. 

 

3.2.4. Multivariate data analysis 
Spectral data were modeled using PLSDA (22) to evaluate discrimination ability of 

synthesized GUMBOS and PLS (23) to predict protein concentrations. Before chemometric 

analysis, collected UV-Vis spectral data were preprocessed using standard normal variate 

(SNV) (24), and then mean-centered. During development of PLSDA and PLS models, the 

number of latent variables (LVs) was optimized based on the root mean square error of 

cross-validation (RMSECV). RMSECV values were also used to select an optimal spectral 

region for PLS analysis. PLSDA models were developed using the entire range of spectral 

wavelength (800–250 nm). For a detailed description of how chemometric models were 

built, please see our previous manuscript (16). 

Spectra preprocessing and modeling were performed in MATLAB R2018b, version 9.5 

(MathWorks, Natick, MA) and PLS Toolbox 8.7 (Eigenvector Research, Manson, WA). 
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3.3. Results and discussion 
 

3.3.1. Discrimination of proteins at different concentrations 
In order to evaluate the ability of [N4444]2[EB] and [P4444]2[EB] to discriminate protein samples 

at different concentrations, 1400 (2 GUMBOS x 5 proteins x 14 concentrations x 10 LVs) 

independent PLSDA models were developed. The optimum number of LVs was set to six 

since, for the majority of PLSDA models, it led to the lowest RMSECV values. The 

percentages of correct protein assignments obtained with [N4444]2[EB] and [P4444]2[EB] 

GUMBOS for each protein concentration are presented in Figs. 3.2 and 3.3, respectively. 

Regarding the total percentages of correct assignments, they seemed to have a decreasing 

trend for lower concentrations of proteins using both GUMBOS (Figs. 3.2A and 3.3A). 

Nevertheless, [N4444]2[EB] showed overall better performance, reaching total percentages 

of correct assignments higher than 80 and 95% for concentrations equal to or greater than 

0.20 and 1 µg mL-1, respectively. The [P4444]2[EB] GUMBOS only achieved a total 

percentage of correct assignments ≥ 90% for protein concentrations equal to or greater than 

4 µg mL-1. These results demonstrate the impact of the cation’s central atom on 

discrimination performance of synthesized GUMBOS and can be attributed to differences 

in electron density. Nitrogen is less positively charged than phosphorus and its charge is 

more delocalized, which can promote formation of hydrogen bonds between [N4444]2[EB] 

and proteins (N+-C-HꞏꞏꞏO), and contribute to increased binding affinity (25, 26). Other 

studies have shown that GUMBOS sensing properties are influenced by cation's 

heteroatoms and alkyl side chain length (16, 27). 

With respect to each protein individually, higher percentages of correct predictions were 

also obtained for the highest protein concentrations tested, but some fluctuations were 

observed. Alb was predicted quite well using [N4444]2[EB] GUMBOS (Fig. 3.2B) for protein 

concentrations equal to or greater than 1 µg mL-1 (96.5% for [Protein] = 1 µg mL-1 and 

100.0% for concentrations ranging from 2 to 20 µg mL-1). However, below this 

concentration, large fluctuations were randomly detected (correct predictions varied from 

55.5% to 100.0%). When using [P4444]2[EB] (Fig. 3.3B), such fluctuations were observed for 

even higher concentrations of Alb (up to 2 µg mL-1). Satisfactory percentages of correct 

identifications were obtained only for protein concentrations equal to or greater than 4 µg 

mL-1 (94.7–100.0%). 

RNAse A followed a quite similar tendency to that observed for Alb (Figs. 3.2C and 3.3C for 

[N4444]2[EB] and [P4444]2[EB], respectively). The percentages of correct assignments varied 

from 90.0 to 100.0% for 20 ≥ [Protein] ≥ 2 µg mL-1 using [N4444]2[EB], while for [P4444]2[EB] 

GUMBOS they were in the range of 97.3–100.0% for 20 ≥ [Protein] ≥ 8 µg mL-1. Random 
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fluctuations were observed in the percentages of correct assignments for concentrations of 

RNAse A below 2 and 8 µg mL-1 with [N4444]2[EB] and [P4444]2[EB] GUMBOS, respectively. 

Mb appeared to be the best predicted among all proteins using both GUMBOS (Figs. 3.2D 

and 3.3D for [N4444]2[EB] and [P4444]2[EB], respectively), which is in line with previously 

observed results at a concentration of 20 µg mL-1 (16). In fact, the percentages of correct 

assignments obtained with the [N4444]2[EB] GUMBOS were from 96.0 to 100.0% for 

concentrations between 0.20 and 20 µg mL-1. Similarly, with [P4444]2[EB], the percentages 

of correct protein assignments varied from 91.3 to 100.0% for a concentration range of 

0.30–20 µg mL-1. The only exception was an unexpected and inexplicable result (13.5%) 

obtained with [N4444]2[EB] GUMBOS at a protein concentration of 0.10 µg mL-1. 

Regarding Lyz (Figs. 3.2E and 3.3E for [N4444]2[EB] and [P4444]2[EB], respectively), it was 

found that from 0.50 to 20 µg mL-1 both GUMBOS present a good prediction ability (> 90%), 

with a single poor result (80.7%) obtained at 1 µg mL-1 using [P4444]2[EB]. Below this 

concentration, random fluctuations in the percentages of correct assignments (similar to 

those observed for other proteins) were observed. 

With respect to α-ChT (Figs. 3.2F and 3.3F for [N4444]2[EB] and [P4444]2[EB], respectively), 

the percentages of correct protein assignments obtained using [N4444]2[EB] showed a very 

inconsistent pattern, splitting from 14.0 (0.10 µg mL-1) to 100.0% (2 µg mL-1). However, 

these percentages varied only from 82.0 to 93.0% for concentrations in the range of 4–20 

µg mL-1. A more defined trend was observed for [P4444]2[EB] GUMBOS, which allowed 

percentages of correct assignments between 85.3 and 100.0% for concentrations of α-ChT 

equal to or greater than 0.50 µg mL-1. Below this concentration, large fluctuations in the 

results were noticed. The best discrimination performance of [P4444]2[EB] can be attributed 

to its higher hydrophobicity (16), which may lead to increased protein binding affinity. In fact, 

hydrophobic interactions are known to play an important role in formation of EB-protein 

complexes and α-ChT has a large accessible surface area (28-30). Previous studies also 

showed that α-ChT can be inhibited by compounds containing phosphorus, suggesting the 

involvement of this atom in the binding process (31, 32). Additionally, α-ChT was found to 

be one of the worst predicted in our last work (16). 

Finally, it is worth noting that this GUMBOS strategy reached satisfactory percentages of 

correct protein assignments for concentrations lower than those described for several other 

sensing systems (≥ 5 µg mL-1) and did not require the use of an assembly of multiple EB-

based probes (33-35). 
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Fig. 3.2. Total percentages (%) of correct protein assignments (A) and percentage (%) of correct assignments of Alb (B), RNAse A (C), Mb (D), Lyz (E), and α-

ChT (F) at different concentrations, obtained from the confusion matrices of PLSDA regression models (6 LVs) developed using the [N4444]2[EB] GUMBOS. 
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Fig. 3.3. Total percentages (%) of correct assignments (A) and percentage (%) of correct assignments of Alb (B), RNAse A (C), Mb (D), Lyz (E), and α-ChT (F) 

at different concentrations obtained from the confusion matrices of PLSDA regression models, which were developed using 6 LVs and [P4444]2[EB] GUMBOS. 
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3.3.2. Quantitative analysis of proteins 
The capability of synthesized GUMBOS to predict protein concentration was further 

assessed using PLS. Models were developed using UV-Vis spectra of [N4444]2[EB] and 

[P4444]2[EB] GUMBOS in the presence of various concentrations (0.05–20 µg mL-1) of each 

protein. Deviation from linearity was observed below 0.50 µg mL-1 (data not shown). Thus, 

the models presented herein were further developed using a protein concentration range of 

0.50–20 µg mL-1. It is worth noting that this GUMBOS approach has a wider linear range 

than that described for other spectrophotometric methods using EB. For example, Soedjak 

reported a linear relationship between absorbance at 545 nm and protein concentration 

ranging from 2 to 14 µg mL-1 (36), while the method proposed by Isoe and Kaneko showed 

a linear range up to 1.5 µg mL-1 (37). Additionally, the present method requires only a 5 min 

incubation period at room temperature and eliminates the need for additives such as Triton 

X-100 (16, 36, 37). 

In this study, PLS models were optimized by selecting the appropriate number of LVs (1–

10) and spectral region (R1, R2, R3, and R4; Fig. 3.4) from the RMSECV plots. Variation in 

RMSECV with the number of LVs and spectral region is shown in Figs. S3.1 and S3.2 (A–

E) for [N4444]2[EB] and [P4444]2[EB] GUMBOS, respectively. Four LVs were selected as an 

optimum number since a plateau was observed in RMSECV values from 5 to 10 LVs. 

Additionally, region R4 (Fig. 3.4) was chosen for analysis as it led to lower cross-validation 

errors (RMSECV). 

 

 
Fig. 3.4. UV-Vis spectrum of [P4444]2[EB] GUMBOS + Mb (4 µg mL-1) illustrating the four spectral 

regions (R1, R2, R3, and R4) considered during optimization of PLS models. 
 

The figures of merit obtained from optimum PLS models are presented in Table 3.1. Overall, 

determination coefficients calculated for the highest protein concentration range (0.50–20 

µg⋅mL-1) were very satisfactory, most being greater than 0.97. The exceptions were RNAse 

A for both GUMBOS and Mb for [P4444]2[EB], with the coefficient of determination of cross-
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validation of the latter having the lowest score (R2CV = 0.84). Additionally, the [N4444]2[EB] 

GUMBOS generally showed higher coefficients than [P4444]2[EB] for all proteins. These 

findings were in good agreement with obtained errors for concentration estimates. 

When compared to other proteins, RNAse A and Mb presented higher errors in percentage 

(Table 3.2) for the three sample sets (C, calibration; CV, cross-validation; and P, prediction). 

Errors associated with the estimates were also determined to be lower for [N4444]2[EB] than 

for [P4444]2[EB]. The best performance regarding protein concentration prediction was 

achieved with [N4444]2[EB] GUMBOS for Alb, Mb, and Lyz, and with [P4444]2[EB] for α-ChT. 

RNAse A was the only protein poorly predicted using [N4444]2[EB] (errors from 14.0 to 17.9% 

for calibration and prediction sets, respectively). This result can be explained by the lower 

surface hydrophobicity and smaller size of RNAse A (16, 30, 38). In fact, significantly higher 

concentrations are often required to detect small-sized proteins as compared to larger ones 

due to the lower signal-to-noise ratio (39, 40). The results of quantitative analysis 

corroborate previous findings regarding protein discrimination, with the best performance 

achieved using [N4444]2[EB] and the highest percentages of correct assignments observed 

for protein concentrations above 0.50 µg mL-1. 

 
Table 3.1. Figures of merit corresponding to the optimum PLS models (4 LVs and spectral range 

from 600 to 290 nm) developed to estimate protein concentrations (0.50–20 µg⋅mL-1) using EB-based 

GUMBOS. 

Root mean square error of calibration (RMSEC), cross-validation (RMSECV), and prediction 

(RMSEP); Coefficient of determination of calibration (R2C), cross-validation (R2CV), and prediction 

(R2P). 

 

GUMBOS Protein RMSEC R2C RMSECV R2CV RMSEP R2P 

[N4444]2[EB] 

Alb 0.20 0.999 0.27 0.997 0.39 0.998 

RNAse A 1.06 0.970 1.34 0.953 1.35 0.959 

Mb 0.24 0.996 0.44 0.992 0.35 0.990 

Lyz 0.21 0.999 0.33 0.996 0.37 0.996 

α-ChT 0.47 0.993 0.70 0.971 0.73 0.991 

[P4444]2[EB] 

Alb 0.49 0.990 0.64 0.986 0.69 0.988 

RNAse A 0.61 0.977 0.82 0.960 1.01 0.977 

Mb 1.26 0.957 1.68 0.841 1.81 0.913 

Lyz 0.30 0.998 0.39 0.997 0.50 0.997 

α-ChT 0.20 0.998 0.31 0.997 0.39 0.996 
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Table 3.2. Errors (%) obtained for the calibration (C), cross-validation (CV), and prediction (P) sets 

used to develop the PLS models for protein quantification. 

 

 

3.4. Conclusions 
In this study, the ability of [N4444]2[EB] and [P4444]2[EB] GUMBOS to discriminate and quantify 

several proteins was evaluated. The highest percentages of correct protein assignments 

were observed for concentrations greater than 0.50 µg mL-1, with Mb being the best 

identified among all proteins. It was also found that both GUMBOS can successfully 

estimate the concentration of four out of five proteins (e.g., Alb, Mb, Lyz, and α-ChT) in the 

range of 0.50–20 µg mL-1. The [N4444]2[EB] GUMBOS was best for predicting Alb, Mb, and 

Lyz concentrations (errors ≤ 5.2%), while the concentration of α-ChT was better estimated 

using [P4444]2[EB] (errors ≤ 5.2%). RNAse A was the worst predicted and, similar to what 

was observed for α-ChT, the best estimate was obtained with [P4444]2[EB] (errors between 

8.1 and 17.9%). Overall, the obtained results demonstrated the great potential of using EB-

based GUMBOS as probes for rapid and sensitive analyses of various proteins. 

  

GUMBOS Protein C error (%) CV error (%) P error (%) 

[N4444]2[EB] 

Alb 2.6 3.6 5.2 

RNAse A 14.0 17.7 17.9 

Mb 3.2 5.8 4.6 

Lyz 2.8 4.4 4.9 

α-ChT 6.2 9.3 9.7 

[P4444]2[EB] 

Alb 6.5 8.5 9.1 

RNAse A 8.1 10.8 13.4 

Mb 16.7 22.2 23.9 

Lyz 4.0 5.2 6.6 

α-ChT 2.6 4.1 5.2 
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SUPPLEMENTARY MATERIAL 
 

 

 
Fig. S3.1. Root mean square error of cross-validation (RMSECV) obtained from the PLS models 

developed to predict protein concentration using UV-Vis spectra of [N4444]2[EB] GUMBOS in the 

presence of Alb (A); RNAse A (B); Mb (C); Lyz (D); and α-ChT (E). Legend: ● R1; ● R2; ● R3; ● R4. 
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Fig. S3.2. Root mean square error of cross-validation (RMSECV) obtained from the PLS models 

developed to estimate the concentration of proteins using UV-Vis spectra of [P4444]2[EB] GUMBOS 

in the presence of Alb (A); RNAse A (B); Mb (C); Lyz (D); and α-ChT (E). Legend: ● R1; ● R2; ● R3; 

● R4. 
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Combined use of phosphonium-erythrosin B-based 

nanoGUMBOS, UV-Vis spectroscopy, and chemometrics for 

discrimination and quantification of proteins 
and quantification of proteins 

 

 

 

 
 

 

 

Highlights 
• A novel phosphonium-erythrosin B-based nanoGUMBOS ([P4444]2[EB]) was 

synthesized. 

• The best discrimination result (99.6%) was obtained for 5 min sonication without CD. 

• The nanoGUMBOS was able to distinguish proteins at concentrations ≥ 2 µg mL-1. 

• Binary and ternary mixtures of Lyz, Cyt c, and Hb were successfully discriminated. 

• The PLS model developed for Alb proved to be suitable for quantification purposes. 
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Abstract 
Nanoparticles derived from a group of uniform materials based on organic salts 

(nanoGUMBOS) are considered promising candidates for protein analysis due to their facile 

synthesis in aqueous media and high tunability. In this study, a phosphonium-erythrosin B-

based nanoGUMBOS (i.e., [P4444]2[EB]) was prepared using an ultrasound-assisted 

reprecipitation method, and its ability to discriminate and quantify proteins was evaluated. 

Sonication time (30 s, 5 min, and 15 min) and cyclodextrin templating (α-, 2-HP-β-, and γ-

CD) were investigated for their effects on discrimination performance of synthesized 

nanomaterial. Six proteins (albumin, hemoglobin, trypsin, catalase, lysozyme, and 

cytochrome c) with different abundance levels and physicochemical properties were 

selected as target analytes. Absorbance response patterns generated from interactions 

between [P4444]2[EB] nanoGUMBOS and proteins were analyzed using partial least squares 

discriminant analysis. Percentages of correct protein discrimination ranged from 94.6 to 

99.6%, with the latter being the best result obtained using non-templated nanoGUMBOS 

formed after 5 min sonication. Under optimized conditions, it was possible to discriminate 

all protein samples with percentages of correct assignments greater than 90% for 

concentrations as low as 2.0 µg mL-1. The discrimination capability of synthesized 

nanoGUMBOS was further evaluated using mixtures of different ratios of lysozyme, 

cytochrome c, and hemoglobin. Finally, partial least squares models were developed for 

protein quantification and the best performance was observed for albumin. Results support 

potential use of [P4444]2[EB] nanoGUMBOS in combination with ultraviolet-visible 

spectroscopy and chemometrics for qualitative and quantitative analyses of individual 

proteins and mixtures of proteins. 

 

Keywords: Chemometrics; NanoGUMBOS; Proteins; Ultraviolet-visible spectroscopy. 
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4.1. Introduction 
Simultaneous analyses of multiple protein biomarkers has been recognized as a valuable 

tool for improving diagnostic accuracy, predicting long-term outcomes, and guiding 

treatment decisions (1, 2). Thus, considerable efforts have been made to develop rapid and 

sensitive methods for detection and quantification of proteins using a multiplexed approach. 

Mass spectrometry is one of the most widely used analytical tools due to the ability to 

measure hundreds of proteins and proteoforms in a small sample volume. Nevertheless, 

this method requires specialized equipment, extensive sample preparation, and highly 

trained technicians (3-5). Due to simplicity of operation, rapidity, and cost-effectiveness, 

optical sensor arrays have emerged as promising alternatives for discrimination of 

chemically or structurally similar proteins, quantification of their levels, and identification of 

complex mixtures (6, 7). These sensing platforms usually consist of a set of chemical 

sensors that interact differently with protein analytes, generating unique response patterns 

for each. Chemometric tools such as principal component analysis (PCA), partial least 

squares discriminant analysis (PLSDA), and partial least squares (PLS), may then be 

applied to extract relevant information from datasets (8, 9). However, widespread use of 

sensor arrays has been limited by the need for a large number of recognition elements as 

compared to proteins, which leads to high sample consumption as well as long acquisition 

and processing times (7, 10). There is a growing demand for simple sensor arrays 

composed of only a few sensing elements and/or single sensor systems, such as those that 

use multiple wavelengths to provide cross-reactive responses to proteins (11, 12). 

Various sensing scaffolds have been employed for protein analyses, including fluorescent 

dyes, conjugated polymers, and functionalized porphyrins (13-15). More recently, 

nanoparticles have attracted considerable attention due to their unique optical properties, 

improved photochemical stability, and possibility of surface modification (16, 17). Despite 

these advantages, conventional nanoparticles often involve complex synthetic procedures, 

time-consuming purification steps, as well as expensive and hazardous chemicals (18, 19). 

The simplicity of preparation and high tunability of nanoparticles derived from a group of 

uniform materials based on organic salts (nanoGUMBOS) make them suitable candidates 

for detection and discrimination of proteins. Modulation of nanoGUMBOS properties may 

be achieved by changing the cation, anion, and alkyl chain length, thus eliminating the need 

for selective ligands while minimizing toxicity (20, 21). Furthermore, particle size may be 

controlled by simply adjusting experimental parameters such as concentration of GUMBOS 

solution, sonication time, and presence of template (22, 23). This is particularly relevant 

since it is known that size can affect nanoparticle-protein interactions (24, 25). 

In the study reported here, a phosphonium-erythrosin B-based nanoGUMBOS (i.e., 
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[P4444]2[EB]) was synthesized using a simple ultrasound-assisted reprecipitation method, 

and its potential to discriminate and quantify various protein analytes was examined. The 

impact of sonication time and template choice on nanoGUMBOS size and, consequently, 

on its discriminatory power was assessed by PLSDA. Under optimized synthesis conditions, 

the ability of [P4444]2[EB] nanoGUMBOS to discriminate individual proteins at different 

concentrations (20.0–0.5 µg mL-1) and protein mixtures was also examined. Moreover, PLS 

models were developed for protein quantification. 

 

 

4.2. Experimental 
 

4.2.1. Reagents and solvents 
Tetrabutylphosphonium bromide ([P4444][Br], 98%); 2’,4’,5’,7’-tetraiodofluorescein disodium 

salt ([Na]2[EB], 90%); alpha (α), 2-hydroxypropyl-beta (2-HP-β), and gamma (γ) CDs (≥ 

98%); albumin (Alb) from human serum; human hemoglobin (Hb); trypsin (Try) from porcine 

pancreas; catalase (Cat) from bovine liver; lysozyme (Lyz) from chicken egg white; 

cytochrome c (Cyt c) from bovine heart; sodium phosphate dibasic (Na2HPO4); and sodium 

phosphate monobasic (NaH2PO4) were all obtained from Sigma-Aldrich (St. Louis, MO) and 

used as supplied. Dimethylsulfoxide (DMSO) was purchased from Merck KGaA (Darmstadt, 

Germany). 

Phosphate buffer (10 mmol L-1, pH 7.4) was obtained by dissolving Na2HPO4 and NaH2PO4 

in ultrapure water (Milli-Q, 18.2 MΩ cm), and used for preparation of protein stock solutions. 

These solutions (300 µg mL-1) were further diluted in phosphate buffer to obtain 

concentrations ranging from 20.0 to 0.5 µg mL-1. Details of the synthesis and 

characterization of EB-based GUMBOS can be found in our previous study (26). 

 

4.2.2. Synthesis of nanoGUMBOS 
[P4444]2[EB] nanoGUMBOS were synthesized using an ultrasonication-assisted 

reprecipitation method (Fig. S4.1) (27). Briefly, 200 µL of an 8 mmol L-1 solution of GUMBOS 

in DMSO were added to 9800 µL of ultrapure water with and without CD (1:1 molar ratio). 

The mixture was then sonicated using an amplitude of 20% for 30 s, 5 min, and 15 min 

using a Vibra-Cell VCX 130 (Sonics & Materials, Inc., Newtown, CT) with a 6 mm diameter 

tip. Vials were kept in an ice bath during the procedure to avoid overheating. 
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4.2.3. Characterization of the synthesized nanoGUMBOS 
Optical properties of [P4444]2[EB] nanoGUMBOS were investigated using UV-Vis 

spectroscopy. Absorbance measurements (300–700 nm) were performed on a Jasco V-

660 spectrophotometer using a 1 cm quartz cuvette. 

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential (ZP) of 

synthesized nanoGUMBOS were determined using dynamic and phase analysis light 

scattering (DLS and PALS, respectively) with a ZetaPALS analyzer (Brookhaven 

Instruments, Holtsville, NY). Particle size and ZP measurements were performed at 25 ºC 

with a detection angle of 90º and 15º, respectively. The number of runs per measurement 

was set to six (each with a duration of 2 min and 10 cycles, respectively), and the count rate 

was kept in the range of 300–500 kcps. Results were expressed as the mean ± standard 

deviation (SD) of three batches of nanoGUMBOS. 

Transmission electron microscopy (TEM) analysis was performed to further examine the 

size and shape of [P4444]2[EB] nanoGUMBOS. Briefly, an aliquot of 10 µL of nanoGUMBOS 

dispersion was placed on a formvar/carbon film-coated mesh nickel grid (Electron 

Microscopy Sciences, Hatfield, PA) and left standing for 2 min, after which excess liquid 

was removed using filter paper. Images were recorded using a JEM-1400 microscope 

(JEOL Ltd., Tokyo, Japan) operated at 120 kV and equipped with a CCD camera Orious 

1100 W. Subsequently, the diameters of 100 randomly selected nanoGUMBOS were 

measured using ImageJ 1.53e (National Institutes of Health, Bethesda, MD), and data were 

fitted to a Gaussian function for determination of average particle size. 

 

4.2.4. Evaluation of storage stability 
The stability of [P4444]2[EB] nanoGUMBOS was assessed by monitoring changes in 

hydrodynamic diameter and PDI over eight weeks. For this study, nanoGUMBOS were 

stored in the dark at room temperature and DLS measurements were performed as 

described above. 

 

4.2.5. Discrimination and quantification of proteins using nanoGUMBOS 
In order to obtain maximum discrimination among proteins, the effect of sonication time and 

CD template on the discrimination performance of [P4444]2[EB] nanoGUMBOS was 

evaluated. Briefly, 20 µL of each protein sample (e.g., Alb, Hb, Try, Cat, Lyz, and Cyt c) 

were added to a 96-well microplate containing 80 µL of nanoGUMBOS dispersion and 200 

µL of phosphate buffer pH 7.4. After a 5 min reaction period, UV-Vis spectra (Fig. 4.1) were 

recorded from 300 to 700 nm using a Cytation 3 imaging reader (BioTek Instruments, 

Winooski, VT). Protein and nanoGUMBOS concentrations were fixed at 20 µg mL-1 and 4 
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µmol L-1, respectively. 

 

 
Fig. 4.1. Absorbance spectra of [P4444]2[EB] nanoGUMBOS (  ) and [P4444]2[EB] nanoGUMBOS in the 

presence of Alb (  ), Hb (  ), Try (  ), Cat (  ), Lyz (  ), and Cyt c (  ). NanoGUMBOS were obtained 

after 5 min of sonication without CD. 

 

Additional studies were performed to investigate the discrimination power of synthesized 

nanoGUMBOS at lower protein concentrations (15.0–0.5 µg mL-1) as well as binary and 

ternary mixtures of Lyz, Cyt c, and Hb (total protein concentration = 6 µg mL-1). Only 

[P4444]2[EB] nanoGUMBOS formed upon 5 min of sonication and in the absence of CD was 

used since these conditions resulted in better discrimination. The experimental procedure 

used for protein quantification was similar to that described above. For each protein, seven 

replicates were obtained. 

 

4.2.6. Data analysis 
Before modeling, all spectra were preprocessed using standard normal variate (SNV) (28), 

and then mean-centered. PLSDA was used to discriminate proteins and their mixtures at 

different concentrations/ratios, while PLS was used for predicting protein concentrations. 

The entire spectral wavelength range (300–700 nm) was considered in the analysis. 

PLSDA is a supervised classification method based on the PLS2 algorithm, which relies on 

prior knowledge of the data set (29, 30). In PLSDA, to each known sample (xi, 

nanoGUMBOS spectra in the presence of a single protein) is assigned a vector of zeros 

with value one at the position corresponding to its class (yi, in this study to each protein). 

The structure of the PLSDA model is described by Eqs. 1 and 2. Model loadings (P and Q) 

and corresponding scores (T and U) are obtained by sequentially extracting the components 

or latent variables (LVs) from matrices X (spectra) and Y (matrix codifying the proteins). 

 

X = TPt + E               (1) 
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Y = UQt + F               (2) 

 

The algorithm correlates the scores of each block (T and U), yielding an internal regression 

matrix. This internal regression can be transformed on a regression matrix B. In this case, 

the regression matrix is composed of three vectors: one regression vector corresponding to 

each protein. E and F are the residual matrices and depend on the number of LVs selected. 

Predictions for new samples are obtained by multiplying a new spectrum (xnew) by the 

regression matrix B: 

 

ynew = xnew B               (3) 

 

The prediction (ynew = [ynew,1, ynew,2,…,ynew,n]) is then converted into a class assignment 

(protein) from which confusion matrices are obtained. Before applying PLSDA, 70% of the 

samples are randomly selected to obtain the regression matrix B and 30% are used as new 

samples for prediction. This procedure is repeated 100 times per PLSDA model and 

confusion matrices present the mean values of correct protein assignments for the 

prediction samples. 

During development of PLS models, samples were randomly separated into two sets: one 

for calibration + cross-validation (70%) and another for prediction (30%). The first set was 

further divided into a 70:30 ratio as described for PLSDA models. It is noted that the 

prediction set was totally independent, and never included in the calibration step (neither 

for calibration nor for cross-validation). The accuracy of PLS models was evaluated by 

calculating the coefficient of determination of calibration, cross-validation, and prediction 

(R2C, R2CV, and R2P); the root mean square error of calibration, cross-validation, and 

prediction (RMSEC, RMSECV, and RMSEP); and the range error ratio (RER). 

Data preprocessing and modeling were performed in MATLAB R2018b (MathWorks, Natick, 

MA) and PLS Toolbox 8.7 (Eigenvector Research, Manson, WA). 

 

 

4.3. Results and discussion 
 

4.3.1. Characterization of the synthesized nanoGUMBOS 
Following synthesis, nanoGUMBOS properties were studied using UV-Vis spectroscopy, 

DLS/PALS, and TEM. As shown in Fig. S4.2, the synthesized nanoGUMBOS displayed 

similar absorption spectra to that of [Na]2[EB] (parent dye) with an intense band at 527 nm, 

a shoulder at approximately 487 nm, and a lower intensity band around 310 nm (31, 32). 
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Increased absorbance and spectral broadening is attributed to dye aggregation within 

nanoGUMBOS (33, 34). 

The results of particle size and ZP measurements are presented in Tables S4.1 and S4.2. 

Hydrodynamic diameters varied from 133 to 238 nm depending on sonication time and 

template choice. For example, templating with 2-HP-β-CD led to a reduction in particle size 

from 159 to 139 nm. PDI values were found to be lower than 0.2 for all synthesized 

nanoGUMBOS, indicating that particles are moderately polydisperse (35). Examination of 

ZP data confirmed formation of highly stable nanoparticle dispersions (ZP ≥ -30 mV) (35). 

The negative charge can be ascribed to adsorption of EB anion on the surface of 

nanoGUMBOS (22, 23). It is also worth noting that changes in sonication time and CD 

template did not significantly affect ZP, contrary to what was observed for particle size. 

TEM analysis revealed formation of quasi-spherical nanoparticles with an average diameter 

of 119 nm (Fig. S4.3). As expected, this value is lower than that obtained by DLS since it 

represents the size of nanoparticles in dry form (35, 36). It was also found that [P4444]2[EB] 

nanoGUMBOS remain stable for at least three weeks when stored in the dark at room 

temperature (Fig. S4.4). 

 

4.3.2. Experimental optimization 
 

4.3.2.1. Sonication time 
The impact of sonication time on the discriminatory power of [P4444]2[EB] nanoGUMBOS 

was evaluated using six proteins, e.g., Alb, Hb, Try, Cat, Lyz, and Cyt c at the concentration 

of 20.0 µg mL-1. These proteins were chosen as target analytes because they differ in 

abundance, hydrophobicity, isoelectric point, and molecular weight (Table S4.3). For 

example, Alb is the most abundant serum protein (normal concentration range = 35–50 mg 

mL-1), displays higher surface hydrophobicity than Lyz, and has a molecular weight four 

times smaller as compared to Cat (37, 38). However, within this set of proteins, several 

pairs possess similar isoelectric points and molecular weights, which constitutes an 

additional challenge for discrimination of proteins using synthesized nanoGUMBOS. 

Three PLSDA models, each corresponding to a single sonication time (30 s, 5 min, and 15 

min), were developed as previously described in section 4.2.6. All scores maps showed six 

clusters, each related to a single protein, with varying degrees of overlap (Fig. 4.2). The first 

three latent variables (LVs) of PLSDA models encompassed around 99% of spectral 

variability and LV1 (≈ 90%) seemed to be responsible for discrimination between Hb + Cyt 

c and the remaining proteins. Alb was discriminated from Try, Cat, and Lyz on the second 

LV (LV2: 6–8% of spectral variability), being the last three proteins discriminated in different 
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degrees along LV2 and LV3. The total percentages of correct protein assignments obtained 

from confusion matrices were: 96.4%–30 s, 99.6%–5 min, and 95.5%–15 min (Table 4.1). 

Alb, Hb, and Cyt c were 100% correctly predicted for the three sonication times. Try, Cat, 

and Lyz were misidentified mostly among each other, with the worst results obtained for 15 

min of sonication. These findings demonstrate the impact of sonication time on 

discrimination performance of synthesized nanoGUMBOS. Moreover, surface charge, 

hydrophobicity, and size seem to affect the extent of interaction between [P4444]2[EB] 

nanoGUMBOS and protein analytes. Other studies confirm the role that these 

physicochemical properties play in discrimination of proteins (39, 40). The higher affinity of 

synthesized nanoGUMBOS for positively charged proteins (e.g., Alb and Hb) can be 

explained by its negative surface charge. Although hydrophobic and van der Waals 

interactions may also be involved, electrostatic interactions are thought to be the primary 

parameter responsible for protein discrimination (41, 42). Try and Lyz misidentifications can 

be attributed to similarity of their isoelectric points (10.5 versus 11.4). Additionally, the large 

molecular weight of Cat (250.0 kDa) can explain its reduced binding efficiency as compared 

to other positively charged proteins (Alb and Hb), and consequently, the lower percentages 

of correct predictions that were obtained (43). 
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Fig. 4.2. Scores plots corresponding to the first three LVs of PLSDA regression models developed 

with UV-Vis spectra for protein discrimination: • Alb, • Hb, • Try, • Cat, • Lyz, and • Cyt c. [P4444]2[EB] 

nanoGUMBOS obtained after 30 s (A), 5 min (B), and 15 min (C) of sonication. 
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Table 4.1. Confusion matrices obtained from the PLSDA regression models developed for protein 

discrimination using the [P4444]2[EB] nanoGUMBOS. Models A, B, and C correspond to 30 s, 5 min, 

and 15 min of sonication. 

Model A Alb Hb Try Cat Lyz Cyt c  

Alb 16.67 0 0 0 0 0 – 

Hb 0 16.67 0 0 0 0 – 

Try 0 0 14.50 0.56 1.61 0 – 

Cat 0 0 0.72 15.94 0 0 – 

Lyz 0 0 0.11 0.56 16.00 0 – 

Cyt c 0 0 0 0 0 16.67 – 

Correct protein discrimination (%) 96.4 

Model B Alb Hb Try Cat Lyz Cyt c  

Alb 16.67 0 0 0 0 0 – 

Hb 0 16.67 0 0 0 0 – 

Try 0 0 16.61 0.06 0 0 – 

Cat 0.11 0 0.06 16.50 0 0 – 

Lyz 0.11 0 0 0.06 16.50 0 – 

Cyt c 0 0 0 0 0 16.67 – 

Correct protein discrimination (%) 99.6 

Model C Alb Hb Try Cat Lyz Cyt c  

Alb 16.67 0 0 0 0 0 – 

Hb 0 16.67 0 0 0 0 – 

Try 0 0 15.56 0.61 0.50 0 – 

Cat 0 0 3.22 13.39 0.06 0 – 

Lyz 0 0 0.06 0.06 16.56 0 – 

Cyt c 0 0 0 0 0 16.67 – 

Correct protein discrimination (%) 95.5 

 

  



Chapter 4   

154 
 

~  

4.3.2.2. CD templating 
After fixing sonication time at 5 min, the ability of [P4444]2[EB] nanoGUMBOS to discriminate 

among proteins was evaluated in the presence of three CDs (α, 2-HP-β, and γ). The 

developed PLSDA models (Fig. S4.5) were quite similar to those obtained during 

optimization of sonication time, with six moderately separated clusters being observed 

(around 99% of spectral variability captured on the first three LVs). The corresponding 

confusion matrices were generated (Table S4.4) and the total percentages of correct protein 

assignments were shown in Fig. 4.3. Despite the high percentages of correct predictions 

obtained for all CD-templated nanoGUMBOS, the best result was achieved in the absence 

of CDs. Thus, it was decided to proceed with this study using non-templated 

nanoGUMBOS. 

 

 
Fig. 4.3. Total percentages of correct protein discrimination obtained with the [P4444]2[EB] 

nanoGUMBOS synthesized in the absence and presence of three CDs (α, 2-HP-β, and γ). 

 

4.3.3. Discrimination of proteins and their concentrations 
Optimization of sonication time and assessment of impact of CDs on discrimination success 

was performed at a protein concentration of 20.0 µg mL-1. Additional studies were performed 

to evaluate the ability of [P4444]2[EB] nanoGUMBOS to distinguish lower concentrations of 

proteins (15.0–0.5 µg mL-1). For each concentration, a PLSDA model was developed (data 

not shown) and a corresponding confusion matrix was obtained (more details in section 

4.2.6). Despite encompassing high spectral variability in the first three LVs (≈ 96–99%), the 

degree of clusters overlapping increased for lower concentrations of proteins. This finding 

was consistent with smaller percentages of correct protein assignments obtained from 

confusion matrices (Fig. 4.4). [P4444]2[EB] nanoGUMBOS was able to discriminate between 

70–80% of the protein samples with concentrations of 0.5 and 1.0 µg mL-1. Additionally, 

there was an improvement in discrimination performance of nanoGUMBOS for 
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concentrations higher than 1.0 µg mL-1 (percentage of correct discriminations > 90%). Only 

small fluctuations occurred in total percentages of correct protein predictions from 2.0 to 

20.0 µg mL-1, with maximum (99.6%) being obtained for the highest concentration tested. 

In fact, this nanoGUMBOS approach produces a very satisfactory percentage of correct 

identifications for lower concentrations of proteins as compared to those reported for other 

sensing systems (44-47). Moreover, it requires only 5 min of reaction time and one probe 

to discriminate among all protein samples. 

 

 
Fig. 4.4. Total percentages of correct protein assignments obtained with the [P4444]2[EB] 

nanoGUMBOS at various protein concentrations. 

 

Regarding each protein individually (Table 4.2), Hb and Cyt c seemed to be the best 

predicted in the whole concentration range (percentage of correct predictions ≥ 99% for 

[Protein] ≥ 2.0 µg mL-1). Cat was the worst predicted (75.3–91.7%), reaching 99.0% of 

correct prediction only for [Protein] = 20.0 µg mL-1. Alb, Try, and Lyz presented random 

fluctuations in the percentages of correct discriminations across the concentration range, 

being the worst result obtained for Lyz at 1.0 µg mL-1 (52.0%) and the best result found for 

Alb at the concentration of 20.0 µg mL-1 (100% of correct predictions). 
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Table 4.2. Percentages of correct predictions (%) for different concentrations of proteins obtained 

from the confusion matrices of PLSDA regression models. 

[Protein] 
(µg mL-1) 

Correct protein predictions (%) 

Alb Hb Try Cat Lyz Cyt c 

0.5 62.0 70.0 76.3 76.7 65.3 74.0 

1.0 70.7 83.0 99.0 75.3 52.0 73.7 

2.0 91.3 98.7 99.0 80.7 89.7 100.0 

4.0 97.0 100.0 74.3 79.3 96.7 100.0 

6.0 99.0 100.0 93.7 79.0 100.0 100.0 

8.0 100.0 100.0 90.3 88.0 99.3 100.0 

10.0 66.7 100.0 79.3 87.0 86.3 100.0 

15.0 100.0 100.0 93.0 91.7 93.3 100.0 

20.0 100.0 100.0 99.7 99.0 99.0 100.0 

 

 

4.3.4. Discrimination of binary and ternary mixtures of Lyz, Cyt c, and Hb 
The ability of [P4444]2[EB] nanoGUMBOS to discriminate between mixtures of Lyz + Cyt c, 

Lyz + Hb, Cyt c + Hb, and Lyz + Cyt c + Hb was also evaluated. For each protein mixture, 

a PLSDA model was developed and scores maps were obtained (Fig. 4.5). Regarding Lyz 

+ Cyt c, the first two LVs of the PLSDA model (Fig. 4.5A) encompassed 99% of spectral 

variability, being the samples discriminated across LV1. Pure Lyz and Cyt c samples were 

located on opposite sides of the scores map (positive and negative, respectively), while 

mixed samples appeared between them. It is noted that samples possessing 50% of each 

protein were precisely located in the middle of the scores map (0 of the LV1 axis) and that 

those containing 75% + 25% were closer to the corresponding pure protein. This clear 

separation of samples corroborates previous results concerning discrimination of single 

proteins. Lyz and Cyt c were also easily discriminated between each other, appearing on 

opposite sides of the first LV of scores map. Regarding the mixture of Lyz and Hb (Fig. 

4.5B), a quite similar result was obtained. Pure samples of Lyz and Hb appeared on 

opposite sides of LV1, with mixed samples located between them according to protein ratio. 

Hb was located near Cyt c in the scores map when the six proteins were discriminated 

simultaneously (Fig. 4.2B), which somehow justifies the similar results of Lyz + Cyt c and 

Lyz + Hb mixtures. In this context, it was decided to evaluate the ability of [P4444]2[EB] 

nanoGUMBOS to discriminate between protein mixtures of Hb and Cyt c. The scores plot 

obtained from the corresponding PLSDA model (Fig. 4.5C) showed considerably 

overlapped clusters when only the first two LVs were used (data not shown). In contrast to 
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previously studied mixtures, use of the third LV was mandatory for clusters separation. 

Considering the three LVs, it was possible to observe five individualized clusters, which 

were located in the scores map according to the ratio of proteins in the mixture. Results 

obtained for this mixture were in good agreement with the already mentioned closeness of 

Hb and Cyt c when the six proteins were discriminated simultaneously. An additional study 

was performed to evaluate the behavior of [P4444]2[EB] nanoGUMBOS towards a ternary 

mixture of Lyz, Cyt c, and Hb (1:1:1, Fig. 4.5D). The scores map of the PLSDA model 

confirmed conclusions noted above. Separation of pure samples of Lyz, Cyt c, and Hb was 

observed in the first LV, confirming the high structural similarity between Cyt c and Hb 

previously reported in the literature (48). Moreover, 50:50 mixtures of these proteins were 

located in the scores map near the middle of pure samples. Regarding the ternary mixture 

(Lyz:Cyt c:Hb), samples were not in a central position between pure proteins (Fig. 4.5D). 

They seemed to be quite closer to pure Hb and Cyt c samples, and more separate from 

Lyz. However, this location in the scores map was expected since two pure samples (Hb 

and Cyt c) appeared on the negative side of LV1, while only one (Lyz) was located on the 

positive side. 
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Fig. 4.5. Scores plots of PLSDA regression models developed with UV-Vis spectra of [P4444]2[EB] 

nanoGUMBOS incubated with mixtures of (A) Lyz and Cyt c; (B) Lyz and Hb; (C) Cyt c and Hb; and 

(D) Lyz, Cyt c, and Hb. Legend: ■ 100% Lyz; ■ 100% Cyt c; ■ 100% Hb; ■ 75% Lyz + 25% Cyt c; ■ 

50% Lyz + 50% Cyt c; ■ 25% Lyz + 75% Cyt c; ■ 25% Lyz + 75% Hb; ■ 50% Lyz + 50% Hb; ■ 75% 

Lyz + 25% Hb; ■ 50% Cyt c + 50% Hb; ■ 75% Cyt c + 25% Hb; ■ 75% Cyt c + 25% Hb; ■ 1:1:1, 

Lyz:Cyt c:Hb. 
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4.3.5. Protein quantitative analysis 
Regarding protein discrimination using [P4444]2[EB] nanoGUMBOS, a very satisfactory 

percentage of correct assignments (> 90%) was achieved for concentrations ranging from 

2.0 to 20.0 µg mL-1. Therefore, it was decided to evaluate the ability of this nanoGUMBOS 

to quantify each protein separately in the mentioned concentration range. Six PLS models 

(one for each protein) were developed, being the number of LVs selected from the RMSECV 

plots (Fig. S4.6, A–F). The figures of merit obtained are presented in Table 4.3. Overall, the 

PLS model developed for Alb quantification provided the best performance. Despite having 

a slightly higher RMSEC than Try (6.5 versus 4.5%), the corresponding RMSECV was the 

lowest in this study (7.8%). The R2C and R2CV obtained for Alb were also the highest ones 

(0.99 for both). In contrast, the PLS model developed for Cat quantification showed the 

worst performance with a RMSEC of 10.4% (R2C = 0.97) and a RMSECV of 26.8% (R2CV 

= 0.83). The remaining four proteins presented intermediate RMSEC values (Hb = 9.8%, 

Try = 4.5%, Lyz = 7.3%, and Cyt c = 8.2%) and very good calibration coefficients of 

determination (0.98–0.99). Additionally, the errors of cross-validation set (RMSECV) were 

lower than those obtained for calibration (Hb = 18.5%, Try = 16.0%, Lyz = 14.3%, and Cyt 

c = 19.3%), with R2CV ranging from 0.91 to 0.94. All PLS models developed were validated 

using an independent set of samples (the prediction set P), which was randomly selected 

from initial data and never used in the calibration or cross-validation steps. This set of 

samples further allowed testing of the robustness of the PLS models. Although coefficients 

of determination obtained for the prediction set were quite good (0.88–0.97); for Cat, the 

value was only 0.78. Root mean square errors were quite variable and followed a similar 

trend to that observed for the cross-validation set (8.9–28.1%), being the best performance 

achieved for quantification of Alb. Regarding RER, the worst results were obtained for Hb 

and Cat (below 10). For Try, Lyz, and Cyt c, 15 > RER ≥ 10, suggesting that the developed 

models are suitable for calibration and quality control. The RER value obtained for Alb was 

21.6, indicating that the model is appropriate for quantification (RER ≥ 15) (49). 
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Table 4.3. Figures of merit obtained from the PLS models developed to predict protein concentration 

(20.0 ≥ [Protein] ≥ 2.0 µg mL-1) using the [P4444]2[EB] nanoGUMBOS. 

Latent variable (LV); Root mean square error of calibration (RMSEC), cross-validation (RMSECV), 

and prediction (RMSEP); Coefficient of determination of calibration (R2C), cross-validation (R2CV), 

and prediction (R2P); RER = Δy/RMSEP. 

 

 

4.4. Conclusions 
This study focused on development of an alternative strategy to discriminate and quantify 

proteins. A phosphonium-erythrosin B-based nanoGUMBOS was synthesized using a 

simple reprecipitation method and its discrimination performance was optimized by varying 

sonication time (30 s–15 min) and CD template (α, 2-HP-β, or γ). The percentages of correct 

protein assignments varied from 94.6 to 99.6%, with best results obtained when sonication 

time was set to 5 min and using no template. Under these conditions, it was possible to 

discriminate proteins at various concentrations (from 20.0 to 2.0 µg mL-1) and distinguish 

between mixtures of Lyz, Cyt c, and Hb at different proportions (25% + 50%, 50% + 50%, 

75% + 25%, and 1:1:1). Regarding protein quantification, the models developed for Alb and 

Cat showed the best and worst performance, respectively. The PLS model obtained for Alb 

(RER = 21.6) proved also to be suitable for quantification purposes, while those developed 

for Try, Lyz, and Cyt c seemed to be appropriate for calibration and quality control (15 > 

RER ≥ 10). Overall, the obtained results demonstrated that the proposed strategy holds 

great promise for rapid discrimination of single proteins and their mixtures at different 

concentrations/ratios as well as quantification of Alb. Moreover, this approach is label-free, 

requires only one probe to discriminate all protein samples, and involves use of small 

volumes of reagents, which make this strategy attractive for high-throughput applications. 

Future studies include analysis of other proteins of interest and biofluids such as blood and 

urine. 

  

Protein LVs RMSEC R2C RMSECV R2CV RMSEP R2P RER 

Alb 4 0.60 0.99 0.72 0.99 0.83 0.97 21.6 

Hb 6 0.91 0.98 1.72 0.93 1.92 0.88 9.4 

Try 6 0.42 0.99 1.49 0.94 1.46 0.95 12.3 

Cat 6 0.97 0.97 2.49 0.83 2.61 0.78 6.9 

Lyz 5 0.68 0.99 1.33 0.94 1.15 0.97 15.7 

Cyt c 6 0.76 0.98 1.79 0.91 1.37 0.95 13.1 
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SUPPLEMENTARY MATERIAL 
 

 

 
Fig. S4.1. (A) Chemical structures of the ions used to form [P4444]2[EB] GUMBOS. (B) Scheme of the 

reprecipitation procedure used for the synthesis of nanoGUMBOS. 

 

 

 
Fig. S4.2. UV–Vis spectra of [Na]2[EB] and [P4444]2[EB] nanoGUMBOS (4 µmol L-1) in water. Both 

non-templated and CD-templated nanoGUMBOS were obtained after 5 min of sonication. 
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Fig. S4.3. TEM image of [P4444]2[EB] nanoGUMBOS (A) and the corresponding particle size 

distribution histogram with Gaussian fitting (B). 

 

 

 
Fig. S4.4. Effect of storage time on the hydrodynamic diameter and PDI of [P4444]2[EB] 

nanoGUMBOS. Statistical analysis was performed using the non-parametric Kruskal-Wallis test (*P 

< 0.05 and **P < 0.01). 
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Fig. S4.5. Scores plots corresponding to the first three LVs of PLSDA regression models developed 

using UV-Vis spectra of [P4444]2[EB] nanoGUMBOS for protein discrimination: • Alb, • Hb, • Try, • 

Cat, • Lyz, and • Cyt c. Models A, B, C, and D correspond to nanoGUMBOS synthesized in the 

absence and presence of α-, 2-HP-β-, and γ-CD, respectively. 
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Fig. S4.6. PLS regression results obtained for (A) Alb, Albumin; (B) Hb, Hemoglobin; (C) Try, Trypsin; (D) Cat, Catalase; (E) Lyz, Lysozyme; and (F) Cyt c, 

Cytochrome c. Panels I refer to the PLS regression model developed for each protein: true protein concentration (measured) versus protein concentration 

predicted by the UV-Vis spectra (predicted). The red and green lines correspond to calibration and cross-validation data, respectively. Panels II show the root 

mean square error of calibration (RMSEC), cross-validation (RMSECV), and prediction (RMSEP) variation versus number of latent variables (LVs) used in the 

PLS models. Although using a larger number of LVs can lead to lower errors, no significant decrease was observed for LVs > 4. 
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Table S4.1. Hydrodynamic diameter, polydispersity index (PDI), and zeta potential (ZP) of 

[P4444]2[EB] nanoGUMBOS obtained after 30 s, 5 min, and 15 min of sonication. Values represent 

the mean and standard deviation of three batches of nanoGUMBOS. 

Time Diameter (nm) PDI ZP (mV) 

30 s 133 ± 9 0.133 ± 0.011 -44 ± 5 

5 min 159 ± 9 0.165 ± 0.013 -43 ± 3 

15 min 172 ± 11 0.129 ± 0.010 -38 ± 2 

 

 
Table S4.2. Characterization of CD-templated nanoGUMBOS in terms of hydrodynamic diameter, 

polydispersity index (PDI), and zeta potential (ZP). Data expressed as mean ± standard deviation (n 

= 3). 

NanoGUMBOS Diameter (nm) PDI ZP (mV) 

[P4444]2[EB] 159 ± 9 0.165 ± 0.013 -43 ± 3 

[P4444]2[EB] α-CD 238 ± 2 0.170 ± 0.013 -41 ± 4 

[P4444]2[EB] 2-HP-β-CD 139 ± 11 0.180 ± 0.012 -42 ± 1 

[P4444]2[EB] γ-CD 191 ± 6 0.165 ± 0.012 -39 ± 2 

 

 
Table S4.3. Molecular weights and isoelectric points of target proteins. 

 

 

  

Protein Isoelectric point  Molecular weight (kDa) Ref. 

Alb 4.7 66.5 (50) 

Hb 6.8 64.5 (51) 

Try 10.5 23.8 (52) 

Cat 5.4 250.0 (53) 

Lyz 11.4 14.3 (51) 

Cyt c 10.0–10.5 12.3 (54) 
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Table S4.4. Confusion matrices obtained from the PLSDA regression models developed for protein 

discrimination using the [P4444]2[EB] nanoGUMBOS synthesized in the absence (A) and presence of 

three CDs: α (B), 2-HP-β (C), and γ (D). 

Model A Alb Hb Try Cat Lyz Cyt c  

Alb 16.67 0 0 0 0 0 – 

Hb 0 16.67 0 0 0 0 – 

Try 0 0 16.61 0.06 0 0 – 

Cat 0.11 0 0.06 16.50 0 0 – 

Lyz 0.11 0 0 0.06 16.50 0 – 

Cyt c 0 0 0 0 0 16.67 – 

Correct protein discrimination (%) 99.6 

Model B Alb Hb Try Cat Lyz Cyt c  

Alb 16.67 0 0 0 0 0 – 

Hb 0 16.67 0 0 0 0 – 

Try 0 0 14.11 1.89 0.67 0 – 

Cat 0 0 0.33 15.28 1.06 0 – 

Lyz 0 0 1.17 0.33 15.17 0 – 

Cyt c 0 0 0 0 0 16.67 – 

Correct protein discrimination (%) 94.6 

Model C Alb Hb Try Cat Lyz Cyt c  

Alb 16.67 0 0 0 0 0 – 

Hb 0 16.67 0 0 0 0 – 

Try 0 0 14.56 0.61 1.50 0 – 

Cat 0 0 0.06 13.89 2.72 0 – 

Lyz 0 0 0.06 0 16.61 0 – 

Cyt c 0 0 0 0 0 16.67 – 

Correct protein discrimination (%) 95.1 

Model D Alb Hb Try Cat Lyz Cyt c  

Alb 16.67 0 0 0 0 0 – 

Hb 0 16.67 0 0 0 0 – 

Try 0 0 16.22 0 0.44 0 – 

Cat 0 0 0 16.11 0.56 0 – 

Lyz 0.1 0 0.44 0 16.11 0 – 

Cyt c 0 0 0 0 0 16.67 – 

Correct protein discrimination (%) 98.4 
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Chapter 5 
 

Studies of protein binding to biomimetic membranes using 

ANS-based GUMBOS 
 

 

 

 

 
 

 

 

Highlights 
• ANS-based GUMBOS were synthesized and characterized using different 

techniques. 

• The synthesized GUMBOS showed improved optical properties and lipophilicity. 

• Proteins produced different fluorescence responses with each of the probes tested. 

• Results suggest competition between proteins and GUMBOS for membrane binding 

sites. 
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Abstract 
Tuning the ANS (8-anilino-1-naphthalenesulfonic acid) structure usually requires harsh 

conditions and long reaction times, which can result in low yields. Herein, ANS was modified 

to form ANS GUMBOS (group of uniform materials based on organic salts), prepared with 

simple ion metathesis reactions and distinct cations, namely tetrabutylammonium (N4444), 

tetrahexylammonium (N6666), and tetrabutylphosphonium (P4444). These ANS-based 

GUMBOS were investigated as fluorescent probes for membrane binding studies with four 

proteins having distinct physicochemical properties. Liposomes of dimyristoyl-sn-glycero-

phosphocholine (DMPC) were employed as membrane models as a result of their ability to 

mimic the structure and chemical composition of cell membranes. Changes in fluorescence 

intensity were used to monitor protein binding to liposomes, and adsorption data were fitted 

to a Freundlich-like isotherm. It was determined that [N4444][ANS] and [P4444][ANS] 

GUMBOS have enhanced optical properties and lipophilicity as compared to parent ANS. 

As a result, these two GUMBOS were selected for subsequent protein-membrane binding 

studies. Both [N4444][ANS] and [P4444][ANS] GUMBOS and parent ANS independently 

reached membrane saturation within the same concentration range. Furthermore, distinct 

fluorescence responses were observed upon addition of proteins to each probe, which 

demonstrates the impact of lipophilic properties of such probes on the binding process. The 

relative maintenance of binding cooperativity and maximum fluorescence intensity suggests 

that proteins compete with ANS-based probes for the same membrane binding sites. 

Finally, this GUMBOS-based approach is simple, rapid, and involves relatively small 

amounts of reagents, making it attractive for high-throughput purposes. These results 

presented herein can also provide relevant information for designing GUMBOS with 

ameliorated properties. 

 

Keywords: ANS; GUMBOS; Liposome; Protein; Protein-membrane binding. 
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5.1. Introduction 
The binding of proteins to biological membranes plays an important role in a multitude of 

cellular processes, including signal transduction, lipid metabolism, and vesicle trafficking (1, 

2). Additionally, protein-lipid interactions are understood to be involved in pathological 

conditions ranging from inflammation to cancer (3, 4). For example, it has been proposed 

that oligomeric beta-amyloid binds to GM1 ganglioside and decreases membrane fluidity, 

thereby stimulating proteolytic cleavage of the amyloid precursor protein. This effect can 

result in beta-amyloid accumulation and formation of neuritic plaques, which are 

characteristic hallmarks of Alzheimer's disease (5, 6). 

Various membrane model systems have been employed to study interactions between 

proteins and lipids, including liposomes, lipid monolayers, and supported lipid bilayers (7, 

8). Liposomes are among the most commonly used models as a result of their ability to 

closely resemble the structure and properties of cell membranes. In fact, these model 

systems are composed of a phospholipid bilayer enclosing an aqueous compartment that 

can mimic the anisotropic environment of biological membranes (9-11). 

Phosphatidylcholine accounts for 39% of plasma membrane phospholipids and is 

predominant in eukaryotic cells. As such, 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) was chosen for preparation of liposomes in the present study (12, 13). 

ANS (i.e., 8-Anilino-1-naphthalenesulfonic acid) is an anionic dye that has been widely 

employed as a fluorescent probe for protein analyses. Several research groups have 

demonstrated the ability of this probe to determine surface hydrophobicity of proteins, detect 

conformational changes, and characterize protein binding sites (14-16). ANS has also been 

used to study protein interactions with lipid membranes (17, 18). However, it is worth noting 

that this probe is mostly located at the membrane surface since its naphthalene moiety only 

partially enters the hydrophobic core (19, 20). Tuning the ANS structure can include 

extensive resource investment, harsh conditions, and long reaction times, which can result 

in low yields (21, 22). In contrast, we hypothesized that ANS GUMBOS (group of uniform 

materials based on organic salts) can be used to tune ANS and can be prepared using a 

simple ion-exchange metathesis reaction, without need for extensive resource input and 

time consuming purification steps (23, 24). GUMBOS properties including, but not limited 

to, lipophilicity can also be readily tuned by changing the cation-anion combination, thereby 

avoiding complicated chemical modifications. Moreover, this approach constitutes a cost-

effective tool for designing ANS derivatives with enhanced and targetted properties (25, 26). 

In this study, ANS was converted into GUMBOS via simple metathesis reactions using 

distinct cations, namely tetrabutylammonium (N4444), tetrahexylammonium (N6666), and 

tetrabutylphosphonium (P4444). The properties of ANS-based GUMBOS were examined and 
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their potential applications as fluorescent probes for membrane binding studies were 

investigated. For this purpose and due to differences in surface hydrophobicity, lysozyme 

(Lyz), myoglobin (Mb), α-chymotrypsin (α-ChT), and ribonuclease A (RNAse A) were 

selected as model proteins. Changes in fluorescence intensities were used to study protein 

binding to DMPC liposomes. Experiments were also conducted with the parent ANS dye to 

further confirm the potential of this GUMBOS approach. 

 

 

5.2. Material and methods 
 

5.2.1. Reagents and solvents 
Tetrabutylammonium bromide ([N4444][Br]), tetrahexylammonium bromide ([N6666][Br]), Lyz 

from chicken egg white, Mb from equine heart, α-ChT from bovine pancreas, RNAse A from 

bovine pancreas, N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) 

hemisodium salt, hexadecylphosphocholine (HePC), and dichloromethane (DCM) were all 

purchased from Sigma-Aldrich (St. Louis, MO). Tetrabutylphosphonium bromide ([P4444][Br]) 

was acquired from Fluka (Charlotte, NC) and DMPC was obtained from Avanti Polar Lipids 

(Alabaster, AL). ANS ammonium salt ([NH4][ANS]) was purchased from Tokyo Chemical 

Industry (TCI America, Portland, OR) and ANS from Invitrogen (Waltham, MA). Sodium 

chloride (NaCl) was obtained from PanReac AppliChem (Darmstadt, Germany). Chloroform 

and methanol were purchased from VWR International (Radnor, PA), and acetonitrile (ACN) 

from Riedel-de Haën (Seelze, Germany). Deuterated methanol (CD3OH, 99.8%) with 0.03% 

(v/v) tetramethylsilane was acquired from Eurisotop (Saarbrücken, Germany). 

HEPES buffer 0.01 mol L-1 (pH 7.4, I = 0.1 mol L-1) was obtained by dissolving HEPES and 

NaCl in high-purity water (Milli-Q, 18.2 MΩ cm), and used for preparation of HePC stock 

suspension. This suspension (600 μmol L-1) was further diluted in HEPES buffer to a 

concentration of 100 μmol L-1. Protein stock and working solutions (2 mg mL-1 and 300 μg 

mL-1, respectively) were prepared in the same buffer. ANS-based GUMBOS were dissolved 

in ACN, protected from light, and used immediately after preparation. Before membrane 

partition and protein-lipid binding studies, these stock solutions were further diluted in 

HEPES buffer to obtain a concentration of 450 μmol L-1 and 100 μmol L-1, respectively. 

 

5.2.2. Instrumentation 
Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker Avance III 400 

operating at 400.15 MHz for proton (1H) and 100.62 MHz for carbon (13C). The spectrometer 

was equipped with a pulse gradient unit, capable of producing a z-gradient of 50.0 G cm-1. 



  Chapter 5 

175 
 

~  

Two-dimensional (2D) 1H–13C heteronuclear single quantum coherence (HSQC) and 1H–
13C heteronuclear multiple bond coherence (HMBC) spectra were acquired and processed 

using Bruker’s TopSpin software version 4.0.1. NMR samples were prepared by dissolving 

synthesized GUMBOS in CD3OH. Coupling constants (J) and chemical shifts (δ) were 

reported in Hz and ppm, respectively. Peak multiplicities were abbreviated as follows: bs, 

broad singlet; dd, double doublet; t, triplet; q, quartet; quint, quintet; and m, multiplet. NMR 

analyses were conducted at “Laboratório de Análise Estrutural, Centro de Materiais da 

Universidade do Porto (CEMUP), Portugal”. 

High-resolution mass spectrometry (HRMS) measurements were performed at the 

Louisiana State University Mass Spectrometry facility using an Agilent 6230 B-TOF LC/MS 

system, operated in both positive and negative ionization modes. A Bruker Tensor 27 

spectrometer, equipped with a PIKE MIRacle ATR accessory, was used to obtain Fourier 

transform infrared (FTIR) spectra in the range of 4000 to 400 cm-1. Resolution was set to 4 

cm-1 and the number of scans to 32. 

Ultraviolet-visible (UV-Vis) and fluorescence spectroscopic studies were performed using a 

Jasco V-660 spectrophotometer and a Jasco FP-6500 spectrofluorometer, both equipped 

with a 1 cm quartz cuvette. UV-Vis spectra were recorded in the range of 250–500 nm, and 

fluorescence emission spectra from 390 to 650 nm upon excitation at 370 nm. 

Thermal stability of [N4444][ANS] and [P4444][ANS] was investigated using a TA Discovery 

TGA 550 instrument. GUMBOS were heated from 25 to 595 ºC using a ramp rate of 10 ºC 

min-1. The melting points of these compounds were also determined using a MEL-TEMP® 

apparatus. Membrane partition and competitive binding assays were performed on a 

BioTek® Cytation 3 imaging reader. 

 

5.2.3. Synthesis and characterization of GUMBOS 
ANS-based GUMBOS were synthesized using simple ion-exchange metathesis reactions, 

where the ammonium cation of ANS parent dye was replaced with N4444
+, N6666

+, and P4444
+ 

(Fig. 5.1A). Following a previously described procedure, 5 mL of water containing the 

desired cation were added to 10 mL of a DCM solution of [NH4][ANS] (1.1:1 molar ratio) 

(27, 28). The biphasic mixture was stirred for 48 h in the dark at room temperature, after 

which the top layer (aqueous phase) was discarded (Fig. 5.1B). The DCM phase was then 

washed several times with water to minimize any remaining halogenated byproduct (i.e., 

NH4Br). Subsequently, DCM was evaporated and residual water was removed by freeze-

drying. The resulting GUMBOS were structurally characterized using NMR, HRMS, and 

FTIR. Additionally, spectral properties were investigated using UV-Vis and fluorescence 

spectroscopies. Physical characteristics such as lipophilicity, thermal stability, and melting 
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point, were also examined using derivative UV-Vis spectrophotometry, thermogravimetric 

analysis (TGA), and melting point determination, respectively. 

 

 
Fig. 5.1. (A) Chemical structures of the cations used to form ANS-based GUMBOS. (B) Schematic 

representation of GUMBOS syntheses. 
 

5.2.4. GUMBOS partitioning 
HePC micelle/buffer partition coefficients (Kp) of synthesized GUMBOS and parent ANS 

dye were assessed using a derivative UV-Vis spectrophotometry protocol as previously 

described (29, 30). Samples were prepared by adding 50 µL of each probe solution (final 

concentration = 75 µmol L-1) to increasing volumes of HePC suspension to obtain 

concentrations ranging from 0 to 200 µmol L-1. In parallel, references were obtained by 

replacing GUMBOS and ANS with HEPES buffer containing the same percentage of ACN 

as samples (< 3%). Both samples and references were incubated at 37 ºC for 30 min, after 

which absorption spectra were recorded in the spectral range of 300–600 nm. Experimental 

results were analyzed using the Excel spreadsheet (Kp calculator) developed by Magalhaes 

et al., which first subtracts each reference spectrum from the corresponding sample 

spectrum, and then generates the spectrum of derivatives (29). Second derivative values, 

measured at the wavelength where light scattering was negligible (λ = 348 nm), were plotted 

against the concentrations of HePC. The value of Kp (mol L-1) was determined by fitting Eq. 

1 to experimental data using a nonlinear least-squares regression method (29): 

 

DT = DW +  
(DL−DW)Kp[L]

1 + Kp[L]
               (1) 

 

where DT, DW, and DL represent the second derivative intensities obtained from absorbance 

values of the total amount of GUMBOS, and from GUMBOS in the aqueous and lipid 

phases, respectively. The parameter [L] is the HePC concentration and Kp the partition 
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coefficient (both expressed in mol L−1). The dimensionless value (logD) was calculated by 

dividing the molar partition coefficient by HePC molar volume (0.406 L mol-1) (29). 

 

5.2.5. Preparation of DMPC liposomes 
Liposomes were prepared using a thin-film hydration method in combination with extrusion 

(31, 32). First, DMPC was dissolved into a mixture of chloroform and methanol (9:1, v/v), 

and then the organic solvent mixture was evaporated using a nitrogen stream and vacuum. 

The resulting lipid film was dispersed in HEPES buffer at 40 ºC (i.e., above DMPC main 

phase transition temperature) and vortexed to form multilamellar vesicles (MLVs) (33, 34). 

Subsequently, the MLVs suspension was extruded ten times through a polycarbonate filter 

with a pore size of 100 nm to obtain large unilamellar vesicles (LUVs). 

 

5.2.6. Protein-membrane binding studies 
Binding of proteins to liposomes was studied using fluorescence titration with ANS-based 

GUMBOS and the parent dye. Briefly, 20 μL of each protein sample (i.e., Lyz, Mb, α-ChT, 

and RNAse A) were mixed with 30 μL of DMPC LUVs and increasing volumes of ANS-

based GUMBOS or parent ANS (final concentration = 0–80 µmol L-1). HEPES buffer was 

added to achieve a final volume of 300 μL. Protein and lipid concentrations were fixed at 20 

μg mL-1 and 10 μmol L-1, respectively. References were prepared in the absence of 

GUMBOS or parent dye, which were replaced with HEPES buffer using the same 

percentage of organic solvent (ACN) as the corresponding samples. Following a 5 min 

incubation period at 37 ºC, fluorescence emission spectra were recorded from 380 to 650 

nm, using 350 nm excitation. Absorbance values were measured at the excitation 

wavelength to correct fluorescence intensities using Eq. 2, minimizing inner filter effects 

(35). This effect results from protein absorption at the fluorophore’s excitation wavelength 

and decreases the effective intensity of the exciting light beam, which ultimately leads to a 

reduction in the overall fluorescence intensity. Thus, 

 

Icorr = I AT
AF

1−10−AF
1−10−AT

               (2) 

 

where Icorr is the corrected fluorescence intensity and I the experimental fluorescence. The 

parameters AT and AF represent the absorbance of the sample with and without protein, 

respectively. 
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Finally, the impact of proteins on the membrane binding of ANS-based GUMBOS was 

investigated by fitting corrected adsorption data to an equation derived from the Freundlich 

isotherm (Eq. 3) (36): 

[GUMBOS]B = Cmax
(K𝑏𝑏[GUMBOS]∞)b

1+(K𝑏𝑏[GUMBOS]∞)b
               (3) 

 

where Kb is the binding constant, Cmax is the maximum fluorescence intensity, b is the 

cooperativity of the binding process, and B and ∞ represent the concentrations of the bound 

and free forms of GUMBOS. This same equation was applied to experimental data obtained 

using the parent ANS dye. 

 

 

5.3. Results and discussion 
 

5.3.1. Structural characterization of the synthesized GUMBOS 
The structures of ANS-based GUMBOS were determined using combined analysis of NMR 

(1D and 2D), HRMS, and FTIR data. Integration of peaks in 1H NMR spectra confirmed the 

desired 1:1 stoichiometric ratio of cation to anion (Figs. S5.1, S5.5, and S5.9). Carbon 

signals (Figs. S5.2, S5.6, and S5.10) were assigned based on the results of 13C spectra, 

HSQC, and HMBC experiments, which showed the expected 1H–13C single and multiple 

bond correlations (Figs. S5.3, S5.4, S5.7, S5.8, S5.11, and S5.12). Detailed NMR analysis 

can be found in Supplementary Material. 

Mass peaks corresponding to N4444
+, N6666

+, and P4444
+ were observed in the positive ion 

mode at m/z values of 242.2848, 354.4109, and 259.2562, respectively. Analyses of the 

negative ion mode spectra confirmed the presence of ANS anion in all synthesized 

compounds. Moreover, there is good agreement between experimental and theoretical m/z 

values (Table S5.1). Peaks attributable to starting materials were found in the FTIR spectra 

of final products (Fig. S5.13), thus providing additional evidence of successful synthesis of 

ANS-based GUMBOS. 

 

5.3.2. Optical properties of ANS-based GUMBOS 
UV-Vis and fluorescence spectroscopies were used to investigate the optical properties of 

synthesized compounds. The absorption profile of ANS-based GUMBOS (Fig. 5.2A) shows 

two bands at 370 and 270 nm, with the band centered at 270 nm being blue-shifted by about 

10 nm as compared to the parent ANS dye (37). Fluorescence maxima were observed 

around 470 nm (Fig. 5.2B). Changes in absorbance and fluorescence intensities are likely 

the result of structural differences between the cations used in GUMBOS syntheses. For 
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example, an increase in alkyl chain length of the ammonium cation from four to six carbons 

(N4444
+ versus N6666

+) led to a decrease in signal intensity. On the contrary, [N4444][ANS] and 

[P4444][ANS] exhibited similar absorbance and fluorescence values, thus suggesting that the 

cation’s central atom (N or P) does not significantly affect the optical properties of 

synthesized GUMBOS (38). 

 

 
Fig. 5.2. (A) UV-Vis and (B) fluorescence spectra (λexc = 370 nm) of parent ANS dye and ANS-based 

GUMBOS at the concentration of 10 µmol L-1 in ACN. 

 

5.3.3. Lipophilicity of the synthesized materials 
The lipophilicity of ANS-based GUMBOS was evaluated through determination of 

micelle/buffer partition coefficients using derivative UV-Vis spectrophotometry. HePC 

micelles were chosen as membrane models due to simplicity and rapidity of their 

preparation, which further eliminates the need for potentially toxic organic solvents (e.g., 

octanol) (29, 39). In contrast to traditional octanol/water system, these biomimetic models 

not only consider hydrophobic interactions, but also hydrogen bonding, electrostatic, and 

dipole-dipole interactions (40-42). Moreover, this method does not require separation of 

lipid and aqueous phases, thus leading to better reproducibility. Application of derivative 

spectrophotometry helps to minimize effects of light scattering from HePC micelles and 

improves resolution of absorption bands (43, 44). Partition coefficients estimated for parent 
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ANS dye and ANS-based GUMBOS are provided in Table 5.1. Analyses of data shows that 

lipophilicity can be tuned using cation exchange, with increasing order of ANS < [P4444][ANS] 

< [N4444][ANS]. Other studies have demonstrated the impact of cations on GUMBOS 

lipophilicity (24, 45). It is also worth noting that these differences in lipophilicity may affect 

probes' location within liposomes. The lipophilicity of [N6666][ANS] could not be determined 

due to solubility problems. For this reason, [N6666][ANS] GUMBOS was excluded from 

further analyses. 

 
Table 5.1. Partition coefficients (expressed as Kp and logD) of parent ANS and ANS-based GUMBOS 

in micelles of HePC (pH 7.4, 37 ºC). Results are presented as the mean ± standard deviation of three 

replicates. 

 

 

5.3.4. Thermal stability and melting point of ANS-based GUMBOS 
Thermal behaviors of [N4444][ANS] and [P4444][ANS] GUMBOS were further investigated 

using TGA. Fig. S5.14 and Table S5.2 present the weight loss curves and temperatures at 

which GUMBOS weight was reduced by 50% (T50%), respectively. Similar to what has been 

reported for other ionic compounds, the thermal stability of ANS-based GUMBOS was found 

to be dependent on the cation employed, with [P4444][ANS] being the most stable (38, 46, 

47). 

Finally, melting points were determined using a capillary tube method. The lower melting 

points of GUMBOS as compared to parent ANS dye (Table S5.2) can be attributed to the 

relatively large size of N4444 and P4444 cations. Additionally, similarity of the results obtained 

for these two GUMBOS can be explained by the length of the cations’ pendant alkyl side 

chains (e.g., n = 4) (26, 48, 49). 

 

5.3.5. Protein-membrane binding studies 
In order to study protein binding to biomimetic membranes (i.e., DMPC liposomes), a 

fluorescence titration with parent ANS dye and ANS-based GUMBOS was performed. 

Fluorescence changes have been used to investigate competition for the same membrane 

binding sites between proteins and parent ANS dye as the ANS dye is known to fluoresce 

when electrostatically bound to phospholipid headgroups (36, 50). However, it is tempting 

Compound Kp (L mol-1) logD (dimensionless) 

ANS 3877 ± 572 3.98 ± 0.06 

[N4444][ANS] 95398 ± 12397 5.37 ± 0.06 

[P4444][ANS] 36967 ± 4112 4.96 ± 0.05 
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to hypothesize that the synthesized GUMBOS could form additional interactions with 

membranes as a result of their tuned features (e.g., lipophilicity and hydrogen-bonding 

ability), leading to more distinguishable responses upon addition of proteins (45). Binding 

isotherms were obtained by plotting corrected fluorescence intensity, in the absence (Fig. 

5.3A) and presence (Figs. 5.3B–5.3D) of proteins, as a function of increasing concentrations 

of parent ANS and ANS-based GUMBOS. The resulting curves were then fitted to Eq. 3, 

thus allowing calculation of binding constant (Kb), binding process cooperativity (b), and 

maximum fluorescence intensity (Cmax). The estimated values for these parameters are 

presented in embedded tables of Fig. 5.3. 

As shown in Fig. 5.3A, parent ANS dye and ANS-based GUMBOS independently reach 

saturation within the same concentration range. Despite such findings, GUMBOS exhibited 

slightly higher fluorescence signals than ANS dye, which could be the result of different 

interactions with liposomes, differences in GUMBOS structures, or even a combination of 

both. These results further suggest that it is possible to tune sensitivity by converting ANS 

into GUMBOS, similar to what has been found in previous works (38, 51). It is recognized 

that the present study was not an exhaustive investigation, and thus, as part of future work, 

a wider range of cations will be used to form ANS GUMBOS to investigate cation effects on 

tuning properties. 

It is also worth noting that each protein (i.e., Lyz, Mb, α-ChT, and RNAse A) produced 

distinct fluorescence responses with parent ANS, [N4444][ANS], and [P4444][ANS] (Figs. 5.3B 

to 5.3D). Moreover, different fluorescence signals were obtained for the same protein when 

using these three probes. These findings suggest that membrane binding is affected by 

protein properties, such as surface hydrophobicity, which further corroborates previous 

reports (52, 53). For example, there was a decrease in the Kb value determined for 

[N4444][ANS] in the presence of RNAse A (the most hydrophilic among selected proteins), 

revealing low affinity of this protein for GUMBOS binding sites (14, 54). In turn, an observed 

increase in Kb when proteins are present suggests higher dissociation of fluorescent probes 

and, consequently, weaker membrane binding. The relative maintenance of values for b 

and Cmax further indicates that proteins do not change binding rates of parent ANS or ANS-

based GUMBOS, but rather hinders their access to membranes through a competitive 

mechanism (36). 
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Fig. 5.3. Binding isotherms of ANS, [N4444][ANS], and [P4444][ANS] in the absence of proteins (A). 

Binding isotherms of ANS (B), [N4444][ANS] (C), and [P4444][ANS] (D) in the presence of Lyz, Mb, α-

ChT, and RNAse A (20 μg mL-1), along with the estimated binding parameters: binding constant (Kb), 

binding process cooperativity (b), maximum fluorescence intensity (Cmax), and coefficient of 

determination (R2). Results are presented as the mean and standard deviation of at least three 

independent assays, with lines representing the best fit to Eq. 3. 

 

 

5.4. Conclusions 
Herein, three novel ANS-based GUMBOS ([N4444][ANS], [N6666][ANS], and [P4444][ANS]) 

were successfully synthesized from ANS dye via simple ion metatheses reactions, and their 

potential as fluorescent probes for study of protein-membrane binding was investigated. It 

was found that [N4444][ANS] and [P4444][ANS] display enhanced optical properties when 

compared to parent ANS and [N6666][ANS]. These two GUMBOS also showed improved 

lipophilicity as well as good thermal stability, which is why they were selected for subsequent 

binding studies. Although membrane saturation occurred at the same concentration range 

for [N4444][ANS], [P4444][ANS], and ANS, slightly enhanced fluorescence signals were 

observed for synthesized GUMBOS as compared to parent ANS dye. Additionally, different 

responses were obtained for each probe upon addition of proteins, which demonstrates the 
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impact of protein properties (e.g., surface hydrophobicity) on their binding ability to lipid 

membranes. No major changes were observed in the binding process cooperativity (b) or 

maximum fluorescence intensity (Cmax), which suggests that proteins and ANS-based 

GUMBOS synthesized herein compete for the same binding sites on membranes. Overall, 

these findings provide valuable information for design of ANS-based GUMBOS with 

improved properties as probes. Moreover, this GUMBOS-based strategy is operationally 

simple and requires relatively small concentrations of reagents, which makes it attractive 

for high-throughput analyses. 
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SUPPLEMENTARY MATERIAL 
 

 

Characterization of EB-based GUMBOS 
 

[N4444][ANS] 
1H NMR (400.15 MHz, CD3OD, ppm): δ 8.38 (dd, J 7.4, 1.5, 1H, H2); 7.91 (dd, J 8.2, 1.4, 

1H, H4); 7.58 (dd, J 7.7, 1.4, 1H, H7); 7.44 (dd, J 8.0, 1.4, 1H, H5); 7.41–7.35 (m, 2H, H3 

and H6); 7.20–7.15 (m, 4H, 2 x H10 and 2x H11); 6.81–6.76 (m, 1H, H12); 3.18–3.14 (m, 4 

x 2H, -NCH2CH2CH2CH3); 1.63–1.55 (m, 4 x 2H, -NCH2CH2CH2CH3); 1.40–1.31 (m, 4 x 2H, 

-NCH2CH2CH2CH3); 0.98 (t, J 7.4, 4 x 3H, -NCH2CH2CH2CH3). 13C NMR (100.62 MHz, 

CD3OD, ppm): δ 146.2 (C9); 141.7 (C8); 141.1 (C1); 138.8 (C4a); 134.0 (C4); 129.9 (C11); 

128.7 (C2); 127.2 (C6); 124.8 (C3); 124.0 (C8a); 122.6 (C5); 120.7 (C12); 118.5 (C10); 

117.6 (C7); 59.4 (-NCH2CH2CH2CH3); 24.8 (-NCH2CH2CH2CH3); 20.7 (-NCH2CH2CH2CH3); 

13.9 (-NCH2CH2CH2CH3). 

 

[N6666][ANS] 
1H NMR (400.15 MHz, CD3OD, ppm): δ 8.38 (dd, J 7.4, 1.5, 1H, H2); 7.90 (dd, J 8.2, 1.4, 

1H, H4); 7.57 (dd, J 7.7, 1.4, 1H, H7); 7.44 (dd, J 8.0, 1.4, 1H, H5); 7.38 (q, 2H, H3 and H6); 

7.20–7.15 (m, 4H, 2 x H10 and 2x H11); 6.80–6.76 (m, 1H, H12); 3.20 (quint, J 5.1, 3.4, 4 

x 2H, -NCH2CH2CH2CH2CH2CH3); 1.64 (quint, J 7.4, 8.0, 4 x 2H, -

NCH2CH2CH2CH2CH2CH3); 1.34–1.39 (m, 12 x 2H, -NCH2CH2CH2CH2CH2CH3); 0.93 

(quint, J 7.4, 8.0, 4 x 3H, -NCH2CH2CH2CH2CH2CH3). 13C NMR (100.62 MHz, CD3OD, 

ppm): δ 146.2 (C9); 141.1 and 141.6 (C1 + C8); 138.8 (C4a); 134.1 (C4); 130.0 (C11); 128.7 

(C2); 127.2 (C6); 124.8 (C3); 124.0 (C8a); 122.6 (C5); 120.7 (C12); 118.5 (C10); 117.7 

(C7); 59.6 (-NCH2CH2CH2CH2CH2CH3); 32.4 (-NCH2CH2CH2CH2CH2CH3); 27.0 (-

NCH2CH2CH2CH2CH2CH3); 23.5 (-NCH2CH2CH2CH2CH2CH3); 22.7 (-

NCH2CH2CH2CH2CH2CH3); 14.3 (-NCH2CH2CH2CH2CH2CH3). 

 

[P4444][ANS] 
1H NMR (400.15 MHz, CD3OD, ppm): 8.38 (dd, J 7.4, 1.5, 1H, H2); 7.90 (dd, J 8.2, 1.5, 1H, 

H4); 7.57 (dd, J 7.6, 1.2, 1H, H7); 7.44 (dd, J 8.1, 1.5, 1H, H5); 7.40–7.35 (m, 2H, H3 and 

H6); 7.20–7.15 (m, 4H, 2 x H10 and 2x H11); 6.80–6.76 (m, 1H, H12); 2.15 (bs, 4 x 2H, -

PCH2CH2CH2CH3); 1.50 (bs, 4 x 2H, -PCH2CH2CH2CH3 and 4 x 2H, -PCH2CH2CH2CH3); 

0.97 (bs, 4 x 3H, -PCH2CH2CH2CH3). 13C NMR (100.62 MHz, CD3OD, ppm): δ 146.2 (C9); 

141.7 (C8); 141.2 (C1); 138.8 (C4a); 134.1 (C4); 130.0 (C11); 128.7 (C2); 127.2 (C6); 124.8 
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(C3); 124.1 (C8a); 122.6 (C5); 120.7 (C12); 118.5 (C10); 117.6 (C7); 25.0–24.3 (-

PCH2CH2CH2CH3); 19.3–18.9 (-PCH2CH2CH2CH3); 13.6 (-PCH2CH2CH2CH3). 
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Analysis of 1H NMR spectra of [N4444][ANS] (Fig. S5.1) revealed two sets of signals: one 

corresponding to the aliphatic protons of N4444
+ and the other to the aromatic protons of ANS 

anion. Resonance signals of methyl protons at the end of the cation alkyl side chains 

appeared at 0.98 ppm and aliphatic ethylene protons were seen between 1.63 and 1.31 

ppm. Protons registered at δ = 3.18–3.14 ppm were assigned to the ethylene groups directly 

bound to the central nitrogen atom. The first set of aromatic protons corresponds to the 

phenyl ring of ANS- and signals in the low field area of the 1H spectrum were attributed to 

protons of the naphthalene group. The recorded signals were in good agreement with 

assignments reported in the literature for ANS (55, 56). 

 

 

 
Fig. S5.1. 1H NMR spectrum of [N4444][ANS]. 

 

 

Carbon signals in the range of 59.4–13.9 ppm (Fig. S5.2) were directly assigned as they 

showed HSQC correlations with the respective protons in the cation (Fig. S5.3). Resonance 

signals of carbons from ANS- were attributed based on their correlation with protons in 

HSQC and HMBC spectra (Figs. S5.3 and S5.4, respectively). Experimental chemical shift 

values were similar to the expected ones (55, 56). 
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Fig. S5.2. 13C NMR spectrum of [N4444][ANS] GUMBOS. 
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Fig. S5.3. HSQC spectrum of [N4444][ANS]. 
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Fig. S5.4. HMBC spectrum of [N4444][ANS] and respective inset. 

 

 



Chapter 5   

190 
 

~  

The 1H and 13C signals of [N6666][ANS] GUMBOS (Figs. S5.5 and S5.6, respectively) were 

quite similar to those found for [N4444][ANS], which is not surprising due to the chemical 

resemblance between these compounds, with the only difference being the length of alkyl 

side chains (six versus four carbons). 

 

 

 
Fig. S5.5. 1H spectrum of [N6666][ANS] GUMBOS. 
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Fig. S5.6. 13C spectrum of [N6666][ANS] in CD3OD. 

 
 
Aliphatic protons and carbons appeared at 3.20–0.93 and 59.6–14.3 ppm, respectively. 

Carbons were assigned based on their HSQC and HMBC correlations (Figs. S5.7 and S5.8, 

respectively). Additionally, the aromatic peaks of ANS anion were found to be virtually equal 

to those of [N4444][ANS], and in line with previously reported values (55, 56). 
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Fig. S5.7. HSQC spectrum of [N6666][ANS] GUMBOS and respective inset. 
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Fig. S5.8. HMBC spectrum of [N6666][ANS] and respective inset. 
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Regarding [P4444][ANS] GUMBOS, the terminal -CH3 and -CH2- protons of cation alkyl side 

chains appeared as broad singlets at δ = 0.97 and 2.15–1.50 ppm, respectively (Fig. S5.9). 

These signals were found at lower chemical shift values than those for [N4444][ANS]. 

Moreover, resonance signals of protons in the middle of the alkyl chain (-PCH2CH2CH2CH3) 

have similar neighboring, thus appearing as a single peak in the 1H spectrum. The stronger 

electron-withdrawing effect of nitrogen atom compared to phosphorus in the cation can 

explain the different chemical shifts of -NCH2- protons versus -PCH2- (from 3.18–3.14 to 

2.15 ppm, respectively). Similar to [N4444][ANS] GUMBOS, aromatic peaks were assigned 

to the protons of ANS anion. Chemical shifts were very close and in line with reported values 

(55, 56). 

 

 

 
Fig. S5.9. 1H spectrum of [P4444][ANS]. 

 

 

Regarding the assignment of carbons present in [P4444][ANS] GUMBOS (Fig. S5.10), the 

HSQC spectrum (Fig. S5.11) showed peaks from 25.0 to 13.6 ppm, which were correlated 

with signals attributed to protons of the aliphatic chains of P4444
+. Once again, carbons in 

the middle of the chain (-PCH2CH2CH2CH3) had similar neighboring and appeared closer in 

the 13C spectrum. The chemical shift is significantly lower than that verified for similar 

carbons in the [N4444][ANS] GUMBOS. For example, the signal assigned to carbons of -
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PCH2- groups is shifted to a higher field, varying from 59.4 ppm in [N4444][ANS] to 

approximately 19 ppm in [P4444][ANS]. This difference can be justified by the influence of 

cation’s central atom (N or P). 

 

 

 
Fig. S5.10. 13C spectrum of [P4444][ANS] GUMBOS. 

 

 

Analysis of HSQC and HMBC spectra (Figs. S5.11 and S5.12) allowed the unequivocal 

assignment of peaks attributed to carbons present in the ANS anion, which appeared in the 

low-field region. Their chemical shift values were in good agreement with the values 

described in the literature (55, 56). 
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Fig. S5.11. HSQC spectrum of [P4444][ANS]. 
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Fig. S5.12. HMBC spectrum of [P4444][ANS] and respective inset. 
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Fig. S5.13. Overlay of FTIR spectra of starting materials (green and blue) and resulting GUMBOS 

(grey): (A) [N4444][ANS], (B) [N6666][ANS], and (C) [P4444][ANS]. 

 

 
 



  Chapter 5 

199 
 

~  

 
Fig. S5.14. TGA spectra of ANS-based GUMBOS. 
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Table S5.1. ESI-MS analysis of synthesized compounds. 

 

 
Table S5.2. Half weight loss temperature (T50%) and melting point of ANS-based GUMBOS. 

 

 
 

 
a For [NH4][ANS], m.p. = 237 ºC (TCI America). 

 

  

GUMBOS 
Ionic formula ESI-MS (positive mode) ESI-MS (negative mode) 

Cation Anion Expected 
mass (m/z) 

Obtained 
mass (m/z) 

Expected 
mass (m/z) 

Obtained 
mass (m/z) 

[N4444][ANS] C16H36N+ 

C16H12NO3S- 

242.2842 242.2848 

298.0543 

298.0548 

[N6666][ANS] C24H52N+ 354.4094 354.4109 298.0547 

[P4444][ANS] C16H36P+ 259.2549 259.2562 298.0547 

GUMBOS T50% (ºC) Melting point (ºC)a 

[N4444][ANS] 308 108 

[P4444][ANS] 422 95 
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Chapter 6 
 

A GUMBOS-based strategy for overcoming therapeutic 

limitations of rose bengal 

 
 

 

 

 

 
 

 

 

Highlights 
• Three novel rose bengal-based GUMBOS were synthesized and characterized. 

• GUMBOS showed improved activity towards S. aureus DSM 2569 and E. faecalis. 

• [CHX][RB] was found to be active against E. coli, with a MIC of 8–1 μg mL-1. 

• The lowest hemolytic activity was also observed for [CHX][RB] (free Hb < 5%). 
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Abstract 
The therapeutic use of rose bengal (RB) has been limited by its anionic nature, high water 

solubility, and short half-life. In this study, RB was converted into a group of uniform 

materials based on organic salts (GUMBOS) via ion metathesis reactions to replace its 

sodium counterions with distinct cationic antiseptics (i.e., 

benzyldimethylhexadecylammonium, BDHA; cetylpyridinium, C16Py; and chlorhexidine, 

CHX). The potential use of RB-based GUMBOS as antibacterial agents was investigated 

against a panel of Gram-positive and Gram-negative bacteria, namely Staphylococcus 

aureus (S. aureus), methicillin-resistant S. aureus (MRSA), Enterococcus faecalis (E. 

faecalis), Pseudomonas aeruginosa (P. aeruginosa), and Escherichia coli (E. coli). The 

micro-broth dilution method was used to determine the minimum inhibitory concentration 

(MIC) of synthesized GUMBOS as well as their parent compounds and unreacted 

stoichiometric mixtures. Hemolytic effects were further studied using human red blood cells. 

When compared to parent compounds and unreacted mixtures, GUMBOS showed equal or 

improved activity towards the non-resistant strain of S. aureus (i.e., DSM 2569) and E. 

faecalis. Additionally, [CHX][RB] was found to be active against E. coli with a MIC of 8–1 μg 

mL-1, being 64 times more potent than RB and the corresponding unreacted mixture. The 

[CHX][RB] GUMBOS also showed the lowest hemolytic activity among all tested 

compounds and mixtures (percentage of hemolysis < 5%). Overall, these results 

demonstrated that this GUMBOS-based strategy can improve the antibacterial activity of 

RB against Gram-positive bacteria and extend its spectrum of action towards E. coli, which 

could further contribute to safety improvements in multiple industries. 

 

Keywords: Antibacterial activity; GUMBOS; Hemocompatibility; Rose bengal. 
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6.1. Introduction 
Rose bengal (RB) is a polyhalogenated fluorescein derivative that has been used to 

evaluate ocular surface damage in patients with dry eye disease and to assess the severity 

of hepatic dysfunction, especially in cases where liver biopsy is not feasible or reliable (1-

3). Additionally, several studies have demonstrated the potential of using RB for cancer and 

antimicrobial therapy, either alone or in combination with clinically used drugs (4-7). 

However, the dianionic charge at physiological pH (pKa1 = 1.89, pKa2 = 3.93), high water 

solubility (100 g L-1), and short half-life (30 min) have limited its clinical applications (8-10). 

The dianionic nature and poor lipophilicity of RB decrease its ability to cross cell membranes 

and hinder the interaction with negatively charged organelles (e.g., mitochondria) and 

Gram-negative bacteria, resulting in decreased cellular uptake and accumulation. 

Furthermore, the reduced half-life limits its tissue accumulation and leads to the need for 

multiple administrations to achieve the desired outcome (11-14). 

Two primary strategies have been proposed to overcome the limitations of RB dye and 

enhance its therapeutic potential (12). The first involves chemical modification of the 

xanthene core or benzyl group to obtain RB derivatives with improved lipophilicity (11, 15), 

while the second focuses on developing delivery systems to increase cell uptake efficiency 

(16, 17). For example, conjugates of RB with cationic peptides and polymers were found to 

be effective against both Gram-positive and Gram-negative bacteria (18-20). This can be 

ascribed to electrostatic interactions between the positively-charged conjugates and the 

lipopolysaccharides (LPS) of the Gram-negative outer membrane, which result in increased 

permeability and, ultimately, bacterial cell death (20, 21). Despite the great promise of these 

strategies, RB derivatives often require multi-step synthetic procedures with low product 

yields. Further, cationic conjugates can suffer from low stability and biocompatibility (21-

23). 

GUMBOS (group of uniform materials based on organic salts) have attracted increasing 

attention recently due to their ease of synthesis and great tunability. In fact, GUMBOS can 

be synthesized from well-known compounds in their salt forms using a simple metathesis 

reaction and do not require laborious purification steps (24-26). Additionally, many 

GUMBOS properties, including lipophilicity and toxicity, can be easily modulated by 

changing the cation-anion combination, which makes this approach a resource-efficient and 

more cost-effective tool for designing RB derivatives (27, 28). 

In this study, the synthesis of three novel RB-based GUMBOS was performed, where the 

RB anion is ion-paired with distinct cationic antiseptics, namely 

benzyldimethylhexadecylammonium (BDHA), cetylpyridinium (C16Py), and chlorhexidine 

(CHX). Their antibacterial efficacy was investigated against a panel of clinically relevant 
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Gram-positive and Gram-negative bacteria. Results were compared with those obtained for 

unreacted stoichiometric mixtures and parent compounds to confirm the potential of 

synthesized GUMBOS as alternative antibacterial agents. Moreover, hemolytic effects were 

examined as an initial study to determine if these RB-GUMBOS could be safe for use as 

therapeutic agents, in particular, in humans. 

 

 

6.2. Material and methods 
 

6.2.1. Chemicals and solvents 
RB disodium salt ([Na]2[RB]), benzyldimethylhexadecylammonium chloride ([BDHA][Cl]), 

chlorhexidine diacetate ([CHX][CH3COO]2), hexadecylphosphocholine (HePC), N-(2-

hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) hemisodium salt, cation-

adjusted Müeller-Hinton broth (MHB-II), isopropyl alcohol (IPA), 0.85% (w/v) sodium 

chloride (NaCl) solution, and TritonTM X-100 were all obtained from Sigma-Aldrich (St. Louis, 

MO). NaCl salt was acquired from PanReac AppliChem (Darmstadt, Germany). 

Cetylpyridinium chloride ([C16Py][Cl]), tryptic soy agar (TSA), tryptic soy broth (TSB), and 

dimethylsulfoxide (DMSO) were purchased from Merck KGaA (Darmstadt, Germany). 

Deuterated chloroform (CDCl3, 99.80%) and hexadeuterodimethylsulfoxide (DMSO-d6, 

99.96%) with 0.03% (v/v) tetramethylsilane were obtained from Eurisotop (Saarbrücken, 

Germany). 

HEPES buffer (0.01 mol L-1, pH 7.4) was obtained by dissolving HEPES in ultrapure water 

(Milli-Q, 18.2 MΩ cm) and adjusting ionic strength to 0.1 mol L-1 with NaCl. A stock 

suspension of HePC (600 μmol L-1) was prepared in HEPES buffer, and then a working 

suspension of 100 μmol L-1 was obtained by diluting the stock suspension with the same 

buffer. RB-based GUMBOS were dissolved in DMSO and kept in the dark to avoid 

photodegradation. Before membrane partition studies, these stock solutions were diluted in 

HEPES buffer to a concentration of 48 μmol L-1. For the evaluation of antibacterial activity, 

dilution was performed in MHB-II medium (final concentration of DMSO = 2%). 

 

6.2.2. Instrumentation 
Proton (1H, 400.15 MHz) and carbon (13C, 100.62 MHz) nuclear magnetic resonance (NMR) 

spectra were recorded using a Bruker Avance III 400, equipped with a pulse gradient unit 

(z-gradient of 50.0 G cm-1). Bruker’s TopSpin software version 4.0.1 was used for spectra 

acquisition and processing. Samples were prepared by dissolving [BDHA]2[RB] and 

[C16Py]2[RB] in CDCl3, and [CHX][RB] in DMSO-d6. Chemical shifts (δ) were reported in 
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ppm and coupling constants (J) in Hz. Multiplicities were abbreviated as follows: s, singlet; 

d, doublet; t, triplet; and m, multiplet. 

A Thermo Scientific LTQ-Orbitrap XL mass spectrometer was externally calibrated using a 

standard kit provided by the manufacturer. This mass spectrometer was operated in positive 

and negative ionization mode with the capillary voltage set to 3 kV, sheath gas flow to 6, 

and temperature of ion transfer capillary to 275 °C. Spectra were recorded for m/z values 

between 250 and 2000 in the Fourier transform (FT) mode with a resolution of 60,000 

FWHM (full width at half maximum). Samples were prepared in methanol prior to analysis 

and directly infused into the electrospray ion source at a flow rate of 10 µL min-1 using the 

syringe pump of the mass spectrometer. High-resolution mass spectrometry (HRMS) and 

NMR analyses were performed at “Laboratório de Análise Estrutural, Centro de Materiais 

da Universidade do Porto (CEMUP), Portugal”. 

Infrared (IR) spectra were collected from 4000 to 600 cm-1 using a PerkinElmer Frontier 

spectrometer equipped with an attenuated total reflectance (ATR) accessory. The number 

of scans and resolution were set to 32 and 4 cm-1, respectively. A MEL-TEMP® apparatus 

was used to determine the melting point range of synthesized materials. Thermogravimetric 

analysis (TGA) was performed on a TA Discovery TGA550 instrument. Approximately 1 mg 

of GUMBOS was heated from 25 to 595 ºC at a rate of 10 ºC min-1. 

Optical properties were studied using a Jasco V-660 spectrophotometer, equipped with a 1 

cm quartz cuvette. Ultraviolet-visible (UV-Vis) spectra were recorded from 300 to 700 nm 

using a bandwidth of 5 nm. Partition and hemolysis assays were performed on a Cytation 

3 imaging reader from BioTek Instruments. 

 

6.2.3. Synthesis and characterization of GUMBOS 
RB-based GUMBOS were synthesized using a single-step ion-exchange metathesis 

reaction (29). Sodium cations of RB dye were exchanged with BDHA+, C16Py+, and CHX2+ 

(Table 6.1). Following a procedure similar to that described by Cole et al., both cation and 

anion were dissolved in water, or a mixture of water and IPA, and stirred for 48 h in the dark 

at room temperature (24). The resulting precipitates were washed several times with cold 

water to remove excess dye and by-products. Washed precipitates were then freeze-dried. 

NMR, FTIR, and MS provided structural information on the synthesized compounds. TGA 

was used to investigate their thermal stability. Detailed characterization data can be found 

in Supplementary Material (Figs. S6.1 and S6.2, and Tables S6.1–S6.3).
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Table 6.1. Chemical structures and molar ratios of the ions used in GUMBOS synthesis. 

 

 

GUMBOS Cation Anion Molar ratio 
(Cation:Anion) 

[BDHA]2[RB]  
Benzyldimethylhexadecylammonium 

[BDHA] 

 
Rose bengal 

[RB] 

2:1 

[C16Py]2[RB] 
 

Cetylpyridinium 
[C16Py] 

[CHX][RB] 
 

Chlorhexidine 
[CHX] 

1:1 
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6.2.4. Micellar/water partitioning 
The lipophilicities of synthesized RB-GUMBOS and parent RB dye were further evaluated 

through determination of micelle/water partition coefficients (Kp) by derivative UV-Vis 

spectrophotometry, as previously described (30, 31). Briefly, 50 µL of each GUMBOS 

solution in HEPES buffer (final concentration = 8 µmol L-1) were added to a microplate 

containing increasing concentrations of HePC (0–200 µmol L-1). References were prepared 

according to the same procedure but in the absence of GUMBOS, which was replaced by 

HEPES buffer. After an incubation period of 30 min at 37 ºC, spectra were collected from 

450 to 650 nm. Data analyses were performed using the Kp calculator spreadsheet 

developed by Magalhaes and coworkers (30). First, each reference spectrum was 

subtracted from the corresponding sample spectrum, and then a second derivative 

spectrum was generated to minimize the effects of light scattering from HePC micelles and 

improve the resolution of overlapping bands (32). Second derivative values measured at 

560 nm (wavelength at which light scattering was negligible) were plotted against HePC 

concentrations, and Kp (mol L-1) was determined by fitting Eq. 1 to experimental data using 

a nonlinear least-squares regression method (30): 

 

DT = DW +  
(DL−DW)Kp[L]

1 + Kp[L]
               (1) 

 

where D is the second derivative intensity obtained from absorbance values of the total 

amount of GUMBOS (DT), and GUMBOS in the lipid (DL) and aqueous (DW) phases. [L] is 

the concentration of HePC and Kp the partition coefficient (both expressed in mol L−1). 

 

6.2.5. Bacterial strains and growth conditions 
The Gram-positive and Gram-negative bacterial strains used in this study were the 

following: Staphylococcus aureus (S. aureus) DSM 2569 (susceptible strain), S. aureus 

ATCC 6538 (biofilm-forming strain), methicillin-resistant S. aureus (MRSA) ATCC 33592, 

Enterococcus faecalis (E. faecalis) ATCC 29212, Pseudomonas aeruginosa (P. 

aeruginosa) DSM 1117, and Escherichia coli (E. coli) ATCC 25922. DSM and ATCC strains 

were purchased from DSMZ-German Collection of Microorganisms and Cell Cultures 

GmbH (Braunschweig, Germany) and American Type Culture Collection (Manassas, VA), 

respectively. 

All strains were cultured on TSA plates for 24 h at 37 ºC and then grown overnight (16–18 

h) on TSB medium at the same temperature under agitation (150 rpm). Subsequently, 

bacteria were harvested by centrifugation (2500 g, 10 min), washed with phosphate-

buffered saline (0.1 mol L-1, pH 7.4), and their concentrations adjusted to 1×108 CFU mL-1 
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(OD600 nm = 0.1) using MHB-II medium. Before evaluating the antibacterial activity of 

synthesized compounds, bacterial suspensions were further diluted to 2×105 CFU mL-1 in 

the same medium. 

 

6.2.6. Antibacterial activities of synthesized GUMBOS 
The minimum inhibitory concentration (MIC) of RB-based GUMBOS, parent compounds, 

and unreacted mixtures were determined using the micro-broth dilution method described 

by Wiegand et al. (33), which follows CLSI (34) and EUCAST (35) guidelines. Briefly, 150 

µL of each compound were added to a 96-well microplate (non-treated, round bottom) 

containing bacterial suspension at a final concentration of 1×105 CFU mL-1, and then serial 

two-fold dilutions were performed to obtain concentrations ranging from 512 to 0.25 µg mL-

1. After incubation for 24 h at 37 ºC, MIC was recorded as the lowest concentration inhibiting 

bacterial growth (absence of turbidity and pellet formation). The minimum bactericidal 

concentration (MBC) was assessed by plating on TSA medium the content of the first three 

wells where no growth was observed. Subsequently, plates were incubated for 24 h at 37 

ºC and the number of colony-forming units (CFU) was counted. MBC was defined as the 

lowest concentration of compound killing 99.9% of the initial inoculum. Experiments were 

also conducted in the presence of light for comparison purposes, and S. aureus DSM 2569, 

E. faecalis ATCC 29212, P. aeruginosa DSM 1117, and E. coli ATCC 25922 were used as 

model bacteria. The microplate was irradiated for 30 min using an in-house developed light 

source, which consists of gallium phosphate green light-emitting diodes (LEDs) attached to 

a polymethyl methacrylate surface and achieves an illuminance of 3500 lux (Table S6.1). 

 

6.2.7. Hemolysis assay 
Before assessing the hemolytic effects of synthesized compounds, fresh blood samples 

collected from four healthy volunteers and kindly provided by “Serviço de Hematologia 

Clínica, Centro Hospitalar Universitário do Porto”, were centrifuged for 5 min at 955 g and 

4 ºC using an Allegra X-15R centrifuge. The upper layers (plasma and buffy coat) were 

carefully removed and discarded, and the sedimented red blood cells (RBCs) were washed 

three times with 0.85% (w/v) NaCl. Subsequently, RBCs were diluted to a final 

concentration of 4% (v/v) in the same saline solution, and 100 µL of the resultant suspension 

were seeded into a 96-well plate. An equal volume of each concentration of GUMBOS and 

controls was added to the respective wells and incubated for 1 h at 37 ºC. The supernatant 

containing hemoglobin released from lysed RBCs was transferred to a new plate, and 

absorbance was measured at 415 and 690 nm. Finally, the percentage of hemolysis was 

calculated using the following equation: 
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Hemolysis (%) = Abssample−Absnegative control

Abspositive control−Absnegative control
× 100               (2) 

 

where Abs is the corrected absorbance obtained by subtracting the absorbance at 690 nm 

from that measured at 415 nm. RBCs in 0.85% NaCl were used as the negative control, 

while RBCs treated with 1% (v/v) TritonTM X-100 served as the positive control (100% 

hemolysis). 

The same procedure was followed to determine the percentage of hemolysis caused by the 

parent compounds and unreacted stoichiometric mixtures. 

 

 

6.3. Results and discussion 
 

6.3.1. Structural characterization and thermal stability of the synthesized 
GUMBOS 
The chemical structures of synthesized compounds were determined by analysis of NMR 

(1H and 13C), FTIR, and HRMS data. Proton and carbon chemical shifts were assigned 

based on 1D and 2D 1H–1H COSY (correlation spectroscopy), 1H–13C HSQC (heteronuclear 

single quantum coherence), and 1H–13C HMBC (heteronuclear multiple bond coherence) 

experiments. Integration of proton NMR signals further confirmed the expected 

stoichiometric ratio of cation to anion, which was determined as 2:1 for [BDHA]2[RB] and 

[C16Py]2[RB], and 1:1 for [CHX][RB]. Peaks corresponding to the starting materials were 

observed in the FTIR spectra of the resulting GUMBOS (Fig. S6.1). For example, the 

characteristic peaks of RB dye appear around 1626, 1544, 1450, and 1344 cm-1, indicating 

the presence of a –C=O group and aromatic C=C bonds in synthesized compounds (36, 

37). Analyses of the positive ion mode mass spectra showed peaks at m/z values of 

360.3632, 304.3005, and 253.1097, which correspond to BDHA, C16Py, and CHX cations. 

RB anion was detected in the negative ion mode for all synthesized GUMBOS. Moreover, 

good agreement was found between experimental and theoretical masses (Table S6.2). 

The thermal behavior of RB-based GUMBOS was examined using TGA. Fig. S6.2 shows 

the weight loss curves for all compounds and Table S6.3 lists the temperatures at which 

their weight was reduced by 50% (T50%). It was determined that thermal stability is affected 

by the nature of the cation, i.e., the thermal stability increased in the following order: 

[BDHA]2[RB] < [C16Py]2[RB] < [CHX][RB]. This result is in line with previous reports for the 

impact of cation on thermal stability of ionic compounds (38-40). In particular, the highest 

thermal stability observed for the [CHX][RB] GUMBOS is likely the result of an increased 
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number of aromatic rings and extended conjugation in the case of CHX. 

 

6.3.2. UV-Vis spectral properties of RB-based GUMBOS 
The optical properties of synthesized compounds were investigated using UV-Vis 

spectroscopy. As shown in Fig. 6.1, the absorption profile of RB-based GUMBOS is similar 

to that of [Na]2[RB] with an intense band at 565 nm, a shoulder at 526 nm, and a lower 

intensity band at approximately 330 nm (41, 42). These absorption bands can be assigned 

to the origin, S0→S1, and S0→S2 transitions, respectively (41). Moreover, the increase in 

absorbance can be explained by the surfactant properties of the cations used to form 

GUMBOS. Other groups have reported changes in the spectral properties of RB upon 

addition of surfactants (43, 44). 

 

 
Fig. 6.1. UV-Vis absorption spectra of [Na]2[RB] and RB-based GUMBOS (2 µmol L-1) in DMSO. 

 

6.3.3. Melting point and lipophilicity of the synthesized compounds 
The impact of cation exchange on GUMBOS physicochemical properties was evaluated 

through determination of their melting point and lipophilicity. It was found that the exchange 

of Na+ by BDHA+, C16Py+, and CHX2+ (large organic cations) led to a reduction in the melting 

point (Table S6.4), thus corroborating previous findings (29, 45). The decrease in melting 

point was less pronounced for [CHX][RB] than for other GUMBOS and can be attributed to 

the stoichiometric ratio of cation to anion as well as to cation symmetry, which results in a 

higher degree of lattice matching and stronger ionic interactions. Additionally, the similarity 

between melting point ranges of [BDHA]2[RB] and [C16Py]2[RB] could be attributed to the 

length of the side chain (n = 15 in both cations) (28, 46, 47). 

In order to assess the lipophilicity of synthesized compounds, partition coefficients were 

measured using HePC micelles as model membranes. Fig. 6.2 shows an example of the 

absorption (A) and second derivative (B) spectra of [CHX][RB] as well as the variation of 
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second derivative values (λ = 560 nm) with increasing concentrations of lipid (C). The 

partition coefficients determined for [Na]2[RB] and RB-based GUMBOS are listed in Table 

6.2. Analyses of data suggest that lipophilicity is affected by cation’s chemical structure, 

similar to what has been reported for other GUMBOS (29, 45). Additionally, the surfactant 

properties of BDHA+ and CHX2+ may help explain the reduction in GUMBOS lipophilicity as 

compared to the parent dye ([Na]2[RB]). For example, Jabbari and Teymoori demonstrated 

that the partition coefficient of gemfibrozil and ibuprofen decreases in the presence of 

surfactants, which follows an opposite trend to that observed for solubility (48). 

 
Table 6.2. Partition coefficients (expressed as Kp and logD) of [Na]2[RB] and RB-based GUMBOS in 

micelles of HePC at pH 7.4 and 37 ºC. Results are the mean ± standard deviation of three replicates. 

Compound Kp (L mol-1) Kpa logD 

[Na]2[RB] 32344 ± 649 79664 ± 1598 4.90 ± 0.01 

[BDHA]2[RB] 24910 ± 1715 61355 ± 4224 4.79 ± 0.03 

[C16Py]2[RB] 38792 ± 3246 95546 ± 7995 4.98 ± 0.04 

[CHX][RB] 11722 ± 501 28871 ± 1233 4.46 ± 0.02 

a Dimensionless values were obtained by dividing molar partition coefficients by HePC molar volume 

(0.406 L mol-1) (30). 
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Fig. 6.2. (A) Absorption and (B) second derivative spectra of [CHX][RB] (8 µmol L-1) in the absence 

(  ) and presence of increasing concentrations of HePC (  ), and micelles without GUMBOS (  ). (C) 

Plot of second derivative values at 560 nm as a function of HePC micellar concentration and their fit 

using a nonlinear least squares regression method. Note: Some error bars are smaller than the 

corresponding markers. 
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6.3.4. Antibacterial activities of RB-based GUMBOS 
Following the characterization of synthesized GUMBOS, their antibacterial activities against 

Gram-positive and Gram-negative bacteria in the absence and presence of light were 

evaluated. Results (Table S6.5) showed that, in most cases, exposure to green light does 

not potentiate the antibacterial effect of tested compounds. For this reason, along with 

advantages in terms of time, costs, and technical simplicity, it was decided to proceed with 

studies in the absence of irradiation. 

RB-based GUMBOS were found to be equally or more effective than parent compounds 

and unreacted mixtures towards S. aureus DSM 2569 and E. faecalis, with MIC and MBC 

values in the range of 2–0.5 and 4–0.5 μg mL-1, respectively (Table 6.3). S. aureus ATCC 

6538 and MRSA were slightly less susceptible than the non-resistant strain (i.e., S. aureus 

DSM 2569). Analysis of results further revealed that P. aeruginosa was not susceptible to 

either RB-GUMBOS or unreacted mixtures, suggesting that the selected antiseptics do not 

potentiate the antibacterial activity of RB either as a reacted ion pair or a mixture for this 

microbe. This result is not surprising since P. aeruginosa has shown decreased 

susceptibility and resistance to many antimicrobial agents, including quaternary ammonium 

compounds and biguanides (49-51). Moreover, several authors have reported that RB is 

more active against Gram-positive (e.g., S. aureus) than Gram-negative (e.g., P. 

aeruginosa and E. coli) bacteria, which can be attributed to differences in composition and 

structure of the cell envelope (52-55). For example, LPS is the major component of the 

external leaflet of the Gram-negative outer membrane and forms a permeability barrier to 

large, hydrophobic, and anionic compounds such as RB (21, 56-58). 

Among the synthesized GUMBOS, [CHX][RB] was determined to be the most effective 

against Gram-positive bacteria and E. coli, with the latter exhibiting a MIC of 8–1 μg mL-1 

(64 times lower than that of the corresponding unreacted mixture and [Na]2[RB]). These 

findings can be explained as the result of different stoichiometric ratios of precursor ions 

(1:1 versus 2:1) and their impact on the structural configuration of GUMBOS (24). 

Additionally, the lower lipophilicity of [CHX][RB] can lead to greater penetration into E. coli 

cells and result in increased antibacterial efficacy (21, 59). The susceptibility of S. aureus 

to CHX is not affected by its mixture with RB. However, RB-GUMBOS were determined to 

improve bactericidal activity when compared to the unreacted mixture. It is worth noting that 

S. aureus isolates with reduced susceptibility to CHX are characterized by a MIC equal to 

or greater than 4 μg mL-1 (60, 61). 
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Table 6.3. MICs and MBCs (μg mL-1) of GUMBOS, parent compounds, and unreacted stoichiometric mixtures against Gram-positive and Gram-negative 

bacteria. 

 

 

  Bacterial species 

  Gram-positive Gram-negative 
  S. aureus S. aureus MRSA E. faecalis P. aeruginosa E. coli 
  DSM 2569 ATCC 6538 ATCC 33592 ATCC 29212 DSM 1117 ATCC 25922 
  MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

GUMBOS 

[BDHA]2[RB] 2–1 2 8–2 16–8 4–2 8–4 1–0.5 1–0.5 >512 >512 >512 >512 

[C16Py]2[RB] 1–0.5 4–1 2–1 16–2 2 8–4 0.5 0.5 >512 >512 >512 >512 

[CHX][RB] 0.5 4–1 1 16–4 2 32–16 0.5 1–0.5 >512 >512 8–1 64–8 

Parent 
compounds 

[Na]2[RB] 8–4 8 4 8–4 2 4–2 4–2 4–2 >512 >512 >512 >512 

[BDHA][Cl] 0.5 2 0.5 4–2 1 2 0.5 1–0.5 32 256–128 4–8 32–16 

[C16Py][Cl] 0.5 2 0.5 2–1 4–1 16–8 0.5 2–0.5 128–64 256–128 8 16 

[CHX][CH3COO]2 0.5 2 0.5 2 0.5 2 2–0.5 4–1 2 8 0.5 16–4 

Unreacted 
mixtures 

2 BDHA:1 RB 2–1 4–2 1–0.5 4–1 2–1 16–2 4–2 1 >512 >512 >512 >512 

2 C16Py:1 RB 0.5 2 2–1 16–4 2 4–2 0.5 0.5 >512 >512 >512 >512 

1 CHX:1 RB 0.5 8 1–0.5 16–8 2–0.5 2–0.5 1–0.5 1–0.5 >512 >512 >512 >512 
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6.3.5. Hemocompatibility of the synthesized GUMBOS 
In order to evaluate the hemocompatibility of RB-based GUMBOS and further determine if 

they are safe for clinical use in humans, a hemolysis assay was performed. Human RBCs 

were used as a model system for studying the hemolytic effects of synthesized RB-

GUMBOS as well as their starting materials and unreacted stoichiometric mixtures (Fig. 

6.3). RB-based GUMBOS (Fig. 6.3A) were found to be more hemocompatible than the 

corresponding parent compounds (Fig. 6.3B). Moreover, [CHX][RB] showed decreased 

hemolytic activity as compared to the unreacted mixture (Fig. 6.3C), producing a percentage 

of hemolysis lower than 5% as recommended by ASTM F756-17 (62). This finding can be 

explained by the reduced lipophilicity of [CHX][RB] (about three times lower than that of 

[Na]2[RB]), which limits its ability to penetrate the RBCs membrane (63, 64). As a result of 

its improved hemocompatibility and extended antibacterial activity, it was determined that 

[CHX][RB] GUMBOS may be a potentially valuable alternative for treating bacterial 

infections. 

 



Chapter 6   

222 
 

~  

 
Fig. 6.3. Percentage of hemolysis (mean ± standard deviation) after incubation of human RBCs with 

different concentrations of (A) GUMBOS, (B) starting materials, and (C) unreacted mixtures. RBCs 
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in saline solution (0.85%) and TritonTM X-100 (1% v/v) were used as negative and positive controls, 

respectively. Statistically significant differences between each concentration and the negative control 

(untreated RBCs) were assessed using the non-parametric Kruskal-Wallis test (*P < 0.05). Dash line 

represents 5% hemolysis. 

 

 

6.4. Conclusions 
In this study, three RB-based GUMBOS were prepared using a single-step ion-exchange 

metathesis reaction. The properties of these RB-GUMBOS were studied, and their potential 

efficacy as antibacterial agents was examined. The synthesized GUMBOS proved to be 

equally or more effective than parent compounds and unreacted mixtures towards S. aureus 

DSM 2569 and E. faecalis. Moreover, [CHX][RB] was found to be active against the Gram-

negative E. coli, with a MIC that is 64 times lower than that of RB dye and the corresponding 

unreacted mixture. The [CHX][RB] GUMBOS was also determined to produce the lowest 

percentage of hemolysis (< 5%) among all tested compounds and mixtures; thus, these 

results demonstrate that RB properties can be easily tuned by changing the cation. 

Additionally, the simplicity of the synthetic procedure and the possibility to strategically 

incorporate different biologically active cations, make this method a promising tool for 

development of cost-effective alternatives to RB. The obtained results further confirm the 

potential of this GUMBOS approach to improve antibacterial efficacy against Gram-positive 

strains and expand the spectrum of action towards Gram-negative bacteria. 
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SUPPLEMENTARY MATERIAL 
 

 

Characterization of RB-based GUMBOS 
 

[BDHA]2[RB] 
1H NMR (400.15 MHz, CDCl3, ppm): δ 7.57 (s, 2H, H4’’, H5’’); 7.38 (m, 2x 5H, -CH2-Bn); 

4.41 (s, 2x 2H, 1’ -NCH2-); 3.16 (s, 2x 2H, 1 -NCH2-); 2.94 (s, 2x 6H, -N(CH3)2); 1.74 (s, 2x 

2H, 2 -CH2-); 1.25 (s, 2x 26H, 3-15 -CH2-); 0.88 (t, J 6.4, 2x 3H, -CH3). 13C NMR (100.62 

MHz, CDCl3, ppm): δ 172.8 (C2’’, C7’’); 158.0 (C1a’’, C8a’’); 144.5 (C1’’’); 137.8 (C4’’, C5’’); 

133.2, 130.8, 129.4 (-CH2-Bn); 134.3, 126.9, 122.2, 116.4, 112.1 (aromatic Cq from 

xanthene core and Cl-substituted ring); 96.7 (C3’’, C6’’); 68.0 (1’ -NCH2-); 63.9 (1 -NCH2-); 

49.7 (-N(CH3)2); 29.5 (3-15 -CH2-); 22.9 (2 -CH2-); 14.2 (-CH3). 

 

[C16Py]2[RB] 
1H NMR (400.15 MHz, CDCl3, ppm): δ 8.94 (d, 2x 2H, -Py); 8.32 (t, 7.6, 2x H, -Py); 7.88 (t, 

7.1, 2x 2H, -Py); 7.47 (s, 2H, H4’’, H5’’); 4.56 (t, 7.7, 2x 2H, 1-NCH2-); 1.91 (t, 7.3, 2x 2H, 2 

-CH2-); 1.22 (m, 2x 26H, 3-15 -CH2-); 0.88 (t, 6.9, 2x 3H, -CH3). 13C NMR (100.62 MHz, 

CDCl3, ppm): δ 172.8 (C2’’, C7’’); 158.0 (C1a’’, C8a’’); 144.9 (C1’’’); 137.8 (C4’’, C5’’); 145.4, 

128.8 (-Py); 112.3 (aromatic Cq from xanthene core); 96.9 (C3’’, C6’’); 62.9 (1 -CH2-); 32.3 

(2 -CH2-); 30.0, 29.9, 26.6, 23.1 (3-15 -CH2-); 14.3 (-CH3). 

 

[CHX][RB] 
1H NMR (400.15 MHz, DMSO-d6, ppm): δ 9.79, 9.52 (s, 2x 1H, -NH-); 7.99, 7.63 (s, 2x 2H, 

-NCH2-); 7.36 (s, 2H, H4’’, H5’’); 7.29 (s, 2x 4H, -Bn); 7.10, 6.82 (s, 2x 3H, -NCH3
+-); 1.43, 

1.24 (s, 12H, H1-6). 13C NMR (100.62 MHz, DMSO-d6, ppm): δ 172.2, 157.8 (C=O, RB); 

137.6 (C4’’, C5’’); 129.1, 122.3, 111.4 (-Bn); 97.1, 75.9 (C3’’, C6’’); 26.5 (C1-6). 
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Fig. S6.1. Overlay of FTIR spectra of bulk materials (green and pink) and resulting GUMBOS (grey): 

(A) [BDHA]2[RB], (B) [C16Py]2[RB], and (C) [CHX][RB]. 
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Fig. S6.2. TGA spectra of RB-based GUMBOS
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Table S6.1. Green LED irradiation parameters. 

 

 

 

 

 

 
a Distance from the top of the microplate. 

 

 

Table S6.2. ESI-MS analysis of synthesized GUMBOS. 

 

 
Table S6.3. TGA data of RB-based GUMBOS. 

 

 

 
 

a T50% = 50% weight loss temperature. 
 

 
Table S6.4. Melting point range (ºC) of synthesized compounds. 

 

 

 

 
For [Na]2[RB], m.p. > 300 ºC (Thermo Fisher Scientific). 

 

 
 

Peak wavelength 565 nm 

Output current 15 mA 

Luminous flux 220 lm 

Emission angle 120º 

Distancea 5 cm 

Illuminance 3500 lux 

GUMBOS 
Ionic formula ESI-MS (positive mode) ESI-MS (negative mode) 

Cation Anion 
Expected 

mass (m/z) 
Obtained 

mass (m/z) 
Expected 

mass (m/z) 
Obtained 

mass (m/z) 

[BDHA]2[RB] C25H46N+ 

C20H3Cl4I4O5- 

360.3625 360.3632 

972.4889 

972.4975 

[C16Py]2[RB] C21H38N+ 304.2999 304.3005 972.4967 

[CHX][RB] C22H32Cl2N102+ 253.1089 253.1097 972.4956 

GUMBOS T50% (ºC)a 

[BDHA]2[RB] 255 

[C16Py]2[RB] 269 

[CHX][RB] 352 

GUMBOS Melting range (ºC) 

[BDHA]2[RB] 85–100 

[C16Py]2[RB] 90–110 

[CHX][RB] 209–215 
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Table S6.5. MICs and MBCs (μg mL-1) of GUMBOS (A), parent compounds (B), and unreacted stoichiometric mixtures (C) against Gram-positive and Gram-

negative bacteria. For comparison purposes, experiments were conducted in the presence and absence of light. 

a Exposure to green light for 30 min. 
b Dark conditions. 

 

  Bacterial species 

  Gram-positive Gram-negative 

  S. aureus DSM 2569 E. faecalis ATCC 29212 P. aeruginosa DSM 1117 E. coli ATCC 25922 

  MICa MBCa MICb MBCb MICa MBCa MICb MBCb MICa MBCa MICb MBCb MICa MBCa MICb MBCb 

A 

[BDHA]2[RB] 2 32 2–1 2 1 1 1–0.5 1–0.5 >512 >512 >512 >512 >512 >512 >512 >512 

[C16Py]2[RB] 1 2 1–0.5 4–1 0.5 0.5 0.5 0.5 >512 >512 >512 >512 >512 >512 >512 >512 

[CHX][RB] 0.5 2 0.5 4–1 0.5 0.5 0.5 1–0.5 >512 >512 >512 >512 1 4 8–1 64–8 

B 

[Na]2[RB] 4 4 8–4 8 4 4 4–2 4–2 >512 >512 >512 >512 >512 >512 >512 >512 

[BDHA][Cl] 0.5 2 0.5 2 0.5 1 0.5 1–0.5 32 128 32 256–128 4 8 8–4 32–16 

[C16Py][Cl] 0.5 8 0.5 2 0.5 2 0.5 2–0.5 128 256 128–64 256–128 8 8 8 16 

[CHX][CH3COO]2 0.5 2 0.5 2 0.5 4 2–0.5 4–1 2 8 2 8 0.5 >4 0.5 16–4 

C 

2 BDHA:1 RB 1 16 2–1 4–2 1 1 4–2 1 256 >512 >512 >512 >512 >512 >512 >512 

2 C16Py:1 RB 0.5 2 0.5 2 0.5 0.5 0.5 0.5 >512 >512 >512 >512 >512 >512 >512 >512 

1 CHX:1 RB 0.5 8 0.5 8 32 32 1–0.5 1–0.5 >512 >512 >512 >512 >512 >512 >512 >512 
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spectrophotometric method for toxicity screening: application 

to ionic liquids, GUMBOS, and deep eutectic solvents 

 
 

 

 

 
 

 

Highlights 
• A yeast-based spectrophotometric assay was implemented using an SIA flow 

system. 

• This assay was applied toward toxicity evaluation of ILs, GUMBOS, and DESs. 

• IC50 values correlated with compound structures and observed toxicities. 

• The developed method may be used as an alternative tool for toxicity screening. 
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Abstract 
Saccharomyces cerevisiae has been used as a eukaryotic model organism for studying the 

toxic effects of various compounds. In this context, an automated spectrophotometric 

method based on the enzymatic reduction of methylene blue dye to a colorless product by 

living yeast cells was implemented in a sequential injection analysis system. Loss of yeast 

viability/impaired metabolic activity was monitored by an increase in optical density at 664 

nm. To prove the usefulness of this approach, the toxicity of ILs (ionic liquids), GUMBOS 

(group of uniform materials based on organic salts), and DESs (deep eutectic solvents) was 

examined. Differences obtained between IC50 values confirmed the impact of structural 

elements on each compounds’ toxicity. While DESs appeared to be less toxic than ILs, 

GUMBOS were found to be among the most toxic compounds to yeast cells and thus can 

be viewed as promising antimicrobial candidates. The automated methodology showed 

satisfactory repeatability and reproducibility (RSD < 9%), which is in good agreement with 

Green Chemistry principles. In fact, the method required consumption of only 40 µL of 

reagents and produced less than 2 mL of effluents per cycle. Thus, the developed assay 

can be used as an alternative tool for toxicity screening. 

 

Keywords: Deep eutectic solvents; GUMBOS; Ionic liquids; Saccharomyces cerevisiae; 

Toxicity. 
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7.1. Introduction 
European Union regulation No 1907/2006, concerning registration, evaluation, 

authorization, and restriction of chemicals (REACH), is intended to protect both the 

environment and human health from hazardous substances. Furthermore, this regulation 

encourages reduction of testing on vertebrate animals (e.g., mammals and fish), by 

suggesting alternative methods such as structure-activity relationship models or in vitro 

experiments (1). In this regard, enzymatic inhibition and cell-based assays have proven to 

be useful for toxicity screening, with distinct advantages including simplicity, rapidity, and 

cost-saving. These methods also avoid ethical and reliability issues regarding animal 

research. In fact, interspecies differences and stress-induced changes in physiological 

parameters can limit the usefulness of animal data for predicting human toxicity (2, 3). 

Due to short generation times, rapid growth in inexpensive media, as well as industrial and 

environmental relevance, microorganisms have been used as indicators of toxicity of 

chemicals. Yeasts, Gram-negative and Gram-positive bacteria are among the most used 

microorganisms for such applications and can provide further insights into chemical 

mechanisms of action (4, 5). The budding yeast Saccharomyces cerevisiae (S. cerevisiae) 

offers several advantages over other toxicity models, including simple structure, high 

homology to mammalian systems, and a fully sequenced genome that can be easily 

manipulated. In addition, this eukaryotic model organism tolerates a wide range of 

temperature and pH values, in addition to simple and inexpensive handling (6-8). S. 

cerevisiae has been used to study the toxic effects of several organic/inorganic compounds 

and nanoparticles, including ionic liquids (9, 10), selenium (11), cadmium (12), silver and 

copper oxide nanoparticles (13, 14). 

Several methods have been employed for determining yeast viability, e.g., the percentage 

of living cells in a suspension upon exposure to toxic compounds. One of the most 

frequently used, and the standard in microbiology, is based on counting the number of 

colony-forming units (CFU) on agar plates, which reflects the number of living cells in a 

given suspension. However, this method is laborious, time-consuming, and often 

inaccurate. In this regard, there are also commercially available staining kits to assess 

live/dead cells, that rely on measuring other parameters such as metabolic activity or cell 

membrane integrity. However, these methods are relatively expensive, demand specialized 

equipment and a trained operator (15-17). Due to its unique mode of operation, sequential 

injection analysis (SIA) appears to be a suitable approach for evaluation of yeast viability 

and toxicity screening. In fact, since the selection valve, propulsion device, and detector are 

all automated, it is possible to precisely control assay conditions, reduce the need for 

operator intervention, and ensure good measurement reproducibility. Additionally, this flow 
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technique allows reduction in reagent consumption and waste generation (18, 19). Several 

studies have already confirmed that SIA is a cost-effective tool for implementation of 

bioassays using whole cells and their application to toxicity studies (20-22). 

The interest in ILs as environmentally friendly alternatives to conventional organic solvents 

is motivated by their unique features, namely low vapor pressure and flammability, great 

thermal and chemical stability, as well as unique solvation capability for both polar and 

nonpolar molecules (23, 24). However, several studies have demonstrated that ILs are not 

as innocuous as initially believed, with some being poorly biodegradable and highly toxic 

(25). Deep eutectic solvents (DESs) have emerged as alternatives that overcome some 

limitations associated with ILs. For example, DESs can be easily prepared by mixing a 

hydrogen bond acceptor (HBA) with a hydrogen bond donor (HBD) at an appropriate molar 

ratio followed by heating under mild conditions, and thus avoiding purification steps. 

Additionally, a large number of biodegradable, cheap, and renewable compounds can be 

used as HBAs or HBDs, making these solvents less expensive and more sustainable than 

ILs (26, 27). 

Although increasing attention has been placed on use of ILs and DESs, much less 

importance has been given to ‘GUMBOS’ (group of uniform materials based on organic 

salts). These novel materials are solid-state analogues of ILs and have thus expanded the 

number of possible applications of ionic liquid chemistry (28, 29). However, additional 

toxicity studies are required to clarify the effects of DESs and GUMBOS on the environment 

and human health to determine if they are safer than ILs. The aim of the study presented 

here is to develop an automated yeast-based assay that may be applicable as alternative 

screening tool for evaluating the toxicity of chemical compounds in early stages of 

development. To prove the suitability of this method, the toxic effects of ILs, GUMBOS, and 

DESs were assessed. 

 

 

7.2. Materials and methods 
 

7.2.1. Reagents 
Benzyldimethylhexadecylammonium chloride and methylene blue (MB) were purchased 

from Alfa Aesar and Riedel-de Häen, respectively. Glucose and dimethylsulfoxide (DMSO) 

were obtained from Merck. All other reagents were purchased from Sigma-Aldrich and used 

without further purification. 

Phosphate buffer (0.1 mol L-1, pH 5.8) was prepared by mixing 460 mL of a 0.2 mol L-1 

NaH2PO4 solution with 40 mL of a Na2HPO4 solution of the same concentration, and further 



  Chapter 7 

239 
 

~  

diluting to 1 L using high purity water (Milli-Q, resistivity of 18.2 MΩ.cm). This buffer solution 

was employed as carrier in the flow system and used for preparation of a 0.20 mmol L-1 MB 

solution. For the yeast-based assay, solutions with increasing concentrations of ILs and 

DESs (from 25 to 2500 µmol L-1), were prepared daily in the same buffer. The poorly-water 

soluble EB-based GUMBOS were first dissolved in DMSO, and then working standards 

were obtained by diluting the stock solution with phosphate buffer (2% DMSO final 

concentration). 

 

7.2.2. Synthesis of GUMBOS and DESs 
EB-based GUMBOS were prepared using a simple metathesis reaction (30). The sodium 

cations of EB dye were exchanged using three bulky organic cations (BAC, 

benzyldimethylhexadecylammonium; N11116, hexadecyltrimethylammonium; and P4444, 

tetrabutylphosphonium) at a molar ratio of 1.1 to 2. Both cation and anion were dissolved 

using phosphate buffer pH 7.4 and then stirred for 24 h at room temperature. Finally, 

GUMBOS were washed several times with water to remove any byproduct and 

subsequently freeze-dried. 

DESs were synthesized using procedures reported in the literature (31-33). Briefly, eutectic 

mixtures were prepared by stirring and heating the two components in an oil bath at 80/100 

ºC until a homogeneous liquid was obtained. The compounds 1-butyl-3-methylimidazolium 

chloride ([bmim][Cl]), choline chloride ([chol][Cl]), and tetrabutylammonium chloride 

([N4444][Cl]) were used as HBAs, and mixed with zinc chloride (ZnCl2), urea (U), and glycerol 

(Gly), at respective molar ratios of 1:1, 1:2, and 1:5. The synthesized compounds were 

vacuum dried prior to toxicity evaluation, and then stored in an anhydrous atmosphere until 

further use. Chemical structures, names, and abbreviations of the ions, HBAs, and HBDs 

used to form the ILs, GUMBOS, and DESs tested in this work are provided in Fig. S7.1. 

 

7.2.3. Yeast strain and culture conditions 
S. cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) used in this study was grown 

on YPDA plates (1% w/v yeast extract, 2% w/v bacto-peptone, glucose, and agar) at 30 ºC 

for 48 h, and further maintained at 4 ºC for 2 weeks. Prior to toxicity testing, S. cerevisiae 

cells were subcultured in medium of the same composition, but without agar (YPD medium), 

and incubated overnight using a shaking water bath (30 ºC, 100 rpm). Cells from the mid-

exponential growth phase (OD600nm = 0.5-0.6) were separated into two fractions, one of 

which was boiled for 2 min. Five different mixtures of heat-killed and living S. cerevisiae 

cells (Vf = 2 mL) were also prepared and used as viability standards. Afterwards, yeast cells 

were harvested by centrifugation (5250 g, 15 min), washed twice with 4 mL of phosphate 
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buffer solution (0.1 mol L-1, pH 5.8), and resuspended in 2 mL of the same buffer. Cell 

suspensions and MB dye were then alternatively aspirated into the flow system. 

 

7.2.4. Toxicity assessment 
For toxicity evaluation, yeast cells from the original culture medium (OD600nm = 0.5-0.6) were 

harvest and washed as described in the subsection above. Then, pellets were resuspended 

in 200 µL of tested compounds (10–2500 µmol L-1 concentration range) and incubated for 

a 2 h period at room temperature. In parallel, an equal volume of acetic acid solution (180 

mmol L-1, pH 3.0) was added to a tube containing the same cell concentration. This tube 

served as a positive control since acetic acid is known to induce loss of cell viability in S. 

cerevisiae (34). To further assess the effect of DMSO on cell viability, yeast cells were 

treated with the same percentage of organic solvent (2%), which caused only a slight loss 

of yeast viability, similar to what has been previously reported (35). After the incubation 

time, cells were harvest, washed twice, and resuspended in the same volume (2 mL) of 0.1 

mol L-1 phosphate buffer (pH 5.8). These cell suspensions were then used to build dose-

response curves of ILs, GUMBOS, and DESs. 

 

7.2.5. Flow apparatus 
The SIA system used for evaluating yeast cell viability upon exposure to tested compounds 

is depicted in Fig. 7.1. This system comprises a bi-directional syringe pump (Crison Burette 

1S, Alella, Spain) and a 10-port multiposition Cheminert® selection valve (VICI-Valco 

Instruments, Houston, USA). The automatic burette was equipped with a single 5 mL glass 

syringe (Hamilton, Bonaduz, Switzerland), which was connected to a solenoid valve. Optical 

density (OD) measurements were acquired using an Ocean Optics USB4000 spectrometer 

fitted with an LS-1-LL tungsten halogen light source and a 1 cm cuvette holder (CH), where 

a flow cell was placed with internal volume of 18 µL (Hellma 178.712-QS, Müllheim, 

Germany). The CH was connected to the light source and miniature spectrometer using two 

optical fibers with a core diameter of 600 µm (Ocean Optics, QP600-2-UV-BX). 

All flow lines, including the holding and reaction coils (HC and RC), were constructed using 

polytetrafluoroethylene tubing of 0.8 mm internal diameter. Both HC and RC were shaped 

using a figure eight configuration and respective lengths of 2 and 0.15 m. The syringe pump 

(SP), multiposition selection valve (MSV), and spectrometer were connected to a computer 

using a RS-232C interface and controlled using homemade software written in Visual Basic 

(22). Data acquisition was performed using Ocean Optics’ SpectraSuite software. 
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Fig. 7.1. Schematic representation of the SIA system used to evaluate yeast cell viability. C, carrier 

(phosphate buffer 0.1 mol L-1, pH 5.8); SP, syringe pump (5 mL syringe capacity); HC, holding coil 

(2 m length); MSV, multiposition selection valve; MB, methylene blue; S. cerevisiae, Saccharomyces 

cerevisiae cells; RC, reaction coil (0.15 m length); CH, cuvette holder (connected to the light source 

and spectrometer via optical fibers); D, detector (664 nm); LS, light source; W, waste. 

 

7.2.6. Sequential injection procedure 
To assess loss of cell viability (%) after treatment with selected compounds, a five-step 

analytical cycle was established (Table 7.1). Briefly, two aliquots of 10 µL of MB dye and S. 

cerevisiae cells were alternatively aspirated into the HC (steps 1–4). The flow was then 

reversed, and the aspirated sequence was propelled through the RC into the detector flow 

cell (step 5). Loss of yeast viability/impaired metabolic activity was shown by an increase in 

OD at 664 nm (36). Toxicity results were expressed as concentration of tested compound 

that reduced cell viability by 50% (IC50) and were calculated from dose-response curves 

using polynomial equations. One-way ANOVA-Tukey’s test and t-test were used to compare 

IC50 values and determine statistically significant differences between compounds 

containing the same cation or anion. 
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Table 7.1. Protocol sequence for evaluation of yeast cell viability in the absence and presence of 

tested compounds. 

 

 

7.3. Results and discussion 
In this section, we describe development and optimization of an automated 

spectrophotometric method for toxicity screening. The S. cerevisiae-based assay was 

implemented in a SIA system and relied on ability of living yeast cells to enzymatically 

reduce MB dye to a colourless product (15). Following exposure to compounds under study, 

loss of cell viability/decreased metabolic activity was evidenced through an increase in OD 

signal at 664 nm. 

 

7.3.1. Optimization of the automated yeast-based assay 
The first step in developing the automated procedure was adaptation of a previously 

described MB dye reduction test to a SIA format (36). Then, the assay was optimized in a 

strictly aqueous medium using a univariate approach. Results were analysed by considering 

the difference in OD signal between heat-killed and living S. cerevisiae cells. Optimized 

parameters and selected values are presented in Table 7.2. More detailed information can 

be found in Supplementary Material (Fig. S7.2). 

 

 

 

 

Step 
 

Valve 
position 

Flow rate 
(mL min-1) 

Volume 
(µL) 

Time 
(s) 

Description 

1 5 0.5 10 1.2 Aspiration of MB 

2 6 0.5 10 1.2 Aspiration of S. cerevisiae 

3 5 0.5 10 1.2 Aspiration of MB 

4 6 0.5 10 1.2 Aspiration of S. cerevisiae 

5 7 1.0 1875 112.5 Propulsion to the detector 
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Table 7.2. Results of optimization of the automated yeast viability assay. 

 

 

The pH of phosphate buffer used to prepare MB dye solution and S. cerevisiae cell 

suspensions, as well as carrier in the flow system, was studied within the range of 5.8–7.4, 

with a value of 5.8 being chosen. MB concentration was analyzed between 0.04 and 0.20 

mmol L-1, with results showing an increase in difference in OD signal between heat-killed 

and living yeast cells with increments of dye concentration up to 0.20 mmol L-1. This 

concentration was then selected for final studies. Higher concentrations were not tested 

since they could affect yeast plasma membrane functions (36). 

After fixing the concentration of MB dye, its volume was tested over the range 10–25 µL. It 

was observed that OD signals reached maximum difference at a volume of 20 µL and then 

decreased. Influence of yeast suspension volume was also studied under the same 

experimental conditions. Results showed enhancement of signal difference between heat-

killed and living cells in the range of 10 to 20 µL. Thus, this volume was selected in order to 

obtain maximum sensitivity. 

A flow rate of 0.5 mL min-1 was adopted for aspiration of MB dye and yeast suspension, 

ensuring good compromise between repeatability and sampling rate. The propulsion flow 

rate was studied between 0.5 and 1.5 mL min-1, with best results being obtained by 

propelling the aspirated zone to the detector at a flow rate of 1.0 mL min-1. In this way, 

dilution of aliquots is avoided without sensitivity prejudice. 

A RC was positioned between the MSV and CH and its length studied between 0.15 and 

0.30 m, with RC of 0.15 m finally selected. Smaller reactors were not considered because 

they would not guarantee proper mixing conditions. 

Regarding order of aspiration of S. cerevisiae cells and MB dye into the HC, best results 

were achieved when MB was aspirated first. Double intercalation of MB and yeast was fixed 

in the optimized analytical cycle since it resulted in highest OD signals’ difference among 

tested sequences. A solution of acetic acid 180 mmol L-1 (pH 3.0) was used as a positive 

control, allowing study of mixing efficiency and establishing the contact time between yeast 

cells and tested compounds. 

Parameter Range Selected value 

Buffer pH 5.8–7.4 5.8 

MB concentration (mmol L-1) 0.04–0.20 0.20 

MB and yeast volumes (µL) 10–25 20 

Propulsion flow rate (mL min-1) 0.5–1.5 1.0 

RC length (m) 0.15–0.30 0.15 
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A seven-point calibration curve was obtained by plotting the percentage of cell viability loss 

(ʋ) against OD measured at 664 nm (x). Regression analysis was then applied to estimate 

the following equation: ʋ = 1014 (±87) x - 199 (±22), R2 = 0.9944. The repeatability of SIA 

procedure was calculated using relative standard deviation (RSD) of ten consecutive 

measurements in absence and presence of [bmim][Ac] (2500 µmol L-1). The obtained values 

were 7.9 and 8.7%, respectively. These results are satisfactory, particularly if we consider 

that they illustrate the performance of an automated assay using whole cells and solutions 

with high viscosity. Additionally, the flow system displayed acceptable reproducibility with 

an RSD of 6.5% (n = 7). Under optimized conditions, it was possible to conduct 31 cycles 

per hour, producing less than 2 mL of effluent in each. 

 

7.3.2. Application of the automated spectrophotometric assay for toxicity 
evaluation of ILs, GUMBOS, and DESs 
After optimizing assay conditions, the effect of eleven ILs, three GUMBOS, and three DESs 

on yeast cell viability was assessed. The tested compounds possessed different chemical 

structures, incorporating various cations and anions in the case of ILs/GUMBOS or distinct 

HBAs and HBDs for DESs. In general, the percentage of cell viability loss increased in the 

presence of all compounds under study and was concentration-dependent. Dose-response 

curves are provided in Fig. 7.2 and calculated IC50 values are listed in Table S7.1, and also 

shown in Fig. 7.3. 
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Fig. 7.2. Percentage of loss of yeast cell viability after 2 h exposure to different concentrations of (a) 

ILs, (b) GUMBOS, and (c) DESs. Each point and error bar represents the mean and standard 

deviation of three independent experiments performed in triplicate. Some error bars are smaller than 

the symbols. 
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Fig. 7.3. IC50 values (µmol L-1) obtained for (a) ILs, (b) GUMBOS, and (c) DESs. These values were 

calculated from the dose-response curves shown in Fig. 7.2. Statistically differences between 

compounds containing the same cation or anion was assessed by use of GraphPad Prism software 

via one-way ANOVA-Tukey’s test or t-test (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001). 
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7.3.2.1. ILs 
Cation’s impact on yeast viability was assessed by resorting to six main cores: ammonium, 

choline, imidazolium, phosphonium, pyridinium, and pyrrolidinium. When comparing the 

non-aromatic pyrrolidinium ([bmpyr][Cl], IC50 = 156 ± 9 µmol L-1) with the aromatic 

pyridinium-based IL ([bmpy][Cl], IC50 = 55 ± 5 µmol L-1), a three-fold increase in toxicity 

towards yeast cells was observed. Other authors have also found that the pyridinium cation 

is more toxic towards freshwater organisms (e.g. Pseudokirchneriella subcapitata and 

Daphnia magna), as well as cell lines (for example, MCF7) than the pyrrolidinium core (37-

39). Additionally, it was noticed that the pyridinium cationic head group exerts a greater 

toxic effect on S. cerevisae cells than the imidazolium cation ([hmim][Cl], IC50 = 282 ± 16 

µmol L-1), which concurs with previous findings obtained for Vibrio fischeri (21, 40). In fact, 

a six-membered ring such as the pyridinium cation is known to be more toxic than the 

imidazolium five-membered ring (25, 41). 

After exposure of yeast cells to the ILs [N4444][Br] (IC50 = 59 ± 3 µmol L-1) and [P4444][Br] (IC50 

= 89 ± 4 µmol L-1), which have the same anion, it was verified that the phosphonium core is 

less toxic than the ammonium one. Kumar and Malhotra also reported that phosphonium-

based ILs are less cytotoxic and more active against human tumor cells when compared 

with their ammonium analogues (42). This is likely because the phosphonium head group 

is bulkier than its nitrogen-containing derivative, leading to a decrease in positive charge 

density and thus weaker electrostatic interactions (43, 44). Furthermore, the toxicity 

mechanism of quaternary ammonium compounds seems to be related to disruption of yeast 

plasma membrane (45, 46). Statistically significant differences were also found between the 

pairs [bmim][Ac]/[N4444][Ac] and [bmim][Ac]/[chol][Ac] (P = 0.0001 and 0.0038, respectively). 

These results support previous reports that ammonium-based ILs exhibit higher toxicity than 

those containing imidazolium cations (47, 48). A distinct toxicity mechanism from that 

proposed for imidazolium-based ILs may explain these observed differences. In fact, ILs 

incorporating the imidazolium cation appear to act by targeting yeast mitochondria (9). 

The effect of side chain length on cell viability was assessed by comparing results obtained 

with the ILs [P4444][Br] and [P44416][Br]. In contrast to expectation, [P44416][Br] was found to 

be about four times less toxic than [P4444][Br] (IC50 = 321 ± 3 vs 89 ± 4 µmol L-1). This result 

is corroborated by other studies, which have found a relationship between loss of 

antimicrobial activity and increase in phosphonium alkyl chain length (49-51). It has been 

noticed that from a certain side chain length, toxicity cannot be increased due to the “cut-

off” effect (51, 52). Additionally, different explanations have been proposed for this 

phenomenon, including poor solubility and a reduction in uptake of high molecular weight 

compounds due to steric effects (50, 53). 
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After studying the impact of cation and alkyl chain length on ILs’ toxicity towards S. 

cerevisiae cells, the influence of common anions (acetate, bromide, and methanesulfonate) 

was further assessed. Evaluation of results showed that the anion used also affects ILs’ 

toxic behavior, thus confirming previous observations (25, 54). Moreover, the most 

statistically significant difference was observed between [P4444][Br] and [P4444][Ms] (P = 

0.0036), with the last one being the most toxic among tested ILs. This may be attributed to 

the high aqueous solubility and toxicity of methanesulfonate anion (55, 56). Phosphonium 

ILs containing methanesulfonate as the anionic counterpart also showed extremely high 

toxicity against Drosophila melanogaster S2 cells (55). 
 

7.3.2.2. GUMBOS 
The IC50 values of EB-based GUMBOS ranged from 23 ± 1 ([N11116]2[EB]) to 90 ± 2 µmol L-

1 ([BAC]2[EB]), demonstrating the impact of cationic head group on yeast cell viability. 

Similar to what was observed for ILs, linear ammonium cation (N11116
+) was found to be 

more toxic towards S. cerevisiae cells than phosphonium (P4444
+). However, and in 

accordance to what is described in the literature, inclusion of a benzyl group at one of the 

cation’s alkyl side chains leads to reduction of toxicity (48). Overall, the toxicity of cations to 

yeast cells followed the trend: N11116
+ > P4444

+ > BAC+. 

When compared with other tested compounds, EB-based GUMBOS are among the most 

toxic, which is not surprising since other authors have reported that EB dye can induce DNA 

damage in HepG2 cells and enhance oxidative stress in CHO cell line (57, 58). Additionally, 

previous reports have shown that EB-mediated photodynamic therapy is effective against 

Candida albicans, Enterococcus hirae, Escherichia coli, Listeria innocua, and 

Staphylococcus aureus planktonic cells and biofilms (59, 60). These results support the 

potential use of EB-based GUMBOS for therapeutic purposes. 
 

7.3.2.3. DESs 
Results obtained in this study corroborate the belief that DESs are less toxic than ILs, as 

evidenced by higher IC50 values (Table S7.1) (61). It was also observed that toxicity of DESs 

is composition-dependent, which is in good agreement with previous findings (61, 62). In 

fact, [bmim][Cl]:ZnCl2 (1:1) displayed the greatest toxicity towards S. cerevisiae cells, which 

can be attributed to the toxic properties of metal component (ZnCl2). Other studies have 

also found that ZnCl2-based DESs showed the highest inhibition zone diameter against 

tested fungi (Aspergillus niger, Candida cylindracea, Lentinus tigrinus, and Phanerochaete 

chrysosporium) and the lowest lethal concentration for the fish Cyprinus carpio (63, 64) In 

contrast, the use of natural raw materials, e.g., urea and glycerol, resulted in compounds 
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with decreased toxicity (65, 66). Macario and colleagues reported that [chol][Cl]:U do not 

significantly affect MNT-1 cell viability, thus corroborating our results (67). 

 

 

7.4. Conclusions 
In this study, we have developed a new spectrophotometric method based on SIA for 

assessing the toxic effect of different groups of compounds on yeast cells. This assay 

focuses on the ability of living S. cerevisiae cells to enzymatically reduce MB dye to a 

colorless product. Thus, the toxicity of ILs, GUMBOS, and DESs could be simply monitored 

by an increase in OD at 664 nm, proving to be a good alternative to more laborious and 

time-consuming methods, while following Green Chemistry principles. 

Differences obtained between IC50 values highlight the impact of a given compounds’ 

chemical structure on its toxicity. In fact, it was observed that ILs containing pyridinium and 

ammonium cations or with methanesulfonate anion caused a higher toxicity effect on yeast 

cells. Although GUMBOS are among the compounds with lowest IC50 values, this potential 

disadvantage suggest use as promising candidates for antimicrobial applications. In 

contrast to GUMBOS, and as expected, DESs demonstrated lower toxicity than ILs. Finally, 

it is worth mentioning that results gathered from this work may complement available toxicity 

data, thus providing guidance for design of less harmful or even task-specific compounds. 
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SUPPLEMENTARY MATERIAL 
 

 

 
Fig. S7.1. (a) Chemical structures, names, and abbreviations of the cations and anions reported in 

this work. (b) Hydrogen bond acceptors and hydrogen bond donors/salt used for synthesis of DESs. 

 

 

 
Fig. S7.2. Effect of (a) buffer pH, (b) MB concentration, (c) MB (circles) and yeast (lines) volumes, 

(d) propulsion flow rate, and (e) RC length on OD signal at 664 nm. 
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Table S7.1. Toxicity of the studied compounds towards yeast cells expressed as IC50 values (µmol 

L-1), which represents the concentration necessary to reduce cell viability by 50%. S. cerevisiae cells 

were exposed to the tested compounds for 2 h at room temperature. 

 

  

Class Compound Concentration range 
(µmol L-1) 

IC50 
(µmol L-1) 

ILs 

[bmim][Ac] 100–2500 510 ± 29 

[bmpy][Cl] 10–500 54 ± 4 

[bmpyr][Cl] 10–500 156 ± 9 

[chol][Ac] 25–1000 133 ± 2 

[emim][Ms] 10–500 257 ± 18 

[hmim][Cl] 10–650 282 ± 16 

[N4444][Ac] 25–1000 111 ± 12 

[N4444][Br] 30–500 59 ± 3 

[P4444][Br] 50–500 89 ± 4 

[P4444][Ms] 25–500 46 ± 3 

[P44416][Br] 25–500 321 ± 3 

GUMBOS 

[BDHA]2[EB] 10–150 90 ± 2 

[N11116]2[EB] 10–125 23 ± 1 

[P4444]2[EB] 25–250 80 ± 4 

DESs 

[bmim][Cl]:ZnCl2 100–1000 534 ± 18 

[chol][Cl]:U 50–1250 651 ± 11 

[N4444][Cl]:Gly 100–650 552 ± 33 
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8.1. Concluding remarks 
The research presented in this dissertation is primarily focused on use of GUMBOS (and 

nanoGUMBOS) as optical probes and antibacterial agents. In this dissertation, a total of ten 

novel GUMBOS were strategically designed and synthesized via simple ion-exchange 

metathesis reactions with select cations. The simplicity of synthesis of these organic ionic 

materials allowed development of relatively low-cost and labor-efficient approaches for 

protein analyses (chapters 2–4). The possibility of designing GUMBOS for a targeted 

purpose, along with the ease of modulating their properties, motivated synthesis of ANS- 

and RB-based GUMBOS, which were further investigated as fluorescent probes for protein-

membrane binding studies (chapter 5) and antibacterial agents (chapter 6), respectively. 

Toxic effects were also evaluated using human RBCs (chapter 6) and S. cerevisiae cells 

(chapter 7) to ensure a more sustainable development of this class of materials. 

In Chapter 2, four EB-based GUMBOS were synthesized and evaluated for their ability to 

discriminate individual proteins and protein mixtures. Percentages of correct assignments 

varied from 86.5 to 100.0% depending on GUMBOS chemical structure and buffer pH. Best 

results were obtained using [P4444]2[EB] and [N4444]2[EB] at pH 6.0 after 5 min of incubation. 

Under optimized conditions, it was also possible to distinguish between mixtures containing 

different proportions of Alb and Mb (20% + 80%, 40% + 60%, 60% + 40%, and 80% + 20%). 

Evaluation of overall results suggested that it is not necessary to use an assembly of 

multiple EB-based probes to discriminate proteins, and that cationic tuning of EB can 

broaden its sensing capability beyond traditionally employed low pH values. 

In Chapter 3, the abilities of [P4444]2[EB] and [N4444]2[EB] GUMBOS to distinguish serum and 

non-serum proteins at concentrations as low as 0.05 µg mL-1 were investigated. Although 

these two GUMBOS were determined to successfully discriminate proteins at 20 µg mL-1 

(chapter 2), a range of concentrations is necessary to determine their potential for 

qualitative and quantitative analyses as changes in protein levels may help early diagnosis 

and allow prompt treatment. It was determined that [P4444]2[EB] and [N4444]2[EB] can 

discriminate proteins at concentrations lower than those described for other sensing 

systems (e.g., ≥ 5.0 µg mL-1). Additionally, it was demonstrated that cation exchange can 

~  

~  
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expand the detection range to as low as 0.5 µg mL-1 (i.e., 3 times lower than that described 

for the parent dye). 

In Chapter 4, [P4444]2[EB] was converted into nanoGUMBOS, and its potential for protein 

discrimination and quantification was examined. Sonication time and CD templating were 

investigated for impact on discrimination performance of [P4444]2[EB] nanoGUMBOS, with 

best results obtained for 5 min of sonication in the absence of CD template. Under these 

conditions, the synthesized nanoGUMBOS successfully distinguished proteins at 

concentrations lower than those reported in the literature (i.e., 2.0 µg mL-1). Moreover, 

[P4444]2[EB] nanoGUMBOS was able to discriminate between protein mixtures of Lyz, Cyt c, 

and Hb and showed great promise for quantification of Alb. This nanoGUMBOS approach 

also involved relatively small volumes of reagents, which makes this strategy an attractive 

option for high-throughput applications. Ultimately, the results presented in chapters 2 to 4 

support potential use of GUMBOS (and nanoGUMBOS) in combination with UV-Vis 

spectroscopy and chemometric tools for qualitative and quantitative analyses of proteins. 

Moreover, these proposed strategies offer several advantages as compared to conventional 

analytical methods, e.g. simplicity, rapidity, and cost-effectiveness. In fact, these GUMBOS 

(and nanoGUMBOS) approaches are label-free, require only 5 min of incubation, and avoid 

the use of expensive instrumentation. 

In Chapter 5, the ANS anion was ion-paired with distinct cations (N4444, N6666, and P4444), 

and the resulting GUMBOS were investigated as fluorescent probes for study of protein-

membrane binding. The [N4444][ANS] and [P4444][ANS] GUMBOS were found to display 

improved optical properties and lipophilicity as compared to the parent dye, which 

demonstrates the potential of this GUMBOS strategy to fine-tune ANS properties. These 

findings can also provide relevant information for designing GUMBOS with ameliorated 

properties. Protein addition to membrane-bound probes resulted in distinct fluorescence 

responses, showing the impact of surface hydrophobicity of proteins on the binding process. 

Moreover, results suggested that proteins compete with GUMBOS for DMPC binding sites. 

In Chapter 6, three novel GUMBOS were synthesized using RB anionic dye and distinct 

cationic antiseptics, and their potential use as antibacterial agents was examined. RB-

based GUMBOS proved to be equally effective (or more effective) than the individual parent 

dye and cationic antiseptics as well as the unreacted mixtures of RB and cationic antiseptics 

towards S. aureus DSM 2569 and E. faecalis. Moreover, [CHX][RB] was determined to be 

active against Gram-negative E. coli, with a MIC that was 64 times lower than that of the 

parent dye and the corresponding unreacted mixture. This GUMBOS was also found to 

produce the lowest percentage of hemolysis (< 5%) among all tested compounds and 

mixtures, which suggests potential safety for clinical use in humans. Overall, the obtained 

results demonstrate the ability to strategically incorporate different biologically active 



  Chapter 8 

259 
 

~  

cations, making this strategy a promising tool for development of cost-effective alternatives 

to RB without traditional pitfalls. 

In Chapter 7, an automated yeast-based spectrophotometric assay was developed for the 

first time. This assay was then applied to a set of GUMBOS, ILs, and DESs in order to 

assess its potential as a toxicity screening tool. Differences in IC50 values confirmed impact 

of chemical structure on the toxicity of each compound. For example, ILs containing 

pyridinium and ammonium cations or with methanesulfonate anion were determined to have 

a higher toxic effect on S. cerevisiae cells. GUMBOS and DESs were respectively found to 

be among the most and least toxic compounds. However, this apparent disadvantage of 

EB-based GUMBOS could serve as motivation for further studies as antimicrobial agents. 

Moreover, the obtained results may complement available toxicity data and guide the design 

of less harmful and more task-specific compounds. The proposed method further allows 

rigorous control of reaction conditions and a decrease in reagents consumption and 

effluents production. 

 

 

8.2. Future perspectives 
Although the studies presented in this dissertation are far from exhaustive, they can serve 

as a starting point for additional future research. EB-based GUMBOS and nanoGUMBOS 

showed great promise as optical probes for protein analyses (chapters 2–4), but more work 

could be done to elucidate the mechanism of protein discrimination. As part of future 

studies, it is also planned to extend application of these developed approaches to more 

complex proteins and real samples with challenging matrices (e.g., blood and urine). 

Another possible research direction is to study the effect of cation variation on 

nanoGUMBOS properties, and subsequently on their ability to discriminate and quantify 

protein analytes. 

Following the work presented in Chapter 5, it would be of interest to study the membrane 

location of ANS-based GUMBOS, which can be performed by using fluorescence 

quenching with probes such as trimethylammonium-diphenylhexatriene (TMA-DPH). 

Additionally, liposome composition could be modified through use of lipid mixtures or 

incorporation of proteins to more closely resemble biological membranes. One future 

direction that could be explored is analyses of a broader panel of proteins, including 

membrane proteins. 

Despite the great promise of [CHX][RB] as an antibacterial agent (chapter 6), it is important 

to elucidate its pharmacokinetics and pharmacodynamics through additional in vitro and in 

vivo studies. For example, membrane models capable of mimicking lipid composition of 
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bacterial cell membranes could be used to clarify the mechanism of action of this GUMBOS. 

It would also be important to evaluate the antibacterial efficacy of [CHX][RB] against clinical 

isolates of E. coli from patients resistant to standard antibiotic therapies and investigate 

bacterial resistance to this GUMBOS. Since E. coli is commonly found in wounds, 

[CHX][RB] GUMBOS could further be used topically as an alternative treatment option. 

Moreover, [CHX][RB] could be converted into nanoGUMBOS and incorporated into 

hydrogels to investigate topical antibacterial applications. 

A possible future direction for work described in Chapter 7 is application of the developed 

automated yeast-based assay to a larger number of compounds in order to obtain a deeper 

understanding of structure-toxicity relationship, and establish cation and anion trends. It 

would also be of interest to exploit the antimicrobial properties of the tested EB-based 

GUMBOS and investigate their therapeutical potential. 

Finally, all GUMBOS synthesized in this dissertation were obtained by combining a select 

anion (i.e., EB, ANS, or RB) with distinct cations, and changes in the properties of the parent 

dye were attributed to cationic exchange. To further confirm GUMBOS tunability it would be 

important to design, synthesize, and investigate GUMBOS derived from cationic 

compounds using anion variation. 
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