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A B S T R A C T   

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 tetrabutylphospho
nium (P4444

+), tributylhexadecylphosphonium (P44416
+), tetrabutylammonium (N4444

+), and benzyldime
thylhexadecylammonium (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.   

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 dis
ease progression predictions, or evaluating therapeutic responses when 
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compared to analysis of individual proteins [5,6]. Moreover, a single 
biomarker can be associated with numerous diseases and various pro
teins 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 bio
markers 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 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. Material and methods 

2.1. Reagents and solvents 

[Na]2[EB] (2′,4′,5′,7′-tetraiodofluorescein disodium salt), tetrabu
tylphosphonium 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 hy
droxide, and 1-octanol were purchased from Honeywell (Charlotte, NC). 
Dimethylsulfoxide (DMSO) was acquired from Merck (Darmstadt, Ger
many) and deuterated chloroform (CDCl3, 99.8%) with 0.03% tetra
methylsilane was obtained from Beantown Chemical (BTC, Hudson, 
NH). 

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. Instrumentation 

Proton (1H, 400 MHz) and carbon (13C, 125 MHz) 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 mul
tiplicities 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 ◦C at a rate of 10 ◦C 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. 

2.3. 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. 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 
confirmed using NMR and FTIR spectroscopy as well as HRMS. Struc
tural characterization data can be found in Supplementary Material 
(Figs. S1–S9 and Table S1). 

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 
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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 con
centration (Ci). Finally, KO/W was calculated using the equation:  

KO/W = CO/CW                                                                               (1) 

Three independent experiments were performed for each compound. 

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 per
formed 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 con
centration was maintained at 4 μg mL−1. For all assays, seven replicate 
samples were obtained from independent experiments on two different 
days. 

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 trans
formed 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                                                                                 (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 9.5 
Release 2018b (MathWorks, Natick, MA) and PLS Toolbox version 8.7 
(2019) for MATLAB (Eigenvector Research, Manson, WA). 

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 

Fig. 1. (A) Chemical structures of the cations used in the synthesis of EB-based GUMBOS. (B) Synthetic diagram of [P4444]2[EB] GUMBOS.  
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characterized using several traditional techniques as previously 
described in section 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 2.6). 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). 

3. Results 

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 integration of proton NMR sig
nals (Figs. S1, S3, S5, and S7). It is worth noting that FTIR peaks 
attributable to starting materials were also observed in the spectra of 
final products (Fig. S9). 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 S1). 

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) 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. 

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 demon
strate this effect, the melting point and hydrophobicity of synthesized 
GUMBOS were determined. DSC thermograms (Fig. S10) 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 com
pounds (from approximately 55.1 to 81.4 ◦C) can be explained by dif
ferences in size and symmetry of cations. In fact, the reduced melting 
points of GUMBOS as compared to [Na]2[EB] (m.p. = 315 ◦C, 
Sigma-Aldrich) can be attributed to 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 lists 
logKO/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 influ
ence 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 logKO/W. 

3.4. Protein discrimination using the synthesized GUMBOS 

In order to evaluate the discrimination potential of EB-based GUM
BOS, 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 S3). 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. S11). 
Spectral data were subjected to PLSDA to find differences among protein 
samples. Thirty-six PLSDA models were developed (Figs. 3–6), 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 1. 

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. 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 ac
counts for discrimination between RNAse A and Lyz + α-ChT (32–35% 
of spectral variability), whereas Lyz and α-ChT were mainly discrimi
nated in the third LV. Table S4 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 deter
mined to be in good agreement with the clusters observed in scores plots. 
With respect to RNAse A, the great majority were correctly predicted 

Fig. 2. UV–Vis spectra of [Na]2[EB] and EB-based GUMBOS (1 μmol L−1) 
in DMSO. 
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(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 identi
fications varied from 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. 

Regarding pH 4.5 and 6.0, the scores plots (panels IIA–IIC and 
IIIA–IIIC from Fig. 3) revealed similar clusters to those observed at pH 
3.0, with the first three LVs encompassing around 98% (LV1 approxi
mately 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 S5 and S6, 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 discrim
ination. 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 1). Regarding misidentifications at pH 4.5, all were 
related to α-ChT spectra and were erroneously identified as Lyz spectra. 

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. 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 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 S7), 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. 

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. 4, panels IIA–IIC). At pH 6.0, the 
scores plots (first three LVs accounting for 98% of spectral variability) 

Fig. 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. 
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were quite similar to those achieved at pH 3.0 (Fig. 4, panels IIIA–IIIC). 
In these cases, no visible overlapping was observed, but clusters 
remained scattered. Overall, the percentage of correct protein identifi
cations 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 S8 and S9, 
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. 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, 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 pre
dicted (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. 

3.4.3. [N4444]2[EB] 
The scores plots obtained from PLSDA models (three LVs encom

passing around 97% of spectral variability for the three reaction times) 
presented in Fig. 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 discrimina
tion 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 1). Alb, Mb, and RNAse A were almost always correctly 
predicted (100.0%), with exception of RNAse A at 15 min (0.5% mis
identified 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 S10). 

With respect to both pH 4.5 (Fig. 5, panels IIA–IIC) and pH 6.0 
(Fig. 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 

Fig. 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. 
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variability captured on the first three LVs was around 99% for all re
action times and both pH values. The percentages of correct discrimi
nation of proteins were consistent with such findings, at approximately 
93–95% for pH 4.5 and 100% for pH 6.0 (Table S11–pH 4.5 and S12–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 related to 0.5% of α-ChT spectra, which were 
predicted as Lyz upon 10 min of reaction. 

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. 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 per
centages of correct protein assignments (>99%) were in agreement with 

the well-individualized clusters obtained for the three reaction periods 
(Table S13). 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 S13). 

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. 6). The percentages of correct identifications of proteins were 
nearly 93 and 99% for pH 4.5 and 6.0, respectively (Tables S14 and 
S15). As noted previously, GUMBOS-protein reaction times do not seem 
to affect these percentages, but pH value does. At pH 4.5 (Table S14), 
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 

Fig. 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. 
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(0.5%) at 15 min. At pH 6.0, higher percentages of correct protein as
signments were observed (Table S15), 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). 

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 be
tween 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. 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 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. 

4. Discussion 

In this work, it was demonstrated that EB-based GUMBOS in com
bination 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 

Fig. 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. 

Table 1 
Total percentages of correct predictions (%) obtained from the confusion 
matrices of PLSDA models (4 LVs), which were developed for protein discrimi
nation 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  
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discrimination of proteins [23,24,26]. In this work, it was 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 hydro
phobicity 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 S4–S15). These findings can be explained by the fourfold dif
ference 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 mis
classified 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. 3–6), which suggests a rapid binding between GUMBOS and 
proteins. Moreover, the percentages of correct predictions were similar 
for all time points (Table 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 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 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 discrim
inatory 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 pro
portions 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. 

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 condi
tions, it was possible to discriminate between protein mixtures con
taining four different ratios of Alb and Mb since they appeared as well 
individualized clusters in the 2D-PLSDA scores plots. Although the un
derlying mechanism still necessitates further clarification, it is reason
able 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 combi
nation with UV–Vis spectroscopy and chemometric tools to discriminate 
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 5 min of reaction time, 
and avoids the use of expensive instrumentation and complicated syn
thesis 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). 

Fig. 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. 
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