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Abstract

Polyaniline in form of emeraldine salt and emeraldine base was used as a matrix to attach several 

labeled and non-labeled dioxin selective pentapeptides both directly to the polymer and using 

glutaraldehyde as a linker. The peptides have been selected as a model to study the binding process 

due to their smaller size, lower sensitivity to the environment and potential application as solid 

state extraction reagents for chlorinated toxins. The composition and the properties of the 

compounds were investigated by means of elemental analysis, XPS, FTIR, UV/vis, and 

fluorescence spectroscopy. The results have shown that 3.30–7.76% peptides were attached to the 

emeraldine base both with and without a linker. Glutaraldehyde and the peptides were connected 

to the matrix via chemical bond resulting in formation of compounds whit similar composition and 

stability in a broad pH range. The influence of the linker and the peptides on the electronic 

properties and composition of the polymer have been investigated by principal component 

analysis.
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1. Introduction

Polyaniline (PANI), a conducting polymer known for more than a century, has been 

rediscovered by the scientific community about three decades ago. Currently, it is one of the 
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most studied polymers due to its electrical conductivity, low toxicity, environmental stability 

and broad application potential [1–17,33–40].

Polyaniline can easily be synthesized by oxidative or enzymatic polymerization of aniline. 

Material with desired structure and properties can be obtained by varying the reaction 

conditions, co-polymerization, and utilizing appropriate doping agents [1–17].

Because of its chemical and environmental stability, polyaniline can provide a suitable 

support for immobilization of binding agents for chemical and biological sensors [14–17].

Glutaraldehyde (GA) is one of the most popular bi-functional reagents used to provide 

crosslinking between the polymeric matrix and the corresponding ligands in a heterogeneous 

sensor. Despite its widespread application, the chemistry behind the binding is far from clear 

and sometimes controversial. The processes are very often oversimplified suggesting the 

formation of two Schiff bases involving both aldehyde groups of GA to be the only possible 

outcome of the reaction. In fact, GA itself undergoes variety of reactions thus existing in 

many different forms in aqueous solution. In addition to the Schiff base formation, GA may 

react with proteins by other means, including aldol condensation and Michael type addition 

[14–23].

The design and synthesis of an effective sensitizing agent requires deeper understanding 

about the binding and stability of the ligands on the heterogeneous carrier. It is important to 

assess the amount of ligands connected to the matrix, as well as their distribution, geometry, 

and resistance to the reaction media. While small molecules are less sensitive to geometrical 

changes, for proteins it is crucial to preserve the proper structure of the catalytic center and 

the molecule as a whole in order to effectively bind to the target species.

PCBs and dioxins are toxins readily available from industrial sources. They undergo 

biodegradation very slowly and can be used for malicious contamination for food and water 

for terrorist purposes. A monitoring program is available only for limited number of foods 

because the existing analytical procedures are time consuming, involve variety of chemicals 

and reagents and therefore are quite expensive. Decontamination procedures are also rarely 

applied due to high cost and low efficiency. Due to the low concentration of the analytes and 

the complicated sample matrixes the analysis as described in the current EPA protocol 

requires long preparation steps involving multiple solvent extractions, purifications and 

concentrations [24–32].

Recent research has shown that small peptides selected through combinatorial methods of 

computational simulations, have great potential to selectively bind PCBs and dioxins. They 

can eventually be used as solid phase extraction (SPE) media thus offering a promising 

alternative to both liquid–liquid and Soxhlet extraction [33,34].

The present study employs several dioxin-selective pentapeptides as a model to create a 

heterogeneous chemosensor on polyaniline matrix and investigate its stability and binding 

properties. The peptides have been selected by Nakamura et al. [33,34] using combinatorial 

approach and competitive binding reaction between chlorinated dioxins and labeled dioxin-

like compound with peptide library on polymer beads. For the purposes of this study, the 
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peptides have been labeled with fluorescence markers at the C- or N-end, thus leaving the 

other end available for binding. The original, dioxin-selective peptides have also been 

modified in order to study the role of some key amino acids in the binding process. The 

peptides were incorporated into the PANI matrix both with and without the GA linker. The 

interaction between the polymer, crosslinking reagent, and the peptides has been investigated 

by variety of methods: X-ray photoelectron spectroscopy (XPS), infrared spectroscopy 

(FTIR), elemental analysis, absorption spectroscopy (UV/vis), and fluorescence. Principal 

component analysis (PCA) has been applied to clarify the type of bonding between the 

peptides and the matrix.

2. Experimental

2.1. Materials and methods

Aniline (99.5%), ammonium persulfate (APS) (98%), phosphate buffer powder, 0.1 M, 

glutaraldehyde solution (25%), hydrochloric acid (37%), ammonium hydroxide (28–30%), 

isopropanol, HPLC grade, 1-methyl-2-pyrrolidinone (NMP, spectroscopic grade), and 

methanol (spectroscopic grade) were purchased from Sigma Aldrich. FLDQV, FLDGV, 

FLDQV-AMC and FLDGV-AMC were obtained from Biomatic, Inc., Ontario, Canada.

The absorption spectra were recorded on Shimadzu 240IPC spectrophotometer. The 

emission spectra were recorded on Perkin Elmer Lambda 55 spectrofluorimeter. The XPS 

measurements were performed on an SSX-100 system (Surface Science Instruments) 

quipped with a monochromated Al Kα X-ray source, a hemispherical sector analyzer (HSA) 

and a resistive anode detector. Each sample was mounted on a sample stage using a piece of 

adhesive Al tape on top of a double-side carbon tape. Care was taken to ensure that the 

samples fully covered the surfaces. The base pressure of the XPS system was 4.0 × 10−10 

Torr. During the data collection, the pressure was 7.0 × 10−9 to 2.0 × 10−8 Torr.

The elemental analysis was done by Galbraight Labs, Inc.

2.2. Synthesis

2.2.1. Synthesis of polyaniline (PANI) as emeraldine salt (ES) and emeraldine 
base (EB)—Emeraldine salt (ES) and emeraldine base were synthesized as described 

previously [1,2,11].

20 mL (0.219 mol) of aniline was dissolved in 300 mL of 1 M HCl solution, and the solution 

was precooled to 0 °C. 11.57 g of (0.0504 mol) ammonium persulfate was dissolved in 200 

mL 1 M HCl and also pre-cooled to 0 °C in ice bath.

The ammonium persulfate solution was slowly poured into the previously made aniline HCl 

solution in an ice bath. The mixture was stirred for 2 h at 0 °C.

The residue was collected by vacuum filtration and washed with 100 mL of 1 M HCl five 

times. This reaction was done both at 0 °C and room temperature. The ES polymer was 

recovered by filtration and washed 5× 100 mL 1 M HCl solution.
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ES was resuspended in 250 mL of 0.1 M NH4OH and the mixture was left to stir for 

overnight at room temperature. The product was recovered by vacuum filtration, washed 5× 

0.1 M 100 mL NH4OH, 3× 100 mL distilled H2O, and 3× 100 mL of 2-propanol. EB was 

then left to dry at room temperature first, then dried in vacuum at 50 °C.

2.2.2. Immobilization of GA on ES and EB (ES-GA and EB-GA)—2 g of dried 

PANI (EB and ES) was treated with 200 mL of glutaraldehyde solution 2.5% (v/v) prepared 

in 0.1 M phosphate buffer solution, pH 7.6. Two parallel samples were prepared; one was 

stirred under reflux and heating, and another solution was stirred at room temperature for 

overnight. EB-GA and ES-GA were collected on a Buchner funnel, washed with 0.1 M 

phosphate buffer, pH 7.6 and dried in vacuum at 50 °C [16–18].

2.2.3. Immobilization of peptides on EB, ES-GA and EB-GA—25 mg (3.5 × 10−5 

mol L−1) of pentapeptide, FLDGV-AMC were dissolved in 50 mL of phosphate buffer and a 

few drops of methanol were added to homogenize the solution [15,16].

100 mg of EB, EB-GA, or ES-GA respectively were treated with the peptide solution, and 

left to stir for 24 h at room temperature.

The samples were filtered, washed with phosphate buffer solution and left to air dry before 

analysis.

All peptides employed in this study were immobilized similarly. We refer to the products of 

this reaction as follows: EB-FLDQV-AMC, EB-FLDGV-AMC, ES-GA-FLDQV-AMC, EB-

GA-FLDQV-AMC, ES-GA-FLDGV-AMC, EB-GA-FLDGV-AMC, EB-GA-FLDQV, EB-

GA-FLDGV, ES-GA-FLDQV, and ES-GA-FLDGV.

2.3. Spectroscopic measurements

2.3.1. UV/vis spectra—Solutions of the following compounds: EB, EB-GA, FLDGV-

AMC, FLDQV-AMC, EB-FLDQV-AMC, EB-FLDGV-AMC, EB-GA-FLDQV-AMC, and 

EB-GA-FLDGV-AMC, were prepared in NMP in concentrations 0.01 mg/mL and 0.05 

mg/mL. The absorption spectra were recorded five times and the data were subjected to 

PCA.

2.3.2. Fluorescence measurements—Solutions of FLDQV-AMC, FLDGV-AMC, EB-

FLDQV-AMC, EB-FLDGV AMC, EB-GA-FLDQV-AMC, and EB-GA-FLDGV-AMC in 

NMP were prepared in concentrations from 10−3 to 10−6 mg/mL. The emission was 

measured at 391.5 nm (λex 334 nm).

2.3.3. Stability of the immobilized peptides on the matrix—The peptides 

immobilized on the polymer matrix with, or without linker, were tested for leaching as 

follows: 1.7–2.2 mg of the substance were suspended in buffers with different pH ranging 

from 1 to 10. The suspensions were stirred at room temperature and the solution was tested 

periodically by TLC for presence of the labeled peptide. The fluorescent spectra were 

recorded after 24 h and the amount of peptide in the solution was quantified using a standard 

curve based on the non-bonded labeled peptides.
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2.4. Principal component analysis (PCA)

The absorption spectra measurements provide a representation of the samples in a high 

dimensional space with 1061 coordinates – the measured wavelengths. Thus, it becomes 

important to represent data in a more compact way while preserving the experimental 

variability. One of the commonly used in the field of chemometrics [41–43] dimensionality 

reduction approaches is PCA. The objective of this pattern recognition technique is to 

determine which variables account for the observed variability in data. In our specific case 

the variables of interest are the measured absorption wavelengths. PCA determines which 

linear combination of those variables contributes most significantly to data variability. The 

method also often leads to dimensionality reduction which is particularly important in the 

case of measuring absorption spectra. This particular aspect of PCA allows for regression 

testing in the reduced dimensionality data space which ultimately improves the statistical 

significance of the inferred regression models. Linear regression models of chemical 

mixtures are of special interest because linear dependencies of absorptions spectra between 

two or more compounds provide evidence for the absence of strong chemical bonds in the 

mixture.

3. Results and discussion

3.1. Elemental analysis, XPS data and FTIR spectra

According to Nakamura et al. [33], the internal amino acids, LDQ in the “original” dioxin 

binding pentapeptide FLDQV cannot be substituted by other amino acids. In this study, 

glutamine was substituted by glycine thus obtaining FLDGV, in order to study the binding 

ability of the compounds to the polyaniline matrix and later, the binding to PCBs and 

dioxins both in solution and in solid state. In order to trace the peptide on the heterogeneous 

sensor, it was labeled with AMC fluorescent marker at the C-end. FLDQV, FLDGV, 

FLDQV-AMC and FLDGV-AMC were attached to the ES and EB matrices with or without 

GA as a linker.

No functional groups belonging to GA, or any of the peptides, have been identified in the 

infrared spectra of ES-GA, EB-GA, EB-FLDQV-AMC, EB-FLDGV AMC, EB-GA-

FLDQV-AMC, and EB-GA-FLDGV-AMC. This may be due to the small amount of GA and 

peptides on the surface of the polymer, as well to the closeness of some peptide frequencies 

to the high intensity absorptions of the EB and ES. In all derivatives, peaks corresponding to 

both reduced and oxidized units of the polymer were present, at 826, 1164, 1298, 1493 and 

1588 cm−1, where the most intensive were the benzenoid and quinoid absorptions at 1493 

and 1588 cm−1, correspondingly.

Elemental analysis and XPS analysis were further applied to confirm the attachment of GA 

and peptides to the polymer matrix. Table 1 summarizes the elemental analysis data. Oxygen 

is not a part of the polyaniline structure and its presence there has not been clarified. Our 

analysis showed 6.94% oxygen in the ES and 2.43% in the EB. Some studies [35,36] assign 

the oxygen to the presence of water in the polymer. The presence of oxygen was also 

confirmed by XPS analysis indicating that it is rather covalently bounded to the polymer. 

Treatment of the ES and EB with pH 7.6 buffer reduces the oxygen content by 1.18% in the 
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former and increases it by 0.27% in the latter. Attachment of GA to the buffer treated species 

lead to 5.52% and 6.50% increase in oxygen content in the ES and EB correspondingly. 

Further increase of the oxygen content by 3.86% and 5.23% has been observed when 

peptides were attached to the GA treated samples. The same trend is also evident from the 

XPS data. Since the reaction media itself does not cause the increase in the oxygen amount, 

the latter is due to the covalent binding of the linker, GA, and the peptides, to the polyaniline 

matrix.

Figs. 1 and 2a–e represent the N 1s XPS spectra of the investigated samples and Table 2 

contains the deconvolution results. Figs. S1–S4 and Tables S1 and S2 in the supplemental 

material contain information about the oxygen and carbon XPS spectra and deconvolution 

results. ES XPS spectrum shows high concentration of positively charged nitrogen atoms – 

protonated imine nitrogens and amine cation radicals. After treatment with a buffer, the 

major component of the spectrum is the amine nitrogen and there are two smaller peaks, one 

at lower (398.77 eV) and one at higher binding energy (402.08 eV), for the imine and 

positively charged nitrogens, correspondingly. This result is in agreement with the elemental 

analysis data showing that the buffer causes significant de-doping in the ES polymer. 

Addition of GA to the buffer treated ES results in one major peak (75.27%) for the amine 

nitrogens and one broad band in the high energy part (401.74 eV) for the amine cation 

radicals. After the attachment of the non-labeled peptide, FLDGV, the dominating species 

are the cation radicals while the amine nitrogens are 17.17% [37–39]. The appearance of a 

broad peak at 403.71 eV is due to the N 1s shake up satellite of the ionized nitrogen atoms 

[40]. In the XPS spectrum of ES-GA-FLDQV-AMC, cation radicals are 85.59% of all 

nitrogens. The appearance of two almost identical peaks at lower (398.25 eV, imine) and 

higher binding energy (402.38 eV, protonated imine) indicated that the benzenoid structural 

units were oxidized and about 50% of the imine nitrogens were protonated.

The N 1s of the quinoid and benzenoid nitrogens in the EB are shifted toward higher binding 

energies (399.06 and 400.08 eV) and the amine nitrogens are in small excess (53.73%). The 

buffer protonates 9.98% of the imine nitrogens (402.56 eV); similar effect was observed 

after treatment with GA. Addition of the labeled peptide, FLDQV-AMC, to the EB-GA, 

results in 85.29% amine nitrogens and equivalent amounts of protonated and non-protonated 

imine nitrogen atoms [37–39].

3.2. UV/vis and fluorescence analysis

The selected pentapeptides have been attached to the polymer (ES and EB) both with and 

without linker. Since ES is practically insoluble, solid state fluorescence spectra were 

collected in order to prove the presence of the labeled peptide on the polymer (Fig. 3).

The absorption and emission spectra of EB, EB with attached glutaraldehyde and peptides 

have been recorded in NMP (Figs. 4–6). EB exhibits two absorption bands with maxima at 

327 and 630 nm. Slight batochromic shifts of the two bands have been observed when a 

peptide has been attached to the polymer. Attachment of GA as well as of the labeled 

peptide both with and without GA leads to a significant decrease in the absorptivity (Figs. 4 

and 5).
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The excitation and emission spectra of the investigated compounds are shown in Fig. 6. EB 

and EB-GA do not have measurable emission in the visible spectrum. FLDGV-AMC 

exhibits broad emission band with λem 393 nm. When the peptide is connected directly to 

the polymer (EB-GA), the fluorescence maximum is hypsochromically shifted (λem 385 

nm), however, when the peptide is linked through the glutaraldehyde (EB-GA-FLDGV-

AMC), the fluorescence is batochromically shifted (λem 406 nm) with respect to the 

fluorescence of the peptide itself in solution.

The amount of peptide attached to the matrix has been calculated from the emission 

intensities of the samples. The calibration was performed using standard solutions of the free 

peptides in a concentration range 1.0 × 10−4 to 5.0 × 10−5 mg/mL (FLDGV-AMC) and 1.0 × 

10−4 to 1.8 × 10−3 mg/mL (FLDQV-AMC). The results are shown in Table 3. Similar 

amounts of FLDQV-AMC were connected to both EB and EB-GA while FLDQV-AMC 

attaches better to GA activated matrix.

The ligand leaching was tested by immersing the samples in buffers with different pH. The 

emission spectra of the solutions were measured after 24 h and the results are summarized in 

Fig. 7.

The presence of a linker does not contribute to the general stability of the compounds. Direct 

binding of a ligand to the carrier can offer more stability in certain instances. EB-FLDGV-

AMC is stable in a broad pH region (pH 4–10) with less than 2% ligand detachment after 24 

h. EB-GA-FLDQV-AMC is stable in acidic (pH <4) and basic (pH 10) media, however, 9–

15% ligand release has been observed at pH 5–9.

3.3. Principal component analysis

In accordance with our goals: first, to determine if there is a dominant direction for the 

variability of the data, and second, to determine if there is evidence of strong chemical bonds 

when compounds are mixed – we performed PCA analysis on the experimental data that was 

grouped in four specific absorption spectra measurements. The first set A of data contained 

0.01 mg/mL EB, FLDGV-AMC, EB-FLDGV-AMC, and a 1:1 mixture of 0.01 mg/mL EB 

and 0.01 mg/mL FLDGV-AMC. The second set B contained 0.01 mg/mL EB, FLDQV-

AMC, EB-FLDQV-AMC and a 1:1 mixture of 0.01 mg/mL EB and 0.01 mg/mL FLDQV-

AMC. The third set C contained 0.05 mg/mL EB, EB-GA, EB-GA-FLDGV-AMC, FLDGV-

AMC, and three 1:1 mixtures: 0.01 mg/mL EB-GA and 0.05 mg/mL FLDGV-AMC; 0.05 

mg/mL EB-GA and 0.01 mg/mL FLDGV-AMC; 0.05 mg/mL EB-GA and 0.05 mg/mL 

FLDGV-AMC. The fourth set D contained 0.05 mg/mL EB, EB-GA, EB-GA-FLDQV-

AMC, and FLDQV-AMC, and three 1:1 mixtures: 0.01 mg/mL EB-GA and 0.05 mg/mL 

FLDQV-AMC; 0.05 mg/mL EB-GA and 0.01 mg/mL FLDQV-AMC; 0.05 mg/mL EB-GA 

and 0.05 mg/mL FLDQV-AMC. The PCA was run on the 0 mean centered measurements. In 

all of the four cases the analysis revealed that the variability of the data is explained almost 

100% by the first two principal components, Fig. 8.

These findings allowed to reduce the data dimensionality significantly, and to achieve a 

compact representation by projecting data onto 2-dimensional spaces spanned by the 

respective first two principal components. Using this compact representation, the question 
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about the presence or absence of strong chemical bonds could be framed as a statistical 

testing procedure about the goodness of fit of linear regression models to selected groups of 

data points. The results of the regression testing are shown in Figs. 9 and 10 as well as in 

Figs. S5 and S6 in the supplemental file.

Fig. 10 shows the relationship between several representative groups of compounds. It is 

obvious that there is no correlation when all data are included. Since it is assumed that the 

attachment of the peptides on the EB-GA matrix occurs via chemical reaction, we expected 

the new compound, containing 3–7% peptide, to have different electronic properties than a 

simple mixture of the starting materials and a correlation between EB-GA, the 

corresponding peptide and the mixtures in different ratios between them. Instead, an 

excellent correlation has been observed between EB, peptide, and the mixtures, while the 

attachment product forms well defined separate group.

In case of the direct binding of the peptide to EB (Fig. 9), the reaction product, EB-FLDGV-

AMC, also shows different behavior than the starting materials and the mixtures. From the 

regression coefficients it is evident that the EB and peptide correlate much better with the 

mixtures and the reaction product in this case also exhibits different properties.

4. Conclusions

Fluorescently labeled petapeptides were incorporated in the ES and EB matrices with or 

without GA as a linker. The compounds have similar stability over a broad pH range. GA did 

not contribute to the overall stability or lower ligand leaching. Although GA is binding to the 

EB and ES, there is no direct evidence, that it actually facilitates the incorporation of the 

pentapeptides through their free amino end by formation of a Schiff base. Due to the 

similarity in their behavior, it is suggested that the binding occurs directly to the polymer 

matrix rather than via GA. The attachment of the peptide to EB and EB-GA results in 

species with different electronic properties than the mixtures of starting materials with the 

same composition indicating that a chemical bonding takes place.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GA glutaraldehyde

APS ammonium persulfate

NMP 1-methyl-2-pyrrolidinone

ES emeraldine salt
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Fig. 1. 
N 1s XPS spectra: (a) EB polymer; (b) EB/buffer; (c) EBGA; (d) EBGA-FLDGV-AMC; (e) 

EBGA-FLDQV-AMC.
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Fig. 2. 
N 1s XPS spectra: (a) ES polymer; (b) ES/buffer; (c) ESGA; (d) ESGA-FLDGV-AMC; (e) 

ESGA-FLDQV-AMC.
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Fig. 3. 
Solid state fluorescence spectra of (1) ES; (2) ES with fluorescently labeled peptide (EB-

GA-FLDGV-AMC).
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Fig. 4. 
UV–vis spectra of (1) 0.05 mg/mL EB; (2) 0.05 mg/mL EB-GA; (3) 0.05 mg/mL EB-GA-

FLDGV-AMC; (4) 0.05 mg/mL FLDGV-AMC.
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Fig. 5. 
UV–vis spectra of (1) 0.05 mg/mL EB; (2) 0.05 mg/mL FLDGV-AMC; (3) 0.05 mg/mL EB-

FLDGV-AMC.
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Fig. 6. 
Excitation spectra of (1) 0.01 mg/mL EB; (3) 0.01 mg/mL EB-GA; (5) 0.000678 mg/mL 

FLDGV-AMC; (7) 0.0092 mg/mL EB-FLDGV-AMC; (9) 0.005 mg/mL EB-GA-FLDGV-

AMC at 334 nm; emission spectra of (2) 0.01 mg/mL EB; (4) 0.01 mg/mL EB-GA; (6) 

0.000678 mg/mL FLDGV-AMC; (8) 0.0092 mg/mL EB-FLDGV-AMC; (10) 0.005 mg/mL 

EB-GA-FLDGV-AMC (λex = 334 nm).
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Fig. 7. 
Ratios of peptides released in solution vs the original amount of peptide attached to the 

matrix at different pH (λex = 334 nm, λem = 391.5 nm): EB-FLDGV-AMC (○), EB-

FLDQV-AMC (▲), EB-GA-FLDGV-AMC (◊) and EB-GA-FLDQV-AMC (☆).
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Fig. 8. 
Pareto plots showing the percentage of variation in the four data sets that is explained by the 

first or the combination of the first and the second principle components.
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Fig. 9. 
Regression analysis for dataset A.
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Fig. 10. 
Regression analysis for dataset C.
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Table 2

Deconvolution results of N 1s XPS spectra of the analyzed samples.

Sample Binding energy (eV) Percentage of total area

ES
400.16 52.50

401.42 47.50

EB
400.08 53.73

399.06 46.27

ES/buffer

398.77 18.10

399.99 66.26

402.08 15.64

EB/buffer

398.85 41.18

400.01 48.85

402.55 9.98

ES-GA
399.95 75.27

401.74 24.73

EB-GA

398.56 21.81

399.80 74.35

402.38 3.84

ES-GA-FLDGV

399.60 17.17

400.84 78.08

403.71 4.75

EB-GA-FLDGV
398.51 13.49

399.82 86.51

ES-GA-FLDQV-AMC

398.25 7.43

400.01 85.59

402.38 6.98

EB-GA-FLDQV-AMC

398.20 8.49

399.89 85.29

402.30 6.22
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Table 3

Amount of peptide attached to the polymer matrix.

Compounds Peptides (%)

EB-FLDGV-AMC 3.30

EB-GA-FLDGV-AMC 7.76

EB-FLDQV-AMC 5.44

EB-GA-FLDQV-AMC 5.12
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