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Abstract 24 

 25 

The use of organic acids (e.g. acetic acid and gluconic acid) as additives during protease 26 

production is regarded as one of the simplest alternatives to increase enzyme stability 27 

and activity in many industrial processes. However, no methods have been described for 28 

the determination of organic acids in proteases and their contents have not been 29 

established yet. In this work, a novel, rapid and simple method for the determination of 30 

organic acids in proteolytic enzymes by capillary electrophoresis (CE) with indirect 31 

ultraviolet (UV) detection has been developed. Under the optimized conditions, the 32 

method was validated in terms of linearity, limit of detection (LOD), limit of 33 

quantification (LOQ) and intra-day and inter-day repeatability. Later, a sample 34 

pretreatment based on a hydroalcoholic microextraction was carefully optimized to 35 

obtain good recovery and repeatability and determine acetic and gluconic acids in a 36 

commercial protease sample. The complete procedure was validated using the standard-37 

addition calibration method, finding matrix effects on the studied compounds. Finally, 38 

acetic acid and gluconic acid were quantified at 80 mg/Kg (0.0080% (m/m)) and 69 39 

mg/Kg (0.0069% (m/m)) in the protease sample, respectively. 40 

 41 
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1. Introduction 50 

 51 

Protein hydrolysis can be used in a wide range of applications, from proteomic studies 52 

to cleaning and food biotechnology processes, and can be carried out by chemical or 53 

enzymatic processes [1–4]. While chemical processes (e.g. alkaline and acid hydrolysis) 54 

tend to be less eco-friendly, difficult to control and yield products with modified amino 55 

acids [5,6], enzymatic hydrolysis can be performed under milder conditions, hence 56 

avoiding the extreme environments required for chemical treatments [6,7]. Additionally, 57 

enzymes present substrate specificity, which allows the development of protein 58 

hydrolysates with better defined chemical and nutritional characteristics [7]. 59 

 60 

Proteases (also termed peptidases) are one of the most important groups of industrial 61 

enzymes and their designs range from small and simple catalytic units (around 20 kDa) 62 

to sophisticated protein-processing and degradation machines (0.7-6 MDa) [6,8]. Novel 63 

protease applications in industrial processes are constantly being introduced, but 64 

autolysis of proteases still remains the major limitation in enzyme production, which 65 

may lead to chain instability, low reaction rate and low substrate susceptibility [9,10]. 66 

Several methods have been described in the literature to increase enzyme stability, 67 

which include enzyme immobilization, cross-linking with chemicals or chemical 68 

modification of the amino acid side-chains [11–13]. Among them, the introduction of 69 

organic acids (e.g. acetic acid, gluconic acid and their salts, etc.) into the production 70 

medium is one of the simplest alternatives to increase enzyme stability and activity. 71 

These molecules are believed to provide additional points of hydrogen bonding with the 72 

enzyme surface, decrease dehydration and/or provide thermodynamic barriers to 73 

unfolding [14,15]. Despite its use in enzyme production is well-known, no dedicated 74 



methods have been described for the determination of organic acids in proteases and 75 

their contents have not been established yet. Novel analytical methods in this field 76 

should provide further information about the content of organic acids during protease 77 

production, which could be used in quality control to ensure maximum enzyme stability 78 

and activity, as well as to track enzyme production. 79 

 80 

Different techniques have been employed for organic acid determination, traditionally 81 

gas chromatography (GC) [16,17] and, more recently, liquid chromatography (LC) [18–82 

21]. However, these techniques present some deficiencies. When using GC, organic 83 

acids need to be derivatized to make them volatile. LC, besides needing in general 84 

organic solvents, is time-consuming and limited by the narrow linear dynamic range and 85 

the susceptibility to matrix interferences. Capillary electrophoresis (CE) with direct 86 

[22–25] or indirect [26–34] ultraviolet (UV) detection has also been demonstrated, but 87 

to a lesser extent, despite the well-known benefits of this high-performance microscale 88 

electroseparation technique [35]. CE provides complementary and, very often, better 89 

separations than hydrophobicity-driven reversed-phase LC. Additionally, analyses can 90 

be performed using smaller amounts of sample and reagents, no organic solvents are 91 

necessary, separation times are considerably low and it offers good repeatabilites [35]. 92 

CE has proven to be a good choice for the determination of organic acids in several 93 

beverages [22–25,28–31], microbial fermentation process samples [32], engine coolants 94 

[33] and ionic liquids from biomass hydrolysates [34], where no more than a simple 95 

dilution is needed. In addition, CE and capillary isotachophoresis have also been 96 

reported for determination of anions of organic acids as counterions of basic drugs [36–97 

38]. However, to the best of our knowledge, the use of CE for the analysis of organic 98 



acids in more complex matrices containing a high protein content (such as enzymes, or 99 

specifically proteases) has never been reported.  100 

 101 

In this work, we have developed a CE method with indirect UV detection for the 102 

determination of acetic acid and gluconic acid in proteases. Since most organic acids 103 

lack of a strong UV chromophore, the use of indirect UV detection offers an excellent 104 

alternative [26–34], without the need for any derivatization step or the use of a 105 

contactless conductivity detector [39–41]. After validating the method with standards, 106 

we optimized an appropriate sample pretreatment method for the extraction of organic 107 

acids from a commercial protease sample before CE-UV. The complete procedure was 108 

then validated using the standard-addition calibration method, before the accurate 109 

quantitation of the detected organic acids. 110 

 111 

2. Materials and methods 112 

2.1. Chemicals and samples 113 

 114 

All the chemicals used in the preparation of solutions and buffers were of analytical 115 

reagent grade or better. Acetonitrile (ACN, HPLC grade), methanol (MeOH, HPLC 116 

grade), ethanol (EtOH, 96% (v/v)), ammonium hydroxide (NH4OH, 25% (v/v)), acetic 117 

acid (glacial), gluconic acid, calcium chloride anhydrous, magnesium chloride 118 

anhydrous, sodium hydroxide, 2,6-pyridine dicarboxylic acid (2,6-PDC), 119 

cetyltrimethylammonium bromide (CTAB) and bovine serum albumin (BSA, molecular 120 

mass, M~ 66 kDa) were supplied by Merck (Darmstadt, Germany). The analyzed 121 

protease was commercially available as a solid powder mixture of combined proteases 122 



derived from Aspergillus oryzae. Water with conductivity lower than 0.05 μS/cm was 123 

obtained using a Milli-Q water purification system (Millipore, Molsheim, France).  124 

 125 

2.2. Electrolyte solutions 126 

 127 

The background electrolyte (BGE) was prepared with 20 mM 2,6-PDC, 0.3 mM CTAB, 128 

30 mg/L Ca
2+

 and 30 mg/L Mg
2+

 in MeOH:water (10:90, v/v). The pH of the solution 129 

was adjusted to 9.0 with NH4OH. Before the analyses, the BGE was degassed by 130 

sonication and filtered through a 0.20 µm nylon filter (Macherey-Nagel, Düren, 131 

Germany). 132 

 133 

2.3. Apparatus and procedures 134 

 135 

pH measurements were made with a Crison 2002 potentiometer and a Crison electrode 136 

52-03 (Crison Instruments, Barcelona, Spain). Centrifugal filtration at 25ºC was carried 137 

out in a cooled Rotanta 460 centrifuge (Hettich Zentrifugen, Tuttlingen, Germany). 138 

Agitation during sample extraction was performed with a Vortex Genius 3 (Ika
®
, 139 

Staufen, Germany).  140 

 141 

2.3.1. Standards and sample preparation 142 

 143 

An aqueous standard solution (1,000 mg/L) of each organic acid (acetic acid and 144 

gluconic acid) was prepared and stored in a freezer at -20°C when not in use. Working 145 

standard solutions were obtained by diluting the stock solutions with water. Standard 146 

solutions were also used to spike the protease sample.  147 



Under the optimized conditions, 20 mg of protease (solid powder) were mixed with 100 148 

µL of 80% (v/v) EtOH (sample:solvent 1:5 m/v) and were incubated for 30 min with 149 

constant shaking (medium speed) in a vortex at room temperature. The mixture was 150 

then centrifuged at 10,000 x g for 10 min at 25 ºC. The extraction with EtOH 80% (v/v) 151 

was repeated twice and the supernatants were combined. The pooled supernatants were 152 

evaporated to dryness in a SpeedVac
TM

 (Thermo Scientific, Waltham, MA, USA) and 153 

the solid residue was reconstituted with 100 µL of water or standard mixture at an 154 

appropriate concentration (spiked protease samples). Before the analysis, samples were 155 

filtered through a 0.20 µm nylon filter. 156 

 157 

2.3.2. CE-UV  158 

 159 

All CE-UV experiments were performed in a 7100 CE (Agilent Technologies, 160 

Waldbronn, Germany) with a diode-array detector (indirect UV detection at 254 nm). 161 

The method was adapted from the work of H. Turkia et al. [32], but substituting 2,3-162 

PDC by 2,6-PDC and myristyltrimethylammonium hydroxide (MTAH) by CTAB as 163 

described by M. Navarro-Pascual-Ahuir et al. [29,30]. Separations were performed at 164 

25°C in 58 cm total length (LT) × 50 μm internal diameter (i.d.) × 365 μm outer 165 

diameter (o.d.) fused silica capillaries (Polymicro Technologies, Phoenix, AZ, USA). 166 

All capillary rinses were performed at 930 mbar. New fused silica capillaries were 167 

flushed with 1 M NaOH (20 min), water (20 min) and BGE (15 min). The capillary was 168 

finally equilibrated by applying -20 kV (reversed polarity, cathode in the inlet) for 20 169 

min. Samples (organic acid standards and protease samples) were injected at 50 mbar 170 

for 15 s. Between runs, capillaries were conditioned by rinsing with 1 M NaOH (1 min), 171 

water (1 min) and BGE (3 min). At the beginning and at the end of a sequence of 172 



analysis of protease samples, a 250 mg/L standard mixture containing acetic and 173 

gluconic acid was analyzed as a quality control. Data acquisition was performed with 174 

ChemStation software (version C.01.06, Agilent Technologies). A specific macro 175 

provided with the software needed to be installed to transform the raw 176 

electropherograms with negative peaks into positive peaks. 177 

 178 

The CE instrument was also used to estimate the total amount of protein in the 179 

commercial protease from absorbance measurements at 280 nm. A calibration curve 180 

was established by analyzing BSA standard solutions at concentrations between 50 and 181 

1000 µg/mL. BSA standards and protease sample were injected in triplicate for 10 s at 182 

50 mbar. Infusion experiments were performed without voltage and applying 50 mbar 183 

of pressure after the injection. Absorbance was measured from the height of the detected 184 

protein peaks.  185 

 186 

2.3.3. Method validation  187 

 188 

Quality parameters were calculated by measuring peak areas and migration times (tm) 189 

from the electropherograms obtained for the organic acids. Studies of intra-day (n=6 190 

with one capillary) and inter-day repeatability (n=9 over three alternate days and with a 191 

new capillary each day) were performed by analyzing a standard mixture of acetic acid 192 

and gluconic acid at 250 mg/L each or a spiked protease sample at 50 mg/L each. These 193 

values were calculated as a percentage of relative standard deviation (%RSD) of peak 194 

areas and tm. LOD for each organic acid was experimentally established by injecting the 195 

standard mixtures at decreasing concentrations until the analytes could not be detected 196 

(S/N=3). LOQ was given as the lower concentration limit of the linear ranges. External 197 



and standard-addition calibration methods were used for the quantification of acetic acid 198 

and gluconic acid in the protease sample. Calibration was performed at nine (from 1 to 199 

500 mg/L) and six (from 10 to 500 mg/L) levels of concentration, for external and 200 

standard-addition calibration methods, respectively, in triplicate at each level. 201 

Concentrations for acetic acid and gluconic acid were determined in triplicate 202 

extrapolating from three independent standard-addition calibration curves.   203 

 204 

3. Results and discussion 205 

3.1. Analysis of standard solutions  206 

 207 

Determination of organic acids by CE with indirect UV detection can be achieved 208 

adding a UV absorbing compound in the BGE, but separation conditions must be 209 

carefully selected to avoid comigration of the target compounds and sample matrix 210 

components [26–34]. From the variety of additives described for indirect UV 211 

dectection, 2,6-PDC was selected because it has been widely applied before with 212 

excellent performance [26–30]. CTAB, a surfactant that is commonly used in the 213 

analysis of organic acids, was added as a modifier to change the direction of the 214 

electroosmotic flow (EOF) (anodic EOF) [29,30]. As pH was adjusted to 9.0 [32], 215 

reversed polarity (i.e. negative voltage or anode in the outlet) was applied to ensure 216 

migration of the anionic organic acids towards the detector in the outlet end. Ca
2+

 and 217 

Mg
2+

 ions and MeOH were also added to the BGE to enhance separation efficiency and 218 

selectivity. On the one hand, cations of the alkaline earth group have strong tendencies 219 

to form partially dissociated complexes in solution with the anions of organic acids. The 220 

most important parameters affecting complexation equilibrium are the type and 221 

concentration of the cation and the pH of the BGE [42]. On the other hand, the addition 222 



of MeOH to the BGE reduce the EOF, hence increasing tm and resolution. Furthermore, 223 

the relative permittivity of MeOH is lower than that of water. This provides additional 224 

possibilities for improving separation, because complexation reactions and formation of 225 

high degree complexes are promoted in a low relative permittivity medium [32].  226 

 227 

Figures 1 A-B show the electropherograms obtained by CE-UV (at 254 nm) for a blank 228 

(i.e. pure water) and a 50 mg/L standard mixture of acetic acid and gluconic acid. The 229 

raw electropherogram was transformed to show acetic acid (tm ~ 5.5 min) and gluconic 230 

acid (tm ~ 7.3 min) as positive peaks. Both organic acids were originally detected as 231 

negative peaks due their low absorption and the use of a BGE that contained a high UV 232 

absorbing compound (2,6-PDC). Peak identification was performed by comparing tm in 233 

mixtures at different concentrations with those obtained in individual standard solutions.  234 

 235 

In order to establish the external calibration curves, standard mixtures of both organic 236 

acids were analyzed at concentrations between 1 and 500 mg/L. As can be observed in 237 

Table 1-A, the method was linear between 2.5 and 500 mg/L for acetic acid and 238 

between 5 and 500 mg/L for gluconic acid (coefficients of determination (R
2
) > 0.998, 239 

in both cases). LODs were 1 and 2.5 mg/L and LOQs were 2.5 and 5 mg/L for acetic 240 

acid and gluconic acid, respectively. Intra-day repeatability of peak areas and tm were 241 

good, and %RSD values were 1.5 and 2.0% for peak areas and 0.8 and 1.5% for tm (for 242 

acetic acid and gluconic acid, respectively), which are the typical values for CE-UV 243 

[35]. Inter-day repeatability was also satisfactory, and %RSD values were 2.0 and 2.5% 244 

for peak areas and 2.7 and 3.5% for tm (for acetic acid and gluconic acid, respectively). 245 

 246 

3.2. Sample pretreatment optimization 247 



 248 

For the analysis of the organic acids in the protease sample, a sample pretreatment was 249 

necessary because the sample matrix contained a high protein content (i.e. 50% m/m of 250 

protein in the studied protease sample, from the UV absorbance at 280 nm). Different 251 

procedures for the extraction of acetic acid and gluconic acid were tested, which were 252 

originally developed for the analysis of organic acids in food [43] or for the 253 

precipitation of the most abundant proteins from blood plasma or serum [44,45]. The 254 

procedures consisted of extracting with 80% (v/v) EtOH (sample:solvent 1:2 m/v), 80% 255 

(v/v) EtOH with 1 M NaOH (sample:solvent 1:2 m/v) and ACN (sample:solvent 1:6 256 

m/v). Peak identification was performed by spiking the protease sample with a standard 257 

mixture at a concentration of 50 mg/L of acetic acid and gluconic acid and comparing tm 258 

with those obtained for standard mixtures. Figures 2 A-C show the electropherograms 259 

obtained by CE-UV for the spiked protease samples after extracting in the different 260 

conditions. As it is shown in Figure 2, only the use of 80% (v/v) EtOH (sample:solvent 261 

1:2 m/v) (Figure 2 A) allowed a reliable identification of the extracted acetic acid and 262 

gluconic acid (tm ~ 5.5 and 7.3, respectively, as in the standards, see Figure 1). For this 263 

reason, 80% (v/v) EtOH was chosen for further studies about organic acid recoveries. 264 

 265 

Different ratios between the protease sample and the hydroalcoholic solvent were tested 266 

to optimize recoveries: 1:2 m/v (50 mg sample, 100 µL solvent), 1:5 m/v (20 mg 267 

sample, 100 µL solvent) and 1:10 m/v (20 mg sample, 200 µL solvent). The organic 268 

acid recoveries were estimated from a comparison of the peak areas obtained for the 269 

protease sample spiked at 50 mg/L with the standard mixture and the unspiked protease 270 

sample. For the calculations, a 100% recovery was considered for the 50 mg/L standard 271 

mixture of acetic acid and gluconic acid (Figure 1 B). As an example, Figures 3 A-B 272 



show the electropherograms obtained by CE-UV after extraction with 80% (v/v) EtOH 273 

(sample:solvent ratio of 1:5 m/v) for the protease sample spiked at 50 mg/L with acetic 274 

acid and gluconic acid and the unspiked protease sample, respectively. These results can 275 

be compared with Figure 1 B that shows the electropherogram obtained by CE-UV for a 276 

50 mg/L standard mixture of the organic acids. Recoveries for acetic acid and gluconic 277 

acid with the 1:2 m/v ratio were 40% and 59%, respectively, 50% and 81% with the 1:5 278 

m/v ratio, and 51% and 70% with the 1:10 m/v ratio. As can be observed, recoveries for 279 

acetic acid did not change significantly, especially between ratios 1:5 and 1:10 (around 280 

50% in both cases). However, recoveries for gluconic acid were maximum (81%) with 281 

the 1:5 ratio and decreased (70%) when the solvent proportion was increased. For this 282 

reason, extraction with EtOH 80% (v/v) (sample:solvent 1:5 m/v) was selected for 283 

further method validation. 284 

 285 

3.3. Quantification of organic acids 286 

 287 

Once the sample pretreatment was optimized, validation of the complete procedure was 288 

performed with the spiked samples by means of investigating intra-day and inter-day 289 

repeatability, as well as the standard-addition calibration method to find possible matrix 290 

effects. Intra-day repeatability of peak areas and tm were good, taking into account the 291 

complexity of the extracts, and %RSD values were 4.5 and 7.1% for peak areas and 0.3 292 

and 0.5% for tm (for acetic acid and gluconic acid, respectively). Inter-day repeatability 293 

was also satisfactory, and %RSD values were 7.4 and 9.9% for peak areas and 3.3 and 294 

4.4% for tm (for acetic acid and gluconic acid, respectively). As can be observed in 295 

Table 1-B, the linearity ranges were slightly shorter with the standard-addition 296 

calibration method compared to the values obtained with the external calibration 297 



method (2.5-500 mg/L vs. 25-500 mg/L for acetic acid and 5-500 mg/L vs. 50-500 298 

mg/L for gluconic acid, see Table 1 A-B), and LODs and LOQs were ten times higher. 299 

Moreover, the sensitivity given by the linear regression slopes significantly decreased 300 

(Table 1 A-B), indicating a matrix effect, which needed to be taken into account for an 301 

accurate quantification of the organic acids in the protease sample. The standard-302 

addition calibration method allowed determining that the total concentration of acetic 303 

acid and gluconic acid in the protease sample was 80 mg/Kg (0.0080% (m/m)) and 69 304 

mg/Kg (0.0069% (m/m)), respectively.   305 

 306 

4. Conclusions 307 

 308 

In this work, a rapid and simple CE method with indirect UV detection for the 309 

separation of two organic acids in less than 8 min was successfully developed and 310 

validated. The method was applied to the determination of acetic acid and gluconic acid 311 

in a commercial protease sample, after optimizing an appropriate sample pretreatment 312 

based on extraction with 80% v/v of EtOH. Intra-day and inter-day repeatability were 313 

good, but the standard-addition calibration method was necessary for a reliable 314 

quantification due to the presence of matrix effects. LODs were low enough for an 315 

accurate quantification of both acids in the protease sample at 80 mg/Kg (0.0080% 316 

(m/m)) and 69 mg/Kg (0.0069% (m/m)), respectively. The developed method could be 317 

easily applied for monitoring acetic acid and gluconic acid in the production of 318 

proteases or other enzymes, but also could be explored to analyze other organic acids as 319 

part of the quality control process. More broadly, the proposed method could be also 320 

investigated for the analysis of organic acids in other complex matrices with high 321 

protein content, as quality indicators in a wide range of applications, dealing with food, 322 



biological and environmental samples. In the applications dealing with other organic 323 

acids and/or complex samples, the method would probably need to be slightly 324 

reoptimized to ensure appropriate results. 325 

 326 

Acknowledgements 327 

 328 

This study was supported by the Spanish Ministry of Economy and Competitiveness 329 

(RTI2018-097411-B-I00) and the Cathedra UB Rector Francisco Buscarons Úbeda 330 

(Forensic Chemistry and Chemical Engineering).  331 

 332 

The authors declare no conflicts of interest. 333 

 334 

References 335 

 336 

[1] M. Fountoulakis, H.W. Lahm, Hydrolysis and amino acid composition analysis 337 

of proteins, J. Chromatogr. A. 826 (1998) 109–134. doi:10.1007/s10096-017-338 

3055-z. 339 

[2] A. Clemente, Enzymatic protein hydrolysates in human nutrition, Trends Food 340 

Sci. Technol. 11 (2000) 254–262. doi:10.1016/S0924-2244(01)00007-3. 341 

[3] O. Kirk, T.V. Borchert, C.C. Fuglsang, Industrial enzyme applications, Curr. 342 

Opin. Biotechnol. 13 (2002) 345–351. doi:10.1016/S0958-1669(02)00328-2. 343 

[4] S. Jian, T. Wenyi, C. Wuyong, Kinetics of enzymatic unhairing by protease in 344 

leather industry, J. Clean. Prod. 19 (2011) 325–331. 345 

doi:10.1016/j.jclepro.2010.10.011. 346 

[5] A. Tsugita, J.J. Scheffler, A rapid method for acid hydrolysis of protein with a 347 



mixture of trifluoroacetic acid and hydrochloric acid, Eur. J. Biochem. 124 348 

(1982) 585–588. doi:10.2183/pjab.58.1. 349 

[6] O.L. Tavano, Protein hydrolysis using proteases: An important tool for food 350 

biotechnology, J. Mol. Catal. B Enzym. 90 (2013) 1–11. 351 

doi:10.1016/j.molcatb.2013.01.011. 352 

[7] H.C. Castro, P.A. Abreu, R.B. Geraldo, R.C.A. Martins, R. Dos Santos, N.I.V. 353 

Loureiro, L.M. Cabral, C.R. Rodrigues, Looking at the proteases from a simple 354 

perspective, J. Mol. Recognit. 24 (2011) 165–181. doi:10.1002/jmr.1091. 355 

[8] C. López-Otín, J.S. Bond, Proteases: multifunctional enzymes in life and disease, 356 

J. Biol. Chem. 283 (2008) 30433–30437. doi:10.1074/jbc.R800035200. 357 

[9] G.F. Bickerstaff, H. Zhou, Protease activity and autodigestion (autolysis) assays 358 

using Coomassie blue dye binding, Anal. Biochem. 210 (1993) 155–158. 359 

doi:10.1006/abio.1993.1166. 360 

[10] A.M. Mildner, D.J. Rothrock, J.W. Leone, C.A. Bannow, J.M. Lull, I.M. 361 

Reardon, J.L. Sarcich, C.W. Smith, R.L. Heinrikson, A.G. Tomasselli, W.J. 362 

Howe, C.S.C. Tomich, The HIV-1 Protease as Enzyme and Substrate: 363 

Mutagenesis of Autolysis Sites and Generation of a Stable Mutant with Retained 364 

Kinetic Properties, Biochemistry. 33 (1994) 9405–9413. 365 

doi:10.1021/bi00198a005. 366 

[11] K. Sangeetha, T.E. Abraham, Chemical modification of papain for use in alkaline 367 

medium, J. Mol. Catal. B Enzym. 38 (2006) 171–177. 368 

doi:10.1016/j.molcatb.2006.01.003. 369 

[12] R. Fernandez-Lafuente, Stabilization of multimeric enzymes: strategies to 370 

prevent subunit dissociation, Enzyme Microb. Technol. 45 (2009) 405–418. 371 

doi:10.1016/j.enzmictec.2009.08.009. 372 



[13] Y. Xue, C.Y. Wu, C.J. Branford-White, X. Ning, H.L. Nie, L.M. Zhu, Chemical 373 

modification of stem bromelain with anhydride groups to enhance its stability 374 

and catalytic activity, J. Mol. Catal. B Enzym. 63 (2010) 188–193. 375 

doi:10.1016/j.molcatb.2010.01.018. 376 

[14] C.Ó. Fágáin, Understanding and increasing protein stability, Biochim. Biophys. 377 

Acta (BBA)/Protein Struct. Mol. 1252 (1995) 1–14. doi:10.1016/0167-378 

4838(95)00133-F. 379 

[15] C.Ó. Fágáin, Enzyme stabilization - recent experimental progress, Enzyme 380 

Microb. Technol. 33 (2003) 137–149. doi:10.1016/S0141-0229(03)00160-1. 381 

[16] M. Morvai, I. Molnár-Perl, D. Knausz, Simultaneous gas-liquid chromatographic 382 

determination of sugars and organic acids as trimethylsilyl derivatives in 383 

vegetables and strawberries, J. Chromatogr. A. 552 (1991) 337–344. 384 

doi:10.1016/S0021-9673(01)95950-3. 385 

[17] M.A. Adams, Z. Chen, P. Landman, T.D. Colmer, Simultaneous determination 386 

by capillary gas chromatography of organic acids, sugars, and sugar alcohols in 387 

plant tissue extracts as their trimethylsilyl derivatives, Anal. Biochem. 266 388 

(1999) 77–84. doi:10.1006/abio.1998.2906. 389 

[18] J.L. Gómez-Ariza, M.J. Villegas-Portero, V. Bernal-Daza, Characterization and 390 

analysis of amino acids in orange juice by HPLC-MS/MS for authenticity 391 

assessment, Anal. Chim. Acta. 540 (2005) 221–230. 392 

doi:10.1016/j.aca.2004.08.048. 393 

[19] K.L. Ross, T.T. Tu, S. Smith, J.J. Dalluge, Profiling of organic acids during 394 

fermentation by ultraperformance liquid chromatography-tandem mass 395 

spectrometry, Anal. Chem. 79 (2007) 4840–4844. doi:10.1021/ac0624243. 396 

[20] V. Pereira, J.S. Câmara, J. Cacho, J.C. Marques, HPLC-DAD methodology for 397 



the quantification of organic acids, furans and polyphenols by direct injection of 398 

wine samples, J. Sep. Sci. 33 (2010) 1204–1215. doi:10.1002/jssc.200900784. 399 

[21] J.C. de Souza, J.L. da Silva, R.M. Fabrão, N.R. Stradiotto, M.V.B. Zanoni, 400 

Electroactive sugars, organic acids and sugar alcohol analysis in wine using 401 

anion-exchange chromatography with electrochemical detection, Microchem. J. 402 

147 (2019) 972–978. doi:10.1016/j.microc.2019.04.010. 403 

[22] L. Saavedra, A. Garcı́a, C. Barbas, Development and validation of a capillary 404 

electrophoresis method for direct measurement of isocitric, citric, tartaric and 405 

malic acids as adulteration markers in orange juice, J. Chromatogr. A. 881 (2000) 406 

395–401. doi:10.1016/S0021-9673(00)00258-2. 407 

[23] I. Mato, J.F. Huidobro, J. Simal-Lozano, M.T. Sancho, Simultaneous 408 

determination of organic acids in beverages by capillary zone electrophoresis, 409 

Anal. Chim. Acta. 565 (2006) 190–197. doi:10.1016/j.aca.2006.02.043. 410 

[24] L. Saavedra, C. Barbas, Validated capillary electrophoresis method for small-411 

anions measurement in wines, Electrophoresis. 24 (2003) 2235–2243. 412 

doi:10.1002/elps.200305415. 413 

[25] S. Cortacero-Ramírez, A. Segura-Carretero, M. Hernáinz-Bermúdez De Castro, 414 

A. Fernández-Gutiérrez, Determination of low-molecular-mass organic acids in 415 

any type of beer samples by coelectroosmotic capillary electrophoresis, J. 416 

Chromatogr. A. 1064 (2005) 115–119. doi:10.1016/j.chroma.2004.12.029. 417 

[26] T. Soga, G.A. Ross, Simultaneous determination of inorganic anions, organic 418 

acids and metal cations by capillary electrophoresis, J. Chromatogr. A. 834 419 

(1999) 65–71. doi:10.1016/S0021-9673(98)00692-X. 420 

[27] T. Soga, M. Imaizumi, Capillary electrophoresis method for the analysis of 421 

inorganic anions, organic acids, amino acids, nucleotides, carbohydrates and 422 



other anionic compounds, Electrophoresis. 22 (2001) 3418–3425. 423 

doi:10.1002/1522-2683(200109)22:16<3418::AID-ELPS3418>3.0.CO;2-8. 424 

[28] V.I. Esteves, S.S.F. Lima, D.L.D. Lima, A.C. Duarte, Using capillary 425 

electrophoresis for the determination of organic acids in Port wine, Anal. Chim. 426 

Acta. 513 (2004) 163–167. doi:10.1016/j.aca.2003.12.036. 427 

[29] M. Navarro-Pascual-Ahuir, M.J. Lerma-Garcia, E.F. Simo-Alfonso, J.M. 428 

Herrero-Martinez, Rapid differentiation of commercial juices and blends by using 429 

sugar profiles obtained by capillary zone electrophoresis with indirect UV 430 

detection, J. Agric. Food Chem. 63 (2015) 2639–2646. 431 

doi:10.1021/acs.jafc.5b00122. 432 

[30] M. Navarro-Pascual-Ahuir, M.J. Lerma-García, E.F. Simó-Alfonso, J.M. 433 

Herrero-Martínez, Analysis of Aliphatic Organic Acids in Commercial Fruit 434 

Juices by Capillary Electrophoresis with Indirect UV Detection: Application to 435 

Differentiation of Fruit Juices, Food Anal. Methods. 10 (2017) 3991–4002. 436 

doi:10.1007/s12161-017-0963-6. 437 

[31] R. Castro, M.V.G. Moreno, R. Natera, F. García-Rowe, M.J. Hernández, C.G. 438 

Barroso, Comparative analysis of the organic acid content of vinegar by capillary 439 

electrophoresis and ion-exclusion chromatography with conductimetric detection, 440 

Chromatographia. 56 (2002) 57–61. doi:10.1007/BF02490247. 441 

[32] H. Turkia, H. Sirén, J.P. Pitkänen, M. Wiebe, M. Penttilä, Capillary 442 

electrophoresis for the monitoring of carboxylic acid production by 443 

Gluconobacter oxydans, J. Chromatogr. A. 1217 (2010) 1537–1542. 444 

doi:10.1016/j.chroma.2009.12.075. 445 

[33] T. Rösch, J. Troffer, C. Huhn, Indirect CE-UV detection for the characterization 446 

of organic and inorganic ions of a broad mobility and pKa range in engine 447 



coolants, Electrophoresis. 40 (2019) 2806–2809. doi:10.1002/elps.201900198. 448 

[34] T. Aid, L. Paist, M. Lopp, M. Kaljurand, M. Vaher, An optimized capillary 449 

electrophoresis method for the simultaneous analysis of biomass degradation 450 

products in ionic liquid containing samples, J. Chromatogr. A. 1447 (2016) 141–451 

147. doi:10.1016/j.chroma.2016.04.027. 452 

[35] H.H. Lauer, G.P. Rozing, eds., High Performance Capillary Electrophoresis, 2nd 453 

ed., Agilent Technologies, Waldbronn, Germany, 2014. 454 

doi:10.1371/journal.pone.0016148. 455 

[36] Q. Zhu, G.K.E. Scriba, Analysis of small molecule drugs, excipients and counter 456 

ions in pharmaceuticals by capillary electromigration methods – recent 457 

developments, J. Pharm. Biomed. Anal. 147 (2018) 425–438. 458 

doi:10.1016/j.jpba.2017.06.063. 459 

[37] S. Štěpánová, V. Kašička, Determination of impurities and counterions of 460 

pharmaceuticals by capillary electromigration methods, J. Sep. Sci. 37 (2014) 461 

2039–2055. doi:10.1002/jssc.201400266. 462 

[38] P. Sázelová, V. Kašička, V. Šolínová, D. Koval, Determination of purity degree 463 

and counter-ion content in lecirelin by capillary zone electrophoresis and 464 

capillary isotachophoresis, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 465 

841 (2006) 145–151. doi:10.1016/j.jchromb.2006.04.006. 466 

[39] P. Tůma, E. Samcová, K. Štulík, Determination of the spectrum of low molecular 467 

mass organic acids in urine by capillary electrophoresis with contactless 468 

conductivity and ultraviolet photometric detection-An efficient tool for 469 

monitoring of inborn metabolic disorders, Anal. Chim. Acta. 685 (2011) 84–90. 470 

doi:10.1016/j.aca.2010.11.007. 471 

[40] P. Tuma, J. Gojda, Rapid determination of branched chain amino acids in human 472 



blood plasma by pressure-assisted capillary electrophoresis with contactless 473 

conductivity detection, Electrophoresis. 36 (2015) 1969–1975. 474 

doi:10.1002/elps.201400585. 475 

[41] P. Kubáň, P.C. Hauser, Contactless conductivity detection for analytical 476 

techniques: Developments from 2016 to 2018, Electrophoresis. 40 (2019) 124–477 

139. doi:10.1002/elps.201800248. 478 

[42] M. Chiari, Enhancement of selectivity in capillary electrophoretic separations of 479 

metals and ligands through complex formation, J. Chromatogr. A. 805 (1998) 1–480 

15. doi:10.1016/S0021-9673(98)00012-0. 481 

[43] Determination of organic acids in food. GB/T 5009.157-2003, China Natl. Stand. 482 

(2003). 483 

[44] P.B. Ralston, T.G. Strein, A study of deproteinization methods for subsequent 484 

serum analysis with capillary electrophoresis, Microchem. J. 55 (1997) 270–283. 485 

doi:10.1006/mchj.1996.1421. 486 

[45] L. Pont, F. Benavente, J. Barbosa, V. Sanz-Nebot, An update for human blood 487 

plasma pretreatment for optimized recovery of low-molecular-mass peptides 488 

prior to CE-MS and SPE-CE-MS, J. Sep. Sci. 36 (2013) 3896–3902. 489 

doi:10.1002/jssc.201300838. 490 

 491 

Figure legends 492 

 493 

Figure 1. CE-UV electropherograms (254 nm) obtained for (A) a blank (i.e. pure water) 494 

and (B) a 50 mg/L standard mixture of acetic acid and gluconic acid. 495 

 496 



Figure 2. CE-UV electropherograms (254 nm) obtained for a spiked protease sample at 497 

50 mg/L with acetic acid and gluconic acid after extracting the organic acids with (A) 498 

80% (v/v) EtOH (sample:solvent 1:2 m/v), (B) 80% (v/v) EtOH with 1 M NaOH 499 

(sample:solvent 1:2 m/v) and (C) ACN (sample:solvent 1:6 m/v). 500 

 501 

Figure 3. CE-UV electropherograms (254 nm) obtained after extracting the organic 502 

acids with 80% (v/v) EtOH (sample:solvent 1:5 m/v) for (A) a spiked protease sample 503 

at 50 mg/L with acetic acid and gluconic acid and (B) an unspiked protease sample.  504 

 505 



Figure 1 
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C) ACN (sample:solvent 1:6 m/v). Spiked 
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A) 80% (v/v) EtOH (sample:solvent 1:5 m/v). Spiked 
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Table 1. Calibration curves, regression coefficients (R
2
), linear ranges, LOD and LOQ obtained by CE-UV for acetic acid and gluconic acid 

using (A) external calibration and (B) standard-addition calibration. 

Quality parameters 
(A) External calibration 

Acetic acid Gluconic acid 

Calibration curve  y = 0.545x - 2.35 y = 0.290x - 0.707 

R
2
 0.998 0.999 

Linear range (mg/L) 2.5-500 5-500 

LOD (mg/L) 1 2.5 

LOQ (mg/L) 2.5 5 

 (B) Standard-addition calibration 

Calibration curve  y = 0.371x - 5.93 y = 0.187x - 2.57 

R
2
 0.998 0.995 

Linear range (mg/L) 25-500 50-500 

LOD (mg/L) 10 25 

LOQ (mg/L) 25 50 


