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Abstract

:

Robust and selective quantification methods are required to better analyze feed supplementation effectiveness with specific amino acids. In this work, a reversed-phase high-performance liquid chromatography method with fluorescence detection is proposed and validated for lysine quantification, one of the most limiting amino acids in ruminant nutrition and essential towards milk production. To assess and widen method applicability, different matrices were considered: namely Li2CO3 buffer (the chosen standard reaction buffer), phosphate buffer solution (to mimic media in cellular studies), and rumen inoculum. The method was validated for all three matrices and found to be selective, accurate (92% ± 2%), and precise at both the inter- and intra-day levels in concentrations up to 225 µM, with detection and quantification limits lower than 1.24 and 4.14 µM, respectively. Sample stability was evaluated when stored at room temperature, 4 °C, and −20 °C, showing consistency for up to 48 h regardless of the matrix. Finally, the developed method was applied in the quantification of lysine on real samples. The results presented indicate that the proposed method can be applied towards free lysine quantification in ruminant feeding studies and potentially be of great benefit to dairy cow nutrition supplementation and optimization.
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1. Introduction


Lysine (Lys), along with methionine, is often considered the most limiting amino acid (AA) for ruminant production, particularly when considering milk production in dairy cows, mainly due to the AA profile of the currently used corn-based diets [1,2,3,4,5]. Due to the importance of this AA and its natural scarceness, selective and efficient Lys quantification methods are required, able to accurately evaluate this amino acid in feed ingredients and diets, ensuring that adequate amounts of the AA are being fed to the animal, as well as to evaluate it after feeding, to evaluate Lys release in the rumen or even its uptake at cellular level.



Due to Lys’ non-chromogenic nature, a conversion into chromogenic or fluorescence derivatives prior to analysis and quantification is the standard approach [6,7,8,9,10]. Several high-performance liquid chromatography (HPLC) methods already exist for the separation and quantification of AA in biological samples [6,11,12,13,14,15,16]. However, most of these methods are time consuming [6,11,12,16] and some may require expensive derivatization methods [13] or high temperatures [16] which reduce their applicability. Furthermore, most developed methods are designed to quantify multiple AA in specific media and have yet to be optimized for media such as the rumen inoculum, which poses a particular challenge to ruminant nutrition.



The method proposed herein is based on HPLC with fluorescence detection, and was optimized to achieve a fast and selective Lys quantification that could be applied in several biological scenarios regarding studies in ruminant animals. This method was developed to be used in three matrices: (1) Li2CO3 buffer—chosen as the standard reactionary media [12]; (2) phosphate buffer solution (PBS)—selected to mimic cellular assay conditions; and (3) rumen inoculum—selected for in vivo or ex vivo simulation of the fermentation in this organ. Moreover, sample stability was assessed for up to 96 h of storage at three different storage temperatures, to determine the most suitable way to store samples in the eventuality that an immediate quantification is not possible.




2. Results and Discussion


2.1. Method Optimization


The chromatographic conditions of the original method [12], developed for the separation of eight dansylated AA, were selected as a working basis. This original method was not tested with more complex media such as those found in animal science applications, with only Li2CO3 buffer being considered. For these reasons, the chromatographic conditions were optimized for a faster Lys quantification in several biological matrices, due the importance of this AA in dairy cow nutrition.



Dansyl chloride is one of the most widely used derivatization agents in the quantification of AA [11,12,17,18,19,20,21,22], and its derivatives do not suffer from poor stability such as the ones obtained when using o-phthalaldehyde [23]. Although the latter’s derivatization method is simpler and faster [23], the different stability of derivatives was the main reason dansyl chloride was chosen as the derivatizing agent in this work. In short, the derivatizing agent’s concentration was increased 10-fold, to ensure a complete analyte derivatization in complex matrices and concentrated samples. Methylamine was selected to consume the excess of derivatizing agent, as it quickly eluted from the column, even when derivatized, and would not cause overlay with any of the peaks of interest. The initial gradient [12] was altered in order to reduce total run length without compromising the separation of Lys. An internal standard (IS) was added to improve the method, with L-phenylalanine ethyl-ester being the selected substance, due to it not occurring naturally in the rumen, and due to its peak’s proximity with that of Lys, without overlapping it. After this optimization process, the chromatographic method was characterized using the new conditions (Table 1).



The optimization of the chromatographic conditions effectively reduced the total run length from 60 min to 22 min, and Lys retention time from 44 min to 13.5 min, without impairing Lys separation from matrix impurities, and with a dead time (t0) of 1.2 min. Additionally, the method presented retention factors higher than 6 for both analyte and IS (Table 1) which are indicative of a good separation [24]. The resolution between the peaks of the two substances, Lys and IS, was also high (≥1.5), ensuring that they are well separated at the baseline [24].




2.2. Method Validation


Selectivity is the methods’ capability to differentiate the analyte from the remaining components of the matrix [25]. The HPLC gradient was previously optimized to achieve a complete baseline separation between dansylated Lys and the IS. Using the optimized gradient, no other peaks were observed near both Lys and IS retention times with retention factors of 6.9 and 8.2, respectively (Table 1), indicating that the method allowed an effective separation of the components in all matrices (Figure 1).



Linearity was evaluated by plotting calibration curves constructed as previously described. The study showed, with the tested chromatographic conditions, a good linearity (R ≥ 0.9996) within the proposed range for all matrices. The range, slopes, and correlation coefficients of plotted regression curves for Li2CO3 buffer, PBS buffer and rumen inoculum are presented in Table 2. These curves were linear and reproducible in the tested concentration range (1–225 µM for Li2CO3 and PBS, and 5–225 µM for rumen inoculum). It should be noted that the range for which the rumen inoculum curve was valid was slightly smaller, corresponding to the expected concentration under live assays.



The limit of detection (LOD) and limit of quantification (LOQ) values (Table 2) were very similar for both buffers and higher for rumen inoculum, as a result of a more complex organic matrix (Figure 1B). Additionally, both LOD and LOQ values determined for the buffers had the same order of magnitude as those presented in the original method [12]. The linearity of both the proposed and the original method was good, as indicated by the high correlation coefficients (Table 2), but a direct comparison could not be performed as the concentration range was not stated in the original method [12]. Despite a direct comparison not being possible, the tested concentration range is in accordance with the literature [6,13,15,16,26].



Accuracy and precision were determined by analyzing a chromatographic control (CC) sample with 25 µM of Lys, with added Lys or as is. This concentration was chosen due to being an intermediate value, when considering a logarithmic scale, within the tested concentration range. Precision depicts how close the values of different replicas are to each other. CC samples with Lys were derivatized immediately before the analysis and the intra- and inter-day relative standard deviation (RSD) values calculated (Table 3). The accuracy of an analytical method relates to how close the rendered values are to the nominal values.



The results obtained regarding accuracy and precision are similar to the ones obtained using the original method [12], particularly when comparing the values of Li2CO3 buffer, but also when considering the values of PBS and rumen inoculum, with the exception of findings for intra-day rumen inoculum and inter-day PBS that were considerably higher. Regardless, all values were within the acceptable range according to [27], except for the inter-day RSD for the PBS matrix, indicating that proposed method is accurate and precise when applied to quantify Lys within the tested range.



To determine the optimal sample storage procedure, CC samples of all three matrices were derivatized prior to storage (A), or stored prior to derivatization and derivatized immediately before injection (B). Sample stability was estimated over the course of 96 h and at three temperatures: room temperature (RT), 4 °C, and −20 °C (Table 4). Samples derivatized after storage (B) failed to be stable under any of the tested storage conditions, as well as samples derivatized before storage (A) and stored at −20 °C. In samples that were derivatized prior to storage, the stability varied depending on the matrix tested, with PBS and rumen inoculum presenting the highest stability for up to 96 h if stored at RT or 4 °C, whereas Li2CO3 only appeared to be stable for 24 h under the tested storage conditions. This overall instability was mainly due to the degradation of the IS, and to a smaller extent to the degradation of Lys, as a considerable decrease in both peak values was observed, as indicated by low recovery values (Supplementary Materials, Tables S1 and S2). In fact, this instability was also observed at each timepoint, with considerable variation between replicas.



To address the reduced stability of the IS in the samples, sample storage prior to the addition of IS was considered, with the latter being prepared daily and only added to the samples before the derivatization (procedure C). With this approach, sample stability increased in every storage condition, regardless of the considered matrix, with signs of instability only being observed after 96 h of storage, regardless of the storage temperature (Table 4). Considering these results, it is suggested that this method should be applied in the quantification of Lys in biological matrices stored for up to 2 days, and ideally be analyzed within this period of time. Furthermore, samples were found to be more stable than those used in the original method [12], being able of being stored for up 4x more time. In addition, the IS should be prepared and added prior to derivatization, as close as possible to the injection of the samples.



The assay performed to assess applicability, using samples with an unknown Lys concentration achieved concentrations between 112 µM and 127 µM, and rendered an overall recovery value of 104 ± 7%, when comparing the amount of Lys after and before Lys spiking, respectively. These values were very close to 100%, indicating that the method was indeed efficient when quantifying Lys in these samples, demonstrating its potential for future applications.





3. Materials and Methods


3.1. Materials


Dulbecco’s phosphate buffered saline, Tween® 60, L-lysine monohydrochloride, lithium carbonate, dansyl chloride, metacrilamide, methylamine hydrochloride, triethylamine, and sodium acetate were purchased from Sigma-Aldrich (St. Louis, MO, USA), L-phenylalanine ethyl-ester hydrochloride from Fluka (Fluka Chemie GmbH, Buchs, Switzerland), acetic acid from VWR Chemicals (VWR International S.A.S., Fontenay-sous-Bois, France), and acetonitrile and methanol from Honeywell (Honeywell Riedel-de Häen AG, Seelze, Germany). Aqueous solutions were prepared with double-deionized water (Arium Pro, Sartorius AG, Göttingen, Germany) and all reagents were of analytical grade or higher.




3.2. Preparation of the Matrices Samples


Three matrices were considered in this work: Li2CO3 buffer, PBS buffer, and rumen inoculum. The aqueous Li2CO3 buffer was 0.04 M and the pH adjusted to 9.5 using acetic acid. The PBS buffer was prepared by diluting Dulbecco’s phosphate buffered saline 10× in water, as described by the manufacturers (pH 7.4). Rumen digesta was freshly collected from the four quadrants of rumen fistulated adult Holstein cows before the morning meal and approximately 1 h prior to the assays. Cows were handled in strict accordance with good animal practice as defined by the national authority and European Union Directive 2010/63/EU. Experimental animal procedures were approved by the Local Animal Ethics Committee of ICBAS-UP, licensed by the Portuguese Directorate-General of Food and Veterinary Medicine of the Ministry for Agriculture and Sea, and conducted by trained scientists (FELASA category C). The rumen digesta was filtered through four layers of cotton gauze [28] and the rumen fluid was diluted at a 1:5 ratio with a buffer solution prepared as a 50:1 mixture of 1) 10 g KH2PO4, 0.5 g Mg2SO4·7H2O, 0.5 g NaCl, and 0.1 g CaCl2·2H2O per L of water, and 2) 15 g Na2CO3 and 1 Na2S·9H2O per 100 mL of water [29].




3.3. Derivatization


All matrices were diluted 1:1 in Li2CO3 buffer (0.04 M, pH 9.5) prior to derivatization. To 50 µL of sample solution were added 50 µL of internal standard (IS) solution (2.3 M L-phenylalanine ethyl-ester prepared in Li2CO3) and 100 µL of dansyl solution (9.6 M in acetonitrile), homogenized with a vortex and incubated for 30 min at 60 °C in a water bath, protected from the light. After the incubation, 10 µL of methylamine solution (10% in Li2CO3) were added to consume any excess of derivatizing agent.




3.4. Chromatographic Conditions


The chromatographic conditions were adapted from the literature [12]. The HPLC system had two high-pressure pumps (PU-2080 plus), a refrigerated automated injector (AS-2057 Plus), and a fluorescence detector (FP-920) programmed at 330 nm for excitation and 508 nm for emission wavelengths, all from Jasco (Tokyo Japan). The column was a Kinetex® EVO C18 100 Å (100.0 mm × 3.0 mm, 2.6 µm) from Phenomenex (Torrance, CA, USA). The aqueous phase (A) was composed of sodium acetate at 0.02 M with triethylamine at 0.02%, pH set to 4.5 with acetic acid, while the organic phase (B) was a 1:9 mixture of sodium acetate buffer at 0.1 M, pH set to 4.5 with acetic acid, and methanol, respectively. The flow rate was 400 µL per min and the injection volume was 20 µL. The total run length was 22 min under the following gradient—0 min: 47% (A), 13 min: 16% (A), 15 min: 16% (A), 17 min: 47% (A), 22 min: 47% (A). Lysine retention time was 13.5 min, while the IS peak appeared at 15.7 min.




3.5. Method Validation


The chromatographic method was validated for specificity, linearity, accuracy, precision, and range in the three matrices: Li2CO3 buffer, PBS buffer, and rumen fluid.



Firstly, blanks (six replicates) of all matrices were analyzed to ensure that no peaks that could overlap with the analytes were present.



Linearity was evaluated by preparing calibration curves in triplicate on three distinct days (n = 9) for all matrices. The curves were constructed by plotting the Lys/IS area ratio vs. the concentration of the seven standard solutions (0, 1, 12.5, 25, 50, 100, and 200 µM), prepared in all matrices under study. Linear regressions were calculated for all the plotted lines, fitted to least squares linear regressions.



Accuracy and precision were determined by analyzing replicates (n = 6) of a CC sample at 25 µM of Lys. Accuracy was determined via recovery, by comparing the concentration of a CC sample after the addition of a known amount of Lys (final concentration of 35 µM) with a CC sample at the same concentration without any additional Lys. To determine precision, CC samples were prepared on the same day and on three different consecutive days, to assess intra-day and inter-day variations, respectively. In the case of accuracy, CC samples with extra-added Lys were compared with CC samples without this addition, after the mathematical subtraction of the added Lys.



The LOD and the LOQ were determined using the signal-to-noise method for all matrices, of 3:1 and 10:1, respectively.




3.6. Sample Stability


Both derivatized and non-derivatized CC samples with 25 µM of Lys (prepared in each matrix with IS addition as previously described) were tested for stability after 24 h, 48 h, and 96 h at RT, 4 °C, and −20 °C. In a second experiment, CC samples with 25 µM of Lys were stored for the same timepoints prior to IS addition, with the latter being prepared and added each day immediately prior to derivatization. In both experiments, and for every condition, six replicates processed were analyzed. Derivatized samples were directly analyzed after the selected time in storage, whereas non-derivatized samples were stored prior to derivatization, which only occurred immediately before they were analyzed.




3.7. Application of the Method towards Lys Quantification


In order to properly assess and validate the method, a different set of samples (aqueous Lys solutions obtained from a previous study [28]) were analyzed. A recovery assay, using six distinct samples of unknown concentrations, was performed by adding a known amount of Lys to the samples, with the total Lys being quantified both before and after this addition. The added Lys (known amount) was subtracted to the Lys determined in the latter, and the resulting value compared with the former.





4. Conclusions


In this work, a simple Lys quantification method based in HPLC was optimized for applications in three specific biological matrices. Besides an Li2CO3 buffer (the standard reactionary medium used in the original method [12]), capable of covering the majority of the more simple matrices, two additional matrices were considered, to account for quantification needs in cellular assays (PBS), and ex vivo or in vivo rumen assays (rumen inoculum), with emphasis for studies regarding dairy cow nutrition, but with the capability of applications in studies where the quantification of Lys, in any of these matrices, is required. This simple, accurate and precise method for Lys quantification was based on chromatographic separation of dansyl derivatives, obtained by pre-column derivatization, followed by fluorescence detection. Furthermore, the method’s total run length was considerably shortened when compared to the original method in which this one was based, to focus specifically on the Lys region, without compromising its separation from sample interferences. The simplicity of the sample preparation approach enables the quantification of a high number of samples simultaneously.



Studies were also performed to determine the most adequate storage temperature to be used when an immediate analysis of samples would not be possible, with a good stability for up to two days being found. This stability was found regardless of the storage temperature, but only when both IS addition and derivatization were performed immediately before analysis.



The presented results indicate that the developed method could be a great asset for future applications in the field of dairy cow nutrition.








Supplementary Materials


Table S1—Variation results for both lysine (Lys) and internal standard (IS) of samples that were stored after derivatization, at 24 h, 48 h, and 96 h of storage at room temperature (RT), 4 °C, and −20 °C for Li2CO3 buffer, phosphate buffer solution (PBS), and rumen inoculum, n = 5. Recovery was determined by dividing the peak area at each time point by the initial peak area (before storage) and the values are shown as mean ± standard deviation. Table S2—Variation results for both lysine (Lys) and internal standard (IS) of samples that were stored prior to derivatization, at 24 h, 48 h, and 96 h of storage at room temperature (RT), 4 °C, and −20 °C for Li2CO3 buffer, phosphate buffer solution (PBS), and rumen inoculum, n = 5. Recovery was determined by dividing the peak area at each time point by the initial peak area (before storage) and the values are shown as mean ± standard deviation.
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Figure 1. Chromatogram of Li2CO3 buffer, phosphate buffer solution (PBS), and rumen fluid and lysine (Lys), with internal standard (IS) in Li2CO3 buffer, showing the entire run length (A) and a zoomed in interval, relevant for Lys quantification (B). 
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Table 1. Chromatographic information of the optimized method.
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Compound

	
tR (min; Mean (RSD))

	
k

	
N

	
α

	
Rs






	
Lysine

	
13.5 (0.2)

	
6.9

	
2037

	
1.2

	
1.9




	
IS

	
15.7 (0.1)

	
8.2

	
3275








α, selectivity factor; IS, internal standard; k, retention factor; N, efficiency (calculated at 25 µM Lys); Rs, resolution; RSD, relative standard deviation; and tR, retention time.
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Table 2. Regression analysis of calibration curves, detection limit and quantification limit in Li2CO3 buffer, phosphate buffered saline buffer, and rumen inoculum (n = 3).
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	Matrix
	Range (µM)
	Slope
	Correlation Coefficient
	LOD (µM)
	LOQ (µM)





	Li2CO3
	1–225
	0.011265
	0.9999
	0.12
	0.41



	PBS
	1–225
	0.009982
	0.9998
	0.16
	0.53



	Rumen
	5–225
	0.031104
	0.9996
	1.24
	4.14







LOD, limit of detection; LOQ, limit of quantification; and PBS, phosphate buffered saline.
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Table 3. Determined values of accuracy (n = 6) and both intra-day (n = 6) and inter-day (n = 18) precision for Li2CO3 buffer, phosphate buffered saline buffer, and rumen inoculum.
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Matrix

	
Concentration (µM)

	
Accuracy (%)

	
Precision (%)




	
Intra-Day

	
Inter-Day






	
Li2CO3

	
25

	
94 ± 3

	
2 ± 1

	
13 ± 7




	
PBS

	
25

	
92 ± 2

	
2 ± 3

	
22 ± 10




	
Rumen

	
25

	
92 ± 9

	
9 ± 5

	
9 ± 5








PBS, phosphate buffered saline.
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Table 4. Stability results for both derivatized and non-derivatized samples, at 24 h, 48 h, and 96 h of storage at RT, 4 °C, and −20 °C for Li2CO3 buffer, PBS buffer, and rumen inoculum, n = 5. Values shown as mean ± standard deviation.






Table 4. Stability results for both derivatized and non-derivatized samples, at 24 h, 48 h, and 96 h of storage at RT, 4 °C, and −20 °C for Li2CO3 buffer, PBS buffer, and rumen inoculum, n = 5. Values shown as mean ± standard deviation.





	
Matrix

	
24 h

	
48 h

	
96 h




	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C






	
Recovery (%) when stored at RT




	
Li2CO3

	
99 ± 2

	
286 ± 83

	
102 ± 1

	
75 ± 4

	
343 ± 67

	
109 ± 1

	
76 ± 4

	
151 ± 762

	
83 ± 1




	
PBS

	
100 ± 1

	
211 ± 7

	
100 ± 1

	
101 ± 1

	
588 ± 17

	
105 ± 1

	
100 ± 1

	
1976 ± 62

	
85 ± 1




	
Rumen

	
100 ± 3

	
8414 ± 1472

	
99 ± 1

	
107 ± 14

	
5375 ± 4227

	
100 ± 1

	
106 ± 13

	
2105 ± 2917

	
95 ± 1




	
Recovery (%) when stored at 4 °C




	
Li2CO3

	
101 ± 1

	
167 ± 5

	
103 ± 1

	
115 ± 70

	
111 ± 3

	
108 ± 1

	
344 ± 377

	
155 ± 6

	
83 ± 1




	
PBS

	
100 ± 1

	
115 ± 5

	
100 ± 1

	
101 ± 1

	
168 ± 5

	
105 ± 1

	
100 ± 1

	
189 ± 7

	
85 ± 1




	
Rumen

	
99 ± 3

	
69 ± 2

	
99 ± 1

	
101 ± 9

	
83 ± 21

	
101 ± 1

	
99 ± 9

	
4891 ± 2198

	
96 ± 1




	
Recovery (%) when stored at −20 °C




	
Li2CO3

	
338 ± 111

	
134 ± 7

	
102 ± 1

	
400 ± 98

	
85 ± 15

	
108 ± 1

	
368 ± 96

	
91 ± 7

	
83 ± 1




	
PBS

	
105 ± 9

	
105 ± 10

	
100 ± 1

	
524 ± 264

	
122 ± 6

	
106 ± 1

	
410 ± 178

	
110 ± 7

	
85 ± 1




	
Rumen

	
474 ± 91

	
147 ± 19

	
99 ± 1

	
287 ± 62

	
140 ± 11

	
101 ± 1

	
522 ± 422

	
167 ± 27

	
96 ± 1








A, samples that were stored after derivatization; B, samples that were stored prior to derivatization; and C, samples that were stored prior to derivatization and IS addition; PBS, phosphate buffered saline; and RT, room temperature.
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