A quantitative UPLC-MS/MS method for the growth hormone-releasing peptide-6 determination in complex biological matrices and transdermal formulations
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Abstract 

Growth hormone-releasing peptide 6 (GHRP-6) is part of a group of small synthetic peptides with potent GH-releasing activity that have gained attention in the last two decades by virtue of their cyto- and cardioprotective effects. Despite numerous preclinical studies highlighting the potential therapeutic cardiovascular benefits of GHRP-6, confirmation of clinical efficacy is still awaited. Recent advances in transdermal drug delivery systems have been made to address challenges related to the poor skin permeation rate of peptides by using pain-free microneedle (MN) devices. Accordingly, highly sensitive and validated analytical methods are required for the potential clinical translation of MN-based peptides. The ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) methods developed in this study aimed to quantify GHRP-6 in biological matrices (plasma, skin) and dissolving polymeric MNs. UPLC/MS-MS method detection limits of 0.1, 1.1, 0.9 and 1.5 ng/mL were achieved in neat solution, plasma, MN polymer solution, and skin matrices, respectively. Method validation also involved assessment of limits of quantification, linearity of matched calibration curves (R2 >0.990), stability studies, and selectivity. Additionally, quality control samples were analyzed at three concentration levels to determine recovery (85.5-109.3%) and accuracy/bias (3.2-14.7%). Intra- and inter-day precisions were within the range of acceptance (RSDs of 3.0-13.9% and 2.4-14.5%, respectively). The validity and applicability of such methods were successfully demonstrated for transdermal GHRP-6 delivery using GHRP-6-loaded MN patches administered to pig skin.
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Introduction
Growth hormone-releasing peptides (GHRPs) are a family of small synthetic peptides that showed potent GH-releasing activity through the growth hormone secretagogue receptor (GHSR) located in the hypothalamus and the pituitary gland [1, 2]. In addition, systemic administration of these peptides have demonstrated several potential pharmacological effects including cytoprotection, cardioprotection, neuroprotection and a number of beneficial metabolic effects [1-3]. Among them,  GHRP-6 (His-DTrp-Ala-Trp-DPhe-Lys-NH2), a synthetic hexapeptide, was the first in the GHRP series to show potent GH-releasing activity both in vitro and in vivo [2, 4, 5]. GHRP-6 can also interact with the CD36, a myocardial fatty acid transporter [6] and a scavenger receptor found on macrophages, monocytes and the endothelium of microvessels, which may lead to the anti-atherosclerotic effect of GHRPs in vivo [7]. The administration of peptide drugs is limited to the invasive parenteral route due to their instability, the harsh conditions within the GI tract (low pH and enzymatic digestion), and poor epithelial permeability [8, 9]. A non-invasive transdermal route would represent an appealing alternative; however, this drug delivery strategy is hindered as peptides do not cross the epidermal layer. Thus, the development of minimally invasive drug delivery technologies represents a clinically relevant field of research for this class of molecules. Among them, dissolving polymer-based microneedles (MNs) could allow the painless self-applicable transdermal administration of peptides, thus drastically improving the quality of life of patients [10].   
To date, analytical methods have been developed to analyze only GHRP-6, mainly in urine [11-15] and dried blood spots (DBS) [16] due to the fact that GHRPs are listed on the World-Anti-Doping-Agency’s Prohibited list [11, 16, 17]. However, there exist many challenges in developing a specific and sensitive method to quantify GHRP-6 and derivatives in biological samples, including the need for an internationally standardized method (ISO, OECD) [11], cross-reactivity for immunoassays [18] and limited linear dynamic range in LC-MS [19]. Accordingly, the analysis of peptides using liquid chromatography (LC)-coupled with mass spectrometry (MS) (LC-MS or LC-MS/MS) has emerged as a sophisticated characterization and quantification tool offering single- and multi-analyte screening for GHRPs [17]. Gil et al. have developed a nano LC-MS method for the quantification of GHRP-6 in human plasma after extraction by protein precipitation using cold acetone (-20 C) at a 4:1 ratio to plasma [20]. To our knowledge, this is the only method reported to quantify GHRP-6 in plasma thus to datefar. The method could achieve a limit of quantification (LOQ) of 5 ng/mL with no matrix effects in plasma spiked with different amounts of GHRP-6 compared to an equivalent amount of GHRP-6 in neat solution. Nevertheless, the use of a nano-flow LC column increases the risk of saturation issues (stationary phase overload, ion-source and detector saturation) and may prove less robust than standard LC analytical columns [21]. Min et al. used LC-MS/MS to quantify GHRPs (including GHRP-6 and its metabolites) in human urine with weak cation exchange (WCX) [11]. The authors achieved suitable limit of detection (LOD) performance for GHRP-6 (0.5 ng/mL) and low matrix effects (3% signal enhancement) despite a low recovery at 2 ng/mL (57.7%). 
In recent years, only a few methods have been developed to quantify peptides in matrices such as skin, plasma, and polymeric transdermal formulations, including dissolving MN patches. These analytical approaches were mainly used for (1) pentagastrin and sincalide studies in porcine skin and MNs using LC-MS [22], (2) hydrophilic model peptides delivered by MNs using LC-UV/Vis [23] and (3) recombinant human growth hormone and desmopressin in plasma and MNs using enzyme immunoassay and LC-MS/MS, respectively [24]. Analytical methods currently available in literature for GHRP-6 may not be directly transferrable to MNs and skin due to the need for tailored preparation methods. Biological matrices used to assess the percutaneous absorption of drugs are also essential to understanding the key factors influencing ex vivo and in vivo studies [25]. In transdermal drug delivery studies with MNs, new methodologies are needed to develop effective, selective, and sensitive assays to quantify GHRP-6 in skin, MNs, and plasma matrices. Well-vetted calibration techniques are also essential to reduce or compensate for matrix effects and generate reliable and accurate LC-MS/MS data. As a solvent-based internal calibration alone cannot always counteract matrix effects, the additional use of matrix-matched calibrants can be recommended [26]. Stable isotope internal standards are usually employed for matrix effect correction but are often expensive or difficult to obtain [27]. The use of a coeluting structural analogue (confirmed to be absent in blank matrix samples) represents an interesting alternative for correcting matrix effects as such analogues can mimic the physico-chemical and chromatographic behaviours of isotope-labeled standards [27].
In this study, we present the optimization of a reliable and robust method to determine the concentration of GHRP-6 in skin, plasma, and polymeric MN matrix formulations. The analytical workflow involves pre-protein precipitation, ion exchange SPE, acid-alkaline hydrolysis, and UPLC-MS/MS. We validated the use of hexarelin (for skin and MN matrices) and goserelin (for the plasma matrix) as internal standards. Validation criteria were successfully met for selectivity, accuracy, precision, LOD and LOQ, recovery, and stability. The validated method was successfully applied to evaluate the feasibility of transdermal delivery of GHRP-6 using MN arrays composed of pharmaceutical-grade dissolving polymers in pig skin.

Materials and methods

 Reagents and chemicals
Acetone (HPLC grade), acetonitrile (HPLC grade), methanol (HPLC grade), formic acid (Optima™ LC/MS Grade), sodium hydroxide 1N (NaOH), acetic acid, and hydrochloric acid (HCl) were purchased from Thermo Fischer Scientific (Waltham, MA). Aqueous ammonia solution (NH4OH, 5%) was prepared from Fisher ACS plus NH4OH (35%). 1,5-octyl-β-d-glucopyranoside was obtained from Abcam (Cambridge, UK). Water was of ultrapure quality (Millipore, Bedford, MA). GHRP-6 was supplied by ProSpec Bio (Rehovot, Israel) with 99% purity. Poly(vinyl alcohol) (Mw = 10,000 Da) (PVA) and hexarelin were obtained from Sigma-Aldrich (St. Louis, MO). Goserelin and 0.9% sodium chloride irrigation, USP solution, were purchased respectively from Bachem (Torrance, CA) and Baxter (Mississaugua, ON, Canada). Poly(N-vinylpyrrolidone) (PVP) (Mw = 3500–7000 Da, Kollidon 12-K) (PVP K-12) was kindly provided by BASF (Ludwigshafen, Germany). 

 Specimen collection and sample preparation
Excised pig skin samples were kindly provided by the Faculté de Médecine Vétérinaire, Université de Montréal (Dr. Alexandre Thibodeau) and stored at -20 C until use. Blood was collected from each mouse via cardiac puncture into a 1.5 mL Eppendorf tubes containing 15% (w/v) dipotassium-ethylenediaminetetraacetic acid as anticoagulant from non-treated C57BL/6 male mice weighing 20-25 g (Jackson Laboratory, Bar Harbor, ME) and stored at -20 C.
Plasma
Aliquots (50 µL) of plasma were subjected to protein precipitation with 200 µL of cold acetone (−20 °C) followed by vortexing for 3 min and centrifugation at 13,386 g for 5 min. The resulting supernatants (200 µL) were dried in a Speed Vac (Savant, Thermo Fisher, Waltham, MA) and stored at −20 °C. Each sample was reconstituted in 50 µL of acetonitrile-water (20:80, v/v) with 2% (v/v) formic acid, a second centrifugation was carried out (13,386 g, 5 min) and 20 µL of the supernatant were analyzed by UPLC-MS/MS.
MN matrix
PVP/PVA MN patches with GHRP-6 loaded MN tips were fabricated using the micromolding technique and by adapting a solvent casting method. The procedure is detailed in supporting information (SI, Materials and Methods 1).  The presence of GHRP-6 in the MN patch was assessed by dissolving a GHRP-6-loaded patch in 1 mL of 0.9% saline solution, after which 50 L of the resulting solution was precipitated in acetonitrile at a ratio of 1:4 (v/v, aqueous to organic ratio), then diluted in 1:250 ratio in acetonitrile-water (20:80, v/v) with 2% (v/v) formic acid.
Pig skin
GHRP-6 was extracted from the skin by acid-alkaline hydrolysis followed by protein precipitation (see supplementary Materials and Methods 2 for supporting content). An SPE Strata X‐CW microelution 2 mg/well (Phenomenex, Torrance, CA) 96-well plate was used for homogenate clean‐up. Columns were conditioned twice with 200 μL methanol and twice with 200 μL ultrapure water. The eluent was then added to the well SPE block and allowed to pass through the column under gravity. Wells were washed twice with 200 μL of 5% NH4OH and twice with 200 μL 20% acetonitrile in water. Analytes were eluted twice with 100 μL 2% formic acid in acetonitrile:methanol (60:40 v/v). The eluate was evaporated in a TurboVap LV. Dried samples were reconstituted in 500 μL of of acetonitrile-water (20:80, v/v) with 2 % (v/v) formic acid and submitted to UPLC-MS/MS analysis.

 Instrumentation
Analysis was performed using an ultrahigh-pressure liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) system from Thermo Fisher Scientific (Waltham, MA). It consisted of a LC Accela system (HTC Thermopal Autosampler and Accela 1250 Quaternary Pump) coupled with a TSQ Quantiva™ Triple Quadrupole Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA). UPLC/MS-MS method parameters are reported in Table S1.
The MS/MS system was operated with a heated electrospray ionization (HESI) source in positive ionization mode. Analyte detection was performed in selected reaction monitoring mode (SRM) with each transition of analyte and IS reported in Table S2. MS settings for each optimized compound are reported in Table S2 and obtained by infusing GHRP-6/ISTDs in acetonitrile/water (50:50, v/v). Data acquisition and processing were accomplished with Xcalibur software 3.0 (Thermo Fisher Scientific) and data processing was performed using GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA). 

 Method validation
Analytical validation was performed following the Food and Drug Administration guidelines “Guidance for Industry, Bioanalytical Method Validation” [28]. Selectivity, linearity, sensitivity (LOD, LOQ), accuracy, precision and recovery were calculated using three daily replicates of calibration points on two working days in the different matrices (2.5 or 4.5 (skin only), 10 and 50 ng/mL for low, mid and high quality control (QC), respectively). Calibration points and QC samples were prepared by two different analysts to evaluate reproducibility. Precision was calculated as the relative standard deviation (RSD) of the intraday replicates. Relative error (RE), a measure of bias, was expressed as [(mean observed concentration - spiked concentration)/(spiked concentration)] x 100. According to FDA guidelines, bias and precision should be within ± 15% and <15%, respectively. 

Matrix-matched calibration curves in plasma, MN polymer solution, and skin matrix.
Matrix-free internal calibration curves were prepared as per the procedure detailed in SI (Materials and Methods 3). The first matrix-matched calibration curve and QC samples were prepared by spiking blank plasma with GHRP-6 at final concentrations of 75 ng/mL and 62.5 ng/mL, respectively. Goserelin was used as internal standard (ISTD) in plasma samples with a final concentration of 25 ng/mL. 
To evaluate matrix effects of MNs and skin extract matrices, matrix-matched calibration curves were prepared. The MN solution was prepared by dissolving blank MN patches (without GHRP-6) in water at a ratio of 1 MN patch/1 mL 0.9% saline solution and was used to build up the calibration curve and QC samples. Briefly, calibration curves and QC samples for the MN matrix were prepared with a working solution of GHRP-6 in MN solution at a concentration of 75 µg/mL and 62.5 µg/mL, respectively. Hexarelin was added as ISTD in MN matrix before extraction at a final concentration of 25 µg/mL.  Calibration curve and QC samples for the skin matrix were prepared with blank matrix extracts spiked with a working solution of GHRP-6 at a final concentration of 750 ng/mL. Hexarelin was added before extraction and at a final concentration of 250 ng/mL. The final volume solution was 50 µL. All sample matrices were processed according to Section 2.2.

Recovery and matrix effect
Analytical recovery, precision, and accuracy were determined using the experimental design proposed by Matuszewski et al. [29]. Sample set 1 was composed of 3 replicates of neat samples of low, medium, and high preset QC concentrations. Set 2 was prepared with pooled matrix samples spiked with analyte and ISTDs after extraction. Set 3 was composed of 3 replicates of the same pooled matrix blank samples spiked with analyte and ISTDs before extraction for low, medium, and high QC concentrations. Recovery was calculated by dividing mean peak areas of ion ratios (GHRP-6/ISTD) of set 3 by set 2. Matrix effects were calculated by dividing the slope of regression of ion ratios in post-extracted plasma by the slope of regression of ion ratios added in neat solution.

Linearity
The linearity of calibration curves was evaluated in skin, plasma, and MN matrices (n=4). Each calibration curve consisted of blank samples (n=6) and six calibration points for MN solutions and plasma matrices from 0.3 ng/mL to 60.0 ng/mL, whereas 2.5 ng/mL to 60.0 ng/mL calibration points were used to create the calibration curve for skin matrix. Calibration points were used to establish a linear regression analysis represented as analyte/ISTD peak area versus the GHRP-6 nominal concentration to the ISTD and the goodness of fit of the regression was calculated with Pearson’s determination coefficient R2. The accuracy for each standard point of the calibration curve should be between 85-115% and 80-120% at LOQ of the theoretical concentration for at least 75% of the standard points.

Limit of detection, limit of quantification and selectivity
LOD and LOQ were estimated using linear regression of calibration curves and the concentration of analyte required to give signal equal to background (calibration blank) plus 3 times (LOD) or 10 times (LOQ) the standard deviation of the blank for 10 measurements, according to ISO 11843 Method (International conference on Harmonization (ICH), 1996; ISO, 2000)
The selectivity of the method was evaluated by analysis QC samples, calibration point replicates and four blank samples with ISTD. Interfering signals were monitored and compared to identify potential crosstalk phenomenon, and co-eluting impurities.  

Stability 
A first stability study was conducted over a period of 24 h in neat solution, plasma, and MN solution. GHRP-6 was quantified at three QC concentrations as above. The effect of temperature was studied at 4 °C and RT.
A second long-term stability study was performed over 30 days. Investigated matrices included plasma, skin, MNs, and neat solutions. The samples were spiked at the same concentrations as the above-described study and evaluated at -20 °C.

Administration of GHRP6-loaded MNs to pig skin
The feasibility of transdermal delivery of GHRP-6-loaded PVP/PVA MN arrays was investigated in dermatomed pig skin (750 μm thickness), as previously reported [30, 31]. A circular specimen of the skin was placed into the donor compartment of a Franz diffusion cell. MN arrays were inserted into the center of the skin section using a spring-loaded applicator (Micropoint Technologies Pte. Ldt, Singapore). To ensure the MN arrays remained within the skin, a circular steel weight of 10 N was placed on top of the MN arrays. PVP/PVA MN patches with nominal lengths of 500 and 800 m were compared, and the amount of GHRP-6 permeated into the skin was quantified after insertion for 24 h.

Results and discussion

 Optimization of sample preparation: plasma, skin and MNs
The sensitive and specific detection of GHRP-6 in different matrices (plasma, skin, and MNs) necessitates a suitable extraction method for improving extraction recovery and minimizing matrix effects. 
A previously described LC-MS-based method using precipitation with ice-cold acetone for the detection and quantification of GHRP-6 in plasma, was successfully used for plasma and skin protein precipitation during sample cleanup and gave the best results compared to acetonitrile, as most phospholipids are insoluble in acetone [19]. In the present study, Aan acetone/plasma ratio of 4:1 was the most efficient to limit residual soluble plasma components after protein precipitation. The use of protein precipitation allowed a led to a 3-fold reduction of  of the variation (up to 3-fold) in extraction recovery for plasma samples spiked at 50 ng/mL compared with samples that were processed only with SPE (SPE cartridge oasis WCX 2 mg) (Figure S1). Also, a 72% signal suppression was observed with the SPE extraction method, which was significant when compared to protein precipitation.  
For the extraction of GHRP-6 from the MN polymer matrix samples, a protein precipitation method and dilution of interfering polymer substances was optimized. Lan et al. underlined the aggregation phenomenon of PVP in different volume ratios of water/acetone impacting its dispersibility and stabilization [32]. Hence, acetonitrile was selected for protein precipitation using cold acetone at a volume of 1:4 to extract GHRP-6 from highly soluble PVP and PVA MN polymers in water. Subsequently, a simple dilution in water (1:250) was sufficient to reduce the matrix complexity and prevent UPLC-column clogging.
The acid-alkaline hydrolysis method was used as pretreatment to release the peptide from pig skin by chemical degradation of the epidermis [33] prior to precipitation of proteins and SPE extraction. Through an initial basic hydrolysis with 1M NaOH, non-collagenous proteins were removed [33, 34]. Secondly, the pH was neutralized with an equimolar amount of 1M HCl to ensure the complete inactivation of hydrolysis. Collagen was then extracted and removed with 0.5 M acetic acid followed by precipitation with 0.9% NaCl(aq) adapting a procedure described by Wang et al. [35]. Afterwards, a cleanup step with acetone was needed before SPE extraction to remove interfering compounds before passing through the column. The lipid extraction method using lipid-lipid extraction (LLE) with methyl tert-butyl ether was attempted for extracting lipids from the skin and compared to SPE extraction [36]. SPE proved to be more efficient at removing interferences from the matrix as the GHRP-6 recovery level for pig skin spiked with 25 ng/mL led to an average recovery of 98.8% (RSD = 14.9%, n=3) while by LLE it was 223.1% (RSD = 49.7%, n=3) indicating ion enhancement. Matrix-induced response enhancement may be observed as more active sites are blocked in the injector, as influenced by matrix components, which prevents the combined adsorption and degradation reaction of the analyte [37]. The final procedure employed SPE cation-exchange microelution columns (96-well SPE Plate, 2 mg/well) to release the analyte from possible binding to proteins, while removing fats, phospholipids, and desalting the samples. In particular, as GHRP-6 peptide bears a net charge of 2.1 at pH 7.0, a cation-exchange stationary phase was selected. A rinse solution of acetonitrile/water (80:20, v/v) provided the best results to elute undesired neutral compounds with low polarity and pH from the SPE columns. The first cleanup step with 5% NH4OH, as recommended by Sue et al [38], served to remove undesired neutral, highly polar compounds. The elution solution composed of acetonitrile/methanol (60:40, v/v) resulted in a recovery process efficiency, calculated using analyte/ISTD peak area ratios, within the upper desirable range of 90-110% for low, medium, and high QC samples with minimal interferences (Table 1). 

 Optimization of UPLC-MS/MS conditions
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Full-scan mass spectra of GHRP-6 and the two ISTD, hexarelin and goserelin, were acquired to select appropriate product ions for detection (Figure S2). Doubly protonated ions [M + 2H]2+ were identified at m/z 437.30 for GHRP-6 (Figure S2. A), m/z 444.30 for hexarelin (Figure S2. B), and m/z 635.42 for goserelin (Figure S2. C). Singly charged ions [M + H]+ at m/z 873.40 for GHRP-6, m/z 887.42 for hexarelin, and m/z 1269.6 were also observed, though at a lower relative abundance than [M+2H]2+. To interpret protonation sites and peptide fragmentation, the mobile proton model was followed [39]. GHRP-6 and hexarelin are peptides composed of 6 amino acids including two basic residues (histidine and lysine), which, as expected, were doubly protonated [40]. These doubly protonated forms derived from protonation either at the N-terminal amino group of histidine, or at the lysinamide C-terminal residue of each compound. Goserelin is a synthetic decapeptide analogue possessing two basic amino acids (histidine and arginine) and was also easily doubly protonated. Parameters that affect the intensity of fragment ions, such as collision energy, RF lens voltage, sheath gas, spray voltage, vaporizer temperature, and gas flow [41] were optimized, and the precursor and product ions with the highest signal response were chosen (Table S2). The doubly protonated species generated three abundant product ions in collision‐induced dissociation (CID), but only the most intense fragment was followed.  
In the product ion spectrum of GHRP-6, z, b, and c-series product ions were observed at m/z 129.10 (z1), 248.11 (a3), and 324.14 (b2) (Figure S2 A), while for hexarelin (Figure S2 B) and goserelin (Figure 1C) z, c, b, and y-series product ions were observed at m/z 129.16 (z1), 248.10 (a3), 338.14 (b2), and 249.09 (b2), 329.20 (y3), and 607.29 (c5), respectively. The observed product ions resulted not only from the breakdown of the peptidic bonds, but also from the production of carbenium ions. All z, b, c, and y-series-derived product ions are presented in Table S2 for each compound. 
Mass frontier spectral interpretation software (Thermo Fisher Scientific, Waltham, CA) [42] was used to elucidate fragment structures (Figure S2). Additional experiments were performed using a Q Exactive Orbitrap™ high-resolution mass spectrometer (full scan MS/MS mode) to confirm the data by measuring the accurate mass of the fragments. A single mass measurement error lower than 5 ppm was obtained for all the studied fragments.
Although multiple reaction monitoring (MRM) detection shortens run times, improvement of the chromatographic separation is required to avoid pitfalls associated with crosstalk of compounds with the same product ion (at m/z 129 and 248) but different precursor ions. As GHRP-6 and hexarelin have two product ions in common, a chromatographic method capable of clearly separating them was developed. Mobiles phases were optimized to augment analyte sensitivity [43]. Multiple studies reported an improvement in sensitivity for peptide detection after addition of DMSO (1, 3 and 5% v/v), likely due to narrowed charge state distributions of ion signals and accelerated droplet fission [44, 45]. In this study, the addition of 1% DMSO to the mobile phase composition was evaluated to lower the quantification limits, leading to an actual GHRP-6 signal reduction of about 60% (Figure S3). This could be due to the low vapor pressure of DMSO enrichment in transitioning from droplets to gas phase ions, reducing the proton affinity of the peptide as proton acceptor [46], likely due to the higher proton affinity of DMSO compared to water and its high gas-phase basicity. Alternatively, DMSO was added between injections as a rinsing agent. The water and 50:50 v/v DMSO:water wash after a 1.7-fold upper limit of quantification (the highest calibrator) standard induced a visible reduction of column carryover effects (Figure S4). The final optimized gradient profile using water-acetonitrile mobile phases acidified with 0.1% formic acid showed the best separation of all tested compounds. Representative ion chromatograms of GHRP-6 and ISTDs fortified in matrices and neat solution are shown in Figures 1 and S5, respectively. GHRP-6, goserelin, and hexarelin presented suitable chromatographic peak shapes and intensity in all matrices. The retention time ratios for GHRP-6 in relation to hexarelin (ISTD) were respectively 0.996, 1.000, and 0.989 for neat solution, MN matrices, and skin matrices; while the retention time ratio in relation to goserelin (ISTD) was 0.928 for both neat solution and plasma matrix. Therefore, all retention time ratios were within the tolerated window of the ratio of the neat solutions.

 Method validation
The performance of the method for GRHP-6 quantification was evaluated in terms of selectivity, sensitivity, linearity, accuracy, precision, extraction recovery, and matrix effects. Matrix effects can reflect either ion suppression or enhancement from plasma, skin, or from polymers in MNs; and detrimentally affect accuracy and precision in LC/MS-MS assays. However, by using appropriate internal standard in each matrix, extraction losses and matrix effects can be compensated for [47]. Structurally related compounds (hexarelin) or closely eluting compounds (goserelin) were used as ISTDs. The relative matrix effects in plasma and MN polymer solution were  44 and 27%, respectively, compared with the solvent-based standard, indicating moderate ion enhancement, while lower matrix effects were reported for the skin matrix (<5%) (Table 1). Consequently, to reduce or eliminate the effects of possible sample-induced matrix interference on analyte quantification, the calibration range was prepared with calibrators prepared using the appropriate matrix.
In the present study, the method showed selectivity, as no endogenous interferences were observed around the retention times of GHRP-6 and their corresponding ISTDs in each matrix. The MRM chromatograms of blank matrices (plasma, skin and MNs) and neat solution, as well as samples spiked in these matrices at concentration close to LOD are shown in Figure 1 and Figure S5. Selectivity was also determined with single blank (with ISTD) and double blank (without analyte and ISTD) showing respectively that neither crosstalk nor signal resulted from the sample matrix. GHRP-6 eluted at 2.70, 2.71, 2.70 and 2.72 min in neat solution, plasma, MN polymer solution, and skin matrices, respectively. Regarding ISTDs, hexarelin was eluted at 2.71, 2.70, 2.75 min in neat solution, MN polymer solution, and skin matrices respectively, while goserelin was eluted at 2.91 and 2.92 in neat solution and plasma, respectively. In addition, no crosstalk or carryover were noted in the studied GHRP-6 concentration between ITSD and the analyte, as two blank samples were injected after high standard samples. The mass spectrometric effect of crosstalk may be an issue in peptide analyses with mass transitions for identical product ions, and therefore must be addressed [48, 49]. Consequently, despite few publications focused on minimizing the risk of crosstalk affecting the accuracy of the analytical method, Vogeser et al. reported that changing the order of the monitored identical product ions for the selected compound and its ISTD with a compound with another mass transition aimed to prevent crosstalk effects in sirolimus analytes [49]. For this purpose, SRM reactions of the GHRP6 transitions (437.209 ➔ 129.129) and (437.209 ➔ 324.040) were tested before hexarelin (444.361➔ 129.097) and the time to clear ions from the collision cell between sample injections was augmented with an additional time of 1.10 min in each run.
The GHRP-6 calibration curves in neat solution and different matrices: plasma, MN polymer, and skin showed good linearity over the tested range of 0.3-60 ng/mL for neat solution, plasma, and MN polymer solution and 5-60 ng/mL in skin matrix with correlation coefficients (R2) > 0.99 from the regression analysis (Table 1 and Figure S6). The sensitivity of the method was evaluated by analyzing blank plasma and calibration samples spiked at 0.3 ng/mL, except for skin at 2.5 ng/mL, to determine LOQ and LOD with the calibration curves and a signal-noise ratio ≥ 10 and ≥ 3, respectively. The LOD and LOQ were 0.1 and 0.3, and 0.9 and 1.5 ng/mL for neat solution and MN polymer solution, respectively; while in plasma and skin the LOD and LOQ were 1.1 and 2.3, and 2.2 and 4.5 ng/mL, respectively. The LOQ value in plasma was below the one previously described in the literature with sensitivities comparable to those previously reported from literature [20]. Accuracy and intra- and inter-day precision did not differ by more than 15% for all QC levels, which is considered acceptable according the defined acceptance criteria of the U. S. Food and Drug Administration (FDA) (Table 2) [28]. 
The extraction efficiency was in all cases between 85.3 and 109.3% with intra-/inter- RSD (%) and RE (%) <15%, attributed to the fact that extraction losses and matrix effects can be well compensated with the use of an appropriate ISTD and a matrix-matched calibration.

 Stability of GHRP-6 in plasma, MN and skin matrices
Stability studies of GHRP-6 spiked in different matrices, (skin, plasma and MN polymer solution), were compared to the neat solution, under the following conditions: sitting at RT or 4 °C for 24 h; or stored at −20 °C for 1 month (Table 3). Short-term stability studies of GHRP-6 indicate that the analyte is stable in MNs and neat solution in all conditions, whereas in plasma, GHRP-6 maintains its stability at −20 °C for 1 month, with recoveries in the range 87.8-115.0% and effective accuracy within ± 15%. Furthermore, no significant difference was noted in the peak ratio of GHRP-6/ISTD signal responses of all stable solutions. However, GHRP-6 in plasma at RT and 4 °C was observed to be highly unstable, as shown by both ion enhancement/suppression observed for all QCs, which could be explained by the co-elution of a large number of endogenous substances [37] affecting chromatographic analyses and ionization of selected analyte. Therefore, an in-depth study was carried out to gain insight into the degradation and instability of GHRP-6 in plasma. The concentration of GHRP-6 in pooled mice plasma decreased to 31  1% after 8 h and up to 24 h for medium QC samples, as determined by the chromatographic peak area ratio of analyte/ISTD (Figure S7). Nevertheless, previous reports proposed an explanation for the protection of compounds derived from enkephalin such as GHRP-6 and hexarelin against peptidases and proteases based on the presence of D-amino acid moieties [20, 50, 51]. Guan et al. also reported the stability of GHRP-6 and hexarelin at 4 °C for 72 h and at RT for 24 h [52, 53]. This difference of GHRP-6 stability in plasma may be explained with the use of ammonium hydroxide — added to plasma prior sample treatment — which likely prevented degradation of the peptide by the denaturing plasma proteins [53]. On the basis of these stability studies, it can be concluded that, to ensure stability of GHRP-6 in matrices, the starting material should be stored at −20 °C and only be processed shortly before the actual analysis.

 Quantification of GHRP-6 delivered using dissolving patches
The present methods were successfully applied to evaluate the feasibility of transdermal delivery of GHRP-6 with PVA/PVP MNs inserted into pig skin. GHRP-6-loaded PVA/PVP MN patches with initial lengths of 653.2  14.1 m and 426.2  22.7 m (initial nominal lengths of 800 and 500 m, respectively) were compared, and GHRP-6 was detected and quantified up to 24 h post-administration (Figure 2). Furthermore, GHRP-6 detection with a nominal initial MN length of 800 m was confirmed in Figure 2 B. For delivery efficiency in pig skin, a maximum percentage of the encapsulated initial GHRP-6 dose (175  72.1 g and 135  12.01 g for MNs with nominal initial lengths of 800 and 500 m, respectively) was found for the MN patches with a nominal initial length of 800 m, which deposited 50.0  12.2% of the drug into the skin after 24 h (Figure 2 C). MN patches with a nominal initial length of 800 m showed a 0.7-fold increase in cumulative amount of GHRP-6 permeated at the end of 24 h compared to those with an initial length of 500 m. Therefore, MN length influences the transdermal diffusion of GHRP-6, and a higher length of 800 m displayed strong potential to enhance drug delivery to the skin. These results demonstrate the applicability and validity of the developed analytical methods to future transdermal drug delivery studies.

Conclusion
A reliable, specific, sensitive UPLC-MS/MS method was developed and validated for detection and quantification of GHRP-6, for the first time in an extended list of complex matrices (MNs, skin and plasma). Optimization of chromatography, selection of specific MS/MS product ions, use of ISTDs, and matrix-matched calibration altogether yielded suitable analytical method performance. The stability of GHRP-6 and ISTDs was assayed in all matrices at room temperature and −20 °C. The developed methods were successfully implemented for the analysis of skin and MN samples after transdermal GHRP-6 delivery with the use of MN patches in pig skin. These methods will provide a useful tool for assessing in vitro and in vivo screening tests in the early development of drug to predict clinical responses and drug efficacy.
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Fig. 1. LC-MS/MS chromatograms of GHRP-6 and its internal standards for samples A) without analyte and ISTD (blank), and B) samples spiked with the analyte (concentration close to LOD), GHRP-6 (above panels) and corresponding ISTD (below panels, at 25 ppb), in plasma, MN matrix, and skin matrix.
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Fig. 2. LC-MS/MS chromatogram (A) and MS/MS spectrum (B) of GHRP-6 delivered by dissolving microneedles (MNs) after 24 h, with a nominal initial length of 800 m, to pig skin ex vivo. The delivery efficiency (C) was determined by measuring the amount of GHRP-6 remaining in MNs with a nominal initial length of 800 or 500 m after insertion and skin delivery after 24 h (n = 3 ± SD).  (D) Representative fluorescence microscopy images of MNs encapsulating Cy5 labeled GHRP-6 and Cy5 probe delivered into the skin (bottom right panel).



Table 1. Performance of the LC-MS/MS method for the GHRP-6 in different matrices: linearity (coefficients of determination, R2), protein precipitation extraction (PPE) / solid phase extraction (SPE) recoveries, matrix effects, Limit of Detection (LOD) and Limit of Quantification (LOQ).
	Matrix
	ISTD
	R2
	Matrix effect
(%)
	Qc samples nominal concentration (ng/mL)  SD
	Linear range (ng/mL)
	LOD
(ng/mL)
	LOQ
(ng/mL)

	
	
	
	
	Low QC
	Medium QC
	High QC
	
	
	

	Neat
	Hexarelin
	0.992
	N/A
	2.33  0.16
	9.67  0.39
	44.30  3.70
	0.3-60
	0.1
	0.3

	
	Goserelin
	0.9905
	N/A
	2.56  0.35
	10.57  1.02
	45.65  2.97
	
	
	

	
	
	
	
	Recovery (%)  SD
	
	
	

	Plasma
	Goserelin
	0.9958
	143.5
	88.0  5.5
	92.8 5.2
	 103.1 11.1
	
	1.1
	3.4

	MNs
	Hexarelin
	0.9964
	127.1
	   99.2  5.8
	 85.3  3.5
	 85.5  6.6
	
	0.9
	2.3

	Skin
	Hexarelin
	0.9931
	103.3
	     99.1  13.3
	109.3  3.3
	     107.9  9.5
	     2.5-60
	1.5
	4.5







Table 2. Precision (relative standard deviation, RSD) and bias (relative error, RE) for the quantitation of GHRP-6 in different matrices.
	Matrix
	ISTD
	Accuracy / bias
(RE %)
	Intra-assay precision 
(RSD %)
	Inter-assay precision
(RSD %)

	
	
	Low QC
	Medium QC
	High QC
	Low QC
	Medium QC
	High QC
	Low QC
	Medium QC
	High QC

	Neat solution
	Hexarelin
	3.2
	4.0
	11.4
	7.0
	4.0
	8.4
	3.1
	3.9
	0.4

	
	Goserelin
	10.1
	9.6
	8.7
	13.9
	9.7
	6.5
	7.6
	  7.2
	5.4

	Plasma
	Goserelin
	12.0
	7.2
	9.6
	6.2
	5.6
	10.8
	14.5
	13.7
	10.8

	MNs
	Hexarelin
	   4.9
	14.7
	    14.5
	   5.9
	  4.1
	   7.7
	3.6
	3.6
	  2.4

	Skin
	Hexarelin
	   9.9
	9.3
	9.5
	   13.5
	  3.0
	8.8
	12.3
	7.4
	13.7





Table 3. Stability of GHRP-6 in plasma, skin and prepared samples under different storage conditions. 
	Matrix
	RT for 24 h
	Stored at 4 C for 24 h
	Stored at -20 C for 30 days

	
	Recovery
(%)  SD
	Precision
(RSD %)
	Accuracy / bias
(RE %)
	Recovery
(%)  SD
	Precision
(RSD %)
	Accuracy
(RE %)
	Recovery
(%)  SD
	Precision
(RSD %)
	Accuracy / bias
(RE %)

	MNs
	Low QC
	106.4  10.5
	9.9
	10.2
	112.1  4.8
	4.1
	12.1
	88.2  1.1
	1.3
	11.8

	
	Medium QC
	97.1  7.9
	8.2
	6.7
	97.2  6.6
	6.8
	4.7
	94.1 12.8
	13.6
	11.0

	
	High QC
	99.7 2.2
	2.2
	1.5
	102.9  1.4
	1.4
	2.9
	100.6  6.2
	6.1
	4.5

	Neat
	
	
	
	
	
	
	
	
	
	

	
	Low QC
	102.8  10.4
	10.1
	7.5
	101.7  5.3
	5.2
	4.6
	95.4  11.6
	12.1
	7.3

	
	Medium QC
	109.8  9.9
	9.0
	9.8
	114.4  6.1
	5.3
	14.4
	115.0  2.45
	1.7
	15.0

	
	High QC
	108.3  3.8
	3.5
	8.3
	109.3  1.4
	1.3
	9.3
	92.1 12.8
	10.2
	12.0

	
	
	
	
	
	
	
	
	
	
	

	Plasma
	Low QC
	256.7  26.1
	10.2
	156.7
	125.3  77.3
	61.7
	50.8
	107.3   4.1
	3.8
	7.2

	
	Medium QC
	173.5 18.6
	10.7
	73.6
	69.4  12.8
	18.4
	30.6
	87.8  10.4
	11.9
	12.2

	
	High QC
	56.1  2.8
	4.9
	43.9
	11.3  7.0
	61.7
	59.8
	89.0  2.3
	2.6
	11.0

	
	Low QC
	
	
	
	
	
	
	105.5   13.4
	12.8
	11.5

	Skin
	Medium QC
	
	
	
	
	
	
	94.1  7.0
	7.4
	7.3

	
	High QC
	
	
	
	
	
	
	113.2  8.8
	7.8
	13.2
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