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Abstract

N-Acetylneuraminic acid (Neu5Ac or NANA) is the most predominant sialic acid in mammals. As 

a terminal component in many glycoproteins and glycolipids, sialic acid is believed to be an 

important biomarker related to various diseases. Its precursor, N-acetylmannosamine (ManNAc), 

is being investigated as a potential treatment for GNE myopathy. In this work, we developed two 

highly sensitive and selective liquid chromatography–tandem mass spectrometry (LC-MS/MS) 

methods for the quantitation of ManNAc and free Neu5Ac in human plasma. A fit-for-purpose 

approach was adopted during method validation and sample analysis. To measure the endogenous 

compounds and overcome the interference from plasma samples, a surrogate matrix that contained 

5% bovine serum albumin (BSA) was used for the preparation of calibration standards and certain 

levels of quality control (QC) samples. QC samples at higher concentrations were prepared in the 

authentic matrix (human plasma) to best mimic incurred samples. For both methods, an Ostro 96-

well phospholipid removal plate was used for sample extraction, which efficiently removed the 

phospholipids from the plasma samples prior to LC injection, eliminated matrix effect, and 

improved sensitivity. Chromatographic separation was achieved using hydrophilic interaction 

chromatography (HILIC) and gradient elution in order to retain the two polar compounds. The 

lower limit of quantitation (LLOQ) for ManNAc and Neu5Ac was 10.0 and 25.0 ng/mL, 

respectively. The overall accuracy of the two assays was no less than 91.7% based on three levels 

of QC samples. Inter- and intra-run precision (coefficient of variation [%CV]) across three 
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analytical runs was less than 6.7% for ManNAc and less than 10.8% for Neu5Ac. These methods 

have been validated to support clinical studies.
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1. Introduction

Sialic acids are the prominent members from neuraminic acid derivatives, which are 

structurally characterized by a 9-carbon chain. Serving as the major building bricks to 

glycoproteins and glycolipids, these saccharide ancients are often found in cellular 

secretions and on the surface of all mammalian cells, associated with many metabolic 

pathways [1]. Sialic acids have been recognized to be pivotal in biological processes such as 

cellular adhesion, cell-cell interactions, and signal transduction due to their negative charges 

and hydrophilicity [2,3]. Sialic acids can mediate or modulate a wide variety of 

physiological and pathological processes, and sialic acids have roles in both health and 

multiple disease areas, including immunology, cardiology, hematology, oncology, and 

others [2].

GNE myopathy is an autosomal recessive muscular disorder characterized by progressive 

muscle weakness and atrophy with onset in early adulthood [4,5]. GNE myopathy is caused 

by biallelic mutations in the GNE gene, which encodes the bifunctional enzyme uridine 

diphospho-N-acetylglucosamine 2-epimerase (UDP-GlcNAc epimerase) and N-

acetylmannosamine kinase (ManNAc kinase). The enzyme catalyzes the first two committed 

steps in the biosynthesis of sialic acid [6] and mutations in GNE lead to decreased enzyme 

activity, decreased sialic acid biosynthesis and hyposialylation of muscle glycoproteins, 

resulting in muscle deterioration [7-9]. In mammals, the predominant sialic acid is N-

acetylneuraminic acid (Neu5Ac). N-acetylmannosamine (ManNAc) is the precursor for the 

biosynthesis of Neu5Ac. Previous studies in mice showed that oral administration of 

ManNAc, Neu5Ac or sialyllactose ameliorated the muscle pathology of GNE myopathy, 

suggesting this disease could potentially be treated by extrinsic administration of sialic-acid–

increasing compounds [10-12].

As the precursor of sialic acid, ManNAc is being developed by National Institutes of Health 

(NIH) and New Zealand Pharmaceuticals as a therapeutic agent for patients with GNE 

myopathy (ClinicalTrails.gov Identifiers NCT01634750 and NTC02346461). To assist in 

evaluating its safety, pharmacokinetics, and pharmacodynamics in the clinical studies, 

accurate analytical methods to determine the plasma concentrations of ManNAc and 

Neu5Ac were required. So far, several analytical methods have been reported to detect 

Neu5Ac in biological matrices including colorimetry [13,14], enzymology [15], 1H-NMR 

(proton nuclear magnetic resonance) spectroscopy [16], gas chromatography (GC) coupled 

with mass spectrometry (MS) [17], and high performance liquid chromatography (HPLC) 

coupled with ultraviolet (UV) detection [18,19], and fluorescent labeling [20]. These 

methods are limited by specificity and/or sensitivity, and they cannot be applied for 
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definitive quantitation. Recently, additional methods for Neu5Ac were described based on 

liquid chromatography–tandem mass spectrometry (LC-MS/MS) [21,22]. These methods 

achieve the desired specificity. However, the reported lower limit of quantitation (LLOQ) is 

still in the micromolar (µM) range, which is too high for quantitation of the endogenous free 

Neu5Ac levels in plasma of GNE myopathy patients. Similarly, existing analytical methods 

for ManNAc determination requires derivatization with UV-absorbing or fluorophore groups 

[23], and they are limited by specificity and sensitivity for quantitation of endogenous 

ManNAc in human plasma.

In this work, we have developed and validated two bioanalytical methods for the 

quantitative analysis of ManNAc (method 1) and free Neu5Ac (method 2) in human plasma 

using LC-MS/MS. Due to the small molecular weight and the presence of multiple hydroxyl 

groups, chromatographic retention of the two compounds was challenging. Therefore, 

hydrophilic interaction chromatography (HILIC) was utilized to gain sufficient retention on 

the HPLC column. In addition, because ManNAc and Neu5Ac are endogenous compounds 

in plasma, calibration standards were prepared in a surrogate matrix for quantitation. The 

established LLOQ was 10 and 25 ng/mL for ManNAc and Neu5Ac, respectively, based on 

an extraction volume of 50 µL. These two methods demonstrated good sensitivity, 

selectivity, linearity, accuracy, and precision as well as assay ruggedness; they were 

validated using a “fit-for-purpose” approach. The validated methods were successfully used 

to support the GNE myopathy clinical trial.

2. Experimental details

2.1. Chemicals

Reference standards for ManNAc (purity: 92.6%) and Neu5Ac (purity: 97.3%) were 

obtained from New Zealand Pharmaceuticals. The stable isotopically labeled ManNAc-13C-

d3 (isotopic purity: 99.9%) was purchased from Ricerca Biosciences, LLC (Concord, OH), 

and the stable isotopically labeled Neu5Ac-d3 (isotopic purity: 96.4%) was purchased from 

Medical Isotopes, Inc. (Pelham, NH). The chemical structures of all four compounds are 

shown in Fig. 1. HPLC-grade acetonitrile, methanol, and acetic acid (AA) were purchased 

from Fisher Scientific (Pittsburgh, PA). Trifluoracetic acid (TFA) was purchased from EMD 

Chemicals Inc. (Gibbstown, NJ). Deionized water was generated in-house using a Milli-Q 

Ultrapure water purification system from EMD Millipore (Billerica, MA). Bovine serum 

albumin (BSA) was purchased from Sigma-Aldrich Corporation (St Louis, MO), and human 

plasma (K2EDTA, storage condition: −20 °C) was obtained from Bioreclamation Inc. 

(Westbury, NY).

2.2. LC-MS/MS system

HPLC separation was performed on a LC-20AD LC pump system (Shimadzu, Kyoto, Japan) 

coupled with a Sil-20AC HT autosampler (Shimadzu, Kyoto, Japan). An XBridge Amide 

column (3.5 µm, 100 × 2.1 mm) from Waters Corporation (Milford, MA) was used for 

chromatographic separation of ManNAc (method 1), and an Atlantis HILIC Silica column (5 

µm, 50 × 3.0 mm) from Waters Corporation (Milford, MA) was used for chromatographic 

separation of Neu5Ac (method 2). The autosampler temperature was set at 6 °C, and the LC 
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column was maintained at room temperature (20 ± 10 °C). MS analyses were conducted on 

a 4000 QTRAP LC-MS/MS System from AB Sciex (Foster City, CA) with a TurboIonSpray 

interface. The system was controlled by Analyst version 1.4.2 software.

2.3. LC-MS/MS conditions

The two mobile phases used were 0.2% AA and 0.05% TFA in water (mobile phase A) and 

0.2% AA and 0.05% TFA in acetonitrile (mobile phase B) for both methods. The following 

gradient was applied at a flow rate of 0.8 mL/min for method 1 (ManNAc): linearly 

decreased from 97% to 65% of mobile phase B from 0 to 2.9 min, further decreased to 30% 

B from 2.9 to 3.0 min, held for 0.8 min, and increased back to 97% B in 0.1 min. The total 

run time was 4.8 min. For method 2 (Neu5Ac): the gradient was started from 96% of mobile 

phase B and linearly decreased to 70% B from 0.5 to 0.9 min, held for 0.9 min, dropped to 

30% B from 1.8 to 2.3 min, held for 0.8 min, increased to 96% B in 0.1 min, and stopped at 

4.1 min.

The analytes were monitored using selective reaction monitor (SRM) in positive-ion 

electrospray mode. For method 1 (ManNAc), the following optimized mass spectrometer 

conditions were used: turbo ion spray voltage was set at 5500 V, and the ion source 

temperature was set at 400 °C. Curtain gas, nebulizing gas, and auxiliary gas were set to 35, 

50, and 50 psi, respectively. The declustering potential and collision energy were set at 35 V 

and 18 eV, respectively. The transitions monitored for ManNAc and ManNAc-13C-d3 were 

m/z 222→126 and 226→130, respectively. For method 2 (Neu5Ac), ion source temperature 

was set at 575 °C; collision energy was at 16 eV; and the transitions monitored for Neu5Ac 

was m/z 310→274 and for Neu5Ac-d3 was m/z 313→277. Other parameters were the same 

as for method 1.

3. Sample preparation

3.1. Stock solution, calibration standards and quality control

Separate stock solutions of ManNAc and Neu5Ac were prepared at a concentration of 1.00 

mg/mL in 50:50 acetonitrile/water (v/v) for standard and quality control (QC) samples. The 

internal standard stock solutions of ManNAc-13C-d3 and Neu5Ac-d3 were prepared at 1.00 

mg/mL in 50:50 acetonitrile/water (v/v). All prepared stock solutions were stored at 4 °C 

and protected from white light. Calibration standards were prepared in 5% BSA in water at 

range of 10.0 to 5000 ng/mL for ManNAc and 25.0 to 10,000 ng/mL for Neu5Ac. In 

addition, two lower levels of QC samples (LLOQ and low [LQC]) were prepared in 5% 

BSA at concentrations of 10.0 and 30.0 ng/mL for ManNAc and 25.0 and 75.0 ng/mL for 

Neu5Ac, respectively. The other three levels of QC samples (medium [MQC], high [HQC] 

and dilution [DQC]) were prepared in pooled blank human plasma with spiked 

concentrations of 200, 4000, and 25000 ng/mL for ManNAc and 200, 8000, and 50000 

ng/mL for Neu5Ac, respectively. The endogenous concentrations of ManNAc and Neu5Ac 

in the human plasma were prequantified and added on top of the spiked concentrations, and 

these calculated totals were used as the nominal concentrations. All unknown samples, 

calibration standards, and QC samples were stored at −80 °C until analyzed.
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3.2. Sample extraction

The same sample preparation procedure was used for ManNAc (method 1) and Neu5Ac 

(method 2). Aliquots of 50 µL of standards, QC samples, and study samples were pipetted 

into an Ostro 96-well sample preparation plate (Waters Corporation, Milford, MA) on top of 

a collection plate, and 25 µL of internal standard working solution (2000 ng/mL) was added 

to each sample followed by 200 µL of acetonitrile. The Ostro 96-well plate was capped and 

vortex mixed. A medium positive pressure was applied on the plate to let the solvent pass. 

Aliquots of 66 µL of the collected samples were transferred and further diluted with 200 µL 

of 70:30 acetonitrile/water (v/v).

4. Results and discussion

4.1. Bioanalysis strategy for endogenous compounds

As endogenous compounds, ManNAc and Neu5Ac are naturally present in human plasma. 

The lot-to-lot variable endogenous level makes it difficult to find a suitable matrix to 

prepare standards and QC samples for quantitation. This poses a challenge for developing 

bioanalytical assays and determining the sensitivity and selectivity, as well as evaluating 

recovery and matrix effect. There is no specific regulatory guidance for method validation of 

endogenous compounds as there is for validation of small-molecule pharmacokinetic 

studies. A “fit-for-purpose” validation approach is usually adopted for biomarker bioanalysis 

to support early phases of drug development [24-26]. The level of validation and acceptance 

criteria of the tests performed is determined based on the purpose of the study and further 

applications of the assay.

Different strategies [27,28] have been developed to overcome the challenges without 

compromising the quantitation results, including the two most adopted: (1) surrogate analyte 

in authentic matrix, and (2) authentic analyte in surrogate matrix. For the first approach, the 

surrogate analyte is typically a stable isotopically labeled analyte that does not preexist in 

the authentic matrix yet has the nearly identical physical and chemical properties as the 

analyte of interest. The labeled compound has the same LC behavior and MS ionization 

efficiency to mimic the authentic analyte but can be separately monitored in a different SRM 

transition, making it a perfect selection to establish the standard calibration curve. This 

calibration curve can be applied further to calculate the endogenous analyte concentrations 

based on the relative instrument responses of the unlabeled and labeled compounds. This 

approach provides the benefits of eliminating interferences introduced from the authentic 

matrix, lowering the detection limit, and preparing standards and QC samples in the 

authentic matrix to mimic real samples. However, a second labeled compound is often 

needed as an internal standard to improve assay ruggedness.

The second strategy, “authentic analyte in surrogate matrix”, utilizes a different matrix, 

either from a different species that is free of the endogenous compound, i.e., a “stripped” 

matrix that is pretreated to remove the endogenous compounds, or a synthetic matrix 

including neat buffers and protein solutions. During our method development and validation, 

only one stable isotopically labeled compound was available for ManNAc and Neu5Ac; 

therefore, we chose to proceed with the “surrogate matrix” approach. A protein solution 
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containing 5% BSA was selected as the surrogate matrix for standards, LLOQ, and LQC 

sample preparation. Meanwhile, QC samples at high concentrations (MQC, HQC and DQC) 

were prepared in the human plasma to reflect the assay performance in the authentic matrix. 

The baseline levels of ManNAc and Neu5Ac in the human plasma pool used for QC sample 

preparation were prequantified. The measured concentrations were then calculated on top of 

the prepared concentrations to achieve the final nominal concentrations. In order to 

minimize the potential matrix effect and system bias introduced by the different types of 

matrices, stable isotopically labeled internal standards were used in both methods to 

compensate ionization efficiency.

4.2. HILIC chromatography development

Both ManNAc and Neu5Ac are highly hydrophilic with relatively low molecular weights 

(221 and 309 atomic mass units [amu], respectively). Chromatographic separation on a 

regular reverse-phase column is challenging. For Neu5Ac, although reverse-phase 

chromatography was reported in some methods, the poor retention could cause deteriorated 

peak shape, high matrix effect, and low sensitivity. A derivatization method was recently 

reported to increase hydrophobicity and achieve sufficient retention on a reverse-phase 

column [22], but this additional step lengthens the sample preparation time and increases 

assay complexity.

To overcome the retention challenge and be able to separate the analytes from other 

endogenous polar compounds (e.g., monosaccharides), we focused on two main objectives 

in the initial method development: retention and sensitivity. After exploring a variety of 

HPLC columns and chromatographic conditions, we developed two HILIC methods using 

an XBridge Amide column for method 1 (ManNAc) and an Atlantis HILIC Silica column 

for method 2 (Neu5Ac). HILIC-MS/MS assays are frequently used for polar analytes 

[29,30]. Addition of AA and TFA to the mobile phases was necessary to achieve the best 

peak shape and resolution. It is well known that TFA may cause some ion suppression. 

However, addition of AA to TFA-containing mobile phases could alleviate sensitivity loss 

[31]. In our newly developed methods, at a flow rate of 0.8 mL/min, ManNAc was 

efficiently retained with a retention time of 2.5 min (k′ = 8.5), and Neu5Ac at a retention 

time of 1.5 min (k′ = 4.5). This combination of the HPLC column and mobile phases 

provide satisfactory retention, good peak shape, and resolution to enable sensitive and 

selective measurements.

4.3. Matrix effect and ion suppression

Biological matrices such as plasma and serum are complex mediums that contain a variety 

of endogenous compounds. The abundant phospholipids present in plasma are considered a 

major concern for LC-MS based assays. The co-eluting compounds at high concentrations, 

such as phospholipids, could either enhance or suppress the ionization efficiency of the 

target analyte. This phenomenon is known as matrix effect [32,33], which can interfere with 

the analysis and can severely affect assay accuracy and precision. In some reported cases 

[34,35], the use of a stable isotopically labeled internal standard even failed to compensate 

for matrix effect, which resulted in assay failure. Therefore, it is important to recognize and 

overcome this challenge in an early stage of method development. Various approaches have 
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been explored throughout the years for removal of phospholipids from biological matrixes 

[36]. Optimized sample cleanup procedures have been developed using protein precipitation 

[37], liquid-liquid extraction [38], and solid-phase extraction [39] by selecting different 

combinations solvents and pH conditions. Another efficient technique to remove 

phospholipids is chromatographic separation. New discoveries in chromatography have been 

described including HILIC [37], 2D LC [40], and even simply back-flushing the analytical 

column between injections [41].

During our method development, we first utilized a protein precipitation (PPT) extraction 

method by precipitating samples using acetonitrile. However, due to coextracted 

phospholipids, a severe matrix effect was observed for Neu5Ac, affecting the MS signal and 

assay ruggedness. Other extraction methods were then tested and the recovered analytes and 

phospholipids were carefully compared. We selected the most efficient method, an Ostro 96-

well phospholipid removal plate, which provided about 70%–100% recovery for ManNAc 

and Neu5Ac, while it removed the phospholipid matrix effect by retaining the phospholipids 

on the extraction plate.

A post-column infusion test was performed by continuously delivering neat solution of 

Neu5Ac-d3 at a concentration of 2000 ng/mL directly to the MS ion source. A plasma 

sample extracted with PPT was injected followed by a sample extracted with the optimized 

extraction procedure. As shown in Fig. 2, when the PPT sample was injected, the MS 

response of Neu5Ac decreased sharply around its retention time of 1.5 min, leading to a 

weak and unstable signal. In comparison, the MS response remained at a higher level when 

our optimized phospholipid removal procedure was applied to the plasma sample. The post-

column infusion test proved that this final method efficiently removed phospholipids from 

the samples prior to injection into the LC system, eliminated any matrix effect, and 

increased sensitivity.

4.4 Calibration curve, sensitivity, and specificity

The analytical range for method 1 (ManNAc) was established from 10.0 to 5000 ng/mL and 

25.0 to 10,000 ng/mL for method 2 (Neu5Ac). Both calibration curves were obtained from 

eight independent concentrations (Fig. 3). A linear regression with 1/x2 weighting was used 

for method 1, and a quadratic regression with 1/x2 weighting was used for method 2. For all 

the runs tested, the regression coefficiency was greater than 0.997 for ManNAc and greater 

than 0.998 for Neu5Ac.

Representative chromatograms of a blank BSA sample, a blank human plasma sample, an 

LLOQ sample prepared in blank BSA, an incurred sample, and the internal standard in the 

incurred sample are presented in Figs. 4 and 5 for ManNAc and Neu5Ac, respectively. In 

the blank BSA sample, the absence of endogenous interference to ManNAc and Neu5Ac 

demonstrated assay specificity. In the blank human plasma sample, the endogenous levels of 

ManNAc and Neu5Ac were approximately 50 and 159 ng/mL, respectively (Figs. 4B and 

5B). A signal-to-noise ratio of greater than 5 was achieved for the LLOQ sample with both 

methods. Assay specificity was also confirmed by comparing the retention time of the 

analytes between plasma samples and standards with reverse-phase chromatography [27].
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4.5 Accuracy and precision

Intra- and inter-assay accuracy and precision (expressed as percent coefficient of variation 

[%CV]) were assessed over three separate days based on the maximum value from the LQC, 

MQC, and HQC samples. The assay accuracy was determined by calculating the ratios of 

the predicted concentrations to their nominal values, and the intra- and inter-assay precisions 

were determined using a one-way analysis of variance (ANOVA). For MQC and HQC that 

were prepared in human plasma, the nominal concentrations were calculated by combining 

the prequantified endogenous concentrations with the spiked concentrations. As presented in 

Table 1, the assay accuracy was within 100% ± 5.2% for ManNAc and 100% ± 8.3% for 

Neu5Ac. The intra-assay precision (%CV) was less than 6.7% for ManNAc and less than 

10.8% for Neu5Ac, and the inter-assay precision (%CV) was less than 5.1% for ManNAc 

and less than 4.9% for Neu5Ac.

4.6 Matrix factor and extraction recovery

To evaluate matrix effect of the surrogate matrix, the extracts of the 5% BSA were 

reconstituted with a standard solution containing ManNAc or Neu5Ac and their respective 

internal standards at concentrations equivalent to the LQC level. In addition, three replicates 

of a neat solution containing the analyte and internal standard at the same concentrations 

were analyzed. The matrix factor was calculated as the ratio of the mean peak area of the 

spiked blank matrix extract samples and the mean peak area of the neat solutions and 

expressed as a percentage of the mean neat solution peak area. The matrix factor for 

ManNAc and ManNAc-13C-d3 in 5% BSA was 90.7% and 94.4%, respectively, and 101.6% 

and 99.2% for Neu5Ac and Neu5Ac-d3, respectively.

Recovery in 5% BSA and human plasma was determined by comparing the mean area of 

extracted LQC and HQC samples with the mean area of recovery samples with equivalent 

concentration levels. Three replicates of the recovery samples at each concentration level 

were prepared by adding the analyte and the internal standard to the extracts of blank matrix. 

The summary data containing recovery results for ManNAc and Neu5Ac in 5% BSA (from 

LQC samples) and human plasma (from HQC samples) are presented in Table 2. The 

recovery of Neu5Ac in human plasma was approximately 70%. All other recoveries were 

close to 100%.

4.7 Stability

The stability of ManNAc and Neu5Ac in both 5% BSA and human plasma was evaluated 

based on LQC and HQC samples using six replicates. As presented in Table 3, both 

compounds showed good stability in both authentic and surrogate matrices. ManNAc was 

stable in both matrices for at least 310 days when stored at −80 °C, for 4 freeze-thaw cycles, 

and for 16 h at room temperature. The autosampler reinjection stability and the processed 

sample stability for ManNAc in both 5% BSA and human plasma were established for 48 h 

at 2–8 °C. Similarly, the stability of Neu5Ac in both 5% BSA and human plasma was 

established for at least 309 days at –80 °C, for 4 freeze-thaw cycles, for 16 h at room 

temperature, for 96 h at 2–8 °C in the autosampler after extraction, and for 48 h at 2–8 °C 

comparing the processed QC samples against a freshly prepared curve.
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4.8 Assay application and reproducibility

The validated methods were applied in support of a clinical study to measure ManNAc and 

Neu5Ac plasma concentrations in patients with GNE myopathy after oral administration of 

ManNAc. Plasma samples were collected from 0 h through 48 h postdose to assess the 

pharmacokinetics of both ManNAc and Neu5Ac. Representative chromatograms of 

ManNAc and Neu5Ac, and their corresponding internal standards, are presented in Figs. 4 

and 5. To assess assay reproducibility, a total of 30 samples were reanalyzed for incurred 

sample reanalysis (ISR) test. As shown in Fig. 6, excellent data reproducibility was 

demonstrated with 96.7% (29 of 30) of the reassayed samples for ManNAc and 100% (30 of 

30) of the reassayed samples for Neu5Ac meeting the acceptance criteria (the initial and 

repeated values within ± 20.0% of the mean values).

5. Conclusions

In summary, we have developed LC-MS/MS methods to measure the concentrations of 

ManNAc and Neu5Ac in human plasma. A “fit-for-purpose” approach was applied for this 

project. The methods are rapid, specific, sensitive, and robust. Both compounds showed 

good stability in authentic and surrogate matrices. The validated assays were successfully 

implemented in the analyses of plasma samples from a clinical study of patients with GNE 

myopathy. The methodology described herein provides useful experimental approaches in 

quantifying analytes that are ubiquitous in biologic fluids.
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Highlights

• HILIC LC-MS/MS methods for ManNAc and Neu5Ac in human plasma are 

described.

• A fit-for-purpose approach was adopted during method validation and sample 

analysis.

• A surrogate matrix, 5% BSA, was utilized for the preparation of calibration 

standards.

• Extraction with a phospholipid removal plate eliminated matrix effect.
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Fig. 1. 
Chemical structures of N acetylmannosamine (ManNAc), ManNAc-13C-d3, N 

acetylneuraminic acid (Neu5Ac), and Neu5Ac-d3.gr1
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Fig. 2. 
Post-column infusion chromatograms of Neu5Ac-d3 after injection of (A) a plasma sample 

extracted with protein precipitation (PPT) and (B) a plasma sample extracted with 

phospholipid (PL) removal plate. A chromatogram of (C) Neu5Ac was overlaid to show the 

retention time.gr2
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Fig. 3. 
Representative calibration curves of ManNAc and Neu5Ac in 5% BSA. A linear 1/x2 

weighted regression model was used for ManNAc and a quadratic 1/x2 weighted regression 

model were used for Neu5Ac.gr3
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Fig. 4. 
Representative chromatograms of ManNAc in (A) blank 5% BSA, (B) blank human plasma, 

(C) an LLOQ sample in 5% BSA, (D) an incurred sample, and (E) internal standard in 

human plasma.gr4
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Fig. 5. 
Representative chromatograms of Neu5Ac in (A) blank 5% BSA, (B) blank human plasma, 

(C) an LLOQ in 5% BSA, (D) an incurred sample, and (E) internal standard in human 

plasma.gr5
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Fig. 6. 
The incurred sample reanalysis results from the 30 samples tested demonstrated assay 

reproducibility (96.7% [29 of 30] for ManNAc and 100% [30 of 30] for Neu5Ac).gr6
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Table 1

Assay accuracy and precision (%CV) for ManNAc and Neu5Ac in LQC, MQC, and HQC samples.

ManNAc LQC (30.0
ng/mL)

MQC (251
ng/mL)

HQC (4051
ng/mL)

Mean 31.6 243 3922

Accuracy (%) 105.2 96.7 96.8

Intra-assay precision (%CV) <6.7 <6.5 <4.5

Inter-assay precision (%CV) 4.5 5.1 2.1

Number of replicates (n) 18 18 18

Neu5Ac LQC (75.0 ng/mL) MQC (359 ng/mL) HQC (8159
ng/mL)

Mean 74.6 326 7326

Accuracy (%) 99.4 92.4 91.7

Intra-assay precision (%CV) <7.6 <10.8 <3.2

Inter-assay precision (%CV) 4.9 3.7 2

Number of replicates (n) 18 18 18

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2016 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shi et al. Page 20

Table 2

Extraction recovery for ManNAc and Neu5Ac and their respective internal standards at a low concentration in 

5% BSA and at a high concentration in human plasma.

Recovery (%)

LQC in 5% BSA HQC in Human Plasma

ManNAc 92.4 85.8

ManNAc-13C-d3 112.8 113.7

Neu5Ac 113.6 68.2

Neu5Ac-d3 121.3 69.5
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Table 3

Stability results for ManNAc and Neu5Ac in LQC (5% BSA) and in HQC (human plasma).

ManNAc LQC (30.0 ng/mL) HQC (4051 ng/mL)

Deviation (%) Deviation (%)

Room temperature for 16 h 8.4 −7.8

Freeze/thaw 4 cycles 1.1 0.3

Autosampler at 2–8 °C for 48 h 8.5 −4.7

Processed sample at 2–8 °C for 48 h 0.0 −1.6

Long-term at −80 °C for 310 days 2.2 2.4

Neu5Ac LQC (75.0 ng/mL) HQC (8159 ng/mL)

Deviation (%) Deviation (%)

Room temperature for 16 h −0.6 −6.2

Freeze/thaw 4 cycles 0.2 −5.8

Autosampler at 2–8 °C for 96 h −1.6 1.8

Processed sample at 2–8 °C for 48 h 10.1 −11.1

Long-term −80 °C for 309 days 3.6 −5.8
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