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RESUME 

Introduction : Les pathologies de la surface oculaire se manifestent par des symptômes et 

signes cliniques non spécifiques. L’empreinte conjonctivale (EC) est une méthode de 

prélèvement cellulaire rapide et non-invasive, ayant démontré son utilité dans le diagnostic et 

la compréhension des mécanismes physiopathologiques des maladies de la surface oculaire. 

L’approche métabo-lipidomique appliquée aux EC pourrait représenter une stratégie pertinente 

pour l’identification de biomarqueurs, mais nécessite une standardisation des procédures pré-

analytiques et analytiques. L’objectif de cette étude était de valider les étapes pré-analytiques 

et analytiques de l’analyse métabo-lipidomique d’EC par chromatographie liquide ultra-haute-

performance couplée à la spectrométrie de masse haute-résolution. 

Matériel et méthodes : Quatre EC ont été réalisées successivement sur les yeux droits et 

gauches de 20 sujets sains, soit 160 empreintes. Trois protocoles d’extraction des 

métabolites (méthanol (MeOH), MeOH/eau et acétonitrile) et 2 protocoles d’extraction des 

lipides (méthyl tert-butyl éther et isopropanol (IPA)) ont été testés. Les métabolites et voies 

métaboliques identifiés dans les cellules conjonctivales ont été comparés avec ceux retrouvés 

dans les larmes humaines.  

Résultats : Nous avons identifié 211 métabolites impliqués dans 9 voies métaboliques. Bien 

qu’il existe une variabilité importante des 4 empreintes successivement réalisées sur le même 

œil, les deux premières étaient comparables. Le métabolome conjonctival des deux yeux était 

comparable. La comparaison avec les 137 métabolites identifiés dans les larmes a mis en 

évidence 79 métabolites communs aux 2 matrices, 132 spécifiques aux EC et 58 spécifiques 

aux larmes. Avec l’identification de 262 lipides répartis en 24 classes lipidiques, la méthode 

d’extraction par IPA était la plus performante.  

Conclusion : Ces résultats confirment la faisabilité de l’analyse métabo-lipidomique à partir 

d’EC et montrent une comparabilité interoculaire du métabolome conjonctival de sujets sains. 

La réalisation d’empreintes successives doit être prise en compte car elle est source de 

variabilité pré-analytique. Le métabolome des cellules conjonctivales est distinct et 

complémentaire de celui des larmes pour l’étude de la surface oculaire. Nous proposons donc 

une procédure standardisée pour l’approche métabo-lipidomique appliquée aux EC permettant 

la recherche de biomarqueurs en pratique clinique ophtalmologique.  

 

Mots clés : métabolomique ; lipidomique ; empreinte conjonctivale ; spectrométrie de 

masse ; chromatographie liquide 
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ABSTRACT 

 

TITLE: VALIDATION OF A STANDARDIZED PROCEDURE FOR METABOLOMIC 

AND LIPIDOMIC ANALYSIS OF HUMAN CONJUNCTIVAL IMPRESSION 

CYTOLOGY SPECIMENS  

 

Introduction: Pathologies of the ocular surface are characterized by non-specific symptoms 

and clinical signs. Conjunctival impression cytology (IC) is a rapid and non-invasive cell 

sampling method that is useful for the diagnosis of ocular surface diseases and the 

understanding of the underlying pathophysiological mechanisms. The metabo-lipidomic 

approach applied to conjunctival IC could be a relevant strategy for biomarker identification 

but requires standardization of pre-analytical and analytical procedures. The objective of this 

study was to validate a workflow for metabo-lipidomic analysis of conjunctival IC specimens 

using ultra-high-performance liquid chromatography coupled to high-resolution mass 

spectrometry. 

Methods: Four IC specimens were performed on both eyes of 20 healthy subjects, resulting in 

a total of 160 specimens. The study tested 3 different metabolite extraction protocols (methanol 

(MeOH), MeOH/water, and acetonitrile), as well as two lipid extraction protocols (methyl tert-

butyl ether and isopropanol (IPA)). The metabolites and metabolic pathways identified in 

conjunctival cells were compared with those found in human tears.  

Results: We identified 211 metabolites involved in 9 pathways. Although there was 

considerable variability in the 4 consecutive IC specimens performed on the same eye, the first 

two were comparable. The conjunctival metabolome of both eyes was comparable. Comparison 

of the 137 metabolites identified in tears and IC specimens revealed 79 common metabolites, 

while 132 were specific to IC specimens and 58 were specific to tears. The IPA extraction was 

the method of choice, enabling the identification of 262 lipids from 24 lipid classes. 

Conclusion: These results confirm the feasibility of metabo-lipidomic analysis using IC 

specimens and demonstrate the comparability of the conjunctival metabolome between both 

eyes in healthy subjects. The use of successive IC is a source of variability. The metabolome of 

conjunctival cells differs from that of tears and can be used in conjunction with tears to study 

the ocular surface. To facilitate biomarker research in clinical practice, we propose a 

standardized procedure for the metabo-lipidomic analysis of conjunctival IC specimens.  

Keywords: metabolomics; lipidomics; conjunctival impression cytology; mass 

spectrometry; liquid chromatography 
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ABBREVIATIONS 

 

ACN: acetonitrile 

AH: aqueous humor  

DED: dry eye disease 

ESI: electrospray ionization 

FDR: false discovery rate  

HILIC: hydrophilic interaction liquid chromatography 

IC: impression cytology    

IPA: isopropanol 

LE: left eye 

MeOH: methanol 

MMP: mucous membrane pemphigoid  

MTBE: methyl tert-butyl ether 

MZ: mass-to-charge ratio 

PES: polyether sulfone  

RE: right eye 

RT: retention time 

QC: quality control 

RT: retention times 

UHPLC-HRMS: ultra-high-performance liquid chromatography coupled to high-resolution 

mass spectrometry  
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INTRODUCTION  

 

I. Conjunctival impression cytology for studying the ocular surface 

The ocular surface refers to an anatomo-physiological entity located at the interface 

between the external environment and intraocular structures responsible for lubrification, 

protection against external physical aggressions and microorganisms as well as maintaining 

optimal visual performance. It includes the eyelids, lacrimal glands, Meibomian glands, tear 

film, conjunctiva, and cornea. Regarding the tear film, it is composed of three layers: a 

superficial lipid layer, primarily produced by the Meibomian glands; an intermediate aqueous 

layer mainly produced by the lacrimal glands (main and accessory); and an inner mucous layer 

adherent to the corneal epithelium primarily composed of mucins (Figure 1). The conjunctiva 

is a transparent mucous membrane covering the anterior surface of the eyeball and the posterior 

surface of the eyelids. Histologically, conjunctiva is a non-keratinized stratified epithelium, 

composed of 2 to 18 layers of cells depending on the location, being more prominent at the 

limbus and fornix (1).  

 

Figure 1. Schematic representation of human ocular surface components and tear film 

composition. CE: cholesterol ester; WE: wax ester; TAG: triacylglycerol; DAG:  

diacylglycerol; Free Cho: free cholesterol; OAHFA: (o-acyl)-ω-hydroxy fatty acids;  

CS: cholesteryl sulfate; PL: phospholipids; SPL: sphingophospholipids (2). 

 

Conjunctival impression cytology (IC) is a technique of collecting cells from the superficial 

layers of the conjunctival epithelium by applying a cellulose acetate or polyether sulfone (PES) 

filter to the conjunctiva (Figure 2). First introduced in the late 1970s, its non-invasive, painless, 

inexpensive and rapid nature made it the ideal tool for clinical research into ocular surface 

pathology. It is also repeatable over time, making it useful for monitoring disease progression 
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or the effect of a treatment. Conjunctival IC has greatly contributed to the understanding of 

ocular surface pathologies, such as dry eye disease (3), allergic conjunctivitis (4), and ocular 

rosacea (5), particularly through the identification of overexpressed inflammatory and 

apoptosis-related biomarkers in conjunctival cells (6).   

 

Figure 2. Photograph of a conjunctival impression cytology made on the superior bulbar 

conjunctiva. 

 

II. Metabo-lipidomics: a high-throughput technology  

Metabolomics is the process of identifying and quantifying low molecular weight 

molecules (< 1500 Daltons) present in biological fluids, cells, or tissues, in order to study the 

metabolome (7). Lipidomics corresponds to the identification and quantification of lipids within 

a matrix that collectively form the lipidome. Although some authors consider the lipidome as a 

component of the metabolome, its analysis is conducted distinctly from metabolites, due to 

distinct extraction methods and the low polarity of lipids compared to most water-soluble 

metabolites (8,9).  

In medicine, these high-performance techniques can be used to identify pathology-

specific biomarkers which are useful for improving diagnoses, understanding diseases 

pathophysiology, and identifying potential prognostic indicators or new therapeutic targets. 

Lastly, the biomarkers identified can be monitored in longitudinal studies and used to assess 

response to therapy (10). A good biomarker needs to be sensitive, specific, easily accessible via 

non or minimally invasive procedures that are feasible in clinical practice. Thus, superficial 

conjunctival cells are an ideal matrix for biomarker identification. The search for biomarkers is 

a promising field in ocular surface pathologies because specific symptoms and clinical signs 

are lacking, and diagnostic tests may not always correspond to the severity of the damage 

experienced by the patient (11).  
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III. CATARACTOMIQUE study: clinical application for biomarkers 

identification 

    CATARACTOMIQUE is a longitudinal clinical cohort study conducted at the regional 

university hospital center of Tours. The aim of the study is to identify predictive biomarkers of 

dry eye disease (DED) following cataract surgery on 100 subjects (ClinicalTrials.gov Identifier: 

NCT05802550). In this study, two IC specimens will be sampled from the eye to be operated 

on: one before the surgery and the other one a month after the surgery. One IC specimen will 

be used for metabolomic analysis and the other for lipidomic analysis using ultra-high-

performance liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-

HRMS). 

Cataract is an opacification of the crystalline lens, most often associated with ageing 

and responsible for a reduction in visual acuity. It is the leading surgical procedure in France, 

with more than 800,000 operations performed each year (12). The results in terms of visual 

recovery are excellent, but some patients develop postoperative DED, a multi-factorial disease 

of the tears and ocular surface (13), resulting in fluctuating visual acuity, foreign body 

sensation, burning or even pain accompanied by photophobia and lacrimation. This has a 

significant impact on patients' vision related quality of life (14). The prevalence of DED at 4 

weeks post-op varies from 9% to 31% depending on the study and has been reported to be 27% 

at 3 months post-op using the Ocular Surface Disease Index (OSDI) questionnaire (15). 

Although DED constitutes a worldwide public health challenge, its diagnosis is difficult 

because symptoms and signs are unspecific and in clinical practice there is a significant 

discrepancy between symptoms and signs of DED. Furthermore, despite the large number of 

diagnostic tests available to assess DED, most have low reliability and reproducibility (16,17), 

and there is no gold standard test to diagnose pre-operative ocular surface disorders (18). Thus, 

a patient who is asymptomatic preoperatively may have an early stage of the disease that could 

lead to true symptomatic DED after surgery. This highlights the relevance of a strategy to 

identify objective and reproducible biomarkers that predict the risk of DED prior to surgery, so 

that patients identified as “high risk” can be offered personalized management to increase their 

chances of successful surgery. Recently, an expanding body of research on tears indicates that 

altered metabolism plays an important role in the pathogenesis of DED (2), thus the 

identification of biomarkers could improve our understanding of the pathophysiology of ocular 

surface disorders following cataract surgery at the molecular level.  
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 The aim of the current study was to develop and validate pre-analytical and analytical 

procedures for metabolomic and lipidomic analysis of IC-collected conjunctival cells using 

UHPLC-HRMS, for use in clinical research applications. We first explored the feasibility of 

extracting cellular metabolites and lipids from the solid and adherent PES membrane. Then, the 

reproducibility of the metabolome of successive IC specimens made on the same eye was 

assessed. The inter-eye metabolomic and lipidomic variability was also investigated. 

Metabolites and metabolic pathways identified in IC specimens were compared to those found 

in tears in a previous study conducted by our team (19). Finally, we compared 3 metabolite 

extraction solvents: acetonitrile (ACN), methanol (MeOH) and MeOH/water; and 2 lipid 

extraction solvents:  isopropanol (IPA) and methyl tert-butyl ether (MTBE) (Figure 3). 

 

Figure 3. Schematic representation of the global workflow, including sample preparation, 

data analysis and the main evaluation parameters. CV: coefficients of variation;  

MSML: Mass Spectroscopy Metabolite Library. 
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MATERIAL AND METHODS  

 

I. Origin, sampling method and storage of samples 

 

Healthy volunteers were recruited from the ophthalmology department of the University 

Hospital of Tours, and all of them gave their informed consent. The protocol was approved by 

an independent Ethics Committee (ClinicalTrials.gov Identifier: NCT05802550). This study 

followed the tenets of the Declaration of Helsinki. The exclusion criteria were as follows: any 

history of systemic or ophthalmological disease, past or current ophthalmological symptoms, 

wearing contact lenses within the previous 48 hours, or instillation of eye drops within the last 

24 hours. All included subjects were ≥18 years old.  

After instillation of an ocular surface anesthetic eye drop (oxybuprocaine chlorhydrate 

1,6 mg/0,4 mL, Théa©) and gentle traction of the upper eyelid, participants were instructed to 

look downwards. A PES filter paper disc with a diameter of 13mm and a pore size of 0.20µm 

cut in half (Supor®, Pall Life Sciences) was applied to the upper bulbar conjunctiva for 2 

seconds on each side without exerting any pressure and then removed using disposable pre-

sterilized forceps. In each eye, 4 filters were applied successively, labelled ABCD on the right 

eye (RE) and A'B'C'D' on the left eye (LE) (Figure 4). The first two (AB and A'B') were made 

supra-temporally and the next two (CD and C'D') supra-nasally of the bulbar conjunctiva, 

shifting the area of application between each impression. They were taken by a single 

experienced ophthalmologist to minimize intra-operator variability and avoid inter-operator 

variability. Samples were placed in 0.5 ml Eppendorf tubes and immediately stored at -80°C 

until analysis. 

 

Figure 4. Conjunctival impression cytology: schematic representation of placement of filter 

papers to collect cells from bulbar conjunctiva of each eye. The application area has been 

shifted from the supratemporal zone (AB and A’B’) to the supranasal zone (CD and C’D’).  

LE: left eye; RE: right eye. 
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II. Compound extraction methods  

 

1. Metabolite extraction protocols  

 

We selected methanol (MeOH) as the extraction solvent because it has proven its 

efficiency for metabolite separation before mass spectrometry analysis in a prior study 

conducted by our team (20). One millilitre (mL) of pure MeOH was added on the PES filters, 

the mixture was homogenized by vortex, stirred for 1 hour on a planar stirrer and centrifuged 

at 15,000 g at 4°C for 10 minutes (min). Then 900 microlitre (µL) of supernatant was collected 

and split into two samples for analysis on a C18 column and on a hydrophilic interaction liquid 

chromatography (HILIC) column. Each was evaporated for 30 min at 40°C under nitrogen flow 

(Evaporex® EVX-96, Apricot Design). One hundred µL of MeOH/water (1:9, v/v) or 

acetonitrile/water (8:2, v/v) was added respectively for C18 and HILIC column analysis, the 

mixture was homogenized by vortexing and transferred to chromatograph-compatible vials for 

analysis. 

Then, two additional metabolite extraction methods were tested: MeOH/water and ACN 

and compared with pure MeOH. One mL of MeOH/water (1:1, v/v) or ACN was added on the 

PES filters, and the same protocol as previously described was followed. 

Quality control (QC) samples were prepared from a pool of equal volumes (5 µL) of all 

samples extracted using the same protocol.  

 

2. Lipid extraction protocols 

 

            Two methods of extracting lipids were evaluated: isopropanol (IPA) and methyl tert-

butyl ether (MTBE).  

            IPA extraction involved adding 1 mL of pure IPA. The mixture was vortexed for 5 

seconds (s), stirred for 1 hour on a planar stirrer, and centrifuged at 15,000 g, at 4°C, for 15 

min. A single-phase solution was obtained, from which 900 µL was recovered and transferred 

to glass tubes for 30 min solvent evaporation at 40°C under nitrogen flow (Evaporex® EVX-

96, Apricot Design).  

            MTBE extraction involved adding 500 µL of Milli-Q® water and 500 µL of MTBE. 

The mixture was vortexed for 1 min, stirred for 1 hour on a planar stirrer, and centrifuged at 

15,000 g, at 4°C, for 15 min. A two-phase solution was obtained and 450 µL of the upper phase 
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was recovered and transferred to a 96-well plate for 30 min solvent evaporation under nitrogen 

flow at 40°C (Evaporex® EVX-96, Apricot Design). 

            For both protocols, the dry residues were re-suspended in 100 µL of a 60:35:5, v/v/v, 

mix of acetonitrile/IPA/water, then transferred to chromatograph-compatible vials for analysis. 

            Quality control samples were prepared from a pool of equal volumes (5 µL) of all 

samples extracted using the same protocol. 

 

III. Reproducibility of metabolome in successive IC specimens from the 

same eye 

 

Eighty IC specimens from 10 subjects (labelled S1 to S10) were extracted for 

metabolites using MeOH to assess the reproducibility of metabolome in successive IC 

specimens made sequentially on the same eye of the same subject (Table 1).  

 
 

RE LE 

S1 ABCD A’B’C’D’ 

S2 ABCD A’B’C’D’ 

S3 ABCD A’B’C’D’ 

S4 ABCD A’B’C’D’ 

S5 ABCD A’B’C’D’ 

S6 ABCD A’B’C’D’ 

S7 ABCD A’B’C’D’ 

S8 ABCD A’B’C’D’ 

S9 ABCD A’B’C’D’ 

S10 ABCD A’B’C’D’ 

 

Table 1. Subjects and samples dedicated to reproducibility of metabolome assessment in 

successive IC specimens from the same eye and inter-eye comparison. IC: impression 

cytology; LE: left eye; RE: right eye; S: subject. 

 

The comparison focused on the relative quantity of the extracted metabolites in 

successive IC specimens, achieved by comparing the area under the curve of their 

chromatographic peaks (i.e. the intensities). For each detected metabolite, for each eye (RE then 

LE) and for each subject, the coefficient of variation (CV% = (the standard deviation/the mean) 

x 100)) for the peak’s intensities of the 4 IC specimens (ABCD then A'B'C'D) was calculated 

using Excel software. The mean CV obtained from the 10 subjects was then calculated to obtain 

a single CV per metabolite. The acceptable threshold for variability was set at 30%, as chosen 

in a previous study for basal tears metabo-lipidomics (19). 
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The comparison of the first two IC specimens (AB and A'B') was performed using a 

paired non-parametric univariate statistic test (Wilcoxon's rank-sum test), which compared the 

intensities metabolite by metabolite, that is, the relative amount of extracted metabolites.  

 

IV. Comparison of inter-eye metabo-lipidome 

 

The same 80 methanol-extracted IC specimens from 10 subjects were used to assess 

inter-eye metabolome variability (Table 1). 

 Thirty-two IC specimens from 4 subjects (labelled S11 to S14) were extracted with IPA 

to assess inter-eye lipidome variability (Table 2). 

 
 RE LE 

S11 ABCD A’B’C’D’ 

S12 ABCD A’B’C’D’ 

S13 ABCD A’B’C’D’ 

S14 ABCD A’B’C’D’ 

 

Table 2. Subjects and IC specimens dedicated to inter-eye lipidome variability assessment. 

IC: impression cytology; LE: left eye; RE: right eye; S: subject. 

 

 The metabolomic and lipidomic profile comparison between the RE (IC specimens 

ABCD) and the LE (IC specimens A'B'C'D') was performed using a paired non-parametric 

univariate statistic test (Wilcoxon's rank-sum test). A pairwise comparison of metabolite 

intensities was conducted on specimens of the same rank: A with A', B with B', C with C', and 

D with D'. 

 

V. Selection of the optimal extraction solvent for metabolites and lipids 

 

Eighteen IC specimens from 3 subjects (labelled S15 to S17) were used to 

determine the optimal solvent for metabolite extraction: ACN, MeOH, or MeOH/water. 

The metabolites of the IC specimens A from the RE of the 3 subjects were extracted 

using ACN and compared with those of the IC specimens A’ from the LE of the same 3 

subjects extracted using MeOH. The 3 specimens B extracted using MeOH were 

compared with the 3 specimens B' extracted using MeOH/water. Finally, the specimens 

C extracted using MeOH/water were compared with the specimens C' extracted using 

ACN (Table 3).  
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Table 3. Subjects and IC specimens for selecting of the optimal metabolite extraction solvent. 

IC: impression cytology; LE: left eye; MeOH: methanol; RE: right eye; S: subject. 

 

To determine the most appropriate solvent for lipid extraction, either IPA or MTBE, 12 

IC specimens from 3 subjects (labelled S18 to S20) were taken. The lipids extracted from the 

first and second IC specimens of the RE (AB) using IPA were compared with those extracted 

from the first and second IC specimens of the LE (A'B') using MTBE (Table 4).  

 
Tested 

solvents 

IC samples 

used 

IPA S18_RE_A B 

S19_RE_A B 

S20_RE_A B 

MTBE S18_LE_A’B’ 

S19_LE_A’B’ 

S20_LE_A’B’ 

 

Table 4. Subjects and IC specimens for selecting the optimal lipid extraction solvent.  

IC: impression cytology; IPA: isopropanol; LE: left eye; MTBE: methyl tert-butyl ether;  

RE: right eye; S: subject. 

 

 The optimal extraction solvents for both metabolites and lipids were selected based on 

the number of detected compounds with a CV below 30% and the reproducibility of the 

extracted metabolome and lipidome. The mean CV of the compounds was calculated for each 

solvent, and the compounds were then classified into four groups based on their CV: those with 

a CV between 20% and 30%, those with a CV between 10% and 20%, those with a CV between 

5% and 10%, and those with a CV below 5%. 

            Finally, we compared the relative quantity of lipids extracted by each solvent by 

calculating the sum of the areas under the curve of the non-normalized chromatographic peaks 

using Excel software. To obtain a single value per solvent, the means of the sums of peak 

intensities extracted by each solvent were calculated, along with their standard deviation.  

 



 22 

VI. Tear and conjunctival IC specimens: a metabolome comparison  

 

Metabolites extracted from conjunctival IC specimens were compared to those found in 

tears in a previous study conducted by our team (21). Catanese et al. identified 137 metabolites 

in 10 µL samples of commercial human tears pooled from 3 anonymous donors purchased from 

MyBiosource® (San Diego, California, USA). Redundant and unique metabolites were 

identified in each of the two matrices using a Venn diagram. The metabolic pathways present 

in tears were analyzed and compared with those present in conjunctival IC specimens. 

 

VII. Statistical analyses  

 

A paired non-parametric univariate statistical test (Wilcoxon's rank-sum test) was used 

to compare the metabolome of both eyes and the first two IC specimens sampled from the same 

eye. The analysis was performed using MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/). 

To detect significant differences in the areas under the curve of the chromatographic peaks, a 

significance level of 0.05 was selected, with a correction for multiple testing using the false 

discovery rate (FDR). A paired fold change analysis was conducted using a threshold of 1 and 

a comparison direction of A/B (then A'/B') to determine the relative abundance of each 

metabolite with significantly different intensities between the first two IC specimens. This was 

done to establish whether each metabolite was more abundant in the first or second IC 

specimen. Metabolic pathways in the IC specimens and tears were analyzed using 

MetaboAnalyst 6.0 pathway analysis. A metabolic pathway was considered significantly 

present if at least 20% of the metabolites in the pathway were present in the sample, with a p-

value corrected by FDR of less than 0.05, and if its impact was at least 20%. Venn diagrams 

were used to identify similarities and differences in the metabolomic profiles of IC specimens 

and tears. Diagrams were created using the website 

http://jvenn.toulouse.inra.fr/app/example.html (22). To identify the optimal solvent for lipid 

extraction, we compared the lipid intensities extracted with IPA and MTBE through a paired 

non-parametric univariate statistical test (Wilcoxon's rank-sum test) with a p-value of 0.05, 

corrected using the FDR method in GraphPad Prism 9.0.0.  

 

 

 

http://jvenn.toulouse.inra.fr/app/example.html
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VIII. Mass spectrometry analyses 

 

1. Metabolomics application 

 

Metabolite profiling was performed in a targeted and semi-quantitative manner using a 

UHPLC Ultimate WPS-3000 system (Dionex, Germany) connected to a Q-Exactive mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany). 

Liquid chromatography was first performed by injecting 5 µL of the preparation into a 

phenomenex Kinetex HILIC column (150 mm × 2.10 mm, 100 Å) operating in positive 

electrospray ionization mode (ESI+). The gradient was maintained at a flow rate of 0.5 mL/min. 

The solvent system consisted of mobile phase A: [water + 10 mM ammonium formate, 0.5% 

formic acid] and mobile phase B: [ACN + 10 mM ammonium formate, 0.5% formic acid]. The 

multistep gradient was programmed as follows: 0-0,9 min, 95 % B; 0,9-4,8 min, 95-82 % B; 

4,8-9 min, 82-10 % B; 9-11,4 min, 10-95 % B; 11,4-13,7 min, 95-95% B.   

Then, 5 µL of the prepared solution were injected into a C18 UHPLC column operating 

in both ESI+ and ESI- modes (Phenomenex Kinetex 1.7 μm XB—C18 column; 100 mm × 2.10 

mm) and maintained at 40 °C.  The solvent system consisted of mobile phase A: [water + 0,1 

% formic acid] and mobile phase B: [ACN + 0.1 % formic acid]. The gradient operated at a 

flow rate of 0.5 mL/min. The multistep gradient was set as follows: 0–2 min, 2 % B; 2–6 min, 

2-30 % B; 6–9 min, 30–75% B; 9–9,5 min, 75–100% B; 9,5-11,8 min, 100-100% B; 11,8-12 

min, 100-2% B; 12-13,7 min, 2-2% B.  

2. Lipidomics application 

 

Lipid profiling was performed in a targeted and semi-quantitative manner using a 

UHPLC Ultimate WPS-3000 system (Dionex, Germany) connected to a Q-Exactive mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany) operated in ESI+ and ESI- modes. 

Chromatography was performed utilizing a C18 UHPLC column (1.7 μm XB—C18, 150 mm 

× 2.10 mm, 100 Å) from Kinetex, Phenomenex, Torrance, CA, maintained at 55 °C.  The 

detailed methodology is available in a prior publication (23).  Two mobile phase gradients were 

used: A [isopropanol/ACN (9:1) + 0.1% (vol/vol) formic acid + 10 mM ammonium formate], 

and B [ACN/water (6:1) + 0.1% (vol/vol) formic acid + 10 mM ammonium formate]. The 

gradient was maintained at a flow rate of 0,26 mL/min. The multisteps gradient was 

programmed as follows: 0-1.5 min, 32-45 % A; 1.5-5min, 45-52 % A; 5-8min, 52-58% A; 8-
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11min, 58-66% A; 11-14 min, 66-70 % A; 14-18min, 70-75 % A; 18-21 min, 75-97 % A; 21-

24 min, 97 % A. The injection volume for each sample was 5 µL.  

 

 Instrumental stability was assessed by multiple injections (n=9 for metabolomic analysis 

and n=5 for lipidomic analysis) of a QC sample obtained from a pool of 5 µL of all samples 

extracted with the same solvent. For metabolomic analysis, a QC sample was injected once at 

the beginning of the analysis, between every 10 sample injections, and at the end of the run. 

For lipidomic analysis, two QC samples were injected at the beginning of the analysis, one at 

the midpoint, and two at the end of the run.  

 

IX. Data processing following acquisition 

The raw data was converted to mzXML format using MSConvert software and imported 

into HRMS-XCMS software (Sciex, Framingham, Massachusetts, USA) on the Galaxy 

platform (https://workflow4metabolomics.org) for extracting the mass-to-charge ratio/retention 

time pair (MZ/RT) with a detection intensity threshold of 10000 (arbitrary units) and for 

chromatogram alignment. Chromatograms from the same extraction solvent were analyzed 

together. For metabolites identification, we applied a targeted analysis based on a library of 

standard compounds (Mass Spectroscopy Metabolite Library (MSML®) of standards, IROA 

TechnologiesTM, Bolton, Massachusetts, USA) covering 609 metabolites. The metabolites were 

identified using the following criteria: the metabolite’s retention time had to be within ±20 s of 

the standard reference and its measured molecular mass had to be within a range of 10 ppm 

deviation from the known molecular mass of the reference compound. Additionally, there 

needed to be an accurate visual correspondence between the metabolite’s isotopic ratios and 

those of the standard reference. Lipids were identified using LipidSearchTM 5.0 software 

(Thermo Fisher Scientific, Bremen, Germany) based on in silico ms/ms fragmentation.  

In an Excel® table with metabolites rows and samples columns, peaks were normalized 

based on the total area. CV of normalized peak areas were computed for QC and expressed as 

percentage. Only metabolites with a CV lower than 30% were retained. For metabolomic 

analysis, redundancies among the different modalities (C18 mode +, C18 mode - and HILIC) 

were eliminated using retention times (RT): the metabolite with a RT greater than 60 s was 

retained. If all the metabolites had a RT greater than 60 s, the one with the lowest CV was 

selected. For lipidomic analysis, if there were redundancies between C18 mode + and –, we 

retained the modality with the lowest CV. 
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           Table 5 summarizes the study's objectives and the distribution of conjunctival IC 

specimens used to achieve them. 

 
 

Analysis 

 

Objectives 

Number of 

sampled subjects 

(numbering) 

Number of 

IC specimens 

collected 

Number of 

IC specimens 

used 

 

 

 

Metabolomic 

Reproducibility of 

successive IC samples 

Inter-eye variability 

 

10 

(S1-S10) 

 

80 

 

80 

Selection of the 

optimum extraction 

solvent 

 

3 

(S11-S13) 

 

24 

 

18 

 

 

Lipidomic 

 

Inter-eye variability 

 

 

4 

(S14-S17) 

 

32 

 

32 

Selection of the 

optimum extraction 

solvent 

 

3 

(S17-S20) 

 

24 

 

12 

Total  20 

(S1-S20) 

160 142 

 

Table 5. Presentation of the total number of conjunctival IC specimens sampled and their 

distribution to meet the different objectives of the study. IC: impression cytology; S: subject. 

  



 26 

RESULTS 

 

I. Population and sampling tolerance 

 

Twenty subjects (median age: 23; minimum: 19; maximum: 31; male to female ratio: 

0.25) were included in the study. During sampling, 5 subjects reported transient ocular pain. 

This was always reported at the last or penultimate sampling and was relieved by instilling an 

additional drop of oxybuprocaine hydrochloride. No participant reported ocular pain during the 

first two IC collections. No complications were reported following IC sampling, although some 

subjects experienced a prickling sensation and slight ocular redness, which was relieved by the 

instillation of artificial tears.  

 

II. Metabolic contents 

 

            Using a C18 column in ESI- mode, 70 metabolites were identified; using a C18 column 

in ESI+ mode, 74 metabolites were identified; and using a HILIC column in ESI+ mode, 127 

metabolites were identified. After excluding molecular redundancies and metabolites with a CV 

for QC over 30%, 211 metabolites were selected. The metabolomic profile of IC specimens, 

including the types of metabolites and their CV for CQ, is presented in Supplemental table 1 

(see page 47).  

 

III. Poor reproducibility of successive IC specimens collected from the same 

eye 

 

Assuming a variability threshold of 30% for the CV of the metabolite chromatographic 

peak intensities, only 85 and 59 metabolites out of the 211 identified were reproducible between 

the 4 sequential IC specimens for the right and left eye, respectively. When considering the first 

3 IC specimens, the results were similar, with only 97 and 63 metabolites reproducible for the 

right and left eye, respectively (Table 6). 
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 ABCD ABC A’B’C’D’ A’B’C’ 

Number of metabolites with CV < 30% 

(expressed in %) 

85 / 211 

(40.3) 

97 / 211 

(46) 

59 / 211 

(28) 

63 / 211 

(29.9) 

Mean CV of all metabolites (%) 37.9 34.1 40.9 40.3 

Mean CV of metabolites with CV < 30% (%) 21.7 20.4 22.6 22.1 

 

Table 6. Number of metabolites with a coefficient of variation (CV) for peak intensities 

below 30% when performing 4 or 3 consecutive conjunctival impression cytology on the right 

(ABCD) and left eye (A’B’C’D’) and mean CV. 

 

            For more than 50% of the metabolites, a CV greater than 30% was obtained. Therefore, 

when performing 3 or 4 successive IC samples, the relative quantity of detected metabolites is 

not reproducible. The following section deals with the reproducibility of metabolite 

chromatographic peak intensities between the first two IC specimens (AB and A’B’). 

 

IV. A similar metabolic profile for the first two IC specimens 

 

The paired non-parametric univariate statistical test (Wilcoxon's rank-sum test) 

conducted on the 211 identified metabolites did not reveal any statistically significant 

differences in metabolite peak intensities between the first two IC specimens for 194 

metabolites in the right eye (i.e. 91.9% of the metabolites) and for 185 metabolites in the left 

eye (i.e. 87.7% of the metabolites). Tables 7 and 8 list the significantly different metabolites. 

 
Metabolites p-value 

Adenine 0.041211 

Hippuric acid 0.041211 

Hydroxyphenyl lactic acid 0.041211 

5’-Methylthioadenosine 0.041211 

Adenosine 0.041211 

Pyridoxamine 0.041211 

Urate 0.041211 

Citicoline 0.041211 

Citrulline 0.041211 

SM (36_2) 0.041211 

Allantoin 0.048483 

Alpha-glucose 0.048483 

Glycerate 0.048483 

Indoxyl sulfate 0.048483 

Succinic acid 0.048483 

Diaminopimelic acid 0.048483 

L-arginine 0.048483 

 

Table 7. Metabolites with significantly different peak intensities between the first and second 

IC specimens on the right eye, with their p-values corrected by FDR. SM: sphingomyelin. 
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Metabolites p-value 

ADP-glucose 0.029436 

Gluconic acid 0.029436 

Glycerate 0.029436 

Indoxyl sulfate 0.029436 

L-cystine 0.029436 

Succinic acid 0.029436 

LysoPC(16_0) 0.029436 

LysoPC(16_1) 0.029436 

LysoPC(18_0) 0.029436 

LysoPC(18_1) 0.029436 

LysoPC(18_2) 0.029436 

LysoPC(20_2) 0.029436 

LysoPC(20_3) 0.029436 

PC(O-12_0__2_0) 0.029436 

Betaine 0.047551 

LysoPC(14_0) 0.047551 

Sorbate 0.047551 

Hippuric acid 0.047551 

Hydroxyphenyl lactic acid 0.047551 

Pyroglutamic acid 0.047551 

Ophtalmic acid 0.047551 

Pyridoxamine 0.047551 

LysoPE(18_0) 0.047551 

LysoPI(18_0) 0.047551 

LysoPI(18_0) 0.047551 

SM(40_2) 0.047551 

 

Table 8. Metabolites with significantly different peak intensities between the first and second 

IC specimens on the left eye, with their p-values corrected by FDR. ADP: adenosine 

triphosphate; PC: phosphatidylcholine; PE: phosphatidylethanolamine;  

PI: phosphatidylinositol; SM: sphingomyelin. 

 

 

Looking at the 17 metabolites which intensities differed significantly between A and B 

on the right eye (table 7), paired fold change analysis revealed an A/B ratio greater than 1 for 

only one metabolite; therefore, the remaining 16 metabolites were present in greater quantity in 

the B sample (table 9). For the 26 metabolites which intensities differed significantly between 

A’ and B’ on the left eye (table 8), paired fold change analysis revealed an A'/B' ratio greater 

than 1 for 4 metabolites; thus the remaining 22 metabolites were present in greater quantity in 

the B’ sample (Table 9).  

With approximately 90% of the metabolites showing no significant difference in relative 

intensities, we can conclude that the first two IC specimens carried out on the same eye are 

comparable. For the remaining 10% of metabolites, the relative intensity is overall higher in the 

second sample (B and B’) than in the first (A and A’). 
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Table 9. Fold change analysis of metabolites with significantly different peak intensities 

between the first two impression cytology specimens on the right eye (AB) and left eye 

(A’B’). Threshold = 1; Comparison direction = A/B (and A'/B').  

ADP: adenosine triphosphate; PC: phosphatidylcholine; PE: phosphatidylethanolamine;  

PI: phosphatidylinositol; SM: sphingomyelin. 

 

 

V. No difference in metabolomic profile between eyes 

 

The paired non-parametric univariate statistical test (Wilcoxon's rank-sum test) 

conducted on the 211 identified metabolites which were common between both eyes and 

comparing pairwise IC specimens of the same rank (A paired with A', B paired with B', C paired 

with C' and D paired with D') did not reveal any statistically significant differences in metabolite 

intensities between the right and left eyes.  

 The comparison of the lipidome between the two eyes is in progress. The same 

statistical test will be used.  
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VI. Metabolic pathway analysis  

 

The MetaboAnalyst pathway analysis showed that these 211 metabolites were involved 

in 54 pathways, of which 9 were statistically significant based on the previously established 

criteria (i.e. at least 20% of the metabolites in the pathway were present in the sample, with a 

p-value corrected by FDR of less than 0.05, and an impact of at least 20%). The 9 statistically 

significant pathways identified in the IC specimens were : arginine biosynthesis pathway 

(p=2,810-7, impact=0,37), alanine, aspartate and glutamate metabolism pathway (p=1,810-5, 

impact=0,47), purine metabolism pathway (p=710-5, impact=0,33), phenylalanine, tyrosine 

and tryptophan biosynthesis pathway (p=810-4, impact=1), beta-alanine metabolism pathway 

(p=0,001, impact=0,4), arginine and proline metabolism pathway (p=0,001, impact=0,35), 

histidine metabolism pathway (p=0,001, impact=0,39), glycine, serine and threonine 

metabolism pathway (p=0,02, impact=0,54), and citrate cycle (p=0,05, impact=0,2).  

 

 

VII. A complementary metabolism with that of tears 

 

Seventy-nine common metabolites were detected both in tears and IC specimens. One 

hundred thirty-two were specific to IC specimens, and 58 to tears (Figure 5).  Therefore, under 

physiological conditions, these two matrices appear to provide different and complementary 

information for studying the ocular surface, although a greater number of metabolites are 

detected in IC specimens. 

Pathway analysis of the 137 metabolites extracted from tears revealed 49 pathways, of 

which only one was found to be significant: the biosynthesis of phenylalanine, tyrosine, and 

tryptophan (p=1,510-4, impact=1,0). 

Overall, 79 out of the 137 metabolites identified in tears were also present in the IC 

specimens, and the unique metabolic pathway found in tears was also identified in IC 

specimens. Therefore, the IC samples showed significant expression of 8 additional pathways, 

thereby demonstrating their considerable potential for biomarker identification. 
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Figure 5. Venn diagram analysis.  Comparison of number of metabolites with CV QC < 30% 

detected from IC samples and 10 µL of tears.  79 were common, 132 and 58 were specific, 

respectively. CV: coefficient of variation; QC: quality control; IC: impression cytology. 

 

 

 

VIII.   Lipidic contents  

 

In the lipidomic analysis, using the C18 column in ESI- and ESI+ mode, 262 lipids with 

a CV QC below 30% from 24 classes were detected after extraction with IPA, and 263 lipids 

with a CV CQ below 30% from 22 classes were detected after extraction with MTBE.  

In total, using these two extraction solvents, 25 lipid classes were identified in IC 

specimens. The percentage distribution of lipid classes extracted using IPA and MTBE is shown 

in Figure 6. 
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Figure 6. Distribution of lipid classes extracted by MTBE and IPA from IC specimens. 

AcCA: fatty acyl carnitine; BisMePA: bis-methyl phosphatidic acid; Cer: ceramide; ChE: 

cholesteryl ester; Cme: sterol esters; Co: Coenzyme Q; DG: diacylglycerol; FA: fatty acid, 

Hex1Cer: monoexosylceramide; LBPA: lysobisphosphatidic acid;  

LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine;  

MePC: methylphosphatidylcholine; MG: monoacylglycerol; PA: phosphatidic acid;  

PC: phosphatidylcholine; PE: phosphatidylethanolamine; PFAA: primary amide;  

PG: phosphatidylglycerol; PI: phosphatidylinositol; SM: sphingomyelin; SPH: sphingosine; 

St: sterol; TG: triglyceride; WE: wax ester. 

 

 

IX. Determination of lipid extraction solvent 

            The number of lipids extracted with a CV CQ below 30% was similar for both IPA and 

MTBE, with 262 and 263 lipids respectively. The distribution of this lipids into lipidic classes 

was also similar (Figure 6).  

 Out of the 25 identified lipid classes, 21 were found with both solvents. The number of 

metabolites within these common classes did not differ by more than 2 lipids between the two 

solvents (Table 10). Three lipid classes were exclusively found with IPA: sterol esters (CmE), 

phosphatidic acid (PA), and sterols (St). Only one lipid class was exclusively extracted by 

MTBE: monoexosylceramide (Hex1Cer) (Table 10).  
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Lipid number 

IPA MTBE 

PC 66 65 

TG 46 45 

PE 44 45 

SM 17 15 

DG 15 15 

PI 13 13 

Cer 11 12 

LPC 9 10 

ChE 7 7 

FA 6 7 

PFAA 6 4 

LPE 5 6 

Hex1Cer  3 

AcCa 2 2 

BisMePA 2 2 

Co 2 2 

PG 2 2 

WE 2 3 

CmE 1  

LBPA 1 1 

MePC 1 1 

MG 1 3 

PA 1  

SPH 1 1 

St 1  

Total 262 263 

 

Table 10. Comparison of lipid classes and lipid molecule count detected based on extraction 

solvent: IPA of MTBE. AcCA: fatty acyl carnitine; BisMePA: bis-methyl phosphatidic acid; 

Cer: ceramide; ChE: cholesteryl ester; CmE: sterol ester; Co: Coenzyme Q;  

DG: diacylglycerol; FA: fatty acid, Hex1Cer: monoexosylceramide;  

LBPA: lysobisphosphatidic acid; LPC: lysophosphatidylcholine;  

LPE: lysophosphatidylethanolamine; MePC: methylphosphatidylcholine;   

MG: monoacylglycerol; PA: phosphatidic acid; PC: phosphatidylcholine;  

PE: phosphatidylethanolamine; PFAA: primary amide; PG: phosphatidylglycerol;  

PI: phosphatidylinositol; SM: sphingomyelin; SPH: sphingosine; St: sterol; TG: triglyceride; 

WE: wax ester. 

 

Regarding reproducibility, IPA-extracted lipids had a mean CV of 6.66%, whereas 

MTBE-extracted lipids had a mean CV of 5.65%. The lipids were classified into 4 groups based 

on their CV: CV below 5%, CV between 5% and 10%, CV between 10% and 20%, and CV 

between 20% and 30% (Figure 7). 
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For both solvents, approximately two-thirds of the extracted lipids had a CV below 5%. 

Specifically, 167 out of 262 lipids (63.7%) had a CV below 5% for IPA, and 181 out of 263 

lipids (68.8%) had a CV below 5% for MTBE. 

 

Figure 7. Distribution of lipids per coefficient of variation based on extraction solvent: IPA or 

MTBE. CV: coefficient of variation; IPA: isopropanol; MTBE: methyl tert-butyl ether. 

  

Thus, we obtained equivalent numbers, nature, and reproducibility of lipids using both 

extraction solvents.  

 

The relative quantity of lipids extracted using IPA was compared to that extracted using 

MTBE. The mean values for the sum of the peak intensities of the lipids extracted by IPA and 

MTBE are presented in Figure 8. The same procedure was applied to each lipid class common 

to both solvents (Figure 9).  

 

 

Figure 8. Means and standard deviations of peak intensities for lipids extracted with IPA and 

MTBE. IPA: isopropanol; MTBE: methyl tert-butyl ether. 
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Figure 9. Means and standard deviations of peak intensities for lipids extracted with IPA and 

MTBE in the main classes common to both solvents. AcCA: fatty acyl carnitine;  

Cer: ceramide; ChE: cholesteryl ester; Co: Coenzyme Q; DG: diacylglycerol; FA: fatty acid; 

LPC: lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; MG: monoacylglycerol; 

PC: phosphatidylcholine; PE: phosphatidylethanolamine; PFAA: primary amide;  

PI: phosphatidylinositol; SM: sphingomyelin; WE: wax ester. 
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IPA extracted a greater quantity of lipids across all lipid classes, except for triglycerides 

(TG), sphingomyelins (SM), lysophosphatidylcholines (LPC), and fatty acids (FA) (Figure 9). 

However, the paired non-parametric univariate Wilcoxon test did not reveal any statistically 

significant differences in lipid intensities between the two solvents for any class.  

 

In addition, when analyzing a large number of samples, it is important to consider the 

practical feasibility of the manipulations. Due to its miscibility with lipids, IPA produces a 

monophasic solution, making pipetting easier and reducing the risk of error. In contrast, 

biphasic solutions, such as those obtained with MTBE, can be a source of accidental sampling 

of the aqueous phase. The ease of manipulation makes IPA a suitable choice for lipid extraction. 

 

As both solvents were equivalent in number, type, reproducibility, and amount of lipids 

extracted, we recommend IPA as solvent for lipid extraction from conjunctival IC specimens 

because of its simplicity. Supplemental table 2 presents the lipid species of IC samples 

extracted with IPA and their CV for CQ (see page 52). 
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DISCUSSION 

 

I. Variability of the metabolomic profile of successive IC specimens of 

different ocular sites from the same eye                                                                             

            In this study, we collected four IC specimens per eye to enhance the robustness of our 

methodological development while minimizing the number of subjects. The filter papers were 

applied to the superior bulbar conjunctiva, an area chosen for its protection by the eyelid, which 

minimizes the ocular surface reactions associated with exposure to environmental factors, thus 

increasing the reproducibility of sampling (24).  

            Significant variability was observed in the intensities of metabolite peaks obtained from 

4 successive IC specimens from the same eye. This variability may be due to the physiologically 

heterogenous distribution of ocular surface cells along the conjunctiva. For example, goblet 

cells are absent from the limbus and gradually increase towards the fornix, and dendritic cells 

are more abundant in the supero-nasal quadrant (1). Furthermore, repeated application to the 

same area of the conjunctiva results in the collection of deeper cells from the basal layer of the 

conjunctival epithelium (24). It is important to note that the origin of the cells from which the 

metabolites are extracted (goblet, epithelial or inflammatory cells) cannot be identified. Thus, 

sampling location may add variability to the results.  

Previous studies have shown that the quantity of ocular surface cells obtained per IC 

sample can vary, from 2.105 to 106 and from 2 up to 5 layers of epithelial cells, depending on 

the sampling method, including the duration of filter application and the amount of pressure 

applied (24). However, in our study, filters were applied to the conjunctival surface without 

exerting any pressure, and all samples were taken by the same operator to limit the variability 

associated with sampling. Moreover, minimal variations between samples due to pre-analytical 

conditions (sampling, sample preparation) can be balanced by normalizing peaks to the total 

area during the data processing stage.  

In clinical practice, it is important to consider this variability, therefore, in the 

CATARACTOMIQUE study, it is essential to perform preoperative and postoperative IC 

specimens on the same location of the bulbar conjunctiva.  
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II. No statistically significant difference in the metabolic profile of the first 2 

supra-temporal IC specimens 

 

            The absence of a statistically significant difference in peak intensities for 90% of the 

metabolites between the first two IC specimens is a noteworthy finding. The first two IC 

specimens were comparable, so we pooled them to establish our protocol for selecting the 

solvent for lipid extraction (IPA or MTBE), which increased the signal volume.   

In the CATARACTOMIQUE study, two IC specimens per eye will be collected from 

the eye undergoing surgery, one for metabolomic analysis and one for lipidomic analysis. The 

fold change analysis of the 10% of metabolites whose peak intensities differed significantly 

between the two IC raises the question of which IC specimen should be used for metabolomic 

analysis and which for lipidomic analysis. In the left eyes, 12 of the 26 metabolites that varied 

between A' and B' were lipids detected by the HILIC column (11 phospholipids and 1 

sphingomyelin), and all these lipids were more prominent in the second IC specimen (B’). This 

finding suggests that the second IC specimen should be used for lipidomic analysis. However, 

this trend was not observed in the right eyes, and needs to be confirmed by lipidomic analysis 

on a C18 column. 

 

III. Inter-eye comparability of the metabo-lipidome: an essential requirement 

for selecting the extraction solvent  

 

            The variability of the 4 successive IC specimens led us to compare IC specimens of the 

same rank 2 by 2. As the compounds detected in both eyes were the same, the comparison 

focused on the peak intensities of these common metabolites and found no statistically 

significant difference. Indeed, during the processing of the raw mass spectrometer data, the 

metabolite detection algorithm retained a compound if it was present in both the right and left 

eyes of the 10 subjects, and if it was consistently present in all QC samples. It is therefore 

possible that metabolites present in one eye out of two, or in a few successive IC specimens out 

of four, or even in a few subjects, were not retained and analyzed. However, these excluded 

metabolites would be variable, and to develop a method as part of a biomarker discovery 

strategy, we need stable and robust metabolites that are reproducible across samples. 
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             When analyzing human metabolomics, inter-individual variability can be caused by 

diet, environment, and genetic factors. This variability is not known in the context of metabo-

lipidomic analysis of IC specimens and should be further investigated. Thanks to the 

comparability of the inter-eye conjunctival metabo-lipidome, inter-individual variability did not 

represent a confusion bias in our method for extraction solvent selection, as we used perfect 

controls represented by the fellow eye. We compared the compounds extracted from the right 

eye using one solvent to those extracted from the left eye using another solvent in the same 

subject. In this way, any differences in the number, reproducibility, or quantity of compounds 

obtained will be attributed to the tested solvent and not to the sample's laterality or subject 

variability. 

 

IV. Potential for greater metabolic coverage of the ocular surface compared to 

tears  

 

To date, all studies of the ocular surface's metabolomics have been conducted using tear 

samples (2). By comparing the metabolome of superficial conjunctival cells collected by IC 

specimens with tears under physiological conditions, we have demonstrated their 

complementarity. Specific metabolites were detected exclusively in IC specimens, and a greater 

number of metabolic pathways were significantly expressed in IC specimens. This is likely due 

to the intracellular metabolism of conjunctival cells, as opposed to the cell-free tear film. The 

presence of a metabolism specific to IC samples could promote the search for specific 

biomarkers that are not present in tears. Ultimately, a comprehensive biological analysis of the 

ocular surface should integrate both matrices. 

However, it is important to note that the library of standard compounds used for targeted 

identification of the metabolites detected by the mass spectrometer was updated and expanded 

between the work carried out by Catanese et al. and our study (21). Therefore, the total number 

of metabolites detected in each matrix cannot be accurately compared. Furthermore, because of 

the semi-quantitative nature of the metabolomic analysis, it is not possible to compare the 

absolute quantities of metabolites obtained from separate analyses.  
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V. Determination of compounds extraction protocol  

 

1. Considerations for selecting an extraction solvent for compounds 

 

            The omics approach starts with collecting, storing, and preparing samples, followed by 

analyzing them, and ends with processing data using bioinformatics tools to identify and 

quantify compounds. Each step in this workflow is crucial to transfer laboratory knowledge 

into clinical practice. However, sample preparation, especially the extraction of compounds, is 

particularly important, as it can have a strong impact on the sample composition. In the case of 

conjunctival IC specimens, extraction involves accessing the intracellular content of 

conjunctival cells adhering to the micropores of the solid matrix of the PES filter paper. 

Additionally, the process involves precipitating the proteins before analysis. To increase the 

likelihood of identifying biomarkers in future clinical studies, we aimed to select extraction 

solvents that would allow for the detection of the largest possible number of metabolites with 

varying physicochemical properties in a reproducible manner. Additionally, we aimed to 

choose solvents that were simple and time efficient. 

 

2. Superiority of IPA extraction for lipidomics 

 

            Isopropanol and MTBE were chosen as candidate solvents due to their effectiveness in 

separating lipids from polar metabolites and precipitating proteins (27,28). Our team routinely 

uses them for lipid extraction from various matrices. The Folch protocol, which has been shown 

to be superior to MTBE for lipid extraction from tears (19), and the Bligh and Dyer method 

which is also widely used (23) were not tested in this study due to the presence of chloroform, 

which dissolves PES. As the number, nature, reproducibility, and amount of lipids extracted 

were comparable between IPA and MTBE, we chose IPA because of its single-phase nature, 

which reduces the risk of sampling errors during pipetting. Indeed, with MTBE, the collection 

of the lipid fraction requires a careful pipetting of the lower lipidic phase.  

With 63.7% and 68.8% of lipids having a CV of less than 5% for IPA and MTBE 

respectively, the CV obtained were very low. However, it is important to note that the solid 

nature of the IC specimens limits the possibility of first forming a pool of samples that can be 

aliquoted into several replicates before the addition of extraction solvents, as was done for tears 

for the calculation of the CV (21). For IC samples, the QC pool can only be created after the 
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compounds have been extracted using a solvent to obtain a liquid matrix. The CV for QC were 

obtained by reinjecting this QC pool at different times during the analysis. This only measures 

the instrumental variability linked to the spectrometer and not the variability linked to the 

extraction process itself. This supports the selection of a solvent that reduces the risk of 

variability during manual sample manipulation, such as IPA. 

 

VI. An innovative biomarker research strategy in ocular surface pathologies  

The physiopathology of ocular surface diseases is not fully understood due to their 

multifactorial nature, and treatments remain unsatisfactory. Tear fluid studies in DED have 

identified over-expression of pathways related to the inflammatory response, the complement 

and coagulation cascade, glycolysis and gluconeogenesis, and amino acid metabolism (29).  

The pathophysiological mechanisms of DED include tear film hyperosmolarity and instability, 

cell apoptosis, ocular surface inflammation, and goblet cell loss, which create a vicious 

biological cycle (30). Lipids can contribute to instability of the tear film through the release of 

lipases by conjunctival microbial flora that has been altered. In the context of post-operative 

cataract surgery, factors that may contribute to DED include trauma to the corneal nerves, 

phototoxicity from the operating microscope, toxicity from anesthetics, antiseptics, and post-

operative eye drops (15). These factors may constitute a gateway to the biological vicious circle, 

but DED may evolve independently of its causal factor, even once the latter has disappeared. 

This highlights the importance of early diagnosis of a latent inflammatory state which can be 

exacerbated by cataract surgery, by identifying predictive factors in the CATARACTOMIQUE 

study. 

To our knowledge, only one study published in 2020 conducted a metabolomic analysis 

of IC specimens using UHPLC-MS/MS to identify diagnostic biomarkers for ocular mucous 

membrane pemphigoid (MMP) in a case-control study (n=16 patients, resulting in 32 IC 

specimens) (31). This study revealed altered levels of signaling lipid mediators associated with 

ocular MMP onset and progression, and identified oxylipins, lysophospholipids, fatty acids, 

and endocannabinoids as potential diagnostic biomarker candidates linked to inflammatory 

processes. The authors conducted a targeted lipidomic analysis with a specific focus on 

identifying signaling lipid mediators, rather than a metabolomic analysis. They conclude on the 

necessity to expand their method to a larger selection of metabolites to offer a broader 

knowledge of the ocular surface at the metabolite level: this formed the background to our 

study.  
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VII. Limitations and perspectives 

 

The median age of the subjects in our study was 23, and these results may not apply to 

CATARACTOMIQUE patients, who must be over 50. Then, the impact of anesthetic drops, 

used to reduce patient discomfort, on the metabo-lipidome of conjunctival cells is unknown and 

should be further investigated. Although some authors do not use anesthesia for conjunctival 

IC (31), we used local anesthesia due to the multiplicity of samples in our study (4 double-sided 

IC per eye). Furthermore, if the IC technique is performed without anesthesia, patients may 

tend to close or move their eyes, making it more difficult for the examiner to collect accurate 

data. This could result in anomalous harvesting and a loss of reproducibility, especially for the 

final IC specimens. 

Metabolomics provides a biochemical snapshot of the cells at a precise point in the 

disease course. Sample stability during storage at -80°C in an Eppendorf tube should be 

evaluated, especially to cover the expected timeframe from sample collection to analysis in the 

CATARACTOMIQUE study, which is approximately one year. Another perspective would be 

to evaluate the intra-individual variability over time of the IC specimens metabo-lipidomic 

profile. Furthermore, this variability could be assessed at various time points during a single 

day. Authors have reported a decrease in the number of cells collected per IC specimen at the 

end of the day, which is attributed to neutrophils present upon waking (32). The evaluation of 

inter-operator variability in the sampling technique should also be considered. Finally, it may 

be worth considering the use of semi-automated sampling methods such as Eyeprim (OPIA 

Technologies SAS, Paris, France) to standardize membrane placement, pressure, and handling 

when performing IC with multiple operators, and comparing it to our conventional IC method 

(33). 
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CONCLUSION 

 

This study confirms the feasibility of metabo-lipidomics on IC specimens and provides 

the first literature description of the metabo-lipidomic profile of conjunctival cells collected by 

IC from healthy subjects. Our targeted approach, using an in-house database, robustly detected 

211 metabolites associated with 9 significant metabolic pathways and 262 lipids from 24 lipid 

classes. Inter-eye metabolome comparability of conjunctival cells was established. The use of 

successive IC sampling should be considered in clinical practice as it may introduce pre-

analytical variability; however, the first 2 successive supero-temporal IC specimens were 

comparable. IPA should be prefered for lipidomics extraction. Metabo-lipidomic analysis of IC 

specimens compared 132 specific metabolites to tears, thus providing an innovative and 

promising approach for identifying biomarkers in ocular surface diseases. In addition, 

standardized protocols for sampling, storage, preparation of samples, and analysis are necessary 

to obtain reliable and comparable results between different research teams. This study provides 

a simple and validated workflow that limits pre-analytical and analytical variability in order to 

transfer findings from bench to bedside. 
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SUPPLEMENTAL DATA 

 

Supplemental table 1. Metabolic profiling of the 80 conjunctival impression 

cytology specimens extracted with methanol and analyzed with UHLC-HRMS. CV: 

coefficient of variation; C18 Mode +/-: C18 column and positive/negative electrospray 

ionization mode; HILIC: hydrophilic interaction liquid chromatography column in positive 

electrospray ionization mode; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PC: 

phosphatidylcholine; QC: quality control; rt: retention time; SM: sphingomyelin; UHPLC-

HRMS: ultra-high-performance liquid chromatography coupled to ultra-high resolution mass 

spectrometry. 

 

Mode Metabolites rt CV QC 

C18 Mode - L-ASPARTIC ACID 0,80 2,21 

C18 Mode + 

1-AMINOCYCLOPROPANECARBOXYLIC 

ACID 0,80 2,41 

HILIC 1-METHYLADENOSINE 1,97 1,59 

C18 Mode + 1-METHYLHISTIDINE 0,72 0,59 

C18 Mode + 3-4-HYDROXYPHENYL-PYRUVATE 12,02 21,60 

HILIC 3-DEHYDROXYCARNITINE 9,19 9,01 

C18 Mode - 3-HYDROXYPHENYLACETIC ACID 8,96 9,18 

C18 Mode - 3-METHYGLUTARIC ACID 5,68 6,64 

C18 Mode - 3-SULFINOALANINE 1,19 2,79 

HILIC 4-GUANIDINOBUTANOIC ACID 5,20 3,35 

HILIC 

4-HYDROXY-3-

METHOXYPHENYLGLYCOL 1,26 24,21 

C18 Mode - 4-HYDROXYPROLINE 0,82 1,64 

C18 Mode + 5-AMINOLEVULINIC ACID 0,81 14,00 

C18 Mode + 5'-METHYLTHIOADENOSINE 6,39 20,42 

C18 Mode - ADENINE 2,55 1,86 

C18 Mode + ADENOSINE 2,54 16,34 

C18 Mode + ADENOSINE MONOPHOSPHATE 1,43 3,60 

C18 Mode - ADP-GLUCOSE 3,01 5,21 

C18 Mode - ALLANTOIN 0,86 1,58 

C18 Mode - ALPHA-GLUCOSE 0,83 3,35 

C18 Mode + AMINOADIPIC ACID 0,86 5,12 

HILIC ANSERINE 17,50 4,56 

C18 Mode - AZELAIC ACID 9,74 3,23 

HILIC BETA-ALANINE 9,10 7,42 

HILIC BETAINE 9,71 15,13 

HILIC BUTYRYLCARNITINE 7,82 0,89 

HILIC C14-CARNITINE 5,13 7,20 

HILIC C18-CARNITINE 4,68 9,29 

HILIC C5-CARNITINE 7,28 15,71 

HILIC C8-CARNITINE 6,05 2,15 

HILIC CAPRYLIC ACID 1,30 3,47 



 48 

HILIC CHOLESTERYL ACETATE 1,10 1,03 

C18 Mode - CILIATINE 0,80 2,13 

C18 Mode + CINNAMIC ACID 9,76 1,80 

HILIC CITICOLINE 18,40 5,20 

HILIC CITRULLINE 10,52 2,18 

C18 Mode - CREATINE 0,83 5,21 

C18 Mode + CREATINE PHOSPHATE 0,98 9,93 

C18 Mode + CREATININE 0,83 1,07 

HILIC CYTIDINE 3,27 2,09 

HILIC CYTOSINE 3,27 2,43 

C18 Mode + DEOXYCHOLATE 14,82 1,83 

C18 Mode + DIAMINOPIMELIC ACID 0,70 3,62 

HILIC DIETHANOLAMINE 6,64 1,83 

HILIC DL-GLUTAMATE 8,97 3,80 

C18 Mode + EPINEPHRINE 0,76 1,18 

C18 Mode + ETHANOLAMINE PHOSPHATE 0,79 5,33 

C18 Mode - FUMARATE 1,58 3,00 

C18 Mode - GALACTARIC ACID 0,98 1,50 

HILIC GAMMA-LINOLENIC ACID 1,18 0,99 

C18 Mode - GLUCONIC ACID 0,86 4,26 

C18 Mode - GLUCOSAMINE 6-PHOSPHATE 0,97 3,68 

C18 Mode + GLUCOSE 1-PHOSPHATE 0,99 5,54 

C18 Mode - GLUCOSE 6-PHOSPHATE 0,99 4,10 

HILIC GLUCURONOLACTONE 1,87 1,99 

C18 Mode + 

GLYCERALDEHYDE 3-PHOSPHATE 

DIETHYL ACETAL 10,77 1,19 

C18 Mode - GLYCERATE 0,93 2,84 

HILIC GLYCEROPHOSPHOCHOLINE 15,61 7,32 

C18 Mode + GLYCINE 0,77 8,89 

HILIC GUANINE 2,66 5,25 

HILIC GUANOSINE 2,68 4,86 

C18 Mode + GUANOSINE 5'-MONOPHOSPHATE 1,76 8,63 

C18 Mode - HIPPURIC ACID 7,03 1,81 

C18 Mode - HOMOGENTISATE 5,68 2,32 

C18 Mode - HYDROXYPHENYLLACTIC ACID 5,99 4,87 

C18 Mode + HYPOXANTHINE 1,41 5,05 

C18 Mode - INDOXYL SULFATE 7,61 5,20 

C18 Mode - INOSINE 3,01 11,58 

C18 Mode - INOSINE 5'-MONOPHOSPHATE 2,09 20,60 

C18 Mode - ISOCITRIC ACID 0,99 14,57 

HILIC L-ACETYLCARNITINE 9,17 1,48 

C18 Mode + L-ALANINE 0,79 3,08 

C18 Mode - L-ARABITOL 0,85 5,84 

C18 Mode + L-ARGININE 0,72 15,58 

C18 Mode + L-ASPARAGINE 0,78 8,27 
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HILIC L-CARNITINE 11,38 3,93 

C18 Mode - L-CYSTINE 0,77 2,34 

HILIC L-DOPA 1,41 3,06 

C18 Mode + L-GLUTAMINE 0,79 2,51 

C18 Mode + L-HISTIDINE 0,72 9,58 

C18 Mode - L-HOMOSERINE 0,80 1,60 

C18 Mode + L-LYSINE 0,69 2,52 

C18 Mode - L-METHIONINE 1,15 3,29 

C18 Mode + L-PHENYLALANINE 3,34 6,34 

HILIC L-PROLINE 8,53 2,49 

HILIC L-SERINE 8,81 9,38 

C18 Mode + L-THREONINE 0,80 7,22 

C18 Mode - L-TRYPTOPHAN 5,27 7,50 

C18 Mode - L-TYROSINE 1,45 2,46 

C18 Mode - LACTATE 1,25 10,04 

HILIC LAUROYLCARNITINE 5,40 4,44 

C18 Mode - LEUCINE 1,65 8,50 

C18 Mode + LEUCINE ISOLEUCINE NORLEUCINE 1,65 5,29 

HILIC LYSOPC(14_0) 9,90 10,54 

HILIC LYSOPC(16_0) 9,44 8,75 

HILIC LYSOPC(16_1) 9,52 1,95 

HILIC LYSOPC(18_0) 9,24 2,88 

HILIC LYSOPC(18_1) 9,30 10,15 

HILIC LYSOPC(18_2) 9,40 5,87 

HILIC LYSOPC(19_1) 8,30 15,99 

HILIC LYSOPC(20_2) 9,22 43,57 

HILIC LYSOPC(20_3) 9,26 5,63 

HILIC LYSOPC(20_4) 9,24 18,42 

HILIC LYSOPC(20_5) 9,33 5,34 

HILIC LYSOPE(16_0) 6,48 5,99 

HILIC LYSOPE(18_0) 6,33 6,87 

HILIC LYSOPE(18_1) 6,37 11,85 

HILIC LYSOPE(18_2) 6,44 6,56 

HILIC LYSOPE(20_5) 6,37 19,58 

HILIC LYSOPI(18_0) 5,56 11,29 

C18 Mode + LYXOSE 1,22 11,12 

C18 Mode - MALATE 1,07 21,90 

C18 Mode - MANNITOL 0,84 76,17 

HILIC METHYL JASMONATE 1,22 24,81 

HILIC METHYLGUANIDINE 4,51 25,77 

C18 Mode + METHYLMALONIC ACID 2,98 6,73 

HILIC MONO-METHYL GLUTARATE 1,09 15,35 

C18 Mode - N-ACETYL-L-ASPARTIC ACID 1,34 6,66 

C18 Mode - N-ACETYL-L-GLUTAMIC ACID 1,76 19,34 

C18 Mode - N-ACETYL-L-METHIONINE 6,40 3,11 
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C18 Mode - N-ACETYL-L-PHENYLALANINE 8,86 5,13 

C18 Mode - N-ACETYLNEURAMINATE 1,00 4,91 

C18 Mode - N-ACETYLSERINE 0,81 5,64 

C18 Mode + N-ACETYLSEROTONIN 8,81 11,67 

C18 Mode - N6-(DELTA2-ISOPENTENYL)-ADENINE 9,03 7,92 

HILIC N6,N6,N6-TRIMETHYL-L-LYSINE 17,87 9,96 

C18 Mode + NIACINAMIDE 1,42 27,00 

C18 Mode + OMEGA-HYDROXYDODECANOIC ACID 11,45 21,54 

C18 Mode + OPHTHALMIC ACID 1,55 8,30 

C18 Mode + ORNITHINE 0,69 2,89 

C18 Mode - OXOGLUTARIC ACID 1,36 6,20 

C18 Mode - PANTOTHENIC ACID 5,62 4,33 

HILIC PC(25_0) 7,93 6,40 

HILIC PC(29_0) 7,18 5,23 

HILIC PC(30_0) 7,14 7,36 

HILIC PC(31_0) 7,11 6,40 

HILIC PC(32_0) 7,08 18,23 

HILIC PC(32_1) 7,03 6,22 

HILIC PC(32_2) 7,04 11,87 

HILIC PC(33_0) 7,06 8,89 

HILIC PC(33_1) 6,99 8,16 

HILIC PC(33_2) 6,99 15,78 

HILIC PC(34_1) 6,95 12,99 

HILIC PC(34_2) 6,95 66,37 

HILIC PC(34_3) 6,94 11,82 

HILIC PC(34_4) 6,86 34,04 

HILIC PC(35_1) 6,93 13,72 

HILIC PC(35_2) 6,92 41,93 

HILIC PC(35_3) 6,90 11,06 

HILIC PC(35_4) 6,81 23,54 

HILIC PC(36_1) 6,90 6,95 

HILIC PC(36_2) 6,88 7,03 

HILIC PC(36_3) 6,86 9,59 

HILIC PC(36_4) 6,81 13,88 

HILIC PC(36_5) 6,79 14,81 

HILIC PC(37_5) 6,74 16,06 

HILIC PC(38_2) 6,84 26,89 

HILIC PC(38_3) 6,81 7,25 

HILIC PC(38_6) 6,72 12,48 

HILIC PC(39_6) 6,67 5,15 

HILIC PC(40_5) 6,68 5,19 

HILIC PC(40_7) 6,62 9,72 

HILIC PC(40_9) 6,70 24,19 

HILIC PC(O-12_0__2_0) 9,67 7,68 

HILIC PE(16_0__18_2) 3,58 8,94 
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HILIC PE(18_1__18_1) 3,57 25,58 

C18 Mode - PHOSPHOCREATINE 0,98 7,28 

HILIC PHOSPHORYLCHOLINE 18,06 8,30 

HILIC PROPIONYLCARNITINE 8,44 7,07 

C18 Mode + PYRIDOXAMINE 0,70 6,01 

C18 Mode - PYROGLUTAMIC ACID 1,61 27,53 

C18 Mode - QUINATE 0,94 7,97 

C18 Mode + RAC-GLYCEROL 1-MYRISTATE 13,27 10,51 

C18 Mode + RIBOFLAVIN 8,25 12,50 

C18 Mode - RIBOSE 5-PHOSPHATE 1,02 18,37 

HILIC SM(30_1) 8,74 7,38 

HILIC SM(32_0) 8,61 10,20 

HILIC SM(32_1) 8,61 27,06 

HILIC SM(32_2) 8,64 16,31 

HILIC SM(33_1) 8,55 15,42 

HILIC SM(34_0) 8,50 7,35 

HILIC SM(34_1) 8,50 23,29 

HILIC SM(34_2) 8,51 21,03 

HILIC SM(35_1) 8,46 14,58 

HILIC SM(36_1) 8,41 6,80 

HILIC SM(36_2) 8,40 8,07 

HILIC SM(38_1) 8,34 6,93 

HILIC SM(38_2) 8,31 5,67 

HILIC SM(39_1) 8,32 15,92 

HILIC SM(40_2) 8,24 4,29 

HILIC SM(40_3) 8,24 7,91 

HILIC SM(42_2) 8,22 7,13 

HILIC SM(42_3) 8,19 5,50 

HILIC SORBATE 1,21 10,79 

HILIC SPERMIDINE 17,79 12,62 

C18 Mode - SUBERIC ACID 8,93 6,92 

C18 Mode - SUCCINIC ACID 1,64 20,48 

HILIC TAURINE 4,35 7,16 

HILIC THEOBROMINE 1,53 22,77 

C18 Mode - THEOPHYLLINE 6,59 6,64 

HILIC TRIGONELLINE 9,68 4,82 

HILIC TRIMETHYLAMINE 7,78 8,49 

HILIC URACIL 1,62 8,06 

C18 Mode + URATE 1,31 35,63 

C18 Mode - URIDINE 1,84 20,22 

C18 Mode - 

URIDINE 5'-DIPHOSPHO-N-

ACETYLGLUCOSAMINE 2,49 8,44 

C18 Mode - URIDINE 5'-DIPHOSPHOGLUCOSE 2,15 7,25 

C18 Mode - URIDINE 5'-MONOPHOSPHATE 1,59 5,72 

C18 Mode + UROCANIC ACID 0,94 6,40 

HILIC VITAMIN K1 1,29 10,55 

C18 Mode - XANTHINE 1,63 91,95 
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Supplemental table 2. Lipidic profiling of the 6 conjunctival impression cytology 

specimens extracted with isopropanol and analyzed with UHLC-HRMS. AcCA: 

fatty acyl carnitine; BisMePA: bis-methyl phosphatidic acid; Cer: ceramide; ChE: cholesteryl 

ester; CmE: sterol ester; Co: Coenzyme Q; CV: coefficient of variation; DG: diacylglycerol; 

FA: fatty acid, Hex1Cer: monoexosylceramide; LBPA: lysobisphosphatidic acid; LPC: 

lysophosphatidylcholine; LPE: lysophosphatidylethanolamine; m/z: mass-to-charge ratio 

MePC: methylphosphatidylcholine;  MG: monoacylglycerol; PA: phosphatidic acid; PC: 

phosphatidylcholine; PE: phosphatidylethanolamine; PFAA: primary amide; PG: 

phosphatidylglycerol; PI: phosphatidylinositol; QC: quality control; rt: retention time SM: 

sphingomyelin; SPH: sphingosine; St: sterol; TG: triglyceride; WE: wax ester. 

 

Lipids m/z rt CV QC 

AcCa(16:0) 400,342712 2,104907 2,55 

AcCa(18:1) 426,358337 2,22065981 3,26 

BisMePA(39:7) 778,539063 8,80311382 7,10 

BisMePA(40:9) 788,523743 7,22786115 10,44 

Cer(d18:1_9:0) 440,410706 3,36854894 25,13 

Cer(d18:0_16:0) 540,535767 10,7504689 2,96 

Cer(d18:1_16:0) 538,520325 10,1277359 1,64 

Cer(d18:2_16:0) 536,5047 8,86079352 3,81 

Cer(d18:1_18:0) 566,551758 11,7156178 1,75 

Cer(d18:2_18:0) 564,536255 10,4850729 10,29 

Cer(d18:1_22:0) 622,614075 14,4829912 3,09 

Cer(d18:1_23:0) 636,630127 15,1644142 3,41 

Cer(d18:1_24:0) 694,637634 15,8983507 1,70 

Cer(d18:1_24:2) 646,61438 13,4643792 2,85 

Cer(d18:1_26:1) 676,661194 15,8161598 8,84 

ChE(16:0) 642,619263 22,2172437 7,97 

ChE(16:1) 640,603699 21,6190752 4,62 

ChE(18:0) 670,650635 22,6424585 1,08 

ChE(18:1) 668,634583 22,2488769 1,64 

ChE(18:3) 664,603821 21,0830318 6,64 

ChE(20:4) 690,61908 21,4002747 2,90 

ChE(20:5) 688,60376 20,5547358 4,30 

CmE(18:2) 680,635254 21,9824582 23,63 

Co(Q10) 880,718262 19,7491422 1,50 

Co(Q9) 812,65625 17,5362175 6,45 

DG(14:0_18:1) 584,525909 11,8040126 16,36 

DG(16:0_18:0) 614,572754 14,288538 9,12 

DG(16:0_18:1) 612,557068 13,1744673 2,00 

DG(16:0_18:2) 610,541382 12,1465918 2,25 

DG(18:1_18:0) 640,588318 13,1740382 9,59 

DG(36:2)-1 638,572601 13,3560412 18,32 

DG(36:2)-2 638,572754 13,5103247 23,24 

DG(18:2_18:2) 634,541504 11,2546068 1,77 

DG(18:0_20:3) 664,58844 13,8644707 1,28 
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DG(18:1_20:4) 660,557312 12,1395816 11,55 

DG(16:0_22:6) 658,541443 11,5710985 3,51 

DG(20:1_20:4) 688,588989 13,4188374 13,54 

DG(18:0_22:6) 686,572937 12,9851416 0,77 

DG(18:1_22:6) 684,557343 11,7649161 15,54 

DG(P-21:4) 408,308868 3,68065608 1,66 

FA(16:0) 255,233139 4,23296267 1,72 

FA(18:0) 283,264709 5,43122169 3,43 

FA(18:1) 281,249207 4,42591466 3,27 

FA(18:2) 279,23349 3,6955082 3,83 

FA(20:3) 305,249451 3,99856423 3,73 

FA(20:4) 303,23349 3,56452747 1,04 

LBPA(16:0_18:1) 747,520386 7,74435132 1,00 

LPC(16:0) 540,332275 2,0755512 1,33 

LPC(16:1) 494,324982 1,74036999 3,56 

LPC(17:0) 510,356506 2,38006475 9,21 

LPC(18:0) 568,363678 2,78706491 1,80 

LPC(18:1) 566,3479 2,18490887 3,87 

LPC(20:2) 548,372009 2,32776581 23,70 

LPC(20:4) 544,34137 1,744914 1,73 

LPC(22:6) 568,341278 1,7019129 26,90 

LPC(P-16:0) 480,345718 2,31575489 5,56 

LPE(16:0) 454,293518 2,1446492 2,82 

LPE(18:0) 480,310974 2,87857777 1,94 

LPE(18:1) 478,295258 2,25437866 1,61 

LPE(20:4) 502,293701 1,79083937 2,61 

LPE(O-15:1) 424,28299 3,68065608 2,91 

MePC(34:3) 771,575256 9,19583377 5,24 

MG(18:1) 374,326889 3,55118913 23,28 

PA(O-19:3_18:1) 714,544128 9,91025756 4,42 

PC(25:0CHO) 650,440125 2,74829642 16,36 

PC(27:0CHO) 678,471497 3,62268405 19,49 

PC(30:0) 706,539001 7,53608102 1,02 

PC(25:1_5:0) 704,52301 8,93287304 7,94 

PC(31:0) 720,554382 8,22338197 4,35 

PC(32:0) 734,570251 8,97479059 0,93 

PC(16:0_16:0) 778,56189 9,01639108 1,67 

PC(32:1) 732,554443 7,81649449 1,72 

PC(14:0_18:1) 776,54657 7,86096562 0,63 

PC(32:2) 730,539001 6,75566721 3,79 

PC(33:1) 746,570068 8,4744898 2,81 

PC(33:2) 744,554565 7,41852037 1,78 

PC(15:2_18:0) 744,555115 10,1008761 2,99 

PC(15:0_18:2) 788,546753 7,46044678 2,14 

PC(33:3) 742,539307 8,78362701 5,47 
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PC(34:0) 762,60144 10,5243526 3,05 

PC(16:0_18:0) 806,593292 10,556565 2,94 

PC(34:1) 760,585266 9,18207729 3,03 

PC(16:0_18:1) 804,577087 9,22805748 0,74 

PC(34:2) 758,569763 8,1034421 0,49 

PC(34:4) 754,538635 9,14682642 3,99 

PC(35:1) 774,601501 9,97895492 2,08 

PC(17:0_18:1) 818,593323 10,0235584 6,55 

PC(35:2) 772,585571 8,87152197 4,70 

PC(17:0_18:2) 816,57782 8,9094163 2,38 

PC(35:4) 768,554504 7,25708936 5,07 

PC(35:5) 766,539001 8,6092443 1,50 

PC(35:7) 762,506348 8,3878173 4,48 

PC(36:1) 788,616821 10,7313512 3,65 

PC(36:2) 786,600769 9,41012513 1,97 

PC(36:2) 786,601135 9,61191876 2,92 

PC(36:3) 784,585083 8,31280547 2,37 

PC(18:1_18:2) 828,577393 8,39645678 6,73 

PC(18:2_18:2) 826,561951 7,33149518 1,99 

PC(16:0_20:4) 826,562317 7,99820506 1,27 

PC(36:5) 780,554321 7,07495178 2,59 

PC(37:2) 800,617432 10,1564385 1,75 

PC(37:4) 796,585938 8,70078035 1,33 

PC(37:5) 794,570862 10,0306727 4,68 

PC(37:6) 792,554932 6,9617051 7,30 

PC(15:1_22:6) 790,538452 8,27555163 4,64 

PC(38:2) 814,63269 10,8640623 3,15 

PC(18:0_20:3) 856,608643 10,1043839 2,15 

PC(38:4) 810,600708 9,44191292 2,69 

PC(38:5) 808,585083 8,19637171 2,04 

PC(18:1_20:4) 852,577026 8,19356802 1,62 

PC(18:2_20:4) 850,562317 7,17220195 8,48 

PC(16:0_22:6) 850,562622 7,69470304 3,04 

PC(38:7) 804,55249 7,95633571 6,53 

PC(39:6) 820,587402 8,34650904 25,51 

PC(40:5) 836,617004 9,54904432 8,33 

PC(40:6) 834,601379 9,09980664 5,65 

PC(18:0_22:6) 878,59317 9,12348574 6,43 

PC(40:7) 832,585999 7,84935119 6,09 

PC(18:1_22:6) 876,578278 7,89042447 24,06 

PC(40:8) 830,570557 6,85364052 7,04 

PC(42:10) 854,570679 6,62997263 8,77 

PC(44:12) 878,574585 6,35709071 4,21 

PC(O-32:1) 718,574707 9,73910686 2,40 

PC(O-34:1) 746,606384 10,2110017 8,25 
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PC(O-37:8) 774,543884 8,98179676 5,87 

PC(O-39:10) 798,541077 9,18746067 7,15 

PC(O-17:1_22:6) 804,591522 11,8442776 4,42 

PC(O-41:10) 826,572754 10,7257894 9,31 

PC(P-15:2_20:4) 748,528351 8,23649867 0,77 

PC(P-37:9) 770,510437 8,77438934 5,55 

PE(16:0_18:1) 718,539063 9,67522789 3,59 

PE(16:0_18:2) 716,523376 8,56253437 2,47 

PE(35:2) 730,539368 9,32641125 6,95 

PE(18:0_18:1) 746,570374 11,2179296 3,08 

PE(18:0_18:2) 742,540588 10,1374308 1,60 

PE(18:1_18:2) 740,525269 8,82311971 0,81 

PE(18:2_18:2) 740,52356 7,69879209 6,86 

PE(20:4_16:0) 740,523193 8,37986445 3,34 

PE(36:5) 738,505249 8,56200757 6,41 

PE(18:0_20:3) 770,570557 10,5338194 3,20 

PE(20:4_18:0) 768,554443 9,92015343 1,31 

PE(18:0_20:4) 766,540283 9,95964252 1,49 

PE(16:0_22:5) 766,538879 8,95756122 27,29 

PE(18:1_20:4) 764,524963 8,65246871 4,20 

PE(16:0_22:6) 762,509094 8,09340535 1,27 

PE(18:0_22:4) 796,586182 11,0103225 2,70 

PE(20:1_20:4) 792,556091 10,0650025 2,28 

PE(18:0_22:6) 792,553772 9,56849149 2,28 

PE(18:1_22:6) 788,524902 8,31218186 0,76 

PE(O-18:2_14:0) 674,51236 8,99835453 11,21 

PE(O-16:1_18:1) 700,529968 10,5425112 4,29 

PE(O-18:2_16:1) 700,528137 9,35182185 4,09 

PE(O-18:1_18:1) 728,56189 12,0384778 2,86 

PE(O-16:1_20:4) 722,514099 9,16905274 1,14 

PE(O-16:1_22:4) 750,545868 10,3033457 20,43 

PE(O-18:1_20:4) 750,545349 10,7384181 0,71 

PE(O-18:2_20:4) 748,529724 9,37475586 6,91 

PE(O-16:1_22:6) 746,514343 8,81548364 0,91 

PE(O-20:1_20:4) 780,591003 12,2116784 6,97 

PE(O-18:2_22:4) 776,552734 10,3661175 6,48 

PE(O-18:1_22:6) 774,545898 10,3666324 3,22 

PE(O-18:2_22:6) 772,530334 9,02500985 1,33 

PE(P-16:0_18:1) 702,544189 10,5124151 2,79 

PE(P-18:0_18:1) 730,5755 12,01316 6,92 

PE(P-16:0_20:3) 726,544189 9,78144714 2,76 

PE(P-16:0_20:4) 724,528076 9,14212147 3,35 

PE(P-18:0_20:1) 758,607025 13,3094002 16,82 

PE(P-18:0_20:3) 754,575623 11,3326681 8,48 

PE(P-16:0_22:4) 752,56012 10,2725671 20,44 
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PE(P-18:0_20:4) 752,559448 10,7061833 3,44 

PE(P-18:1_20:4) 750,544189 9,3392311 3,60 

PE(P-16:0_22:6) 748,528137 8,77631743 3,94 

PE(P-18:0_22:4) 780,59137 11,7799584 10,67 

PE(P-18:0_22:6) 776,559814 10,3294385 2,36 

PFAA(18:1) 282,279465 3,39254788 25,91 

PFAA(20:1) 310,310699 4,32707363 1,19 

PFAA(22:0) 340,357635 6,11340766 1,01 

PFAA(22:1) 338,341797 5,44238292 0,95 

PFAA(22:2) 336,326324 4,56894775 1,20 

PFAA(24:1) 366,373474 6,81944919 0,40 

PG(34:2) 764,544556 6,77141126 4,29 

PG(22:6_22:6) 884,545685 4,91041788 22,15 

PI(34:2) 852,560913 6,17565312 2,83 

PI(16:0_18:2) 833,521179 6,2337288 0,48 

PI(36:1) 882,607239 8,4299728 3,85 

PI(36:2) 880,591858 7,44915601 1,69 

PI(18:0_18:2) 861,551575 7,51250499 1,19 

PI(16:0_20:4) 857,52124 6,12489821 2,35 

PI(38:3) 906,607605 7,83539917 2,39 

PI(20:4_18:0) 904,591675 7,31881849 3,00 

PI(18:0_20:4) 885,551392 7,38677473 0,28 

PI(38:6) 900,560669 5,81893185 2,01 

PI(16:0_22:6) 881,521606 5,8791149 1,81 

PI(40:6) 928,59198 7,03734782 3,11 

PI(18:0_22:6) 909,552307 7,1056536 0,77 

SM(d32:1) 675,544556 5,92402164 3,87 

SM(d33:1) 689,56012 6,55955039 3,53 

SM(d34:0) 705,591125 7,7799944 2,27 

SM(d34:1) 747,567383 7,25454294 0,74 

SM(d34:2) 701,56012 6,17800788 3,72 

SM(d35:1) 717,590942 7,96206268 2,86 

SM(d36:0) 733,622986 9,28823309 4,67 

SM(d36:1) 775,598389 8,76538921 1,68 

SM(d36:2) 729,59137 7,55624258 4,70 

SM(d36:4) 725,557068 7,21497003 5,24 

SM(d38:2) 757,623596 9,09699612 4,31 

SM(d40:1) 787,669617 11,8493711 4,33 

SM(d40:2) 785,654541 10,4085149 2,84 

SM(d42:1) 815,700562 13,2514846 1,97 

SM(d42:2) 857,677307 11,872953 2,59 

SM(d42:3) 855,661072 10,6935427 2,41 

SM(d44:5) 835,667328 11,8362477 10,68 

SPH(d15:1) 258,243134 2,01005329 23,49 

St() 413,378128 9,02346242 10,17 

TG(14:0_10:0_12:0) 656,583221 15,2134377 20,53 
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TG(10:0_14:0_16:0) 712,646027 17,9355578 14,68 

TG(12:0_14:0_16:0) 740,677399 19,3030065 17,28 

TG(25:0_18:1) 752,678131 18,7579055 25,12 

TG(14:0_16:0_16:0) 796,739746 21,5332612 20,67 

TG(14:0_15:0_18:1) 808,739319 21,3415474 18,69 

TG(14:0_16:0_18:0) 824,770752 22,0673825 3,25 

TG(14:0_16:0_18:1) 822,755188 21,6086604 15,22 

TG(16:0_16:0_17:0) 838,786743 22,2659426 17,16 

TG(15:0_16:0_18:1) 836,770691 21,8860117 7,86 

TG(15:0_16:1_18:1) 834,755432 21,4399454 10,40 

TG(16:0_16:1_18:1) 848,770691 21,7067161 3,79 

TG(16:1_16:1_18:1) 846,755676 21,0942782 12,47 

TG(16:0_17:0_18:1) 864,802246 22,3038698 4,48 

TG(16:0_17:1_18:1) 862,786682 21,9513115 2,84 

TG(16:0_18:0_18:0) 880,833374 22,7421777 2,81 

TG(16:0_18:0_18:1) 878,817444 22,4778002 30,19 

TG(16:0_18:1_18:1) 876,801819 22,1590002 2,41 

TG(16:0_18:1_18:2) 874,786194 21,7751603 2,51 

TG(16:1_18:1_18:2) 872,770813 21,2607316 2,88 

TG(17:0_18:0_18:1) 892,833801 22,6170514 6,67 

TG(18:0_18:0_18:0) 908,864716 22,978528 2,97 

TG(18:0_18:1_18:1) 904,833374 22,5134792 1,78 

TG(26:1_10:1_18:1) 902,817383 22,202793 2,23 

TG(18:1_18:1_18:2) 900,802185 21,8416505 1,62 

TG(18:1_18:2_18:2) 898,786499 21,3508507 4,52 

TG(16:0_16:0_22:6) 896,771027 21,3645262 5,87 

TG(25:0_15:0_15:0) 922,880737 23,0749046 10,62 

TG(18:0_18:1_20:1) 932,864929 22,7789051 3,02 

TG(18:1_20:1_18:2) 928,83374 22,2826019 23,32 

TG(29:3_7:0_20:2) 926,818237 21,3526194 5,75 

TG(18:1_16:0_22:5) 924,801392 21,7762424 10,92 

TG(16:0_18:1_22:6) 922,786682 21,4371512 23,74 

TG(16:0_18:2_22:6) 920,771057 20,7368404 5,16 

TG(25:0_16:0_16:0) 950,91217 23,2585531 5,96 

TG(21:1_18:1_18:1) 944,865662 22,6875719 20,65 

TG(26:0_16:0_16:0) 964,927979 23,3521792 28,11 

TG(18:1_20:1_20:1) 958,880615 22,8009927 2,85 

TG(38:0_20:4) 956,865112 21,8340981 27,67 

TG(18:1_22:1_18:2) 956,865234 22,5848983 1,04 

TG(18:0_18:1_22:4) 954,849548 22,3980547 23,36 

TG(18:1_18:1_22:4) 952,834229 22,0794537 14,10 

TG(18:1_18:1_22:6) 948,802673 21,5573549 5,68 

TG(O-13:0_16:0_3:0) 586,541504 12,977476 6,76 

TG(O-15:0_20:4_3:0) 662,572388 13,3246618 1,62 

TG(P-23:6_21:1) 721,578125 16,3322936 8,69 

WE(O-16:2) 270,242981 3,88644661 3,40 

WE(O-18:1) 300,290009 4,22099065 2,01 
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Résumé :  

Introduction : Les pathologies de la surface oculaire se manifestent par des symptômes et 

signes cliniques non spécifiques. L’empreinte conjonctivale (EC) est une méthode de 

prélèvement cellulaire rapide et non-invasive ayant démontré son utilité dans le diagnostic et la 

compréhension des mécanismes physiopathologiques de ces pathologies. L’approche métabo-

lipidomique appliquée aux EC pourrait permettre l’identification de biomarqueurs mais 

nécessite une standardisation des procédures pré-analytiques et analytiques. L’objectif de cette 

étude était de valider les étapes pré-analytiques et analytiques de l’analyse métabo-lipidomique 

d’EC par chromatographie liquide ultra-haute-performance couplée à la spectrométrie de masse 

haute-résolution. 

Matériel et méthodes : Quatre EC ont été réalisées successivement sur les yeux droits et 

gauches de 20 sujets sains, soit 160 empreintes. Trois protocoles d’extraction des 

métabolites (méthanol (MeOH), MeOH/eau et acétonitrile) et 2 protocoles d’extraction des 

lipides (méthyl tert-butyl éther et isopropanol (IPA)) ont été testés. Les métabolites identifiés 

ont été comparés ceux retrouvés dans les larmes humaines.  

Résultats : Nous avons identifié 211 métabolites impliqués dans 9 voies métaboliques. Bien 

qu’il existe une variabilité importante des 4 empreintes réalisées sur le même œil, les deux 

premières étaient comparables. Le métabolome conjonctival des deux yeux était comparable. 

La comparaison avec les 137 métabolites identifiés dans les larmes a montré 79 métabolites 

communs, 132 spécifiques aux EC et 58 spécifiques aux larmes. Avec l’identification de 262 

lipides répartis en 24 classes, la méthode d’extraction par IPA était la plus performante.  

Conclusion : Ces résultats confirment la faisabilité de l’analyse métabo-lipidomique à partir 

d’EC. La réalisation d’EC successives est source de variabilité pré-analytique. Le metabolome 

des cellules conjonctivales est distinct et complémentaire de celui des larmes pour l’étude de la 

surface oculaire. Nous proposons une procédure standardisée pour l’approche métabo-

lipidomique appliquée aux EC permettant la recherche de biomarqueurs en pratique clinique. 
 

Mots clés : métabolomique ; lipidomique ; empreinte conjonctivale ; spectrométrie de 

masse ; chromatographie liquide 
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