
Tear protein analysis is of increasing interest in ophthal-
mology [1] since protein content determination has tremen-
dous potential for deepening our knowledge of ocular surface 
diseases and establishing non-invasive tear-based diagnostic 
technologies. Human tear proteins have been separated and 
identified in the past by using various analytical approaches, 
from the most traditional ones such as monodimensional 
(1D-GE) [2-6] or bidimensional (2D-GE) sodium dodecyl 
sulfate–PAGE (SDS–PAGE) [7-9] to more advanced mass-
spectrometry techniques [10-13]. The most recent research 
has been dedicated to identifying novel biomarkers that could 
provide a protein disease profile, thus assisting with early 
diagnosis [5,14,15] or monitoring of progression [16,17] in dry 
eye (DE) disease.

Proteomics is a difficult task in many aspects: due to the 
enormous complexity of protein mixtures in a biologic fluid, 

analytical technologies are labor-intensive and sensitive to 
many processing-related variables, integration of information 
through bioinformatics is required and is time-consuming, 
and equipment and consumables are still expensive. Thus, 
integrating proteomic research into clinical practice is still 
in progress and has yet to be successful.

To overcome the current challenges in proteomic 
analysis, new devices have been proposed, based on the 
developments in electrophoretic separations, where fluids 
are driven in microstructured channels or capillaries [18-20]. 
These microchip-based systems provide a great amount of 
information simultaneously, with a consistent reduction in 
associated costs, and therefore, they appear a promising tool 
for application in a clinical setting.

The purpose of the present work was to explore the 
potential of a chip-based miniaturized capillary gel electro-
phoresis device in the quantitative evaluation of human tear 
proteins and to validate the method. To recognize proteins 
and validate virtual images of gel-like protein profiles from 
this method, a comparison with profiles obtained with 1D-GE 
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Purpose: To explore the potential of a chip-based miniaturized capillary gel electrophoresis device in a quantitative 
evaluation of the human tear protein profile and to validate the method.
Methods: A total of 5 μl of tears were collected from 25 patients diagnosed as having mild to moderate dry eye accord-
ing to Dry Eye Workshop guidelines and from 20 matched normal volunteers. Protein analysis was performed with the 
2100 Bioanalyzer; different protein kit assays were evaluated (Protein 80 kit, Protein 230 kit, High Sensitivity Protein 
250 kit) for sizing and quantifying protein samples from 5 to 80 kDa, 14 to 230 kDa, and 5 to 250 kDa, respectively. 
A standard protein ladder was loaded on each chip to allow an estimation of the appropriate molecular weight of the 
separated proteins; a sample buffer containing a lower and an upper marker was used to check the correct alignment of 
each lane. Virtual bands generated by the Bioanalyzer were identified and validated as follows: tear samples were run in 
parallel and proteins separated by one-dimensional and two-dimensional sodium dodecyl sulfate–PAGE and character-
ized by immunoblotting, enzymatic digestion, and analysis with liquid chromatography-mass spectrometry followed by 
a search of the SProt human protein database.
Results: Analyses were successfully performed by using as small as a 2 μl tear sample. The Protein 230 kit was selected 
as the best chip kit, able to differentiate all the proteins of interest. The measurement noise parameters were low, and 
reproducibility and repeatability exhibited high accuracy (0.998 and 0.995, respectively) and precision (0.974 and 0.977, 
respectively). The coefficient of variability was slightly higher than that declared by the manufacturer (6.2% versus 
5.0%). Total protein content and the following proteins were recognized in all samples: lipophilin A lysozyme C, tear 
lipocalin-1, zinc-alpha-2-glycoprotein, serotransferrin, lactotransferrin, and exudated serum albumin.
Conclusions: Our data demonstrate that this chip-based tear protein analysis is a reliable method of instrumental 
diagnosis in daily clinical activity and may provide supporting evaluation parameters for diagnosing and managing 
tear-based disorders.
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was performed. Bands were characterized with immunoblot-
ting, enzymatic digestion, and mass spectrometry analysis. 
Human tears from normal subjects and from patients with 
mild-to-moderate DE were used to recognize and validate 
the system.

METHOD

Subjects: A total of 45 subjects, including 25 patients diag-
nosed as suffering with mild DE according to a modified 
Dry Eye Workshop [21] classification (eight men and 17 
women; 48.2±8.3. years) and 20 healthy controls (seven men 
and 13 women; 38.1.±11.8 years) were enrolled; the study was 
conducted according to the Declaration of Helsinki involving 
human subjects.

A minimum amount of 5 µl of tears was collected with 
a laboratory micropipette (Pipetman P, Gilson Int.l B.V., Den 
Haag, Netherlands) using sterile disposable tips. Briefly, 
subjects were requested to place their head sideways with the 
ear touching the back of the reclined chair, for at least 1 min. 
This position avoids tear drainage from the nose-lachrymal 
route and allows tears to collect at the lower external canthus 
where they are then aspirated avoiding any contact and conse-
quently any reflex tearing. Samples were then centrifuged at 
13,200 × g for 15 min, and the supernatant was aspirated and 
stored in low protein adsorption surface plastic vials at +4 °C 
until analysis. On occasion, the storage period was forcibly 
prolonged up to 2 weeks, in which cases samples were stored 
at –20 °C.

Agilent 2100 Bioanalyzer system: Chip-based analysis was 
performed with the Agilent 2100 Bioanalyzer system (Agilent, 
Waldbronn, Germany). Preliminary analysis on the most 
appropriate LabChip kit for our purposes was performed. 
The Protein 80 kit, the Protein 230 kit, and High Sensitivity 
Protein 250 kit were tested, for sizing and quantifying protein 
samples from 5 to 80 kDa, from 14 to 230 kDa, and from 5 to 
250 kDa, respectively. All reagents were provided with each 
LabChip kit, including the standard protein ladder containing 
different proteins with known concentration and molecular 
weights that can be used for semiquantitative analysis.

All chips were prepared according to the protocols 
provided with the individual LabChip kits. Briefly, for the 
Protein 80 kit and the Protein 230 kit, the samples (1 to 4 μl) 
were diluted in sample buffer with or without 1 M dithio-
threitol solution (DTT). The samples were denaturated by 
placing the vials in boiling water for 5 min, cooled down 
afterwards, and centrifuged for 15 s, and then 84 μl deionized 
water was added to the ladder and samples. A 6 μl aliquot 
of this solution was loaded onto the chip, which was first 
filled with a gel/dye mix and destaining solution. Separated 
proteins were detected with laser-induced fluorescence. The 
sample buffer used included an upper and a lower marker at 
known molecular weight.

The sample preparation for the High Sensitivity Protein 
250 kit differed only for treatment with solutions containing 
dimethyl sulfoxide and ethanolamine before boiling. The 

Figure 1. Tear protein profile of the 
same sample (normal subject) run 
with different LabChip kits; the 
Protein 80 kit, the Protein 230 kit, 
and the High Sensitivity Protein 
250 kit. On the left of each lane 
are the markers specific for each 
LabChip kit along with the corre-
sponding molecular weight values. 
L:=ladder, T:=tear sample, degree 
symbol=upper marker, *=lower 
marker.
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Agilent 2100 Bioanalyzer system included protein assay 
analysis software and software for managing patient data.

Commercially purified albumin, lysozyme, lactoferrin 
(all from Sigma), and recombinant lipophilin A and C (cour-
tesy gift from Dr. Joerg Klug, Institut fuer Anatomie und 
Zellbiologie, JLU Giessen, Germany) and lipocalin (courtesy 
gift from Prof. Bernhard Redl, Division of Molecular Biology 
Biocenter-Innsbruck Medical University, Austria) were run 
as standards to observe and evaluate their separation and 
migration patterns.

Monodimensional electrophoresis: Tear proteins were sepa-
rated by using an 18% acrylamide Tris-HCl Ready Gel (Bio-
Rad, Laboratories Inc., Hercules, CA) applying a voltage of 
200 V for 1 h at room temperature (r.t.), as detailed elsewhere 
[17]. Briefly, samples were diluted 1:2 in 0.125 M Tris-Cl, 

pH 6.8, 4% sodium dodecyl sulfate (SDS), 20% glycerol, and 
10% 2-mercaptoethanol, and boiled for 5 min.

Gels were stained with Brilliant Blue G (Sigma) for 12 
h at r.t. and then thoroughly washed with 25% methanol in 
distilled water.

Gel images were acquired with the densitometer scanner 
Umax (Amersham Biosciences-GE Healthcare, Milan, Italy) 
and analyzed for the percent abundance of each protein of 
interest in the samples using Gel-Pro Analyzer software 
(MediaCybernetics Inc., Bethesda, MD).

A calibration curve was constructed by using albumin, 
lysozyme, and lactoferrin purified reagents (Sigma), diluted 
to prepare graded standard solutions at different concentra-
tions (3.0, 1.5, and 0.75 mg/ml).

Figure 2. Analysis of tear proteins 
obtained by running aliquots from 
the same samples in parallel. Tear 
samples (one to eight) were runned 
through the 2100 Bioanalyzer 
(upper part of the figure, Protein 
230 kit, gel-like view), and the 
1D SDS–PAGE (lower part of the 
figure). The corresponding molec-
ular weight in kDa is reported on 
the left of the ladder L: and of the 
prestained protein standard S: The 
same profiles were obtained for 
each sample in the two analytical 
methods.
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Total tear protein: The total protein content in each tear 
sample was measured by using a Bradford’s based enzyme-
linked immunoassay (ELISA) kit (Bio-Rad) according to the 
manufacturer’s instructions.

Immunoblotting: The proteins from 1  µl of tears were 
subjected to SDS–PAGE at a constant 200 V using a Mini-
Protean III (Bio-Rad) and transferred onto nitrocellulose 
membrane (Hybond-C Extra, Amersham) applying a voltage 
of 100 V (1 h, 4 °C) in buffer containing 0.3% Tris, 1.4% 
glycine, and 20% methanol using a Bio-Rad wet-blotting 

apparatus. The nitrocellulose membrane containing the trans-
ferred proteins was saturated with 3% BSA (Sigma) in phos-
phate saline buffer (PBS) + 0.1% Tween-20 for 1 h at room 
temperature. For immunoblotting the antialbumin (H-126; 
sc-50535), antitransferrin (M-70; sc-30159), antilactoferrin 
polyclonal antibody (sc-25622), antilipocalin (sc-34680), 
antilysozyme (sc-27956), antilipophilin A (sc-48324), and 
antilipophilin B (sc-48327) were purchased from Santa Cruz 
Biotechnology. The anti-zinc-alpha-2-glycoprotein (ZAG) 

Figure 3. In the upper part is the 
electropherogram view of a normal 
tear sample (also run on lane 6 of 
Figure 2), the molecular weight in 
kDa is on the x-axis, and the fluores-
cent intensity is on the y-axis. Peaks 
are identified for all samples and 
are tabulated by peak ID (numbers 
1 to 17 at the top of each peak) in 
the customizable result table shown 
in the lower part. In this table, the 
size in kDa, the concentration in ng/
μl, and the percentage versus total 
protein content for each peak are 
shown. **A shoulder peak for lacto-
transferrin is found in this analysis 
performed with the Protein 230 kit.
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rabbit polyclonal antibody was purchased from BioVendor 
GmbH (Heidelberg, Germany).

Primary antibodies were diluted in PBS containing 0.1% 
Tween-20 and incubated overnight at 4 °C. The blots were 
washed three times with PBS + 0.1% Tween-20 and incu-
bated with horseradish peroxidase–conjugated secondary 
antibodies diluted (1:10000) in PBS + 0.1% Tween-20 for 1 
h at room temperature. All membranes were revealed using 
an electrochemiluminescent system (Supersignal West Dura 

Extended Duration Substrate, Pierce Biotechnology Corp., 
Rockford, IL).

Bidimensional electrophoresis: One μl of tears was used for 
the procedure. For the first electrophoretic dimension 7 cm 
strips (pH 3–10) were used (Bio-Rad). The active rehydrata-
tion of the strip with the sample was performed at 50V for 
16 h, followed by step increase in voltage of 1000V (1 h), 
2000V (1 h), 4000V (2h), and 4000V (20 kV-h in total). The 
strips were then reduced using equilibration buffer (6M urea, 

Figure 4. In the upper part is the 
electropherogram view of the tear 
sample from a patient with dry 
eye (also run on lane 2 of Figure 
2), the molecular weight in kDa is 
on the x-axis, and the fluorescent 
intensity is on the y-axis. Peaks 
are identified for all samples and 
are tabulated by peak ID (numbers 
1 to 17 at the top of each peak) in 
the customizable result table shown 
in the lower part. In this table, the 
size in kDa, the concentration in ng/
μl, and the percentage versus total 
protein content for each peak are 
shown. **A shoulder peak for lacto-
transferrin is found in this analysis 
performed with the Protein 230 kit.
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2% SDS, 5 mM Tris-HCl pH 8.6, 30% glycerol, containing 
125 mM DTT, for 15 min at room temperature and alkylated 
with equilibration buffer containing 250 mM iodoacetamide 
(IAA) for 8 min. The strips were transferred to a 15%-poly-
acrylamide gel, and, for the electrophoretic separation,a 
Mini-Protean III apparatus (Bio-Rad) with a constant voltage 
(200V) was used. The proteins were stained with colloidal 
Coomassie Blue G-250 (Sigma) for 12 h at room temperature.

In-gel tryptic digestion: The 1D and 2D electrophoresis gel 
excised slices or spots containing the proteins of interest were 
reduced with 10 mM DTT for 45 min at 56 °C, alkylated with 
55 mM iodacetamide for 30 min at room temperature in the 
dark, and incubated overnight at 37 °C in a 50:1 (w/w) ratio 
with 12 ng/µl sequencing-grade-modified trypsin (Promega, 
Madison, WI). The digested peptides were extracted from 
the slices by adding water and 5% trifluoroacetic acid and 
50% acetonitrile. Peptides were lyophilized to dryness and 
resuspended with 10 µl of 0.1% formic acid for mass spec-
trometry analysis.

Mass spectrometry analysis and database search: The 
samples were analyzed with liquid chromatography mass 
spectrometry (LC-MS) using a CapLC (Waters, Manchester, 
UK), connected with an electrospray interface quadrupole-
time-of-f light (ESI-Q-TOF) micromass spectrometer 
(Micromass, Manchester, UK). The peptide separation 
was performed on an Atlantis dC18 NanoEase column 
(150×0.3 mm, 3 µm; Waters) with an Atlantis dC18 NanoEase 
precolumn (5×0.3 mm, 5 µm particle size; Waters) with a flow 
rate of 4 µl/min (mobile phase A: H2O/acetonitrile (95:5) 
0.1% FA; B: acetonitrile/H2O (95:5) 0.1% FA). The chromato-
graphic gradient was set up to give a linear increase from 2% 
B to 80% B in 30 min, for a total run-time length of 45 min. 
For the identification experiments, the quadrupole-time-of-
flight mass spectrometer was set to scan in survey mode in 
the m/z 400–1800 range.

For protein identification, Mascot (version 2.02.03) and 
the Swiss-Prot human database (version 52.2, 495,929 in 

total) were used, setting a 50 ppm precursor and 0.3 Da frag-
ment tolerance, carbamidomethylation of cysteine as fixed 
modification, oxidation of methionine as variable modifica-
tion, and trypsin as enzyme (one miss cleavage allowed).

RESULTS

Preliminary experiments were performed to establish stan-
dardized conditions that could yield reproducible results 
for the following parameters: preanalytical sample storage, 
dilution, temperature, and reducing conditions. Modifications 
in the storage period (range from 2 h to 2 weeks) and tempera-
ture (4 °C, −20 °C, −80 °C) did not significantly change either 
the protein profile or the protein quantification. Satisfactory 
protein separation was achieved by boiling the samples for 
5 min and including DTT in the sample buffer. To obtain a 
well defined protein separation and a readable virtual band 
image, a 2 μl sample was the most suitable amount of tears 
for analysis in the system.

The standard protein ladder was loaded on each chip and 
analyzed as the first sample (Figure 1, lane L), thus allowing 
for the correct alignment of each lane and an estimation of 
the appropriate molecular weight of the separated proteins 
(Figure 1, lane T). The sample buffer contained a lower and 
an upper marker (Figure 1 marked with * and °), different for 
each LabChip kit used: 5 kDa and 80 kDa for the Protein 80 
kit, 14 kDa and 230 kDa for the Protein 230 kit, and 10 kDa 
and 250 kDa for the High Sensitivity Protein 250 kit.

Protein profiles obtained by running aliquots from the 
same sample in parallel through the SDS-Gel and the 2100 
Bioanalyzer did not substantially differ in bands (Figure 2). 
The total tear protein amount obtained by running the same 
sample through the 2100 Bioanalyzer and the ELISA system 
did not show a significant difference (p always >0.05). The 
total tear protein content did not show any significant differ-
ence dependent upon the type of LabChip kit used.

Table 1. Results of the protein identification by mass spectrometry and database search.

Protein name Entry name Protein score Protein mass (Da) # of identifed 
peptides

Protein coverage 
(%)

Lactotransferrin TRFL_HUMAN 737 80,014 14 22
Serotransferrin TRFE_HUMAN 44 79,280 5 3
Serum albumin ALBU_HUMAN 698 71,317 21 40
Zinc- α-2-glycoprotein ZA2G_HUMAN 34 34,079 3 5
Lipocalin-1 LCN1_HUMAN 242 19,409 9 29
Lysozyme C LYSC_HUMAN 108 16,982 8 42
Lipophilin A SG1D1_HUMAN 86 10,234 3 15

http://www.molvis.org/molvis/v18/a264
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The 2100 Bioanalyzer software can convert each protein 
band and intensity parameters into sizing peaks, to obtain 
separate electropherograms from virtual band images. Figure 
3 shows an example electropherogram from a tear sample of 
a normal subject and Figure 4 from a tear sample of a patient 
with DE. The Bioanalyzer identified differences between 
pathological and normal samples. In the lower part of the 
figures, data emerging from analysis are summarized, with 
an explanation in the legends. We did not automatically 
assign a protein identity to each band or peak detected, since 
the molecular weight (kDa) of a protein derived from the 
2100 Bioanalyzer did not always precisely correspond to the 
established kDa reported in protein databases.

Characterization of virtual bands through proteomic 
techniques applied to the SDS gels electrophoresed in parallel 

from the same samples demonstrated the constant and repro-
ducible detection of seven proteins, which were present in 
tears either from normal subjects or patients with dry eye. 
Results of the protein identification by mass spectrometry and 
database search are shown in Table 1 and refer to the major 
proteins expressed in all samples. In particular, lysozyme 
C (LYS-C), tear lipocalin-1 (LIPOC-1), zinc-alpha-2-gly-
coprotein (ZAG-2), serotransferrin (TRANSF), lactotrans-
ferrin (LACTO), and exudated serum albumin (ALB) were 
recognized. Comparative evaluations among the available 
kits demonstrated that the Protein 230 kit exhibited the most 
suitable range for simultaneously detecting these proteins and 
represented the best option for routine practice. Lipophilin A 
(LIPOPH-A) was detected in all samples only in the profiles 
obtained with the Protein 80 kit.

Figure 5. Inter-practitioner (Techn1 and Techn2) measurement variability (reproducibility) for the Agilent 2100 Bioanalyzer is shown. A: The 
tear lysozyme measurements (mg/ml) performed by Techn1 (y-axis) and by Techn 2 (x-axis) on the same tear samples are graphed. B: The 
Bland–Altman plot for various tear samples analyzed for lysozyme content, performed by two different laboratory technicians (Techn 1 and 
Techn 2), is shown. The x-axis indicates the mean of the lysozyme content in mg/ml obtained by Techn 1 and Techn 2. The y-axis indicates 
the difference in measurement between the two technicians. The mean difference of the technicians is 0.01, with an upper specification limit 
of 0.23 and a lower specification limit of 0.20. C: The concordance correlation coefficients calculated for the two technicians are shown; all 
values demonstrated the high reproducibility of the Bioanalyzer method.
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The molecular weight calculated to the protein ladder 
for each tested Lab-chip are summarized in Table 2. In 
particular, the detection system can calculate each individual 
protein percentage as a function of the total protein detected 
for each individual run. A molecular weight range is given 
due to the small migration and injection variables observed 
from tear sample to tear sample.

Calculation of measurement noise for Agilent 2100 
Bioanalyzer applied to detecting tear proteins exhibited a 
high degree of precision and accuracy in terms of reproduc-
ibility (Figure 5 and Figure 6) and repeatability (Figure 7) . 
A good correlation coefficient was also found for total tear 
protein content between measurement performed with the 
ELISA technique and 2100 Agilent Bioanalyzer (Kendall’s 
Tau 0.903; Concordance correlation coefficient 0.965).

The amount of time used for analysis was 40 min for the 
preanalytical process for the samples and 30 min for analysis, 
for 10 samples altogether run in a single chip. The estimated 
cost for each sample was estimated at €3.50, including 
reagents and labor costs.

DISCUSSION

The 2100 Bioanalyzer, together with the Protein 230 kit, 
provided validated data for the total tear protein content and 
concentration of specific tear proteins in pathological and 
normal samples with significant time savings, cost reduction, 
improved ease of use, and high reproducibility compared to 
traditional 1D SDS–PAGE. The equipment, also referred to 
as a “lab-on-chip” device, offers the advantage of quantita-
tively estimating multiple protein species without dividing 
the original patient sample, which is often limited in the case 
of patients with DE.

Figure 6. Degree of agreement between measurements conducted on replicate specimens. The same tear samples were runned with two 
methods: monodimensional sodium dodecyl sulfate-polyacrylamide lectrophoresis (1D SDS–PAGE) electrophoresis and the 2100 Agilent 
Bioanalyzer (Protein 230 kit). A: The measurements obtained with 1D-SDS–PAGE electrophoresis (y-axis) and the 2100 Agilent Bioanalyzer 
(x-axis) are graphed. B: The Bland–Altman plot for various samples of tears analyzed for lysozyme content, performed with the two methods, 
is shown. The x-axis indicates the mean of the lysozyme content in mg/ml obtained with 1D SDS–PAGE electrophoresis and the 2100 
Agilent Bioanalyzer. The y-axis indicates the difference in measurement between the two methods. The mean difference is 0.08, with an 
upper specification limit of 0.28 and a lower specification limit of 0.43. C: The concordance correlation coefficients calculated for the two 
methods are shown; all values demonstrated high correlation between the two methods.
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Previous papers had postulated the impact of this appli-
cation in clinical routine [22,23], but to our knowledge, this 
is the first attempt to validate the method in analyzing the 
protein composition in pathological samples, demonstrating 
the diagnostic potential of this method. The system consists 
of a miniaturized capillary gel electrophoresis device inte-
grating all steps of a “conventional” electrophoretic run, from 
sample preparation, labeling, gel loading, and separation up 
to detection with a laser-induced fluorescence detector.

One major hindrance relates to the protein sizing assay 
since the expected theoretical and observed molecular weights 
may and actually do differ to some extent. The reasons for 
this can only be theorized. As Mann and Tighe [22] have 
discussed, the differences may be possible consequences of 
protein denaturation, post-translational modification, injec-
tion efficiency, sample salt content, or injection variables. 
However, in 1D SDS–PAGE a degree of shift in the theo-
retical molecular weight may also occur depending upon 

the sample preanalytical preparation and post-translational 
modification.

To validate data from the 2100 Bioanalyzer and kits, 
proteomic recognition of selected protein bands was 
performed on samples run in parallel on 1D SDS–PAGE and 
by analyzing the electrophoretic behavior of purified proteins 
run in adjacent lanes of the chip. Our study demonstrated 
and validated the presence of lipophilin A-C, lysozyme-C, 
tear lipocalin 1, zinc-alpha-2-glycoprotein, serotransferrin, 
lactotransferrin, and exudated serum albumin.

Tear analysis performed with the 2100 Bioanalyzer and 
Protein 230 kit showed more distinct peaks compared to the 
1D SDS–PAGE. In particular, transferrin was recognized 
distinctively in all samples, and lactotransferrin appeared as a 
major and a shoulder peak, in agreement with what was found 
by previous authors using another LabChip kit no longer 
commercially available [22]. Expanding the validation of the 
remaining proteins is relevant to advancing basic research 
and clinical medicine, and it is a future aim.

Figure 7. Inter-session (session 1 and session 2) measurement variability (repeatability) for the Agilent 2100 Bioanalyzer is shown. A: The 
tear lysozyme measurements (mg/ml) performed during session 1 (y-axis) and session 2 (x-axis) on the same tear samples are graphed. B: 
The Bland–Altman plot for various tear samples analyzed for lysozyme content, performed in two sessions, is shown. The x-axis indicates 
the mean of the lysozyme content in mg/ml obtained in session 1 and session 2. The y-axis indicates the difference in measurement between 
the two sessions. The mean difference of both sessions is 0.04, with an upper specification limit of 0.24 and a lower specification limit of 
0.16. C: The concordance correlation coefficients calculated for the two sessions are shown; all values demonstrated the high repeatability 
of the Bioanalyzer method.
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However, we succeeded in creating a panel of proteins 
assay of clinical significance for ophthalmologists that can 
aid in diagnosing and stratifying mild or early DE. The 
Bioanalyzer identified differences between pathological and 
normal samples for all the specific proteins recognized and in 
the total protein amount. However, the purpose of the present 
paper was to validate the method, and we did not go into 
too much detail in analyzing the clinical impact; this will 
be the focus of a further step, now in advanced finalization. 
We preferred to present and discuss the data separately, to 
enhance the relevance of the technical validation data (a huge 
amount of “preliminary” work) and the clinical application 
section.

At this stage, we demonstrated that the panel of tear 
proteins recognized with this laboratory-on-chip approach 
could also be of interest and applicable in screening or 
monitoring disease to better understand the pathophysiology 
of a particular disease process. As a conclusive comment, 
this microfluidic approach applied to the tear proteome can 
provide validated data for trials investigating clinical or 
therapeutical outcomes and is suitable for affordable applica-
tion in a clinical setting, in terms of time and costs. This 
approach can be applied in daily laboratory activity following 
a minimal period of training of personnel.

ACKNOWLEDGMENTS

The authors wish to thank Mrs Chiara Coslovi for her excel-
lent technical support. The work was supported in part by  
a grant  from Fondazione  Cassa di Risparmio  in Bologna to 
Prof  EC Campos.

REFERENCES
1.	 Ohashi Y, Dogru M, Tsubota K. Laboratory findings in tear 

fluid analysis.  Clin Chim Acta  2006; 369:17-28. [PMID: 
16516878].

2.	 Gachon AM, Richard J, Dastugue B. Human tears: normal 
protein pattern and individual protein determinations in 
adults.  Curr Eye Res  1982–1983; 2:301-8. [PMID: 7166048].

3.	 Coyle PK, Sibony PA, Johnson C. Electrophoresis combined 
with immunologic identification of human tear proteins.  
Invest Ophthalmol Vis Sci  1989; 30:1872-8. [PMID: 
2759802].

4.	 Kuizenga A, van Haeringen NJ, Kijlstra A. SDS-minigel elec-
trophoresis of human tears.  Invest Ophthalmol Vis Sci  1991; 
32:381-6. [PMID: 1993590].

5.	 Batellier L, Rea A, Chaumeil C, Scat Y. Protein evaluation 
of tears: different biological parameters and their respective 
value.  J Fr Ophtalmol  1996; 19:520-6. [PMID: 8944134].

6.	 Ng V, Cho P, To C. Tear proteins of normal young Hong Kong 
Chinese.  Graefes Arch Clin Exp Ophthalmol  2000; 238:738-
45. [PMID: 11045341].

7.	 Mii S, Nakamura K, Takeo K, Kurimoto S. Analysis of human 
tear proteins by two-dimensional electrophoresis.  Electro-
phoresis  1992; 13:379-82. [PMID: 1380449].

8.	 Molloy MP, Bolis S, Herbert BR, Ou K, Tyler MI, van Dyk DD, 
Willcox MD, Gooley AA, Williams KL, Morris CA, Walsh 
BJ. Establishment of the human reflex tear two-dimensional 
polyacrylamide gel electrophoresis reference map: New 
proteins of potential diagnostic value.  Electrophoresis  1997; 
18:2811-5. [PMID: 9504814].

9.	 Ananthi S, Santhosh RS, Nila MV, Prajna NV, Lalitha P, Dhar-
malingam K. Comparative proteomics of human male and 
female tears by two-dimensional electrophoresis.  Exp Eye 
Res  2011; 92:454-63. [PMID: 21396361].

10.	 Li N, Wang N, Zheng J, Liu XM, Lever OW, Erickson PM, Li 
L. Characterization of human tear proteome using multiple 
proteomic analysis techniques.  J Proteome Res  2005; 
4:2052-61. [PMID: 16335950].

11.	 de Souza GA, Godoy LM, Mann M. Identification of 491 
proteins in the tear fluid proteome reveals a large number 
of proteases and protease inhibitors.  Genome Biol  2006; 
7:R72-[PMID: 16901338].

12.	 Green-Church KB, Nichols KK, Kleinholz NM, Zhang L, 
Nichols JJ. Investigation of the human tear film proteome 
using multiple proteomic approaches.  Mol Vis  2008; 14:456-
70. [PMID: 18334958].

13.	 Jacob JT, Ham B. Compositional Profiling and Biomarker 
Identification of the Tear Film.  Ocul Surf  2008; 6:175-85. 
[PMID: 18827950].

14.	 Tomosugi N, Kitagawa K, Takahashi N, Sugai S, Ishikawa I. 
Diagnostic potential of tear proteomic patterns in Sjögren’s 
syndrome.  J Proteome Res  2005; 4:820-5. [PMID: 
15952728].

15.	 Grus FH, Podust VN, Bruns K, Lackner K, Fu S, Dalmasso 
EA. SELDI-TOF-MS ProteinChip array profiling of tears 
from patients with dry eye.  Invest Ophthalmol Vis Sci  2005; 
46:863-76. [PMID: 15728542].

16.	 Zhou L, Beuerman RW, Chan CM, Zhao SZ, Li XR, Yang H, 
Tong L, Liu S, Stern ME, Tan D. Identification of tear fluid 
biomarkers in dry eye syndrome using iTRAQ quantitative 
proteomics.  J Proteome Res  2009; 8:4889-905. [PMID: 
19705875].

17.	 Versura P, Nanni P, Bavelloni A, Blalock WL, Piazzi M, Roda 
A, Campos EC. Tear proteomics in evaporative dry eye 
disease.  Eye (Lond)  2010; 24:1396-402. [PMID: 20150925].

18.	 Lion N, Rohner TC, Dayon L, Arnaud IL. Microf luidic 
systems in proteomics.  Electrophoresis  2003; 24:3533-62. 
[PMID: 14613180].

19.	 Kenyon SM, Meighan MM, Hayes MA. Recent developments 
in electrophoretic separations on microfluidic devices.  Elec-
trophoresis  2011; 32:482-93. [PMID: 21290388].

http://www.molvis.org/molvis/v18/a264
http://www.ncbi.nlm.nih.gov/pubmed/16516878
http://www.ncbi.nlm.nih.gov/pubmed/16516878
http://www.ncbi.nlm.nih.gov/pubmed/7166048
http://www.ncbi.nlm.nih.gov/pubmed/2759802
http://www.ncbi.nlm.nih.gov/pubmed/2759802
http://www.ncbi.nlm.nih.gov/pubmed/1993590
http://www.ncbi.nlm.nih.gov/pubmed/8944134
http://www.ncbi.nlm.nih.gov/pubmed/11045341
http://www.ncbi.nlm.nih.gov/pubmed/1380449
http://www.ncbi.nlm.nih.gov/pubmed/9504814
http://www.ncbi.nlm.nih.gov/pubmed/21396361
http://www.ncbi.nlm.nih.gov/pubmed/16335950
http://www.ncbi.nlm.nih.gov/pubmed/16901338
http://www.ncbi.nlm.nih.gov/pubmed/18334958
http://www.ncbi.nlm.nih.gov/pubmed/18827950
http://www.ncbi.nlm.nih.gov/pubmed/15952728
http://www.ncbi.nlm.nih.gov/pubmed/15952728
http://www.ncbi.nlm.nih.gov/pubmed/15728542
http://www.ncbi.nlm.nih.gov/pubmed/19705875
http://www.ncbi.nlm.nih.gov/pubmed/19705875
http://www.ncbi.nlm.nih.gov/pubmed/20150925
http://www.ncbi.nlm.nih.gov/pubmed/14613180
http://www.ncbi.nlm.nih.gov/pubmed/21290388


Molecular Vision 2012; 18:2526-2537 <http://www.molvis.org/molvis/v18/a264> © 2012 Molecular Vision 

2537

20.	 Dupuy AM, Lehmann S, Cristol JP. Protein biochip systems 
for the clinical laboratory.  Clin Chem Lab Med  2005; 
43:1291-302. [PMID: 16309364].

21.	 Asbell PA, Lemp MA. Dry Eye Disease: The Clinician’s Guide 
to Diagnosis and Treatment. New York, Thieme; 2007.

22.	 Mann AM, Tighe BJ. Tear analysis and lens–tear interactions 
Part I. Protein fingerprinting with microfluidic technology.  
Cont Lens Anterior Eye  2007; 30:163-73. [PMID: 17499010].

23.	 Schmut O, Horwath-Winter J, Zenker A, Trummer G. The 
effect of sample treatment on separation profiles of tear fluid 
proteins: Qualitative and semi-quantitative protein determi-
nation by an automated analysis system.  Graefes Arch Clin 
Exp Ophthalmol  2002; 240:900-5. [PMID: 12486511].

http://www.molvis.org/molvis/v18/a264
http://www.ncbi.nlm.nih.gov/pubmed/16309364
http://www.ncbi.nlm.nih.gov/pubmed/17499010
http://www.ncbi.nlm.nih.gov/pubmed/12486511

	Reference r1
	Reference r2
	Reference r3
	Reference r4
	Reference r5
	Reference r6
	Reference r7
	Reference r8
	Reference r9
	Reference r10
	Reference r11
	Reference r12
	Reference r13
	Reference r14
	Reference r15
	Reference r16
	Reference r17
	Reference r18
	Reference r19
	Reference r20
	Reference r21
	Reference r22
	Reference r23
	Table t1
	Table t2

