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Abstract: The search for proteomic biomarkers in ocular disease is one of the most important
research directions in recent years. Reliable biomarkers can be an immense adjuvant for both
diagnostic and therapeutic approaches. There is no more readily available ocular tissue for proteomic
analysis than tear film, which makes an interesting target for the biomarker search. Tear film is a
complex fluid consisting of a superficial lipid layer, which covers the aqueous-mucous layer. Its
complexity makes it a perfect candidate for all the “omics” approaches. Glaucoma, cataract, age-
related macular degeneration, and other diseases are commonly thought to have a multifactorial
background. Currently, no reliable non-invasive tests are available that would help physicians with
screening and further patient management. The aim of the study is to present modern methods of
measuring biomarkers in tears, with particular emphasis on spectrometric methods, and to discuss
their diagnostic and therapeutic usefulness.

Keywords: biomarkers; proteomic; MALDI; tear film; ocular biomarker; glaucoma; AMD; cataract;
diagnostic

1. Introduction

The pathogenesis of various ophthalmic and general diseases is related to the reactions
in the body and changes in the microenvironment of the tissues that are affected by the
disease, which is reflected in the change in the concentrations of substances involved in
these processes. In general diseases, the concentration of desired substance can usually
be measured in blood. This examination is widespread and often the basis for diagnosis.
Substances labeled for this purpose can be defined as biomarkers-certain molecules that
indicate an alteration in normal physiology [1].

Similar relationships can be used in ophthalmology, but the problem is the availability
of the diagnostic material. Most studies of the proteome of eye fluids concern the vitreous
and aqueous humor. Although widely applied, these tests are invasive and collecting
the material can be risky for the patient. In recent years, there have been reports of the
possibility of using tears as a source for biomarkers identification.

The aim of the study is to present modern methods of measuring biomarkers in tears
and to discuss their diagnostic and therapeutic usefulness.

2. Tear Film Collection and Proteomic Analysis
2.1. Method of Collecting Tears for Research

There is no clearly defined methodology for tear collection [2]. Moreover, there are
several important factors to consider in the study. Dumortier et al. summarized this by
presenting the elements necessary to optimize the results, such as tear collection method,
sampling time and volume, sample storage and assay conditions [3].
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Tears can be collected by direct, indirect and washout methods [4]. Each of these
methods has both advantages and limitations.

In the direct method, tears are sucked in through glass microcapillaries. In this way, we
obtain basal tears, which is an appropriate material for research [5]; however, the method
has its limitations, such as duration, difficulties in obtaining the material and irritation
of the eye surface, which may result in the production of reflex tears and, consequently,
distort the measurement results [6].

In the indirect method, tears are absorbed onto a specific material, most often Schirmer
strips, and then recovered for specific substance determinations [5]. This method is not
ideal, as in the process of collecting the material we obtain a mixture of basic and reflex
tears, which results in the dilution of the sample and obtaining lower concentrations of the
tested substances [2]. Local irritation and vascular permeability may also occur, interfering
with the final results [3]. Moreover, the very process of tear collection and processing based
on absorption influences the obtained results of chemical analyses [7]. There is also a risk
of the contamination of samples with proteins from the surface of the eye [8].

In the flush method, tears are collected similarly to the direct method, but after flooding
the eye with physiological saline [9]. The test assumes that the resulting tears will have
the same composition as basal tears, but in dilute concentrations [10]. The limitation
of this method is the inability to determine substances that are present in tears in low
concentrations [2].

The lack of standardization and limitations of commonly used methods results in a
continuous attempt to optimize tear collection. For this purpose, new devices are being
tested, such as polyester rods [11], polyethersulfone membranes [12], special contact tips [6]
or cellulose acetate filters [13]. Although preliminary reports are promising, further research
is needed to prove the diagnostic usefulness of the proposed new methods.

Currently, most of the proteomic studies seem to rely on the indirect method of tear
collection with the use of Schirmer strips. The indirect method is also better tolerated
by patients, making it easier to use in the clinical environment [14]. Most of the studies
comparing collection methods did not clearly find any of these superior to another. Many
authors have compared indirect and direct methods. Stuchell et al. found the presence
of higher concentrations of serum-derived proteins in Schirmer strip samples, which
may be due to increased vascular permeability due to conjunctival irritation during this
method [8]. Posa et al. pointed out the risk of sample contamination in the indirect
method [5]. Markouli et al. assessed that the washout method can only be used for proteins
with high concentrations in tears due to the significant dilution of samples [10].

The advantages and disadvantages of each of these methods are shown in Table 1.

Table 1. Advantages and disadvantages of tear-collecting methods.

Direct Indirect Washout

Sample Basal tears Basal + reflex tears Basal + saline

Difficulty Difficult, long time, small sample size Easier technique Easier due to larger sample

Patient tolerance Irritation of the eye surface Better tolerated, local irritation Irritation of the eye surface

Sample quality Good Dilution, risk of contamination Significant dilution

2.2. Proteomic Analysis
2.2.1. Sample Preparation

The key element of potential protein biomarkers determination is the appropriate
sample preparation. In most cases, these procedures include protein extraction or obtain-
ment, purification and eventual precipitation. Both methods of obtaining the tear film and
protein extraction should be well suited for the experiment because they strongly affect the
quality and composition of acquired samples, especially prior to quantitative analyses. As
described in previous work, methods of tear fluid collection are safe and well tolerated by
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patients, but in terms of physical form, tears collected by capillary sampling are easier to
handle and mainly require recovery from a capillary tube by blowing air into the tube and
flushing by solvents or centrifugation. There is no need for protein extraction. Nättinen
et al. successfully flushed the collecting tubes with 0.5% sodium dodecyl sulphate (SDS) in
50 mM of ammonium bicarbonate supplemented with protease inhibitor cocktail to recover
patients’ tears from inside the microcapillary [15]. Other examples of transferring solvents
assumes the application of phosphate buffered saline containing 1 mg/mL of BSA (1:25
v:v) [16], or flushing the tears by instilling 20 µL of 0.9% sodium chloride [17]. Moreover,
Kijlstra used phosphate buffer (pH 7.4) containing 4% bovine serum albumin, 1.0 M of
sodium chloride and 0.1% Tween 20 as a solvent for capillary-collected tears [4]. Moreover,
according to Bachhuber et al., recovering tears from the capillaries is also possible by
centrifugation and provides good results [18].

In Schirmer strip collection there are many methods for protein extraction, but the
simplest method of tear recovery is by centrifugation. Posa et al. placed a Schirmer strip
in a 0.5 mL tube that was punctured at the bottom and placed it into a larger tube. Then,
the tubes were centrifuged at maximum speed (13,000 rpm) for 5 min. As a result of
centrifugal force, fluid was pulled out from the strip material and dripped down into
the outer tube [5]. This method is easy and does not lead to any protein modification or
structure changes. Elution with tri-distilled water from a strip that was cut into smaller
pieces was proposed by Farias et al. In this case, the strip pieces were flooded by 500 µL
of MiliQ water and centrifuged for 30 min at 10,000× g [19]. There are many publications
describing protein extraction from strips by complex mixtures, all of which involve the
application of various buffers. Jones et al. extracted protein by 100 mM of ammonium
bicarbonate buffer with 50 mM of sodium chloride. The pieces were mixed for 4 h at 25 ◦C
and subsequently centrifuged in a centrifugal filter unit at 7500 rpm for 5 min, after which
the strip was removed [20]. An amount of 500 mM of ammonium bicarbonate solution
was also used as an elution factor in the manuscript by Huang et al. [21]. Moreover, this
process was assisted by 10 min of sonification and heating at 120 ◦C for 5 min. Green-
Church et al. incubated Schirmer strips in approximately 100 µL of 100 mM of ammonium
bicarbonate at room temperature for 1 h [22]. For protein extraction, our team used 8 M
of urea buffer containing dithiothreitol and CHAPS in the presence of protease inhibitor
cocktail. The process lasted for 3 h in 4 ◦C and was ended by centrifuging (5000× g for
20 min) [23–25]. Moreover, Ihnatko chose the addition of urea in solubilization buffer
for protein extraction [26]. In this case, the composition of the solution was as follows:
20 mM of Tris, 7 M of urea, 2 M of thiourea, 0.1 % CHAPS, 10 mM of 1,4-dithioerythritol,
0.5% ampholyte 3–10 and protease inhibitor cocktail. The strips with collected tears were
incubated in the above-mentioned solution for 2 h. Another example of solution that was
suitable for protein extraction was a mixture of trifluoroacetic acid and acetonitrile. For
this purpose, Powell et al. added solution containing 0.2% TFA:ACN (1:1 v:v) to a tube
with collected tear fluid [27]. The obtained mixture was chilled at −20 ◦C for 16 h and
evaporated using vacuum centrifugation. An extended study about protein extraction was
posted in another Green-Church publication [28]. The authors analyzed the relationship
between buffer composition and protein recovery. In this case, tears were collected by
Schirmer strips and buffers, which were used for extraction, were as follows: (a) 0.9% w/v
NaCl in phosphate buffer (ph 6.24); (b) 0.9% w/v NaCl in phosphate buffer with 0.25% NP-
40 protein detergent and 0.25% ABS-14; (c) 100 mM of ammonium bicarbonate; (d) 100 mM
of ammonium bicarbonate with 0.25% NP-40 and 0.25% ABS-14; and (e) 40 mM of Tris-HCl,
7 M of urea, 2 M of thiourea, 0.25% NP-40 and 0.25% ABS-14. In each case, extraction lasted
for an hour, and the extracted proteins were precipitated with acetone. The biggest protein
recovery reaching 36.5 µg was obtained using 100 mM of ammonium bicarbonate with
0.25% NP-40 and 0.25% ABS-14. For protein recovery from the Schirmer strips, Krajcikova
performed elution by 100 µL of PBS with a 1% addition of Triton X-100. The tubes with
strips and buffer were incubated overnight at 4 ◦C and centrifuged [29].
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2.2.2. Protein Purification, Protein Concentration Measurement and Precipitation

The collection technique can strongly influence the protein concentration and profile in
tear samples. According to Stuchell and Farias, each technique of tear collection influences
the obtained protein amount in the material [8,19]. Regardless of the method chosen,
knowing the protein concentration is the key for further analysis. For this purpose, different
methods were used, whether direct or indirect. The Bradford method is one of the most
popular ones, which is performed in a microplate or standard cuvette format. It is based on
the shift in absorbance maximum of Coomassie Brilliant Blue G-250 dye from 465 to 595 nm
following binding to denatured proteins in solution [4,5,18,19,30–32]. Currently, we observe
an increasing participation of direct micro-spectrometric techniques with the A280 program.
Changes in absorbance at a 280 nm wavelength are the bases of protein determination in
equipment such as NanoDrop or MaestroNano. The application of these methods has many
advantages over the traditional Bradford method. Micro-spectrometric equipment requires
a small amount of sample (depending on the type from 0.5 to 3 µL) and is quick and safe,
as additional sample preparation steps are not required. NanoDrop was used to determine
protein level in studies correlated with age-related changes to human tear composition [33]
and with a prediction of vernal keratoconjunctivitis reactivation [34]. MaestroNano was
applied by our team for the protein measurements of tear fluid in macular edema, due
to the neovascular age-related macular degeneration and analysis of tear film obtained
from diabetic dogs [24,25]. In terms of protein concentration determination, infrared
electromagnetic radiation is also suitable. By measuring amide bonds in protein chains, the
modern systems can accurately quantitate an intrinsic component of every protein without
relying on amino acid composition, dye-binding properties or reduction-oxidation (redox)
potential [35].

From a chemical point of view, tear fluid is a complex mixture containing not only
water and proteins, but also organic compounds such as lipids, carbohydrates and inorganic
salts, mainly potassium and sodium. Considering that techniques applied in protein
separation and identification are extremely sensitive for any kind of interfering substances,
it is necessary to purify the samples as thoroughly as possible. For example, salts can
disturb the electrophoresis separation, mainly the isoelectric focusing. In this case, focusing
will not end until the salt ions reach the end of the strips. Additionally, a significant amount
of salts can cause weak focusing at either end of the strip. In term of lipids, their presence
can reduce the effectiveness of the detergents as protein-solubilizing agents [36]. To limit
potential problems during analysis and reduce the probability of obtaining false-positive
or -negative results, the cleaning techniques should be applied. Desalting is possible by
performing dialysis, ultrafiltration or precipitation. Removing the low-mass impurities
such as salts by ultrafiltration is often conducted by centrifugal filter units. These filters
have the abilities of desalting, buffer exchange and protein dialysis. Their application
can also cause 30-fold sample concentration. Ultrafiltration 3 kDa cutoff filters were used
by Aluru et al. as a purification step before 2D electrophoresis was applied for dry eye
syndrome biomarkers determination [37]. Aqrawi et al. described Amicon ultra filters
as purifying and concentrating agents during the search for tear biomarkers in primary
Sjögren’s syndrome [38]. Protein and peptides concentration and purification can be also
performed by ZipTip with a 0.6 or 0.2 µL bed of chromatography media concentrating
and purifying femtomoles to the picomoles of protein samples. These chromatographic
micro-beds are suitable for sensitive analyses such as MALDI-TOF MS [24,25]. Lipids can
by removed in the route of double extraction by ice-cold chloroform:methanol mixture (1:1)
at 1200 rpm [17]. Another solution for sample purification as well as precipitation is to
apply cleanup kits, which use selective precipitation to remove ionic contaminants such as
detergents, lipids and phenolic compounds, improving 2D electrophoresis resolution and
reproducibility [24,25].
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3. Tears as a Source of Information about Eye Diseases

Tear proteome changes can be an important diagnostic clue in numerous eye diseases,
such as glaucoma, dry eye disease, diabetic retinopathy, thyroid orbitopathy, pterygium
and keratoconus.

3.1. Dry Eye Disease (DED)

Dry eye is a multifactorial disease of the ocular surface that is characterized by a
loss of homeostasis of the tear film, and accompanied by ocular symptoms, in which
tear film instability and hyperosmolarity, ocular surface inflammation and damage, and
neurosensory abnormalities play etiological roles [39]. There are three forms of dry eye
disease: aqueous deficient, evaporative due to impaired function of the Meibomian glands,
and the mixed form [40]. Most patients suffer from evaporative dry eye [41]. Diagnosis
is based on history and clinical symptoms; however, there is no single test sufficient to
make a diagnosis [42], and test results are often not correlated with patient symptoms [43].
The search for deviations in the tear analysis is a natural direction in the diagnosis and
treatment of dry eye disease.

Numerous studies have shown alterations of the tear proteome in dry eye syndrome.
The main tear proteins are lipocalin-1, lactoferrin, lysozyme and the prolactin-induced
protein [44], constituting up to 60% of all tear proteins in healthy eyes [45]. All these
proteins decreased in dry eye syndrome [46]. This is due to the reduction in the water
component of the tear film [47]. A decrease in lactoferrin was observed in patients with
mild symptoms of dry eye, which enables diagnosis in patients with normal Schirmer test
results [48]. Prolactin-induced protein in dry eye has a diagnostic accuracy of 81%, but
a change in the expression of this protein has also been observed in blepharitis, fungal
keratitis and keratoconus [49]. This particular protein was determined by using iTRAQ
technology combined with nanoLC-nanoESI-MS/MS quantitative proteomics.

A reduction in angiogenin levels was also observed, which correlated with the severity
of dry eye syndrome, and thus also with the degree of inflammatory response [50]. This
mechanism explains the role of angiogenin as an anti-inflammatory substance. Several
studies suggest the diagnostic usefulness of the lacrimal proline-rich protein (LPRP4),
which was also decreased [21,37,51]. The technique used to determine the content of this
protein was HR-MRM experiments. A UPLC system was coupled to a Q-Orbitrap-MS [21]
and two-dimensional difference gel electrophoresis coupled with nano LC-MS/MS [37]
or surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-
TOF-MS) [51]. This protein probably protects the eye by modifying the bacterial flora, but its
role is not fully understood [37]. A reduction in the level of the polymeric immunoglobulin
receptor (pIgR), a protein that regulates the concentration of secretory immunoglobulin A,
appears to be specific to Sjogren’s syndrome [49].

Among proteins with increased expression, the diagnostic utility of lipocalin 2 (LCN2)
and alpha enolase was suggested. Lipocalin 2 is an inflammatory response protein that
is mainly responsible for the activation of neutrophils, and its increase in tears has been
observed in patients with Sjogren’s syndrome. Lipocalin 2 can be easily determined by
liquid chromatography connected to a quadrupole precursor with Orbitrap detection, as
well as a mass spectrometer [38]. Although alpha enolase appears to be one of the best
biomarkers with an accuracy of 85%, its role in the pathogenesis of dry eye syndrome is
not entirely clear [47]. Moreover, in this case, mass spectrometry was used, proving iTRAQ
technology coupled with 2D-nanoLC-nano-ESI-MS/MS to be a suitable technique.

In the same paper, the use of marker panels instead of single proteins was also
postulated. Diagnostic accuracy was 96% with the use of α-enolase, prolactin induced
protein (PIP), lipocalin-1 (Lipo) and calgranulin B (CalB) [47]. It is worth emphasizing
that greater differences in the composition of tears were observed in the aqueous deficient
compared with the evaporative form of dry eye [45].

One of the most potent proteomic findings in DED was the elevation of matrix metal-
loproteinase (MMP)-9 expression. It is the only biomarker for dry eye syndrome that has
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been accepted so far. Inflammation accompanying dry eye syndrome causes an increase in
MMP-9 levels > 40 ng/mL. On this basis, a commercially available MMP-9 immunoassay
(InflammaDry, Quidel Corporation, San Diego, CA, USA) has become available. How-
ever, there are still significant limitations to the usefulness of these kind of tests in clinical
practice, as they seem to be dependent on loading volume [52].

3.2. Corneal Diseases

Tears are in contact with the cornea and can, therefore, be a source of information
about some disorders of this eye structure. Keratoconus and pterygium are examples of
such diseases.

Keratoconus is a progressive disease characterized by the thinning and steepening of
the central cornea, resulting in irregular astigmatism [53]. The etiology is complex, includ-
ing genetic, biochemical and environmental factors. Corneal thinning is associated with
increased protease activity and decreased protease inhibitors [54]. An optical coherence
tomography of the anterior segment of the eye is the best test for the early detection of
keratoconus [55]; however, despite advances in diagnostic techniques, diagnosis is often
delayed [56].

Differences in protein profiling during corneal diseases were assigned with the help of
mass spectrometry. The proteins were first separated by capillary liquid chromatography
and later identified by tandem mass spectrometry (nano-LC/MS/MS) [57].

Tear testing in patients with keratoconus can help determine the etiology of the disease,
as well as be a part of screening. The tears of patients with keratoconus show, inter alia,
an increased expression of metalloproteinase 1 (MMP1) and a decreased tissue metallo-
proteinase inhibitor (TIMP-1) [57], confirming “the cascade hypothesis of keratoconus”,
in which altered levels of individual enzymes lead to cell apoptosis and secondary fibro-
sis [58]. Additionally, contrary to previous reports, an inflammatory basis of this disease
is possible, as evidenced by increased levels of inflammatory molecules in tears, such as
metalloproteinase 9 (MMP-9), interleukin 6 and TNF alpha [59].

Pterygium is a degenerative disease in which the conjunctiva grows over the cornea.
The etiology is multifactorial, with particular emphasis on the role of UV radiation [60].
UVB radiation causes oxidative stress and, as a consequence, tissue damage and the
growth of numerous mediators [61]. Inflammatory cytokines such as Il-1, Il-6, Il-8 and
TNF-alpha, as well as angiogenic and fibrogenic factors—especially b-FGF, VEGF, HB-EGF,
are associated with the development of pterygium [62]. An examination of the pterygium
tissue also showed the overexpression of lipocalin 2 (NGAL), a protein that activates
metalloproteinase and, thus, increases the dissolution of the Bowman layer. Protein profiles
obtained from diseased and control eyes were also compared using surface-enhanced laser
desorption/ionization time-of-flight mass spectrometry (SELDI-TOF-MS) technology. The
tears of pterygium patients showed an increased expression of alpha defensins as well
as S100 A8 and A9 proteins, which are pro-inflammatory proteins that can be used as a
marker to assess the risk of pterygium recurrence after its removal [63].

Although tear proteomic analysis can help us in better understanding the etiopathol-
ogy of corneal diseases, it should be stressed that they currently have no clinical application
in these conditions.

3.3. Glaucoma

Glaucoma is a group of eye diseases, the common feature of which is the characteristic
damage to the optic nerve, which results in visual field disturbances [64]. The factor
responsible for the damage is increased intraocular pressure. Biomarkers in glaucoma can
be used in the early diagnosis, prognosis and evaluation of treatment effectiveness [65,66].
Tears contain proteins derived from the aqueous humor, which are from the uveoscleral
outflow pathway [67]. For this reason, they have become the subject of research in glaucoma,
although researchers disagree as to whether the protein composition of the aqueous humor
corresponds to that of tears [68,69].
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MMP-9, a protein involved in angiogenesis, neutrophil inflammatory response and
tissue remodeling, may serve as an early marker of glaucomatous changes. Interestingly,
its expression decreases in advanced stages of glaucoma, which suggests the exhaustion of
the response to tissue degradation [70]. The possible use in diagnostics of endothelin 1, Il-4,
Il-12, Il-15, FGF and VEGF [68] has been suggested, since an increase in these substances
was observed in the tears of glaucoma patients. The diagnostic utility of CTGF and total
tear protein has not been confirmed [71]. Phosphorylated cystatin S (CST4) has also been
proposed as a marker differentiating primary and secondary glaucoma. This protein
mediates inflammatory responses by releasing interleukin 6. In this study Pieragostino et al.
performed a comparative tear proteomic analysis by label-free LC-MS and independently
reconfirmed the results by SDS-PAGE and linear MALDI-TOF MS [72].

Studies by Pieragostino et al. also emphasize the importance of inflammatory path-
ways in glaucoma. They confirmed the presence of inflammation-related proteins in the
tears of patients with primary open-angle glaucoma and secondary pseudoexfoliative glau-
coma. However, it is unclear whether they are related to the disease itself or induced by the
therapy. Additionally, there are differences between the inflammatory pathways in primary
and secondary glaucoma [72]. Similar conclusions can be drawn from other studies. An
increase in tear proinflammatory cytokines such as IL-1B, IL-6, IL-12 and TNFa [73], as well
as S100-A8, S100-A9 and mammaglobin B [74]—which were designated by iTRAQ and
mass spectrometry—was observed in patients with long-term treatment for glaucoma.

The proteome of the tears in glaucoma patients is also influenced by the type of
treatment used. According to a study by Reddy et al., eyes treated with latanoprost
overexpressed cytokines were associated with tissue remodeling, while eyes treated with
bimatoprost had an increased number of cytokines, which was mainly associated with
allergic responses in the eye. Further research in this direction may help minimize the
side effects of these drugs [75]. Interferon-γ (IFN-γ), granulocyte-macrophage colony-
stimulating factor (GM-CSF) and Interleukin 5 (IL-5) were postulated as prognostic markers
of complications after trabeculectomy, and their levels in tears were lowered in the case of
complications [69].

3.4. Cataract

Cataract remains a major problem worldwide, being one of the major causes of re-
versible blindness in both developing and developed countries. The etiology and clinical
presentation of cataract is diverse, but the most common is the age-related opacification
of the natural crystalline lens, which can be operated on with intraocular artificial lens
implantation. The studies regarding ongoing proteomic changes during cataract devel-
opment usually used aqueous humor or the lens itself. In both cases, alterations were
mainly shown in the crystallin proteins [76–79]. Crystallins are one of the most abundant
proteins present in human lens. Their main role is to regulate the refractive index of the
lens, help with the precipitation of the denaturated proteins and increase cellular toler-
ance to stress [80]. In this case of crystallins, quantitative proteomics included the iTRAQ
methodology [76,77,79], MALDI TOF/TOF mass spectrometry [78]. Currently, there are no
reliable studies regarding tear film proteomic changes in the course of cataract formation.
Interestingly, cataract group is usually used as a control in the proteomic studies, even
though it might create bias in its results. For example, Yao et al. proposed crystalline as one
of the potential markers for AMD, while its presence in the aqueous humor might have
been a reflection of the cataract formation [81]. For this purpose, a MALDI TOF/TOF MS
analysis was performed. A large-scale randomized clinical trial would be of great value in
finding potential tear film biomarkers for cataract development.

3.5. Tear Film in Retinal Diseases

Although proteomic research in retinal disease is more focused on the vitreous or
aqueous humor, tears have become the focus of researchers because of the non-invasive
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manner of collecting material. By comparing the levels of individual proteins in different
eye fluids, tears can be verified as a potential source for specific substances.

Tears have been most widely used in the studies of patients with diabetes mellitus
and diabetic retinopathy. Although changes in the tear proteome have been observed in
patients with diabetic retinopathy, the mechanism of these changes has not been adequately
studied. It seems that this may be influenced by changes in the vascular system and blood
circulation in diabetes [82].

In the pathogenesis of diabetic retinopathy, the importance of angiogenic and inflam-
matory factors is emphasized [83]. This is reflected in tear protein levels. In patients
with diabetic retinopathy, a shift in the balance of type-1 T helper and type-2 T helper
cytokines towards Th1 was observed in tears. These cytokines determine inflammation
and cytotoxicity in the body, while Th2-dependent cytokines have a protective function
against these processes [84].

Tears in diabetic retinopathy also show higher concentrations of pro-angiogenic cy-
tokines compared to anti-angiogenic cytokines [84]. Vascular endothelial growth factor
(VEGF) has been studied the most, and its relationship with the duration of diabetes and
the severity of diabetic retinopathy has been proven [85]. It seems that it may be a useful
biomarker in screening studies, where in combination with lipocalin 1 (LCN1) it achieved
an accuracy of >80% [86]. Tear VEGF levels were low in patients who responded poorly to
anti-VEGF therapy, and it is possible that other treatments should be considered in these
patients. LCN-1 has also been considered as an individual diagnostic and therapeutic
biomarker for early diabetic retinopathy. For this purpose, Kim et al. used two-dimensional
electrophoresis separation coupled with ESI-Q-TOF MS for protein identification [87]. An-
other protein investigated was tumor necrosis factor alpha (TNF α). It has been proven
that the level of this protein increases in PDR compared to NPDR [88], but also increases
with the severity of NPDR [89]. These results should be interpreted with caution, bearing
in mind that levels of this protein are also higher in ocular surface inflammation [88]. The
utility of nerve growth factor (NGF), a protein that modulates angiogenesis and enhances
VEGF production, has also been considered. An increase in the level of NGF in PDR was
observed, and it correlated with the severity of diabetes expressed by the level of sugar in
the blood [90].

Torok et al. proposed the use of tear biomarkers in a model combined with fundus
image assessment and micro-aneurism counting. The use of these two methods achieved a
sensitivity of 0.93 and a specificity of 0.78 in the diagnosis of early diabetic retinopathy [91].
Perhaps this is the future of screening for diabetic retinopathy.

In age-related macular degeneration (AMD), tears were examined by our team, who
found significant differences in tear film composition. In our first attempt we identified
eight upregulated proteins in the tear film of AMD patients, but with no quantitative
analysis [23]. The second study revealed significant differences with proteins involved in
the pathways that are correlated with AMD etiopathogenesis, i.e., inflammation, neovascu-
larization and apoptosis. We have identified three upregulated and eight downregulated
proteins, with some of them previously noticed in other tear film proteomic analyses such
as retinal dehydrogenase 1 or alpha-enolase [24]. For this, biomarker determination sep-
aration by two-dimensional electrophoresis was performed, with protein identification
performed by Matrix-Assisted Laser Desorption/Ionization-Time Of Flight (MALDI-TOF)
mass spectrometry.

We present up-to-date knowledge concerning the recent findings in proteomic alter-
ations in various ophthalmic diseases in Table 2. The most promising proteomic candidates
for biomarkers are summarized in Table 3.
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Table 2. Proteomic alterations in tear film of various ocular diseases.

Protein Dry Eye
Disease Keratoconus Pterygium Glaucoma Diabetic

Retinopathy

Age-Related
Macular

Degeneration

LCN 1 ↓ ↑
LCN 2 ↑ ↑

Lactoferrin ↓
Lysozyme ↓

PIP ↓ ↓
Angiogenin ↓

LPRP-4 ↓
pIgR ↓

Alpha enolase ↑ ↑
MMP 1 ↑
TIMP- 1 ↓
MMP 9 ↑ ↓

Il-6 ↑ ↑ ↑
TNF alpha ↑ ↑ ↑ ↑

S100 A8 ↑ ↑
S100 A9 ↑ ↑
VEGF ↑ ↑
NGF ↑

Retinal dehydrogenase 1 ↑
ABCB1 ↑

Annexin A1 ↓
Annexin A4 ↓

Aldo-keto reductase family 1
member A1 ↓

Glutathione S-transferase P ↓
Allograft inflammatory factor 1 ↓

Cytospin-A ↓
Short stature homeobox protein 2 ↓

Table 3. Most promising tear biomarker candidates.

Disease Substance Utility Status Source

DED

Prolactin-induced protein (PIP),
α-enolase Diagnostic Suggested 49

Angiogenin Severity assessment Suggested 50

Metalloproteinase 9 (MMP-9) Diagnostic
Severity assessment Confirmed 52

lactoferrin Early diagnosis Suggested 48

pIgR Diagnosis specific for Sjogren‘s
syndrome Suggested 49
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Table 3. Cont.

Disease Substance Utility Status Source

Keratoconus
MMP-1, TIMP-1 Pathophysiology Confirmed 57

MMP-9, Il-6, TNFa Pathophysiology Confirmed 59

Pterygium
Il-1, Il-6, Il-6, TNFa Pathophysiology Confirmed 62

S100A8, S100A9 Risk of recurrence Suggested 63

Glaucoma
MMP-9 Early diagnosis Suggested 70

Phosphorylated cystatin S (CST4) Diagnosis (differentiating primary
and secondary glaucoma) Suggested 72

Granulocyte-macrophage
colony-stimulating factor (GM- CSF),
interferon-γ (IFN-γ), Interleukin 5

(Il-5)

Prognosis of complications after
treatment Suggested 69

Diabetic Retinopathy Vascular endothelial growth factor
(VEGF) + lipocalin 1 (LCN1) Screening Suggested 84, 85, 86

4. Conclusions

Tear proteomics holds promise for many clinical applications in the future: it can help
to better understand the pathogenesis of certain eye diseases and be used in screening tests,
diagnostics and predicting the risk of complications. Finally, it can enable the individual-
ization of therapy and improved monitoring of treatment effectiveness. Commercial dry
eye diagnostic tests are already available based on the upregulation of certain proteins.
Moreover, proteomics is currently of low significance in regular patient care. Although
limited mainly to academic research, with the development of our equipment it may soon
be implemented in clinical practice, similar to what happened with genetics.
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29. Krajčíková, K.; Glinská, G.; Tomečková, V. Effect of Tear Fluid Sampling and Processing on Total Protein Quantity and Elec-
trophoretic Pattern. Taiwan J. Ophthalmol. 2021, 12, 88–92. [CrossRef]

30. Kijlstra, A.; Jeurissen, S.H.; Koning, K.M. Lactoferrin Levels in Normal Human Tears. Br. J. Ophthalmol. 1983, 67, 199–202.
[CrossRef]

31. Kuo, M.-T.; Fang, P.-C.; Chao, T.-L.; Chen, A.; Lai, Y.-H.; Huang, Y.-T.; Tseng, C.-Y. Tear Proteomics Approach to Monitoring
Sjögren Syndrome or Dry Eye Disease. Int. J. Mol. Sci. 2019, 20, 1932. [CrossRef] [PubMed]

32. Acera, A.; Vecino, E.; Rodríguez-Agirretxe, I.; Aloria, K.; Arizmendi, J.M.; Morales, C.; Durán, J.A. Changes in Tear Protein Profile
in Keratoconus Disease. Eye 2011, 25, 1225–1233. [CrossRef] [PubMed]

33. Micera, A.; Di Zazzo, A.; Esposito, G.; Longo, R.; Foulsham, W.; Sacco, R.; Sgrulletta, R.; Bonini, S. Age-Related Changes to
Human Tear Composition. Investig. Ophthalmol. Vis. Sci. 2018, 59, 2024–2031. [CrossRef] [PubMed]

http://doi.org/10.1097/ICO.0000000000001603
http://doi.org/10.1167/tvst.9.10.23
http://doi.org/10.1167/iovs.12-11431
http://doi.org/10.3109/02713683.2010.542867
http://doi.org/10.1097/00003226-199707000-00013
http://www.ncbi.nlm.nih.gov/pubmed/9220244
http://doi.org/10.2174/1566524017666171101164244
http://www.ncbi.nlm.nih.gov/pubmed/29110603
http://doi.org/10.1111/j.1475-1313.2008.00603.x
http://doi.org/10.1097/OPX.0000000000000188
http://www.ncbi.nlm.nih.gov/pubmed/24492756
http://doi.org/10.1167/tvst.9.3.16
http://doi.org/10.1371/journal.pone.0016437
http://doi.org/10.1194/jlr.M044826
http://doi.org/10.1038/s41598-021-89514-8
http://doi.org/10.1590/S0100-736X2013000200021
http://doi.org/10.3390/ijms23042307
http://doi.org/10.1371/journal.pone.0200702
http://www.ncbi.nlm.nih.gov/pubmed/30074997
http://www.ncbi.nlm.nih.gov/pubmed/18334958
http://doi.org/10.1007/s00417-018-3984-y
http://www.ncbi.nlm.nih.gov/pubmed/29696386
http://doi.org/10.3390/jcm10143060
http://www.ncbi.nlm.nih.gov/pubmed/34300228
http://doi.org/10.3390/ani10122416
http://doi.org/10.1016/j.jprot.2013.09.003
http://doi.org/10.1097/OPX.0b013e3181f6fb71
http://doi.org/10.4103/tjo.tjo_14_21
http://doi.org/10.1136/bjo.67.3.199
http://doi.org/10.3390/ijms20081932
http://www.ncbi.nlm.nih.gov/pubmed/31010136
http://doi.org/10.1038/eye.2011.105
http://www.ncbi.nlm.nih.gov/pubmed/21701529
http://doi.org/10.1167/iovs.17-23358
http://www.ncbi.nlm.nih.gov/pubmed/29677365


Int. J. Environ. Res. Public Health 2022, 19, 13341 12 of 14

34. Micera, A.; Di Zazzo, A.; Esposito, G.; Sgrulletta, R.; Calder, V.L.; Bonini, S. Quiescent and Active Tear Protein Profiles to Predict
Vernal Keratoconjunctivitis Reactivation. BioMed Res. Int. 2016, 2016, e9672082. [CrossRef]

35. Sebbag, L.; McDowell, E.M.; Hepner, P.M.; Mochel, J.P. Effect of Tear Collection on Lacrimal Total Protein Content in Dogs and
Cats: A Comparison between Schirmer Strips and Ophthalmic Sponges. BMC Vet. Res. 2018, 14, 61. [CrossRef]

36. Rabilloud, T. Solubilization of Proteins for Electrophoretic Analyses. Electrophoresis 1996, 17, 813–829. [CrossRef]
37. Aluru, S.V.; Agarwal, S.; Srinivasan, B.; Iyer, G.K.; Rajappa, S.M.; Tatu, U.; Padmanabhan, P.; Subramanian, N.; Narayanasamy,

A. Lacrimal Proline Rich 4 (LPRR4) Protein in the Tear Fluid Is a Potential Biomarker of Dry Eye Syndrome. PLoS ONE 2012,
7, e51979. [CrossRef]

38. Aqrawi, L.A.; Galtung, H.K.; Vestad, B.; Øvstebø, R.; Thiede, B.; Rusthen, S.; Young, A.; Guerreiro, E.M.; Utheim, T.P.;
Chen, X.; et al. Identification of Potential Saliva and Tear Biomarkers in Primary Sjögren’s Syndrome, Utilising the Extraction of
Extracellular Vesicles and Proteomics Analysis. Arthritis Res. Ther. 2017, 19, 14. [CrossRef]

39. Craig, J.P.; Nichols, K.K.; Akpek, E.K.; Caffery, B.; Dua, H.S.; Joo, C.-K.; Liu, Z.; Nelson, J.D.; Nichols, J.J.; Tsubota, K.; et al. TFOS
DEWS II Definition and Classification Report. Ocul. Surf. 2017, 15, 276–283. [CrossRef]

40. Messmer, E.M. The Pathophysiology, Diagnosis, and Treatment of Dry Eye Disease. Dtsch. Arztebl. Int. 2015, 112, 71–82.
[CrossRef]

41. Rouen, P.A.; White, M.L. Dry Eye Disease: Prevalence, Assessment, and Management. Home Healthc. Now 2018, 36, 74–83.
[CrossRef] [PubMed]

42. Willcox, M.D.P.; Argüeso, P.; Georgiev, G.A.; Holopainen, J.M.; Laurie, G.W.; Millar, T.J.; Papas, E.B.; Rolland, J.P.; Schmidt, T.A.;
Stahl, U.; et al. TFOS DEWS II Tear Film Report. Ocul. Surf. 2017, 15, 366–403. [CrossRef] [PubMed]

43. Nichols, K.K.; Nichols, J.J.; Mph, M.; Mitchell, G.L. The Lack of Association Between Signs and Symptoms in Patients With Dry
Eye Disease. Cornea 2004, 23, 762–770. [CrossRef] [PubMed]

44. Johnson, M.E.; Murphy, P.J. Changes in the Tear Film and Ocular Surface from Dry Eye Syndrome. Prog. Retin. Eye Res. 2004, 23,
449–474. [CrossRef]

45. Perumal, N.; Funke, S.; Pfeiffer, N.; Grus, F.H. Proteomics Analysis of Human Tears from Aqueous-Deficient and Evaporative Dry
Eye Patients. Sci. Rep. 2016, 6, 29629. [CrossRef]

46. Janssen, P.T.; van, B.O. Tear Fluid Proteins in Sjögren’s Syndrome. Scand. J. Rheumatol. Suppl. 1986, 61, 224–227.
47. Zhou, L.; Beuerman, R.W.; Choi, M.C.; Shao, Z.Z.; Xiao, R.L.; Yang, H.; Tong, L.; Liu, S.; Stern, M.E.; Tan, D. Identification of Tear

Fluid Biomarkers in Dry Eye Syndrome Using ITRAQ Quantitative Proteomics. J. Proteome Res. 2009, 8, 4889–4905. [CrossRef]
48. Versura, P.; Nanni, P.; Bavelloni, A.; Blalock, W.L.; Piazzi, M.; Roda, A.; Campos, E.C. Tear Proteomics in Evaporative Dry Eye

Disease. Eye 2010, 24, 1396–1402. [CrossRef]
49. Zhou, L.; Wei, R.; Zhao, P.; Koh, S.K.; Beuerman, R.W.; Ding, C. Proteomic Analysis Revealed the Altered Tear Protein Profile in a

Rabbit Model of Sjögren’s Syndrome-Associated Dry Eye. Proteomics 2013, 13, 2469–2481. [CrossRef]
50. Kim, W.S.; Wee, S.W.; Lee, S.H.; Kim, J.C. Angiogenin for the Diagnosis and Grading of Dry Eye Syndrome. Korean J. Ophthalmol.

2016, 30, 163–171. [CrossRef]
51. Grus, F.H.; Podust, V.N.; Bruns, K.; Lackner, K.; Fu, S.; Dalmasso, E.A.; Wirthlin, A.; Pfeiffer, N. SELDI-TOF-MS ProteinChip

Array Profiling of Tears from Patients with Dry Eye. Investig. Ophthalmol. Vis. Sci. 2005, 46, 863–876. [CrossRef] [PubMed]
52. Jun, J.H.; Lee, Y.H.; Son, M.J.; Kim, H. Importance of Tear Volume for Positivity of Tear Matrix Metalloproteinase-9 Immunoassay.

PLoS ONE 2020, 15, e0235408. [CrossRef] [PubMed]
53. Ferrari, G.; Rama, P. The Keratoconus Enigma: A Review with Emphasis on Pathogenesis. Ocul. Surf. 2020, 18, 363–373. [CrossRef]

[PubMed]
54. Mas Tur, V.; MacGregor, C.; Jayaswal, R.; O’Brart, D.; Maycock, N. A Review of Keratoconus: Diagnosis, Pathophysiology, and

Genetics. Surv. Ophthalmol. 2017, 62, 770–783. [CrossRef]
55. Gomes, J.A.P.; Tan, D.; Rapuano, C.J.; Belin, M.W.; Ambrósio, R.J.; Guell, J.L.; Malecaze, F.; Nishida, K.; Sangwan, V.S.; The Group

of Panelists for the Global Delphi Panel of Keratoconus and Ectatic Diseases. Global Consensus on Keratoconus and Ectatic
Diseases. Cornea 2015, 34, 359–369. [CrossRef]

56. Kreps, E.O.; Claerhout, I.; Koppen, C. Diagnostic Patterns in Keratoconus. Contact Lens Anterior Eye 2021, 44, 101333. [CrossRef]
57. Pannebaker, C.; Chandler, H.L.; Nichols, J.J. Tear Proteomics in Keratoconus. Mol. Vis. 2010, 16, 1949–1957.
58. Cristina Kenney, M.; Brown, D.J. The Cascade Hypothesis of Keratoconus. Contact Lens Anterior Eye 2003, 26, 139–146. [CrossRef]
59. Lema, I.; Durán, J.A. Inflammatory Molecules in the Tears of Patients with Keratoconus. Ophthalmology 2005, 112, 654–659.

[CrossRef]
60. Malozhen, S.A.; Trufanov, S.V.; Krakhmaleva, D.A. Pterygium: Etiology, pathogenesis, treatment. Vestn. Oftalmol. 2017, 133, 76–83.

[CrossRef]
61. Wanzeler, A.C.V.; Barbosa, I.A.F.; Duarte, B.; Borges, D.; Barbosa, E.B.; Kamiji, D.; Huarachi, D.R.G.; de Melo, M.B.; Alves, M.

Mechanisms and Biomarker Candidates in Pterygium Development. Arq. Bras. Oftalmol. 2019, 82, 528–536. [CrossRef] [PubMed]
62. Di Girolamo, N.; Chui, J.; Coroneo, M.T.; Wakefield, D. Pathogenesis of Pterygia: Role of Cytokines, Growth Factors, and Matrix

Metalloproteinases. Prog. Retin. Eye Res. 2004, 23, 195–228. [CrossRef] [PubMed]
63. Zhou, L.; Beuerman, R.W.; Ang, L.P.K.; Chan, C.M.; Li, S.F.Y.; Chew, F.T.; Tan, D.T.H. Elevation of Human α-Defensins and S100

Calcium-Binding Proteins A8 and A9 in Tear Fluid of Patients with Pterygium. Investig. Ophthalmol. Vis. Sci. 2009, 50, 2077–2086.
[CrossRef] [PubMed]

http://doi.org/10.1155/2016/9672082
http://doi.org/10.1186/s12917-018-1390-7
http://doi.org/10.1002/elps.1150170503
http://doi.org/10.1371/journal.pone.0051979
http://doi.org/10.1186/s13075-017-1228-x
http://doi.org/10.1016/j.jtos.2017.05.008
http://doi.org/10.3238/arztebl.2015.0071
http://doi.org/10.1097/NHH.0000000000000652
http://www.ncbi.nlm.nih.gov/pubmed/29498987
http://doi.org/10.1016/j.jtos.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28736338
http://doi.org/10.1097/01.ico.0000133997.07144.9e
http://www.ncbi.nlm.nih.gov/pubmed/15502475
http://doi.org/10.1016/j.preteyeres.2004.04.003
http://doi.org/10.1038/srep29629
http://doi.org/10.1021/pr900686s
http://doi.org/10.1038/eye.2010.7
http://doi.org/10.1002/pmic.201200230
http://doi.org/10.3341/kjo.2016.30.3.163
http://doi.org/10.1167/iovs.04-0448
http://www.ncbi.nlm.nih.gov/pubmed/15728542
http://doi.org/10.1371/journal.pone.0235408
http://www.ncbi.nlm.nih.gov/pubmed/32649686
http://doi.org/10.1016/j.jtos.2020.03.006
http://www.ncbi.nlm.nih.gov/pubmed/32234342
http://doi.org/10.1016/j.survophthal.2017.06.009
http://doi.org/10.1097/ICO.0000000000000408
http://doi.org/10.1016/j.clae.2020.05.002
http://doi.org/10.1016/S1367-0484(03)00022-5
http://doi.org/10.1016/j.ophtha.2004.11.050
http://doi.org/10.17116/oftalma2017133576-83
http://doi.org/10.5935/0004-2749.20190103
http://www.ncbi.nlm.nih.gov/pubmed/31576927
http://doi.org/10.1016/j.preteyeres.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15094131
http://doi.org/10.1167/iovs.08-2604
http://www.ncbi.nlm.nih.gov/pubmed/19168894


Int. J. Environ. Res. Public Health 2022, 19, 13341 13 of 14

64. The Definition and Classification of Glaucoma in Prevalence Surveys|British Journal of Ophthalmology. Available online:
https://bjo.bmj.com/content/86/2/238.short (accessed on 9 March 2022).

65. Mastropasqua, R.; Agnifili, L.; Mastropasqua, L. Structural and Molecular Tear Film Changes in Glaucoma. Curr. Med. Chem.
2019, 26, 4225–4240. [CrossRef] [PubMed]

66. Hagan, S.; Martin, E.; Enríquez-de-Salamanca, A. Tear Fluid Biomarkers in Ocular and Systemic Disease: Potential Use for
Predictive, Preventive and Personalised Medicine. EPMA J. 2016, 7, 15. [CrossRef]

67. Agnifili, L.; Pieragostino, D.; Mastropasqua, A.; Fasanella, V.; Brescia, L.; Tosi, G.M.; Sacchetta, P.; Mastropasqua, L. Chapter
1—Molecular Biomarkers in Primary Open-Angle Glaucoma: From Noninvasive to Invasive. In Progress in Brain Research; Bagetta,
G., Nucci, C., Eds.; New Trends in Basic and Clinical Research of Glaucoma: A Neurodegenerative Disease of the Visual System,
Part B; Elsevier: Amsterdam, The Netherlands, 2015; Volume 221, pp. 1–32.

68. Burgos-Blasco, B.; Vidal-Villegas, B.; Saenz-Frances, F.; Morales-Fernandez, L.; Perucho-Gonzalez, L.; Garcia-Feijoo, J.;
Martinez-de-la-Casa, J.M. Tear and Aqueous Humour Cytokine Profile in Primary Open-Angle Glaucoma. Acta Ophthalmol. 2020,
98, e768–e772. [CrossRef]
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