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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia, characterized by the accu-

mulation of amyloid beta and tau proteins, leading to neuronal degeneration and

brain atrophy. While cerebrospinal fluid and blood biomarkers have advanced early

AD diagnosis, these methods are invasive and costly. This systematic review investi-

gates tears as a non-invasive, accessible source of AD biomarkers. Using tears, directly

linked to the central nervous system, we can effectively detect proteins, microRNA

(miRNA), and extracellular vesicles (EVs), reflecting neurodegenerative processes. Tear

collection is cost effective and minimally stressful, allowing continuous biomarker

monitoring across disease stages. This reviewhighlights recent findings on specific pro-

teins, miRNA, and EVs in tears of patients with AD, and examines tear collection and

analysismethods. The potential of these techniques for early, accessible disease detec-

tion is emphasized. Further research is needed to standardize methods and validate

biomarkers in larger cohorts, positioning tears as a valuable tool for early ADdiagnosis

andmanagement.

KEYWORDS

alzheimer’s disease, biomarker, extracellular vesicles, microRNA, proteins, tears

Highlights

∙ Tears provide a non-invasive, cost-effective source of Alzheimer’s disease (AD)

biomarkers.

∙ Tear fluid can detect AD-specific proteins like amyloid beta and tau.

∙ Advanced tear collectionmethods improve biomarker monitoring.

∙ Recent studies show specific proteins andmicroRNA in tears of patients with AD.
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∙ Further research is needed to standardizemethods and validate biomarkers.

1 BACKGROUND

Alzheimer’s disease (AD) is a heterogeneous, multifactorial, neurode-

generative disease that is the leading cause of dementia worldwide.

This age-related neurodegenerative disorder affects > 50 million peo-

ple worldwide and accounts for 60% to 70% of all dementia cases. The

increase in the number of casesworldwide is related to the progressive

aging of the population, as well as to the improvement in the diagnosis

of this disease and the increased survival of patients. Histopathologi-

cally it is characterized by the abnormal aggregation of two proteins:

extraneuronal amyloid beta (Aβ) in the form of plaques and intraneu-

ronal hyperphosphorylated tau protein in the form of neurofibrillary

tangles (NFTs), leading to neuronal death, which ultimately results in

brain atrophy. In addition to the accumulation of these proteins, other

risk factors involved in the development of this disease are genetic,

environmental, vascular, andmetabolic.1

It is known that brain structural changes and the concentration

of biomarkers in cerebrospinal fluid (CSF) can appear even 20 years

before cognitive symptoms appear;2 this period is a key window that

would allow early diagnosis and increase knowledge about the evolu-

tion of the pathophysiology of the disease. However, CSF biomarkers

are obtained using expensive and invasive methods. In recent years,

blood-based biomarkers have emerged as a valuable alternative, offer-

ing advantages such as easier collection, lower cost, and greater

accessibility.3 Despite these benefits, their clinical implementation

faces several challenges. Studies have shown significant variability in

pre-analytical factors—such as sample collection methods, process-

ing times, tube types, and freeze–thaw cycles—which can affect the

reliability of measured levels of biomarkers like Aβ42 and Aβ40.3 More-

over, the interpretation of plasma biomarker results is complicated

by interindividual variability (ranging from ≈ 7% for Aβ40 to ≈ 39%

for neurofilament light chain [NfL]) and the existence of gray zones in

diagnostic thresholds, particularly in early disease stages.4 These lim-

itations highlight the need for the development of new, non-invasive

biomarkers that provide stable and reliable information across all

stages of AD, with particular relevance in its earliest phases.

The search for new biomarkers is necessary because both the study

and monitoring of subjects at high risk for the development of AD

are crucial. Additionally, developing reliable and sensitive tools for

the early diagnosis of this disease would enable early intervention

through drugs that slow its progression, preserve cognitive capacity,

and improve our understanding of the neurodegenerative process.5

The retina is an extension of the central nervous system (CNS), pro-

viding a window through which neural and vascular changes in the

brain can be observed.6 The monitoring of retinal changes by optical

coherence tomography (OCT) has emerged as a powerful diagnostic

tool to identify potential biomarkers for the diagnosis and monitoring

of various neurodegenerative diseases.7

Therefore, the visual system could be an important source of

biomarkers for the early diagnosis of AD. One of the components

of the visual system is tears, an interesting and important biologi-

cal material, due to the simplicity of collection and the relation to

the CNS;8 tears are considered an intermediate fluid between CSF

and serum.9 Tears are produced by the lacrimal glands, by filtration

of blood plasma and are made up of water, lipids, mucin, nucleotides,

vitamins, electrolytes, and other components. One of its main com-

ponents is proteins, with lactoferrin and lysozyme the main proteins.

Potential biomarkers in tears include growth and neurotrophic factors,

cytokines, cell adhesion molecules and immunoglobulins, sex hor-

mones, proteases and protease inhibitors, matrix metalloproteinases,

calcium binding proteins, glycoproteins, and—especially interesting—

circulatingmicroRNA (miRNA) and extracellular vesicles (EVs).10

Tears, as a biomarker, offer advantages including: the close relation-

ship between the eye and the brain described above, that they can

be collected using non-invasive and easily accessible techniques, and

that they can be collected multiple times and thus allow monitoring

of biomarker fluctuations. Furthermore, the technique is cost effec-

tive and minimally stressful for patients, regardless of their cognitive

status, and tears can be collected in a short period of time.

Numerous studies have proposed tears as indicators of normal bio-

logical processes as well as pathogenic conditions due to advances in

tear collection and analysis techniques.11 Different studies have been

carried out to study biomarkers in the tears of patients with AD. This

study is justified by the growing interest in accessible, cost-effective

diagnostic tools for AD, and contributes to the field by proposing tears

as a viable medium for biomarker discovery. It lays the groundwork

for future research aimed at clinical translation and integration of

tear-based diagnostics into routine practice.

This systematic review summarizes the main molecular alterations

identified in tear fluid from patients with AD, including changes in

proteins and miRNA. These findings are discussed in relation to their

potential as diagnostic biomarkers, based on their involvement in key

pathological processes such as neurodegeneration, neuroinflamma-

tion, and amyloid/tau pathology.

2 METHODS

2.1 Search strategy

This systematic reviewwas conducted following the Preferred Report-

ing Items for Systematic Reviews and Meta-Analyses (PRISMA)

2020 statement guidelines and was registered with Insplasy

(INPLASY2024120034), DOI: 10.37766/inplasy2024.12.0034.

We performed a search of the medical literature using the medical

subject heading (MeSH) terms in PubMed and Scopus up to April 2024.

The search terms were: “Alzheimer’s disease,” “tears,” “biomarkers

for Alzheimer’s disease,” “proteins,” “microRNA,” and “extracellular

vesicles” as well as their possible combinations. The search string

used in systematic review was: (“Alzheimer’s disease” OR “Alzheimer
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disease” OR “AD”) AND (“tear” OR “tear fluid” OR “tear biomarkers”)

AND (“proteins” OR “microRNA”OR “extracellular vesicles”).

2.2 Study selection and screening process

All identified records were imported into Mendeley Reference Man-

ager, Version 2.138.0 and duplicates were removed. Two independent

reviewers (I.L.-C. and R.d.H.) screened titles and abstracts for rele-

vance. Full texts of potentially eligible studies were then assessed

independently by the same reviewers. Discrepancies were resolved

through discussion or consultation with a third reviewer (J.M.R).

2.3 Inclusion and exclusion criteria

The MeSH terms had to be in the title, in the abstract, or in the text of

the article. The papers selectedwerewritten in English. All of themhad

to relate to the relationship between tears and AD. We also included

articles defining the concept of tears as a biomarker in AD or general-

izations about tears and AD as the main topic. These articles could be

older than those focused on the review topic.

Clear inclusion and exclusion criteria were established to select the

studies.

The inclusion criteria were: (1) studies investigating tears as a

biomarker in AD, (2) publications in English, and (3) studies with

complete and accessible data.

Theexclusion criteria included: (1) duplicate studies, (2) publications

without full text access, (3) studies with insufficient or irrelevant data,

and (4) studies not focused on AD pathology

2.4 Data extraction

Datawere extracted independently by two reviewers using a standard-

ized form. Extracted information included:

∙ Study type (e.g., observational, experimental)

∙ Sample size and population characteristics

∙ Diagnostic criteria used for AD/mild cognitive impairment (MCI)

∙ Tear collectionmethod

∙ Analytical techniques (e.g., enzyme-linked immunosorbent assay

[ELISA], liquid chromatography tandem mass spectrometry [LC-

MS/MS], surface-enhanced Raman spectroscopy [SERS])

∙ Main findings and biomarkers identified

2.5 Quality assessment

Although formal risk of bias tools (e.g., Quality Assessment of Diagnos-

tic Accuracy Studies [QUADAS-2]) were not applied due to the hetero-

geneity of study designs, we qualitatively assessed the methodological

quality of included studies based on:

∙ Sample size

∙ Diagnostic criteria clarity

∙ Standardization of tear collection and analysis

∙ Reporting of limitations

2.6 Study selection process

The process of selecting studies was conducted in several stages. Ini-

tially, we identified records from various databases, including 1346

from PubMed and 1420 from Scopus, along with 2766 from spe-

cific registers. After this, we removed 854 duplicate records and 633

records for other reasons (irrelevant topic, language restriction, and

insufficient data).

Next, we screened the titles and abstracts of the 1279 identified

records, excluding 836 that did not meet the inclusion criteria. We

then sought to retrieve 443 potentially relevant reports for further

evaluation.

In the full-text report evaluation phase,we assessed the443 reports

to determine their eligibility. We excluded 60 articles that analyzed

tears in other diseases, 184 articles that analyzed other fluids, and 104

articles not written in English.

Ultimately,we included a total of 95 studies in the systematic review

(60 references in reference section and 35 references in Supporting

Information).

Among the 60 main references, we distinguish between primary

studies focused on tears as biomarkers in AD (9) and general back-

ground studies (51). These 9 studies were selected based on the

following criteria:

∙ Use of quantitative tear biomarker analysis in patients with AD

∙ Inclusion of well-defined diagnostic criteria for AD orMCI

∙ Application of advanced analytical techniques (e.g., LC-MS/MS,

ELISA, SERS)

∙ Studies with comparative data between patients with AD and

controls

Figure 1 provides a summary of the study selection process; the

PRISMA checklist and PRISMAdiagram are available in the Supporting

Information.

3 RESULTS

3.1 Tear extraction methods: tear collection and
analysis

The structural and functional relationship between the eye and the

brain positions tears as an alternative source of biomarkers for

AD. Their stable composition, accessibility, and non-invasive sam-

pling make them a promising biological material for detecting AD

markers, integrating the advantages of CSF and blood, and facili-

tating early detection at the population level.12 Additionally, tears
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F IGURE 1 Flowchart study selection process according to the Preferred Reporting Items for Systematic Reviews andMeta-Analyses
(PRISMA) statement. AD, Alzheimer’s disease.

are easy to collect and can be stored for extended periods until

analysis.13

3.1.1 Collection methods

Tear collection includes the use of Schirmer strips, microsponge

devices,microcapillary tubes, andmicropipettes.13 A summaryof these

methods is presented in Table 1.

There is ongoing debate regarding the best method for tear sam-

pling. Among the most used methods, due to their simplicity and

accessibility, are capillary tubes and Schirmer strips, both considered

useful, with no demonstrated superiority of one over the other.14

Other authors have compared tear collection using capillary tubes and

Schirmer strips, with the latter method resulting in a higher tear flow

rate and greater protein concentration.15

The standard method for tear collection is the use of microcapillary

tubes, which allow sample acquisition without the need for dilution or

centrifugation. However, this procedure requires trained personnel.15

In children, microsponges are preferred due to their high efficiency,

reproducibility, and reduced discomfort during collection.16

Regarding patient preference, a 2014 study by Quah et al.17 found

that 74% of patients preferred tear collection using Schirmer strips

over blood tests,making thismethodwidely accepted in primary health

screenings.

In patients with dry eye or hypolacrimation, the appropriate tear

collection method is micropipette extraction, after cleaning of the

ocular surface with sterile distilled water. This method allows the
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TABLE 1 Summary of tear collectionmethods with their advantages and disadvantages.

Sample collectionmethod Description Advantages Disadvantages

Schirmer strips Sterilized filter paper strips

with a printed graduated scale.

They are placed on the tarsal

conjunctiva of the lower eyelid

and can be applied with or

without anesthetics

Simple, highly available, and

inexpensive

Not suitable for dry eye. Due

to the contact of the strip with

the tarsal conjunctiva, it can

collect cells. Processing is

needed after collection

Microcapillary tube A small tube that is placed in

contact with the tear meniscus

and has capillary action

Comfortable, shorter foreign

body sensation, and allows

easy processing after

collection. No dilution is

necessary

Not suitable for dry eye, there

is a risk of reflex tearing, and it

requires experience

Microsponges Sponges with a high

absorption rate that are

applied to the surface of the

lower eyelid

A procedure that produces

little discomfort, is very

efficient, and has good

reproducibility

Not suitable for dry eye, has

risks of protein retention, and

cannot accurately determine

tear volume

Micropipette Pipettes that allow the

collection of scarce tear

samples

Suitable method for dry eye,

comfortable and fast

Questionable reproducibility

collection of small amounts of fluid quickly and easily. However,

it presents challenges in terms of reproducibility and the dilution

required for analysis,whichmay alter results. As an alternative, punctal

plugs can be used to block tear drainage and increase tear volume.18

Recently, neurostimulation of the lacrimal functional unit (LFU)

has been used to enhance tear production by stimulating the corre-

sponding nerves. Intranasal and extranasal devices, along with other

electrical or chemical methods, are being developed and used as novel

strategies to increase tear production.19,20

3.1.2 Analysis methods

Advances in proteomics and lipidomics have enabled more precise

analyses despite the limited volume of tear samples, improving the

understanding of the role of tears in various diseases. After collection,

techniques such as electrophoresis,21 spectrophotometry,22 ELISA,23

microarrays,21 and beads-based tests24 are used for the analysis of the

components of tear samples.

The initial studies conducted to investigate AD through tear fluid

used the (untargeted) mass spectrometry method, which had cer-

tain disadvantages compared to those applied later, as it was less

sensitive to the detection of low-abundance proteins.25 In some

cases, LC-MS/MS based on selected reaction monitoring (SRM) was

used, which allowed for the assessment of the protein concentra-

tion of lipocalin-1, dermcidin, lysozyme-C, and lacritin in tear fluid,

as well as the quantification of the fluid itself.25 Other authors

used an immunocytochemistry assay to determine the amount of

Aβ42 in the tears of two healthy subjects with a family history of

AD.26

 23528729, 2026, 1, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/dad2.70268 by U

niversidad C
om

plutense D
e M

adrid, W
iley O

nline L
ibrary on [05/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 14 LÓPEZ-CUENCA ET AL.

Another method to determine the concentrations of Aβ40 and Aβ42
in the tears of healthy individuals was through analysis using an

electrochemical immunosensor, allowing for the detection of disease-

specific proteins in a sample of just 5 μL. This approach revealed that

Aβ40 and Aβ42 peptides could be up to 10 times higher in tear fluid

than in blood, and that Aβ levelsmight correlatewith the age of healthy

subjects.27 Using the ELISA immunoassay method, Aβ38, Aβ40, and
Aβ42 proteinswere alsomeasured in subjectswith subjective cognitive

decline, MCI, and mild dementia28 and in mild to moderate demen-

tia, with the determination of Aβ1-42 using the same technique. In

this latter study, the concentration of phosphorylated tau (p-tau) and

amyloid precursor protein C-terminal fragment (APP-CTF) was also

determined usingWestern blot.29

The studyof the presenceofmiRNAwas conductedusing a genome-

wide high-throughput quantitative polymerase chain reaction –based

miRNA platform (OpenArray).30 In this same study, to analyze which

cellular processes might be overrepresented in tear proteins, a gene

ontology analysis was performed using the Database for Annotation,

Visualization, and Integrated Discovery (DAVID).30

Tear samples have recently been analyzed using a self-assembled

nanoparticle-mediated amplified fluorogenic immunoassay (SNAFIA),

composed of magnetic and fluorophore-loaded polymeric nanoparti-

cles. This technique was used to detect adenylyl cyclase-associated

protein 1 (CAP1) as a potential tear biomarker in individuals with AD.

The SNAFIA assay exhibits a low detection limit (236 aM), excellent

reliability (R2 = 0.991), and a wide analytical range (0.320–1000 fM)

for the quantification of CAP1 in tear fluid.31

Another analysis method is incorporated tear-exosomes analysis

via rapid-isolation system (iTEARS), developed by Hu et al.32 This

method uses a negative pressure oscillation strategy for isolating EVs,

demonstrating that EVs can be concentrated rapidly in < 5 minutes.

Antibodies targeting their surface markers were used to quantify the

EV signal immediately after isolation by immunodetection.32

3.2 Determinations in tear fluid

3.2.1 Proteins

In 2016, a study was conducted that collected tear samples from

both healthy individuals and patients with AD. The results showed

that patients with AD had a significantly higher tear flow rate

(12 ± 2 μg/minute) compared to healthy controls (6 ± 2 μg/minute).

Additionally, using quantitative proteomics, electrophoresis, and LC-

MS, a notable increase in protein concentration was demonstrated in

the tears of patients with AD (8.8 ± 2.9 μg/μL) compared to healthy

controls (4.4± 1.4 μg/μL).25 In the samework, elevated levels of derm-

cidin and reductions in lacritin, lysozyme-C, and lipocalin-1were found

in the tears of patients with AD, suggesting a possible dysfunction of

the lacrimal glands associated with the disease. The authors hypothe-

sized that patientswithADmight bemore susceptible to infections due

to low levels of proteins related to ocular immune defense, although

the increase in dermcidin could provideprotection against infections. It

is also suggested that the combination of the biomarkers lysozyme-C,

lipocalin-1, lacritin, and dermcidin could have high diagnostic potential,

with up to 81% sensitivity and 77% specificity in patients with AD.25

Kenny et al. studied the tears of patients with MCI and AD. In

patients with AD, they identified the enrichment of specific proteins

compared to the control group. Furthermore, the authors determined

that eukaryotic translation initiation factor 4E (eIF4E) is a unique

protein present only in samples from patients with AD.30

Gijs et al. have conducted various studies to analyze tear proteins

related to AD. In 2019, these authors carried out a study focused on

assessing the potential of tears as a source of biomarkers for the diag-

nosis of AD. They found a positive correlation between Aβ42 and total
tau (t-tau) in relation to the stage of AD. Furthermore, they observed

that t-tau levelswere significantly higher in patientswithADcompared

to those with MCI and subjective memory complaints. Additionally,

the authors confirmed these findings by calculating the area under the

receiver operating characteristic curve, yielding a tear discrimination

capacity of 0.81 for t-tau levels and 0.72 for Aβ42.33

In 2020, this samegroup analyzing tears reported a general increase

in the levels of Aβ38, Aβ40, Aβ42, t-tau, and p-tau regardless of the

degree of cognitive impairment or dementia compared to healthy con-

trols. The only levels that varied according to the severity of the

disease were the concentrations of t-tau, which increased signifi-

cantly compared to healthy subjects. This study was the first paper

to demonstrate the presence of Aβ peptides and tau proteins in tear

fluid.34

A year later, this same group conducted an observational study that

included patientswith subjective cognitive decline (SCD),MCI, AD, and

healthy controls, in which the levels of Aβ peptides (Aβ38, Aβ40, Aβ42),
t-tau, and p-tau were determined in tear fluid. Detectable levels of

Aβ40 and t-tau were found in > 94% of the samples across all study

groups, with these levels increasing with the severity of the disease.

However, Aβ38, Aβ42, and p-tau were only detected in 23% of the sam-

ples. In the control patients, p-tau was not detected, which increases

the specificity and sensitivity for detecting AD when t-tau is found in

CSF. However, Aβ42 was detected in 78% of the analyzed control sam-

ples compared to patients with AD (< 18%). In the correlation analysis,

the authors observed that CSF Aβ42 and tear t-tau correlated nega-

tively, as did CSF Aβ42 and CSF t-tau. On the other hand, Aβ42 and

t-tau correlated positively in tear fluid, similar to what has been found

in plasma.28

Regarding the presence of Aβ proteins in tears, it was observed that
two healthy patientswith a family history of ADexhibited elevated lev-

els of Aβ42 protein. The presence of Aβ42 in tear fluid was correlated

with the presence of Aβ42 retinal plaques, which were absent in the

tears of healthy patients without AD antecedents. Thus, it was con-

cluded that, as the patients were phenotypically healthy, the presence

of Aβ42 could be considered amethod for the early diagnosis of AD.26

In relation to Aβ levels, in 2023, the diagnostic role of Aβ in tears

was evaluated by correlating it with retinal and choroidal structures.

For this study, the authors included patients with mild and moderate

AD,MCI, andhealthy controls. In patientswithMCI andAD,Aβ1-42 lev-
els were detected in tears with a specificity of 93% and a sensitivity of
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81%. Furthermore, the levels of this protein were significantly lower

in the MCI and AD groups compared to the control group. However,

no significant differences were observed in the tear concentrations of

APP-CTF and p-tau regardless of the analyzed group. Statistically sig-

nificant correlations were found between the choroidal thickness and

Aβ1-42 levels in tear fluid of patients with AD. This correlation could

strengthen the diagnosis of AD.29

Among the functional proteins in tears is lactoferrin, a glycopro-

tein that performs numerous physiological functions, including iron

binding/transfer, regulation of the immune response, and exhibiting

antioxidant, anti-inflammatory, and anticancer properties, as well as

neuroprotective effects.35 Additionally, lactoferrin has been shown

to bind to Aβ and is detected at high concentrations in neurons and

glial cells (microglia and macroglia), Aβ senile plaques, and NFTs in the
brains of individuals with AD compared to healthy controls.36

SERS analysis of tear fluids from individuals with AD and healthy

controls clearly revealed changes in the spectra of these subjects, indi-

cating conformational alterations in tear proteins. The spectral region

associated with protein components exhibited the most significant

changes, suggesting conformational alterations primarily attributed to

lactoferrin and lysozyme. As previously mentioned, these substances

are among the main components of tear fluid. Interval partial compo-

nent analysis (i-PCA) of the spectra enabled the distinction between

subjects with AD and those who were healthy or affected byMCI. This

is the only study that analyzes lactoferrin in the tears of patients with

AD.37

Given all these findings, it would be expected that lactoferrin levels

could serve as a potential future tear-based biomarker for AD. These

results are summarized in Table 2.

3.2.2 MicroRNA

miRNA are small RNA molecules, typically 18 to 22 nucleotides long,

that bind to messenger RNA (mRNA), leading to the inhibition of

translation and gene expression. They are present in all eukaryotic

cells. miRNA can be secreted into the extracellular environment and

act as biomarkers for various diseases. Additionally, they may have

significant functions in intercellular communication. These molecules

are transcribed in the nucleus as primary miRNAs, where they are

enzymatically processed and transported to the cytoplasm. In the cyto-

plasm, they undergo further processing by binding to proteins of the

Argonaute family. The miRNAs bound to these proteins are stable

and are present in biological fluids such as tears.38 These miRNAs are

involved in the regulation of astrocytes, microglia, the cerebrovascu-

lar system, and synaptic alterations associatedwith tau protein andAβ,
in addition to other functions.39 It has been demonstrated that miRNA

are involved in the pathological processes associated with AD, such

as the phosphorylation of tau protein and the formation of amyloid

precursor protein (APP) and Aβ.40

Numerous miRNAs have been detected in blood samples from

patients with AD (see Supporting Information). To date, ≈ 300 distinct

miRNAs have been isolated from tear fluid.41 Among these, several

are newly identified, and their regulatory functions remain largely

uncharacterized.16 In addition, a few studies have explored miRNA in

tear samples. In research conducted by Kenny et al., elevated total lev-

els of miRNAwere found in the tears of patients with AD compared to

MCI and control. Notably,miRNA-200b-5p emerged as a tear potential

biomarker for AD,with its levels significantly higher in the tear samples

of patients compared to MCI and controls. These results suggest that

tear fluid analysis could serve as a promising diagnostic tool for AD.30

4 DISCUSSION

The analysis of tear biomarkers represents a promising and non-

invasive approach for the early detection and monitoring of AD, offer-

ing new perspectives in the fields of diagnosis and clinical research.

However, despite the large number of studies, factors such as the

unificationof criteria, standardizationofmethodologies, and thedeter-

mination of which biomarkers might be most effective for the early

diagnosis of the disease should be considered.

4.1 Most appropriate collection method for
patients with neurodegenerative diseases

It is essential to establish a standard for the methods of sample col-

lection, storage, processing, and analysis to facilitate comparisons

between studies and ensure the consistency and reliability of the data

obtained. Variations in results may be due to differences in sample

collection, analytical processes, and storage methods.When collecting

tears, it is crucial to avoid the activation of corneal nerves and reflex

tearing, as this could significantly alter the compositionof the tear fluid.

Furthermore, external factors such as environmental conditions, the

timing and duration of sampling, osmolarity, the use of artificial tears

or contact lenses, and the application of topical and systemic medi-

cations can influence the composition of the tear fluid and affect the

interpretation of results.18 Circadian variations can also modify the

composition of tear fluid, so it is important to collect samples at the

same time of day tominimize these potential influences.

Additionally, sample handling should be standardized. After col-

lection, samples must be transferred to dry ice to prevent protein

degradation. Furthermore, protective or stabilizing solutions should

not be used to prevent degradation, as they may interfere with the

analysis of the sample. Finally, it is important that storage be done in

aliquots and at temperatures of −80◦C. Additionally, freezing/thawing
cycles should be avoided to prevent any degradation or alteration of

the samples.42

Patients with AD are typically older individuals, and it is well estab-

lished that tear function diminisheswith age. Thismay requiremultiple

visits for elderly patients to obtain a sufficient sample. Among the

methods analyzed in this review, it appears that the use of Schirmer

strips is themost suitable.However, it shouldbenoted that thismethod

requires a collection time of ≈ 5 minutes and subsequent processing

for sample extraction. Additionally, the collected volume is estimated
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by weight after collection, and during processing, evaporation may

complicate this measurement, as well as skew the concentration of

solutes. It has also been demonstrated that this technique can induce

an increase in reflex tear secretion due to its direct contact with the

surface of the eye.14 In addition, authors who have already used this

technique in the study of tear proteins in patients with AD have pos-

tulated that the expression of certain proteins could be due to the

collection method itself, because the Schirmer strip may include cells

in addition to tears.30

Another suitable option is tear collection using microcapillaries,

which, although it may be a slower method and subject to interrup-

tions due to blinking, offers easier sample processing and analytically

provides themost accurate analyte concentration in tears.42

Furthermore, due to the hypolacrimia that these patientsmay expe-

rience, because of both advanced age and the neurodegenerative

pathology, it may be necessary to stimulate tear function beforehand

or induce secretionwith different volumes of saline solution. However,

it is important to consider that these procedures could cause some

dilution of the samples, thereby skewing the results.43

Finally, we have found only one published protocol designed for

future analysis and collection of tear samples in AD: the TearAD

study.20 This highlights the need to standardize tear collection tech-

niques in these patients. The TearAD study is a multicenter, longitudi-

nal observational study with an approved design, involving cognitively

healthy controls, andpatientswith SCD,MCI, andAD. Tear sampleswill

be collected from these participants using Schirmer strips, and levels of

Aβ38, Aβ40, Aβ42, t-tau, and p-tauwill be determined throughmultiplex

immunoassays. The study will analyze potential correlations between

these proteins and hippocampal atrophy, as well as Aβ positivity deter-
mined by positron emission tomography or CSF. It will also assess the

level of concordance between Aβ and tau protein levels in tear fluid,

blood, and CSF.20

4.2 More accurate methods of analysis

The study of tear composition in the search for new biomarkers is

attracting interest in the field of medical diagnostics; however, tech-

nical challenges persist due to the limited volume of available samples

and the complexity of their composition and analysis.44

So far, multiple tear proteins and lipids have been identified as

potential biomarkers related to various diseases. In recent years,

advancements in technologies such as proteomics, metabolomics,

and lipidomics have significantly improved the understanding of the

biochemical composition of tears. These techniques require special

procedures for the collection, storage, andanalysis of tear composition.

However, they have enabled the identification of multiple biomarkers

in various body fluids, including tears.42

The tear composition of patients with AD has been analyzed in

nine studies, each presenting different sample analysis techniques. The

methods used are summarized in Table 2. As can be observed, none of

them uses the same analytical method, indicating that we are far from

developing a standardized analytical method.

In the study by Kalló et al., tear samples were analyzed using elec-

trophoresis and LC-MS/MS, and a targeted proteomics method based

on SRMwas developed and applied to examine quantitative changes in

tear proteins.Due to thehigh protein concentration in tears, only those

proteins for which at least two peptides could be detected with > 95%

confidence was accepted.25

Raman spectroscopy has proven useful in the study of the pro-

tein composition of tears. However, this technique has limitations with

respect to sensitivity, noise/signal level, and repeatability due to the

non-homogeneous composition of the tear. To overcome these limita-

tions, SERS has been developed, which shows improved results in the

sensitivity and specificity of responses to spectral signals.45

One analysismethod that has only been tested in healthy subjects is

the determination of Aβ using an electrochemical immunosensor. This

method demonstrates high precision, being faster andmore cost effec-

tive than other analytical techniques, positioning it as a potential test

for early detection.27

Despite these results, the authors are aware of the limitations of

their studies, suggesting that testswith higher sensitivity and precision

are needed.33

4.3 More diagnostic tear determination

There is no agreement regarding whether patients with AD exhibit an

increase25 or a decrease30 in tear flow rate. Similarly, there appears to

be no agreement on which proteins show differential expression or on

the total protein concentration in the tears of patients with AD.

According to Kalló et al., the only protein that increases in the

tears of patients with AD is dermcidin, an antimicrobial protein with

a broad spectrum of activity. Tear proteins that decrease in these

patients include lipocalin-1, lacritin, and lysozyme, which play a role in

defense mechanisms and the chemical barrier of the eye. The balance

between the increase of a broad-spectrum antimicrobial protein and

the decrease of proteins involved in immune defense could explainwhy

patients with AD do not suffer from a higher number of eye infections.

Although the sample size is small (14 AD and 9 age-matched controls),

the authors suggest that individuals with an increased tear flow rate

and altered concentrations of these proteins should be studied to rule

out AD.25

Thanks to the results of Kenny et al., we know that patients with

AD have high concentrations of miRNA in their tears, in addition to

a unique protein composition.30 Although the exact reason for the

increase in miRNA in AD is not known, it is known that miRNA expres-

sion changes rapidly in response to cellular disruptions common in

the degenerative processes associated with AD.46,47 These changes,

along with the ocular alterations that occur in AD, could drive cellular

responses that increasemiRNAexpression in the tears of patientswith

AD.30

Only themiRNAmiR-200b-5p has been identified as a possible tear

biomarker, as it was found only in the tear samples from patients with

AD.30 However, although the authors suggested that miRNA-200b-

5p could be postulated as a good biomarker for AD, it does not seem
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to make sense because its relationship to the eye and the CNS, both

involved in AD, is questioned.

Interestingly, studies in an AD mouse model have also investi-

gated miRNAs (see Supporting Information). Therefore, it would be

important to determine which tear miRNA are closely related to the

pathogenesis of the disease.

Although Li and collaborators consider it surprising that there is no

difference in its concentration between healthy individuals and those

with MCI, it is important to consider that MCI is a heterogeneous con-

dition resulting fromneurodegeneration during the prodromal stage of

most neurodegenerativediseases, aswell as cognitive impairments due

to natural aging. Additionally, not all individuals with MCI will develop

AD. Among the proteins that have differential expression in the tear

fluid of patients with AD, eIF4E was found. These data are consistent

with the overexpression of this protein in the brain of patients with

AD.48

Cennamo et al.37 also demonstrated that the tear emission spec-

trum of patients with AD shows different protein conformations,

especially in lactoferrin and lysozyme, compared to patients with MCI

and healthy subjects. This study focused on the assessment of sec-

ondary protein structures that appear to be altered in MCI and more

markedly in AD. These alterations in lactoferrin levels have already

been reported in previous studies in which salivary samples were ana-

lyzed in patients with AD.49 The importance, therefore, of lactoferrin

as a biomarker in AD lies in the relationship between this protein and

the modulation of APP processing and its link to Aβ aggregation and

neuroinflammation.50

The work of Gijs et al.28 is the first to demonstrate the presence of

Aβ peptides and tau proteins in tear fluid. In addition, these authors

demonstrate how the presence of these proteins has a high capacity

to differentiate patients with AD from controls. Likewise, the authors

highlight the differences in t-tau levels between healthy subjects and

those with dementia, MCI, and SCD, but do not find these differences

when comparing these three pathological states. However, the fact

that p-tau is not found in the tears of healthy subjects is interest-

ing, as it could discriminate between healthy subjects and patients

with some degree of dementia. Also, the authors warn about the

processing of the original tear sample that must be diluted and the

need for large sample volumes to perform the immunoassays, which

makes it difficult to work with tear samples. The authors demonstrate

that tear t-tau levels were elevated in patients with neurodegenera-

tion, with a negative correlation between CSF Aβ42 protein and tear

t-tau. This suggests that tear samples may mirror CSF samples in

terms of t-tau, as well as the potential these proteins in tear fluid

represent for both the diagnosis of disease severity and neurodegen-

eration. However, the cut-off levels for tear samples cannot yet be

established.

In the Gharbiya et al. study, a reduction of Aβ1-42 levels in the tears
of patientswithMCI andAD is demonstrated.29 A possible explanation

for the reduced level of Aβ1-42 in tears could be a mechanism similar

to what occurs in CSF, where the peptide becomes sequestered in the

brain. In this case, however, the reduction would be due to sequestra-

tion within the lacrimal gland.51–53 In addition, fragments of Aβ were

found in the lacrimal glands and their acinar cells54 could explain the

low levels of Aβ1-42 in tears.

4.4 EVs: a future direction for tear-based
biomarkers in AD

Although EVs have been extensively studied in other biological fluids

such as CSF, blood, and saliva, and in various neurodegenerative and

systemic diseases, their role in AD through tear fluid remains largely

unexplored. The generic term EVs refers to lipid vesicles released from

both the endosomal system (exosomes) and the plasma membrane

(microvesicles or ectosomes). They are considered a novel intercel-

lular communication system that facilitates the transfer of proteins,

RNA, lipids, andmetabolites. These vesicles can be shed from nearly all

tissues and cells, and they play a critical role in transporting intercellu-

lar signals and effector molecules through circulating body fluids such

as blood, urine, CSF, saliva, milk, and tears, making them significant

sources for medical diagnosis and therapy. Tears have been identified

as sources of EVs for liquid biopsies akin to blood samples.55 Due to the

lacrimal secretion process, tears carry rich bioinformation from other

seemingly unrelated organs of the body.8 Studies analyzing EVs in tears

have demonstrated their value in highlighting their capacity to discern

pathological changes in the ocular system, such as in dry eye disease

and glaucoma and in changes in non-ocular tissues, such as in breast

and prostate cancer and CNS diseases, such asmultiple sclerosis56 and

Parkinson’s disease.57

In the context of neurodegenerative diseases, it has been proposed

that these organelles play a role in the propagation of misfolded pro-

teins in the brain. Furthermore, it has been demonstrated that part

of the communication between glial cells and neurons is mediated by

EVs, and that their disruption has implications for the development of

these diseases.57 EVs perform functions in the CNS ranging from the

removal of unwanted biomolecules to the propagation of pathogenic

proteins associatedwithneurodegenerativediseases.58 Theproteomic

characterization of EVs (exosomes and microvesicles) in preclinical

models and patient samples has the potential to uncover novel pro-

teins and molecular networks that influence normal physiology before

traditional biomarkers of neurodegenerationmanifest.57

The advantages of analyzing EVs compared to whole biofluids lie

in the fact that the wide variety of proteins present in the latter can

hinder the identification of biomarkers present in lower quantities.59

Although the first biological material to be explored in the search

for exosomes should be CSF due to its proximity to the CNS, this tech-

nique is painful for the patient, causes significant anxiety in patients,

has risks, and requires well-trained clinical personnel. However, there

are studies demonstrating the presence of EVs in CSF and blood (see

Supporting Information).

There is clear evidence that EVs can cross multiple biological bar-

riers, as demonstrated by the presence of glial/neuron-derived EVs in

CSF, blood, and tears.41 Due to the lacrimal secretion process, tears

carry rich bioinformation from other organs in the body that may

appear unrelated at first glance.8
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Exosomes have been observed in tears from healthy donors, with

their presence confirmed using specific exosome receptor antibodies:

CD63, CD9, and CD24. These exosomes contain both double-stranded

genomic RNA and DNA.60 Despite the extensive findings and our cur-

rent knowledge, no previous study has investigated tear-derived EVs in

patients with AD.

Given the non-invasive nature of tear collection and the rich bioin-

formational content of EVs, exploring their presence and diagnostic

value in tear fluid could open new avenues for early detection and

monitoring of AD.

We propose that future studies should focus on:

∙ Developing standardized protocols for EV isolation from tear fluid

∙ Characterizing the proteomic and transcriptomic profiles of tear-

derived EVs in AD

∙ Comparing EV biomarkers across tear, blood, and CSF to assess

concordance and diagnostic utility

4.5 Limitations

This systematic review has certain limitations. Despite the existence of

many studies investigating AD biomarkers in various body fluids (CSF,

plasma, or blood), it is noteworthy that only a few of them have used

tears. In addition, the reviewed studies also present several limitations.

First, the small sample sizes limit the generalizability of the results.

Additionally, variability in tear collection methods, such as the use

of Schirmer strips, microcapillaries, microsponges, and micropipettes,

introduces inconsistencies in the results. The lack of standardization

in analysis methods also affects the comparability among studies.

External factors such as age, disease stage, medication use, and envi-

ronmental conditions can influence the composition of tears, affecting

the results. Finally, many studies are cross-sectional, which limits the

ability to establish causal relationships.

To advance in this area, it is essential to standardize tear collection

andanalysismethods. It is alsonecessary to conduct studieswith larger

and more diverse samples to validate the findings. Longitudinal stud-

ies would be valuable to observe changes in biomarkers over time and

their relationship to disease progression. Additionally, new biomark-

ers in tears, such as EVs, should be explored as potential indicators of

AD. Finally, it is crucial to develop clinical protocols for tear collection

and analysis that can be used inmedical practice for early diagnosis and

monitoring of the disease.

5 CONCLUSIONS

In conclusion, although the field of tear analysis appears highly promis-

ing for the study and early detection of AD, there remains a need to

standardize methods for sample collection, preprocessing, and analy-

sis. Additionally, studies should involve larger cohorts, and inclusion

criteria must be unified. Cut-off points for the concentrations of vari-

ous diagnostic proteins and miRNAs associated with the disease need

to be established.

An unexplored approach in this neurodegenerative condition is

the study and classification of EVs in the tears of these patients.

Finally, at present, these determinations alone cannot yet be con-

sidered diagnostic for the disease. We believe that, when com-

bined with other established ocular biomarkers, such as retinal

thickness changes measured by OCT and vascular alterations, they

could represent a significant step forward in the early diagnosis of

AD.
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