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ABSTRACT: Minimally invasive liquid biopsies from the eye capture locally enriched fluids
that contain thousands of proteins from highly specialized ocular cell types, presenting a
promising alternative to solid tissue biopsies. The advantages of liquid biopsies include sampling
the eye without causing irreversible functional damage, potentially better reflecting tissue
heterogeneity, collecting samples in an outpatient setting, monitoring therapeutic response with
sequential sampling, and even allowing examination of disease mechanisms at the cell level in
living humans, an approach that we refer to as TEMPO (Tracing Expression of Multiple Protein
Origins). Liquid biopsy proteomics has the potential to transform molecular diagnostics and
prognostics and to assess disease mechanisms and personalized therapeutic strategies in
individual patients. This review addresses opportunities, challenges, and future directions of
high-resolution liquid biopsy proteomics in ophthalmology, with particular emphasis on the
large-scale collection of high-quality samples, cutting edge proteomics technology, and artificial
intelligence-supported data analysis.
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■ INTRODUCTION
Examining diseases of the eye, particularly protein expression,
is largely dependent on techniques such as immunohistochem-
istry of solid tissue biopsies. However, these biopsies are
performed infrequently because much of the eye consists of
nonregenerative cells that would be permanently damaged with
a biopsy. As new molecular therapies continue to develop and
significantly impact eye disease treatments,1 understanding
protein expression has become more important. Liquid
biopsies that measure proteins in locally enriched fluids from
the eye allow for assessment of disease mechanisms and
personalized therapeutic strategies in living humans and are
emerging as an important alternative to solid tissue
biopsies.2−4 These liquid biopsies offer significant advantages
as they avoid direct disruption of nonregenerative tissues, may
better reflect tissue heterogeneity, can be performed in a
variety of clinical settings including outpatient clinics, and can
be repeated allowing monitoring of therapeutic responses in
individual patients. In addition, liquid biopsies from the eye
can have higher sensitivity since they are molecularly enriched
compared to the blood where protein biomarkers are diluted
due to the high dynamic range.
Liquid biopsy proteomics has helped to substantially

improve our understanding of human pathophysiology. In
patients with neovascular age-related macular degeneration and
diabetic macular edema, aqueous humor (AH) proteomics can
help to predict the response to anti-VEGF (vascular

endothelial growth factor) therapy,2,3 a significant medical
need since about one-third of patients show persistent
neovascular activity despite intensive anti-VEGF therapy.5,6

In patients with autoinflammatory eye disease, liquid biopsy
proteomics can uncover personalized therapies that can be
timed with specific disease activities and stages and can help
prevent delivery of ineffective drugs.1 Although genomics has
revolutionized cancer research,7 looking at proteins, the
biological products of genes helps to better classify disease
and predict therapeutic response.8−10

Protein detection is typically focused on a single protein like
troponin or VEGF using an ELISA. Multiple proteins can be
detected concurrently using a multiplex ELISA, but this
requires knowing in advance which proteins are of interest.
Advances in mass spectrometry, along with the development of
highly accessible and user-friendly bioinformatic tools, have
significantly advanced proteomic analysis, but resolution
remains the main limitation of proteomics studies.11 The low
volume and low protein concentration of liquid biopsies from
the eye have been major technical barriers for proteomics
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analyses. Despite multiple advantages of proteomics over
genomics,8−10 there is a significant need to analyze proteins at
a scale comparable to genomics studies.
Analyzing high-resolution proteomics data covering thou-

sands of different proteins requires sophisticated bioinformatic
tools. We recently developed the tool TEMPO (Tracing
Expression of Multiple Protein Origins) that integrates high-
resolution liquid biopsy proteomics, artificial intelligence, and
single-cell transcriptomics of all known cell types in the human
eye, allowing us to trace thousands of AH proteins back to
their cells of origin.4 Based on specific protein signatures from
individual cell types, TEMPO enables the analysis of disease
and aging mechanisms at the cell level in living humans,

including in nonregenerative organs such as the retina where
direct biopsies would cause irreversible functional damage.
This review focuses on the promises, limitations, and future

directions of high-resolution liquid biopsy proteomics for
personalized ophthalmology, covering the collection and
biobanking of high-quality liquid specimens, state-of-the-art
proteomics technology measuring thousands of proteins in
microvolume samples, and cutting-edge artificial intelligence-
supported bioinformatic tools.

■ BIOINFORMATIC ANALYSIS
With the rise of high-resolution proteomics technology, the
ability to perform complex bioinformatics analyses is becoming
increasingly relevant. Clinician scientists play a critical role in

Figure 1. Bioinformatic analysis of ocular liquid biopsy proteomics data. (A) Principal component analysis (PCA) graphically clusters samples
based on two principal components in which their protein profiles differ most. Each point is one sample. NIV: neovascular inflammatory
vitreoretinopathy. Panel adapted from Velez et al., Sci. Rep., 2019. (B) A heatmap visualizes protein levels of 55 proteins in the vitreous of patients
with uveal melanoma with high metastatic risk (Class 2), low metastatic risk (Class 1) and control samples. Each row is one protein, and each
column is one sample. The z-score represents a protein’s abundance level in relation to its mean level in all samples by standard deviation units.
Panel adapted from Velez et al., Mol. Cancer, 2021. (C) TEMPO (Tracing Expression of Multiple Protein Origins) allows one to trace the cellular
origin of thousands of aqueous humor proteins, including specific proteins from individual retinal cell types, allowing cell level analyses in
nonregenerative tissues such as the retina in living humans. TEMPO is based on the integration of high-resolution liquid biopsy proteomics with
single-cell transcriptomics from all known cell types in the human eye. Panel adapted from Wolf et al., Cell, 2023.
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this process as they can combine clinical expertise with
bioinformatic skills to formulate specific hypotheses and guide
analysis.
Basic Data Analysis

The steps in the early analysis aim to provide an unbiased
overview of the samples based on all proteins identified.
Principal component analysis (PCA) graphically clusters
samples in a two-dimensional space based on two principal
components, in which their protein profiles differ most. The
distance between samples corresponds to the proteomic
difference. The example in Figure 1A illustrates a clear
difference in the vitreous proteomic profile between patients
with neovascular inflammatory vitreoretinopathy (NIV)
compared to controls (Figure adapted from Velez et al.12). A
heatmap can be generated to visualize protein levels of multiple
proteins in all samples. The example in Figure 1B shows more
than 50 proteins that were significantly changed in the vitreous
of patients with uveal melanoma (UM) compared to controls
and even illustrates proteomic differences between UM with
low (class 1) and high (class 2) metastatic risk (Figure adapted
from Velez et al.13). Comparing the proteomic profiles
between different groups (e.g., diseased vs healthy) can
identify proteins that significantly differ between these
populations. A pathway analysis based on these differentially
expressed proteins can provide insights into the biological
pathways affected by a disease. Several databases offer protein-
to-pathway annotations, including Reactome pathways,
WikiPathways, Gene Ontology, and the Kyoto Encyclopedia
of Genes and Genomes (KEGG). More recently, open-access
databases emerged, providing web-based, user-friendly, and
intuitive insights into the molecular profiles of various ocular
tissues and diseases without the need for advanced
bioinformatics skills.14−16

Tracing Expression of Multiple Protein Origins (TEMPO)

By integrating high-resolution liquid biopsy proteomics with
single-cell transcriptomics from all known cell types in the
human eye, we developed the TEMPO approach allowing us
to trace the cellular origin of almost 6,000 proteins detected in
AH.4 Based on hundreds of cell type-specific marker proteins,
including for individual retinal cell types, TEMPO enables cell
level analyses in nonregenerative tissues in living humans such
as the retina (Figure 1C). In patients with diabetic retinopathy,

the cells driving disease changed from blood vessel cells in the
early stage to immune cells in the late stage. Diagnostic
assessment of Parkinson’s disease (PD) is challenging, mainly
because disease associated protein biomarkers can usually only
be identified post-mortem. In the AH of patients with
Parkinson’s disease, many brain proteins linked to the disease
changed in the AH, indicating that AH protein biomarkers
could help to diagnose PD or determine if a patient is
responding to a therapy. TEMPO further revealed signs of
molecular degeneration of the retina in PD patients, as
previously indicated in imaging studies. The integration of two
high-resolution methodologies, liquid biopsy proteomics and
cell level transcriptomics, represents a major technical advance
to examine disease mechanisms at the cell level in vivo.
TEMPO could also be used to characterize other difficult-to-
sample tissues. For example, liquid biopsies of cerebrospinal
fluid could be used to study or diagnose the brain; synovial
fluid could be used to study joints; and urine could be used to
study the kidneys.
Role of Artificial Intelligence in Data Analysis

Artificial intelligence (AI) can learn rules and detect protein
patterns including nonlinear features from large-scale proteo-
mics data that may not be visible to human investigators. We
recently developed an AI proteomic clock from the AH
proteome that can predict a healthy person’s age based on a
subset of 26 AH proteins (Figure 2).4 Because specific marker
proteins of each cell were identified, AI clocks could predict
the age of corresponding cell types such as blood vessels,
retinal cells, or immune cells. Applying AI clocks to diseased
eyes revealed that diseases such as diabetic retinopathy and
uveitis cause accelerated aging within specific cell types. In
patients with diabetic retinopathy, the degree of aging
increased with disease progression and was accelerated by
about 30 years in late-stage (proliferative) diabetic retinopathy.
Even eyes that had been treated successfully, where the
bleeding had stopped or the inflammation was controlled,
showed accelerated aging, indicating that antiaging therapies
may be needed to fully reverse damage from disease. In many
patients with diabetes, there are no visible signs of eye disease.
We found that in those eyes the age of the immune cells and
retinal cells was about 10 years older than healthy eyes,
suggesting that there is accelerated aging even before an
ophthalmologist can see clinical signs of disease. Our findings

Figure 2. Artificial intelligence proteomic clocks assess age of the human eye. An artificial intelligence (AI) proteomic clock based on the aqueous
humor proteome can predict a healthy person’s eye age. By integrating TEMPO, cell type-specific marker proteins were used to develop AI
proteomic clocks to predict the age of a specific cell type, such as immune cells, vascular cells, and retinal cells. Adapted from Wolf et al., Cell, 2023.
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indicate that targeted antiaging drugs could be the next step in
preventative, personalized medicine.

■ SAMPLE COLLECTION FOR EYE PROTEOMICS
A variety of different fluids can be collected from the human
eye and used for proteomic analyses, among them, samples
from the vitreous in the posterior chamber of the eye, the
aqueous humor (AH) from the anterior chamber of the eye, or
tear samples (Figure 3). Using these specimens in translational
research requires high sample quality and thorough sample
annotation. It is critical that the specimens are snap-frozen on
dry ice immediately after the collection and then stored at −80
°C until further analysis.17−19 Integration of proteomics data
with clinical data is essential to obtaining clinically meaningful
insights. This requires a viable and efficient interface between
patient care in the operating room (OR) and the research
laboratory that allows collection of clinical and demographic
data at the site of sample collection.18 A mobile operating
room lab interface (MORLI), consisting of a cart on wheels
with a flat lab bench surface, a computer with a barcode
scanner, lab supplies, and a box with dry ice, can help to
achieve these goals.18,19

Aqueous Humor Sample Collection
Aqueous humor (AH) samples can be safely collected in an
outpatient clinic using a slit lamp or microscope;20−23 the fluid
samples can then serve diagnostic purposes or in clinical trials
to assess target engagement and biomarkers associated with
clinical outcomes. Various studies have described a surgical
technique performed at the slit lamp involving a 27- to 30-
gauge needle attached to a syringe or an aqueous pipet that is
inserted perpendicular to the limbus without preincision and
without using a lid speculum.21,22 Other studies placed the
patient in a supine position on the bed or a surgical chair in the

outpatient clinic20,23 and used a lid speculum and a preincision
with a 15° blade.20
With about 20 million cases each year, cataract surgery is

one of the most frequently performed surgeries worldwide.24

At the beginning of this procedure and many other intraocular
surgeries, including glaucoma, corneal, or vitreoretinal
interventions, a small amount of AH fluid is collected but
discarded. Collecting these samples would allow sample
acquisition at a large scale.18 We recently demonstrated that
AH fluid can be safely collected during intraocular surgery.25

Different surgical techniques can be applied to obtain samples
during intraocular surgery. A 30-gauge needle connected to a 1
mL syringe can be inserted into the anterior chamber (AC)
perpendicular to the limbus without prior incision to manually
aspirate 50−100 μL of undiluted AH.18 Another option is to
use the corneal incision, which is routinely performed at the
beginning of the scheduled anterior segment surgery by using a
15° blade. Once the incision is established, an angled 30-gauge
blunt cannula or a 30-gauge needle can be used to aspirate AH.
Independent of the technique, direct visualization via the
surgical microscope ensures that the tip of the needle or the
cannula remains over the peripheral iris in the mid AC to avoid
damage to intraocular structures, such as the corneal
endothelium, iris, and lens.18 In vitrectomy cases, sclerotomies
can be established before the AC biopsy to ensure the safe
insertion of the trocars. The collected samples should
immediately be snap-frozen and processed, as described
previously.
Vitreous Sample Collection

Vitreous liquid biopsies can be safely collected at the beginning
of a vitrectomy.26 After placing the 23-, 25-, or 27-G trocar
cannulas and connecting the infusion cannula, the vitreous
cutter is activated in the vitreous cavity without infusion, and

Figure 3. Sample collection for eye proteomics. A variety of fluids can be collected from the human eye for proteomic analyses, including liquid
biopsies from the aqueous humor (collected during intraocular surgery or using a slit lamp), vitrectomy (collected during vitrectomy), or tear
samples. Immediately after the collection, the specimens are snap-frozen on dry ice and then stored at −80 °C until further analysis. A thorough
sample annotation with links to the electronic health records of the patient is essential to obtain clinically meaningful insights. MORLI (mobile
operating room lab interface), consisting of a cart on wheels with a flat lab bench surface, a computer with a barcode scanner, lab supplies, and a
box with dry ice, helps with the processing of samples in the operating room.
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0.5 to 1 mL of undiluted vitreous is manually aspirated using a
syringe that is connected to the vitreous extrusion cannula.
Since the goal is to collect an undiluted vitreous sample, it is
essential that the vitrectomy cutter is not primed with fluid.
The collected specimens should immediately be snap-frozen
and processed as described above.
Tear Sample Collection
Collection of tear samples is a relatively simple and
noninvasive procedure that does not require anesthesia.27

Tears can be collected using Schirmer’s strips, a glass
microcapillary tube, or by a flush tear collection approach
that instills ∼20−40 μL of 0.9% saline solution into the inferior
palpebral fold of the eye.28−30 Following sample collection,
samples can be stored in a −80 °C freezer for several months
(or years) before sample preparation. However, analyzing fresh
samples is preferred to increase the quality of the data and the
number of identified peptides/proteins.30 Protein concen-
trations can be determined by the bicinchoninic acid (BCA)
assay. Importantly, Schirmer’s strips and glass microcapillary
tubes can vary between different manufacturers and batches
and therefore, data reproducibility can be a challenge.30

Samples can later be processed using a lysis buffer containing
1% sodium dodecyl-sulfate (SDS), 200 mM HEPES (pH 7.6),
and protease inhibitors,31 although several types of lysis
solutions can be used depending on the type of analysis and
instrumentation. Samples are then denatured, and the free
cysteine is alkylated before trypsin digestion. After C18
chromatography, samples are analyzed by liquid chromatog-
raphy and tandem mass spectrometry (LC-MS/MS).31

■ ANALYTICAL INSTRUMENTS AND PROTEOMICS
METHODS

Quantitative proteomics allows the global evaluation, identi-
fication, and quantification of proteins in cells or tissues and
helps to understand their composition, structure, interactions,
and functions.32,33 Thus, it can be a great exploratory
technique that identifies candidate proteins for disease
diagnosis and drug development, leading to unbiased data-
driven hypotheses.34−36 Most current proteomics techniques

can be categorized in affinity-based or mass spectrometry-
based identification37 (Figure 4). Affinity-based identification
involves the specific binding between a target protein and an
affinity agent such as antibodies, proteins, or small molecules.
The affinity agent acts as the reporter itself or is followed by
additional steps that ultimately lead to protein detection via
colorimetric or fluorescence signals.38 The simplest example of
affinity-based methods is an enzyme-linked immunosorbent
assay (ELISA) that detects one protein with high sensitivity
and specificity and is therefore widely used in research and
clinical testing.39 More recently, multiplex ELISA and
Proximity Extension Assay emerged as a high-throughput
technique allowing the detection of hundreds of proteins
simultaneously.1,2,13,40−42 Instead of antibodies, an aptamer-
based assay uses synthetic DNA-based aptamers that
specifically bind to their protein targets. This cutting-edge
technology can measure over 7,000 different proteins in small
volume liquid biopsies, such as AH and vitreous, representing a
manifold higher proteomic resolution compared to previous
mass spectrometry-based studies.4

Mass spectrometry uses liquid chromatography coupled with
a mass spectrometer to detect peptides based on their mass-to-
charge ratio (m/z). One of the most significant advantages of
the technique is that it allows for unsupervised analyses,
meaning that researchers do not have to know which proteins
to look for in advance. Mass spectrometry-based techniques
detect thousands of proteins in a single experiment. However,
the small volume of AH or vitreous samples represents a
critical challenge for mass spectrometry-based studies. One
solution may be to pool samples, but this then requires
extensive labeling techniques to distinguish individual
samples.43 Another challenge is that the high levels of albumin
and immunoglobulins can mask lower abundant proteins, a
problem that may be addressed by technologies that combine
nanoparticle protein coronas with liquid chromatography-mass
spectrometry.44 An aptamer-based assay recently demonstrated
its potential for high-resolution proteomics in AH and vitreous
specimens.4 Importantly, mass spectrometry allows the
characterization of post-translational modifications (PTMs)

Figure 4. Analytical instruments for eye proteomics. Mass spectrometry-based, aptamer-based, and proximity extension assay-based proteomics
allow the analysis of hundreds to thousands of different proteins in a single sample, allowing us to perform pathway and proteome characterization
as well as biomarker discovery studies. An enzyme-linked immunosorbent assay (ELISA) and immunoprecipitation pull-down represent affinity-
based methods that detect a single protein with high accuracy. A multiplex ELISA allows to detect tens to hundreds of different proteins in the same
sample. These technologies are valuable for selective and targeted validation studies.
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of proteins, such as proteolysis,45 glycosylation,46 or
phosphorylation,47 which requires specific and challenging
enrichment steps that dictate the analytic avenue one might
pursue.

■ VITREOUS LIQUID BIOPSY PROTEOMICS
Proteomic profiling of vitreous liquid biopsies from the human
eye captures locally enriched fluid containing proteins secreted
from highly specialized retinal cells. They allow the molecular
characterization of eye diseases in living humans without the
need for a direct tissue biopsy and offer the potential to
identify novel diagnostic and therapeutic strategies. Vitreous
liquid biopsies have been applied to a variety of retinal diseases
including diabetic retinopathy and age-related macular
degeneration.
Vitreous Proteomics in Diabetic Retinopathy

Studies using vitreous liquid biopsies in diabetic retinopathy
(DR) mainly address proliferative DR (PDR),48 the late stage
of the disease, because a vitrectomy is usually not performed in
early disease stages. Apart from VEGF, several studies have
confirmed the role of inflammatory mediators in PDR that may
serve as alternative therapeutic targets, especially for non-
responders to anti-VEGF therapies.49−51 Other investigations
demonstrated that the protein levels of VEGF and IL6 in the
vitreous correlate with the severity of PDR52 and that the
VEGF level after a vitrectomy may represent a predictor of late
complications of PDR.53,54 Matrix metalloproteinases, found
elevated in the vitreous of PDR patients, are involved in
angiogenesis, photoreceptor loss, and breakdown of the blood-
retinal barrier, suggesting them as disease biomarkers and
potential therapeutic targets for PDR.55,56

Vitreous Proteomics in Age-Related Macular
Degeneration

Vitreous proteomics has been widely applied in age-related
macular degeneration (AMD) and has significantly advanced
our understanding of its pathophysiology.57−59 Several
biomarkers have been identified that can be useful to stratify
disease stages, including dry and neovascular AMD.60 Multiple
studies identified the complement system as a critical pathway
in AMD,61,62 which led to the development and recent
approval of complement targeting drugs for geographic
atrophy.63,64

Vitreous Proteomics in Glaucoma

Thousands of different proteins in the vitreous and AH are
released by a variety of specialized cell types in the eye,
including retinal cells.4 A study in patients with glaucoma
analyzed the proteome of paired retina and vitreous samples
and found that about 80% of the more than 4,000 retina
proteins were also detected in the vitreous.65 In addition, about
one-third of the more than 350 proteins that significantly
changed in the glaucomatous retina compared to healthy retina
were also differentially expressed in the vitreous of the same
patients, highlighting the value of liquid biopsies to capture
disease mechanisms in adjacent nonregenerative tissues.
Currently, the predominant treatment approach for glaucoma
aims to reduce intraocular pressure, but modulating inflam-
mation may also be important to prevent secondary glaucoma
and mitigate glaucoma-associated damage.66 The vitreous
proteome represents a promising tool to monitor inflammation
during therapy.65

Vitreous Proteomics in Uveitis

In patients with uveitis, the vitreous proteome allows the
differentiation between uveitis and primary vitreoretinal
lymphoma and between disease stages and etiologies, such as
sarcoid and tuberculosis-associated uveitis.12,67−70 Vitreous
proteomics has further demonstrated its promise for
personalized drug repurposing in autoinflammatory disease
and has provided molecular evidence that can help to explain
why prior conventional therapies have failed (e.g., drug target
or drug-sensitive pathways not enriched).1

Vitreous Proteomics in Proliferative Vitreoretinopathy

Several studies have analyzed the vitreous proteome in patients
with proliferative vitreoretinopathy (PVR) and provided new
insights into the disease mechanisms.57 Among them, one
study revealed stage-specific alterations of the vitreous
proteome in patients with PVR.71 While cytokines involved
in T-cell activation and proteins downstream of mTOR
activation were increased in early PVR, cytokines driving
monocyte response and stem-cell recruitment were enriched in
late stage PVR, indicating that liquid biopsy proteomics can be
beneficial to selecting appropriate targeted therapies for
patients with PVR.
Vitreous Proteomics in Uveal Melanoma

In patients with uveal melanoma (UM), vitreous liquid
biopsies have identified a variety of increased angiogenic and
inflammatory proteins, some of them correlating with tumor
size and with the presence of immune cell infiltrates.72−74

Despite aggressive therapeutic intervention, almost 50% of UM
patients develop metastatic disease and survive less than one
year.75 The metastatic risk can be assessed using a gene
expression panel with high discriminatory power.76,77 How-
ever, this analysis requires a direct surgical biopsy of the tumor,
which samples only a tiny fraction of a heterogeneous
tumor,78,79 can damage sensitive tissues like the retina, and
for clinical reasons, can only be performed once. Recently, it
has been demonstrated that vitreous proteomics can assess the
metastatic risk of UM patients.13 Compared to direct tumor
biopsies, they offer several advantages, such as avoiding direct
disruption of the tumor and possibly better reflecting tumor
heterogeneity, indicating that liquid biopsies may complement
prognostic assessment obtained by direct tumor biopsies.

■ AQUEOUS HUMOR LIQUID BIOPSY PROTEOMICS
The AH is a highly accessible complex fluid that holds great
promise for obtaining proteomic information from the human
eye.4 Compared to the vitreous, AH biopsies are even more
accessible, require less specialized instrumentation, and allow
for serial sample collection in the outpatient setting. However,
proteomic analysis of AH has been challenged by its low
volume and low protein concentration, which is about 400
times lower than in plasma.80−82 We recently demonstrated
that a DNA aptamer-based assay allows the detection of nearly
6,000 different proteins from all known ocular cell types,
including retinal cells, in only 50 μL of AH. This proteomic
resolution represents a significant improvement over prior
lower resolution proteomics techniques, including LC-MS.4

Our analysis further revealed that almost 90% of vitreous
proteins were also detected in the AH, indicating a substantial
protein exchange between both compartments despite
enzymatic and anatomic barriers. These findings indicate that
AH proteomics represents a promising tool for diagnostic and
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prognostic assessment as well as for the monitoring of
therapeutic response in living humans.
Aqueous Humor Proteomics in Diabetic Retinopathy

Several studies have investigated the proteome of AH
specimens obtained from patients with diabetic retinopathy
(DR), revealing new insights into DR’s pathophysiology and
therapeutic response.48 In patients with proliferative DR
(PDR), liquid chromatography-mass spectrometry (LC-MS)
identified between almost 600 and 900 different proteins in the
AH,83,84 including 30 proteins that significantly changed after
intravitreal anti-VEGF therapy.83 An aptamer-based assay
(SomaScan) recently demonstrated a much higher proteomic
resolution in DR AH and TEMPO revealed that the cellular
drivers of DR switched with disease stages from vascular cells
in the early stage to immune cells in the late stage.4 Another
critical advantage of analyzing AH is that it can be obtained
from patients with early disease stages, e.g., during cataract
surgery, where a vitrectomy is not indicated.4

Aqueous Humor Proteomics in Age-Related Macular
Degeneration

In patients with AMD, various studies have used AH
proteomics to investigate the molecular disease mechanisms
in living patients.59 One study found that in 122 eyes with
neovascular AMD, the AH proteome can predict therapeutic
response to anti-VEGF therapy, whereas the VEGF levels alone
failed to do so.2 One of the predictive proteins was ApoB100
that was found elevated in the AH from patients with a better
therapeutic response. A mouse model with increased ApoB100
expression demonstrated smaller CNV lesions, confirming a
protective role of ApoB100 in neovascular AMD. These
findings highlight the value of liquid biopsy proteomics in
identifying prognostic biomarkers and uncovering novel
disease mechanisms with potential therapeutic translation.
Aqueous Humor Proteomics in Glaucoma

One study looking at patients with normal tension glaucoma
found signs of neuroinflammation in the AH and further
identified AH proteins that were correlated with functional and
structural parameters, including visual field defects and OCT
changes.85 Another study revealed that preoperative cytokine
levels in the AH were associated with surgical failure and
reduction of intraocular pressure one year after surgery,86

indicating that AH liquid biopsies may have prognostic value in
glaucoma.
Aqueous Humor Proteomics in Uveitis

Diagnostic differentiation of infectious and noninfectious
uveitis often represents a clinical challenge with important
consequences for therapeutic decisions. A recent study applied
an aptamer-based proteomic assay and identified thousands of
AH proteins in patients with uveitis.87 Comparing the
proteomic profiles of infectious and noninfectious uveitis
revealed protein signatures that significantly differed between
both etiologies. In contrast, the plasma proteome of the same
patients did not reveal significant differences between both
groups, further highlighting the value of liquid biopsies from
locally enriched fluids, such as the AH compared to the blood.
Aqueous Humor Proteomics in Uveal Melanoma

Similar to vitreous liquid biopsies, recent studies demonstrated
that the AH proteome is valuable to distinguish between low
and high metastatic risk of patients with uveal melanoma.2,88,89

AH liquid biopsies are even more accessible, can be performed

in a variety of clinical settings including outpatient clinics, and
are repeatable allowing for individualized surveillance strategies
after tumor treatment.74

Aqueous Humor Proteomics in Retinoblastoma

Direct tumor biopsies are considered contraindicated in
patients with retinoblastoma due to the risk of metastatic
spread. In contrast, AH liquid biopsies may represent a
promising and safe alternative to capture molecular informa-
tion from the tumor.90−92 A recent study analyzed the AH
proteome from almost 50 retinoblastoma patients and revealed
the molecular profile of different disease stages.93 Apart from
molecular tumor analyses, AH liquid biopsies may provide the
opportunity to monitor tumor dynamics in patients under-
going therapy and may guide personalized therapeutic
management.

■ TEAR PROTEOMICS
Tear fluid represents a promising sample type for proteomics
analyses. Several studies using tear fluid have provided new
insights into common ocular surface and corneal diseases, such
as dry eye disease,94,95 Sjogren’s syndrome,31 keratoconus,96

and inflammatory orbital disorders.97 Due to the high
accessibility of tear fluid, tear proteomics represents a
promising tool for molecular characterization of ocular surface
disease that could lead to personalized therapies and the
monitoring of therapeutic response. The low volume of only a
few microliters represents an important challenge in tear
proteomics studies, and new methods are continuously
developing.
One emerging method is the isolation and analysis of

exosomes from tear samples. Cells continuously release tiny
vesicles known as exosomes into tears and contain a wealth of
proteins, RNA, DNA, metabolic compounds, liposomes, and
other biomolecules from the source cells. These exosomes hold
remarkable promise for research and applications in diagnosing
and treating diseases. In contrast to blood samples, tears offer
numerous advantages, as they are less impure, convenient, and
noninvasive, rendering them an ideal source of exosome
samples. However, due to the limited volume, achieving high
recovery rates of highly pure exosomes from small tear
quantities remains a significant challenge. Recently, the
method EXODUS was developed, which is an entirely
automated system that swiftly isolates exosomes and
extracellular vesicles (EVs) of various sizes with elevated
yield and purity from just a few drops of tears (about 10 μL)
within a mere 5 min.98 Remarkably, about 1,800 different
proteins were identified in medium-sized EVs (ranging from
100 to 200 nm) in tears, including proteins related to
maintaining retinal homeostasis and regulating inflammation.99

Through a comprehensive analysis, in conjunction with the
Human Protein Atlas consensus data set, the sources of tear
EV proteins across 37 tissues and 79 cell types were identified
within the EV subtypes, with a marked selective enrichment of
proteins associated with retinal neuronal cells, glial cells, blood
cells, and immune cells. This opens the door for eye
researchers to delve into the study of diseases such as uveitis,
optic neuritis, diabetic retinopathy, macular disease, and ocular
tumors. Moreover, tear exosomes can be leveraged to
investigate changes associated with emotions, stress, and
depression. This comprehensive exploration of the biological
information and molecular functions of tear exosomes, while
quantifying their molecular indicators, can unveil the patho-
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genesis and development of diseases, thereby refining precise
molecular diagnostic strategies.

■ CONCLUSIONS
High-resolution proteomic profiling allows for the identifica-
tion of thousands of different proteins in microvolume fluid
samples from the human eye, holding considerable promise
not only for translational research but also for diagnostics,
prognostics, and personalized therapies. The integration of
liquid biopsy proteomics with single cell transcriptomics of
surrounding cells enables cell level analyses in nonregenerative
tissues like the retina, representing a significant technical
advancement in the study of cellular disease and aging
mechanisms in living patients.

■ CHALLENGES AND FUTURE DIRECTIONS
Each year, millions of intraocular surgeries are performed
worldwide, in which a small amount of fluid is removed from
the eye and typically discarded. Collecting these samples holds
great potential, but it remains a critical challenge to establish
an efficient interface between the clinic and the laboratory to
collect, annotate, and store high-quality specimens.18 Analyzing
samples on a larger scale will allow for better differentiation of
disease stages, better identification of prognostic protein
patterns, and better understanding of the effect of specific
mutations, sex, and ethnicity. Another critical challenge is
proteomic resolution. Although the ability of the aptamer-
based assay to measure more than 6,000 different proteins in
AH is a significant improvement over prior lower resolution
proteomics techniques, it still only represents a fraction of the
total proteome, and many eye-specific proteins are not
represented on the array. Increasing the number of proteins,
including an improved representation for specific organs, will
further enhance the approach. The integration with cell level
transcriptomics from mainly healthy eyes proved its potential.
However, generating and integrating more gene expression
data from (post-mortem) diseased eyes may further refine
TEMPO and its ability to assess cellular mechanisms in
diseased eyes in living patients. Another critical question that
needs to be addressed in future studies is how well animal
models reflect human pathophysiology. Animal models are
essential in modeling the complexity of human pathology,
which in vitro models still fail to accomplish. However, they
may not reflect the entire complexity of a human disease. A
fundamental question will be which specific molecular aspects
of human disease are well reflected by each model. In
addressing this question, comparing high-resolution human
omics data with the molecular profile of the animal model can
provide valuable insights when developing novel therapeutic
strategies.100,101

Among the proteomic methods discussed, it is remarkable
that liquid biopsies from the vitreous, AH, and even tears can
measure proteins originally expressed in the retina. Unexpect-
edly, these proteins must traverse several anatomic and
enzymatic barriers. Fluid from each compartment may have
some advantages over another. We found, for example, that the
AH did not detect some 700 proteins that were detectable in
the vitreous on the Somalogic platform.4 So, in retinal diseases,
the vitreous may be the optimal compartment to capture the
most proteins in a discovery experiment. On the other hand,
fluid collection from the AH and, especially, tears is less
invasive and more likely to be performed sequentially on the

same patient, say before and after a therapy. If the emphasis is
on studying the time course of more specific molecules and
addressing specific proteins, tear and AH proteomics may be
preferable. Another advantage of analyzing AH or tears is that
samples can be obtained from patients with early disease
stages, such as nonproliferative DR, early AMD, or glaucoma,
where a vitrectomy may not be indicated. Cross-platform
comparisons can provide insights into how a single biopsy
performs and what the differences are based on biopsy
type.102,103 Altogether, the current technologies make it
possible to address these questions, and investigators have a
menu of strategies from which to choose.

■ AUTHOR INFORMATION

Corresponding Authors

Antoine Dufour − Departments of Physiology and
Pharmacology & Biochemistry and Molecular Biology,
Cumming School of Medicine, University of Calgary, Calgary,
Alberta T2N 4N1, Canada; orcid.org/0000-0002-3429-
4188; Email: antoine.dufour@ucalgary.ca

Vinit B. Mahajan − Molecular Surgery Laboratory, Stanford
University, Palo Alto, California 94305, United States;
Department of Ophthalmology, Byers Eye Institute, Stanford
University, Palo Alto, California 94303, United States;
Veterans Affairs Palo Alto Health Care System, Palo Alto,
California 94304, United States; orcid.org/0000-0003-
1886-1741; Email: vinit.mahajan@stanford.edu

Authors

Julian Wolf − Molecular Surgery Laboratory, Stanford
University, Palo Alto, California 94305, United States;
Department of Ophthalmology, Byers Eye Institute, Stanford
University, Palo Alto, California 94303, United States;
orcid.org/0000-0002-3470-9697

Joel A. Franco − Molecular Surgery Laboratory, Stanford
University, Palo Alto, California 94305, United States;
Department of Ophthalmology, Byers Eye Institute, Stanford
University, Palo Alto, California 94303, United States

Rui Yip − Molecular Surgery Laboratory, Stanford University,
Palo Alto, California 94305, United States; Department of
Ophthalmology, Byers Eye Institute, Stanford University, Palo
Alto, California 94303, United States

Mohamed Ziad Dabaja − Departments of Physiology and
Pharmacology & Biochemistry and Molecular Biology,
Cumming School of Medicine, University of Calgary, Calgary,
Alberta T2N 4N1, Canada

Gabriel Velez − Molecular Surgery Laboratory, Stanford
University, Palo Alto, California 94305, United States;
Department of Ophthalmology, Byers Eye Institute, Stanford
University, Palo Alto, California 94303, United States

Fei Liu − Department of Medicine, Brigham and Women’s
Hospital, Harvard Medical School, Boston, Massachusetts
02115, United States

Alexander G. Bassuk − Department of Pediatrics, University
of Iowa, Iowa City, Iowa 52242, United States

Prithvi Mruthyunjaya − Department of Ophthalmology, Byers
Eye Institute, Stanford University, Palo Alto, California
94303, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jproteome.3c00756

Journal of Proteome Research pubs.acs.org/jpr Reviews

https://doi.org/10.1021/acs.jproteome.3c00756
J. Proteome Res. 2024, 23, 511−522

518

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antoine+Dufour"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3429-4188
https://orcid.org/0000-0002-3429-4188
mailto:antoine.dufour@ucalgary.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinit+B.+Mahajan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1886-1741
https://orcid.org/0000-0003-1886-1741
mailto:vinit.mahajan@stanford.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julian+Wolf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3470-9697
https://orcid.org/0000-0002-3470-9697
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joel+A.+Franco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Yip"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Ziad+Dabaja"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+Velez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+G.+Bassuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prithvi+Mruthyunjaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00756?ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.3c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author Contributions

V.B.M. takes responsibility for the integrity and the accuracy of
the presented paper. J.W. conceived and wrote the paper with
significant input from A.D., V.B.M., M.Z.D., J.F., and R.Y. F.L.
contributed sections about tear exosomes. J.W., A.D., M.Z.D.,
R.Y., and J.F. designed and generated the figures. All authors
critically revised the paper and agree with its final form.
Notes

The authors declare the following competing financial
interest(s): V.B.M. has received speaker fees from Somalogic,
Inc. The authors are not aware of any other affiliations,
memberships, funding, or financial holdings that might be
perceived as affecting the objectivity of this review.

■ ACKNOWLEDGMENTS
We thank Alton Szeto MFA for help with graphical illustrations
and MaryAnn Mahajan BA for editorial assistance. Selected
illustrations were created with BioRender.com. V.B.M. is
supported by NIH grants (R01EY031952, R01EY031360,
R01EY030151, and P30EY026877), the Stanford Center for
Optic Disc Drusen, and Research to Prevent Blindness, New
York, New York. P.M. and V.B.M. are supported by The Alan
and Irene Adler Ocular Cancer Research Initiative. J.W. is
supported by the Translational Research and Applied Medicine
(TRAM) program at Stanford University and by the
VitreoRetinal Surgery Foundation. For this manuscript,
A.G.B. is supported by NIH grants R01EY030151 and
R01EY031952. Role of the sponsor: the funding organizations
had no role in design and conduct of the study; preparation,
review, or approval of the paper; and decision to submit the
paper for publication.

■ REFERENCES
(1) Velez, G.; Bassuk, A. G.; Colgan, D.; Tsang, S. H.; Mahajan, V.
B. Therapeutic drug repositioning using personalized proteomics of
liquid biopsies. JCI Insight 2017, 2 (24), No. e97818.
(2) Cao, X.; Sanchez, J. C.; Dinabandhu, A.; Guo, C.; Patel, T. P.;
Yang, Z.; Hu, M. W.; Chen, L.; Wang, Y.; Malik, D. Aqueous proteins
help predict the response of patients with neovascular age-related
macular degeneration to anti-VEGF therapy. J. Clin Invest 2022, 132
(2), No. e144469.
(3) Udaondo, P.; Hernandez, C.; Brianso-Llort, L.; Garcia-Delpech,
S.; Simo-Servat, O.; Simo, R. Usefulness of Liquid Biopsy Biomarkers
from Aqueous Humor in Predicting Anti-VEGF Response in Diabetic
Macular Edema: Results of a Pilot Study. J. Clin Med. 2019, 8 (11),
1841.
(4) Wolf, J.; Rasmussen, D. K.; Sun, Y. J.; Vu, J. T.; Wang, E.;
Espinosa, C.; Bigini, F.; Chang, R. T.; Montague, A. A.; Tang, P. H.;
et al. Liquid-biopsy proteomics combined with AI identifies cellular
drivers of eye aging and disease in vivo. Cell 2023, 186 (22), 4868−
4884.
(5) Wecker, T.; Grundel, B.; Reichl, S.; Stech, M.; Lange, C.;
Agostini, H.; Bohringer, D.; Stahl, A. Anti-VEGF injection frequency
correlates with visual acuity outcomes in pro re nata neovascular
AMD treatment. Sci. Rep 2019, 9 (1), 3301.
(6) Yang, S.; Zhao, J.; Sun, X. Resistance to anti-VEGF therapy in
neovascular age-related macular degeneration: a comprehensive
review. Drug Des Devel Ther 2016, 10, 1857−1867.
(7) Hahn, W. C.; Bader, J. S.; Braun, T. P.; Califano, A.; Clemons, P.
A.; Druker, B. J.; Ewald, A. J.; Fu, H.; Jagu, S.; Kemp, C. J.; et al. An
expanded universe of cancer targets. Cell 2021, 184 (5), 1142−1155.
(8) Tyanova, S.; Albrechtsen, R.; Kronqvist, P.; Cox, J.; Mann, M.;
Geiger, T. Proteomic maps of breast cancer subtypes. Nat. Commun.
2016, 7, 10259.

(9) Yanovich, G.; Agmon, H.; Harel, M.; Sonnenblick, A.; Peretz, T.;
Geiger, T. Clinical Proteomics of Breast Cancer Reveals a Novel
Layer of Breast Cancer Classification. Cancer Res. 2018, 78 (20),
6001−6010.
(10) Harel, M.; Ortenberg, R.; Varanasi, S. K.; Mangalhara, K. C.;
Mardamshina, M.; Markovits, E.; Baruch, E. N.; Tripple, V.; Arama-
Chayoth, M.; Greenberg, E.; et al. Proteomics of Melanoma Response
to Immunotherapy Reveals Mitochondrial Dependence. Cell 2019,
179 (1), 236−250.
(11) Omenn, G. S.; Lane, L.; Overall, C. M.; Pineau, C.; Packer, N.
H.; Cristea, I. M.; Lindskog, C.; Weintraub, S. T.; Orchard, S.; Roehrl,
M. H. A.; et al. The 2022 Report on the Human Proteome from the
HUPO Human Proteome Project. J. Proteome Res. 2023, 22 (4),
1024−1042.
(12) Velez, G.; Yang, J.; Li, A. S.; Tsang, S. H.; Bassuk, A. G.;
Mahajan, V. B. Proteomic insight into the pathogenesis of CAPN5-
vitreoretinopathy. Sci. Rep 2019, 9 (1), 7608.
(13) Velez, G.; Nguyen, H. V.; Chemudupati, T.; Ludwig, C. A.;
Toral, M.; Reddy, S.; Mruthyunjaya, P.; Mahajan, V. B. Liquid biopsy
proteomics of uveal melanoma reveals biomarkers associated with
metastatic risk. Mol. Cancer 2021, 20 (1), 39.
(14) Uhlen, M.; Fagerberg, L.; Hallstrom, B. M.; Lindskog, C.;
Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A.; et al. Proteomics. Tissue-based map of the human
proteome. Science 2015, 347 (6220), 1260419.
(15) Wolf, J.; Boneva, S.; Schlecht, A.; Lapp, T.; Auw-Haedrich, C.;
Lagreze, W.; Agostini, H.; Reinhard, T.; Schlunck, G.; Lange, C. The
Human Eye Transcriptome Atlas: A searchable comparative tran-
scriptome database for healthy and diseased human eye tissue.
Genomics 2022, 114 (2), 110286.
(16) Voigt, A. P.; Whitmore, S. S.; Lessing, N. D.; DeLuca, A. P.;
Tucker, B. A.; Stone, E. M.; Mullins, R. F.; Scheetz, T. E. Spectacle:
An interactive resource for ocular single-cell RNA sequencing data
analysis. Exp. Eye Res. 2020, 200, 108204.
(17) Mitchell, B. L.; Yasui, Y.; Li, C. I.; Fitzpatrick, A. L.; Lampe, P.
D. Impact of freeze-thaw cycles and storage time on plasma samples
used in mass spectrometry based biomarker discovery projects. Cancer
Inform 2005, 1 (1), 98−104.
(18) Wolf, J.; Chemudupati, T.; Kumar, A.; Rasmussen, D. K.; Wai,
K. M.; Chang, R. T.; Montague, A. A.; Tang, P. H.; Bassuk, A. G.;
Dufour, A.; et al. Biobanking of Human Aqueous and Vitreous Liquid
Biopsies for Molecular Analyses. J. Vis Exp 2023, (199).
DOI: 10.3791/65804.
(19) Skeie, J. M.; Tsang, S. H.; Zande, R. V.; Fickbohm, M. M.;
Shah, S. S.; Vallone, J. G.; Mahajan, V. B. A biorepository for
ophthalmic surgical specimens. Proteomics Clin Appl. 2014, 8 (3−4),
209−217.
(20) Van der Lelij, A.; Rothova, A. Diagnostic anterior chamber
paracentesis in uveitis: a safe procedure? Br J. Ophthalmol 1997, 81
(11), 976−979.
(21) Cheung, C. M.; Durrani, O. M.; Murray, P. I. The safety of
anterior chamber paracentesis in patients with uveitis. Br J.
Ophthalmol 2004, 88 (4), 582−583.
(22) Trivedi, D.; Denniston, A. K.; Murray, P. I. Safety profile of
anterior chamber paracentesis performed at the slit lamp. Clin Exp
Ophthalmol 2011, 39 (8), 725−728.
(23) Kitazawa, K.; Sotozono, C.; Koizumi, N.; Nagata, K.; Inatomi,
T.; Sasaki, H.; Kinoshita, S. Safety of anterior chamber paracentesis
using a 30-gauge needle integrated with a specially designed
disposable pipette. Br J. Ophthalmol 2017, 101 (5), 548−550.
(24) Rossi, T.; Romano, M. R.; Iannetta, D.; Romano, V.; Gualdi, L.;
D’Agostino, I.; Ripandelli, G. Cataract surgery practice patterns
worldwide: a survey. BMJ. Open Ophthalmol 2021, 6 (1),
No. e000464.
(25) Wolf, J.; Chemudupati, T.; Kumar, A.; Franco, J. A.; Montague,
A. A.; Lin, C. C.; Lee, W.-S.; Fisher, A. C.; Goldberg, J. L.;
Mruthyunjaya, P.; et al. Using electronic health record data to
determine the safety of aqueous humor liquid biopsies for molecular
analyses. medRxiv 2023, 2023.2011.2022.23298937.

Journal of Proteome Research pubs.acs.org/jpr Reviews

https://doi.org/10.1021/acs.jproteome.3c00756
J. Proteome Res. 2024, 23, 511−522

519

http://BioRender.com
https://doi.org/10.1172/jci.insight.97818
https://doi.org/10.1172/jci.insight.97818
https://doi.org/10.1172/JCI144469
https://doi.org/10.1172/JCI144469
https://doi.org/10.1172/JCI144469
https://doi.org/10.3390/jcm8111841
https://doi.org/10.3390/jcm8111841
https://doi.org/10.3390/jcm8111841
https://doi.org/10.1016/j.cell.2023.09.012
https://doi.org/10.1016/j.cell.2023.09.012
https://doi.org/10.1038/s41598-019-38934-8
https://doi.org/10.1038/s41598-019-38934-8
https://doi.org/10.1038/s41598-019-38934-8
https://doi.org/10.2147/DDDT.S97653
https://doi.org/10.2147/DDDT.S97653
https://doi.org/10.2147/DDDT.S97653
https://doi.org/10.1016/j.cell.2021.02.020
https://doi.org/10.1016/j.cell.2021.02.020
https://doi.org/10.1038/ncomms10259
https://doi.org/10.1158/0008-5472.CAN-18-1079
https://doi.org/10.1158/0008-5472.CAN-18-1079
https://doi.org/10.1016/j.cell.2019.08.012
https://doi.org/10.1016/j.cell.2019.08.012
https://doi.org/10.1021/acs.jproteome.2c00498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.2c00498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-019-44031-7
https://doi.org/10.1038/s41598-019-44031-7
https://doi.org/10.1186/s12943-021-01336-4
https://doi.org/10.1186/s12943-021-01336-4
https://doi.org/10.1186/s12943-021-01336-4
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1016/j.ygeno.2022.110286
https://doi.org/10.1016/j.ygeno.2022.110286
https://doi.org/10.1016/j.ygeno.2022.110286
https://doi.org/10.1016/j.exer.2020.108204
https://doi.org/10.1016/j.exer.2020.108204
https://doi.org/10.1016/j.exer.2020.108204
https://doi.org/10.1177/117693510500100110
https://doi.org/10.1177/117693510500100110
https://doi.org/10.3791/65804
https://doi.org/10.3791/65804
https://doi.org/10.3791/65804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prca.201300043
https://doi.org/10.1002/prca.201300043
https://doi.org/10.1136/bjo.81.11.976
https://doi.org/10.1136/bjo.81.11.976
https://doi.org/10.1136/bjo.2003.027219
https://doi.org/10.1136/bjo.2003.027219
https://doi.org/10.1111/j.1442-9071.2011.02565.x
https://doi.org/10.1111/j.1442-9071.2011.02565.x
https://doi.org/10.1136/bjophthalmol-2016-309650
https://doi.org/10.1136/bjophthalmol-2016-309650
https://doi.org/10.1136/bjophthalmol-2016-309650
https://doi.org/10.1136/bmjophth-2020-000464
https://doi.org/10.1136/bmjophth-2020-000464
https://doi.org/10.1101/2023.11.22.23298937
https://doi.org/10.1101/2023.11.22.23298937
https://doi.org/10.1101/2023.11.22.23298937
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.3c00756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Mishra, K.; Velez, G.; Chemudupati, T.; Tang, P. H.;
Mruthyunjaya, P.; Sanislo, S. R.; Mahajan, V. B. Intraoperative
Complications With Vitreous Biopsy for Molecular Proteomics.
Ophthalmic Surg Lasers Imaging Retina 2023, 54 (1), 32−36.
(27) Nattinen, J.; Aapola, U.; Nukareddy, P.; Uusitalo, H. Clinical
Tear Fluid Proteomics-A Novel Tool in Glaucoma Research. Int. J.
Mol. Sci. 2022, 23 (15), 8136.
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