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Electrochemical biosensors can provide an economical, accurate and rapid method
for early screening of disease biomarkers in clinical medicine due to their high
sensitivity, selectivity, portability, low cost and easy manufacturing, and multiplexing
capability. Tear, a fluid naturally secreted by the human body, is not only easily
accessible but also contains a great deal of biological information. However,
no bibliometric studies focus on applying electrochemical sensors in tear/eye
diseases. Therefore, we utilized VOSviewer and CiteSpace, to perform a detailed
bibliometric analysis of 114 papers in the field of research on the application
of tear in electrochemical biosensors screened from Web of Science with the
combination of Scimago Graphica and Microsoft Excel for visualization to show
the current research hotspots and future trends. The results show that the research
in this field started in 2008 and experienced an emerging period in recent years.
Researchers from China and the United States mainly contributed to the thriving
research areas, with 41 and 29 articles published, respectively. Joseph Wang from
the University of California San Diego is the most influential author in the field,
and Biosensors & Bioelectronics is the journal with the most published research
and the most cited journal. The highest appearance keywords were “biosensor”
and “tear glucose,” while the most recent booming keywords “diagnosis” and
“in-vivo” were. In conclusion, this study elucidates current trends, hotspots, and
emerging frontiers, and provides future biomarkers of ocular and systemic diseases
by electrochemical sensors in tear with new ideas and opinions.
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1 Introduction

With increasing emphasis on health care due to the improvement of living standards, early
and painless diagnosis of disease is highly required. Non-invasive sensors for specific
biomarkers are emerging technologies in the forthcoming era of Digital Medicine. Leland
Clark Jr. pioneeringly proposed a glucose oxidase-modified biosensor to achieve
electrochemical detection of the biomarker of diabetes (e.g., glucose), paving a new avenue to
the biosensor field for early diagnosis of bioanalytes (1). Portable or wearable sensors are
gradually coming into the limelight as they offer quicker and more convenient detection
methodologies compared to conventional medical methods (e.g., blood tests). A growing
number of researchers are working on the development of wearable biosensors interlinked
with smartphones or other mobile devices to monitor the body’s health status or disease
progression (2).
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Biosensors are defined as analytical devices incorporating a
biological material, a biologically derived material or a biomimetic
intimately integrated within a physicochemical transducer or
transducing microsystem (3). In these devices, the working principle
of biosensors relies on mutual interactions between target analytes and
biometric receptors such as antibodies/antigens, receptors/ligands,
which
electrochemical signals to detect target biomarkers in biological

and enzymes/substrates, can generate measurable
samples (4-6).

Compared to invasive blood tests, tears are a fluid naturally
secreted by the body that is not only easy to access but also contains a
great deal of biological information. In addition to water and
electrolytes, tear carries low molecular weight organic compounds,
proteins, enzymes, and other biomolecules that can be used for disease
screening or early disease diagnosis (7, 8). Tears are considered to
be an ideal source of biomarkers because the amount of biomarkers
contained in tears varies during different diseases (9). Several studies
to date have found that tears contain molecular markers for a wide
range of ocular diseases (e.g., diabetic retinopathy, glaucoma, dry eye,
postoperative eye trauma) and even systemic diseases (e.g., cancer,
Parkinson’s disease, Alzheimer’s disease) and thus tears can be used as
a biospecimen for detecting related diseases (10-16). Researchers have
developed a variety of highly sensitive biosensors for the detection of
different biomarkers in tears.

Bibliometric analysis is a scientific and quantitative research
method commonly used in publications that involves the collection,
processing and management of data from previous scientific
publications to summarize the progress of a research topic and to
analyze the contributions of authors, institutions, journals and
countries or regions (17, 18). In addition, bibliometric analyses can
identify hotspots, emerging trends and knowledge networks in a given
field (19). However, few studies have applied bibliometric analyses to
the field of ocular electrodynamic sensors.

This study conducted a systematic bibliometric literature analysis
of electrochemical biosensors for tear/eye diseases from 2000 to 2023.
By analyzing the trends of annual publications and citations, the
contribution and cooperation of countries/regions, institutions,
authors, journals, and the co-occurrence visualization analysis of
keywords, and references, we explored the latest advances in the
application of electrochemical biosensors in tears/eye diseases, which
aims to fill the knowledge gap between the application of
electrochemical biosensors in eye biomarkers, opens the door of
electrochemical biosensors in medicine for clinical doctors, and
guides researchers to develop new detection devices and technologies.
In summary, we aimed to summarize past research and provide a
research foundation or new frontier to facilitate further research on
eye electrochemical sensors.

2 Methods
2.1 Data collection and extraction

We collected literature from the Web of Science Core Collection
(WOSCC) database and conducted a literature search on June 6,
2024. The data retrieval strategy and collection process are shown
in Figure 1. Briefly, the search strategy was set as
“TS = (Electrochemical Biosensor) AND TS = (Tear OR Eye
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Diseases) AND publication date = (01/01/2000 to 31/12/2023),
then 117 papers were retrieved. The type of publication was
restricted to original articles and reviews, and the language was
limited to English. Finally, a total of 114 documents were included.
This process was executed independently by two researchers, and
when disagreements arose, the decision was made by a
third researcher.

2.2 Bibliometric analysis and visualization

VOSviewer (version 1.6.18), CiteSpace (version 6.1.R6), Microsoft
Office Excel (version 2021) and Scimago Graphica were used for
literature data extraction and visualization analysis. VOSviewer is a
software developed by van Eck and Waltman for bibliometric analysis
and mapping (20). In this study, VOSviewer was used for the
co-authorship analyses of countries/regions, institutions and authors,
the co-citation analyses of journals and authors, and the co-occurrence
analysis of keywords. Furthermore, combined with the Scimago
Graphica, VOSviewer was utilized for the countries/regions
relationship analysis and visualization. In the network map developed
by VOSviewer, different nodes represent different elements, such as
countries, institutions, authors, journals and keywords. Node size
represents the quantity or frequency of elements, while links between
nodes reflect the level of collaboration or co-citation. In network
visualization, the same color signifies the same cluster. The overlay
visualization illustrates the temporal relationship among the nodes.
The purple nodes indicate earlier publication times, while the yellow
nodes represent more recent ones.

CiteSpace, another widely used bibliometric analysis and
visualization tool developed by Professor Chaomei Chen (21), was
used to conduct a co-citation network analysis of reference. The
citation burst intensities of the references and keywords were also
examined using CiteSpace to identify rapidly expanding topic
keywords and emerging areas. Moreover, based on the data exported
from CiteSpace and the cited report of WOSCC, we used Excel to
create an annual publication and citation curve.

3 Results
3.1 Publication trend analysis

A total of 114 articles were determined in this study, including 67
original articles (86.4%) and 47 reviews (41.23%), the total number of
citations was 7,168 times and the average number of citations reached
62.88. This research came from 640 authors in 33 countries and 243
institutions and was published in 74 journals. 8,131 references from
2037 journals were cited.

Although the inclusion criteria for literature in this study spanned
from January 1%, 2000 to December 31%, 2023, it is noteworthy that the
emergence of initial research in this field only occurred after 2008.
Furthermore, there has been a consistent upward trajectory since
then, with a particularly significant acceleration in growth observed
since 2019. Eighty-seven articles were published from 2019 to 2023,
accounting for 76.32% of the total (Figure 2). Moreover, there has been
a substantial increase in the number of citations to the literature since
2019, particularly within the past 3 years when annual citations
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FIGURE 1
Data screening flow chart and procedures of bibliometric analysis.

surpassed 1,000. This trend signifies an escalating level of attention
and significance accorded to this field by researchers.

3.2 Countries/regions analysis

Scholars from 33 countries/regions contributed to this field.
Figure 3A illustrates the number of publications, total citation count,
and average citation count for the top 10 most prolific countries/
regions. China is the most prolific country in terms of the number of
publications (n = 41), followed by the United States (1 = 29), and
South Korea ranks third with 11 publications. It is noteworthy that the
United States ranked 2nd in terms of the number of articles published,
but it had the highest average number of citations (n = 145.8).
Conversely, China has the highest number of articles but a lower
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average number of citations (# = 32.6). In addition, Figure 3B shows
the annual publication trend of the top 3 countries in terms of
publication volume, and it can be seen that all 3 countries will have a
significant increase in the number of publications by 2020. Figure 3C
depicts the cooperative network relationship among the 25 countries
with close cooperation. The United States has the broadest
international collaborative network with 10 countries and the highest
intensity of collaboration (TLS = 16), which suggests that the USA is
more influential in this area of research.

3.3 Institutions analysis

Two hundred and forty-three institutions were involved in this
field, Figure 4A presents the number of publications, total citation
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FIGURE 2
Annual publications and citations on electrochemical biosensors in tear or eye diseases from 2008 to 2023.

count, and average citation count for the top 10 most prolific
institutions, and Figure 4B is a density visualization of the number of
publications for each institution. The University of California San
Diego has the most publications (n = 9) as well as the highest total
citations (n = 246.8), while the California Institute of Technology tops
the list with 109.5 total citations and the highest average citations
(n = 365.0) even though it only published 3 articles. Among the top 10
most prolific research institutions, 4 are located in the United States,
3 in China, and the rest are located in Iran, Sweden, and South Korea,
respectively. The overlay visualization of the collaboration network
among 243 institutions is presented in Figure 4C. Notably, the
University of California San Diego exhibits a high level of
collaboration (TLS=11) with 10

intensity prominent

partner institutions.

3.4 Authors and co-cited authors analysis

In this field, 640 authors contributed to various studies, with a
core group of 45 authors engaging in close collaboration. An overlay
visualization was used to illustrate the collaborative interactions
among 45 authors, categorized by their average publication year, as
depicted in Figure 5A. The yellow nodes represent a more recent
average publication year, while the purple nodes indicate an earlier
one. As shown in the figure, Chen et al. are the most recent active
researchers among the 45 authors, with an average publication year of
2023. Figure 5B and Table 1 show the five most prolific authors, with
Joseph Wang leading both categories with seven published papers and
2,443 citations. Joseph Wang also formed collaborations with 34
authors, showing the highest collaboration intensity (TLS = 43). The
study involved 6,408 co-cited authors, with 79 authors cited at least 10
times, as shown in Figure 5C. Figure 5D and Table 1 show the five
most co-cited authors, with Jayoung Kim from the United States
emerging as the most cited author, totaling 178 citations. Despite
having only three relevant publications, Jayoung Kim’s work received
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1,938 citations, averaging 646 citations per paper, which highlights his
significant impact on the field.

3.5 Journals and co-cited journals analysis

A total of 74 journals published articles in this research area and
Figure 6A shows the overlay visualization of 74 journals for citation
analysis. Table 2 provides a summary of the top 10 journals based on
publications and co-citations. After sorting by the number of
publications, Biosensors & Bioelectronics with 7 published articles in
the field at the top of the list, and ACS Applied Materials & Interfaces
is second with 5. In terms of citations, Biosensors ¢» Bioelectronics also
ranked first with 614 citations, followed by Analytical Chemistry (377
citations) and Sensors (279 citations). Among them, Biosensors and
Bioelectronics has the highest impact factor of 12.6 in 2024. Notably,
ACS Sensors ranked first with an average of 105.5 citations, despite
having published only 2 articles in this field. As for the co-cited aspect,
there are 2037 co-cited Journals involved in this study, among which
76 journals have 20 co-citations (Figure 6B). Biosensors and
Bioelectronics leads significantly with a count of 888 co-citations,
which is far ahead of the second-ranked Analytical Chemistry (454
co-citations), and Sensors and Actuators b-Chemical ranks third with
419 co-citations.

3.6 Citing articles and co-cited references
analysis

Out of the 114 articles included, Table 3 lists the top 10 most cited
articles. Among them, a review entitled “wearable biosensors for
healthcare monitoring” was published in Nature Biotechnology by
Wang et al. in 2019, which has been mostly up to 1759 times by 20th
July 2024 (2). This review provides a comprehensive summary of the
recent advances in wearable biosensor technology and identifies key
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FIGURE 3
(A) Publications, total citations and average citations for the top 10 countries in terms of number of publications. (B) Annual output of the top 3
countries with the most publications from 2008 to 2023. (C) Map of national co-operation in publishing documents.

scientific and technical issues that need to be addressed in the future, Two or more papers that are simultaneously cited by one or
providing directional guidance for the further development of  more papers are said to constitute a co-citation relationship (22).
the field. Based on CiteSpace, we created a co-occurrence analysis network
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FIGURE 4

co-authorship overlay visualization map of Institutions.
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(A) The number of publications and citations of the top 10 prolific organizations. (B) The co-authorship density visualization map of Institutions. (C) The

(Figure 7A), cluster analysis network (Figure 7B), and burst
analysis of co-cited references (Figure 7C). In Figure 7A, the outer
rings of Bandodkar AJ (2014) (23) and Chen YH (2017) (24)
nodes are in purple, indicating high betweenness centrality and
playing a pivotal bridging role (25), emphasizing their
instrumental role in facilitating collaboration in the field of
electrochemical biosensors and tears/eye disease research. In our
co-cited reference clustering analysis, the Modularity Q value
reached 0.6912 (>0.3), which implied the robustness of the
clustering structure. Moreover, the weighted mean silhouette
score reaches 0.8266 (>0.7), which implies a high degree of
consistency among the members of each cluster (26). Six clustering

results are presented in Figure 7B, “interstitial fluid,” “wearable

» «

devices,” “glucose monitoring  “electrochemical,” “electrochemical

sensors,” and “hydrogel,” these clusters reflect the research
frontiers in the field of ocular biosensors.

A co-citation burst refers to a citation that appears with high
frequency in an article published within a condensed timeframe,
indicating increased interest and relevance within the research
community. The red line indicates the duration of the burst and the
blue line indicates the time from the appearance of the term to its end.
Figure 7C shows the details of the top 10 bursts of co-cited literature.
Yao HF (2011) (27) and Bandodkar AJ (2015) (28) show the longest
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duration of bursts, while Kim J (2015) (29) and Bandodkar AJ (2014)
(23) have the highest burst intensity.

3.7 Keywords analysis

A co-occurrence analysis of all keywords was performed using
VOSviewer to identify impacts and trends within the field, which
includes a total of 792 keywords, Figure 8A shows an overlay visualization
of 43 keywords that appeared at least five times. Interconnections
between the keywords denote co-occurrence, with purple denoting
earlier appearing keywords, and yellow representing more recent ones.
This network diagram illustrated that the keyword “biosensor” has the
highest frequency of occurrence (n = 50), with an average appearance
year (AAY) of 2019. “Tear glucose” (AAY = 2020) follows as the second
most frequent (1 = 24). Notably, “diagnosis” (AAY = 2022) and “in-vivo’
(AAY =2021) are recent keywords with at least five occurrences,
indicating emerging interests in this research domain. To further
understand the evolution of research topics, we utilized CiteSpace to
examine keyword bursts. Figure 8B illustrates the top 10 keywords with
the highest burst intensity, where “sensors” and “contact lens” have the
longest burst duration, spanning over 5 years, and “uric acid” exhibits the
highest burst intensity.
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(A) The co-authorship overlay visualization map between authors. (B) The top 5 of the most prolific authors. (C) The co-citation network visualization
map of authors related to this field. (D) The top 5 of the most cited co-cited authors.

TABLE 1 Top 5 prolific authors and co-cited authors on the application of electrochemical biosensors in eye disease research.

Author Publications/ | Institution/Country Co-cited citations | Institution/Country
citations author
University of California San Diego University of California San Diego
1 Joseph Wang 7/2443 Jayoung Kim 178
(United States) (United States)
Juliane r California Institute of Technology AmayJ Northwestern University
2 4/627 134
Sempionatto (United States) Bandodkar (United States)
University of California San Diego Institute for Basic Science (South
3 Jayoung Kim 3/1938 H Lee 54
(United States) Korea)
California Institute of Technology Juliane r California Institute of Technology
4 Wei Gao 3/1095 54
(United States) Sempionatto (United States)
California Institute of Technology
5 Sergey Shleev 3/137 Malmo University (Sweden) Wei Gao 48
(United States)

4 Discussion

We analyzed in detail the literature on Electrochemical sensors for
eye diseases and tears between 2000 and 2023. We found that the field
first appeared in 2008 and has only been in development for 15 years.
Starting in 2019, the field has seen a significant acceleration in the
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number of annual publications and the number of annual citations,
suggesting that this field will still be a focus for researchers in the
future. In summary, we believe that this area will become a hotspot for
research in the future (30). With the development of technology, this
fast, convenient, non-invasive analytical device provides more valuable
assistance in clinical diagnosis (31, 32). To verify this conclusion,
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we analyzed in depth 114 papers published between 2000 and 2023.
The literature came from 33 different countries, 243 institutions, and
74 journals, with a total of 640 authors covering 792 keywords. These
data suggest that the study of tears as electrosensors is a completely
new field. As we delve deeper into this field, we find that research on
electrochemical biosensors in the eye, although relatively recent, is
gaining momentum in an unusually rapid manner. Advances in
technology have not only provided new solutions for the early
screening of diseases but also brought breakthroughs in the diagnosis
and treatment of eye diseases. In the past 5 years, China and the
United States of America have published a large number of articles in
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this field, accounting for 49.12 percent of all articles published. Among
the top 10 institutions in terms of publications, four are from the
United States and three are from China, and the research institutions
in both countries not only have a high volume of publications but also
are internationally recognized for the quality of their research. Of
these, the University of California San Diego is the most prominent
contributor with the highest number of publications and total
citations. In terms of journals, Biosensors ¢ Bioelectronics leads the
field in terms of publications and citations, which focuses on research,
design, and and has a high

development, applications

academic reputation.
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TABLE 2 Top 10 productive journals and co-cited journals on the application of electrochemical biosensors in the eye diseases research field.

Journal Publications Citations = Average IF Co-cited Co- IF
citations = (2022) journal citations = (2022)
Biosensors and Biosensors and
1 7 614 87.71 12.6 888 12.6
Bioelectronics Bioelectronics
ACS Applied Materials and
2 5 278 55.60 9.5 Analytical Chemistry 454 7.4
Interfaces
Analytical and Bioanalytical Sensors and Actuators
3 4 70 17.50 5.4 419 8.4
Chemistry b-Chemical
4 Analytical Chemistry 4 377 94.25 7.4 Biosensors-Basel 217 5.4
5 Biosensors-Basel 4 53 13.25 5.4 ACS Sensors 192 8.9
6 Nanomaterials 4 54 13.50 5.3 Science Advances 161 13.6
7 Sensors 4 279 69.75 3.9 Electroanal 160 3
8 Electroanalysis 3 162 54.00 3.0 Analyst 158 4.2
Frontiers in Bioengineering
9 3 45 15.00 9.5 Scientific Reports 154 4.6
And Biotechnology
10 ACS Sensors 2 211 105.50 8.9 Analytica Chimica Acta 152 6.2

We used VOSviewer software to analyze the bibliometrics, and the
keywords “biosensor” and “tear glucose” appeared most frequently,
reflecting the hotspots and focuses of research in this field. The terms
“in-vivo” and “diagnosis” are emerging keywords that signal future
directions and trends in the field. In addition, the explosive growth of
“sensors” and “contact lenses” also provides us with new research
directions and ideas.

4.1 Tear biomarkers

In the early screening and diagnosis of diseases, highly sensitive
and convenient tests can help us predict the future course of a
condition and accurately assess a patient’s health. With the continuous
development of electrochemical biosensors, the medical field is
witnessing a new type of detection method. This technology enables
the detection of samples by collecting and filtering multiple biological
samples and integrating them into a chip (33). With the advantages of
high sensitivity, low cost, and non-invasiveness, this technology brings
great convenience to patients and healthcare professionals. The
application of electrochemical biosensors in medicine has achieved
remarkable results from the initial detection of glucose content (1, 34,
35), to applications in a variety of fields such as the detection of
pathogenic microorganisms (36), diagnosis of respiratory diseases
(37-39) and screening of cancer (40-42).

In this field, research using tears as the biomarkers of
electrochemical sensors is of particular interest. Tears are a fluid
naturally secreted by the human body, which is not only easily
accessible but also contains a great deal of biological information.
Tear is a meaningful biomarker source and specific diseases
showed distinguished proteomic patterns in tears. Tears can
be considered an ideal biomarker source because the body is
exposed to different pathophysiological conditions during disease
periods and the tear content changes accordingly (9). According
to proteome analysis of tears, this fluid has approximately 500
proteins; on the other hand, plasma may contain up to 10,000
proteins (43). The composition of its proteins also varies with the
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disease (44-47). Despite the differences in the components
between blood and tears, a portion of biomolecules in the blood
can still diffuse and enter into the tear, which probably shows a
close correlation between blood and tears. Thus, the biomarkers
in tears can be also used to a certain extent to replace those in the
whole body, which provides a promising potential for the diagnosis
of ocular diseases (8). In addition, the components of tears are not
as complicated as blood and contain a variety of trace elements
(e.g., potassium, manganese, chloride and sodium ions),
biomolecules (e.g., glucose, urea), gamma globulin (e.g., IgA, IgG
and IgE) and enzymes (e.g., lysozyme), which can act as vital
biomarkers for the diagnosis of diseases and make tears an
attractive diagnostic biofluid (43, 48).

By detecting specific substances in tears, we can achieve rapid,
non-invasive diagnosis of a wide range of ocular and systemic
diseases. Many novel protein-based biomarkers have been
correlated to specific ocular diseases, namely dry eye syndrome,
trachoma, glaucoma, keratoconus, allergic conjunctivitis, allergy
with corneal lesions, blepharitis, conjunctivochalasis, mycotic
keratitis, pterygia, thyroid-associated orbitopathy, etc., and
systemic disorders, namely diabetes mellitus, cancer, systemic or
multiple sclerosis, cystic fibrosis, Parkinson’s disease, sclerosis,
etc. (9, 23, 49). Many methods have been used to identify
quantitative changes in protein expression in a biological system.
Relatively speaking compared to other body fluids, tears are a
unique source of protein. Many researchers have therefore focused
on changes in the proteomic, lipidomic and metabolomic
composition of the tear film during disease.

4.2 Detection techniques of
electrochemical sensors

For the different substances in tears, the methods used to detect
them vary. For certain metabolites in tears, such as glucose, lactate and
uric acid, an enzymatic amperometric assay is commonly used to
detect (50, 51). For proteins and small molecules in tears, voltammetry
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TABLE 3 Top 10 most cited papers on the application of electrochemical biosensors in eye disease research.

10.3389/fmed.2024.1487981

Rank Title Type Citations Journal Corresponding Affiliation
author
Wearable biosensors for healthcare Nature University of
1 Review 1713 46.9 Joseph Wang 2019
monitoring (2) Biotechnology California San Diego
Wearable and flexible electronics
Chemical Society California Institute of
2 for continuous molecular Review 819 46.2 Wei Gao 2019
Reviews Technology
monitoring (90)
Enzyme-based glucose sensor: Advanced
Dae-Hyeong Kim & Institute for Basic
3 From invasive to wearable device Review 465 Healthcare 10 2018
Taeghwan Hyeon Science
(88) Materials
Wearable electrochemical Biosensors and University of
4 Review 142 12.6 Joseph Wang 2021
biosensors in North America (91) Bioelectronics California San Diego
Body-interfaced chemical sensors
Trends In Northwestern
5 for noninvasive monitoring and Review 64 15.1 John A Rogers 2019
Chemistry University
analysis of biofluids (146)
Recent developments of flexible
6 and stretchable electrochemical Review 48 Micromachines 3.4 Huanyu Cheng Chongging University | 2020
biosensors (147)
Wearable electrochemical glucose
Chemical University of
7 sensors in diabetes management: A | Review 47 62.1 Joseph Wang 2023
Reviews California San Diego
comprehensive review (148)
Non-invasive electrochemical
8 biosensors operating in human Review 20 Sensors 3.9 Sergey Shleev Malmo University 2020
physiological fluids (149)
Current development in wearable Chinese Chemical
9 Review 17 9.1 Yan Zhao Fudan University 2021
glucose meters (150) Letters
Current
Soft, disruptive and wearable
10 Review 9 Analytical 1.8 Wenlong Cheng Monash University 2022
electrochemical biosensors (151)
Chemistry

using bio-affinity recognition is generally used to detect the target
substances (52-55). For the detection of ionic components such as the
electrolytes Na*, K" and Cl-in tear, the presence of the target substance
is detected by measuring the potential signal associated with a change
in surface charge at the sensing electrode, using a potentiometric
biosensor with a high degree of particle selective penetration (51,
56-59). Among the most commonly used methods of tear sensors for
contact lens detection are organic electrochemical transistors (OECT)
biosensors and electrochemiluminescence (ECL) sensors. OECT
sensors not only have the advantages of low cost, high sensitivity, and
low operating voltage (<1 V), but they can also detect a wide range of
electroactive substances (e.g., dopamine, glucose, and epinephrine)
(60, 61), as well as non-electroactive substances (e.g., cortisol,
deoxyribonucleic acid (DNA), proteins, etc.) (62-64). ECL sensors
combine the advantages of optical and electrochemical analyses to
quantify target molecules by electrochemically emitting different light
to emit signals that are associated with target organisms (e.g.,
glutathione, lactate, DNA, microRNA) (65-67)to identify the
luminescence-inducing active substances, and
electrochemiluminescence bioimaging to perform cellular Analysis.
Electrochemiluminescent cellular bioimaging has been carried out for
different small molecules released in cells and for membrane protein
targets on the cell surface (68-70). The application of these techniques

has led to a deeper study of the tear.

Frontiers in Medicine

4.3 Sensory materials and functional
modification

In addition to water and electrolytes, tears carry low molecular
weight organic compounds, proteins, enzymes, and other
biomolecules that can be used for disease screening (7). In the
application of biosensors, electrochemical sensors have shown
unique advantages in detecting biological components in tears.
Generally speaking, most biomarkers should be integrated into the
biosensors by functional modification such as oxidoreductases,
antibodies/antigens, or enzymes, which aims to improve the
selectivity and sensitivity of the biosensors for a specific biomarker
(27, 71-73). Concerning the detection of proteins and organic
(e.g.,
nanomaterials and electro-active molecules) need to be additionally

small molecules, electro-active materials enzymes,
modified to the biosensor interface since those proteins and
organic molecules are usually electrochemically inactive and
cannot directly produce electrochemical signals (74-77). Several
typical electrode materials widely used by researchers include
precious metals such as silver, gold, and platinum, as well as diverse
carbon-based materials such as non-metallic carbon materials
including graphene, graphite, carbon nanotubes, and glassy carbon
(78). Different carbon substitutes are used for different tear
electrode

biomarkers to achieve sensitive modulation of
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performance, thus achieving precision and accuracy of detection
(79).
electrochemical sensors, researchers often employ polymers as

In addition, to further enhance the performance of

modifying materials for the electrodes and finely modify the
electrode surfaces by introducing nanofibres or nanoparticles, etc.,
to effectively improve the sensitivity and responsiveness of the
sensors (78, 79).

4.4 Tears-based electrochemical
biosensors

A glucose oxidase-modified biosensor, pioneered by Leland Clark
Jr. in 1960, enabled electrochemical detection of a diabetes biomarker
(i-e., glucose), opening up a new avenue for early diagnosis of analytes
in the biosensor field (1). The use of an electrical biosensor device
inserted into the lacrimal gland to detect glucose and health-related
biomarkers in tears was first proposed in 2008 by Joseph Wang of the
University of California, San Diego, as an alternative to traditional
blood sampling (80). Yan et al. developed an electrochemical sensor
with low sampling volume, good selectivity, and high reproducibility,
which enabled the first noninvasive detection of glucose in rabbit tears
(81). In subsequent studies, more and more researchers have tried to
change the electrode materials and compositions by, for example,

Frontiers in Medicine

11

using graphene electrodes and silicon oxide electrodes (82),
nanoporous gold electrodes, etc., to improve the sensitivity and
specificity of the assay and enable more accurate identification of
components in tea (83-85). To achieve a more convenient and
non-invasive monitoring method, Yao et al. from the University of
Washington developed a contact lens that is non-invasive and allows
continuous monitoring of tear glucose levels over a long period (86).
With the advent of these electrochemical sensing contact lenses,
we have transitioned from traditional invasive and invasive testing to
a non-invasive, portable and wearable era. This breakthrough
undoubtedly opens up unlimited possibilities for the application of
biosensors in medicine (87-89).

Researchers and academics are convinced that smart wearables
will inevitably play a central role in the future of healthcare (2, 90-92).
This trend has been widely recognized and a large number of
researchers have begun to focus on contact lenses. Contact lenses are
more than just a fashion accessory; they can monitor a variety of
biomarkers through tears, providing important information for
disease diagnosis (8). Since early studies, scientists have explored
techniques for detecting glucose in tears (1), and to this day we have
been able to accurately detect amyloid Afin tears using small,
non-invasive biosensors. Remarkably, the concentration of Af in tears
is approximately 10 times higher than the concentration of Af in
blood, making it an important indicator of early diagnosis of
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the keyword was rarely cited, and the red bar indicated frequent citation.

Alzheimer’s disease (93, 94). Song et al. explored the relationship
between tears and blood cholesterol levels using a rabbit model of
hyperlipidemia and successfully used contact lenses with
electrochemical sensors to detect the feasibility of cholesterol-
associated disorders in tears, a technique that not only provides a
non-invasive diagnostic method but also has the potential to bring
about a much more convenient healthcare experience for patients
(95). In addition, the researchers found that the amount of urea in
tears was comparable to that in blood, which provides a more effective
way to test kidney function (8, 96). Also, the concentration of TNF-a
in tears can be monitored by a rapid and simple assay, which is
important for early screening and assessment of cancer (97, 98). The
detection of cortisol has also been a hot topic in studies exploring tears
as a biomarker; most cortisol is released from the adrenal glands
where it binds to corticosteroid-binding globulin, but there is also an
active form of free cortisol that occurs in biological fluids, including
tears, a finding that provides a new way to monitor and assess the
body’s stress response (99). Sempionatto et al. achieved the detection
of vitamin C in tears by immobilizing ascorbic acid oxidase on a
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flexible printable tattoo electrode (100). This innovative technology
not only provides a new means of health monitoring but also offers a
deeper understanding of tears as a biomarker. Overall, smart wearable
devices have great potential for future applications in medicine. By
detecting various biomarkers in tears, these devices will be able to
provide important information for the early diagnosis and treatment
of diseases, thus protecting people’s health.

With the continuous development of science and technology, more
and more researchers are focusing their attention on the combination
of electrochemical biosensors with wireless smart devices for real-time
visual monitoring (10). Kim et al. utilized enzyme-functionalized
graphene-silver nanowire hybrid nanostructures to monitor glucose
concentration in tears and intraocular pressure (IOP) through contact
lenses with integrated glucose sensors, wireless power transmission
circuits, and display pixels inside the lens (101). Later, researchers at
Yonsei University in South Korea developed contact lenses capable of
real-time cholesterol monitoring (95). In addition, significant progress
has been made in research on contact lens-based biosensors for optical
monitoring, Elsherif et al. developed an electrochemical sensor that
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produces a change in the volume of the hydrogel when the glucose
concentration changes thereby changing the intensity of the diffracted
light and synchronizes the information to a smartphone for monitoring
(102). Ye et al., development of a contact lens for detection of matrix
metalloproteinase-9 (MMP-9) and intraocular pressure in eye-related
diseases by surface-enhanced Raman scattering and color change,
respectively (13). Sempionatto et al. developed an electrochemical
sensor that can simultaneously monitor the levels of three biomarkers,
glucose, alcohol and vitamins, in tear (103). More and more researchers
are committed to expanding the application scenarios of electrochemical
sensors to the home healthcare industry, and these sensors will
be closely connected with smartphones to provide patients with a full
range of medical information and protection, which is undoubtedly
research of great significance and is expected to change the way of life
of peoples healthcare and make healthcare services more efficient
and convenient.

4.5 Typical eye diseases detected by
electrochemical biosensors

4.5.1 Diabetic retinopathy

Diabetic retinopathy (DR) is one of the most serious ocular
microvascular complications of diabetes mellitus and a major cause of
vision loss in patients (104-106). The number of people with DR is
expected to increase to 119 million globally by 2030 (107). This not
only poses a serious threat to the quality of life of people with diabetes
but also imposes a heavy financial burden on social healthcare
coverage (107). Effective control of blood glucose can slow down the
progression of DR, making monitoring blood glucose a must for
diabetics. Although there are more convenient and quicker portable
blood glucose meters for home use, the use of this instrument does
not allow continuous monitoring of blood glucose changes in real-
time and requires strict sterilization to detect the blood glucose
concentration of fingertip blood. As a result, a large number of
researchers have developed a variety of sensors that use tears to
monitor blood glucose (108, 109). Early screening and prompt
treatment can prevent diabetes-related eye complications, but
screening and diagnosis of DR are not well established (110). Kim
et al. found that lipocalin-1 (LCN-1), heat shock protein 27, and
beta-2 microglobulin expression in tears contributed to the diagnosis
of DR patients (111). Furthermore, Costagliola et al. suggested that
there is a relationship between high levels of tumor necrosis factor
alpha (TNF-a) and DR severity in DR patients (112). It has also been
suggested optoelectronic and optoelectrokinetic bead-based
immunosensors for lipocalin-1 detection (11, 12) and Au-NP-doped
diffusometric immunosensors for TNF-adetection have been
developed to diagnose diabetic retinopathy in tears (113). The
proposal of these tear biomarkers provides new research avenues for
the use of tear sensors for screening and diagnosis of DR.

4.5.2 Dry eye syndrome

Dry eye syndrome (DES) is a multifactorial ocular disease
characterized by tear film instability and disruption of ocular surface
homeostasis, with pathogenic mechanisms including ocular surface
inflammation and injury (114-116). DES is also one of the common eye
complications in diabetics, with more than 50 percent of diabetics also
being diagnosed with DES, and there is a clear relationship with the
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duration of diabetes (117-119). Therefore Han et al. concluded that
monitoring blood glucose levels and DES would be beneficial for diabetic
patients, and for this reason, the team developed a non-invasive anterior
eye sensor system for monitoring diabetes mellitus and dry eye syndrome
(109). Considering the association of DES with inflammation, cytokines
and chemokines have also been identified as potential targets for DES
diagnosis, such as Interleukin-1, Interleukin-6, MMP-9, TNF-q,
Interleukin-17A and Interleukin-1RA (120-124). One of these has been
developed as a commercially available point-of-care based on the
inflammatory protein MMP-9, a device that can show the degree of
inflammation in DES of MMP-9 (125, 126). Zhou et al. Using proteomics
techniques, the identified the up-regulation of @-enolase, -1 acid
glycoprotein 1, calgranulin A, calgranulin B, and calgizzarin, in addition
to four down-regulated proteins, prolactin-inducible protein, LCN-1,
lactoferrin, and lysozyme in the DES patients (127). In addition,
researchers have attempted to accurately diagnose DES using biomarkers
in lipidomics and metabolomics (128, 129). The study of these
biomarkers provides a better research direction for the development of
electrical biosensors for applications in tears.

4.5.3 Glaucoma

Glaucoma is a group of optic neuropathies characterized by
progressive degeneration of retinal ganglion cells and is the leading
cause of irreversible blindness worldwide (130, 131). Glaucoma is a
multifactorial disease whose pathogenesis is not fully understood, but
elevated intraocular pressure is the only proven modifiable risk factor
associated with the development of optic nerve damage in glaucoma
(130, 132, 133). Detection of IOP is therefore important for the
diagnosis and prediction of prognosis in patients with glaucoma.
Measurement of IOP is currently achieved mainly using tonometers,
which usually need to be performed in clinics or hospitals and do not
facilitate real-time monitoring of IOP in glaucoma patients. For sensors
to detect IOP, the SENSIMED Triggerfish from Sensimed AG
(Switzerland) is a single-use soft contact lens that measures IOP-related
changes in ocular dimensions and is currently CE marked to Class ITa
(8). A related study reported that MMP-9 was overexpressed in patients
with early glaucoma (134), and Ye et al. developed an ocular sensor that
simultaneously monitors IOP and MMP-9 levels in tears (13). Zubareva
et al. suggest that tear-based non-invasive testing for catecholamines can
improve the diagnosis of glaucoma (135). Joachim et al. suggested that
in the future, the application of auto-antibody reactivities (HSP10,
HSP27, myelin basic protein and Protein S100) (136) in tear for
electrochemical sensors will provide a better method of assessing early
screening and diagnosis of glaucoma.

4.54 Age-related macular degeneration

Age-related macular degeneration (AMD) is a chronic progressive
neurodegenerative retinal disease that, if not treated appropriately, in its
advanced stages is one of the major contributors to vision loss,
irreversible blindness and visual impairment in older people worldwide
(137-139). The main risk factors associated with AMD include age,
gender, race, iris color, obesity, hypertension and genetics (140, 141).
Presently, the AMD diagnosis includes dilated fundus examination
along with optical coherence tomography and follow-up visits (142,
143). It has been shown that the activity of the complement system is
strongly associated with the development of neovascular age-related
macular degeneration, and that complement 2, complement 3 (C3) and
complement 5 proteins play a major role in the classical complement
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pathway and pathogenesis of AMD (144). Therefore, some researchers
have proposed a novel electrochemical C3 protein assay sensor for early
detection of targeted drugs and monitoring of therapeutic efficacy in
AMD patients (14). In exudative age-related macular degeneration, it
has been suggested that the amount of vascular endothelial-derived
growth factor (VEGF) in tears is related to vision loss, and for this
reason, Kim et al. designed an electrochemical sensor for VEGE Aids
in the clinical diagnosis of AMD (145).

5 Future perspectives and conclusion

Since the introduction of the first glucose biosensor, biosensor
technology in healthcare has developed by leaps and bounds. These
biosensors are increasingly being used in a wide range of medical
applications, providing physicians and patients with more convenient
and accurate testing. With the global pandemic of COVID-19, the
medical community’s need for non-invasive, fast and sensitive
diagnostic methods has become even more urgent, and this has also
led to a deep understanding that early screening and early diagnosis
of diseases is an important means of maintaining one’s health.
Compared with the invasive testing methods that require blood draws,
the emergence of non-invasive electrochemical sensors has
revolutionized medical testing by providing a safer, more convenient
and affordable non-invasive early diagnostic method.

Tears are a fluid naturally secreted by the human body, and not only
can they be accessed non-invasively, but they also contain biomarkers for
a variety of diseases throughout the body, making them a highly
promising diagnostic tool. Although tear sensors have been successfully
used in the field of wearable biosensors, wearing contact lenses for long
periods can cause adverse reactions such as inflammation and discomfort
in the eye itself. In the future, while addressing the material and ocular
adaptation of contact lenses, how to identify and validate these unique
biomarkers to expand the scope of disease diagnosis, as well as to improve
the accuracy and reproducibility of tear marker detection by
electrochemical sensors are key issues that researchers need to address
now, which include the analysis of biomarkers such as metabolites,
proteins and nucleic acids. Addressing these issues will help tear sensors
to be more widely used in diagnostic applications.

Overall, the research field of electrochemical biosensors for ocular
applications has tremendous potential and opportunities. With the
continuous progress of science and technology and the deepening of
research, we have reason to believe that this field will revolutionize the
diagnosis of eye diseases and the early screening and diagnosis of
systemic diseases. This will not only greatly improve the accuracy and
efficiency of medical diagnosis, but will also protect people’s health
and bring a better future.

References

1. Clark LCJ, Lyons C. Electrode systems for continuous monitoring in
cardiovascular surgery. Ann N Y Acad Sci. (1962) 102:29-45. doi:
10.1111/j.1749-6632.1962.tb13623.x

2. Kim J, Campbell AS, de Avila BE, Wang ]. Wearable biosensors for healthcare
monitoring. Nat Biotechnol. (2019) 37:389-406. doi: 10.1038/541587-019-0045-y

3. Turner APE. Biosensors: sense and sensibility. Chem Soc Rev. (2013) 42:3184-96.
doi: 10.1039/c3¢s35528d

4. Vo-Dinh T, Cullum B. Biosensors and biochips: advances in biological and medical
diagnostics. Fresen ] Anal Chem. (2000) 366:540-51. doi: 10.1007/s002160051549

Frontiers in Medicine

14

10.3389/fmed.2024.1487981

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found at: https://webofscience.clarivate.cn/wos/alldb/

basic-search.

Author contributions

FZ: Conceptualization, Data curation, Methodology, Writing —
original draft, Writing - review & editing. WX: Data curation,
Methodology, Software, Visualization, Writing - original draft,
Writing - review & editing. ZD: Conceptualization, Supervision,
Writing - review & editing. JH: Funding acquisition, Supervision,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Funding
support from the Key Research and Development Program of Hunan
Province (no. 2022SK2079), and the Program of Hunan Human
Biobank (no. 2020TP3003).

Acknowledgments

The authors thank the funding support from the Key Research
and Development Program of Hunan Province (no. 2022SK2079), and
the Program of Hunan Human Biobank (no. 2020TP3003).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

5. Juzgado A, Solda A, Ostric A, Criado A, Valenti G, Rapino S, et al. Highly sensitive
electrochemiluminescence detection of a prostate cancer biomarker. ] Mat Chem B.
(2017) 5:6681-7. doi: 10.1039/c7tb01557g

6. Valenti G, Rampazzo E, Biavardi E, Villani E, Fracasso G, Marcaccio M, et al. An
electrochemiluminescence-supramolecular approach to sarcosine detection for early
diagnosis of prostate cancer. Faraday Discuss. (2015) 185:299-309. doi: 10.1039/
¢5£fd00096¢

7. Hohenstein-Blaul NVTU, Funke S, Grus FH. Tears as a source of biomarkers for
ocular and systemic diseases. Exp Eye Res. (2013) 117:126-37. doi: 10.1016/j.
exer.2013.07.015

frontiersin.org


https://doi.org/10.3389/fmed.2024.1487981
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://webofscience.clarivate.cn/wos/alldb/basic-search
https://webofscience.clarivate.cn/wos/alldb/basic-search
https://doi.org/10.1111/j.1749-6632.1962.tb13623.x
https://doi.org/10.1038/s41587-019-0045-y
https://doi.org/10.1039/c3cs35528d
https://doi.org/10.1007/s002160051549
https://doi.org/10.1039/c7tb01557g
https://doi.org/10.1039/c5fd00096c
https://doi.org/10.1039/c5fd00096c
https://doi.org/10.1016/j.exer.2013.07.015
https://doi.org/10.1016/j.exer.2013.07.015

Zhang et al.

8. Farandos NM, Yetisen AK, Monteiro MJ, Lowe CR, Yun SH. Contact lens sensors
in ocular diagnostics. Adv Healthc Mater. (2015) 4:792-810. doi: 10.1002/
adhm.201400504

9. Li K, Liu X, Chen Z, Huang Q, Wu K. Quantification of tear proteins and spla2-iia
alteration in patients with allergic conjunctivitis. Mol Vis. (2010) 16:2084-91.

10. Park J, Kim J, Kim S, Cheong WH, Jang J, Park Y, et al. Soft, smart contact lenses
with integrations of wireless circuits, glucose sensors, and displays. Sci Adv. (2018)
4:eaap9841. doi: 10.1126/sciadv.aap9841

11. Wang J, Ku H, Chen T, Chuang H. Detection of low-abundance biomarker
lipocalin 1 for diabetic retinopathy using optoelectrokinetic bead-based immunosensing.
Biosens Bioelectron. (2017) 89:701-9. doi: 10.1016/j.bios.2016.11.014

12. Wang J, Kwon J, Hsu S, Chuang H. Sensitive tear screening of diabetic retinopathy
with dual biomarkers enabled using a rapid electrokinetic patterning platform. Lab Chip.
(2020) 20:356-62. doi: 10.1039/c91c00975b

13.Ye Y, Ge Y, Zhang Q, Yuan M, Cai Y, Li K, et al. Smart contact lens with dual-
sensing platform for monitoring intraocular pressure and matrix metalloproteinase-9.
Adyv Sci. (2022) 9:9. doi: 10.1002/advs.202104738

14. Rotake DR, Ghosh TN, Singh SG. Electrochemical nano-biosensor based on
electrospun indium zinc oxide nanofibers for the determination of complement
component 3 protein. Mikrochim Acta. (2023) 190:320. doi: 10.1007/s00604-023-05865-1

15. Nandi SK, Singh D, Upadhay J, Gupta N, Dhiman N, Mittal SK, et al. Identification
of tear-based protein and non-protein biomarkers: its application in diagnosis of human
diseases using biosensors. Int | Biol Macromol. (2021) 193:838-46. doi: 10.1016/j.
ijbiomac.2021.10.198

16. Hagan S, Martin E, Enriquez-De-Salamanca A. Tear fluid biomarkers in ocular
and systemic disease: potential use for predictive, preventive and personalised medicine.
EPMA J. (2016) 7:15. doi: 10.1186/s13167-016-0065-3

17. Agarwal A, Durairajanayagam D, Tatagari S, Esteves SC, Harlev A, Henkel R, et al.
Bibliometrics: tracking research impact by selecting the appropriate metrics. Asian J
Androl. (2016) 18:296-309. doi: 10.4103/1008-682X.171582

18.Yin M, Wang H, Yang X, Xu C, Wang T, Yan Y, et al. A bibliometric analysis and
visualization of current research trends in chinese medicine for osteosarcoma. Chin J
Integr Med. (2022) 28:445-52. doi: 10.1007/s11655-020-3429-4

19. Tao Y, Zhang Q, Meng M, Huang J. A bibliometric analysis of the application of
stem cells in glaucoma research from 1999 to 2022. Front Cell Dev Biol. (2023) 11:11.
doi: 10.3389/fcell.2023.1081898

20.van Eck NJ, Waltman L. Software survey: vosviewer, a computer program for
bibliometric mapping. Scientometrics. (2010) 84:523-38. doi: 10.1007/s11192-009-0146-3

21. Chen CM. Citespace ii: detecting and visualizing emerging trends and transient
patterns in scientific literature. ] Am Soc Inf Sci. (2006) 57:359-77. doi: 10.1002/asi.20317

22.Zhang Y, Zhao Y, Rong ], Liu K, Zhan Y, Chai Y, et al. Bibliometric analysis of
inflammation in sarcopenia from 2007 to 2022. Exp Gerontol. 183:112316. doi: 10.1016/j.
exger.2023.112316

23. Bandodkar AJ, Wang J. Non-invasive wearable electrochemical sensors: a review.
Trends Biotechnol. (2014) 32:363-71. doi: 10.1016/j.tibtech.2014.04.005

24.Chen Y, Lu S, Zhang S, Li Y, Qu Z, Chen Y, et al. Skin-like biosensor system via
electrochemical channels for noninvasive blood glucose monitoring. Sci Adv. (2017)
3:¢1701629. doi: 10.1126/sciadv.1701629

25. Brandes U. A faster algorithm for betweenness centrality. ] Math Sociol. (2001)
25:163-77. doi: 10.1080/0022250X.2001.9990249

26. Peng T, Yang Y, Ma J, Xu P, Xie X, Hu N, et al. Dementia and metabolic syndrome:
a bibliometric analysis. Front Aging Neurosci. (2024) 16:16. doi: 10.3389/
fnagi.2024.1400589

27.Yao H, Shum AJ, Cowan M, Laehdesmaeki I, Parviz BA. A contact lens with
embedded sensor for monitoring tear glucose level. Biosens Bioelectron. (2011)
26:3290-6. doi: 10.1016/j.bi0s.2010.12.042

28. Bandodkar AJ, Jia W, Yardimci C, Wang X, Ramirez J, Wang J. Tattoo-based
noninvasive glucose monitoring: a proof-of-concept study. Anal Chem. (2015) 87:394-8.
doi: 10.1021/ac504300n

29.Kim J, Imani S, de Araujo WR, Warchall J, Valdes-Ramirez G, Paixao TRLC, et al.
Wearable salivary uric acid mouthguard biosensor with integrated wireless electronics.
Biosens Bioelectron. (2015) 74:1061-8. doi: 10.1016/j.bios.2015.07.039

30. Peng C, He M, Cutrona SL, Kiefe CI, Liu F, Wang Z. Theme trends and knowledge
structure on mobile health apps: bibliometric analysis. JMIR Mhealth Uhealth. (2020)
8:8. doi: 10.2196/18212

31. Thaler M, Luppa PB. Highly sensitive immunodiagnostics at the point of care
employing alternative recognition elements and smartphones: hype, trend, or
revolution? Anal Bioanal Chem. (2019) 411:7623-35. doi: 10.1007/s00216-019-01974-0

32. Akgonullu S, Battal D, Yalcin MS, Yavuz H, Denizli A. Rapid and sensitive
detection of synthetic cannabinoids jwh-018, jwh-073 and their metabolites using
molecularly imprinted polymer-coated qgcm nanosensor in artificial saliva. Microchem
J. (2020) 153:104454. doi: 10.1016/j.microc.2019.104454

33.Wu J, Liu H, Chen W, Ma B, Ju H. Device integration of electrochemical
biosensors. Nat Biomed Eng. (2023) 1:346-60. doi: 10.1038/s44222-023-00032-w

Frontiers in Medicine

10.3389/fmed.2024.1487981

34.Li M, Dong J, Deng D, Ouyang X, Yan X, Liu S, et al. Mn;0,/nio nanoparticles
decorated on carbon nanofibers as an enzyme-free electrochemical sensor for glucose
detection. Biosensors. (2023) 13:13. doi: 10.3390/bios13020264

35.Li Z, Wang Y, Fan Z, Sun Y, Sun Y, Yang Y, et al. A dual-function wearable
electrochemical sensor for uric acid and glucose sensing in sweat. Biosensors. (2023)
13:13. doi: 10.3390/bios13010105

36. Mehrannia L, Khalilzadeh B, Rahbarghazi R, Milani M, Kanberoglu GS, Yousefi
H, et al. Electrochemical biosensors as a novel platform in the identification of listeriosis
infection. Biosensors. (2023) 13:13. doi: 10.3390/bios13020216

37. Gutierrez-Galvez L, Del Cano R, Menendez-Luque I, Garcia-Nieto D, Rodriguez-
Pena M, Luna M, et al. Electrochemiluminescent nanostructured dna biosensor for
SARS-cov-2 detection. Talanta. (2022) 240:240. doi: 10.1016/j.talanta.2021.123203

38. Lee D, Bhardwaj J, Jang J. Paper-based electrochemical immunosensor for label-
free detection of multiple avian influenza virus antigens using flexible screen-printed
carbon nanotube-polydimethylsiloxane electrodes. Sci Rep. (2022) 12:2311. doi: 10.1038/
541598-022-06101-1

39.Deng Y, Peng Y, Wang L, Zhou T, Xiang L, Li ], et al. Target-triggered cascade
signal amplification for sensitive electrochemical detection of SARS-cov-2 with clinical
application. Anal Chim Acta. (2022) 1208:339846. doi: 10.1016/j.aca.2022.339846

40. Zeng Y, Qu X, Nie B, Mu Z, Li C, Li G. An electrochemical biosensor based on
electroactive peptide nanoprobes for the sensitive analysis of tumor cells. Biosens
Bioelectron. (2022) 215:114564. doi: 10.1016/j.bios.2022.114564

41.Peng Y, Lu B, Deng Y, Yang N, Li G. A dual-recognition-controlled electrochemical
biosensor for accurate and sensitive detection of specific circulating tumor cells. Biosens
Bioelectron. (2022) 201:113973. doi: 10.1016/j.bios.2022.113973

42. Wang L, Xie H, Zhou X, Lin Y, Qin Y, Yang J, et al. An electrochemical biosensor
to identify the phenotype of aggressive breast cancer cells. Chem Commun. (2023)
59:3890-3. doi: 10.1039/d3cc00611e

43. de Souza GA, Godoy LMFE, Mann M. Identification of 491 proteins in the tear fluid
proteome reveals a large number of proteases and protease inhibitors. Genome Biol.
(2006) 7:7. doi: 10.1186/gb-2006-7-8-r72

44. Evans V, Vockler C, Friedlander M, Walsh B, Willcox M. Lacryglobin in human
tears, a potential marker for cancer. Clin Experiment Ophthalmol. (2001) 29:161-3. doi:
10.1046/j.1442-9071.2001.00408.x

45. Herber S, Grus FH, Sabuncuo P, Augustin AJ. Two-dimensional analysis of tear
protein patterns of diabetic patients. Electrophoresis. (2001) 22:1838-44. doi:
10.1002/1522-2683(200105)22:9<1838::AID-ELPS1838>3.0.CO;2-7

46. Tiffany JM. Tears in health and disease. Eye. (2003) 17:923-6. doi: 10.1038/
sj.eye.6700566

47.Zhang P, Qian B, Liu Z, Wang D, Lv E, Xing Y, et al. Identification of novel
biomarkers of prostate cancer through integrated analysis. Transl Androl Urol. (2021)
10:3239-54. doi: 10.21037/tau-21-401

48. Zhou L, Beuerman RW. The power of tears: how tear proteomics research could
revolutionize the «clinic. Expert Rev Proteomics. (2017) 14:189-91. doi:
10.1080/14789450.2017.1285703

49.Yu L, Yang Z, An M. Lab on the eye: a review of tear-based wearable devices for
medical use and health management. Biosci Trends. (2019) 13:308-13. doi: 10.5582/
bst.2019.01178

50.Kim S, Lee G, Jeon C, Han HH, Kim S, Mok JW, et al. Bimetallic nanocatalysts
immobilized in nanoporous hydrogels for long-term robust continuous glucose
monitoring of smart contact lens. Adv Mater. (2022) 34:¢2110536. doi: 10.1002/
adma.202110536

51. Gao W, Emaminejad S, Nyein HYY, Challa S, Chen K, Peck A, et al. Fully
integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature.
(2016) 529:509-14. doi: 10.1038/nature16521

52.Hu J, Yu Y, Brooks JC, Godwin LA, Somasundaram S, Torabinejad E, et al. A
reusable electrochemical proximity assay for highly selective, real-time protein
quantitation in biological matrices. ] Am Chem Soc. (2014) 136:8467-74. doi: 10.1021/
ja503679q

53. Ren K, Wu J, Zhang Y, Yan E, Ju H. Proximity hybridization regulated dna biogate
for sensitive electrochemical immunoassay. Anal Chem. (2014) 86:7494-9. doi: 10.1021/
ac5012377

54.Ren K, Wu J, Ju H, Yan E Target-driven triple-binder assembly of mnazyme for
amplified electrochemical immunosensing of protein biomarker. Anal Chem. (2015)
87:1694-700. doi: 10.1021/ac504277z

55.Man Y, Liu J, Wu ], Yin L, Pei H, Wu Q, et al. An anchored monopodial dna walker
triggered by proximity hybridization for amplified amperometric biosensing of nucleic
acid and protein. Anal Chim Acta. (2020) 1107:48-54. doi: 10.1016/j.aca.2020.02.013

56. Heikenfeld J, Jajack A, Feldman B, Granger SW, Gaitonde S, Begtrup G, et al.
Accessing analytes in biofluids for peripheral biochemical monitoring. Nat Biotechnol.
(2019) 37:407-19. doi: 10.1038/s41587-019-0040-3

57. Yu'Y, Nyein HYY, Gao W, Javey A. Flexible electrochemical bioelectronics: the rise
of in situ bioanalysis. Adv Mater. (2020) 32:e1902083. doi: 10.1002/adma.201902083

58. Xu C, Yang Y, Gao W. Skin-interfaced sensors in digital medicine: from materials
to applications. Matter. (2020) 2:1414-45. doi: 10.1016/j.matt.2020.03.020

frontiersin.org


https://doi.org/10.3389/fmed.2024.1487981
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1002/adhm.201400504
https://doi.org/10.1002/adhm.201400504
https://doi.org/10.1126/sciadv.aap9841
https://doi.org/10.1016/j.bios.2016.11.014
https://doi.org/10.1039/c9lc00975b
https://doi.org/10.1002/advs.202104738
https://doi.org/10.1007/s00604-023-05865-1
https://doi.org/10.1016/j.ijbiomac.2021.10.198
https://doi.org/10.1016/j.ijbiomac.2021.10.198
https://doi.org/10.1186/s13167-016-0065-3
https://doi.org/10.4103/1008-682X.171582
https://doi.org/10.1007/s11655-020-3429-4
https://doi.org/10.3389/fcell.2023.1081898
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1002/asi.20317
https://doi.org/10.1016/j.exger.2023.112316
https://doi.org/10.1016/j.exger.2023.112316
https://doi.org/10.1016/j.tibtech.2014.04.005
https://doi.org/10.1126/sciadv.1701629
https://doi.org/10.1080/0022250X.2001.9990249
https://doi.org/10.3389/fnagi.2024.1400589
https://doi.org/10.3389/fnagi.2024.1400589
https://doi.org/10.1016/j.bios.2010.12.042
https://doi.org/10.1021/ac504300n
https://doi.org/10.1016/j.bios.2015.07.039
https://doi.org/10.2196/18212
https://doi.org/10.1007/s00216-019-01974-0
https://doi.org/10.1016/j.microc.2019.104454
https://doi.org/10.1038/s44222-023-00032-w
https://doi.org/10.3390/bios13020264
https://doi.org/10.3390/bios13010105
https://doi.org/10.3390/bios13020216
https://doi.org/10.1016/j.talanta.2021.123203
https://doi.org/10.1038/s41598-022-06101-1
https://doi.org/10.1038/s41598-022-06101-1
https://doi.org/10.1016/j.aca.2022.339846
https://doi.org/10.1016/j.bios.2022.114564
https://doi.org/10.1016/j.bios.2022.113973
https://doi.org/10.1039/d3cc00611e
https://doi.org/10.1186/gb-2006-7-8-r72
https://doi.org/10.1046/j.1442-9071.2001.00408.x
https://doi.org/10.1002/1522-2683(200105)22:9<1838::AID-ELPS1838>3.0.CO;2-7
https://doi.org/10.1038/sj.eye.6700566
https://doi.org/10.1038/sj.eye.6700566
https://doi.org/10.21037/tau-21-401
https://doi.org/10.1080/14789450.2017.1285703
https://doi.org/10.5582/bst.2019.01178
https://doi.org/10.5582/bst.2019.01178
https://doi.org/10.1002/adma.202110536
https://doi.org/10.1002/adma.202110536
https://doi.org/10.1038/nature16521
https://doi.org/10.1021/ja503679q
https://doi.org/10.1021/ja503679q
https://doi.org/10.1021/ac5012377
https://doi.org/10.1021/ac5012377
https://doi.org/10.1021/ac504277z
https://doi.org/10.1016/j.aca.2020.02.013
https://doi.org/10.1038/s41587-019-0040-3
https://doi.org/10.1002/adma.201902083
https://doi.org/10.1016/j.matt.2020.03.020

Zhang et al.

59.Song Y, Min J, Gao W. Wearable and implantable electronics: moving toward
precision therapy. ACS Nano. (2019) 13:12280-6. doi: 10.1021/acsnano.9b08323

60. Tang H, Lin P, Chan HLW, Yan E. Highly sensitive dopamine biosensors based on
organic electrochemical transistors. Biosens Bioelectron. (2011) 26:4559-63. doi:
10.1016/j.bios.2011.05.025

61.Ji X, Chan PKL. Highly sensitive glucose sensor based on organic electrochemical
transistor with modified gate electrode. Methods Mol Biol. (2017) 1572:205-16. doi:
10.1007/978-1-4939-6911-1_14

62.Lin P, Luo X, Hsing I, Yan F. Organic electrochemical transistors integrated in
flexible microfluidic systems and used for label-free dna sensing. Adv Mater. (2011)
23:4035-40. doi: 10.1002/adma.201102017

63.Kim D, Lee N, Park J, Park I, Kim J, Cho HJ. Organic electrochemical transistor
based immunosensor for prostate specific antigen (psa) detection using gold
nanoparticles for signal amplification. Biosens Bioelectron. (2010) 25:2477-82. doi:
10.1016/j.bi0s.2010.04.013

64. Parlak O, Keene ST, Marais A, Curto VE Salleo A. Molecularly selective
nanoporous membrane-based wearable organic electrochemical device for noninvasive
cortisol sensing. Sci Adv. (2018) 4:eaar2904. doi: 10.1126/sciadv.aar2904

65. Zang Y, Lei J, Ju H. Principles and applications of photoelectrochemical sensing
strategies based on biofunctionalized nanostructures. Biosens Bioelectron. (2017)
96:8-16. doi: 10.1016/j.bios.2017.04.030

66. Ruan Y, Chen F, Xu Y, Zhang T, Yu S, Zhao W, et al. An integrated photoelectrochemical
nanotool for intracellular drug delivery and evaluation of treatment effect. Angew Chem Int
Ed Engl. (2021) 60:25762-5. doi: 10.1002/anie.202111608

67. Ye X, Wang X, Kong Y, Dai M, Han D, Liu Z. Fret modulated signaling: a versatile
strategy to construct photoelectrochemical microsensors for in vivo analysis. Angew
Chem Int Ed Engl. (2021) 60:11774-8. doi: 10.1002/anie.202101468

68.Wang N, Chen L, Chen W, Ju H. Potential-and color-resolved
electrochemiluminescence of polymer dots for array imaging of multiplex micrornas.
Anal Chem. (2021) 93:5327-33. doi: 10.1021/acs.analchem.1c00620

69. Wang N, Gao H, Li Y, Li G, Chen W, Jin Z, et al. Dual intramolecular electron
transfer for in situ coreactant-embedded electrochemiluminescence microimaging of
membrane protein. Angew Chem Int Ed Engl. (2021) 60:197-201. doi: 10.1002/
anie.202011176

70.Wang N, Ao H, Xiao W, Chen W, Li G, Wu J, et al. Confined
electrochemiluminescence imaging microarray for high-throughput biosensing of single
cell-released dopamine. Biosens Bioelectron. (2022) 201:113959. doi: 10.1016/j.
bi0s.2021.113959

71. Moyer ], Wilson D, Finkelshtein I, Wong B, Potts R. Correlation between sweat
glucose and blood glucose in subjects with diabetes. Diabetes Technol Ther. (2012)
14:398-402. doi: 10.1089/dia.2011.0262

72. Morris LR, Mcgee JA, Kitabchi AE. Correlation between plasma and urine glucose
in diabetes. Ann Intern Med. (1981) 94:469-71. doi: 10.7326/0003-4819-94-4-469

73. Lane JD, Krumholz DM, Sack RA, Morris C. Tear glucose dynamics in diabetes
mellitus. Curr Eye Res. (2006) 31:895-901. doi: 10.1080/02713680600976552

74. Labib M, Sargent EH, Kelley SO. Electrochemical methods for the analysis of
clinically relevant biomolecules. Chem Rev. (2016) 116:9001-90. doi: 10.1021/acs.
chemrev.6b00220

75.Wu ], Yan E Tang ], Zhai C, Ju H. A disposable multianalyte electrochemical
immunosensor array for automated simultaneous determination of tumor markers. Clin
Chem. (2007) 53:1495-502. doi: 10.1373/clinchem.2007.086975

76. Wu J, Yan F, Zhang X, Yan Y, Tang J, Ju H. Disposable reagentless electrochemical
immunosensor array based on a biopolymer/sol-gel membrane for simultaneous
measurement of several tumor markers. Clin Chem. (2008) 54:1481-8. doi: 10.1373/
clinchem.2007.102350

77.Wu ], Tang J, Dai Z, Yan E Ju H, El Murr N. A disposable electrochemical
immunosensor for flow injection immunoassay of carcinoembryonic antigen. Biosens
Bioelectron. (2006) 22:102-8. doi: 10.1016/j.bi0s.2005.12.008

78. Chung M, Fortunato G, Radacsi N. Wearable flexible sweat sensors for healthcare
monitoring: a review. ] R Soc Interface. (2019) 16:20190217. doi: 10.1098/rsif.2019.0217

79. Bandodkar AJ, Jeang W], Ghaffari R, Rogers JA. Wearable sensors for biochemical
sweat analysis. Annu Rev Anal Chem (Palo Alto Calif). (2019) 12:1-22. doi: 10.1146/
annurev-anchem-061318-114910

80. Kagie A, Bishop DK, Burdick J, La Belle JT, Dymond R, Felder R, et al. Flexible
rolled thick-film miniaturized flow-cell for minimally invasive amperometric sensing.
Electroanalysis. (2008) 20:1610-4. doi: 10.1002/elan.200804253

81. Yan Q, Peng B, Su G, Cohan BE, Major TC, Meyerhoff ME. Measurement of tear
glucose levels with amperometric glucose biosensor/capillary tube configuration. Anal
Chem. (2011) 83:8341-6. doi: 10.1021/ac201700c

82. Jiang L, Xue Q, Jiao C, Liu H, Zhou Y, Ma H, et al. A non-enzymatic nanoceria
electrode for non-invasive glucose monitoring. Anal Methods. (2018) 10:2151-9. doi:
10.1039/c8ay00433a

83. Andoralov V, Shleev S, Arnebrant T, Ruzgas T. Flexible micro(bio)sensors for
quantitative analysis of bioanalytes in a nanovolume of human lachrymal liquid. Anal
Bioanal Chem. (2013) 405:3871-9. doi: 10.1007/s00216-013-6756-x

Frontiers in Medicine

10.3389/fmed.2024.1487981

84. Krishna R, Campina JM, Fernandes PMV, Ventura ], Titus E, Silva AF. Reduced
graphene oxide-nickel nanoparticles/biopolymer composite films for the sub-millimolar
detection of glucose. Analyst. (2016) 141:4151-61. doi: 10.1039/c6an00475j

85. Xiao X, Siepenkoetter T, Conghaile PO, Leech D, Magner E. Nanoporous gold-
based biofuel cells on contact lenses. ACS Appl Mater Interfaces. (2018) 10:7107-16. doi:
10.1021/acsami.7b18708

86. Yao H, Liao Y, Lingley AR, Afanasiev A, Lahdesmaki I, Otis BP, et al. A contact
lens with integrated telecommunication circuit and sensors for wireless and continuous
tear glucose monitoring. J Micromech Microeng. (2012) 22:075007. doi:
10.1088/0960-1317/22/7/075007

87.Kim J, Jeerapan I, Sempionatto JR, Barfidokht A, Mishra RK, Campbell AS, et al.
Wearable bioelectronics: enzyme-based body-worn electronic devices. Acc Chem Res.
(2018) 51:2820-8. doi: 10.1021/acs.accounts.8b00451

88. Lee H, Hong YJ, Baik S, Hyeon T, Kim D. Enzyme-based glucose sensor: from
invasive to wearable device. Adv Healthc Mater. (2018) 7:¢1701150. doi: 10.1002/
adhm.201701150

89. Tseng RC, Chen C, Hsu S, Chuang H. Contact-Lens Biosensors. Sensors. (2018)
18:18. doi: 10.3390/518082651

90. Yang Y, Gao W. Wearable and flexible electronics for continuous molecular
monitoring. Chem Soc Rev. (2019) 48:1465-91. doi: 10.1039/c7¢cs00730b

91. Min ], Sempionatto JR, Teymourian H, Wang J, Gao W. Wearable electrochemical
biosensors in north america. Biosens Bioelectron. (2021) 172:172. doi: 10.1016/j.
bi0s.2020.112750

92.Xue Z, Wu L, Yuan J, Xu G, Wu Y. Self-powered biosensors for monitoring human
physiological changes. Biosensors. (2023) 13:13. doi: 10.3390/bios13020236

93.Karki HP, Jang Y, Jung J, Oh J. Advances in the development paradigm of
biosample-based biosensors for early ultrasensitive detection of alzheimer's disease. J
Nanobiotechnol. (2021) 19:19. doi: 10.1186/s12951-021-00814-7

94. Wang Y, Chuang H, Tripathi A, Wang Y, Ko M, Chuang C, et al. High-sensitivity
and trace-amount specimen electrochemical sensors for exploring the levels of
B-amyloid in human blood and tears. Anal Chem. (2021) 93:8099-106. doi: 10.1021/acs.
analchem.0c04980

95.Song H, Shin H, Seo H, Park W, Joo BJ, Kim J, et al. Wireless non-invasive
monitoring of cholesterol using a smart contact lens. Adv Sci. (2022) 9:9. doi: 10.1002/
advs.202203597

96. Wang Q, Wen X, Kong J. Recent progress on uric acid detection: a review. Crit Rev
Anal Chem. (2020) 50:359-75. doi: 10.1080/10408347.2019.1637711

97. Takke A, Shende P. Non-invasive biodiversified sensors: a modernized screening
technology for cancer. Curr Pharm Des. (2019) 25:4108-20. doi: 10.217
4/1381612825666191022162232

98.Lu Y, Zhou Q, Xu L. Non-invasive electrochemical biosensors for tnf-a cytokines
detection in body fluids. Front Bioeng Biotechnol. (2021) 9:9. doi: 10.3389/
fbioe.2021.701045

99. Sekar M, Sriramprabha R, Sekhar PK, Bhansali S, Ponpandian N, Pandiaraj M,
et al. Review-towards wearable sensor platforms for the electrochemical detection of
cortisol. ] Electrochem Soc. (2020) 167:167. doi: 10.1149/1945-7111/ab7e24

100. Sempionatto JR, Khorshed AA, Ahmed A, De Loyola E, Silva AN, Barfidokht A,
et al. Epidermal enzymatic biosensors for sweat vitamin c: toward personalized
nutrition. ACS Sens. (2020) 5:1804-13. doi: 10.1021/acssensors.0c00604

101. Kim J, Kim M, Lee M, Kim K, Ji S, Kim Y, et al. Wearable smart sensor systems
integrated on soft contact lenses for wireless ocular diagnostics. Nat Commun. (2017)
8:8. doi: 10.1038/ncomms14997

102. Elsherif M, Hassan MU, Yetisen AK, Butt H. Wearable contact lens biosensors
for continuous glucose monitoring using smartphones. ACS Nano. (2018) 12:5452-62.
doi: 10.1021/acsnano.8b00829

103. Sempionatto JR, Brazaca LC, Garcia-Carmona L, Bolat G, Campbell AS, Martin
A, et al. Eyeglasses-based tear biosensing system: non-invasive detection of alcohol,
vitamins and glucose. Biosens Bioelectron. (2019) 137:161-70. doi: 10.1016/j.
bi0s.2019.04.058

104. Moss SE, Klein R, Klein BE. The 14-year incidence of visual loss in a diabetic
population. Ophthalmology. (1998) 105:998-1003. doi: 10.1016/S0161-6420(98)96025-0

105. Klein BEK. Overview of epidemiologic studies of diabetic retinopathy.
Ophthalmic Epidemiol. (2007) 14:179-83. doi: 10.1080/09286580701396720

106. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. (2010) 376:124-36.
doi: 10.1016/S0140-6736(09)62124-3

107. Chew EY, Ambrosius WT, Davis MD, Danis RP, Gangaputra S, Greven CM, et al.
Effects of medical therapies on retinopathy progression in type 2 diabetes. N Engl J Med.
(2010) 363:233-44. doi: 10.1056/NEJMo0al001288

108. Zhang J, Hodge W, Hutnick C, Wang X. Noninvasive diagnostic devices for
diabetes through measuring tear glucose. J Diabetes Sci Technol. (2011) 5:166-72. doi:
10.1177/193229681100500123

109. Han JH, Cho YC, Koh WG, Choy YB. Preocular sensor system for concurrent
monitoring of glucose levels and dry eye syndrome using tear fluids. PLoS One. (2020)
15:€0239317. doi: 10.1371/journal.pone.0239317

frontiersin.org


https://doi.org/10.3389/fmed.2024.1487981
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1021/acsnano.9b08323
https://doi.org/10.1016/j.bios.2011.05.025
https://doi.org/10.1007/978-1-4939-6911-1_14
https://doi.org/10.1002/adma.201102017
https://doi.org/10.1016/j.bios.2010.04.013
https://doi.org/10.1126/sciadv.aar2904
https://doi.org/10.1016/j.bios.2017.04.030
https://doi.org/10.1002/anie.202111608
https://doi.org/10.1002/anie.202101468
https://doi.org/10.1021/acs.analchem.1c00620
https://doi.org/10.1002/anie.202011176
https://doi.org/10.1002/anie.202011176
https://doi.org/10.1016/j.bios.2021.113959
https://doi.org/10.1016/j.bios.2021.113959
https://doi.org/10.1089/dia.2011.0262
https://doi.org/10.7326/0003-4819-94-4-469
https://doi.org/10.1080/02713680600976552
https://doi.org/10.1021/acs.chemrev.6b00220
https://doi.org/10.1021/acs.chemrev.6b00220
https://doi.org/10.1373/clinchem.2007.086975
https://doi.org/10.1373/clinchem.2007.102350
https://doi.org/10.1373/clinchem.2007.102350
https://doi.org/10.1016/j.bios.2005.12.008
https://doi.org/10.1098/rsif.2019.0217
https://doi.org/10.1146/annurev-anchem-061318-114910
https://doi.org/10.1146/annurev-anchem-061318-114910
https://doi.org/10.1002/elan.200804253
https://doi.org/10.1021/ac201700c
https://doi.org/10.1039/c8ay00433a
https://doi.org/10.1007/s00216-013-6756-x
https://doi.org/10.1039/c6an00475j
https://doi.org/10.1021/acsami.7b18708
https://doi.org/10.1088/0960-1317/22/7/075007
https://doi.org/10.1021/acs.accounts.8b00451
https://doi.org/10.1002/adhm.201701150
https://doi.org/10.1002/adhm.201701150
https://doi.org/10.3390/s18082651
https://doi.org/10.1039/c7cs00730b
https://doi.org/10.1016/j.bios.2020.112750
https://doi.org/10.1016/j.bios.2020.112750
https://doi.org/10.3390/bios13020236
https://doi.org/10.1186/s12951-021-00814-7
https://doi.org/10.1021/acs.analchem.0c04980
https://doi.org/10.1021/acs.analchem.0c04980
https://doi.org/10.1002/advs.202203597
https://doi.org/10.1002/advs.202203597
https://doi.org/10.1080/10408347.2019.1637711
https://doi.org/10.2174/1381612825666191022162232
https://doi.org/10.2174/1381612825666191022162232
https://doi.org/10.3389/fbioe.2021.701045
https://doi.org/10.3389/fbioe.2021.701045
https://doi.org/10.1149/1945-7111/ab7e24
https://doi.org/10.1021/acssensors.0c00604
https://doi.org/10.1038/ncomms14997
https://doi.org/10.1021/acsnano.8b00829
https://doi.org/10.1016/j.bios.2019.04.058
https://doi.org/10.1016/j.bios.2019.04.058
https://doi.org/10.1016/S0161-6420(98)96025-0
https://doi.org/10.1080/09286580701396720
https://doi.org/10.1016/S0140-6736(09)62124-3
https://doi.org/10.1056/NEJMoa1001288
https://doi.org/10.1177/193229681100500123
https://doi.org/10.1371/journal.pone.0239317

Zhang et al.

110. James M, Turner DA, Broadbent DM, Vora J, Harding SP. Cost effectiveness
analysis of screening for sight threatening diabetic eye disease. Br Med J. (2000)
320:1627-31. doi: 10.1136/bmj.320.7250.1627

111. Kim HJ, Kim PK, Yoo HS, Kim CW. Comparison of tear proteins between healthy
and early diabetic retinopathy patients. Clin Biochem. (2012) 45:60-7. doi: 10.1016/j.
clinbiochem.2011.10.006

112. Costagliola C, Romano V, De Tollis M, Aceto F, Dell'Omo R, Romano MR, et al.
Tnf-alpha levels in tears: a novel biomarker to assess the degree of diabetic retinopathy.
Mediat Inflamm. (2013) 2013:1-6. doi: 10.1155/2013/629529

113. Chuang HS, Chen Y], Cheng HP. Enhanced diffusometric immunosensing with
grafted gold nanoparticles for detection of diabetic retinopathy biomarker tumor
necrosis factor-o. Biosens Bioelectron. (2018) 101:75-83. doi: 10.1016/j.bios.2017.10.002

114. Craig JP, Nichols KK, Akpek EK, Caffery B, Dua HS, Joo CK, et al. Tfos dews ii
definition and classification report. Ocul Surf. (2017) 15:276-83. doi: 10.1016/j.
jt0s.2017.05.008

115. Bron AJ, de Paiva CS, Chauhan SK, Bonini S, Gabison EE, Jain S, et al. Tfos dews
ii pathophysiology report. Ocul Surf. (2017) 15:438-510. doi: 10.1016/j.jt0s.2017.05.011

116. De Paiva CS, Corrales RM, Villarreal AL, Farley WJ, Li DQ, Stern ME, et al.
Corticosteroid and doxycycline suppress mmp-9 and inflammatory cytokine expression,
mapk activation in the corneal epithelium in experimental dry eye. Exp Eye Res. (2006)
83:526-35. doi: 10.1016/j.exer.2006.02.004

117. Zhang XY, Zhao L, Deng SJ, Sun XG, Wang NL. Dry eye syndrome in patients
with diabetes mellitus: prevalence, etiology, and clinical characteristics. ] Ophthalmol.
(2016) 2016:1-7. doi: 10.1155/2016/8201053

118. Shih KC, Lam KL, Tong L. A systematic review on the impact of diabetes mellitus
on the ocular surface. Nutr Diabetes. (2017) 7:€251. doi: 10.1038/nutd.2017.4

119. Manaviat MR, Rashidi M, Afkhami-Ardekani M, Shoja MR. Prevalence of dry
eye syndrome and diabetic retinopathy in type 2 diabetic patients. BMC Ophthalmol.
(2008) 8:8. doi: 10.1186/1471-2415-8-10

120. Choi W, Li Z, Oh HJ, Im SK, Lee SH, Park SH, et al. Expression of ccr5 and its
ligands ccl3,-4, and-5 in the tear film and ocular surface of patients with dry eye disease.
Curr Eye Res. (2012) 37:12-7. doi: 10.3109/02713683.2011.622852

121. Lam H, Bleiden L, De Paiva CS, Farley W, Stern ME, Pflugfelder SC. Tear
cytokine profiles in dysfunctional tear syndrome. Am ] Ophthalmol. (2009)
147:198-205.¢l. doi: 10.1016/.2j0.2008.08.032

122. Acera A, Rocha G, Vecino E, Lema I, Durdn JA. Inflammatory markers in the
tears of patients with ocular surface disease. Ophthalmic Res. (2008) 40:315-21. doi:
10.1159/000150445

123. Massingale ML, Li XH, Vallabhajosyula M, Chen DM, Wei Y, Asbell PA. Analysis
of inflammatory cytokines in the tears of dry eye patients. Cornea. (2009) 28:1023-7.
doi: 10.1097/ICO.0b013e3181a16578

124. Huang JE, Zhang Y, Rittenhouse KD, Pickering EH, Mcdowell MT. Evaluations
of tear protein markers in dry eye disease: repeatability of measurement and correlation
with disease. Invest Ophthalmol Vis Sci. (2012) 53:4556-64. doi: 10.1167/iovs.11-9054

125. Aragona P, Aguennouz M, Rania L, Postorino E, Sommario MS, Roszkowska
AM, et al. Matrix metalloproteinase 9 and transglutaminase 2 expression at the ocular
surface in patients with different forms of dry eye disease. Ophthalmology. (2015)
122:62-71. doi: 10.1016/j.0phtha.2014.07.048

126. Sambursky R, Davitt WE, Friedberg M, Tauber S. Prospective, multicenter,
clinical evaluation of point-of-care matrix metalloproteinase-9 test for confirming dry
eye disease. Cornea. (2014) 33:812-8. doi: 10.1097/IC0O.0000000000000175

127. Zhou L, Beuerman RW, Chan CM, Zhao SZ, Li XR, Yang H, et al. Identification
of tear fluid biomarkers in dry eye syndrome using itraq quantitative proteomics. J
Proteome Res. (2009) 8:4889-905. doi: 10.1021/pr900686s

128. Choi W, Lian C, Ying L, Kim GE, You IC, Park SH, et al. Expression of lipid
peroxidation markers in the tear film and ocular surface of patients with non-sjogren

syndrome: potential biomarkers for dry eye disease. Curr Eye Res. (2016) 41:1143-9. doi:
10.3109/02713683.2015.1098707

129. Galbis-Estrada C, Pinazo-Durdan MD, Martinez-Castillo S, Morales JM, Monleén
D, Zanon-Moreno V. A metabolomic approach to dry eye disorders. The role of oral
supplements with antioxidants and omega 3 fatty acids. Mol Vis. (2015) 21:555-67.

Frontiers in Medicine

17

10.3389/fmed.2024.1487981

130. Jayaram H, Kolko M, Friedman DS, Gazzard G. Glaucoma: now and beyond.
Lancet. (2023) 402:1788-801. doi: 10.1016/S0140-6736(23)01289-8

131. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and treatment of
glaucoma a review. JAMA. (2014) 311:1901-11. doi: 10.1001/jama.2014.3192

132. Quigley HA. Glaucoma. Lancet. (2011) 377:1367-77. doi:

S0140-6736(10)61423-7

10.1016/

133. Stein JD, Khawaja AP, Weizer JS. Glaucoma in adults-screening, diagnosis, and
management a review. JAMA. (2021) 325:164-74. doi: 10.1001/jama.2020.21899

134. Sahay P, Rao A, Padhy D, Sarangi S, Das G, Reddy MM, et al. Functional activity
of matrix metalloproteinases 2 and 9 in tears of patients with glaucoma. Invest
Ophthalmol Vis Sci. (2017) 58:BI0106-BIO113. doi: 10.1167/iovs.17-21723

135. Zubareva TV, Kiseleva ZM. Catecholamine content of the lacrimal fluid of
healthy people and glaucoma patients. Ophthalmologica. (1977) 175:339-44. doi:
10.1159/000308678

136. Joachim SC, Grus FH, Kraft D, White-Farrar K, Barnes G, Barbeck M, et al.
Complex antibody profile changes in an experimental autoimmune glaucoma
animal model. Invest Ophthalmol Vis Sci. (2009) 50:4734-42. doi: 10.1167/
iovs.08-3144

137. Stahl A. The diagnosis and treatment of age-related macular degeneration. Dtsch
Arztebl Int. (2020) 117:513-20. doi: 10.3238/arztebl.2020.0513

138. Di Carlo E, Augustin AJ. Prevention of the onset of age-related macular
degeneration. J Clin Med. (2021) 10:10. doi: 10.3390/jcm10153297

139. Thomas CJ, Mirza RG, Gill MK. Age-related macular degeneration. Med Clin
North Am. (2021) 105:473-91. doi: 10.1016/j.mcna.2021.01.003

140. Lambert NG, Elshelmani H, Singh MK, Mansergh FC, Wride MA, Padilla M,
et al. Risk factors and biomarkers of age-related macular degeneration. Prog Retin Eye
Res. (2016) 54:64-102. doi: 10.1016/j.preteyeres.2016.04.003

141. Boltz A, Lasta M, Schmidl D, Kaya S, Garhéfer G, Schmetterer L. Risk factors for
age-related macular degeneration. Spektrum Augenheilkd. (2010) 24:296-304. doi:
10.1007/s00717-010-0445-3

142. Shukla D, Arora A, Ambatkar S, Ramasamy K, Perumalsamy N. Optical
coherence tomography findings in acute macular neuroretinopathy. Eye. (2005)
19:107-8. doi: 10.1038/sj.eye.6701414

143. Bhende M, Shetty S, Parthasarathy MK, Ramya S. Optical coherence tomography:
a guide to interpretation of common macular diseases. Indian ] Ophthalmol. (2018)
66:20-35. doi: 10.4103/ijo.IJO_902_17

144. Omori T, Oguchi Y, Machida T, Kato Y, Ishida Y, Ojima A, et al. Evidence for
activation of lectin and classical pathway complement components in aqueous humor
of neovascular age-related macular degeneration. Ophthalmic Res. (2020) 63:252-8. doi:
10.1159/000503258

145. Kim M, Iezzi R, Shim BS, Martin DC. Impedimetric biosensors for detecting
vascular endothelial growth factor (vegf) based on poly(3,4-ethylene dioxythiophene)
(pedot)/gold nanoparticle (au np) composites. Front Chem. (2019) 7:7. doi: 10.3389/
fchem.2019.00234

146. Zhao J, Guo HX, Li JH, Bandodkar AJ, Rogers JA. Body-interfaced chemical
sensors for noninvasive monitoring and analysis of biofluids. Trends Chem. (2019)
1:559-71. doi: 10.1016/j.trechm.2019.07.001

147. Yang XD, Cheng HY. Recent developments of flexible and stretchable
electrochemical biosensors. Micromachines. (2020) 11:11. doi: 10.3390/mi11030243

148. Saha T, Del Cafo R, Mahato K, De la Paz E, Chen CR, Ding SC, et al. Wearable
electrochemical glucose sensors in diabetes management: a comprehensive review.
Chem Rev. (2023) 123:7854-89. doi: 10.1021/acs.chemrev.3c00078

149. Falk M, Psotta C, Cirovic S, Shleev S. Non-invasive electrochemical
biosensors operating in human physiological fluids. Sensors. (2020) 20:20. doi:
10.3390/520216352

150. Chen QY, Zhao Y, Liu YQ. Current development in wearable glucose meters. Chin
Chem Lett. (2021) 32:3705-17. doi: 10.1016/j.cclet.2021.05.043

151. Lyu Q, Gong S, Dyson JM, Cheng WL. Soft, disruptive and wearable
electrochemical biosensors. Curr Anal Chem. (2022) 18:689-704. doi: 10.217
4/1573411017666210706154521

frontiersin.org


https://doi.org/10.3389/fmed.2024.1487981
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1136/bmj.320.7250.1627
https://doi.org/10.1016/j.clinbiochem.2011.10.006
https://doi.org/10.1016/j.clinbiochem.2011.10.006
https://doi.org/10.1155/2013/629529
https://doi.org/10.1016/j.bios.2017.10.002
https://doi.org/10.1016/j.jtos.2017.05.008
https://doi.org/10.1016/j.jtos.2017.05.008
https://doi.org/10.1016/j.jtos.2017.05.011
https://doi.org/10.1016/j.exer.2006.02.004
https://doi.org/10.1155/2016/8201053
https://doi.org/10.1038/nutd.2017.4
https://doi.org/10.1186/1471-2415-8-10
https://doi.org/10.3109/02713683.2011.622852
https://doi.org/10.1016/j.ajo.2008.08.032
https://doi.org/10.1159/000150445
https://doi.org/10.1097/ICO.0b013e3181a16578
https://doi.org/10.1167/iovs.11-9054
https://doi.org/10.1016/j.ophtha.2014.07.048
https://doi.org/10.1097/ICO.0000000000000175
https://doi.org/10.1021/pr900686s
https://doi.org/10.3109/02713683.2015.1098707
https://doi.org/10.1016/S0140-6736(23)01289-8
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1016/S0140-6736(10)61423-7
https://doi.org/10.1016/S0140-6736(10)61423-7
https://doi.org/10.1001/jama.2020.21899
https://doi.org/10.1167/iovs.17-21723
https://doi.org/10.1159/000308678
https://doi.org/10.1167/iovs.08-3144
https://doi.org/10.1167/iovs.08-3144
https://doi.org/10.3238/arztebl.2020.0513
https://doi.org/10.3390/jcm10153297
https://doi.org/10.1016/j.mcna.2021.01.003
https://doi.org/10.1016/j.preteyeres.2016.04.003
https://doi.org/10.1007/s00717-010-0445-3
https://doi.org/10.1038/sj.eye.6701414
https://doi.org/10.4103/ijo.IJO_902_17
https://doi.org/10.1159/000503258
https://doi.org/10.3389/fchem.2019.00234
https://doi.org/10.3389/fchem.2019.00234
https://doi.org/10.1016/j.trechm.2019.07.001
https://doi.org/10.3390/mi11030243
https://doi.org/10.1021/acs.chemrev.3c00078
https://doi.org/10.3390/s20216352
https://doi.org/10.1016/j.cclet.2021.05.043
https://doi.org/10.2174/1573411017666210706154521
https://doi.org/10.2174/1573411017666210706154521

	A bibliometric and visualization analysis of electrochemical biosensors for early diagnosis of eye diseases
	1 Introduction
	2 Methods
	2.1 Data collection and extraction
	2.2 Bibliometric analysis and visualization

	3 Results
	3.1 Publication trend analysis
	3.2 Countries/regions analysis
	3.3 Institutions analysis
	3.4 Authors and co-cited authors analysis
	3.5 Journals and co-cited journals analysis
	3.6 Citing articles and co-cited references analysis
	3.7 Keywords analysis

	4 Discussion
	4.1 Tear biomarkers
	4.2 Detection techniques of electrochemical sensors
	4.3 Sensory materials and functional modification
	4.4 Tears-based electrochemical biosensors
	4.5 Typical eye diseases detected by electrochemical biosensors
	4.5.1 Diabetic retinopathy
	4.5.2 Dry eye syndrome
	4.5.3 Glaucoma
	4.5.4 Age-related macular degeneration

	5 Future perspectives and conclusion

	References

