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Effective monitoring of ocular drugs is crucial for personalized medicine and improving drug delivery

efficacy. However, traditional methods face difficulties in detecting low drug concentrations in small

volumes of ocular fluid, such as that found on the ocular surface. In this study, we used capture-SELEX to

select aptamers for two commonly used ocular drugs, timolol maleate and atropine. We identified TMJ-1

and AT-1 aptamers with binding affinities of 3.4 μM timolol maleate and 10 μM atropine, respectively. Our

label-free TMJ-1 biosensor using thioflavin T staining achieved a limit of detection (LOD) of 0.3 μM for

timolol maleate. The AT-1 biosensor showed an LOD of 1 μM for atropine, and exhibited a 10-fold higher

sensitivity compared to UV-visible spectroscopy. Future research in this area holds promise in enhancing

drug delivery monitoring and improving the treatment of ocular diseases.

1. Introduction

Detection and monitoring of drugs is a crucial area of
research, with significant implications for optimizing drug
delivery, pharmacokinetics, and enabling personalized
medicine.1,2 In particular, accurate and timely measurement
of drug levels in ocular tissues and fluids can provide
valuable insights into their efficacy and pharmacokinetics,
allowing for more informed treatment decisions and better
patient outcomes.3,4 However, the unique anatomical and
physiological characteristics of the eye present substantial
challenges for drug detection. One of the primary difficulties
in ocular drug detection is the small volume of samples
available, such as that found via ocular surface tear fluid, the
aqueous humor, and vitreous humor. For instance, tear
volume typically ranges around 7 to 10 microliters,5,6

corresponding to a tear flow rate of approximately 1.4

microliters per min.7 These fluids are present in limited
quantities, making it challenging to obtain sufficient samples
for analysis. Additionally, the concentration of drugs in ocular
fluids is often low, necessitating highly sensitive detection
methods.3,8 Traditional analytical techniques, such as liquid
chromatography and mass spectrometry, while highly
accurate, are often unfeasible for routine clinical use due to
their complexity, cost, and the need for large sample volumes
which can be impractical and uncomfortable for patients,
especially in cases requiring frequent monitoring.4,9

Therefore, the need for more sensitive and accurate detection
methods, specifically designed to detect low concentrations of
molecules in small volumes of tears, is imperative.

Aptamers are short, single-stranded nucleic acids (DNA or
RNA) that can bind to specific target molecules with high
affinity and specificity.4,10,11 DNA aptamers are selected
through an iterative process called Systematic Evolution of
Ligands by Exponential Enrichment (SELEX).10,11 Aptamers
offer several advantages over antibodies, including smaller
size, lower production costs, greater stability, and the ability
to be chemically synthesized and modified.10,11 Aptamer-
based biosensors, or aptasensors, leverage the unique
properties of aptamers to detect target molecules.4

Aptasensors can be designed to be label-free, meaning they
do not require a covalently attached secondary label or
indicator to produce a signal, which simplifies the detection
process. Label-free aptasensors have been reported to detect
various molecules.12–14

Two ocular drugs, timolol maleate and atropine, were
selected to validate our label-free aptasensors. Timolol

Sens. Diagn., 2024, 3, 1679–1688 | 1679© 2024 The Author(s). Published by the Royal Society of Chemistry

a Department of Chemistry, Waterloo Institute for Nanotechnology, University of

Waterloo, Waterloo, ON, N2L 3G1, Canada. E-mail: liujw@uwaterloo.ca
b Centre for Eye and Vision Research (CEVR), 17W Science Park, Hong Kong,

Hong Kong
c Centre for Ocular Research & Education (CORE), School of Optometry and Vision

Science, University of Waterloo, Canada
dDepartment of Food Science and Nutrition, The Hong Kong Polytechnic University,

Hung Hom, Kowloon, Hong Kong
e Research Center for Chinese Medicine Innovation, The Hong Kong Polytechnic

University, Hung Hom, Kowloon, Hong Kong SAR, PR China

† The authors have filed patent related to this work.
‡ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4sd00223g

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

1:
11

:0
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sd00223g&domain=pdf&date_stamp=2024-10-09
http://orcid.org/0000-0001-5918-9336
https://doi.org/10.1039/d4sd00223g
https://doi.org/10.1039/d4sd00223g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00223g
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD003010


1680 | Sens. Diagn., 2024, 3, 1679–1688 © 2024 The Author(s). Published by the Royal Society of Chemistry

maleate is widely used to treat glaucoma,15 while atropine is
employed for myopia, both of which are prevalent anterior
segment eye diseases.16,17 These drugs are primarily
administered via eye drops. However, the drugs are rapidly
diluted and eliminated by tear flow and blinking, which
presents a significant challenge in measuring the efficacy of
drug delivery through tear fluid due to the low
concentrations of the drugs present.18 Timolol maleate acts
as a non-selective beta1 and beta2 adrenergic receptor-
blocking agent.19 In ocular therapy, it is employed to mitigate
intraocular pressure following topical administration twice
daily. Its mean half-life after a single dose is around 3 h 30
min, and its efficacy may persist for up to 24 h.15 Atropine as
a naturally occurring alkaloid, primarily sourced from Atropa
belladonna within the Solanaceae family, is subject to ongoing
scrutiny concerning its mechanisms in myopia control.20

There is a pressing demand for cost-effective, user-friendly,
and sensitive methods for detecting these drugs.

In this study, we used capture-SELEX to immobilize a
randomized DNA library to select aptamers for timolol
maleate and atropine. We identified two aptamers that could
bind to these drugs with high affinity. Additionally, we
compared the sensing properties of the traditional UV-vis
method with our label-free aptamer-based sensor for the
detection of atropine in research samples. Our findings
demonstrated that the aptamer-based sensor offers high
sensitivity and specificity, making it an effective tool for
detecting low concentrations of ocular drugs in small
volumes of tear fluid.

2. Materials and methods
2.1 Chemicals

All DNA oligonucleotides were synthesized by Integrated DNA
Technologies (Coralville, IA, USA), and the sequences used in
this work are listed in ESI‡ Table S1. Streptavidin-coated
agarose resin and Dulbecco's modified Eagle medium/
Nutrient Mixture F-12 medium was purchased from Thermo
Scientific (IL, USA). Atropine, timolol maleate, sodium
chloride, magnesium chloride, sodium hydroxide, uric acid,
histidine, tryptophan, ibuprofen, sulfaclozine and
metronidazole and hydrochloric acid were obtained from
Sigma-Aldrich (MO, USA). Ultra-0.5 centrifugal filter units (3k
and 10k MWCO centrifugal filter) were purchased from
Millipore-Sigma (Oakville, ON, Canada). Micro-bio-spin
chromatography columns and SsoFast EvaGreen supermix
were obtained from Bio-Rad. The dNTP mix, Taq DNA
polymerase with ThermoPol buffer, and low molecular weight
DNA ladder were purchased from New England Biolabs
(Ipswich, MA, USA). Artificial tear was purchased from
Biochemazone (Alberta, Canada).

2.2 Capture-SELEX

The aptamer selections for atropine and timolol maleate were
performed according to the previously described capture-
SELEX method with modification.21 The selection buffer for

the atropine selection was 1× PBS, 5 mM MgCl2, 5 mM KCl, 1
mM CaCl2, pH 7.5, while for the timolol maleate selection
was 1× PBS, 1 mM MgCl2, 5 mM KCl, 1 mM CaCl2, pH 7.5.
The separation buffer in both sections was 1× PBS, 5 mM
KCl, pH 7.5. The initial concentration of the target was 1 mM
in the selection buffer. The concentrations of the target and
library are listed in Table S2.‡ A total of 13 rounds (timolol
maleate) or 15 rounds (atropine) were performed before
sequencing (McMaster University).

2.3 ThT fluorescence-based binding assays

Thioflavin T (ThT) fluorescence spectra were measured using
a Variant Eclipse fluorescence spectrophotometer to assess
the binding of the aptamer to the target in various solutions
and with other molecules. The binding assay was performed
based on the previous setup with some modifications.22 It
involved dissolving the aptamer at a concentration of 1 μM
and ThT at a concentration of 10 μM in 500 μL of selection
buffer. This solution was then transferred to a quartz cuvette,
and the target was gradually titrated to reach a final
concentration of 25 μM (for timolol maleate) or 100 μM (for
atropine). The excitation wavelength was set at 440 nm, and
emission was monitored from 460 to 500 nm. Fluorescence
values at 490 nm were used for the calculations. The Kd value
was determined by fitting the data using the following
equation: F = F0 + aKd/(Kd + x), where x represents the
concentration of the titrated target, and a denotes the
maximal signal change upon saturated binding. Moreover,
the binding of the aptamer to targets was examined in
various buffers, including PBS alone, PBS with or without
calcium or magnesium ions. Additionally, the specificity of
the aptamer was also assessed by examining its binding to 50
μM targets, including uric acid, histidine, tryptophan,
ibuprofen, sulfaclozine and metronidazole in selection
buffer. Same protocol was used to determine the limit of
detection (LOD) and limit of quantification (LOQ) of the
label-free aptamer sensor. LOD was determined using LOD =
3.3σ/S while LOQ was determined using LOQ = 10σ/S where σ

represents the standard deviation and S denotes the slope.

2.4 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were
conducted using a MicroCal VP-ITC instrument. Aptamers
and targets were dissolved in the selection buffer and
degassed for 5 min before loading. For timolol maleate, 280
μL of a 15 μM timolol maleate solution was added to the
syringe, while 1.47 mL of a 400 μM aptamer solution was
injected into the cell chamber. For atropine, 280 μL of a 10
μM atropine solution was added to the syringe, while 1.47
mL of a 200 μM aptamer solution was injected into the cell
chamber. After an initial injection of 0.5 μL, 10 μL of the
target was titrated into the cell during each injection, which
lasted for 20 s, with a total of 28 injections performed at 25
°C. A spacing of 360 s was set between injections. The

Sensors & DiagnosticsPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

1:
11

:0
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00223g


Sens. Diagn., 2024, 3, 1679–1688 | 1681© 2024 The Author(s). Published by the Royal Society of Chemistry

binding constant was determined by fitting the titration
curve to a one-site binding model using Origin software.

2.5 Atropine release from polymer discs

For the Atropine release study, three polymer discs loaded
with 0.6 mg mL−1 atropine (S1–S3) and three atropine-free
polymer discs (C1–C3) were prepared. The polymers consisted
of 10% w/v polyvinyl alcohol (PVA), physically cross-linked
using two freeze–thaw cycles. PVA-based gels have been used
as contact lens material.23–25 These discs were then
transferred to wells of a 24-well culture plate for the release
study. Subsequently, 1 mL PBS was added to each well, and
the plate was shielded from light while being gently shaken
on an orbital shaker at approximately 50 rpm, at room
temperature. After 1 h, the solution was collected for
measurement.

2.6 Quantification of timolol maleate and atropine by UV-vis
spectroscopy

Artificial tear was spiked with timolol maleate at different
concentrations. 100 μL aliquots of each solution were
transferred into separate cuvettes for UV-vis analysis. UV
absorbance readings were recorded across the spectrum
ranging from 200 to 400 nm, with absorbance at 293 nm
recorded to construct the calibration curve. The LOD was
determined using LOD = 3.3σ/S while the LOQ was
determined using LOQ = 10σ/S, where σ represents the
standard deviation and S denotes the slope. A 6000 ppm (6
mg mL−1 or 20.7 mM) atropine solution was diluted to
various concentrations of 0.6, 0.3, 0.24, 0.2, and 0.17 mg
mL−1 with PBS. Subsequently, 100 μL aliquots of each
solution were transferred into separate cuvettes for UV-vis
analysis. UV absorbance readings were recorded across the
spectrum ranging from 200 to 400 nm, with a specific focus
on the absorbance at 257 nm to construct the calibration
curve. The LOD and LOQ were determined. Six samples (C1,
C2, C3, S1, S2, and S3) were diluted by a factor of two using
PBS. Subsequently, absorbance readings at 257 nm of 100 μL
samples were recorded in triplicate. Readings of the S
samples were corrected against those of the control samples.
After correcting for the blank, the concentrations were
calculated using the calibration curve equation. The
concentrations of atropine in S1–S3 were determined using
the calibration curve equation and were multiplied by a
dilution factor of 2.

2.7 Quantification of timolol maleate and atropine by the
aptamer-based sensor

The calibration curve was generated according to the
procedure outlined in section 2.3. The LOD was calculated
using LOD = 3.3σ/S. For atropine study, 20 μL of the sample
(C1, C2, C3, S1, S2, or S3) was added to a ThT reaction
mixture comprising 500 μL of phosphate-buffered saline
(PBS) with 5 mM MgCl2, 1 μM aptamer, and 10 μM ThT. This
resulted in dilution factors of 26. Subsequently, the

absorbance readings at 490 nm were recorded and
substituted into the calibration curve equation to determine
the concentrations of atropine in the diluted solutions. The
final concentration was corrected by subtracting the signal in
the control discs and obtained by multiplying with the
dilution factor to ascertain the original concentration of
atropine in the samples.

3. Results and discussion
Selection for timolol maleate aptamers

Using the capture-SELEX method, we conducted 13 rounds of
aptamer selection targeting timolol maleate (Fig. 1A). The
round 13 PCR products were sequenced and a total of 21 152
sequences were obtained. The top 10 most abundant
sequences obtained are listed in Fig. 1B. Since sequence #11
has only 9 copies, we did not further analyze other
sequences. These 11 sequences were categorized into a main
population based on sequence similarity, with conserved
regions highlighted in red and green. The primary
differences among these sequences are located in the 3′ end,
following the green conserved regions. Since TMJ-1 is the
most abundant sequence (49.4% of the library), we selected
TMJ-1 for further analysis. According to the rationale of
SELEX, high-affinity aptamers can be readily identified
simply by copy number enrichment, where sequences
enriched to higher copy numbers might be aptamers.4 The
Mfold predicted secondary structure of TMJ-1 aptamer is
shown in Fig. 1C. Given that a large fraction of the green
marked conserved sequences are confined in a hairpin
structure, and the stem region has a G–G mismatch, we
suspected that this hairpin might be open in the binding
state of the aptamer. In addition, this sequence is rich in
guanine and we cannot rule out the possibility of a
G-quadruplex structure.

Binding of timolol maleate aptamer to timolol maleate

Subsequently, we evaluated the binding of the TMJ-1 aptamer
to timolol maleate utilizing the label-free thioflavin T (ThT)
fluorescence assays and ITC. ThT has been used as a
fluorescent marker to identify amyloids and target proteins.26

Besides proteins, ThT can target certain nucleic acid
secondary structures. While ThT is best known for its
binding to G-quadruplexes, it can also bind to other DNA
structures,27 such as hairpins and Watson–Crick helices, as
evidenced from the enhanced ThT fluorescence upon adding
various DNA sequences. When it binds to nucleic acids, the
two rotatable bonds in ThT act as a molecular rotor at the
C–C bond between benzothiazole and dimethylaniline,
emitting fluorescence.28,29 This makes it a valuable
biomarker for studying the binding of nucleic acids.28 In the
present study, ThT was used as a light-off mechanism to
study aptamer-target binding. When there is no target
molecule, ThT bound to the aptamer and generated
fluorescent signal. In the presence of a target molecule, the
initially bound ThT may be released and fluorescence is then
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decreased. This decrease of ThT fluorescence can then be
used to evaluate aptamer binding.27,30 In the ThT assay, the

Kd value of TMJ-1 was determined to be 4.1 μM. At the same
time, the fluorescence decrease of ThT can be used as a

Fig. 1 (A) The chemical structure of timolol maleate. (B) The alignment of the top 11 aptamer sequences obtained from the round 13 library. The
primer-binding regions are highlighted in bold in the two ends. These sequences were categorized into populations based on sequence similarity,
with conserved sequences displayed in various colors. The percentages of sequences within each family are provided out of a total of 21 152
sequences. (C) The predicted secondary structure of TMJ-1, the most abundant sequences, with conserved regions highlighted.

Fig. 2 (A) The ThT fluorescence titration curves for timolol maleate binding to TMJ-1 in the selection buffer. Insets: The linear range and
regression line at low timolol maleate concentrations and the limit of detection of the two aptamers. (B) ITC data for the interaction between
timolol maleate and TMJ-1 in selection buffers. (C) ThT fluorescence titration curves of timolol maleate binding to TMJ-1 in buffers with different
salt concentrations. (D) The selectivity of TMJ-1 aptamers to different targets in the selection buffer. Data presented as mean ± SEM, n = 3. (E) The
chemical structures of the molecules tested in the ThT assays for the selectivity test.
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label-free biosensor for the detection of timolol. Based on the
data, the LOD in these label-free aptamer-based assays was
established to be 0.3 μM for TMJ-1 based on 3σ/slope, where
σ is the standard deviation of background variation (Fig. 2A).

We further investigated the binding affinity of TMJ-1 using
ITC, revealing a Kd value of 3.4 μM (Fig. 2B), which aligns
well with the ThT assay results. In many aptamers, divalent
metal ions are critical for binding.31–33 Thus, we then
examined the effect of Mg2+ and Ca2+ ions on the binding of
TMJ-1 to timolol maleate to gain insights into the binding
properties of the aptamer, considering that these ions are
known to enhance the stability of DNA folding.34 As depicted
in Fig. 2C, ThT assays showed minimal alterations in the Kd
value of TMJ-1 to timolol maleate in different buffers
regardless of the concentration of divalent metal ions,
suggesting that Mg2+ and Ca2+ ions may not significantly
influence this binding interaction. Thus, sensors using this
aptamer may tolerate a broad buffer conditions.

Selectivity of TMJ-1

Testing the selectivity of the atropine aptamer is crucial to
ensure that the aptamer can differentiate atropine from other
molecules that may be present in ocular fluids or in research
use. Ibuprofen, sulfasalazine, and metronidazole have been
incorporated into ophthalmic solutions in the market to
relief inflammation, postoperative infections, or bacterial
infections in the eye.35–37 Amino acids, like histidine and
tryptophan, are naturally present in tear fluid.38 If there is no
non-specific binding of aptamer to amino acids, drug
detection in tear fluid can be performed without the need for
much sample pre-treatment. In the present study, we added
50 μM of various molecules to the TMJ-1 sensor, with the
data presented in Fig. 2D. ThT results showed that timolol
maleate lowered the fluorescence level to 0.23, while the
fluorescence levels for the rest of the molecules (Fig. 2E)
barely changed compared to the background level. This
indicates that TMJ-1 has good specificity for timolol maleate.

Comparing aptamer-based sensing of timolol maleate with
UV-vis spectroscopy

Timolol maleate, often administered via ophthalmic
solutions and need a precise monitoring in tear fluid for
effective drug delivery assessment.39 We then conducted a
comparative study to evaluate the performance of our label-
free aptamer sensor utilizing TMJ-1 against the conventional
UV-vis method for detecting timolol maleate in artificial tear
solutions. Artificial tear samples were spiked with varying
concentrations of timolol maleate, and the concentrations
were quantified using UV-vis spectroscopy and the label-free
aptamer sensor. Fig. 3A shows the calibration curve for
timolol maleate in artificial tears, determined by UV-vis
spectroscopy at 293 nm in PBS. The UV-vis assay revealed a
LOD of 10.5 μM and a LOQ of 31.8 μM. Conversely, Fig. 3B
presents the calibration curve for timolol maleate detection
using the aptamer-based sensor in selection buffer. The
aptamer sensor achieved an LOD of 0.7 μM and an LOQ of
2.1 μM. These findings indicate that the aptamer-based
sensor exhibited 15-fold better sensitivity compared to the
traditional UV-vis spectroscopy method, with lower LOD and
LOQ values. Furthermore, considering that many molecules
such as lactoferrin in tear absorb light near 293 nm,40 our
aptamer-based sensor offers greater specificity and accuracy
in quantifying timolol maleate. The enhanced sensitivity of
the aptamer sensor underscores its potential for more
accurate and reliable monitoring of timolol maleate
concentrations in ocular drug delivery systems.

Selection for atropine aptamer

Using the same capture-SELEX method, we also conducted
aptamer selection specifically targeting atropine (Fig. 4A).
After 15 rounds of selection, we analysed the top 10 most
abundant sequences and grouped them into distinct
populations. Notably, AT-1 and AT-2 emerged as the most
significantly enriched sequences, collectively constituting
74% of the sequencing reads (Fig. 4B). Considering part of
the sequences in the AT-1 and AT-2 are conserved, we chose

Fig. 3 Sensing timolol maleate in artificial tear. (A) The calibration curve plotted for absorbance at 293 nm. (B) The calibration curve using
aptamer-based assay in selection buffer. Inset: Linear region at low timolol maleate concentrations. n = 3.
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AT-1 for further studies. The secondary structural prediction,
as delineated in Fig. 4C, shows the conserved regions within
population 1, predominantly located within the loop regions
of the aptamer. No stable secondary structures in the loop
region were predicted and this loop also has very few guanine
bases. Therefore, it is likely to be a simple loop in the
absence of the target and it is not a G-quadruplex structure.

Binding of atropine aptamer to atropine

Similar ThT fluorescence spectroscopic approaches were
applied to study the binding affinities of atropine. This
assay suggested a Kd value of 10.1 μM atropine for the
AT-1 aptamer in the selection buffer (Fig. 5A). The LOD
in this setting was found to be 0.9 μM. We have further
measured the binding affinity of AT-1 to atropine using
isothermal titration calorimetry (ITC), which yielded a Kd
of 10 μM (Fig. 5B), a value comparable to that obtained
from the ThT assays. Similar to the TMJ-1 aptamer, the
AT-1 aptamer does not have a strong dependency on salt
as well (Fig. 5C).

In Fig. 5D, the ThT results revealed that 50 μM
atropine significantly reduced the fluorescence signal to

0.58. This indicates a strong interaction between atropine
and the AT-1 sensor to compete with ThT binding. In
contrast, the other molecules tested did not cause a
significant reduction in the fluorescent signal, suggesting
that they exhibit weak or negligible binding to AT-1. This
differential response highlights the specificity of AT-1 for
atropine, as it can effectively distinguish atropine from
other similar molecules.

The present study is the first to report the selection of
aptamers for ocular drugs. Many aptamers for drug
molecules have been reported, with most targeting
antibiotics. For instance, aptamers for oxytetracycline
(OTC-5),41 sulfonamide (SDM-3 and MIX-1),42 and
tobramycin (TOB-1) exhibit affinities in the nanomolar
range.43 In contrast, the chloramphenicol aptamer (CAP1)
has a Kd of about 10 μM,13 which is comparable to the
aptamers identified in this study. Beyond antibiotics,
some groups have also reported aptamers for daunomycin
(DAU-10) with a Kd of 20 nM and dexamethasone
(DEX04) with a Kd of 18 nM.44,45 Our lab recently
reported aptamers for salicylic acid (SA1),14 the active
form of aspirin, with a Kd of 5.8 μM, similar to the
results of the present study.

Fig. 4 (A) The chemical structure of atropine. (B) The alignment of the top 10 aptamer sequences obtained from the round 15 library. The primer-
binding regions are highlighted in bold. These sequences were clustered into populations based on sequence similarity, and conserved sequences
are delineated in different colors. The percentages of sequences within each family are presented out of a total of 79 609 sequences. (C) The
predicted secondary structure of AT-1 with conserved regions highlighted.
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Fig. 5 (A) The ThT fluorescence titration curves of atropine to AT-1 in selection buffer. Inset: The linear range and regression line at low atropine
concentrations and the limit of detection of two aptamers. (B) The ITC data of the atropine to AT-1 in selection buffers. (C) The ThT fluorescence
titration results showing the selectivity of AT-1 to different molecules (50 μM) or solutions (30 μL) in the selection buffer. (D) The selectivity of AT-1
aptamers to different targets in the selection buffer. Data presented as mean ± SEM, n = 3.

Fig. 6 (A) The calibration curve plotted for absorbance at 258 nm. (B) The atropine release from each sample disc calculated based on the UV-vis
calibration curve line equation. (C) Calibration curve using aptamer-based assay in PBS with 5 mM MgCl2. Inset: Linear region at low atropine
concentrations. (D) The atropine release from each sample disc was calculated based on the aptamer-based assay calibration curve line equation.
Data presented as mean ± SEM, n = 3.
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Comparing the sensing of atropine by UV-vis and aptamer-
based assays

Atropine has been utilized for myopia control, with recent
studies focusing on its delivery via various materials such as
hydrogels and microneedles. To apply our aptamer-based
sensing method in practical research scenarios, we prepared
monolithic hydrogels loaded with atropine and assessed the
atropine release using our sensor. This hydrogel mimics the
use of contact lenses for drug delivery.24,46–48 We also
compared the LOD and sensitivity of our sensor with UV-vis
spectroscopy, a common method for measuring atropine
absorbance at 258 nm. Fig. 6A presents the calibration curve
for atropine using UV-vis spectroscopy, indicating a LOD of
100 μM and a LOQ of 345 μM. In contrast, Fig. 6C shows the
calibration curve of our sensor for atropine in PBS with 5
mM MgCl2, which matches the Mg2+ ion concentration in the
selection buffer. Our sensor demonstrated a LOD of 7.6 μM
and a LOQ of 25.4 μM, which are an order of magnitude
lower than those obtained with the UV-vis assay, indicating
higher sensitivity of our sensor. Furthermore, considering
that many materials or molecules absorb near 258 nm, like
tryptophan in culture medium49 and polystyrene in drug
delivery materials,50 our aptamer-based sensor with excitation
and emission both in the visible region offers greater
specificity and accuracy in quantifying atropine.
Fig. 6B and D depict the concentrations of atropine released
from the sample discs. The results are comparable and the
differences were within approximate 15%. Importantly, due
to its higher sensitivity, our sensor requires a smaller sample
volume for detection. While the UV-vis assay required a
dilution factor of 2, our sensor was able to detect atropine in
samples diluted up to 26 times, indicating its capability for
small-volume sample detection. Overall, our sensor provides
an alternative, rapid, sensitive and convenient method for
ocular drug detection.

UV-visible spectroscopy relies on the light absorption by
molecules, which depends on their electronic structure,
such as π-bonds, double bonds, or aromatic ring systems.
Its sensitivity is often limited by the intrinsic properties of
the molecules and the detection limits of the
equipment.51,52 In contrast, our aptamer-based assay relies
on the ThT fluorescent signal, which is inherently more
sensitive than UV-visible spectroscopy. In fluorescence, a
single molecule can emit multiple photons, effectively
amplifying the signal. This allows for the detection of very
low concentrations of the target analyte, even down to the
single-molecule level in some cases.53 The observed higher
sensitivity of our aptamer-based assay compared to UV-
visible spectroscopy can be attributed to the nature of
fluorescence detection. Overall, our sensor provides an
alternative, rapid, sensitive and convenient method for
ocular drug detection.

When comparing our label-free aptamer-based assay with
other existing technologies such as the standard LC-MS
method, several advantages become apparent. LC-MS, while

highly accurate and sensitive, presents significant challenges
for routine clinical use. Its complexity involves intricate
procedures and sophisticated equipment, requiring highly
trained personnel to operate.54,55 In contrast, our aptamer-
based assay can address these limitations. The key
advantages include rapid detection, significantly reducing the
time required for drug detection and treatment decisions.
The simplicity of the assay minimizes the need for highly
specialized personnel.10,11 Furthermore, the reagents are
affordable and also stable. The most significant advantages
of our aptamer-based assay is the potential to modify it into
a portable biosensor.

4. Conclusions

This study marks the first selection of aptamers for drug
molecules that can treat eye diseases: atropine and timolol
maleate. Two aptamers, TMJ-1 and AT-1, were identified with
good binding affinities with the Kd value of 3.4 μM for TMJ-1
and 10 μM for AT-1, as determined by ITC. Our label-free
TMJ-1 biosensor exhibited a LOD of 0.3 μM, enabling the
detection of timolol maleate in demanding sample matrix.
Meanwhile, the AT-1 biosensor had a LOD of 1 μM, suitable
for research applications and showcasing higher sensitivity
in UV-visible spectroscopy, ideal for detecting atropine in
small-volume samples. By complementing our prior
publication on uric acid detection in tears,21 our aptamer-
based biosensors have addressed some challenges inherent
in ocular drug detection. These biosensors offer higher
sensitivity, and specificity, and serve as viable alternatives to
conventional detection methods. Further advancements in
this domain hold promise for significantly enhancing the
monitoring of drug delivery and the treatment of ocular
diseases. Future research aims to enhance the clinical use of
these sensors by conducting experiments using patient
samples to ensure reliability. Developing smart contact lenses
or ocular inserts with embedded biosensors can provide
continuous drug level monitoring and real-time feedback.56

Enhancing biosensors with nanoparticles can improve
sensitivity and specificity, potentially lowering the LOD.
Applying the SELEX protocol to select more aptamers for
various ocular drugs will broaden sensor applicability,
making them versatile tools for comprehensive ocular drug
monitoring. These advancements can make aptamer-based
biosensors integral to advanced ophthalmic care, offering
precise, personalized, and timely therapeutic monitoring.
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