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Real-time monitoring of therapeutic drugs is crucial for treatment management and pharmacokinetic

studies. We present the optimization and affinity tuning of split-aptamer sandwich assay for real-time

monitoring of the narrow therapeutic window drug vancomycin, using surface plasmon resonance (SPR).

To achieve reversible, label-free sensing of small molecules by SPR, we adapted a vancomycin binding

aptamer in a sandwich assay format through the split-aptamer approach. By evaluating multiple split sites

within the secondary structure of the original aptamer, we identified position 27 (P27) as optimal for pre-

serving target affinity, ensuring reversibility, and maximizing sensitivity. The assay demonstrated robust

performance under physiologically relevant ranges of pH and divalent cations, and the specific ternary

complex formation of the aptamer split segments with the analyte was confirmed by circular dichroism

spectroscopy. Subsequently, we engineered a series of split-aptamer pairs with increasing complemen-

tarity in the stem regions, improving both the affinity and limit of detection up to 10-fold, as compared to

the primary P27 pair. The kinetics of the engineered split-aptamer pairs were evaluated, revealing fast

association and dissociation rates, confirming improved affinity and detection limits across variants. Most

importantly, the reversibility of the assay, essential for real-time monitoring, was maintained in all pairs.

Finally, the assay was further validated in complex biological matrices, including the cerebrospinal fluid

from dogs and diluted plasma from rats, demonstrating functionality in biological environments and stabi-

lity exceeding 9 hours. Our study paves the way for applications of split-aptamers in real-time monitoring

of small molecules, with potential implications for in vivo therapeutic drug monitoring and pharmacoki-

netic studies.

Introduction

The emergence of personalized medicine has increased the
interest in real-time therapeutic drug monitoring (TDM).
Currently, TDM relies on laboratory-based methods such as
immunoassays or mass spectrometry, resulting in infrequent

sampling and delayed results.1 Furthermore, understanding
the in vivo pharmacokinetic profile of a drug is essential to
define its mechanism of action and bioavailability. These chal-
lenges underscore the need for point-of-care or in vivo strat-
egies capable of real-time sensing. Various strategies of biosen-
sing have been proposed to tackle real-time TDM,2 yet, further
refinement is needed to ultimately enhance therapeutic inter-
ventions, reduce underdosing and toxicity-related effects, and
potentially accelerate drug discovery and development
processes.3

Vancomycin, a 1450 Da hydrophilic glycopeptide and broad
spectrum antibiotic, plays a critical role in managing methicil-
lin-resistant Staphylococcus aureus (MRSA) and central nervous
system (CNS) infections.4,5 The narrow therapeutic window
and high interpatient variability necessitate accurate, personal-
ized dosing regimens.5 While there is an increasing demand
for improved TDM and pharmacokinetic (PK) studies of vanco-
mycin in blood,6 the need is particularly acute for CNS con-
ditions, as a first-line antibiotic treatment for intracranial
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infection after surgery.4 Limited knowledge of the dynamics of
vancomycin in the CNS, coupled with reliance on blood-based
estimations, may lead to suboptimal dosing.4,7

Among various real-time sensing techniques, surface
plasmon resonance (SPR) is a gold-standard technology widely
used for analytical purposes and kinetics analysis of binding
events. SPR provides mass-dependent, real-time optical signals
upon target analyte binding to a specific immobilized receptor
and allows for robust, label-free and real-time molecular moni-
toring.8 To achieve these criteria, bioreceptors with affinities
weaker than the typical pM–nM ranges and rapid dissociation
rates are needed to allow reversible sensing.9,10 Aptamers are
particularly well-suited for establishing reversible biosensors
due to their ease of modification and adaptability.11–14

Molecular detection using SPR biosensors is dependent on the
refractive index change caused by bound molecules within
tens of nanometers from the gold surface and therefore does
not require the aptamer conformational change within a few
nanometers of the sensor surface necessary for
electrochemical6,15 or transistor-based sensors.16–18

In this report, we present a robust approach to monitor
small molecules using SPR through a sandwich assay based on
the aptamer splitting strategy that enhances the SPR signal by
creating a three-component complex upon vancomycin
binding. This results in a substantially increased change in
the local refractive index compared to single-aptamer direct
sensing. The amplification effect is of particular interest for
detecting small molecules, like vancomycin, which typically
generate weak SPR signals due to their low molecular weight.
The dynamic nature of the split-aptamer–vancomycin inter-
action allows for real-time monitoring and sensor regeneration
without the need for additional labeling,19 enhancement
steps20 or complex regeneration protocols,21 which are difficult
strategies to implement for in vivo measurements. In this
study, we have identified a functional splitting site, character-
ized the resulting assay performance, explored affinity-enhan-
cing modifications, and confirmed the structural integrity via
circular dichroism (CD) spectroscopy. We tested our sensor
under physiologically relevant conditions and matrices to
evaluate the feasibility for potential in vivo monitoring appli-
cations. To our knowledge, this represents the first application
of a split-aptamer sandwich assay for monitoring vancomycin
on SPR and forms the basis for studying split-aptamer tunabil-
ity and adaptability for reversible monitoring of small mole-
cules with the specific aim for potential applications in thera-
peutic drug monitoring and pharmacokinetic studies.

Experimental section
Chemicals and materials

All DNA oligonucleotide sequences were ordered from
Integrated DNA Technologies (sequences described in ESI
Table 1†). Vancomycin hydrochloride, rat plasma, MES (2-mor-
pholinoethanesulfonic acid) monohydrate and ethanolamine
were acquired from Sigma-Aldrich. UltraPure™ distilled water,

10× concentrated phosphate-buffered saline (PBS) pH 7.4
(RNase-free), magnesium chloride, calcium chloride, sodium
chloride, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), and neu-
travidin biotin-binding protein were purchased from Thermo
Fisher Scientific. HPLC-grade ethanol was purchased from
Carl Roth GmbH + Co. KG. Functionalized thiols (HS-(CH2)m-
EG4-OH and HS-(CH2)m-EG6-OCH2-COOH) were purchased
from ProChimia Surfaces, and thiolated PEG (CH3O-PEG-SH
α-methoxy-ω-mercapto PEG) was purchased from Rapp
Polymere GmbH. Dog cerebrospinal fluid (CSF) was kindly pro-
vided by Boehringer Ingelheim GmbH.

Sensor chip preparation

Bare gold coated prisms were acquired from Affinité
Instruments, rinsed with 99% ethanol and dried under a
stream of nitrogen. Prisms were incubated for at least 12 h in a
1 mM solution of carboxyl and hydroxyl thiols (1 : 9 ratio) after
purging with nitrogen to form a self-assembled monolayer
(SAM). Further functionalization of the chip and subsequent
SPR measurements were performed in a P4SPR Quad Inlet
Model system (Affinité Instruments). The sensor surface was
passivated with 100 µM thiolated PEG for 30 min. Next, car-
boxyl moieties were activated through EDC and NHS, followed
by 20 min incubation with neutravidin protein (50 µg mL−1 in
MES buffer at pH 4.5) to covalently conjugate to the surface.
Unreacted NHS ester groups were blocked by incubating with 1
M ethanolamine at pH 8, followed by immobilization of 1 µM
5′-biotinylated aptamer in PBS (pH 7.4) for 20 min. Lastly,
100 µM biotin in PBS was incubated for 10 min to block the
remaining biotin-binding sites on neutravidin protein.

Steady-state SPR measurements

Vancomycin detection experiments in the steady state were
performed using the P4SPR Quad Inlet Model (Affinité
Instruments) at 37 °C. Samples with 2 µM free split-aptamer
and increasing concentrations of vancomycin (0 µM to 100 µM
or 250 µM) were injected and equilibrated for at least 5 min,
followed by a washing step. All measurements were referenced
to the same concentration of vancomycin without free
aptamer. Aptamer–analyte complex measurements were per-
formed in assay buffer (PBS with 2 mM MgCl2 at pH 7.4) or
artificial cerebrospinal fluid (aCSF)22 (147 mM NaCl, 1.2 mM
MgCl2, 1 mM CaCl2, 3.5 mM KCl, 2.5 mM NaHCO3, 1 mM
NaH2PO4). For testing ionic and pH influence, buffer concen-
trations of divalent cations and pH were modified. For
complex matrix experiments, 200× diluted rat plasma in aCSF
or dog CSF was used. The apparent dissociation constant (Kd)
was calculated by fitting dose–response curves with the Hill
equation and was determined as the half-maximum value. The
limit of detection (LOD) was calculated as the intercept con-
centration with the mean of background signal plus 3 times
the standard deviation (3σ) on a linear regression. Reversibility
was quantified as the sensor response return to the baseline
after reaching a plateau. It is expressed as the average percen-
tage return to the baseline for sensor response at and above
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the calculated LOD, across multiple concentrations. All data
analyses were performed using Origin 2024 v10.1.

SPR measurements under flow

SPR measurements under flow were performed using a Biacore
T200 with a similar setup to that of the steady-state measure-
ments. A neutravidin-derivatized linear polycarboxylate hydro-
gel (30M, XanTec bioanalytics) sensor chip was conditioned
with 40 mM NaOH and 1 M NaCl. Biotinylated aptamer
sequences at 100 nM were immobilized on the surface by
flowing for 240 s at a rate of 30 µL min−1. Two measurement
cycles were acquired for each aptamer pair. In cycle 1 (refer-
ence), 2 µM free aptamer was injected 5 times. Cycle 2 com-
prised 5 samples containing 2 µM free aptamer with different
vancomycin concentrations (4-fold dilutions starting at
50 µM). Each cycle consisted of five injections of different con-
centrations, with 120 s contact time and 60 s dissociation per
injection, followed by a final 300 s dissociation step. All
measurements were performed at a flow rate of 30 µL min−1.
Dose–response curves were established by subtracting cycle 1
from cycle 2. Data analysis was performed similarly to the
steady-state measurements.

Circular dichroism (CD) measurements

CD experiments were conducted using a Jasco J-715 spectro-
meter with a total volume of 150 μL in a 1 mm pathlength QS
cuvette. Scans were performed from 200 to 320 nm at 37 °C in
continuous scan mode at a speed of 200 nm min−1, with a
response time of 1 s and a 0.2 nm bandwidth. Each measure-

ment was an average of 5 scans. All experiments were per-
formed in assay buffer (PBS with 2 mM MgCl2), using 10 µM
split-aptamer and 100 µM vancomycin. Due to the strong CD
absorbance, the spectrum from vancomycin was subtracted
from the vancomycin–aptamer complex spectrum.

Results and discussion

We present the split-aptamer sandwich assay strategy for real-
time, reversible detection of vancomycin using SPR under
physiologically relevant conditions of the brain tissue. Our
approach adapts an aptamer sequence originally developed for
an in vivo electrochemical sensor,12 optimizing it for SPR-
based label-free detection. By strategically splitting the original
aptamer into two segments, we aimed to engineer bioreceptor
(s) with enhanced sensitivity and specificity for real-time detec-
tion of low molecular-weight molecules (Fig. 1A). The split-
aptamer strategy enhances the SPR signal by leveraging two
segments of the original aptamer: one immobilized on the
SPR surface (split 1) and the other free-floating in solution
(split 2) (Fig. 1B). Although further enhancement of the SPR
signal for split-aptamer assays through the use of fluoro-
phores9 and gold nanoparticles20,23 is reported, we have opted
to simplify the characterization of binding interactions by
label-free detection. In the presence of vancomycin, both seg-
ments that otherwise have low complementarity bind to the
target molecule, forming a three-component complex. This
complex generation results in a two-fold amplification of the

Fig. 1 Schematic depiction of the split-aptamer-based reversible assay for vancomycin detection on SPR. (A) Illustration of the aptamer split site
position within the full aptamer. The biotinylated segment (split 1) is immobilized on the sensor chip surface, while the free segment (split 2) remains
in solution. (B) SPR sensor surface architecture, highlighting key components and experimental steps: (1) immobilized split 1, (2) split 2 in solution
together with vancomycin forming the split-aptamer–vancomycin complex, and (3) washing of split 2 and vancomycin for sensor reversibility. (C)
Representative sensorgram demonstrating reversible vancomycin detection. The graph shows the SPR response to increasing concentrations (10,
50, and 100 µM) of vancomycin (green arrows), followed by buffer wash steps (black arrows) to demonstrate the sensor reversibility.
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SPR signal compared to traditional single-aptamer methods,
permitting the detection of small molecules like vancomycin.8

Furthermore, our system enables real-time and reversible
detection of vancomycin concentrations, as demonstrated by
the representative sensorgram (Fig. 1C). The reversible nature
of the aptamer–vancomycin interaction allows for continuous
measurements and sensor recovery through buffer washes,
highlighting the potential for real-time monitoring
applications.

Split-aptamer sandwich assay development

To develop the sandwich assay for vancomycin detection using
split-aptamer pairs, we evaluated three potential splitting sites
within the aptamer sequence: positions 16 (P16) and 18 (P18)
within the predicted internal stem and position 27 (P27) in the
upper loop (Fig. 2A). The first biotinylated aptamer segment
(split 1) was tethered to the sensor surface, while the other
segment (split 2) remained freely floating in solution with or
without the analyte. We chose two split sites within the stem
structure, P16 and P18, respectively to test the effect on the
integrity of the vancomycin-binding pocket, hypothesizing it to

be in the lower loop region. Introducing split sites progress-
ively moving further from the lower loop region was expected
to improve the signal-to-noise ratio by having a greater contrast
between bound and unbound states, unless the binding site
was directly disrupted. Position P27 was selected to preserve
the stem structure while potentially allowing for conformation-
al changes upon vancomycin binding. At physiological temp-
erature, we predict24 that the aptamer secondary structure in
the absence of analyte will have low stability and therefore
permit enhanced contrast between free and ternary complexed
states.

Split sites P16 and P18 resulted in non-functional aptamer
pairs at tested vancomycin concentrations between 5 and
250 µM (Fig. 2B). The loss of functionality may be attributed to
hindered secondary structure formation of the aptamer, poten-
tially disrupting vancomycin binding. Interestingly, P18 shows
very weak binding in contrast to P16, and this leads us to
presume the binding site is closer to the lower part of the stem
region. On the other hand, P27 demonstrated binding func-
tionality, exhibiting a dose-dependent response to increasing
vancomycin concentrations. These results indicate that the

Fig. 2 Characterization of full-length and split-aptamer variants for vancomycin detection. (A) Schematic representation of the aptamer sequence,
indicating the investigated split positions (P16, P18, and P27). The biotinylated segment (yellow) is tethered to the sensor surface, while the other
segment remains free in solution. (B) Dose–response curves for three split-aptamer pairs. (C) Repeatability and reproducibility assessment of the P27
split-aptamer pair. The sensorgram shows four consecutive measurements of 50 µM vancomycin. Green arrows indicate vancomycin injection;
black arrows represent buffer wash steps.
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internal stem region integrity could be crucial for vancomycin
binding for this aptamer. The upper loop can be seen as a flex-
ible region not contributing strongly to vancomycin binding.
Our findings are in agreement with the reported in silico deter-
mination of the binding sites14 of the aptamer to vancomycin.
Henceforth, we applied the P27 split-aptamer pair for further
optimization and characterization of our assay.

As reversibility and reproducibility are essential require-
ments for real-time molecular monitoring, we subsequently
characterized these fundamental properties of our P27 split-
aptamer pair. The sensorgrams obtained for each injection
cycle reveal that the formation of the aptamer–vancomycin
complex is fully reversible upon depletion of the analyte from
the system, with fast association and dissociation rates occur-
ring within seconds (Fig. 2C). This full reversibility contributes
to a high level of reproducibility, as evidenced by consistent
responses to repeated exposures of a constant vancomycin con-
centration. Moreover, when testing the assay with alternating
and gradual increasing and decreasing concentrations of van-
comycin (ESI Fig. 1†), we observed consistent responses to
identical concentrations and a constant return close to the
baseline upon washing, further validating the suitability of our
system for real-time molecular monitoring.

To further validate the formation of the aptamer–analyte–
aptamer complex, we conducted circular dichroism (CD) spec-
troscopy studies in the presence and absence of vancomycin
(ESI Fig. 2†). The observed peak shift in the 250–280 nm range
is comparable to that reported for the full-length aptamer,6

providing additional evidence for the specific binding inter-
action. Importantly, when one part of the split-aptamer was
replaced with a random DNA sequence (negative control, NC),
no peak shift was observed, confirming that the complex for-
mation is sequence-specific to our designed split-aptamer.
These spectroscopic results corroborate our SPR findings and

further support the efficacy of our split-aptamer approach in
capturing and detecting vancomycin through the formation of
a specific ternary complex.

Split-aptamer assay under physiologically relevant conditions

To assess the potential for deploying our assay in complex,
physiologically relevant samples, we evaluated its performance
under conditions mimicking the natural variations in living
brain tissue of rodents. We compared dose-dependent
responses in our standard assay buffer to those in artificial cer-
ebrospinal fluid (aCSF), a physiologically relevant buffer
(Fig. 3A). We observed that the limit of detection (LOD)
remained comparable at 6.9 µM in aCSF versus 9.9 µM in assay
buffer. This demonstrates the robustness of our split-aptamer
assay under different buffer conditions.

We further evaluated the assay performance across physio-
logically relevant ranges of pH and divalent cation concen-
trations typical in rodent brain models. The pH fluctuations in
the brain extracellular space are known to have modulatory
effects, with relevant pH levels of 6.5 to 827 and an average of
7.3 measured in the CSF.28 The responsiveness of the aptamer
pair was tested to a fixed concentration of vancomycin in PBS
buffer with 2 mM MgCl2 across the relevant pH range (Fig. 3B).
Our results show that the assay response remains largely con-
sistent across most tested pH levels, with no significant
response difference. However, at pH 6.5, we noted an approxi-
mately 20% increase in response. This pH represents the lower
limit of what can be expected in vivo and would be indicative
of moderate acidosis, potentially caused by conditions such as
ischemia.29 Nonetheless, our pH stability profile demonstrates
the robustness of our split-aptamer assay across a range of
physiologically relevant conditions, and it warrants consider-
ation, particularly for future studies in disease states where pH
fluctuations can be more pronounced.

Fig. 3 Characterization of P27 split-aptamer assay robustness under varying physiological conditions. (A) Dose–response curves of the P27 split-
aptamer pair in standard assay buffer and aCSF. (B) Normalized response of the aptamer pair to 100 µM vancomycin in assay buffer (PBS with 2 mM
MgCl2) at different pH values. Values are normalized to the response at pH 7.4. Highlighted areas represent the physiologically reported ranges.25,26

Error bars represent the standard deviation.
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We further investigated the influence of divalent cations on
our split-aptamer assay as these ions can significantly affect
aptamer molecular interactions and structural configur-
ations.22 This validation is particularly relevant for potential
in vivo deployments, where physiological fluctuations of these
cations occur naturally during neuronal activity. In the brain,
physiological concentrations range between 0.8 and 1.2 mM
for magnesium25 and approximately 1 mM for extracellular
calcium,26 with 1.2 mM reported in the CSF30 (ESI Fig. 3†).
Our results demonstrate that variations in magnesium and
calcium concentrations within physiologically relevant ranges
do not significantly influence the assay response to vancomy-
cin. This robustness to divalent cation fluctuations is crucial,
as it suggests that the sensor performance should remain con-
sistent across the range of ionic conditions typically encoun-
tered in the brain microenvironment. Overall, the stability of
our assay across these varying pH and ionic conditions further
supports its potential for reliable in vivo vancomycin monitor-

ing, where local fluctuations in pH and ion concentrations are
expected and should not interfere with the signal output.

Affinity tuning of split-aptamer for increased sensor sensitivity

The clinically relevant concentration range of vancomycin in
blood typically falls between 6 and 30 µM.6,31 In mouse cortex
studies using an aptamer-based electrochemistry sensor, a
peak vancomycin concentration of ∼8 µM was observed follow-
ing an I.V. bolus of 75 mg kg−1,6 and in the lateral ventricle,
following 40 mg kg−1 I.V., the peak concentration was regis-
tered at 14 µM.32 Our initial split-aptamer P27 assay demon-
strated a limit of detection (LOD) of 9.9 µM in assay buffer,
which, while close, falls short of the required sensitivity for
these lower physiological concentrations. To enhance the sen-
sitivity of our assay while retaining reversible interactions, we
systematically explored several modifications to the split-
aptamer sequence (Fig. 4A). Our goal was to fine-tune the
affinity within a range that would improve the detection of

Fig. 4 Evaluation of modified split-aptamer pairs under flow conditions. (A) Schematic representation of sequence modifications in the internal
stem (P27.i) and lower stem extensions (P27.1, P27.2, and P27.3) of the original split-aptamer pair, P27. (B) Full sensorgrams of P27 and P27.i. (C)
Dose–response curves demonstrating affinity tuning by increasing hybridization in the stem region. (D) Summary matrix presenting Kd, LOD, and koff
values for each tested aptamer pair, illustrating the impact of structural modifications on binding kinetics and assay sensitivity.
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clinically relevant vancomycin concentrations without compro-
mising the reversibility of the sensor. We tested several struc-
tural modifications, focusing on alterations in the internal
stem region and extensions of the lower stem. To characterize
the performance and kinetics of our split-aptamer system, we
conducted measurements under flow conditions using the
highly sensitive Biacore SPR device, contrasting with the
steady-state conditions described in previous sections.

Firstly, we evaluated the full-length original aptamer for
direct vancomycin detection. The resulting specific dose–
response curve yielded a Kd of 250 nM (ESI Fig. 4),† which
aligns well with the previously reported Kd of 140 nM.6,12

However, the response window for this full-length aptamer
assay was notably small (∼30 RU in total), highlighting the
challenges of direct vancomycin detection for potential in vivo
measurements using SPR. Our split-aptamer approach
addresses this limitation by significantly amplifying the SPR
signal (∼10-fold), as demonstrated by the improved sensitivity
and broader response ranges observed in our modified split-
aptamer variants.

We designed four different P27 derivatives to increase the
base-pair interactions, hypothesizing that enhanced stability
of the aptamer–analyte–aptamer complex would improve
affinity and sensitivity. Our initial modification addressed a
single base-pair mismatch in the internal stem of the full-
length aptamer structure, as predicted by secondary structure
analyses.6,12,14 By substituting thymine with cytosine at posi-
tion 42, we achieved full 9 base-pair hybridization in the
internal stem, creating the variant P27.i (Fig. 4A).
Subsequently, we extended the lower stem by adding thymine–
adenine pairs to create variants P27.1, P27.2, and P27.3.

Using flow-based SPR, we obtained real-time kinetic sensor-
grams at various vancomycin concentrations, with washing
steps demonstrating reversibility for each split-aptamer pair
(ESI Fig. 5†). The sensor response was determined by simul-
taneous measurement of reference (split-aptamer without van-
comycin) and sensing (with increasing vancomycin concen-
trations) cycles, followed by reference subtraction. The modi-
fied split-aptamer P27.i demonstrated significantly enhanced
performance, detecting vancomycin at concentrations as low
as 200 nM, well below the detection limit of the original P27
design (Fig. 4B).

The dose–response curves for all modified split-aptamer
sandwich assays obtained are presented in Fig. 4C. We
observed a significant increase in affinity from P27 to P27.i,
with the apparent Kd improving from 17 µM to 2.2 µM, respect-
ively. Moreover, this modification led to a substantial improve-
ment in sensitivity, lowering the LOD from 0.75 µM to
0.14 µM. This marked enhancement in both affinity and sensi-
tivity brings our assay well within the clinically relevant con-
centration range for vancomycin detection. It is important to
note that measurements using different SPR platforms yielded
different detection limits (portable SPR: 10 µM vs. Biacore:
0.75 µM for P27), which can be attributed to their distinct
technical capabilities. The Biacore system, offering continuous
measurement with higher sensitivity, provides superior detec-

tion compared to the steady-state measurements with a lower
sensitivity portable SPR system. This instrumental difference
explains why qualitative screening was performed using porta-
ble SPR for rapid assessment of split-aptamer designs, while
precise kinetic measurements were conducted using the
Biacore system.

Extended split-aptamer pairs exhibited a range of binding
affinities correlating with their base-pair numbers. While
P27.1 showed similar Kd and LOD values to the original P27,
increasing base-pairs led to significant improvements: P27.2
demonstrated a four-fold decrease in LOD to 0.15 µM with a Kd

of 2 µM. P27.3, containing the highest number of base pairs,
showed the strongest affinity with Kd less than 1 µM, demon-
strating that affinity increases with base pair number. Notably,
the Kd of P27.3 approaches that of the full-length aptamer (Kd

of 0.25 µM), suggesting that increased base pairing helps
restore the binding characteristics of the original aptamer.
Correspondingly, the detection limits improved with increased
affinity – P27.3 achieved an LOD in the 0.05 µM range, while
P27 showed an LOD of 0.8 µM.

However, we noted that more stable stems with higher
numbers of complementary base pairs potentially increased
the affinity between the two split-aptamer sequences, leading
to DNA hybridization in the absence of vancomycin. This
resulted in higher background signals and delayed reversibil-
ity, particularly evident in the P27.i, which showed an
increased response at 0 µM vancomycin compared to the orig-
inal P27 pair (ESI Fig. 5†). The higher affinity pairs such as
P27.2 and P27.3 also demonstrated higher response in the
reference cycle (shown in grey). To isolate the specific vanco-
mycin-induced response, this background has been subtracted
prior to calculating the dose–response curves presented. A per-
formance matrix summarizing Kd, LOD, and calculated dis-
sociation rates (koff ) for all tested modifications is presented in
Fig. 4D. Notably, the sensorgrams in ESI Fig. 5† demonstrate
complete reversibility for all five aptamer pairs.

As expected, higher affinity pairs exhibit a slower koff,
ranging from 18.2 min−1 for P27 to 2.7 min−1 for the P27.3
pair. These values align well with other reversible biosensors,
such as the doxorubicin electrochemical aptamer-based bio-
sensor, which exhibits a koff of 1.35 min−1.33 Importantly, even
the aptamer pairs with enhanced sensitivity maintained rela-
tively fast dissociation rates. This characteristic ensures high
temporal resolution, making these assays compatible with
real-time continuous monitoring applications. The combi-
nation of improved sensitivity and maintained rapid dis-
sociation kinetics in our modified split-aptamer pairs rep-
resents a significant advancement.

We also explored different modifications aimed at combin-
ing extended complementary stems with enlarged structural
loops. One such example, P27.2.o2, was to extend the lower
loop by substituting two cytosine (C) from the original P27 to
guanine (G) (ESI Fig. 6†). However, secondary structure predic-
tion (mfold24) revealed a destabilized aptamer structure due to
an extended overhang and a closed lower loop, resulting in a
lack of observable binding with the analyte. This outcome,
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combined with our CD experiments, confirms that P27 is func-
tional and specific, with minimal non-specific interactions
between vancomycin with DNA molecules.34 Based on our
findings and previous truncation studies,6,12 we hypothesize
that the stability of the lower loop region of the complex is
indeed crucial for vancomycin interaction. This comprehensive
analysis of various modifications provides valuable insights
into the structure–function relationship of our split-aptamer
system, guiding future optimization strategies for balancing
the sensitivity, affinity, and reversibility of split-aptamer assays
for the detection of vancomycin and other small molecules.

Vancomycin detection in complex biological matrices

Building upon our comprehensive characterization of the split-
aptamer assay performance under varying pH and ionic con-
ditions, we sought to evaluate its functionality in a complex,
biologically relevant matrix mimicking the brain tissue of
rodents. While our previous experiments in controlled buffer
systems demonstrated the robustness of the assay to physio-
logical fluctuations in pH and divalent cation concentrations
(Fig. 3, ESI Fig. 3†), biological fluids present additional chal-
lenges due to their complex, heterogeneous composition. To
bridge the gap between controlled buffers and brain tissue
conditions, we first tested the assay in aCSF, which mimics the
ionic composition of CSF but lacks proteins and other bio-
molecules. We then progressed to testing in dog CSF and rat
plasma diluted to a comparable level of proteins in the brain
interstitial fluid, both containing the full spectrum of biologi-
cal components. This stepwise approach allowed us to assess
how the presence of additional biological factors beyond ions
and pH might impact the assay performance and reliability in
real-world applications.

To assess the performance of our P27 and the modified
P27.i split-aptamer assays in a physiologically relevant complex
matrix, we used dog CSF spiked with 20 µM vancomycin.
Fig. 5A compares the response in dog CSF to that in aCSF. For

the P27 assay, the overall average response signal is roughly
half between aCSF and dog CSF, with a fold-change of 0.52.
When employing the use of the modified aptamer pair P27.i,
the overall average response is about 30% lower between the
two matrices (fold-change of 0.72), showing that P27.i, besides
presenting higher sensitivity (Fig. 4C), also presents better
robustness when in contact with undiluted biological fluids.
These results demonstrate that the assay maintains its func-
tionality in relevant biological fluids albeit with a decreased
signal output. Additionally, we have also observed slightly
lower reproducibility in dog CSF measurements from repetitive
measurements in the same sensor (Fig. 5A). Given our exten-
sive characterization of the assay robustness to ionic and pH
fluctuations (Fig. 3 and ESI Fig. 3†), we believe these factors
are unlikely to be the primary sources of the lower output and
increased variability in dog CSF. Instead, we hypothesize that
the complex composition of biological CSF, including proteins
(the protein profile shown in ESI Fig. 7†), may contribute to
this variability. These additional components, absent in our
model buffers, could potentially cause fouling of the gold
sensor surface, leading to more variable measurements. With
improved sensor surface anti-fouling protection, such vari-
ations are expected to be significantly reduced.10,35–37

To evaluate the long-term stability of our sensor for
extended measurements in complex matrices, we employed a
CSF surrogate due to the limited availability of real CSF. Based
on previous studies utilizing HPLC-MS analysis, we used
200-fold diluted plasma, which has been shown to mimic the
complexity of CSF.38,39 We confirmed this in-house through
protein profile comparison using SDS-PAGE (ESI Fig. 7†).
Using 200-fold diluted rat plasma in aCSF, we conducted
repeated injections of 50 µM vancomycin every 20 min for 2 h,
followed by hourly injections for a total of 9 h (Fig. 5B). After
each 10 min binding measurement, the sensor surface was
washed for 10 min with plasma-spiked aCSF buffer to assess
reversibility and robustness.

Fig. 5 Split-aptamer assay performance and long-term stability evaluation in complex matrices. (A) Comparison of the sensor response to 20 µM
vancomycin in aCSF and dog CSF. Data represent measurements in 2 different sensors (different symbols), normalized to the average value in aCSF.
(B) Long-term stability and reproducibility assessment of P27 response to 50 µM vancomycin over 9 h of measurements in plasma diluted in aCSF.
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The first two hours (6 short-interval injections) showed
∼16% signal loss, while the subsequent 7 h with longer injec-
tion intervals resulted in a more significant signal loss of
∼48%. Despite this decline, the baseline fitted with a linear
regression showed a slope very close to zero (−0.00615), indi-
cating minimal drift. This demonstrates that our assay main-
tains efficient reversibility even in complex matrices in the
presence of proteins during extended sensing experiments. For
the scope of the present work, our sensor architecture employs
minimal anti-fouling protection, limited to short PEG passiva-
tion of the surface prior to aptamer immobilization. The
results presented in Fig. 5 demonstrate that while our split-
aptamer sensor maintains reversibility in protein-containing
environments, signal degradation over time (50% loss after
7 h) indicates the need for additional surface protection strat-
egies for long-term monitoring applications.

This performance provides a promising foundation for
future developments. To further enhance the stability and
longevity of our sensor for real-time in vivo monitoring appli-
cations, several strategies could be implemented in future iter-
ations. These include anti-fouling strategies10,35–37 to mini-
mize non-specific interactions and reduce signal drift over
time. This would be especially required for in vivo conditions
with increasing complexity such as sensing in environments
containing higher protein contents like blood or tissue.
Additionally, incorporating modifications for enzymatic resis-
tance against naturally occurring DNases40,41 could signifi-
cantly improve the stability and lifespan of the aptamer com-
ponents in biological environments. This work thus lays the
groundwork for developing robust, long-lasting biosensors
capable of real-time molecular monitoring in complex biologi-
cal settings.

Conclusions

In this study, we have successfully selected and characterized a
split-aptamer sandwich assay for the real-time, label-free
monitoring of vancomycin using SPR. Our strategy of splitting
an existing aptamer sequence and optimizing its performance
for SPR-based detection allows the label-free signal for small
molecule detection. Our strategic split-aptamer pair designs
yielded significant improvements in sensitivity and yet main-
tained reversibility, a crucial feature for continuous monitor-
ing applications. Through extensive characterization under
various physiological conditions, including pH and ion con-
centration fluctuations, we have demonstrated the robustness
of our assay in environments mimicking those encountered
in vivo.

Our investigations in complex biological matrices, includ-
ing dog CSF and diluted rat plasma, show promise for the
potential application of this sensor in real-world clinical set-
tings. The ability of the sensor to function in these complex
environments, albeit with increased variability, represents a
significant step towards in vivo monitoring capabilities. The
long-term stability studies, demonstrating functionality over

nine hours in a plasma-based surrogate, further underscore
the potential of this approach for extended real-time monitor-
ing of vancomycin levels.

Looking ahead, several avenues for expansion and improve-
ment of this approach present themselves. The implemen-
tation of advanced anti-fouling strategies and modifications
for enzymatic resistance could significantly enhance the
sensor stability and longevity in biological environments.
Incorporation of metal nanoparticles for SPR signal
enhancement42,43 or the use of SPR set-ups with increased sen-
sitivity44 is known to improve the detection limits and overall
sensitivity of the assay, allowing for the monitoring of drugs at
lower concentrations. However, for potential in vivo appli-
cations, a self-containing strategy must be in place to achieve
the continuous sensing of a split-aptamer based sensor. The
principles developed in this study could be extended to other
small molecule targets, potentially broadening the scope of
SPR-based or other optical biosensors in therapeutic drug
monitoring and pharmacokinetic studies. As we continue to
refine and expand our approach, we anticipate the integration
of optical biosensors into clinical settings, offering real-time,
continuous monitoring of drug levels and potentially revolutio-
nizing personalized medicine approaches in antibiotic treat-
ments and beyond.
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