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Instrumental laboratory methods for biochemical and chemical analyses have reached
a high level of reliability with excellent sensitivity and specificity. However, the complex
sample preparation, the need for trained personnel as well as the use of sophisticated
and expensive instrumentation still represent a drawback. Despite the indispensability
of laboratory methods that guarantee excellence with regard to their analytical reliability,
the need to carry out quantitative analyses for large-scale and rapid screening purposes
has prompted the development of novel analytical tools, such as biosensors, capable
of providing accurate and precise analytical information at low cost, ease of use and
applicability for decentralized monitoring and point-of-care testing [1,2]. The recent global
health crisis caused by the COVID-19 pandemic has further alerted the world to the urgent
need for rapid and reliable analytical devices, which are suitable for the detection of
biologically active components of clinical relevancy.

Especially for the case of immunological tests, this recent experience has highlighted
the gap between, e.g., classical ELISA, which provides quantitative and reliable responses,
although it must be performed in a centralized laboratory by trained personnel, and
strip lateral flow tests with visual detection, suitable for decentralized use, although
capable to provide only qualitative information, sometimes with not ideal sensitivity and
specificity. New analytical devices are therefore highly sought to fill this gap, which must
combine the capability of providing quantitative instrumental responses with fast and
user-friendly applicability.

The advantages of electrochemical and optical biosensors (low cost and easy trans-
duction) are nowadays complemented in terms of improved sensitivity by combining
electrochemistry (EC) with optical techniques such as electrochemiluminescence (ECL),
EC/surface-enhanced Raman spectroscopy (SERS) and EC/surface plasmon resonance
(SPR) [3]. Despite recent impressive technological progress in this area, there are still pitfalls
that must be overcome to progress towards real world applicability. To this goal, biosensors
need to become self-contained and usable automatically or semi-automatically, while guar-
anteeing precise chemical information and analytical reliability. Hopefully, advances to
reach these difficult tasks can derive from the continuous development and application of
informatics tools, such as machine learning-based methodologies [4,5]. However, progress
in the design of the biosensors’ architecture will also be crucial.

The present Special Issue focuses on some of the abovementioned challenges, while
proposing novel approaches and exploring new applications in electrochemical, optical and
opto-electrochemical biosensors. In particular, the focus is on the quantitative detection of
disease markers and viruses. To this aim, this Special Issue presents both original research
articles and authoritative review papers.

Interesting features of SPR sensors include label-free detection, high sensitivity, real-
time monitoring and applicability to raw sample [6,7]. In their contribution to this Spe-
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cial Issue, Masson and coworkers present the new possibility of exploiting SPR to de-
velop a so-called doxy-AuNPs-based SPR biosensor for the fast and sensitive detection
of doxycycline [8]. Indeed, the authors demonstrate that the drug doxycycline can tune
the formation of Au nanoparticles to enhance the response of a SPR biosensor to this drug.
Among other interesting features, it is worth mentioning that the resulting SPR signal
scales directly with the concentration of doxycycline, contrary to the usual SPR-based
immunosensors which, being based on competition assays, result in a progressive lowering
of the response while increasing the analyte concentration.

In their article, Campuzano, Pingarron and coworkers [9] present a novel amperomet-
ric immunosensor for the determination of ST2, a member of the interleukin 1 receptor
family. ST2 has well-known relations with inflammatory and other diseases so that high
levels of sST2 are found in the serum of patients suffering from several disorders. The
proposed method is based on a sandwich immunoassay with electrochemical detection,
using a disposable screen-printed carbon electrode. Magnetic immunoconjugates are built
on the surface of carboxylic acid-microsized magnetic particles. Captured ST2 is finally
sandwiched by a biotinylated secondary antibody conjugated with a streptavidinated
peroxidase. The sensor shows interesting selectivity and sensitivity, allowing the determi-
nation of soluble ST2 in plasma samples from healthy individuals and patients diagnosed
with pancreatic ductal adenocarcinoma (PDAC), with the advantage of a relatively short
analysis time (45 min). The good correlation of the obtained results with those provided by
classical ELISA demonstrates the potential of the developed strategy for the early diagnosis
and/or prognosis of the fatal PDAC disease.

On the stream line of biosensors based on enzyme inhibition effects [10], Worden
and coworkers [11] study a novel electrochemical biosensor to detect acetylcholinesterase
(AChE) inhibitors that may trigger neurological diseases. The research is based on an
integrated approach, combining experimental results within the frame of a theoretical
model suitable to be applied to the case of an inhibition-based bi-enzyme (IBE) sensor.
Experimentally, AChE and tyrosinase (Tyr) are co-immobilized on the working electrode
component of a screen-printed electrode array. Using redox recycling of the electroactive
component of the sensor, an amplification mechanism is suitably activated to increase
the signal and the sensitivity. The theoretical model is validated by comparison between
experimental and calculated results. The model shows its capability to reproduce different
trends in the experimental results, ranging from steady-state responses to unsteady-state
dynamics of the biosensor, e.g., following the addition of a reactant (phenylacetate) and an
ACE inhibitor (PMSF).

In their research article, Kaushik and coworkers [12] present an electrochemical im-
munosensor for collagen I, chosen as a biomarker for monitoring the regeneration of dam-
aged connective tissue in tendons and ligaments. The proposed immunosensor is fabricated
using a self-assembled monolayer (SAM) of a bis-thiol to immobilize gold nanoparticles
(AuNPs) which are functionalized with the capture agent, that is a half-reduced mono-
clonal antibody. Detection is performed by electrochemical impedance spectroscopy and/or
SPR, the former technique providing the lower detection limits. Interestingly, the sensor
shows improved sensitivity with respect to the commonly used ELISA procedure for the
same analysis.

In diagnostics and theranostics, a key issue concerns the capability of detecting cancer
biomarkers. Such a role is played by microRNA (miRNA), which are small RNA sequences
(18-25 mers), whose expression level is correlated with the onset and development of
diseases, including cancer, diabetes and heart disease. In their review article, Amine and
coworkers [13] focus on direct miRNA electrochemical biosensors based on redox markers
with different designs, such as DNA-intercalating redox systems, redox catalysts as well
as free redox indicators. The authors discuss the advantages and drawbacks of these ap-
proaches, presenting the state of the art and the challenges still open to improve validation,
clinical application and possible commercialization of electrochemical biosensors for the
detection of circulating miRNA.
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Increasing attention is paid to the development of the biorecognition element able
to promote a wider applicability of electrochemical biosensors. In their review, Palchetti
and coworkers [14] present the state of the art and prospects on a key point crucial for the
future of bioanalytical sensing, which is the development of electrochemical biosensors
based on synthetic peptides. The advantages of easily synthetized peptides vs. antibodies
are evident in terms of cost effectiveness and high yields. The authors discuss the different
roles of peptides in the design of electrochemical biosensors, from their use as antifouling
agents to their role in the development of catalytic and affinity electrochemical biosensors.
Moreover, the authors discuss and compare the procedures used for the selection and
synthesis of peptides as well as the different electrochemical detection strategies based on
both label and label-free approaches, together with application for clinical diagnostics.

The drastic effect of viral infections and their transmission at an alarming rate has
highlighted the need for advanced and rapid diagnostic techniques, as dramatically demon-
strated by the COVID-19 pandemic. In their review, Arduini and coworkers [15] analyze
the most recent achievements in the field of the quick detection of SARS-CoV-2 with biosen-
sors. At first, the article presents and discusses the guidelines on COVID-19 for in vitro
diagnostic tests and their performance, developed by the European Commission in 2020.
Afterwards, the review examines technical and scientific aspects of the different biosensors
developed up to the publication of the review, focusing on biosensors designed for the
quantitative analysis of SARS-CoV-2 antigens, as tested on real matrices, such as nasophar-
ynx swabs, saliva, serum and droplets. A critical comparison between biosensors able to
provide quantitative responses vs. qualitative tests is presented. Finally, the authors discuss
the pros and cons of available analytical tools to address a feasible strategy for fabricating
an ideal biosensor suitable for the specific detection of SARS-CoV-2, hopefully offering the
possibility of a wide range use and commercialization.

Thanking all the authors for their contributions, we hope that the articles presented
in this Special Issue can offer a stimulating panorama of some of the open challenges for
advancing research in the field of electrochemical and opto-electrochemical biosensors, in
particular for the detection of viruses and disease markers. In our opinion, these contri-
butions can constitute a useful starting point for further development in this important
field, with a focus on some specific areas. Moreover, they show that when biochemistry,
electrochemistry and analytical chemistry meet, it is possible to offer at least a partial
answer to the need for real improvements in the quality of life and public health.

Author Contributions: All authors contributed equally to this editorial. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Detailed information is available on request to the corresponding author.
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Abstract: In clinical chemistry, frequent monitoring of drug levels in patients has gained considerable
importance because of the benefits of drug monitoring on human health, such as the avoidance of
high risk of over dosage or increased therapeutic efficacy. In this work, we demonstrate that the drug
doxycycline can act as an Au nanoparticle (doxy-AuNP) growth and capping agent to enhance the
response of a surface plasmon resonance (SPR) biosensor for this drug. SPR analysis revealed the high
sensitivity of doxy-AuNPs towards the detection of free doxycycline. More specifically, doxy-AuNPs
bound with protease-activated receptor-1 (PAR-1) immobilized on the SPR sensing surface yield the
response in SPR, which was enhanced following the addition of free doxy (analyte) to the solution of
doxy-AuNPs. This biosensor allowed for doxycycline detection at concentrations as low as 7 pM.
The study also examined the role of colloidal stability and growth of doxy-AuNPs in relation to the
response-enhancement strategy based on doxy-AuNPs. Thus, the doxy-AuNPs-based SPR biosensor
is an excellent platform for the detection of doxycycline and demonstrates a new biosensing scheme
where the analyte can provide enhancement.

Keywords: gold nanoparticles; doxycycline; tetracycline; SPR biosensor; signal amplification;
clinical diagnosis

1. Introduction

It is important in the analytical community to develop sensors for frequent monitoring of drugs.
In particular, clinical diagnosis and therapeutic procedures demand sensors to assess drug levels in
patients. There is a need to obtain accurate test results in a short time for a large number of samples
to decide on the course of medical treatments [1]. As such, different laboratory-based techniques are
often employed to measure the drug concentrations in biofluid of patients, which serves to adjust
medication knowing the active concentration of drugs in blood. As such, regular monitoring of drug
levels in patients can prevent its toxicity and damage to organs [2,3].

Doxycycline is a wide-spectrum drug belonging to the tetracycline family of antibiotics, which has
been a drug of choice for treatment of several types of bacterial infections [4]. Protease-activated
receptor-1 (PAR-1) is the member of PARs (protease-activated receptors) family that was identified in
1991 by two independent laboratories during the investigation of thrombin signaling pathway in both
hamster and human cells. PAR-1 is expressed in all kinds of blood cells as well as in immune cells
epithelium, astrocytes, and neurons [5]. PAR-1 is the receptor protein with which doxycycline binds to
inhibit the tumor progression [6].

According to FDA, safe dose of doxycycline is 200 mg on first day of treatment followed
by 100 mg per day. In case of prolonged high dose, patient may suffer from gastrointestinal and

Biosensors 2020, 10, 184; doi:10.3390/bios10110184 5 www.mdpi.com/journal/biosensors



Biosensors 2020, 10, 184

renal diseases. It is a relatively low-toxicity drug and has been recommended for human use for a
long time. However, the long-term use of doxycycline may lead to some side effects. Elzeinova et al.
reported the adverse effects of doxycycline on testicular tissue and sperm parameters in CD1 outbred
mice [7]. According to them, the treatment of male mice with doxycycline in puberty led to long-lasting
effects on reproductive organs and spermatozoa in adult males. They reported that the effect
of doxycycline was concentration dependent. In addition, antitumor activities of doxycycline
against different types of malignancies have also been reported elsewhere. For example, Sun et al.
and Liu et al. have reported cytotoxicity and antimetastatic activity of doxycycline in melanoma and
breast carcinomas [8,9]. According to Son et al., doxycycline has potential to show apoptotic activities
in pancreatic cancer cells [10]. Duivenvoorden et al. has reported that doxycycline treatment could be
effective to reduce the tumor burden in bone metastasis mouse model of human breast cancer [11].
All these studies suggest that this valuable antibiotic also has potential to treat other types of human
cancers and thus a candidate anticancer drug of high research value. It is, therefore, important to
monitor the concentration of doxycycline (doxy) in blood to optimize the dosage and reducing the
side effects.

Currently, methods used for doxycycline detection involve analytical techniques such as
high-performance liquid chromatography (HPLC) [12], sequential injection chromatography (SIC) [13],
and potentiometry [14]. These techniques provide accuracy and reasonably good detection limits
but have disadvantages such as need of complicated sample preparation, trained personnel,
and sophisticated instruments and thus cannot provide onsite and fast detection. Therefore, there is a
need to develop alternative methods that can provide onsite, fast, and sensitive detection of doxycycline.

Surface plasmon resonance (SPR) biosensor is an optical technique that measures the binding
events quantitatively in real time without labeling the interacting molecules [15]. The physical principle
of SPR technique involves the measurement of changes in refractive index when the interaction of
molecules takes place at the sensor surface [16]. The benefits of the SPR technique include label-free
detection, high sensitivity, real-time monitoring, and crude sample analysis [17]. These advantages
make this SPR technique a reliable and convenient one to examine the binding specificity and interaction
of biomolecules, as first reported in 1982 when Liedberg et al. initially reported the use of a SPR-based
biosensor for the detection of biomolecular interaction [18]. Till now, this technique has been primarily
used as an effective tool for biomolecular interaction analysis, but more recently, clinical analysis is
increasingly reported [19]. SPR sensing proceeds without altering or damaging the composition of
original analyte [20] and is increasingly proposed for clinical diagnostics [21,22], drug monitoring [23],
environmental monitoring [24,25], food analysis [26,27], and biochemistry [28].

Despite the many advantages of SPR biosensors, the binding of small molecules to the sensor surface
typically results in small shifts, which constitutes a limitation of SPR biosensors. Most portable and small
SPR instruments are not sensitive enough to assess such small refractive index changes, which make
them unfit to use for ultrasensitive detection of small organic drugs [29]. To overcome this limitation,
different groups have employed various enhancement strategies in conjugation with SPR, such as
enzyme [30], polymerase chain reaction (PCR) [31], and gold nanoparticles (AuNPs) enhancement
methods [32]. Among them AuNPs-based enhancement strategies have received considerable attention
and played a significant role in response amplification of SPR biosensors [33]. The ease of synthesis,
good stability, biocompatibility, low toxicity, and ability of surface functionalization of AuNPs make
them an attractive tool for biomedical applications [34]. AuNPs support localized surface plasmon
resonances (LSPR), arising from the combined oscillations of electrons present in the conduction band
of the metal [35]. The electronic coupling between the LSPR of gold nanostructures and SPR is often
applied as a strategy to amplify the response signals of biosensors. For example, this strategy has been
designed for the detection of methotrexate [23] and testosterone [36].

AuNPs are extensively applied in SPR biosensors, as such the effect of size of nanoparticles
on SPR interactions is increasingly well understood. According to Kelly et al., size and shape of
the nanomaterials could be effectively used to control the plasmonic characteristics as well as the
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electromagnetic field amplification of AuNPs [37]. Comparatively, larger nanostructures give higher
sensitivity towards changes in refractive index than the smaller nanostructures. Uludag and Tothill
studied the effect of size of AuNPs over the SPR sensor response. According to them, increasing the
size of AuNPs resulted in higher sensor response [38]. Springer et al. observed that the size of AuNPs
affects the diffusion mass transfer rate as well as the SPR signal and resulted in optical enhancement of
SPR biosensor [39]. All these considerations suggested that the size of AuNP is critical and needs more
attention while studying the biomolecular interaction via SPR biosensor.

To further build on the use of AuNPs-enhanced SPR for drug detection, we report on the fabrication
of a doxy-AuNPs-based SPR biosensor for fast and sensitive detection of doxycycline. The use of the
analyte to trigger AuNPs overgrowth is used as a novel sensing principle, where the signal of the
SPR sensor is proportional to the concentration of doxycycline, in opposition to the usual competition
assays resulting in a reduced response of the SPR sensor with concentration. Synthesized doxy-AuNPs
were characterized by UV-VIS, X-ray diffraction (XRD), FT-IR, and transmission electron microscopy
(TEM). SPR analysis was performed to demonstrate the detection of doxycycline. Various conditions
were optimized to improve the SPR response. In this study, doxy-AuNP containing sodium
chloride (NaCl) was employed as reagent providing further increase in the biosensor response.
Thus, the doxy-AuNPs-based SPR biosensor is an excellent platform for the ultrasensitive detection
of doxycycline.

2. Experimental

2.1. Materials

Gold (III) chloride trihydrate, doxycycline hyclate, N-hydroxysuccinimide (NHS), 16-mercapto-
hexadecanoic acid (16-MHA), 11-mercapto-1-undecanol, ethanolamine hydrochloride, and sodium
chloride were purchased from Sigma Aldrich (Oakville, Canada). Sodium hydroxide and
N-ethyl-N’-(3-dimethylaminopropyl)-carbodiimide (EDC) were purchased from Fluka chemicals.
Protease-activated receptor (PAR-1) was purchased from Cedarlane (Burlington, Canada).

2.2. Preparation of the Doxy-AuNPs

To prepare doxy-AulNPs, aqueous solutions of 4 mL gold chloride (0.4 mM) and 2 mL doxycycline
(0.8 mM) were added in a conical flask. To the mixture, 3 mL sodium hydroxide (0.01 M) was added.
The mixture was continuously stirred for 3 min. After 3 min, a ruby red color was observed (Figure 1).
A UV-Vis spectrophotometer (Model Cary 100 Bio, Varian, Palo Alto, USA) was used to monitor the
synthesis of doxy-AuNPs in wavelength range of 300-800 nm.
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Figure 1. Scheme illustration of doxycycline effect on overgrowth of doxycycline Au nanoparticles
(doxy-AuNPs).

2.3. Characterization of the Doxy-AuNPs

The crystalline nature of doxy-AuNPs was confirmed via XRD studies. The solution containing
doxy-AuNPs was centrifuged three times at 10,000 rpm for 30 min and washed with deionized water
each time. Then, the pellet obtained after centrifugation was left overnight to dry under fume hood.
Powder XRD analysis was performed with Bruker D2 Phaser using Cu K« radiation (1.54 A A) in the 26
region, from 0 to 80°. Transmission electron microscopy (TEM) (FEI Tecnai t12) with voltage 80 kV and
final emission 10 A was used to examine the size and shape of doxy-AuNPs. Moreover, 2k AMT camera
was applied to take micrographs of doxy-AuNPs. Sample for TEM was prepared by placing 10 pL
of doxy-AuNPs colloidal solution on copper grid coated with carbon and formvar film. The sample
was left for 24 h to dry and then analyzed with TEM. The FI-IR is the most widely used technique
to study the interaction of biomolecules with the nanomaterials. The appearance of certain spectral
changes enables to identify the interaction of certain functional groups with the nanomaterials [40].
The doxy-AuNPs were also characterized with FT-IR. The solution containing doxy-AuNPs was
centrifuged three times at 10,000 rpm for 30 min and washed with deionized water each time. Then
the pellet obtained after centrifugation was dried under fume hood for 24 h, transferred, and analyzed
with FT-IR.

2.4. Fabrication of the SPR Sensor

SPR measurements were performed on a portable SPR instrument (Affinité Instruments, Montréal,
QC, Canada) [23]. A dove prism with a gold film (1 nm Cr and 45 nm Au) was immobilized with
a self-assembled monolayer (SAM) of 16-mercaptohexadecanoic acid and 11-mercapto-1-undecanol
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(Supporting Information, page S2). The SAM has the ability to bind receptor (protease-activated
receptor-1) PAR-1 and is capable for resisting nonspecific adsorption on sensing surface for quantification
of biomolecule [41]. This modified gold-coated prism with SAM was placed into the chip holder of
the SPR setup. Then, a disposable PDMS flow cell was mounted over the prism and tighten with
a clamp. The reference and sample solutions were injected at different sensing areas via separate
injection ports. In PDMS flow cell, there are two separate flow channels, one for sample solution and
other for reference solution. For the sample solution, the flow channel is S-shaped and comprise three
different sensing areas, providing analysis of sample in triplicate. The total volume of the channel for
sample analysis is 16 pL. For the reference solution, the flow channel covers the fourth sensing area
with a volume of 5 pL. The whole SPR system was connected to custom LabView software via a laptop.
Data acquired by the SPR system was controlled by software and minimum finding algorithm based
on a second-order polynomial fit was used to integrate SPR signal at each time point. The sensorgrams
for all four sensing areas were recorded in real time.

2.5. Immobilization of Receptor on Sensor Surface

In all SPR experiments, the SAM-modified gold-coated prism was inserted in the SPR
instrument. First, Milli-Q water was added into the flow cell and left for 15-20 min for stabilization.
Afterwards, the sensing surface was activated with EDC/NHS and left for 5 min until the resonant
wavelength was constant. Then, the sensing surface was rinsed with PBS, followed by the injection of
the receptor solution of protease-activated receptor-1 (PAR-1) at 5 ug mL~! and reacted for 15 min.
The receptor PAR-1 was covalently attached to the SAM through activated carboxylic acid group
from EDC/NHS. Subsequently, nonspecific binding sites on the sensing surfaces were blocked by
injecting 1 M ethanolamine hydrochloride (pH 8.0) for 10 min followed by rinsing with PBS to remove
noncovalently attached receptor PAR-1. This procedure was repeated for all SPR experiments.

2.6. Electrolytic Stability of Doxy-AuNPs

To examine the electrolytic stability of doxy-AuNPs, different concentrations of NaCl (from 50 to
1000 mM) were added in doxy-AuNPs colloidal solutions and their UV spectra were recorded
(Model Cary 100 Bio, Varian, Palo Alto, USA) in the wavelength range of 300-800 nm. To select the
suitable electrolytic condition of doxy-AuNPs, which can give larger SPR response, doxy-AuNPs
containing varying concentrations of NaCl (from 50 to 1000 mM) were injected in SPR followed by
rinsing each time before and after each injection with same concentration of NaCl in water to record
the refractive index baseline. A control experiment of doxy-AuNPs without NaCl was also conducted
and sensorgrams were recorded in real time.

2.7. Sequential Analysis for Determination of Concentration of Doxycycline

To examine the effect of doxycycline on the growth of synthesized doxy-AuNDPs,
varying concentrations of doxycycline (from 1 nM to 1 mM) were added in suspensions of doxy-AuNPs
and their UV spectra were recorded in the wavelength range of 300-800 nm. Furthermore, to carry
out detection of doxycycline with the SPR system, varying concentrations of doxycycline (0.1 nM to
100 uM) were added in the colloidal suspension of doxy-AuNPs and injected sequentially in flow cell
at room temperature for 30 min followed by rinsing each time before and after each injection with
100 mM NaCl in water for 5 min to record baseline. Interaction between biological receptor PAR-1
and doxy-AuNPs was measured as binding shift by SPR biosensor in real time. Control experiments
were performed by injecting doxy-AuNPs (containing optimized NaCl concentration) without adding
free doxycycline in SPR system. Origin software was used to process the data utilizing the minimum
wavelength finding algorithm. From the sensorgram, last 50 data points of 100 mM NaCl steps before
and after the doxycycline sensing steps were used to calculate the binding shift from sensorgram.
The logarithm of doxy concentration was plotted against the binding shift to find the correlation
between concentration of doxycycline and binding shift. Triplicate measurements were carried for all
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conditions. Reproducibility was obtained from the triplicate SPR measurements of 100 nM doxycycline
and measured as a coefficient of variation resulting from the ratio of the standard deviation and the
mean response, in percentage.

3. Results and Discussion

3.1. Strategy of the Assay

Doxycycline is a broad-spectrum drug with its antimicrobial as well as antitumor activities [4,8,10,11].
PAR-1 is the receptor protein with which doxycycline binds to inhibit the tumor progression [6].
Therefore, SPR analysis for doxycycline detection mainly depends upon the interaction of doxy-AuNPs
with PAR-1 immobilized on sensor surface. The interaction of doxy-AuNPs with PAR-1 resulted
in change of refractive index, which consequently gives SPR response in the form of wavelength
shift. In this work, doxy-AuNPs containing NaCl were employed as an amplification element to
enhance the SPR response. Furthermore, addition of free doxycycline in doxy-AuNPs colloidal solution
causes overgrowth of doxy-AuNPs, which consequently further enhances the SPR biosensor response.
The concentration of doxy was correlated with biosensor response. This concept could be applied to
other small molecules that can act as reducing agents for gold ions. It is advantageous of synthesizing
the AuNP with the analyte as it provides a simple method for synthesis and functionalization in a
single step and allowed for the efficient overgrowth of the AuNP in presence of the analyte.

3.2. Synthesis and Stability of Doxy-AuNPs

A wet chemical reduction method was used to synthesize the doxy-AuNPs [42]. Doxycycline,
being a polyphenolic compound, reduces and stabilizes the AuNPs. The polyphenolic groups
are oxidized to their respective quinones by AuCly;~ with H* transfer and AuNPs formation.
Recently, He et al. has reported the similar phenomena [43]. The b-agonists that possess monophenolic
group or aniline showed the capability of reducing HAuCly into AuNDPs at elevated temperature,
which means the reducing capability of such compounds are weaker than the one of the polyphenolic
compounds, such as doxycycline. Immediately after addition of doxycycline and sodium hydroxide
in gold chloride solution, AuNPs were synthesized in 3 min with characteristic ruby red color,
similar to another synthesis previously reported for L-methionine [44]. Synthesis of doxy-AuNPs
was confirmed using UV-Vis spectrophotometry. A sharp surface plasmon resonance was observed
at 520 nm, which is a characteristic LSPR (localized surface plasmon resonance) in spherical gold
nanoparticles [45], thus confirming the synthesis of doxy-AuNPs (Figure 2a). TEM images were then
acquired for further supporting the synthesis of doxy-AuNPs. Homogenously distributed spherical
gold nanoparticles were obtained with this method (Figure 2b). Average particle size of doxy-AuNPs
calculated was 4.7 + 0.7 nm (n = 169, histogram in Supporting Information, Figure S1). The crystalline
nature of doxy-AuNPs was examined through XRD analysis. XRD pattern of doxy-AuNPs showed
strong diffraction peaks at 38.5°, 46.1°, 64.5°, and 78.6° corresponding to {111}, {200}, {220}, and {311},
respectively, which reflects the crystalline nature of doxy-AuNPs (Figure 2c) [46].

To examine the electrolytic stability of synthesized doxy-AuNPs, different concentrations of NaCl
(from 50 to 1000 mM) were added in doxy-AuNPs colloidal solutions and their UV spectra were
recorded. Doxy-AuNPs showed good electrolytic stability with slight red shift (from 520 to 530 nm)
and small decrease in intensity up to 100 mM NaCl, whereas in case of higher concentrations from 250
to 1000 mM NaCl, LSPR band of doxy-AuNPs further red shifted from 530 to 540 nm with significant
broadening and decrease in intensity (Figure 2d). It was likely due to the refractive index shift of high
salt solution and screening of surface charge on the AuNP. Srivastava and Gupta have also reported
this phenomenon. According to them, resonance wavelength increases with higher salt content due to
interaction of the salts with the metal film [47]. The effect of salt has been previously shown to have
an impact on the Debye length and the interaction of ligand-modified AuNP for a methotrexate SPR
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sensor [48]. As such, the stability of the doxy-AuNP was essential to carry the SPR measurements
reported in this paper.
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Figure 2. (a) UV-Vis spectrum of doxy-AuNPs. (b) TEM image of doxy-AuNPs, acquired at 80 kV,
with exposure of 1200 ms and magnification of 150,000X. The scale bar represents 50 nm. (c) XRD
spectra of doxy-AuNPs. (d) UV-Vis spectra showing the electrolytic stability of doxy-AuNPs in the
presence of different concentrations of NaCl.

The interaction of doxycycline in synthesis of AuNPs was studied through FI-IR (Figure 3).
In case of pure doxycycline, the absorption band was observed in the range of 3400-3200 cm™! for
O-H and N-H bonds but this band completely disappeared in case of doxy-AuNPs. This observation
hints about the involvement of these moieties in the modification process. Likewise, the absorption
bands in the range of 1700-1500 cm~! were attributed to «,-unsaturated carbonyl of amide and
ketone functionalities of doxycycline. These signals moved to higher values in case of doxy-AuNPs,
although the intensity of signals is low. The shifting to higher values justified the involvement of
hydroxyl group resulting into disappearance of C=C conjugation.
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Figure 3. FT-IR spectra of doxycycline (red) and doxycycline-modified gold nanoparticles (black).

3.3. SPR Analysis for Detection of Doxycycline

3.3.1. Optimization of Electrolytic Conditions of Doxy-AuNPs

A shorter Debye length and, as a consequence, decreased colloidal stability are required for
the molecular interaction of target analyte to occur on a surface-bound receptor. The presence of
NaCl causes the electrostatic screening of surface charges by dissolved ions and reduces the Debye
length, and resulted in the higher SPR response reported previously for a methotrexate assay [48].
To select the suitable electrolytic condition of doxy-AuNPs, which can give higher SPR response,
doxy-AuNPs without NaCl and with varied concentrations of NaCl (from 50 to 1000 mM) were
injected in SPR system. In the absence of NaCl, very low and undetectable SPR response was observed
for doxy-AuNPs, whereas significantly higher SPR response was observed for doxy-AuNPs in the
presence of NaCl (Figure 4 and Figures S2 and S3 in Supporting Information page S3). Very low
SPR response of doxy-AuNPs is mainly attributed to the small size (4.7 nm) and larger Debye length
of doxy-AuNPs in absence of salt, which makes them unfit to enter deep in the binding pocket of
receptors bound to the sensor surface [49,50]. On the contrary, addition of NaCl to doxy-AulNPs
causes the electrostatic screening of surface charges by dissolved ions and reduces the Debye length,
and thus resulted in the largest SPR response [48]. The control with the same NaCl concentration
before injection of the doxy-AuNP led to changes in SPR shifts much smaller (i.e., 1 nm) than with the
doxy-AuNP. Doxy-AuNP with 50 mM NaCl led to a SPR shift of 9.5 nm, whereas the doxy-AuNP with
100 mM NaCl provided a 25 nm SPR shift. Since the doxy-AuNPs containing 100 mM NaCl generated
maximum SPR response signal (Figure 4), these conditions were selected for all further SPR bioassays
for detection of doxycycline.
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Figure 4. Effect of sodium chloride (NaCl) concentration on the surface plasmon resonance (SPR)
response of doxy-AuNPs. The SPR response was measured in the Kretschmann configuration, and the
binding shift refers to the propagating 