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Preface

In recent decades, the interdisciplinary nature of scientific research has revolutionized our

approach to solving the complex challenges that impact human health and well-being. Traditionally,

the efforts of scientists and engineers have been fragmented across many specialized fields. However,

the need to address multifaceted biological systems and public health challenges has highlighted the

critical importance of convergence—melding diverse disciplines to create innovative solutions. This

reprint, titled “Convergence of Science and Engineering: A Promising Window toward Improving

Public Health”, stems from the contributions to a Special Issue of Bioengineering. It reflects the

synergies that arise from integrating advanced engineering techniques with foundational scientific

principles.

The chapters within this reprint present groundbreaking research and comprehensive reviews

at the intersection of fields such as bioengineering, nanotechnology, artificial intelligence, and

healthcare technology. By bridging disciplines like biology, mechanical engineering, and cognitive

sciences, this compendium showcases how such collaborations can lead to advancements in disease

prevention, early diagnostics, and effective treatment modalities. From wearable devices and

functional biomaterials to tissue regeneration and bioinspired robotics, the contents of this Book

illuminate how convergent sciences are transforming the landscape of modern medicine.

This work represents a collective effort to envision and construct a future where interdisciplinary

innovation translates to tangible improvements in public health. It serves not only as a repository

of knowledge but also as a catalyst for further exploration and collaboration among researchers,

engineers, and healthcare professionals.

I extend my deepest gratitude to the authors who contributed their cutting-edge research and

insightful reviews and to the editorial and publishing teams whose dedication made this reprint a

reality. It is my hope that the ideas and innovations presented herein will inspire readers to continue

pushing the boundaries of what is possible in science and engineering, ultimately enhancing the

quality of life for individuals and communities worldwide.

Ali Zarrabi

Guest Editor
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Editorial

Could the Convergence of Science and Technology Guarantee
Human Health in the Future?
Ali Zarrabi

Department of Biomedical Engineering, Faculty of Engineering & Natural Sciences, Istinye University,
34396 Istanbul, Türkiye; ali.zarrabi@istinye.edu.tr or alizarrabi@gmail.com

Due to the daily growth of the world population, there has been an increase in concerns
regarding health, especially due to the increase in the number of aged people, the surge of
pollution, and the appearance of new pandemic diseases such as COVID-19 and influenza
H1N1. One exciting approaches that provides much hope is the convergence of science and
technology, which can improve the performance of routinely used strategies (in both diag-
nosis and treatment) and even create new approaches for monitoring the healthcare of the
global population. This could be put into practice by creating new therapeutic compounds
against cancer, which could target the intracellular pathways [1], or by producing new
nanomaterials that could carry therapeutic compounds [2]. The convergence of science
and technology could also be used for the creation of low-cost highly sensitive biosensors
used for point-of-care applications, such as monitoring heart rates [3], detecting therapeutic
compounds, such as antibiotics in pharmaceutical and clinical samples [4], and as highly
sensitive and selective aptasensors [5]. This convergence could also help overcome the
problem of low efficiency in conventional in vitro and in vivo models in the development
and assessment of new drug formulation using different types of organ-on-chip models [6].
In this context, Osouli Tabrizi and his coworkers represented a type of cells-on-a-chip
platform for the modeling of complementary metal oxide semiconductors, as a low-cost
sensor for the detection of living cells, which could help detect periodontal diseases early
and with high accuracy. The results of this study showed the effectiveness of this new
sensor in monitoring the cells in very small sample saliva volumes (1 µL) [7]. In another
study, the application of hydrogels containing drug, cells, and growth factor for the treat-
ment of osteoporosis showed promising signs of improvement in comparison to implants
and metallic scaffolds [8]. On the other hand, coating the currently used stainless-steel
(SS) implants with a polymeric shell of zein/Ag-Sr doped mesoporous bioactive glass
nanoparticles has reduced the toxicity effects of the SS implants and exhibited beneficial
effects in bone regeneration applications [9]. In another study, Sikder et al. evaluated
the combination of ultrasound (US) and the 3D-printed bioactive piezoelectric scaffolds
for the treatment of orthopedic defects. They have shown that the fabricated scaffold
that contained bioactive PCL-BaTiO3 piezoelectric composite formulations could improve
osteogenesis. On the other hand, the application of US in combination with this scaffold
could induce pre-osteoblast adhesion, proliferation, spreading (at 1 Hz), and osteoblast
differentiation (at 3 HZ) [10]. In a recent study, Vieira et al. introduced a new type of
theranostic platform based on gellan gum hydrogel functionalized with Mn molecules,
which showed T1-weighted MRI features, and at the same time, the capability of deliver-
ing stem cells to the central nervous system (CNS) in a noninvasive manner. Therefore,
the combination of hydrogel-based formulation, Mn, and MRI technology resulted in the
real-time monitoring of cell delivery to the CNS system [11]. Another interesting direction
that the simultaneous application of science and engineering can take is the utilization
of microorganisms for removing pollutant from the environment, while simultaneously
producing useful materials. We have shown that Chlorella vulgaris (C. vulgaris), as a type of
microalgea, has the capability of removing antibiotic contamination from the water via a
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3-steps bioreaction, bio-adsorption, bioaccumulation, and biodegradation. In addition, this
study shows that the microalgae produce some useful byproducts, such as proteins, lipids,
chlorophyll-a, and carbohydrates [12].

Recently, with the emergence of artificial intelligence (AI) and the rapid growth of
its application in different fields of medicine, there is renewed hope for the fast detection
of diseases and the prediction of the effectiveness of the performance of new drugs and
therapeutic methods, which will help professionals make better and more informed de-
cisions [13,14]. Computational modeling is one of the subcategories of AI that could be
used, in combination with in vitro tests, to predict and evaluate the results of different
treatments. This could reduce the time of treatment and improve its performance. We
have used the in silico 3D and single cell ventricle simulations to evaluate the effects of
mexiletine on cardiac cells, and the results showed that this drug could reduce the action
potential duration (APD) in a long QT variant 3 (LQT3) patients with an A1656D mutation,
shift the occurrence of alternants from a normal heart rate in the cells to a quicker one, and
eliminate the possibility of a breakup of the spiral wave [15]. In another study, Arippa et al.
used computational modeling for the evaluation of the kinematic parameters related to
Parkinson’s disease (PD). They selected “61 people with PD (aged 68.9 ± 9.3 years) and
47 unaffected individuals age- and sex-matched (66.0 ± 8.3 years)” to evaluate the dif-
ferences between them in angular trends at hip, knee, and ankle joints by applying the
“computerized 3D gait analysis performed using an optical motion-capture system”. They
presented a new approach for the early diagnosis of PD since, according to their results,
the patients had significant alterations in interlimb coordination, which could be detected
at the hip and ankle joints and had “a modified gait pattern particularly at the terminal
stance/early swing phase of the gait cycle” [16].

According to the aforementioned research, this Special Issue aims to highlight the
beneficial effects of the convergence of science and technology in different aspects of
human health, from the daily monitoring of health to the introduction of novel or improved
treatment and diagnosis methods for different types of disorders, which could be helpful
in tackling the current challenges health management among nations.

Funding: This research received no external funding.
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Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
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Article

Is it Feasible to Use a Low-Cost Wearable Sensor for Heart Rate
Monitoring within an Upper Limb Training in Spinal Cord
Injured Patients?: A Pilot Study
Miriam Salas-Monedero 1,2, Vicente Lozano-Berrio 1 , María-Jesús Cazorla-Martínez 3, Silvia Ceruelo-Abajo 4,
Ángel Gil-Agudo 1,4, Sonsoles Hernández-Sánchez 5 , José-Fernando Jiménez-Díaz 5

and Ana DelosReyes-Guzmán 1,*

1 Biomechanics and Technical Aids Unit, Hospital Nacional de Parapléjicos (SESCAM), Finca La Peraleda s/n
CP 45071, 14507 Toledo, Spain

2 International Doctoral School, Castilla La-Mancha University, 14507 Toledo, Spain
3 Nursing Department, Hospital Nacional de Parapléjicos (SESCAM), 14507 Toledo, Spain
4 Rehabilitation Department, Hospital Nacional de Parapléjicos (SESCAM), 14507 Toledo, Spain
5 Performance and Sport Rehabilitation Laboratory, Faculty of Sports Sciences, Castilla- La Mancha University,

14507 Toledo, Spain
* Correspondence: adlos@sescam.jccm.es

Abstract: (1) Background: Cervical spinal cord injury (SCI) patients have impairment in the auto-
nomic nervous system, reflected in the cardiovascular adaption level during the performance of
upper limb (UL) activities carried out in the rehabilitation process. This adaption level could be
measured from the heart rate (HR) by means of wearable technologies. Therefore, the objective was
to analyze the feasibility of using Xiaomi Mi Band 5 wristband (XMB5) for HR monitoring in these
patients during the performance of UL activities; (2) Methods: The HR measurements obtained from
XMB5 were compared to those obtained by the professional medical equipment Nonin LifeSense II
capnograph and pulse oximeter (NLII) in static and dynamic conditions. Then, four healthy people
and four cervical SCI patients performed a UL training based on six experimental sessions; (3) Results:
the correlation between the HR measurements from XMB5 and NLII devices was strong and positive
in healthy people (r = 0.921 and r = 0.941 (p < 0.01) in the static and dynamic conditions, respectively).
Then, XMB5 was used within the experimental sessions, and the HR oscillation range measured was
significantly higher in healthy individuals than in patients; (4) Conclusions: The XMB5 seems to be
feasible for measuring the HR in this biomedical application in SCI patients.

Keywords: upper limb training; spinal cord injury; heart rate; wearable devices; biomedical application

1. Introduction

Recent epidemiological studies show that the prevalence of SCI in Spain is between
270 and 380 million per inhabitants. According to data from the Spanish National Institute
of Statistics, 2.86% of the Spanish population was affected by SCI [1]. SCI of non-traumatic
etiology has been the main cause of SCI (58%), followed by SCI of traumatic etiology
(42%), thus breaking the tendency of the last ten years, during which the main origin was
traumatic [2].

After a SCI, patients have an affectation in the autonomic nervous system in lesions
above the T6 metameric level. For this reason, patients with cervical SCI present differences
compared to the healthy condition in terms of the cardiovascular adaptation level during
the execution of a therapy or effort [3]. Another consequence of cervical SCI is the impaired
UL function, which affects the performance of activities of daily living (ADL). Thus, the
main objective of the therapeutic programme is for patients to achieve the maximum level
of independence in the performance of ADLs [4,5].

Bioengineering 2022, 9, 763. https://doi.org/10.3390/bioengineering9120763 https://www.mdpi.com/journal/bioengineering4
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Therefore, some of the most widely used methods to evaluate training effectiveness
in adults, children, and adolescents generally include the use of HR monitors or pulse
oximeters [6,7] and the use of motion sensors such as pedometers or accelerometers [8,9],
based on the movement (or acceleration) of the limbs, and the trunk is closely related to the
global energy expenditure.

Longitudinal studies on HR in SCI have analyzed HR in the acute and chronic phases
of the injury, paying attention to the PA level that the patient performs in order to improve
the performance of ADL activities [10–12].

On the other hand, in relation to the medical equipment used for recording the HR,
all these studies have used different equipment, such as Holters digital blood pressure
systems to monitor pressures, which records for an approximate period of up to a week [11];
and a HR monitor with ECG signal, option of pulxioximetry, non-invasive pressure, with
presentation of HR reader [12]. However, in other studies, wearable technology like watches
with chest straps and a heart frequency reader has been used [10]. El-Amrawy et al. [13]
showed that the new wireless technologies, such as blood pressure trackers and body
sensor devices could have a great impact on health care systems and quality of life, and
analyzed the accuracy and precision of 17 wearable devices for HR monitoring. Bent
et al. [14] demonstrated that wearables also provide excess HR information during low-
intensity physical activity, which could be a safety mechanism built into the devices to
ensure that patients do not exceed their maximum HR during training. Other authors have
analyzed different characteristics of sensors with the aim of optimizing a wider variety of
applications [15]. This is especially important for clinicians, as they would be aware of HR
measurements during the training when they perform workload intensity assessments in
movement-based trainings.

There is evidence about the use of Xiaomi Mi band device, showing the best package
and choice, taking into account the quality–price ratio [13]. Based on this previous study, the
XMB5 was chosen for the present research. However, these devices, which are commercial,
are being purchased for leisure purposes as a way to quantify daily physical activity and
hours of sleep, without paying attention to the heart rate readings they provide. In this
respect, special attention is needed when dealing with patients, especially neurological
patients. From our point of view, the novelty of this study focuses on the intention to use
this device, XMB5, in the context of a biomedical application following a methodology
designed for patients with cervical SCI. The main objective is to analyze the feasibility of
this wearable device for monitoring the HR in cervical SCI patients. To reach this objective,
an experimental study was conducted with the aim of comparing the HR measured by
means of XMB5 with those measured by a capnograph/pulse oximeter used in the clinical
setting for the monitoring of patients, simultaneously. Then, the Xiaomi wearable device
will be used in a biomedical application, within a proof-of-concept study, for monitoring
the HR in healthy people and cervical SCI patients during the performance of UL trainings
within the rehabilitation program.

The remainder of this paper consists of the following: Section 2 provides all the infor-
mation about the methodology, describing the study design, the participants’ characteristics,
the equipment used, the experimental setup and methodology for data acquisition, and
the statistical analysis; Section 3 is related to the results obtained in terms of variables at
starting and ending conditions and variables related to each experimental session; Section 4
includes the discussion of the results, and Section 5 is the study’s conclusion.

2. Materials and Methods

This section includes all the information regarding the experimental protocol applied
in this research. For that purpose, subsections about the study design, the participants
included in the study, the experimental setup and data acquisition, the outcomes variables,
and the statistical analysis were included.
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2.1. Study Design

The study performed was descriptive, responding to an observational design with an
experimental phase.

2.2. Participants

In this study, 8 subjects participated; they were divided into two groups: a neurologi-
cally healthy group formed by 4 subjects and a group of 4 SCI patients, all of them with
UL motor function impairments. All patients suffered a cervical SCI with a metameric
level between C4 and C8, and AIS grade between A and D, as defined by the International
Standards for the Neurological Classification of Spinal Cord injury [16], specifically the
upper limb motor score of the right arm (UER). Patients who presented any vertebral
deformity, joint restriction, surgery on any of the UL, balance disorders, dysmetria due to
associated neurologic or orthopedic disorders, or visual acuity defects were excluded. The
UER was obtained with the clinical staff assessment of the strength of five muscle groups
of the dominant UL. Each muscle group can be evaluated between 0 (no function) and
5 (normal function), with a total of 25 points.

This study was carried out in the Biomechanics and Technical Aids Unit of the Hospital
Nacional de Parapléjicos (Toledo, Spain). All patients signed an informed consent form
before the study. The guidelines of the declaration of Helsinki were followed in every case,
and the study design was approved by the local ethics committee. Subject demographics
are provided in Table 1.

Table 1. Demographics and functional characteristics of the sample analyzed.

Variables
Sample Analyzed

Healthy (n = 4) Patients (n = 4)

Sex(Male) * 1.00 ± 25.00 3.00 ± 75.00

Age(Years) + 31.50 ± 6.00 27.50 ± 13.20

Weight (kg) 62.00 ± 7.05 70.25 ± 7.25

Height (cm) 167.40 ± 10.24 172.50 ± 9.32

Etiology Injury (Traumatic) - 4.00 ± 100.00

Time since injury (months) - 5.50 ± 1.50

Injury Level
C6 - 1.00 ± 25.00
C7 - 1.00 ± 25.00
C8 - 2.00 ± 50.00

AIS Classification
A - 2.00 ± 50
B - 1.00 ± 25
C - -
D - 1.00 ± 25

Right UE Motor score 25.00 ± 0.00 a 20.50 ± 3.50 a

a (p < 0.01); * categorical variables are expressed as frequency and percentage; + continuous variables are expressed
as mean and standard deviation.

2.3. Experimental Setup and Data Acquisition

HR was monitored using the XMB5, which is considered a low cost-device among the
wearable technology devices [13]. The characteristics of the XMB5 bracelet are as follows.
The sensor placement is in the central hole, which is well adjusted for the comfortable
use of the bracelet. Moreover, the HR sensor is kept in contact with the skin to allow
for the taking of measurements. The bracelet is manufactured in silicon with several
measures for adjusting the bracelet to different wrist sizes (Figure 1). The sensor has an ADI
accelerometer for quantifying the physical activity by means of the steps taken or running
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performed during the day. A previous study analyzed the optoelectronic characteristics of
a silicon light-emitting device [17].
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Figure 1. All participants wore the Xiaomi Mi Band 5 on their right arm during the experiments.

In the present study, the application Mi Fit, running under Android, was used for
monitoring the HR. Measurements obtained from XMB5 were compared to a positive
control usually used in clinical setting for the monitoring of patients, the professional
medical equipment Nonin LifeSense® II (NLII), capnograph and pulse oximeter, with CE
marking as medical device [18–20]. This system was simultaneously used on the same
hand wearing the XMB5.

Firstly, the HR measurements from XMB5 were compared to those measured by the
NLII system on a sample of four healthy people. Both systems were used simultaneously,
and Nonin was placed on the same hand wearing the XMB5, namely the left one. For
each participant, 18 readings were recorded for each tracker simultaneously while the
participant stayed in a resting position and then while the right arm performed the UL
movements required by a UL activity. During the recording, the participant was seated in
front of a table and the left hand remained at rest.

Following the completion of this first study, the UL training was performed in four
healthy subjects and four subjects with cervical SCI. All participants performed the pro-
posed UL training with the dominant arm, determined from the Edinburg dominance
test [21]. The complete UL training in each participant lasted two weeks, with three train-
ing sessions per week of a duration of 30 min. Each session was based on UL activities
by means of Leap Motion Controller (LMC) performing the “Robot Assembly” and “Petal
picking” applications available in the Playground of LMC.

The duration of each session and the number of sessions per week were established
while taking into account the recommendations of the resistance work of the American
College of Sports Medicine (ACSM) for people with SCI [22].

The first step was to fit the XMB5 fitness wristband to the wrist of the dominant
arm [21].

Each participant performed both therapeutic interventions in front of a table that
was adjustable in height, with the aim of normalizing the starting position for all the
participants. The arm was placed against the trunk; the elbow was flexed 90◦ in a neutral
pronation-supination position and with the hand resting on the edge of the table, with
the palm opened in medial position. Then, the LMC device was placed on the table at
75% of the maximum UL reaching movement of the participant to avoid compensatory
movements with the trunk.

All the participants performed the experimental sessions in their own wheelchair or
sitting in a conventional chair. The participants rested their back firmly against the back of
the chair with an angle between the backrest and the seat of 90–100◦, and their feet on the
footrest at a 90◦ angle.

During the sessions, the participants wore the XMB5 used for the HR and the monitor-
ing of the number of UL movements. The XMB5 was synchronized to the Smartphone of
the researcher responsible of the experimental session. The mobile application used in this
study was My Fit.
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2.4. Outcome Measures

To compare both systems of HR monitoring, simultaneous measurements were taken
in four healthy subjects. For each participant, 18 readings were taken in both experimental
conditions: the static, in the absence of UL movement and during the performance of UL
movements. In these situations, the variables analyzed were: the difference between the
magnitude of the HR readings from both XMB5 and NLII medical equipment to analyze
the agreement level of the simultaneous HR readings. Moreover, the trend of these readings
was analyzed by means of a correlation analysis.

Therefore, the variables registered in the UL training previously described were
as follows. As the training program was composed of several experimental sessions,
two kinds of variables were registered: (a) variables within each experimental session
and (b) variables measured at the beginning and at the end of the training over all the
participants, both the healthy ones and the SCI patients.

Thus, within each experimental session, the HR was registered for analysis: the HR
in baseline, the maximum, the minimum, the oscillation range, the HR at the end of the
experimental session and the difference between the readings at the end and the baseline.
In relation to the UL performance, the repetition number for each activity was registered.
Moreover, the effort perception level by means of Borg Scale [23] was analyzed.

In relation to the UL training, all the subjects were evaluated at the beginning of the
training and at the end by means of the Krupp scale, with the aim of determining the
fatigue level associated to the neurological disease [24], and the amount of UL movements
during a complete day was registered for all the subjects. To obtain this measurement, the
subjects wore the XMB5 wristband over two complete days each time.

2.5. Statistical Analysis

The statistical analysis was performed by the SPSS 17.0 for Windows software (SPSS
Inc., Chicago, IL, USA). The clinical and demographic characteristics of the participants were
analyzed by descriptive statistics, showing the results as the mean and standard deviation.

In relation to the validation study between the XMB5 and NLII professional equipment,
the paired t-test and a correlation analysis was conducted for the static and UL movement
conditions.

In relation to the UL training program, the Mann–Whitney U non-parametric test was
applied to analyze the differences between the two groups analyzed (healthy subjects and
patients with SCI). The variables analyzed with this method were the HR reading at baseline
and at the end of the experimental session, and the difference between both readings; the
maximum, minimum, and the heart rate oscillation range during the performance of the
experimental session; the number of UL movements; and the perception of effort according
to the Borg scale. In addition, possible differences in the number of repetitions in each series
were analyzed. Moreover, at the beginning and end of the complete training program, the
punctuation in the Krupp scale and the number of total UL movements were analyzed for
all participants.

3. Results

This section describes the results regarding the correlation between the HR mea-
surements from both devices, XMB5 and NLII, in Section 3.1 and the analysis of the last
experimental session in Section 3.2.

3.1. Feasibility of Using XMB5 Wristband

In this subsection, the results about the comparison between the HR readings from the
XMB5 wristband and NLII medical equipment are shown.

The Pearson correlation coefficient between the readings from both systems suggests
a strong and positive linear association between both variables: r = 0.921 (p < 0.01) in the
static condition and r = 0.941 (p < 0.01) for the HR readings taken during the performance
of UL movements. This trend is shown in the scatter graphics included in Figure 2.
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Figure 2. Scatter diagrams between the heart rate measured by Nonin Lifesense II and the heart rate
measured by Xiaomi Mi Band 5 wristband during a static posture (a) and dynamic condition (b).

Both XMB5 and NLII systems registered similar HR readings in the static condition:
73.80 ± 4.79 and 73.97 ± 4.61, respectively. During the performance of UL movements,
both systems also registered similar readings: 90.33 ± 9.38 for XMB5 and 90.20 ± 7.96 for
Nonin medical equipment.

The differences observed between both XMB5 and NLII system were not statistically
significant: t(71) = −0.754, p = 0.454 for the static condition, and t(71) = 0.323, p = 0.748
during the execution of UL movements.

3.2. Last Experimental Session within the UL Training

The sample analyzed was divided into two groups; neurologically healthy subjects
and SCI subjects that were matched in age, weight, and height. Thus, no statistically
significant differences were found for demographic characteristics between both groups
analyzed (Table 1).

After performing the UL training based on the execution of six experimental sessions,
the last session was chosen for analysis, because in that session, the healthy and SCI subjects
all reached optimal performance.

Statistically significant differences were found between both groups (neurologically
healthy and SCI) in variables related to the training performance: the number of repetitions
in both activities within the training was lower in SCI subjects than in healthy people:
in activity 1, 24.50 ± 12.25 and 11.00 ± 10.50 repetitions, respectively and in activity 2,
80.00 ± 34.25 and 26.50 ± 21.50, respectively, in each group. In relation to the HR, the
statistical differences were found in the maximum value, in the oscillation range, and in
the difference between the readings at baseline and at the end of the experimental session
(Table 2).
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Table 2. Outcome variables measured within the experimental session number 6 for healthy and
SCI patients.

Variables Healthy (n = 4) SCI (n = 4)

Activities UL training (repetitions)
Activity1 (Robot Assembly) * 24.50 ± 12.25 a 11.00 ± 10.50 a

Activity2 (Petal picking) * 80.00 ± 34.25 a 26.50 ± 21.50 a

Heart Rate (bpm)
Baseline (before) + 63.50 ± 4.50 60,50±26.00
Ending session + 101.00 ± 38.25 78.00±36.00)

Difference (baseline-ending) + 38.50 ± 37.25 a 9.00 ± 15.50 a

Minimum + 53.00 ± 7.00 59.50 ± 9.50
Maximum + 149.50 ± 64.50 a 100.50 ± 20.75 a

Range + 92.50 ± 65.50 a 44.00 ± 14.25 a

Perceived effort
Borg Scale (1–10) 3.00 ± 1.50 4.00 ± 1.50

a, p < 0.05. The results are expressed as mean and standard deviation, * this variable is expressed in repetitions
achieved in the activity (rep.), + this variable is expressed in beats per minute (bpm).

Furthermore, it was observed that the HR before the session, in a baseline situation,
was similar for both groups analyzed. However, after the experimental session, healthy
subjects had a higher HR value than SCI subjects (101.00 ± 38.25 > 78.00 ± 36.00), but no
statistically significant differences were found. In relation to the difference between the
HR readings at the end and baseline conditions, statistically significant differences were
found between healthy and SCI subjects (38.50 ± 37.25 > 9.00 ± 15.50, p < 0.05) (Table 2
and Figure 3).
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Within the last experimental session, statistically significant differences were found
between the two groups in the maximum value of heart rate and the oscillation range
measured. The maximun value was higher in healthy people (149.50 ± 64.50) than in SCI
patients (100.50 ± 20.75, p < 0.05) and, as a consequence, this difference was found in the
oscillation range in healthy vs. SCI patients (92.50 ± 65.50 > 44.50 ± 14.25, p < 0.05).

The effort perception, analyzed through the Borg scale, was greater for the SCI patients
group than for the healthy individuals, but no significant differences were found.

3.3. Variables at Baseline and at Ending the Complete UL Training

In this case, the variables related to the Krupp scale and the number of UL movements
were analyzed, and the results are shown in Table 3.

Table 3. Results in the Krupp scale and the UL movements number at baseline (before starting the
training) and at the end of all the experimental sessions.

Baseline Ending

Healthy (n = 4) SCI (n = 4) Healthy (n = 4) SCI (n = 4)

Krupp Scale 2.33 ± 0.61 3.38 ± 1.28 1.99 ± 0.48 2.49 ± 0.69
UL Movement * 11.162 ± 5.055 1.418 ± 9.800 10.247 ± 6.739 12.409 ± 5.496

* The results are expressed as mean and standard deviation.

Fatigue decreased after the end of the complete training in both groups analyzed. How-
ever, no significant differences were found within the groups between the two assessments:
in healthy people (2.33 ± 0.61 > 1.99 ± 0.48) and SCI patients (3.38 ± 1.28 > 2.49 ± 0.69).
On the other hand, in relation to the UL movements, there was an important increase for
this variable in SCI patients between both assessments (1.418 ± 9.800 < 12.409 ± 5.496),
expressed as thousand units (Figure 4).
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4. Discussion

The results obtained in this study as a proof of concept suggest that the XMB5 wrist-
band seems to be a feasible way to monitor HR in SCI patients. This device was chosen for
this study because other authors previously found that this device was the best in relation
to quality and price [13]. In relation to the materials, the wristband was manufactured
in silicon with several measures for adjusting the wristband to different wrist sizes. This
characteristic was very important in the context of a biomedical application because it
allowed for the wristband to be placed on different patients without difficulty.

The ADI accelerometer was used for measuring the number of UL movements in SCI
patients from the number of directional changes in the arm, considering that the wristband

11



Bioengineering 2022, 9, 763

is placement on the wrist. Other commercial wristbands based on GPS for quantifying
physical activity were not suitable for measuring small and low-level UL activity in patients.

Obviously these measurements have an estimation error. For that reason, the first step
was the feasibility analysis of the HR readings from XMB5 against those simultaneously
measured by a clinical professional device used for HR monitoring in patients (NLII). In
this study, a difference between both systems around the mean HR value of 0.166 bpm
in absolute value was obtained with a standard deviation of 1.876 bpm in the absence
of movement with both arms in a rest situation. However, during the execution of the
UL movements, the standard deviation measured was higher (3.284 bpm). Nevertheless,
the correlation analysis between the HR readings of both systems was high. There is
no evidence from similar studies against which to compare the results obtained in this
research, but there are those who suggest the importance of such studies in a clinical setting
to monitor HR for any treatment [14]. It is very important for many people with acute
CML to ensure that they do not exceed their maximal HR during exercise, which is a
circumstance that can lead to adverse cardiac events [25].

The measurements obtained during the undertaking of activities by wearable sensors
may contribute more accurate and objective insights into clinically meaningful changes in
impairment, activity, and participation during the neurological rehabilitation process [26].
Furthermore, the XMB5 wearable device has been used in a biomedical application, within
a small experimental study, for HR monitoring in healthy people and SCI patients during
the performance of UL training. It has been proven that wearable sensors give us an
excess of information about HR during low-intensity physical activity, such as that which
is carried out in the different treatments and therapies in the neurorehabilitation process,
which could be a safety mechanism incorporated into the patients’ devices so that they do
not exceed their maximum HR during the execution of therapeutic activities [14].

In this study, there was a decrease in the HR oscillation range between session 1 and
session 6 in healthy subjects and people with SCI. This adaptation in healthy subjects is
generally explained by an increase in the sympathetic pathway activity [27]. However,
because people with cervical SCI have limited sympathetic efferent innervations to the
cardiovascular system [28,29], studies suggest that changes in HR variability as soon as
a the HR is low could be regulated by the parasympathetic branch [30]. This means that
this adaptation to exercise should, in the case of SCI, lead to an improvement in the vagal
modulation of the HR dynamics, related to the theory of HR variability “trainability” [31].
In fact, this study showed that people with cervical SCI are trained, since the HR readings
at the end of the experimental session are higher than the readings at baseline condition.
Although the sample size of the experimental groups is small and therefore the study
has been conducted as a pilot study, for the sample analyzed, a different behavior was
observed between healthy participants and SCI patients in the difference between the HR
measured at the beginning of the session and at the end, showing a different cardiovascular
behavior with training. This is reflected in Figure 3. Therefore, patients retain the ability
to produce positive adaptations in autonomous cardiac regulation, coinciding with other
studies focused on the health of people with cervical SCI, since it shows that moderate or
vigorous physical activity can be scheduled in the short term [32].

Because the sympathetic pathway and the vagal modulation increase, the effort per-
ception in patients with cervical SCI and healthy people decreases as the number of sessions
progresses, leading to the performance of activities with lower energy expenditure. This
lower energy expenditure results in an increase in the number of executions of the activities
proposed. It should be noted that healthy subjects obtained a higher performance, but this
is due to the fact that people with SCI have limitations in the execution of UL activities,
in a greater extent depending on the injury level and the severity classified according the
ASIA scale. Moreover, a practice effect has been observed across the experimental sessions
focused on the UL training by means of reaching and grasping movements [33]. These
movements are non-ballistic and in a closed loop; they allowed sensory information to
arrive, obtaining a feedback in the performance of the activities, helping healthy subjects
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and patients with SCI to improve these movements through a planning of the movement,
thus managing to store a “sensorial trace” [34] with which they could compare their future
executions by reinforcing that movement, improving their effectiveness and increasing the
UL movements number.

Finally, it is necessary to take into account the limitations of the present study. Firstly,
there is a limitation in relation to the size of the sample analyzed because this is a feasibility
study with the aim of obtaining preliminary results in relation to the use of a low-cost
device for HR monitoring during the performance of UL trainings.

On the other hand, a comparison with other studies in the literature is difficult due to
there being no evidence from similar studies. In other studies on SCI populations that aim
to measure the HR, different seated conditions were analyzed [34]. Moreover, the lack of
standardization in the experimental protocols and the functional tasks chosen complicate
the comparison between studies. In fact, the HR oscillation ranges measured depend on
the UL functional task chosen.

Furthermore, the patients sample analyzed was very heterogeneous. Thus, the patient
less affected in relation to the UL function was classified as a metameric level injury C8
and AIS classification D (P3). This patient showed a general UL functionality similar to a
healthy subject, whereas the functional deficit in relation to the dexterity and ability of the
hand may appear in dexterity clinical tests. However, the results obtained in relation to the
patient P4 were very different because the cervical injury was higher and more severe. In
both patients, the HR oscillation range was lower than in healthy subjects because of the
affectation in the autonomous nervous system.

Taking into account these aspects, a further study should be made with a greater
sample of SCI patients. Therefore, an electromyographic registry should be made simulta-
neously with the aim of detecting the appearance of possible peripheral fatigue during the
performance of UL training in SCI patients.

5. Conclusions

Low-cost technology, in this case XMB5, seems to be suitable for monitoring the
HR during UL training by means of technology, LMC, in patients with cervical SCI. For
this reason, this methodology will be incorporated within a biomedical application for
registering the HR within an UL training based on immersive virtual reality applications
for SCI patients with the aim of determining the optimal intensity and duration of the
experimental sessions.
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Abstract: Recent advances in periodontal studies have attracted the attention of researchers to the
relation between oral cells and gum diseases, which is a real threat to overall human health. Among
various microfabrication technologies, Complementary Metal Oxide Semiconductors (CMOSs) enable
the development of low-cost integrated sensors and circuits for rapid and accurate assessment of
living cells that can be employed for the early detection and control of periodontal diseases. This
paper presents a CMOS capacitive sensing platform that can be considered as an alternative for the
analysis of salivatory cells such as oral neutrophils. This platform consists of two sensing electrodes
connected to a read-out capacitive circuitry designed and fabricated on the same chip using Austria
Mikro Systeme (AMS) 0.35 µm CMOS process. A graphical user interface (GUI) was also developed
to interact with the capacitive read-out system and the computer to monitor the capacitance changes
due to the presence of saliva cells on top of the chip. Thanks to the wide input dynamic range
(IDR) of more than 400 femto farad (fF) and high resolution of 416 atto farad (aF), the experimental
and simulation results demonstrate the functionality and applicability of the proposed sensor for
monitoring cells in a small volume of 1 µL saliva samples. As per these results, the hydrophilic
adhesion of oral cells on the chip varies the capacitance of interdigitated electrodes (IDEs). These
capacitance changes then give an assessment of the oral cells existing in the sample. In this paper,
the simulation and experimental results set a new stage for emerging sensing platforms for testing
oral samples.

Keywords: capacitive sensor; complementary metal-oxide-semiconductor; oral epithelial cells; oral
neutrophils; saliva

1. Introduction

Recent periodontal research studies have found a correlation between gum diseases
and other conditions such as diabetes, osteoporosis, and human immunodeficiency virus
(HIV) [1–3]. It is also well documented that patients with severe osteoporosis will likely
experience periodontal breakdown [4]. There are also reports regarding the increased
populations of periodontal-related bacteria in patients with HIV [5,6]. Moreover, there is a
high risk of heart diseases in people with unhealthy gums, which is a result of bacterial
infection in the bloodstream [7,8]. In addition, recent studies show a link between the
salivatory oral cells such as Oral Polymorphonuclear Neutrophils (oPMNs) and gum
diseases [9–11]. Indeed, the quantification and analysis of oral cells can improve our
understanding of the cellular activities in saliva and might deliver a clear picture of oral
health. For example, it has been verified that the number of oPMNs in patients with
periodontitis is 4 times higher in comparison to healthy individuals [12]. The presence
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of an excessive number of oPMNs might have a negative impact on the oral tissue’s
integrity. The secretion of effective active mediators into the oral cavity may endanger oral
homeostasis [13]. As a result of periodontitis and chronic activation of oral neutrophils,
there might be damage to the periodontal connective tissue, which leads to the loss of
attachment, alveolar bone, and tooth loss [14].

Another example is a link between the epithelial cells derived from oral cavities and
oral health. As per recent studies, epithelial cells contain biomarkers for oral diseases such
as oral cancer. These research findings further show the importance of oral cell analysis
using advanced sensing technologies to improve our understanding of the role of salivary
cells in the gum and other inflammatory diseases [15,16].

Until now, there has been no established sensing platform for analyzing oral cellular
activities. Researchers employ standard methods such as fluorescence microscopy and
flow cytometry [17]. These methods need specialized equipment with tens of thousands
of dollars, a costly service contract, and trained staff to operate it. Therefore, their use
is restricted to well-funded laboratories [18]. In this paper, we address the challenge of
developing a sensing platform for analyzing oral cells using Complementary Metal-Oxide-
Semiconductor (CMOS) technology. Among various sensing technologies, CMOS has
offered great advantages for integrating a single small chip featuring millions of sensors
with high signal-to-noise ratios (SNRs), low cost, and high speed [19]. To date, many types
of CMOS biosensors have been developed by researchers for cell monitoring applications
using various approaches such as optical [20], capacitive [21–23], impedimetric and multi-
modal [24] techniques. In these works, cells are cultured on the chip surface, and the
sensors work based on the adhesion of cells to the substrate due to the adsorption of cell
surface protein on the substrate. They are mostly reported for cancer cells like human
ovarian cancer cells [21], human lung carcinoma cells [22], breast cancer cells [20], and also
bacterial cells such as E. coli [23]. In this paper, we investigate the advantages of the CMOS
capacitive sensor for studying oral cells.

Capacitive sensors are one of the popular CMOS biosensors reported for precise
measuring of the capacitance variations at the electrode-sample interface in different
cellular assays. They can offer significant advantages for studying growth and other cellular
activities [22,25]. In these applications, the cells are firmly attached to the surface through
integrin-containing multi-protein structures [26]. However, there are some challenges to
studying oral cells and doing research on them [27]. Unlike the other cells, oral cells have
very low culture ability. Thus, they have less affinity to the surface even if they are in a
culture medium [28–30]. Although researchers have made some efforts to culture oral cells
in saliva-like medium, they have not been completely successful [27]. In many experiments
for culturing neutrophils, the cells underwent apoptosis, died after less than an hour and
their morphology had changed [27]. In most tests on periodontal diseases, normal saline
was used to take samples and study saliva cells without culturing them. Oral cells should
be studied in the material most similar to the saliva-like medium in order to keep them
alive during the experiments [31]. These cells cannot be cultured in an in vitro environment
because they have a short life span [32]. It is worth mentioning that since oral neutrophils
are activated during their migration from blood circulation to the oral cavity, they cannot be
divided anymore. Therefore, they are in the last stage of their life cycle, and their nucleus
cannot make cytokines as well [32,33]. There are different types of cluster of differentiation
(CD) markers on the surface of neutrophil cells that might be responsible for cell attachment.
According to the literature, the essential CD markers accountable for cell attachment are
Mac-1 (CD 11b and CD 18) [33–36]. These CD markers may increase the affinity of cells to
the hydrophilic surface of the silicon oxide or aluminum oxide above the CMOS chip.

This paper addresses the challenge of monitoring the hydrophilic adhesion using a
CMOS capacitive sensing platform. As seen in Figure 1, the proposed platform includes
a CMOS capacitive sensor featuring sensing electrodes and an interface circuit. The chip
is encapsulated with epoxy with an opening for introducing the sample. This chip is
connected to a computer through a printed circuit board (PCB) populated with off-chip
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components. This board provides the chip’s controlling signals and makes its output signal
ready to send to the computer. A graphical user interface (GUI) is also used to help capture
the output data in a user-friendly manner by employing interactive visual components of
computer software.
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The rest of the paper is organized as follows. Section 2 gives a brief overview of the
related CMOS capacitive sensors. In Section 3, the materials and methods are presented.
Section 4 demonstrates the implementation and experimental results. In Section 5, we
discuss the practical considerations, and future works. Finally, our conclusions are drawn
in Section 6.

2. Related Works

To date, many papers have reported the advantages of CMOS capacitive sensors for
monitoring the growth or proliferation of living cells such as breast cancer cells [1], human
lung carcinoma cells [2,3], or E. coli [4]. As seen in Table 1, for tracking the proliferation of
MDA-MB-231 breast cancer cells, a capacitive sensor, with a resolution of 5 fF and passi-
vated aluminum (Al) electrodes, was employed [34]. In another work, Senevirathna et al.
reported the development of a capacitive sensor with a higher resolution of 14.4 aF for ana-
lyzing human ovarian cancer cells with passivated aluminum electrodes [21,35]. In another
effort, Widdershoven et al. [25,36] used a capacitive sensor with gold nanoelectrodes with
a radius of 90 nm and a resolution of 1 aF for imaging living cells such as BEAS, THP1,
and MCF7 cancer cell lines. In addition to cancer cells, CMOS capacitive sensors have
successfully been employed for bacteria detection. For instance, Couniot et al. proposed a
CMOS capacitive sensor with Al/Al2O3 electrodes for the detection of S. epidermidis [37,38].
In another effort, Ghafar-Zadeh et al. used a technique called charge-based capacitance mea-
surement (CBCM) for the development of a ∑∆ capacitance-to-digital converter (CDC) [23].
This sensor was employed for monitoring the growth of E. coli [23] on a passivated alu-
minum interdigitated electrode (IDE) with a window in between the fingers (Al/wPass).
Although this sensor showed a high resolution of about 10 aF, its input dynamic range (IDR)
was limited to less than 3 fF. Indeed, other reported capacitive sensors [21,25,34–36] have
also demonstrated a low resolution or high sensitivity but low IDR. Thus they suffer from
parasitic capacitances created due to the debris and other remnants above the capacitive
sensor. Our group has addressed this challenge by developing a new core-CBCM interface
circuitry with a wide IDR of 400 fF [39,40] and a resolution of about 450 aF. This circuit
works based on a current-mode technique using an extended charge-based capacitance
measurement (ECBCM) structure and a current-controlled oscillator (CCO), which gains
the advantage of a calibration-free approach utilizing a bank of reference capacitors as
briefly described in Section 3.4.1. In this paper, we employ this CMOS sensor for oral cell
monitoring for the first time. For this purpose, we proposed a new electronic circuit board
and graphical interface to read out the sensing data from the capacitive sensor chip and
demonstrate it on the computer screen. This sensing platform enables the measurement of
capacitance changes caused by oral cells. The experimental results agree with the proposed
equivalent circuit and the Multiphysics simulation results discussed in Section 3.2. Fur-
thermore, the sensing electrodes in this paper and other reported papers include metal or
metal oxides demonstrating hydrophilic properties suitable for measuring the hydrophilic
materials such as oral neutrophils, which can attach to the surface of these electrodes [41].
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Table 1. Comparison of the capacitive sensors reported for cellular applications.

CMOS Technology Type of Cell Electrode Material Resolution IDR (fF) Reference

0.5 µm hBC Al/1pass 5 fF NA [34]

0.35 µm hOC Al/SiO2/Si3N4 14.4 aF 12 [21,35,42]

0.25 µm S. epidermidis Al/Al2O3 10 fF NA [37]

0.25 µm S. epidermidis Al/Al2O3 450 aF 57 [38]

0.18 µm E.Coli Al/wPass 10 aF 2.7 [23]

0.35 µm hLC Al/PEM 10 aF 10 [22,43]

90 nm hBC AuCu <10 aF NA [25,36]

0.35 µm Oral cells Al/A2O3 416 aF 400 This work
IDR: Input Dynamic Range, hBC: Human Breast Cancer cell, hOC: Human Ovarian Cancer cell, hLC: Human
Lung Carcinoma cell, Al/1pass: Al electrode with One passivation layer, Al/wPass: Passivated Aluminum
interdigitated electrode with a window in between the fingers, PEM: Polyelectrolyte Multilayer.

3. Materials and Methods

In this section, new modeling is presented for the analysis of the electrodes–analyte
interface and the biological and chemical protocols used for the experiments are introduced.
Section 3.1 discusses the electrical equivalent modeling of the interface, and Section 3.2 is
dedicated to the simulations of the electrodes’ response using COMSOL software. The bi-
ological and chemical protocols are described in Section 3.3. Section 3.4 is dedicated to
introducing the capacitive sensing platform.

3.1. Electrical Equivalent Modeling

In this section, the electrical equivalent modeling is explained for three states: (1) When
there is no sample on the electrode; (2) When the sample droplet exists on the electrode;
(3) After the evaporation of the droplet. Then, the modeling of the oral samples on the chip
is discussed based on these three states.

3.1.1. Electrical Equivalent Modeling without Sample

Figure 2 illustrates three distinct phases in the sample–electrode interface. A cross-
sectional schematic of the electrodes implemented on the topmost metal layer of the CMOS
chip is given on the left side of each row, whereas the proposed electrical equivalent model
is shown on the right side of that row. One plate is always grounded in the implemented
IDE topology, while the other plate is exposed to a pulsated voltage. In our topology,
the voltage of the positive electrode reaches about one threshold voltage (0.6 V) less than
Vdd (3.3 V) [39,40]. This voltage difference creates an electric field between the two plates
of the IDEs with a fringe electric field passing above the electrodes, shown as Csens. As
depicted in Figure 2a, other parasitic capacitances exist due to the underlying layers. Csub
represents the offset to the top metal and the substrate. Csub can be calculated using the
given value of the parasitic capacitance per area from the CMOS technology datasheets (1).

Csub = α1 × A + α2 × P (1)

where A and P are the area and the perimeter of the implemented electrode, and α1 and α2
are process-dependent coefficients that are known for each fabrication technology. Another
parasitic capacitance that is due to the direct electric field between the grounded plate and
the voltage plate is shown as Cdir and is a function of the area of the side of the plates that
coincide with each other, as well as the electrode pitch, d, with the equation given in (2).

Cdir = ε0
εSio2×Pcoincide×Wth

d
(2)

where ε0 is the vacuum permittivity, εSiO2 denotes the relative permittivity of silicon oxide
as the dielectric between the electrodes, Pcoincide stands for the perimeter of the plates
that coincide with each other, Wth represents the thickness of the electrodes, and d is the
pitch of the electrodes. Considering the symmetry in the geometry of the IDEs, it can be
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assumed that Cfringe is εSiO2 times larger than Csens, as expressed in (3), since the dielectric
material for Cfringe is silicon oxide while it is air for Csens when there is no sample placed on
the electrodes.

C f ringe = εSio2 × Csens (3)
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The value of the equivalent offset capacitance, Coff, is thus equal to the addition of Csub,
Cdir, and Cfringe, as given in (4).

Co f f = Csub + Cdir + C f ringe (4)

Figure 2b illustrates an equivalent electric model for the electrodes shown in Figure 2a,
where A is the surface area of the electrodes and deff is an adequate equivalent direct
distance for the fringe distance. The strips shown in red represent the equal capacitance
that forms due to the native aluminum oxide layer created on the aluminum electrodes
because of its exposure to air. The thickness of the aluminum oxide layer naturally formed
above the electrodes can reach less than 10 nm [44]. Since the relative dielectric constant of
aluminum oxide is 9.5, this layer can create approximately 8.4 fF/µm2, which results in a
high capacitance of about 59 pF considering that the dimensions of the implemented IDE
with a surface area of 7056 µm2. The total equivalent capacitance for the electrodes without
being exposed to any sample can be calculated using (5).

Cequivalant = ε0
εPL × εAir × A

εPL × de f f−Air + εAir × (2dPL)
+ Co f f (5)

where εPL stands for the relative permittivity of the aluminum oxide passivation layer, εAir
is the relative permittivity of air, and dPL represents the thickness of the passivation layer.
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3.1.2. Electrical Equivalent Modeling When the Sample Droplet Is Present

Figure 3c demonstrates the electrodes when the sample solution is placed on top of
the electrodes. As seen in the electric equivalent model given in Figure 2d, due to the
conductivity of the sample solution that contains ions, a resistive path forms between the
electrodes, Rsol. In addition, a sizeable double-layer capacitance forms in the interface of
the electrodes and the sample. The overall effect is saturating the sensor readings.
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3.1.3. Electrical Equivalent Modeling after Evaporation of the Droplet

Figure 2e demonstrates the phase in which the sample has evaporated while some
moisture remains on the surface and the cells are deposited. In this phase, cell remnants
play the role of a third dielectric in the equivalent capacitance of the passivation layer. Since
the sample solution has evaporated, the value of resistance, Rsol, is negligible. The amount
of change in the total capacitance of the electrodes in the presence of cells compared to the
capacitance of the electrodes with no sample is related to the percentage of the area of the
electrode that is covered by cells, referred to as confluence, conf n = A1/A (see Figure 3a).
Figure 3b illustrates the equivalent electric circuit model for this phase. The deposition of
cells on the electrode’s surface affects the passivation layer’s capacitance, shown as CT1
and CT2. Equations (6) and (7) describe CTn and Cequivalant, respectively.

CTn = ε0 × A

(
εPL × εcell × con fn

εPL × de f f−cell + εcell × dPL
+

εPL (1− con fn)

dPL

)
n = 1, 2 (6)

Cequivalant = Co f f set + CT1|| CAir|| CT2 (7)

where εcell stands for the relative permittivity of the moist cells, and de f f−cell represents the
average thickness of the sedimented cells. Equation (6) shows that the value of CTn depends
on the percentage of the coverage of cells on the electrodes, con fn. Thus, an increase in
the cell coverage leads to a rise in CTn. From (7), equivalent capacitance is equal to the
combination of CT1, CT2, and CAir. As a result, an increase in the measured Cequivalent will be
the representative of an increase in CTn. Therefore, the number of cells were present in the
sample and were deposited on the electrode. This increase was observed in the simulation
results discussed in Section 3.2.

3.1.4. Oral Samples on the Chip

The addition of oral neutrophil samples on the chip mimics the three distinct states
that were explained in Sections 3.1.1–3.1.3. In the beginning, to have a baseline, we perform
a full reading of the sensor in phase one without introducing the sample. The readings
reveal the Coff + Csens mentioned in Figure 2b. Immediately after introducing the sample,
the outputs become saturated due to the presence of the water droplet, as explained in
detail in Section 3.1.2. After the water droplet evaporates, the model enters the third phase
discussed in Section 3.1.3. In this phase, the sensor outputs reflect the amount of the change
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in the Csens due to the presence of wet oral cells on the electrodes. The experimental results
are explained in detail in Section 4.2.

3.2. COMSOL Simulation

In this section, the capacitive response of the electrodes is simulated for two modes:
(1) In the dry mode; and (2) when electrodes are exposed to cells in the water. In the wet
mode, we also study the effect of the thick and thin layers of liquid. These simulations
cover all three phases.

3.2.1. Dry Mode

A COMSOL Multiphysics simulation was carried out to model the CMOS capacitive
sensor’s static electrical response in the dry mode and when the sensor is subjected to a
specific cell concentration. For this purpose, the sensor was modeled in the electrostatic
module of COMSOL following the size and physical boundary conditions maintained in the
fabricated sensor. In this module, the following Formulas (8) and (9), are solved numerically,
which determine the sensor’s electrical potential for measuring the capacitance.

E = −∇V (8)

∇. (ε0εr) = ρv (9)

where E is the electric field; ε0 denotes the vacuum permittivity; εr is the relative permittiv-
ity; ρ stands for the electric charge density, and V is the electric voltage. To perform the
simulation, the sensor was designed in the CAD module of COMSOL and then meshed
to perform numerical simulation. A mesh analysis was performed to avoid the meshing
effect on the result; consequently, the extra-fine mesh was utilized. The relative permittivity
was used as the dielectric model. A schematic of the boundary conditions and the meshed
structure are demonstrated in Figure 4.
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Figure 4. (a,b) Boundary conditions and meshing structure of the simulated sensor in COMSOL software.

Figure 5 demonstrates the electrical potential contours of the CMOS capacitive sen-
sor when it is subjected to 2.7 V bias. The sensor was meshed with an extremely fine
approximation to yield the best convergence. The sensor surrounding material is a thin
layer of SiO2 identical to the CMOS fabrication materials. The simulation considers the
capacitance due to the thin layer of SiO2 as the native material between the layers and the
P-type silicon substrate of the sensor, which is electrically grounded. According to the
simulation results, the equivalent capacitance for the sensor in the dry mode is around
117.415 fF. The capacitance is calculated by assuming that the sensor is surrounded by air.
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Figure 5. (a,b) The electrical potential counters of the sensor for a bias voltage of 2.7 Volts. The sub-
strate is grounded.

3.2.2. Exposing the Electrodes to Cellular Sample

According to the experimental evidence, the capacitance upsurges when exposed to a
liquid volume. After complete evaporation of liquid on top of the sensor, the response gets
back to the baseline considering the presence of cells. This also occurs when the medium
encompasses cells or other components. Due to a change in the medium’s dielectric, the
sensor response changes, and the cycle of rise-fall of capacitance would be different from
the previous cycle with a different dielectric. To prove this observation and validate it,
COMSOL Multiphysics was employed to simulate the cycle. Following the experiments, in
modeling, we filled the top of the sensor with a thick liquid layer (here water) below the air
layer as can be seen in Figure 6. Afterward, we changed the thickness of the water layer
from 400 µm to 5 µm atop the sensor. This gradual decrease of the water layer thickness
resembles the evaporation of the droplet. At the same time, the capacitance of each step was
recorded. As seen in Figure 6, the sensor initially gets saturated, and then after complete
evaporation of the droplet, it returns to the baseline. However, we expect different levels in
the return cycle due to the existence of remnants of cells on top.
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As shown in Figure 6, the electric potential on top of the sensor is decaying with the
distance from the sensor surface. If the sensor environment is filled with a liquid (with a
specific dielectric constant), the sensor response reaches a saturation level and constant
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level. When the liquid is evaporating, the cells’ concentration becomes more visible to
the sensor by increasing the dielectric constant. Therefore, we can sense the mass of cells
on the sensor surface. COMSOL simulation validates this idea that, with the capacitive
sensor, we can measure the concentration of biological entities in the droplet by measuring
the capacitance change during the sedimentation of cells on the sensor in a loop shown in
Figure 6 and experiments.

3.3. Biological and Chemical Protocol

After introducing the employed materials and instruments in Section 3.3.1, the cleaning
procedure is explained in Section 3.3.2. Then, the sample preparation protocol and control
measurement techniques are described in Sections 3.3.3 and 3.3.4, respectively.

3.3.1. Materials and Instruments

In this work, various materials were used. These materials are 50 polypropylene
conical tubes (Baxter, Toronto, ON, Canada); Sterile cell strainer: 40 µm nylon mesh (Milli-
pore, Burlington, MA, USA); 11 µm nylon filters (Millipore, Burlington, MA, USA); 1.5 mL
Eppendorf tubes (Fisherscience, Saint-Laurent, QC, Canada); 0.9% irrigation-grade sodium
chloride solution (Baxter, Toronto, ON, Canada). We also employed several instruments,
including an incubator (Heracell 150i, Thermo Fisher Scientific, Waltham, MA, USA);
Lab Centrifuge (Sorvall ST 8, Thermo Scientific, Waltham, MA, USA); Hemocytometer
(BLAUBRAND® Neubauer Millipore Sigma, Burlington, MA, USA); Inverted and phase
contract Microscope (isherbrandTM Inverted Infinity, Phase contrast 10× and 20×, light
splitter (100% or 20/80%), Fisher Scientific, Hampton, NH, USA).

3.3.2. Cleaning Procedure

Although the goal in the field of CMOS-based biosensors is mass-production and
designing single-use devices, it is important to wash and reuse them while they are still in
the research stage. Because their cost is high when fabricated in limited quantity despite
their cost-effectiveness in batch-production [45]. To test the functionality of the device, we
gradually increase the cell concentration in each step to observe the differences between the
device’s response to an increased number of cells. However, to have a precise measurement,
it is crucial first to clean the surface and reuse it for the subsequent trial. We tried drop-
casting and dipping in washing materials such as acetone, isopropanol alcohol (IPA), and
ethanol; however, this method did not completely clean the surface. Therefore, we came up
with using mechanical force to remove the cell residuals. Using a micrometric brush and
droplets of Ethanol or IPA approximately solved the problem, and the surface was cleared
from biological remnants.

3.3.3. Sample Preparation

To prepare neutrophil samples, participants were advised to consume nothing but
the water within 30 min before sample collection, rinse the oral cavity with 10 mL of tap
water for 15 s, and discharge the rinsed fluid. The participants were asked to wait for 2 min
before rinsing the oral cavity with 10 mL of a 0.9 percent w/v saltwater solution (normal
saline) measured using the 15 mL falcon tube and eject the sample into the 50 mL falcon
tube. After one wash, there was a 2-min wait time, and the same process was repeated
five times. Then, the final sample was filtered gently via 40 µm filters to isolate the cells
from the debris larger than 40 µm sizes. The tubes were centrifuged at 4 ◦C for 5 min with
2600 RPM and the supernatant was discarded until 1 mL of the sample remained in the
falcon tube. Then, 1 mL of ultrapure water was added to the falcon tube and mixed with
the cells. The related ethical approval for this research, including the human participants,
was provided by York University.
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3.3.4. Control Measurement Technique

The hemocytometry cell counting technique was used to control the measurement
results. At this step, the sample was thoroughly mixed. The hemocytometer was washed
and cleaned with 70% (v/v) ethanol and allowed to dry. The coverslip was washed with 70%
ethanol, allowed to dry, and placed on the hemocytometer counting chamber. A pipette
was used to mix 10 µm of cells and 90 µm of Trypan Blue in a 1.5 mL Eppendorf tube. Then,
10 µL of cell suspension was added to Trypan Blue under the coverslip on a hemocytometer.
After 2 min, the cells were counted. We estimated that the number of neutrophil cells
in each 10 µL of saliva sample was about 7. The number of epithelial cells was around
13 in each microliter of the saliva sample. Figure 7 shows the microscopic images of the
hemocytometer showing neutrophil and epithelial cells.
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3.4. Capacitive Sensing Platform

The capacitance sensing platform is composed of on-chip and off-chip parts. A block
diagram of the sensing platform is shown in Figure 8. On the CMOS chip, which was
discussed in Section 3.4.1, the conversion of differential capacitance to digital output takes
place in three modules. The chip requires external clock signals that were provided by utiliz-
ing a microcontroller circuit (based on an Arduino DUE board). The same microcontroller
was used to read the digital output data of the chip through its serial peripheral interface
(SPI) port. A PCB board was designed that hosts the chip and voltage supply (circuitry
including voltage regulators) and allows the Arduino DUE board to be connected. This was
explained in Section 3.4.2. A GUI was designed to fulfill the requirements for user prefer-
ence settings and data visualization, which was explained in Section 3.4.3. The capacitance
calculation algorithm was also described in Section 3.4.4.
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3.4.1. CMOS Capacitive Sensor

The implemented on-chip circuit is composed of a differential capacitance-to-current
converter. The reference capacitance in this topology is a digitally programmable bank
of capacitors that makes it possible to sweep the reference capacitance value. The output
differential current of this block transfers to the CCO block. The oscillation frequency of
the CCO is linearly related to the magnitude of the input current.

A counter is used to generate the digital output of the chip. The output of the chip is, as
a result, the number of pulses, which is linearly related to the differential capacitance at the
input stage of the capacitance of the IDE and the reference electrode (Cinterdigitated-Creference).

The value of this digitally programmable bank of reference capacitors can change from
200 fF up to 1270 fF with a step of 10 fF. This wide range of reference capacitors, instead
of a single capacitor, enables measurement of a wide IDR. As a result, an additional axis,
CR, was introduced to the measurements, changing the data from a single point to a 2D
curve. The addition of a timestamp to the 2D curves results in the creation of 3D plots as a
footprint of the sample (see Section 3.4.3).

3.4.2. Off-Chip Circuit and System

An Arduino DUE microcontroller board together with a custom-made electronic board
that holds the chip and the required circuitry for voltages and the clock pulses are the
testbench hardware, which is shown in Figure 9. Pulse Width Modulation (PWM) clocks
with a frequency of 66.6 kHz are generated in channels 0 and 1 of the microcontroller with
a duty cycle of 4/15 and 2/15 where they form in a non-overlapping fashion, and a 1 MHz
clock with a duty cycle of 1/2 is generated in channel 3, which is used as the clock for the
SPI port. A 2-to-1 multiplexer was also used to switch between the outputs of the right and
left electrodes. The details of the circuitry can be seen in Appendix A.
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3.4.3. GUI Development

To practically utilize the chip, a dedicated testbench including both hardware and soft-
ware was developed. The chip requires two sets of supply voltages for digital and analog
parts and a reference voltage. The supply voltages are fed through Texas instruments low
dropout voltage regulators TPS75901KTTR while adjusting the output to 3.3 V. Considering
that we separated the left and right circuits, four voltage regulators in total were used.
The CCO requires a 1.85 V reference that was supplied through the NCP705MTADJTCG
adjustable output regulator from the ON Semiconductor. Required clocking signals were
generated using an Arduino DUE board, and the SPI port of the board was used to capture
the digital output data.

The use of a testbench without a GUI is not very practical and user-friendly. As a
result, a GUI was implemented in Python, enabling the users to configure their required set
of experiments as well as perform data visualization. Figure 10 illustrates a snapshot of
the GUI. Users can select capturing data from right, left, or both channels as well as select
obtaining curves when the reference bank of the capacitor’s values are swept in the whole
range or measured at a single point by determining the reference point value. In addition,
by determining the number of samples, multiple measurements will be performed at a
single reference point that can be averaged for better noise immunity. Users can set the
GUI to obtain as many curves as desired or set the time-based measurement settings for
the time interval of data acquisition and the experiment time. The visualized data is a
three-dimensional (3D) curve with the chip’s output (number of pulses) on the z-axis, the
values of the reference capacitance on the x-axis, and time on the y-axis. The GUI also
extracts the value of capacitance from the captured data (see Section 3.4.4). A snapshot
of the visualized data for both right and left channels is shown in Figure 11a,b, respec-
tively. The variations of the extracted value of capacitance during the time are depicted in
Figure 12.
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The real-time visualization and signal processing capability that the GUI provides
enables monitoring of the experiment and detection of the time that the sample was in-
troduced as well as the time that the sample evaporates, as shown in Figure 12. Figure 13
illustrates the flowchart of the operation of the GUI that communicates with the microcon-
troller (Arduino DUE board).
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Figure 12a. The GUI generates three commands based on the user settings and sends them to the
microcontroller. Then, the serial port is checked again before establishing the measurement command
on the serial port. Next, the data is received from the chip and read from the microcontroller’s SPI
port buffer.

After a serial communication channel has been established between the GUI and the
microcontroller unit (MCU), the GUI converts the user input settings to four different types
of command, namely the number of samples, and the value of the reference capacitance,
and the channel of interest. If writing the commands is successful, the GUI initiates the mea-
surement command. After receiving this command, the MCU transmits the measurement
data through the SPI port to the GUI.

3.4.4. Capacitance Calculation

Figure 14 illustrates the 3D output of the chip for the first run of the experiments
with oral cells. The chip’s output is the number of pulses related to the difference in the
capacitance seen for the IDEs and the reference capacitance. For a given IDE capacitance,
an increase in the reference capacitance results in a decrease in the output number of pulses
within the dynamic range of the chip. The sensor’s resolution is about 0.5 fF, which is
enough to detect the presence of small oral cells such as neutrophils based on the COMSOL
simulation results explained in Section 3.2. Sweeping the bank of capacitors provides a
calibration-free capacitance measurement technique, which we previously reported in [40].
The capacitance can be extracted from the 3D curves based on the principle of operation of
the sensor. In the differential mode, the sensor’s output will be the same when the sensing
and the reference side are in equilibrium. Internal capacitances of 400 fF were added in
parallel with the IDEs. A transmission gate on the right circuit enables connecting and
disconnecting the IDE to the circuit. The pseudocode given in Algorithm 1 demonstrates
the capacitance extraction steps to evaluate the value of the offset capacitance of the IDEs
as well as the capacitance change due to the presence of samples.

Algorithm 1. Capacitance extraction algorithm from the 3D footprint.

1- Switch off the transmission gate and obtain the output curve versus the value of sweeping reference
capacitance (number of pulses versus CR).
2- Calculate the output of the chip for CR = 400 fF from the curve obtained in step 1.
3- Turn on the switch and obtain the number of pulses versus the CR curve.
4- For the calculated output in step 2, calculate the amount of shift to right. The shifted value is the offset
capacitance of the IDE, CIDE.
5- Calculate the number of pulses for CR = 400 + CIDE that was obtained in step 4.
6- For the calculated output in step 5, calculate the amount of shift to right after putting the samples.
The shifted value is the capacitance increase due to the presence of samples on the electrodes.
7- Repeat the steps for all the next obtained curves to achieve a time-resolved capacitance plot (as shown in
Figure 12).
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In Figure 14, The sedimentation time refers to when the sample solution still exists on
the chip, and as a result, a huge capacitance is created. This capacitance saturates the sensors.
Here, saturation is shown by zero in order to differentiate from other measurements.

4. Results

In this section, after explaining the fabrication and measurement setup in Section 4.1,
the experimental results are demonstrated in Section 4.2.

4.1. Fabrication and Measurement Setup

Chip fabrication and its encapsulation are outlined in Section 4.1.1, and next, the whole
measurement setup for real-time data acquisition is demonstrated in Section 4.1.2.

4.1.1. Chip Fabrication

Our CMOS capacitive chips were fabricated in AMS 0.35 µm high voltage CMOS
technology. The chips are composed of two IDEs with five fingers, 12 µm finger width, and
pitch, forming an active sensing surface area of 228 µm by 108 µm. Each IDE is connected
to a separate differential CDC read-out circuit. Figure 15a represents a die micrograph of
the chip. The chip was packaged on a commercial CPGA85 ceramic package with a cavity
size of 8.9 mm by 8.9 mm, where the chip occupies a 1 mm × 2 mm area. After packaging,
a partial encapsulation was performed on the chip, using a dam and fill technique to cover
all the pads on the chip as well as on the package and the bond wires with a non-conductive
resin, Hysol CB064/FP4653. After partial encapsulation, a chamber with a rectangular-
shaped cross-section with an approximate size of 350 µm by 600 µm was created to serve
as the container of the liquid sample, allowing the samples to have direct contact with the
two underlying electrodes as depicted in Figure 15b. To be able to distinguish between the
electrodes, we call them right and left as they are shown in Figure 15b. There are separate
pins for the output of each side.
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4.1.2. Measurement Setup

Figure 16 illustrates the testbench prepared for the real-time data acquisition using
the GUI and capturing images before and after cell experiments by employing the high-
resolution reflective camera. Imaging the surface was challenging for many reflective
microscopes due to the partial encapsulation of the chip. We were able to utilize the
reflective high-resolution camera of the prob station, TS200-SE. A micropipette was used to
manually put 1 µL of oral cell samples on the chip.
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4.2. Oral Cell-Surface Interaction Results

In this section, the capacitance measurement results are demonstrated in two phases:
(1) wet phase and (2) dry phase.

4.2.1. Capacitance Measurement in the Wet Phase

In the beginning, the baseline of each electrode, which is a result of the inherent offset
capacitance of the IDE, was evaluated by obtaining the chip’s output without introducing
the samples. The output of the chip was obtained for the whole range of values of the
bank of capacitors to have a reference point at all possible reference capacitance values.
One microliter of each oral sample was placed on the electrodes. The presence of water on
the non-passivated chips could increase the capacitance to a saturation level even for the
highest value of reference capacitance. As a result, the data obtained before introducing the
sample and before water evaporation was considered to determine the cell coverage on the
electrodes in the wet mode (see measurement point, Figure 12).

Figure 17a illustrates the microscopic image of the surface of the electrodes before the
deposition of samples. The deposition of cells, including epithelial and neutrophil cells
(shown in Figure 17b) on the electrodes depends upon the hydrodynamic of the evaporation
and the tendency of the cells to attach to the surface. Figure 17b shows the microscopic
images after the first trial. We put 1 µL of oral sample on the chip and waited until the
preliminary water evaporation occurred to eliminate the effect of significant capacitance
change (see the Zero value, Figure 12) due to the high volume of water. In Figure 17b,
two different types of cells are recognized in the microscopic images. The smaller spherical
cells are neutrophils, and the larger cells with nuclei are epithelial cells. Figure 17c–e
demonstrate the surface after the second, third, and fourth trials, putting 1 µL of oral
sample on the chip and after partial evaporation. It is noteworthy, that the onset of
evaporation is where the capacitance sharply drops, as shown in Figure 12. However, this
is not the condition that the cells are completely dried.
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Figure 17, there is a correlation between the number of cells that cover the electrode sur-
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and the right one, respectively. After the second run, there is more coverage of cells on the 
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Figure 17. The microscopic image of the surface of the chip for the first experiment: (a) before putting
samples; (b) after the first sample; (c) after the second sample; (d) after the third sample; (e) after the
fourth sample; (f) after washing (the size of the electrodes is 220 µm × 110 µm, which shows the scale
of the images).

Figure 18 demonstrates the magnitude of capacitance changes after each run with
respect to the baseline before the first run (CAfterRun#-CBeforeRun1). The results were obtained
by performing the capacitance extraction procedure explained in Algorithm 1. By compar-
ing the values of differential capacitance (CAfterRun#-CBeforeRun#) and the images shown in
Figure 17, there is a correlation between the number of cells that cover the electrode surface
and the change in the capacitance. After the first run, there is some coverage of cells on
both electrodes, with higher coverage on the left side electrode. The capacitance changes
after the first run (CAfterRun1-CBeforeRun1) are 26.1 fF and 8.8 fF for the left electrode and the
right one, respectively. After the second run, there is more coverage of cells on the right
side, and the capacitance change (CAfterRun2-CBeforeRun2) is 21.8 fF for the left side, while it is
31.2 fF for the right side. After the third run, cells deposited on the left side have increased
as the capacitance change also shows a higher value for the left electrode after the third
run. Figure 17f illustrates the microscopic image of the chip after washing, and it shows
that the cells were successfully removed with the procedure explained in Section 3.3.2.
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Figure 18. The difference between the capacitance after each run and the capacitance before the first
run (fF) (CAfterRun#-CBeforeRun1) for four consecutive runs of the first experiment for the two electrodes.

4.2.2. Capacitance Measurement in the Dry Phase

In the second experiment, the output of the sensor was monitored until the surface
completely dried and the output capacitance reached a steady-state value. In the first step,
the sensor surface was cleaned with the procedure explained in Section 3.3.2 as shown
in Figure 19a. Then, a new prepared sample was introduced to the sensor. The outputs
were measured consecutively during two runs without any washing steps in between.
Figure 19b,c show the microscopic images of the chip surface after the first and the second
runs, respectively. As seen in these figures, the coverage of the chip surface in Figure 19c is
more than in Figure 19b. Figure 19d depicts the cleaned chip surface after the second run.

Bioengineering 2022, 9, x FOR PEER REVIEW 20 of 28 
 

 
Figure 18. The difference between the capacitance after each run and the capacitance before the first 
run (fF) (CAfterRun#-CBeforeRun1) for four consecutive runs of the first experiment for the two electrodes. 

4.2.2. Capacitance Measurement in the Dry Phase 
In the second experiment, the output of the sensor was monitored until the surface 

completely dried and the output capacitance reached a steady-state value. In the first step, 
the sensor surface was cleaned with the procedure explained in Section 3.3.2 as shown in 
Figure 19a. Then, a new prepared sample was introduced to the sensor. The outputs were 
measured consecutively during two runs without any washing steps in between. Figure 
19b,c show the microscopic images of the chip surface after the first and the second runs, 
respectively. As seen in these figures, the coverage of the chip surface in Figure 19c is more 
than in Figure 19b. Figure 19d depicts the cleaned chip surface after the second run. 

The experimental results almost agree with the COMSOL simulation results pre-
sented in Section 3.2. The experimental equivalent capacitance for the sensor in the dry 
mode when the sensing area is empty and surrounded by air is around 109 fF while the 
simulation showed a capacitance of around 117 fF for this condition. The small difference 
between these values can be because of the environmental issues in the real experiment, 
as well as the differences in the models of CMOS layers used in COMSOL in comparison 
to the fabricated circuit. 

  
(a) (b) 

Bioengineering 2022, 9, x FOR PEER REVIEW 21 of 28 
 

  
(c) (d) 

Figure 19. The microscopic images of the surface of the chip for the second experiment: (a) After 
washing and before Run 1; (b) After putting the first sample (Run 1); (c) After putting the second 
sample (Run 2); (d) The cleaned surface after Run 2. 

The capacitance was extracted according to the algorithm explained in Section 3.4.4 
Figure 20a,b show the capacitance variations versus time. Real-time measurement of the 
output during these two trials and after the washing procedure results in three groups of 
3D profiles, as shown in Figure 21. Each group includes two 3D profiles for the two elec-
trodes on the left and right. 

 
(a) 

 
(b) 

Figure 20. Real-time capacitance measurement result from the right electrode for the second exper-
iment showing: (a) the baseline, the saturation state, the transient from the saturation to steady state, 
as well as the steady state (the saturation state is shown by zero in the figure); (b) Steady state (from 
about 30 s after the peak of the curves depicted in (a) for each run). 

Figure 19. The microscopic images of the surface of the chip for the second experiment: (a) After
washing and before Run 1; (b) After putting the first sample (Run 1); (c) After putting the second
sample (Run 2); (d) The cleaned surface after Run 2.

The experimental results almost agree with the COMSOL simulation results presented
in Section 3.2. The experimental equivalent capacitance for the sensor in the dry mode
when the sensing area is empty and surrounded by air is around 109 fF while the simulation
showed a capacitance of around 117 fF for this condition. The small difference between
these values can be because of the environmental issues in the real experiment, as well
as the differences in the models of CMOS layers used in COMSOL in comparison to the
fabricated circuit.
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The capacitance was extracted according to the algorithm explained in Section 3.4.4
Figure 20a,b show the capacitance variations versus time. Real-time measurement of the
output during these two trials and after the washing procedure results in three groups of 3D
profiles, as shown in Figure 21. Each group includes two 3D profiles for the two electrodes
on the left and right.
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According to the simulations, the sensor initially gets saturated by introducing
the sample and then drops down during the evaporation of the liquid. As shown in
Figures 20a and 21, the extracted capacitance and the digital output follow the same trend
over time. As aforementioned, the saturation state due to the large capacitance of the liquid
is shown by zero in Figures 20a and 21. During the evaporation of the liquid, the output
decreases until it reaches a steady-state level.

Figure 20b illustrates the steady states of the two trials and after washing the chip
surface. As seen in this figure, adding the new sample to the surface in run 2 without
washing after run 1 results in an accumulative output that is higher than the steady-state
level of run 1. More coverage of the electrodes by the cells, shown in Figure 19, led to this
increasing trend for steady-state capacitance. Washing the surface causes the output to
return to the baseline, which is around 109 fF.

5. Discussion

In this paper, we introduced a capacitive sensing platform for monitoring oral cells
and likely, in the future, analyzing them to understand their links to inflammatory diseases.
Herein, we demonstrated the presence of epithelial and neutrophil cells and their effects on
capacitive sensors. This takes us one step closer to developing the capacitive sensing PoC
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device for monitoring and counting the cells. In this direction, there are several practical
considerations to be addressed in the future, as discussed below.

5.1. Isolation of Cells from Saliva

Saliva is composed of 99% water and only 1% immunoglobulins, protein, mucus, en-
zymes, salts, and electrolytes such as sodium, potassium, calcium, magnesium, bicarbonate,
and phosphates as well as different types of cells like epithelial cells or intact and lysed
inflammatory cells, specifically oPMNs [45,46]. Herein, the standard filtering technique
is used to isolate oral cells from saliva. Neutrophils can only be kept alive within a short
time frame, and physical techniques are used to purify the sample. To develop a handheld
sensing device for monitoring oral neutrophils, which are small, microfluidic techniques are
also required to separate them from epithelial cells and the debris in the saliva. The greater
the purity of the sample, the greater the accuracy of the measurement result.

5.2. The Effects of the Evaporation of the Sample

As explained in Section 4.2, the measurement results depend on the evaporation of
the sample. For a reliable measurement, a microfluidic device can be designed to direct the
sample toward the sensing site and prevent or control the evaporation of the liquid.

5.3. Bubble Creation

Since pipetting the sample on the chip surface is done manually, some errors are
inevitable. For instance, one of the practical problems during the experimental results
was the creation of bubbles on top of the sensing area. This phenomenon results in a
meaningless output, including fluctuations depending on the bubbles’ presence or absence,
as shown in Figure 22. Providing a microfluidic device to control and even automate
putting the sample on the chip surface can help avoid bubble formation. In addition,
microfluidics makes it possible to put the sample on top of the sensing electrodes more
precisely, leading to more accurate measurement results.
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5.4. Sensing Electrodes

The appropriate location of the cells on top of the sensing area and the amount of cell
coverage can affect the measurement results. Since the electrodes do not cover the whole
area of the substrate, the cells might be placed over the non-sensitive or less sensitive area,
for example in between the electrodes. As a result, the sensor cannot sense them perfectly.
To avoid such errors, a new integrated circuit is required whose electrodes cover the whole
area of the substrate.

The size of the electrode can also affect its sensitivity. Although we almost cancel the
offset in the proposed circuit, the value of the offset and parasitic capacitances might be
higher than the sensing capacitance for electrodes that are too large, resulting in a low
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sensitive measurement. To quantify this, consider that the electrode capacitive ratio (ECR)
is defined as αC = (∆C/C0) × 100, where ∆C is the variations of the sensing capacitance
variations due to the presence of the cells and C0 is the offset and parasitic shares of the
electrode–analyte interface. If the size of the electrode is much bigger than the size of the
cells, ∆C will be much smaller than C0 leading to a small ECR. On the other hand, although
the smaller sizes of the electrodes help increase the ECR, we will need a large number of
them to cover the whole area of the substrate so that the circuit can read their outputs in
parallel. Herein, we tested a two-electrode sensor with oral cells as a proof of concept. To
further our research, we intend to present a new sensor composed of many electrodes for
this application.

5.5. Read-Out Circuit Specifications

Various factors such as parasitic effects, systematic errors, environmental factors,
and experiment-time offset variation due to the remnants of the cells can create a time-
variant offset capacitance that might saturate the sensor’s output. Therefore, the sensor
should have a wide IDR to show the target cells’ concentration. According to Table 1,
the proposed sensor in this work offers a wider IDR than the other reported capacitive
sensors. In addition, the IDR of the sensor is programmable, and the employed calibration-
free technique is based on sweeping the reference capacitor [40]. This has paved the way to
mitigate the effects of undesired time-variant offsets significantly.

On the other hand, a higher sensor resolution can lead to more accuracy. If the cell is
not completely located on the electrode, the sensor can detect the part of the cell covering
the electrode. There is a trade-off between IDR and the resolution of a circuit.

Raising the gain of current amplifiers and the sensitivity of the CCO can help to
improve the sensitivity of the sensor. Increasing the IDR of the CCO and the size of the
counter can also result in a wider IDR. These topics are deferred to future work.

6. Conclusions

This paper demonstrated the applicability of a calibration-free and wide-IDR CMOS
capacitive sensor for monitoring oral cells in saliva samples. The capacitance of the on-
chip IDEs was mathematically modeled by considering the existing parasitic and fringe
capacitances. A COMSOL simulation was performed to qualitatively gain insight from
the sensor response to the biological cells. Simulations were qualitatively in agreement
with the experiment and confirmed the functionality of devices in terms of sensitivity to
change in the dielectric of added material on its sensing surface. The difference between
the capacitance values before and after water evaporation could represent the amount of
electrode surface coverage by oral cells. By taking advantage of the wide IDR of the sensor
and the programmable bank of reference capacitors, the accumulation of the cells could
be assessed over four runs without washing. To avoid the electrodes’ conditions being
manipulated after each run, no washing steps were applied to the electrodes exposed to
the oral cells sample. The experiments showed that the accumulation of the cells after each
run decreases the sensor’s sensitivity. Therefore, a cleaning procedure was employed to
remove the cells from the chip surface. The results were encouraging regarding developing
reusable, integrated sensing devices that can set the stage for quantifying and analyzing
oral cells, including neutrophils and epithelial cells, in the future.
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Appendix A

Figure A1 illustrates the schematic of the PCB of the sensor shown in Figure 9. In this
figure, the block shown with U0 represents the chip while U1 represents the 2:1 multiplexer
chip that is implemented to switch between right and left channels. Vref is a voltage
regulator block of 1.85 V output that is utilized for the CCO block. RAVDD, RDVDD,
LAVDD, and LDVDD blocks are 3.3 V-output voltage regulators that provide the VDD
voltage to the right analog block, right digital block, left analog block, and left digital block,
respectively. The input is an external 5 V DC source shown as X1. Connectors are for the
Arduino DUE board, making the digital interface between the board and Arduino. Multiple
decoupling capacitors are used between voltage and ground rails.
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Abstract: Developing novel drug formulations and progressing them to the clinical environment
relies on preclinical in vitro studies and animal tests to evaluate efficacy and toxicity. However, these
current techniques have failed to accurately predict the clinical success of new therapies with a high
degree of certainty. The main reason for this failure is that conventional in vitro tissue models lack
numerous physiological characteristics of human organs, such as biomechanical forces and biofluid
flow. Moreover, animal models often fail to recapitulate the physiology, anatomy, and mechanisms
of disease development in human. These shortfalls often lead to failure in drug development, with
substantial time and money spent. To tackle this issue, organ-on-chip technology offers realistic
in vitro human organ models that mimic the physiology of tissues, including biomechanical forces,
stress, strain, cellular heterogeneity, and the interaction between multiple tissues and their simul-
taneous responses to a therapy. For the latter, complex networks of multiple-organ models are
constructed together, known as multiple-organs-on-chip. Numerous studies have demonstrated
successful application of organ-on-chips for drug testing, with results comparable to clinical outcomes.
This review will summarize and critically evaluate these studies, with a focus on kidney, liver, and
respiratory system-on-chip models, and will discuss their progress in their application as a preclinical
drug-testing platform to determine in vitro drug toxicology, metabolism, and transport. Further,
the advances in the design of these models for improving preclinical drug testing as well as the
opportunities for future work will be discussed.

Keywords: organ-on-chip; metabolism; toxicology; drug transport; body-on-chip; disease-on-chip;
drug discovery

1. Introduction

Intensive and costly preclinical tests on novel therapeutic agents often involve animal
studies prior to human trials. In addition to being ethically controversial, animal models
have been increasingly criticized for their limited ability to predict the efficacy, safety,
and toxicity of numerous drugs in humans [1,2]. Animal testing is predisposed—by its
xenogeneic nature and failure to represent the complicated anatomical and physiological
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systems in humans—to lead to discordant results and, consequently, to failures in translat-
ing the results to clinical trials. Conventional in vitro models that utilize two-dimensional
(2D) or three-dimensional (3D) cell cultures, on the other hand, are limited in their predic-
tive capabilities of in vivo conditions due to the absence of critical physiological factors,
such as fluid flow and biomechanical forces [3]. Consequently, the development of novel
methodologies that could accurately represent the physiological conditions of the human
body in an in vitro platform to perform drug testing is of critical importance to accelerate
the development of novel therapeutics that can be used in clinical settings.

The development of micro-structured functional human organ models, known as
organ-on-chip technology, is a potential solution for providing a physiologically relevant
in vitro platform and has attracted increasing interest [3]. Organ-on-chips aim to provide a
translational model for human organs to predict human responses to therapeutic agents.
As a result, they can deliver reliable and accurate outcome measures and also likely have
the potential to predict clinical trial results. Since its advent, organ-on-chip technology
has been widely studied and found to offer numerous advantages in recapitulating organ
physiology to study human diseases and its potential for drug testing. Current reviews
on the application of organ-on-chips for in vitro drug tests mainly focus on models of
certain organs, their microfluidic designs and structures, and their relevance to healthy
or diseased tissues whilst providing examples of their potential application for testing
drugs [4–8]. In addition, these reviews elaborate on the advances in organ-on-chips and
their future opportunities for commercialization of these platforms for drug testing [3,9–11].
Table 1 provides an overview of the different relevant reviews and their comparison with
the current review on the application of organ-on-chips for drug testing. This review
will provide a pharmaceutical perspective by focusing on the application of organ-on-
chips for different preclinical drug tests with improved relevance. Hence, the studies
on organ-on-chips will be discussed based on the assays used to evaluate drug efficacy
and toxicity in vitro, which are important for drug development and commercialization.
Further, the advantages of organ-on-chips in drug testing will be elaborated based on their
physiologically relevant dynamic design [12–14], emulation of the inter-organ crosstalk in
the human body [15,16], enabling patient-specific drug testing [17], and high throughput
time-efficient assays by integrated miniaturised analytical tools [18,19]. Liver, kidney, and
respiratory system models will be the focus of this review due to their broad applicability
in toxicology [20], drug metabolism [21], and drug delivery/transport [22] studies.

Table 1. Overview of the primary focus of relevant reviews in the application of OOCs for preclinical
drug testing compared with the current review.

Refs. Focus of the Review

[3–5]
• Application of organ-on-chip models of certain organs in providing a relevant platform for

drug testing in terms of the design, structure, and cell culture techniques
• The different assays used to evaluate drug efficacy in those organ-on-chip models

[3,9–11]
• Progress, challenges, and opportunities for the application of organ-on-chip technology in

preclinical drug discovery
• The commercialization outlook of organ-on-chip technology for drug testing

[6,7] • Drug toxicity studies performed on organ-on-chips with improved physiological relevance

[8] • Organ-on-chips as potential platforms for screening nanocarrier drug delivery with
improved physiological relevance

This
review

• Improvements of in vitro drug efficacy assays when conducted in organ-on-chips to ensure
outcomes are clinically relevant

• Advantages of organ-on-chip technology in providing a translational model for
physiologically relevant in vitro drug testing

• Discussion of the various drug compounds that have been tested on organ-on-chips
• Relevance of drug testing outcomes from organ-on-chips to clinical observations

2. Drug Testing Capabilities Using Liver-, Kidney-, and Lung-on-Chip Models

Liver-, kidney-, and lung-on-chip models have recreated some key functions of their
respective organs for drug metabolism, expression of cytotoxic response to drugs, and
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barrier function against drug permeation. Figure 1 summarizes how these organ-on-chips
have been used for studies on drug metabolism, toxicology, and transport.
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Figure 1. A summary of the investigations on three important drug assessments: drug metabolism,
toxicology, and drug transport using liver-, kidney-, and lung-on-chip models. The figure summarizes
the advantages of these organ-on-chip models to enhance drug testing.

2.1. Drug Metabolism Studies

The principal, although not the sole, site for metabolism of nearly all ingested drugs
is the liver [23]. Consequently, first-pass hepatic metabolism has a paramount influence
on the efficacy and side effects of drugs, which highlights the importance of simulating
this biological process during drug testing. Organ-on-chip technology has been utilized for
screening drug metabolism, where recapitulation conditions of the liver tissue have been
the main focus [24,25]. Table 2 summarizes the studies on the metabolism of different drugs
using liver-on-chip models and the interconnection of the liver with other organs-on-chip.

The utilization of organ-on-chip technology to construct the network of multiple
organs is beneficial to mimic the complex interaction between organs in metabolizing
drugs, prodrugs, and micronutrients in vivo. For instance, a liver–kidney-on-chip with
interconnected chambers for liver and kidney cell culture was developed by Tehobald
et al. [26] to imitate sequential hepatic and renal metabolism of vitamin D. The device could
mimic hepatic metabolism of vitamin D to 25-hydroxyvitamin D and its further metabolism
to 1,25-dihydroxyvitamin D by the kidney analog. The latter bioactive metabolite is known
for its anti-tumor effect and for inducing differentiation in multiple tumor cell types, such
as acute myeloid leukemia cells.

Studying the drug metabolism process in multi-organs-on-chip models and their
comparison with single-organ-on-chip models can shed insights into understanding the
tissue–tissue crosstalk and individual contribution to the metabolic process [27]. In another
study, Choe et al. reproduced the first-pass-metabolism process in a microfluidic gut–
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liver chip with two chambers separated by a membrane to culture gut epithelial and liver
cells [28]. The gut cells’ culture chamber was located on top of the liver cells’ chamber,
so that the drug molecules passing across the gut epithelial barrier could reach the liver
cells. This enables emulation of the simultaneous drug absorption in the gut and metabolic
reaction in the liver that the drug goes through after oral intake. The metabolic activity of
the gut–liver chip was compared to the gut monoculture system, and the gut epithelial cells
were highlighted to have significantly higher contribution in the metabolism of apigenin.

Another important factor that needs to be considered when designing in vitro drug-
metabolism models is that the rates of absorption and metabolism are influenced by the
volumes and dimensions of the designed organ model [29]. Hence, it is important to repli-
cate the relative sizes of organ analogs and the circulating fluid flow connecting them based
on the physiology of the human body in order to achieve accurate pharmacokinetic (PK)
modelling using multi-organs-on-chip. Some studies on the application of multi-organs-on-
chips to replicate human drug metabolism have focused on the design of devices based on
mathematically modelled PK profiles [30,31]. These microfluidic chips are promising tools
to emulate human-relevant PK in vitro. For instance, the first-pass metabolism of orally
taken paracetamol was replicated in a gut–liver-on-chip [31]. The design parameters of the
chip were such that the surface area of the gut and the volume of the liver compartment
was optimized based on a mathematical PK model close to the human PK.

Taken together, organ-on-chips have been able to successfully model the metabolism
of numerous drugs, either by a single tissue or multiple tissues interconnected. As shown
in Table 2, the majority of these devices are evaluated based on the testing of only one
drug molecule. Future research is needed to test a wide variety of drug candidates and
formulations, with their excipients using these devices to validate them against existing
in vivo observations and to study any drug–drug interactions that may occur as a result of
concomitant drug uptake.

Table 2. Summary of the drug metabolism and drug toxicity studies that include liver and/or kidney
tissue models on organ-on-chips (OOCs) and multi-organ-on-chips (MOCs).

Drug Toxicology Metabolism Tissue(s) Reference

diclofenac
acetaminophen X liver [18]

troglitazone X liver [19]

acetaminophen X liver [32–36]

acetaminophen X X liver [37,38]

acetaminophen
isoniazid

rifampicin
X X liver [39]

rifampin
ketoconzazole
acetaminophen

X X liver [40]

bupropion
tolbutamide
omeprazole
testosterone

X liver [24]
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Table 2. Cont.

Drug Toxicology Metabolism Tissue(s) Reference

7-ethoxy-4-
trifluoromethyl

coumarin
X liver [25]

acetaminophen
chlorpromazine

tacrine
X liver [41]

ccetaminophen
fialuridine X X liver [42]

diclofenac X X liver [43]

cadmium
aspirin
caffein

troglitazone
rosiglitazone
pioglitazone

acetaminophen

X liver [2]

cisplatin X kidney [14]

adriamycin X kidney [44]

gentamicin X kidney [45]

polymyxin B X kidney [46]

carboxylated
polystyrene

nanoparticles
X GI tract–liver [47]

troglitazone X X liver–intestine
liver–skin [48]

apigenin X gut–liver [28]

epirubicine
irinotecan

cyclophosphamide
X small intestine–liver–lung [29]

ifosfamide
verapamil X X liver–kidney [49]

paracetamol X liver–gut [31]

mannitol
propranolol

caffeine
X GI–liver [50]

combination of
genistein and
dacarbazine

X intestine–liver [51]

5-fluorouracil X liver–tumor–marrow [52]

paracetamol X X liver–kidney [53]

diclofenac
ketoconazole

hydrocortisone
acetaminophen

X liver–heart–skin [54]

luteolin X liver–tumor [30]
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Table 2. Cont.

Drug Toxicology Metabolism Tissue(s) Reference

capecitabine
tegafur X liver–cancer intestine–liver–

cancer–connective tissue [27]

digoxin X intestine–kidney [55]

ifosfamide X X liver–kidney [56]

vitamin D X liver–kidney [26]

2.2. Toxicology

Drug-induced toxicity is one of the major reasons for the failure of drug candidates
and the withdrawal of approved drugs from the market [57]. The main reason for drug
toxicity is the undesirable off-target activity of drug molecules or their reactive metabolites.
Determining toxicity early in the drug discovery pipeline remains a challenge, as animal
studies do not efficiently predict toxicity responses in human [3,58]. Therefore, accurate
high-throughput assays for toxicity prediction are highly valuable in the pharmaceutical
industry to reject potentially toxic drug candidates at the early stages. In this regard, the
application of new technologies that could enable toxicity studies to be done in the context
of organotypic biology as highly predictive models has attracted significant interest [57,59].
Table 2 summarizes the studies utilizing kidney and liver tissues-on-chip for drug toxicity
assays (since nephrotoxicity [14,44–46,49,55,56] and hepatotoxicity [32,33,38,40–43,51,60]
are the most common adverse effects reported in drug development).

2.2.1. Toxicology Studies by the Kidney- or Liver-on-Chip Models

The liver- and kidney-on-chip models were developed to have in vivo-like tissue
functionalities, and they have demonstrated superiority over the conventional cell culture
platforms in predicting toxic drug responses [14]. For instance, a kidney-glomerulus-on-
chip was developed using pluripotent stem cells differentiated into kidney podocytes [44].
The cells in this device expressed morphological, molecular, and functional characteristics
similar to mature human podocytes. Indeed, the renal toxicity associated with albumin-
uria induced by a cancer drug, Adriamycin, was successfully simulated by this device.
Furthermore, the hepatotoxic effect of acetaminophen was also modelled by liver-on-chip
models, where the toxic response of the tissue model to the drug treatment was evalu-
ated based on the disruption in basic liver function or secretion of biomarkers similar to
in vivo observations [34,35].

The application of organ-on-chips in toxicology has also been expanded to simulate
specific drug administration schedules. Previous studies have shown that organ-on-chips
can differentiate dosage regimens, where the modality of drug administration or the
interaction of drugs may influence the toxicity response of organ tissues. A kidney-on-chip
model simulated the nephrotoxicity of gentamicin in two different administration regimens:
bolus injection and continuous infusion [45]. These different treatment regimens, given
in the same dose, led to significantly different nephrotoxicity outcomes, with increased
cytotoxicity detected for continuous infusion. Organ-on-chips also enabled the simulation
of toxicity response to drug–drug interactions in patients undergoing treatment of multiple
diseases with coadministration of medicines. A study by Ma et al. reported an in vitro,
3D, liver-lobule-like microtissue [39] that was used to simulate adverse drug reactions
caused by the interaction of acetaminophen and omeprazole, rifampicin, ciprofloxacin,
or probenecid. The consequent hepatotoxic effects reported in vivo could be simulated
in vitro by this chip. It was observed that the pretreatment of the chip with omeprazole
or probenecid resulted in an increased hepatotoxic effect of acetaminophen. However, the
toxicity effect was alleviated by pretreatment of the cells with rifampicin or ciprofloxacin.

Another benefit of performing toxicology studies in organ-on-chips is that they can
be used to assess poisonous molecules that are not ethically acceptable to subject healthy

46



Bioengineering 2022, 9, 150

humans to. One example of this application are studies on radiation-induced injuries and
testing the efficacy of radioprotective drugs or assessing radiotherapies [61]. Since the
experimental exposure of healthy people to radiation is unethical, the organ-on-chips can
offer valuable input in this area to conduct these assessments safely and rapidly. Another
study that supports this application is the coculture of mammary epithelial cells and hepatic
carcinoma cells on a chip [62]. The chip was exposed to gamma radiation to mimic the
space-like environment, where the radioprotection effect of amifostine prodrug on human
mammary epithelial cells after metabolism by the liver could be modelled in vitro.

2.2.2. Toxicology Studies by the Kidney- and Liver-on-Chip Models Interconnected with
Other Organs

Simulating a network of organs based on physiological PK has been promising in
toxicology studies [63]. An example of this network is a lung–liver-on-chip that simulated
the decreased toxicity of inhaled toxicants in the lung tissue because of the detoxification
process in the liver tissue [64]. Such multi-organs-on-chip platforms also enable the sim-
ulation of drug metabolism in one organ and the consequent toxic effect of the formed
metabolites in another organ [47,53,55]. Similarly, severe nephrotoxicity of ifosfamide
anticancer prodrug observed in the clinic could be emulated by a liver–kidney-on-chip that
mimicked the interaction of kidney and liver [56]. Multi-organs-on-chips also allow simul-
taneous evaluation of the cytotoxic effects on the targeted and untargeted organs, where a
study by Theobald et al. was able to model both the hepatotoxicity and nephrotoxicity of
Aflatoxin B1 in a kidney–liver-on-chip [65].

The multi-organ-on-chips—in their advanced form involving more organ analogs—
could eventually mimic the drug toxicity in the whole human body, significantly helping
the prediction of side effects of drug candidates at a very early stage in vitro.

2.3. Drug Delivery/Transport

Transport of therapeutics across tissue barriers is one of the major challenges in drug
delivery that can influence the bioavailability of drugs [66] and, hence, requires considera-
tions and optimizations during drug discovery. Skin, epithelium, intestine, and blood-brain
barrier (BBB) are examples of tissue in the human body that provide effective barriers
against the delivery of therapeutics via transdermal, respiratory, oral, and intravenous
drug delivery routes, respectively. Drug transport across in vitro tissue barrier models is
another assessment where the application of the organ-on-chip models can be beneficial.

2.3.1. Simulation of In Vivo-Level Barrier Functions On-Chip

Organ-on-chips can model tissue-specific barrier functions with reliable physiological
relevance to study drug permeation. The organ-on-chip models used for drug permeation
studies are mainly designed as dual-chamber structures with a donor and an acceptor
chamber. The donor chamber is mainly located on top of the acceptor chamber, and
the tissue barrier is represented by the culture of cells on a permeable membrane that
separates the two chambers. The quantity of drug transported from the donor to the
acceptor chamber is measured to evaluate the efficient permeation of the developed drugs
across the tissue barriers [12,50,54]. A study by Chen et al. modelled gastrointestinal (GI)
barrier functionality in a GI–liver system [50]. This coculture cell model was able to express
the desired physiological relevance, as assessed by the transepithelial electrical resistance
(TEER) similar to the human native gut, and allowed emulation of the in vivo absorption
of drugs across the gut wall. TEER measures the electrical resistance of the developed
epithelium model and is a quantitative representation of the tissue barrier function and
formation of tight junctions (TJs) between the cells [67]. Additionally, the GI barrier
functionality was demonstrated in terms of the permeability of mannitol, propranolol,
and caffeine across the primary intestinal monolayer in this chip. Organ-on-chips can also
recreate heterogenous cellular structures, where the transport of substances occurs across
adjacent tissues. The goal is to simulate the neighbouring tissues-on-chip with the coculture
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of different cell types to create structures similar to the native organs in the human body.
This was proven feasible by a lung-on-chip developed by Huh et al. that could mimic
the interaction between the pulmonary alveoli and the neighboring vascular endothelium
in the human lung [12]. Therefore, this model enables the consideration of regulatory
functions of both the epithelial and endothelial tissues as a more reliable barrier model for
pulmonary drug-delivery tests.

2.3.2. Simulation of Multiple Drug-Delivery Routes On-Chip

Multi-organs-on-chip structured by the coculture of different organs also enabled the
evaluation of different drug delivery routes and resultant transport of drug to the target
tissue. This was demonstrated in a study by de Melo et al., where the skin barrier and
dermal drug absorption were modelled by a Strat-M® membrane incorporated in a heart–
liver-body-on-chip system [54]. The chip system mimicked both transdermal and systemic
drug delivery routes and, hence, could predict both hepatotoxicity and cardiotoxicity of
four model drugs administered to the chip: diclofenac, ketoconazole, hydrocortisone, and
acetaminophen. In another study, Ozkan et al. conducted drug permeation studies using a
two-vessel structure-on-chip mimicking the vascularized microenvironments of the liver
and breast tumors [68]. The two vessels were surrounded by collagen-based extracellular
matrix (ECM) with breast cancer cells or liver cells cultured in each vessel. This chip
allowed evaluation of particle diffusion from a vessel into its surrounding ECM and back
into the vessel, as well as transportation between the two vessels. For this purpose, particles
of different sizes were perfused through these vascularized microenvironments to replicate
chemotherapy drugs and drugs conjugated with nanoparticles. The resultant permeability
of the tumor microenvironment and the accumulation of particles observed in ECM from
this chip were consistent with in vivo findings [68–72].

2.3.3. Drug Delivery Tests under In Vivo-Inspired Dynamic Conditions On-Chip

Another added benefit of organ-on-chips is the capability to perform drug transport
studies under mechanically dynamic conditions. The physiological mechanical cues in
native organs could be emulated in the engineered design of organ-on-chips. This can
enable drug-transport studies across tissue barriers under more physiologically realistic
conditions. This feature was prominent and was highlighted in the lung-on-chip model
that had capabilities to emulate both the strain exerted on the alveolar–capillary barriers
by breathing motions and the shear stress on the capillary endothelium induced by the
blood flow [12]. The lung-on-chip could mimic the physiological breathing motion via
cyclic vacuuming of two channels on the sides. This resulted in cyclic stretching motions
of a membrane inside the cell-culture channel, inducing physiological levels of cyclic
strain. This dynamic microenvironment was eventually found to influence the permeability
of the alveolar–endothelium interface. Higher permeability of nanoparticles across the
alveolar–capillary interface was observed when the physiological strain was emulated
compared to the device at static condition. The control, static, Transwell culture was
prepared with the coculture of the alveolar epithelial cells and capillary endothelial cells on
the opposing sides of the membrane. In another study, a human nasal epithelial mucosa-
on-chip with a dual-channel structure was developed to model the nasal epithelial barrier
against nasal drug delivery [73]. The transport of ibuprofen across the modelled epithelium
was evaluated under physiologically relevant flowing fluid conditions in the donor channel.
It was observed that the circulating pulsatile fluid flow in the bottom channel resulted in
an increase in the drug transport rate compared to the static condition in the chip. This
observation was explained by the increase in the convective mass transfer coefficient in the
fluid due to the flow condition, which highlights the necessity of conducting nasal drug
transport studies under dynamic conditions.
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2.3.4. Further Improvements of Drug Delivery Studies by Organ-on-Chips

There remain unexplored areas to improve the relevance of drug-delivery studies
by organ-on-chips. For instance, the simulation of realistic drug administration forms,
namely the topical delivery of aerosolized solutions or dry powders within the dynamic
microenvironments of organ-on-chips, has not been studied. Such simulations enable
mimicking of the realistic deposition of fluidized particles to the target tissue and the aerosol
characteristics that can influence the efficacy of aerosol drug delivery. These characteristics
include particle size and flowrate of aerosolized particles, which can affect the delivered
dose [74,75]. Additionally, physiological barriers that adversely affect the efficiency of
drug-delivery routes have not been comprehensively studied by organ-on-chips. As a
case-in-point, the mucociliary clearance mechanism that limits the residential time of drug
particles in human airways is an unexplored area by in vitro models of lower [12,13,76]
and upper [73] airways-on-chip. Simulation of this airway defense mechanism by future
lung and nasal epithelium-on-chip models can profoundly enhance their physiological
relevance and, eventually, their ability to model relevant clinical drug test results in vitro.

3. Advantages of Organ-on-Chips for Drug Testing

The benefits of conducting drug tests by organ-on-chip models can be summarized
broadly into three main categories. Firstly, organ-on-chips are engineered to better mimic
the in vivo physiology and pathophysiology of human organs. In doing so, organ-on-chips
support the coculture of cells in one platform, simulation of the mechanical cues, and
mimicking human diseased tissues. Secondly, organ-on-chips can facilitate and accelerate
the drug-testing procedure by offering in situ sensing tools in their designs. Thirdly,
organ-on-chips cultured with patient-derived cells can enhance personalized medicine.

3.1. Organ-on-Chips Offer Engineered In Vivo-Inspired Microenvironments

The main advantage of organ-on-chips is their engineered structure, which enables
mimicking the microenvironments and functionalities of human organs with the in vivo-
inspired architecture, multicellular nature, and biomechanical stimuli that may interfere
with drug delivery, absorption, metabolism, and cytotoxic responses.

3.1.1. Cellular Coculture and Organ–Organ Crosstalk

Coculture of multiple cell types in organ-on-chips enables the understanding of the
inter-organ crosstalk contribution in drug testing [30]. The interface of epithelial tissue and
the neighbouring microvascular endothelium is the most commonly reproduced tissue–
tissue interface structure in various organ-on-chips to evaluate drug efficacy [12,76–78].
The importance of recapitulating such interfaces lies in their role in regulating the trans-
port of drugs, immune cells, and nutrients that could influence therapeutic outcomes [12].
Importantly, multiple tissue analogs interconnected on-chip with dynamic fluidic chan-
nels based on a physiologically correct scale, order, and cell-to-liquid ratio can reproduce
the interactions between multiple organs in a whole body [16]. Hence, these devices
are expected to simulate the uptake and circulation of therapeutics, the complex process
of drug metabolism, the potential toxic or therapeutic effect of one organ’s metabolites
on the second organ, and the combined responses of several tissues to drugs and tox-
icants [30,47–49,55]. Such multi-organs-on-chip platforms—designed and scaled based
on mathematical pharmacokinetic–pharmacodynamic (PK–PD) models—can represent
time-dependent changes in drug concentration (PK) and its physiological effects (PD) in
the human body [30]. Therefore, these devices are advanced platforms for more precise
prediction of drug efficacy, as well as their potential side effects in a monitored whole-body
system compared to the single-organ models [16].

In particular, these multi-organ platforms can mimic metabolism-dependent drug
actions, such as testing the efficacy of prodrugs undergoing chemical or enzymatic trans-
formation to form active drug moieties with pharmacological effects [79,80]. For instance,
human hepatic carcinoma cells and human mammary epithelial cells were cocultured on
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a microfluidic chip [62] to investigate amifostine prodrug metabolism and its resultant
radioprotection effect on the living-tissue analog. The dual-tissue device was compared
with a single-cell model, and a two-fold improvement in the effectiveness of the drug was
observed in the system with the two cell types cocultured. In another study, the coculture
of hepatic and lung cells on-chip enabled mimicking irinotecan prodrug hydrolysis in the
liver and the consequent anticancer effect on the lung cells [29]. This was consistent with
the bioactivation of this prodrug in the liver when administered orally in vivo [81].

By involving the interactions between multiple tissues, multi-organs-on-chips can
enhance the physiological relevance and predictive capabilities of the simulated PK in vitro
compared to mono-cultured organ models [50]. For instance, the first-pass metabolism
of orally taken apigenin, a natural flavonoid, was modelled in a liver–gut-on-chip [28]. It
was found that this system could improve the physiological relevance of the modelled
metabolism process compared to the monoculture gut cells. The type of formed metabolites
detected in the gut–liver device was similar to the first-pass metabolism of apigenin in a rat
model. This was due to the contribution of both tissues in forming the different metabolites
of apigenin.

Evaluating the responses from multiple organs to a novel therapy by multi-organs-on-
chip platforms has shown to be promising at predicting the side effects and the off-target
cytotoxicity responses to drugs. The undetected side effects of an approved drug put po-
tential patients at risk of acute or chronic poisoning [82]. Therefore, evaluation of drug side
effects at the early stages of drug discovery is of growing concern to protect public health
and for the pharmaceutical industries, where the application of multi-organs-on-chips for
drug testing in a physiologically representative microenvironment could be a potential
solution. Promising results have been reported in the literature regarding the evaluation of
drug side effects by multi-organs-on-chips [29,47,49]. Sung et al. reported the development
of a microscale cell culture analog based on a mathematical PK–PD model with cocultured
liver, tumor (colon cancer), and marrow cells to study the toxicity of an anticancer drug,
5-fluorouracil [52]. This device allowed the assessment of different responses to the test
drug from each cell type consistent with clinical findings [83,84]. A multi-organs-on-chip
system interconnecting liver spheroids with either intestinal epithelial cells or skin biopsies
enabled the simulation of oral or systemic routes for troglitazone administration [48]. The
simulation of oral drug exposure using this chip allowed biotransformation of the drug
to its metabolites by the liver tissue, similar to in vivo results. Further, the simulation of
systemic drug administration by this chip could mimic drug uptake by the fatty tissue
underneath skin biopsies similar to in vivo. Another device, hosting four human organ
analogs by coculturing the human small intestine, skin biopsy, liver, and kidney proximal
tubule cells, was reported by Maschmeyer et al. [85]. These four organs-on-chip models
enabled the in vitro reproduction of the oral and dermal drug absorption, first-pass hep-
atic metabolism, secondary metabolism, and renal metabolite excretion, emulating the
in vivo absorption, distribution, metabolism, and excretion profiling of tested drugs and
their toxicity.

Multi-organs-on-chip shed more insight into understanding drug action when treating
human diseases. To demonstrate this, a study by Lee et al. developed a gut–liver chip
to recreate hepatic steatosis, a process of abnormal lipid deposition in the liver cells [86].
The device emulated the anti-steatosis effects of butyrate, which acted on the gut tissue
by enhancing its barrier function against the transport of free fatty acids. The mechanism
underlying the influence of butyrate on the intestinal barrier function is known to be
through promoting the assembly of TJs between the gut epithelial cells [87], and the use of
this advanced platform enables understanding this.

3.1.2. Simulation of Biomechanical Cues

Numerous organ-on-chips have been designed to simulate mechanical stimuli present
in vivo to recreate the in vivo-like dynamic microenvironment of tissues. In this regard,
physiologically relevant physical cues such as motion, deformation, fluid flow, strain, and
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shear stress are simulated on-chip. Kidney-, liver-, and lung-on-chips have shown the
dependence of the tissue’s physiological properties and functionalities on the mechanical
cues. Figure 2 summarizes some of these effects. Hence, drug testing in organ-on-chips
integrated with in vivo-inspired biomechanical factors is expected to deliver results closer
to in vivo than conventional static cell cultures. As demonstrated, the flow-induced shear
stress on primary kidney epithelial cells enhanced epithelial cell polarization and pri-
mary cilia formation in a human kidney proximal-tubule-on-chip [14]. Also, hepatic cells
responded to the dynamic fluidic condition in a kidney–liver-on-chip by increasing the
expression of the metabolism-associated biomarkers [65]. A lung-on-chip also showed that
the stretching motion exerted on the primary human pulmonary alveolar epithelial cells
could enhance cellular metabolic activity and biomarker secretion [13].
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One of the important physiological characteristics of tissue-equivalence-on-chip mod-
els is the influence of mechanical stimuli on the tissue barrier function. For different tissue
types cultured on organ-on-chips, it was reported that exposure to fluid flow could alter
the paracellular permeability of tissue analogs on-chip compared to conventional static cul-
tures [13,28,45,88–90]. Paracellular permeability refers to the passage of molecules through
the intercellular spaces between adjacent epithelial cells. The tightness of small openings
between the cells—the rate-limiting step in this process—is identified by the expression of
TJ proteins. The fluid flow induces shear stress to the cells, which is reported to affect the ex-
pression of TJ proteins that consequently influence the paracellular permeability [45,88,90].
This is an important consideration when the permeation of drugs across the cell layer mod-
els are performed on organ-on-chip models where the obtained results could dictate the
efficacy and toxicity of drugs [91,92]. For instance, the fluid-flow-induced shear stress on
the liver and gut cells on-chip has been reported to accelerate cell differentiation, enhancing
the epithelial barrier function and TJ protein expression, which, as a result, decreases the
permeability of the cell layers modelled in these chips [28,31,45]. Another potential reason
for the influence of flowing fluid on epithelial permeability is explained by the influence of
the flow on the thickness of the unstirred water layer (UWL) [28]. UWL is an aqueous layer
adjacent to the biologic solid–liquid interfaces that have a slow laminar flow and acts as
an additional diffusion barrier against drug absorption [93–95]. The thickness of the UWL
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decreases with the fluid flowrate. This in turn increases the drug permeation when the
diffusion through the UWL is the rate-limiting step [96,97].

In addition to the fluid flow, biomechanical strains are also found to influence the tissue
barrier function in organ-on-chips. Mechanically active tissues—such as the lungs and GI
tract tissues, which are exposed to stretches by breathing motions or peristalsis movements,
respectively—are experiencing deformations and mechanical strains continuously [98].
A lung-on-chip model showed that the physiological strain on the lung epithelial cells
resulted in an increase in the model’s permeability to hydrophilic molecules, while the
cell layer’s integrity, TJs, and morphology remained unaffected [13]. This observation is in
agreement with an in vivo investigation, where the increase in the lung volume by applying
positive pressure to the airway influenced the permeation of hydrophilic solutes across the
respiratory epithelium [99,100]. Further, simultaneous exposure of the gut epithelial cells
to the fluid-flow shear stress and cyclic mechanical strain stimulated expression of a 3D
villi-like morphology and an enhanced intestinal barrier function in a gut-on-chip [101].
Nevertheless, future studies are still required to elucidate the exact mechanism involved in
the increase of permeability by mechanical strain at the molecular level.

Given the influence of biomechanical cues on the biological properties of the kidney,
liver, and lung models, drug assays in such mechanically dynamic tissue models can po-
tentially deliver different responses compared to the static models. Jang et al. compared
the fluid dynamic cell-culture conditions in a kidney proximal-tubule-on-chip with the
static culture in Transwell insert [14]. They found improved epithelial tissue morphology
and kidney-specific functionalities under dynamic conditions. The dynamic model eventu-
ally showed closer in vivo human-relevant renal toxicity response to cisplatin treatment
compared to the conventional static culture. The liver-on-chips with fluid-flow condition
have also demonstrated increased expression of metabolizing enzymes and bioactivation
of drug compounds through metabolism [26,33,36]. The enhanced metabolic functionality
of these dynamic liver models can enhance their sensitivity to drug toxicity compared to
the static cultures [33]. In addition, the exposure of the pulmonary epithelium to cyclic
mechanical strain by a lung-on-chip was demonstrated to enhance cellular uptake and ep-
ithelial transport of the silica nanoparticles into the underlying microvascular channel [12].
This effect eventually accentuated both the toxic and inflammatory responses of the lung
analog to silica nanoparticles, which is in agreement with in vivo observations.

3.1.3. Drug Testing Using Modelled Human Diseases On-Chip

Another improvement in organ-on-chip technology that can increase the relevance
of preclinical drug testing is its capability to recreate human disease on-chip. These are
micro-structured models of human organs, where the organ analogs express key features of
human diseases [63]. Diseased tissues are known to respond differently to drugs compared
to healthy tissues [63]. In addition, animal models fail to mimic the complications shown
in many human disease conditions [102]. Therefore, there is a need to develop disease-
on-chips as more reliable models of human diseases to be used for the assessment of
effective therapies.

The engineering of disease-on-chips includes novel platform designs to facilitate
multiple analyses of human diseases in vitro. This enables understanding of the disease
development mechanisms. For example, a study by Zhou et al. developed a liver-injury-
on-chip integrated with biosensors for monitoring secreted transforming growth factor-β
(TGF-β) triggered by alcohol injury [103]. Another feature of this is the reconfigurable struc-
ture that enabled the culture chambers of hepatocytes and stellate cells to be either isolated
from each other or connected with the possibility for the two cell types to communicate.
This feature enabled studies on the cellular origin of secreted TGF-β and found that alcohol
injury causes hepatocytes to commence the secretion of TGF-βmolecules, which activate
the neighboring stellate cells and trigger additional TGF-β production by the stellate cells
during development of alcoholic liver injury. Furthermore, disease-on-chips can pave the
way to understand the role of organ–organ communication on the development and pro-
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gression of diseases [78,104]. This was demonstrated in a study by Lee et al. that simulated
hepatic steatosis using a gut–liver chip. The hepatic steatosis was induced on-chip by
tumor necrosis factor-α, which increases the permeability of gut epithelium and, as a result,
increases the level of lipid permeability to the liver tissue, leading to hepatic steatosis [86].
The knowledge and understanding gained on the mechanism of disease development from
the organ-on-chip models will enable effective therapies to be developed.

The capability of organ-on-chips to mimic the dynamic microenvironments of human
tissues is an asset to study human diseases, as these mechanically active platforms allow
investigating the effect of physical cues on disease development [105] as well as the response
of the diseased tissues to the test therapies [76,77]. The above can potentially help predict
human response to new therapies with higher accuracy and develop novel therapies to treat
human diseases effectively. This was demonstrated in a lung-on-chip model that aims to
reproduce the drug-toxicity-induced pulmonary edema observed in human cancer patients
treated with interleukin-2. The study showed that cyclic mechanical strain that is associated
with the breathing motion in the lung tissue increases the likelihood of pulmonary edema
development [105]. Based on this knowledge, a new inhibitor of the transient receptor
potential vanilloid 4 ion channels (that are activated by mechanical strain) was tested as a
potential preventive treatment. Interestingly, this therapy revealed satisfactory results in
inhibition of pulmonary edema.

Taken together, disease-on-chips are reliable models and have shown promise for both
understanding human diseases and developing novel effective therapies.

3.2. Integrated Sensing Tools in Organ-on-Chips for In Situ Drug Testing

Another advantage of organ-on-chips is their ability to integrate sensing tools in their
designs, which enables in situ monitoring of the chip microenvironment. The sensors
integrated into organ-on-chips can collect data from potential changes in the culture envi-
ronment and cells’ biological properties in real-time. This can subsequently enhance the
throughput of organ-on-chips used for drug tests [18]. The real-time monitoring of the
cellular microenvironments by in situ analytical tools offers several advantages over the con-
ventional analyses conducted off-chip, for example, shorter analysis time, cost-effectiveness
due to reduced consumption of solvents, simpler operation, no requirement for sampling,
elimination of the sampling errors, and lower risk of contamination, resulting in more
reliable and accurate analyses. Several reviews have covered the application of biosensors
in organ-on-chips for real-time monitoring of the physiological conditions of modelled
tissue, focusing on cellular metabolism, function, and response to stimuli [106,107].

Recently, a liver-on-chip model was incorporated with commercialized amperometric
glucose and lactate sensors that enabled the detection of minute shifts from oxidative
phosphorylation to anaerobic glycolysis, indicating mitochondrial damage caused by
drug concentrations previously considered as safe [19]. Furthermore, the integration of
multiple sensors into the structure of organ-on-chips has paved the way for miniaturization
and automation of various analyses in one platform without the need for large sample
preparations [108]. Commercially available miniature microscopes, although challenging
to incorporate in organ-on-chips at the moment, have been found helpful for monitoring
the cells or cell-culture environment in real-time [35].

Another potential sensor that could benefit drug testing on organ-on-chips is the
TEER measurement electrode. The integration of TEER measurement sensors in organ-on-
chips has been reported for BBB-on-chip [109], heart-on-chip [110], pulmonary epithelium,
and gut-on-chip models [109–112]. These devices, integrated with gold or platinum (Pt)
electrodes, are reported to monitor the differentiation of cells and the formation of TJs
in real-time. However, these chips have not been used in the context of drug testing to
evaluate how drugs could affect TJ integrity and formation. However, they have the
potential to facilitate the monitoring of TJ dynamics while treating the cells with novel drug
formulations in terms of detection of toxicity effects of drugs on the cells or modulation of
TJ dynamics by permeation-enhancing drug carriers [91].
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Currently, there are still a very limited number of studies conducted to incorporate dif-
ferent sensors within organ-on-chips. Hence, there remains enormous potential for further
development of versatile platforms that function like a living organ and are integrated with
in situ sensing tools for real-time monitoring for pharmaceutical development. An example
is the potential of using carbon-based electroanalytical sensors, which have proven to be
suitable sensors for the electrochemical detection of numerous pharmaceuticals [113]. Since
these sensors can offer reliable detection of drug compounds, integrating them with organ-
on-chip designs can be useful in monitoring drug permeability and effects on-chip [73]. A
human nasal epithelial mucosa-on-chip was developed—capable of real-time monitoring of
both drug transport and TEER by housing the respective sensors in its structure [73]. This
dual-channel chip was integrated with a carbonaceous electrode for in situ quantification of
ibuprofen that was transported across the nasal epithelium to the acceptor channel. In ad-
dition, Pt electrodes were incorporated in the chip for in situ real-time TEER measurements.
The presence of both sensors enables this chip to simultaneously measure the drug quantity
in the cellular microenvironment and the potential variations in the barrier properties of
the cell layer during drug testing. The in situ drug quantification by this chip was validated
against high-performance liquid chromatography, which is the current gold standard for
the quantification of pharmaceutics. In addition, the TEER measurements for the nasal
epithelium model-on-chip were similar to what was reported for excised human nasal
mucosa [114]. These features make this chip a potentially reliable alternative to the costly,
time-consuming analytical techniques conventionally used for nasal drug assays.

3.3. Organ-on-Chips Enable Personalized Drug Testing

While integration of organ-on-chips with biological tissue or fluid specimens from
patients, such as primary cells, biofluid samples, and cells derived from induced pluripotent
stem cells, will enable emulation of patient-specific physiology, genetics, and biometric
parameters on-chip [17,50], it also enables personalized organ-on-chips. These personalized
chips can ultimately be used to stratify patients’ responses to drug exposure and develop
personalized medicine or therapies. While it is challenging to test different drugs on a
patient receiving therapies, a personalized organ-on-chip model developed for the specific
patient could be of significant value in predicting the most efficient drug to treat their
disease. The potential of this personalized model was demonstrated by Xu et al. who
developed an in vivo-like tumor microenvironment using a microfluidic chip to assess
anticancer drug efficacy on primary cells from fresh lung cancer tissues of eight patients
to model individualized clinical treatment [115]. The cells were treated with different
anticancer drugs: gefitinib, paclitaxel, and gemcitabine. This chip could mimic different
drug sensitivities of the lung cancer tissues from different individuals. It also showed that
the drug sensitivity of the patient-derived tissues was different from what was observed in
conventionally used cell-line models. The comparison of drug responses from the patient-
derived tissues on-chip and clinical trials on the patients should be the focus of future
research in this area, helping to validate these devices in predicting clinical outcomes.

4. Disadvantages of Organ-on-Chips in Drug Testing

While there are numerous advantages for the use of organ-on-chips in facilitating
drug testing and formulation-development processes, there are also several disadvantages.
Polydimethylsiloxane (PDMS) is one of the main materials used for the fabrication of
the majority of organ-on-chips. Despite the advantages, such as gas permeability and
transparency, that make it a good option for cell culture and microscopic imaging purposes,
it has been reported that PDMS can absorb some drug components with hydrophobic
behavior [28,107]. This can adversely affect the outcomes of drug testing when hydrophobic
compounds are investigated. However, this effect could be prevented by applying coatings
on the surface of the PDMS [28].

Although the dynamic environment of organ-on-chips bridge the gap between the
static tissue culture and the in vivo counterpart, it could also have potential disadvantages,
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where adverse effects involving the fluid flow on the cells have been reported, such as
the detachment of the cells when exposed to high flow rates [28]. Jang et al. reported a
negative influence of the perfusion flow on the matrix-embedded hepatocytes in a chip as
they observed the premature death of the cells in the proximity of the perfusion channel.
In contrast, the cells that were located distally from the perfusion channel were protected
against this effect [33]. Zhao et al. reported that the high flowrate of the supplied medium
into their microfluidic device washed the cells away because of the high shear force [116].
On the other hand, a low flowrate adversely affected the viability of the cells as it led to
the shortage of nutrients in their chip to culture human non-small-cell lung cancer cells.
In light of such observations, optimizing the microchannels’ dimensions and the extent
of mechanical stimuli should be considered, as they appear to be important requisites to
recapitulate physiologically relevant biomechanical cues. Such considerations may mitigate
the potential negative effects of the dynamic microenvironments on the cells.

There is also currently no standardization of any of the organ-on-chip designs. Taking
the lung tissue as an example, multiple organ-on-chip models with varying dimensions
and architectures have been developed [12,13,64,117,118]. The differences in these models
include presence [12,13] or absence [64,117,118] of mechanical strain, emulation of 2D [12] or
3D [13] breathing motions, and the type of cultured cells [12,13,117]. These differences can
potentially result in different readouts from each of these models for a similar assay. Further,
the variables inherent with the different models will not be useful for a highly regulated
setting, such as the pharmaceutical industry, where reproducibility and standardization
are essential. Consequently, it may not be suitable to compare the findings from different
organ-on-chip designs, which highlights the need for the introduction of a standardization
system for all organ-on-chip models that recreate the physiology of the same tissue. This
highlights the necessity of defining standards for design and operation factors considered
in development of organ-on-chip models for a certain organ.

5. Conclusions and Future Outlook

Organ-on-chips are found to be promising alternatives to the conventional cell culture
models for enhancing the predictive power of preclinical drug tests. These platforms enable
monitoring drug metabolism pathways, toxicity effects on single or multiple connected
organs, and drug delivery to a target organ while also improving the time efficacy and
reliability of the readouts.

Despite the ongoing progress in the design and development of biomimetic organ-on-
chips in a plethora of research studies, this technology has yet to accomplish its ultimate
level of advancement: mimicking the complex physiology of the whole human body to
be potentially accepted as an alternative to animal models or preclinical trials. Although
multi-organs-on-chips are widely studied to recreate human response to numerous drugs,
they are far from a full human body-on-chip, with still many organs to be explored. Future
research can focus on incorporating several organs in multi-organs-on-chips combined with
coculture models that will significantly enhance the accuracy of evaluating drug actions
and side effects in the whole human body.

In addition, further work should focus on introducing standardized design factors,
such as the ratio of dimensions, fluid volume, flowrate, shear stress, and biomechanical
forces, for the development of organ-on-chips which can be used in highly regulated
settings (e.g., the pharmaceutical industry). This will help ensure that every novel organ-
on-chip design can mimic the physiological features of the tissue according to stated
standards. These factors can also be presented in the form of nondimensional numbers
in order to reduce the number of parameters needed to categorize the key physical and
mechanical attributes of a particular device, as is done in the engineering of drug-delivery
devices [119–121]. Hence, researchers could compare the results from different models of
one tissue type with the obtained experimental data from multiple studies being used as a
valid reference for potential future clinical studies with discrepancies less-likely.
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While organ-on-chip models to study the functionality of organs and disease states
have progressed significantly over the last decade, they rely on off-chip analysis and imag-
ing techniques, which are labor-intensive and time- and cost-consuming. Integration of
continuous, non-invasive, in-site, real-time monitoring of the functionality of the tissues
is in significant demand to address this problem. While current efforts are focused on the
physical and biochemical cues of the physiological microenvironment, such as cell-secreted
molecules and TJ integrity, there remains a significant underexplored area of using these
microfluidic platforms equipped with drug sensors for preclinical drug testing in a physi-
ologically relevant environment. This can potentially accelerate the translation of drugs
to clinic, where organ-on-chips can play a significant role in the development pipelines in
future drug discoveries as more accurate and reliable alternatives to conventional in vitro
analyses or animal trials.
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Abstract: Introduction: Osteoporosis is a skeletal disease that severely affects the mechanical proper-
ties of bone. It increases the porosity of cancellous bone and reduces the resistance to fractures. It
has been reported in 2009 that there are approximately 500 million osteoporotic patients worldwide.
Patients who suffer fractures due to fragility cost the National Healthcare Systems in the United
Kingdom £4.4 billion in 2018, in Europe €56 billion in 2019, and in the United States $57 billion in
2018. Thus, osteoporosis is problematic for both patients and healthcare systems. Aim: This review
is conducted for the purpose of presenting and discussing all articles introducing or investigating
treatment solutions for osteoporotic patients undergoing total hip replacement. Methods: Searches
were implemented using three databases, namely Scopus, PubMed, and Web of Science to extract
all relevant articles. Predetermined eligibility criteria were used to exclude articles out of the scope
of the study. Results: 29 articles out of 183 articles were included in this review. These articles
were organised into three sections: (i) biomechanical properties and structure of osteoporotic bones,
(ii) hip implant optimisations, and (iii) drug, cells, and bio-activators delivery through hydrogels.
Discussion: The findings of this review suggest that diagnostic tools and measurements are crucial for
understanding the characteristics of osteoporosis in general and for setting patient-specific treatment
plans. It was also found that attempts to overcome complications associated with osteoporosis
included design optimisation of the hip implant; however, only short-term success was reported,
while the long-term stability of implants was compromised by the progressive nature of osteoporosis.
Finally, it was also found that targeting implantation sites with cells, drugs, and growth factors has
been outworked using hydrogels, where promising results have been reported regarding enhanced
osteointegration and inhibited bacterial and osteoclastic activities. Conclusions: These results may
encourage investigations that explore the effects of these impregnated hydrogels on osteoporotic
bones beyond metallic scaffolds and implants.

Keywords: osteoporosis; hydrogels; total hip replacement; tissue scaffolds

1. Introduction

Osteoporosis is a skeletal disease that severely affects the mechanical properties of bone.
It increases the porosity of cancellous bone and reduces the resistance to fractures [1]. It has
been reported that there are approximately 500 million osteoporotic patients worldwide [2].
Patients who suffer fractures due to fragility cost healthcare systems around £4.4 billion in
the United Kingdom [3], €56 billion in Europe [4], and $57 billion in the United States [5],
annually. Thus, osteoporosis is problematic for both patients and healthcare systems.

The presence of osteoporosis often compromises the success of using orthopaedic de-
vices due to the influence of reduced bone quality on stability, and secondary fractures [6,7].
The lack of mechanical stability results in aseptic loosening which consequently leads to
inflammation at the bone–implant interface and, in some cases, leads to periprosthetic
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fractures. These complications may lead to revision surgeries where the success rate is
substantially lower, reported to be 35% at 10 years follow-up [8]. Compared to primary
hip replacement surgery, the cost of revision surgery is significantly higher due to the com-
plexity associated with revision technique [9]. Therefore, osteoporosis treatment imposes
a significant financial burden on healthcare systems and poses a significant threat to the
quality of life and survival of elderly patients.

The complications associated with osteoporosis and total hip arthroplasty have been
highlighted in this review in three sections related to biomechanical properties, implant
optimization and drug-laden hydrogels, see Figure 1. This review aims to identify and
discuss articles introducing and investigating treatment solutions for osteoporotic patients
submitted for total hip replacement. Studies obtained from the literature have assessed
biomechanical properties and structure of osteoporotic bones, hip implant optimisations,
and drug, cells, and bio-activators delivery through hydrogels.

Bioengineering 2023, 10, 161  2  of  17 
 

leads to inflammation at the bone–implant interface and, in some cases, leads to peripros‐

thetic fractures. These complications may lead to revision surgeries where the success rate 

is substantially lower, reported to be 35% at 10 years follow‐up [8]. Compared to primary 

hip replacement surgery,  the cost of revision surgery  is significantly higher due  to  the 

complexity associated with revision technique [9]. Therefore, osteoporosis treatment im‐

poses a significant financial burden on healthcare systems and poses a significant threat 

to the quality of life and survival of elderly patients. 

The complications associated with osteoporosis and total hip arthroplasty have been 

highlighted in this review in three sections related to biomechanical properties, implant 

optimization and drug‐laden hydrogels, see Figure 1. This review aims to  identify and 

discuss  articles  introducing  and  investigating  treatment  solutions  for osteoporotic pa‐

tients submitted for total hip replacement. Studies obtained from the literature have as‐

sessed biomechanical properties and structure of osteoporotic bones, hip implant optimi‐

sations, and drug, cells, and bio‐activators delivery through hydrogels. 

 

Figure 1. Overview of the review highlighting the importance of osteoporotic bone biomechanics, 

implant optimisation and drug delivery systems, created with BioRender.com. 

2. Materials and Methods 

The search was conducted using three search engines: Scopus, PubMed, and Web of 

Science in April 2022. The method implemented in the search was (Title–Abstract–Key‐

words) as  follows: TITLE‐ABS‐KEY  (“Osteoporosis” AND  (“hip  implant” OR “ hip re‐

placement” OR “joint arthroplasty” OR “joint replacement”) AND (“biomechanics” OR 

“tissue engineering” OR “regenerative medicine” OR “bone  implant” OR “tissue  scaf‐

fold*” OR “hydrogel” OR “modelling” OR “modeling”)). 

All potential articles generated by the search engines were screened by the title and 

abstract and were subjected to pre‐set inclusion and exclusion criteria. The inclusion cri‐

teria for this review were: (a) articles on hip replacements and total hip arthroplasty as a 

Figure 1. Overview of the review highlighting the importance of osteoporotic bone biomechanics, im-
plant optimisation and drug delivery systems, created with BioRender.com (accessed on 9 January 2023).

2. Materials and Methods

The search was conducted using three search engines: Scopus, PubMed, and Web
of Science in April 2022. The method implemented in the search was (Title–Abstract–
Keywords) as follows: TITLE-ABS-KEY (“Osteoporosis” AND (“hip implant” OR “hip
replacement” OR “joint arthroplasty” OR “joint replacement”) AND (“biomechanics” OR
“tissue engineering” OR “regenerative medicine” OR “bone implant” OR “tissue scaffold*”
OR “hydrogel” OR “modelling” OR “modeling”)).

All potential articles generated by the search engines were screened by the title and
abstract and were subjected to pre-set inclusion and exclusion criteria. The inclusion
criteria for this review were: (a) articles on hip replacements and total hip arthroplasty as a
consequence or with the presence of osteoporosis, (b) studies conducted for the purpose of
evaluation of existing diagnostic techniques or the establishment if new ones. The exclusion
criteria were: (a) studies focused on drug treatments rather than engineering or surgical
interventions, (b) studies focused on the immune system, (c) studies on any skeletal parts
other than hip, (d) studies in any language other than English, and (e) any document type
other than original articles and reviews.

3. Results

The search engines used in this review produced 183 potential sources: 104 by Scopus,
18 by PubMed, and 61 by Web of Science. There were 45 duplicates, 94 excluded by abstract
screening, and 15 excluded by reading the full text. Therefore, 29 papers were included in
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this review. Of those 29 papers there were 25 representing current diagnostic and treatments
approaches and 4 articles introduced novel treatment approaches.

3.1. Biomechanical Properties and Microstructure

The asymptomatic nature of osteoporosis encouraged researchers to utilise and assess
tools that help characterising this disease to guide treatment approaches. In this review,
the results include studies investigating accuracy of diagnostic devices, and the role of
mechanical tests and finite element analysis (FEA) in the assessment of osteoporotic bones.
These three methods of evaluation are complementary to one another. It is possible to
develop FE models with the assistance of diagnostic tools, and FEA can be validated with
the assistance of mechanical testing.

3.1.1. Diagnostic Tools

The results obtained from these diagnostic devices were interpreted to understand
the characteristics of osteoporosis in general and its behaviour with different variables
such as age and gender. The tools varied regarding data acquisition, and accuracy as
illustrated in Table 1. Osteoporotic bones can be assessed by analysing the femoral neck on
the unaffected side of a simple anterior-posterior X-ray, the severity of osteoporosis can be
classified into one of six grades, referred to as Singh Index as illustrated in Figure 2. This
index attributable to the rarefaction of trabecular structures [10]. Although this tool was
reported to be an inexpensive approach for bone architecture assessment, the assessment
acquired by Singh Index would be an estimation rather than accurate [11], whereas Singh
Index value was combined with bone mineral density (BMD) evaluation and reported
as an acceptable approach to investigate the mechanical competence of bone [12]. In
fact, BMD has also been used in combination with another assessment techniques such
as velocity ultrasound, and that combination was reported to improve the fracture risk
assessment for osteoporotic patients [13]. It was also suggested by Endo et al. [14], that the
assessment of osteoporotic bones using magnetic resonance imaging (MRI) could enhance
the accuracy of the assessment conducted using BMD only. The value MRI can add to
BMD is that it can predict the strength of cancellous bone in addition to the bone quality
change [14]. It is worth mentioning that BMD can be assessed using dual energy X-ray
absorptiometry (DEXA) which was reported to be the most accurate and reliable technique
for the assessment of BMD [15].

Table 1. Diagnostic tools used for bone assessment and their efficiency as reported.

Tool Use Results Reference

Singh Index (SI) Bone architecture
assessment

Inexpensive tool, but
not accurate results [11]

Singh Index (SI) + Bone
Mineral Density (BMD)

Mechanical
competence and

architecture of the
bone

Acceptable estimation
compared to Singh

Index alone
[12]

Velocity Ultrasound +
Bone Mineral Density

(BMD)

Fracture risk
assessment

Improved in
comparison with
Singh Index alone

[13]

Dual-Energy X-ray
Absorptiometry

(DEXA)
Evaluate (BMD) Excellent for the

assessment of (BMD) [15]

Magnetic Resonance
Imaging (MRI) Evaluate (BMD) Enhance accuracy of

(DEXA) results [14]
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Table 1. Cont.

Tool Use Results Reference

Low Field Nuclear
Magnetic Resonance

(LF-NMR), High
Resolution Computed

Tomography (HR-CT), and
micro-CT (µCT)

Evaluate bone
porosity and structure

Qualitative and
quantitative

information that can
be used for Finite
Elements Analysis

[16]
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Figure 2. Singh Index grades: Grade 6 The radiograph clearly shows each of the trabecular subgroups.
Cancellous bone appears to fill the whole top of the femur. Grade 5: the primary tensile trabecula has
been highlighted, and the Ward triangle is clearly visible. Grade 4: the primary tensile trabeculae
are significantly diminished, but can still be traced from the lateral cortex to the upper femoral neck.
Grade 3: the continuity of the major tensile trabeculae is broken. Grade 2: only the major compressive
trabeculae are visible, but other groups have been assimilated. Grade 1: the number and size of the
main compressive trabeculae are diminished and no longer prominent. Adapted from reference [17].

Another view to consider is the suggestion, made by Porrelli et al. [16], that morpho-
logical information cannot be extracted from DEXA and ultrasonography alone in a quali-
tative and quantitative manner. It was reported that using a combination of MRI, low field
nuclear magnetic resonance (LF-NMR), high resolution computed tomography (HR-CT),
and micro-computed tomography (µCT) have enhanced the study of bone porosity and
structure. The reason for classifying these techniques as accurate and more informative is
due to the ability to build models based on the obtained data for FEA [16].

3.1.2. Mechanical Testing

Mechanical testing in the field of tissue engineering can be conducted for various
reasons such as bone stress, strain, stiffness, failure load, and fracture risk assessment as
shown in Table 2.

Table 2. Mechanical testing approaches.

Aim Type of Test Results Reference

Determine gender effect on
fracture risk Compression

Males have a bone Young’s
modulus of 293.68 MPa and an

ultimate stress of 8.04 MPa, whereas
females have 174.26 MPa and

4.46 MPa for young’s modulus and
ultimate stress, respectively.

Therefore, men have lower fracture
risk compared to women.

[18]

65



Bioengineering 2023, 10, 161

Table 2. Cont.

Aim Type of Test Results Reference

Evaluate the weightbearing
immediately after fixation of
posterior wall (PW) fractures

Cyclic loading

With assistance, immediate load
bearing is allowable with 50% of
PW and 25% of acetabular rim,

regardless of PW fixation.

[19]

Investigate effect osteoporosis on
bone fracture toughness Fracture toughness

Fracture toughness decreased with
ageing (7.0% each decade, r = −0.36,

p = 0.029), while comparable
fracture resistance properties were
found in osteoporotic, osteoarthritic
and control groups (10% difference

for indentation and p > 0.05 for
fracture properties).

[20]

Introduce synthetic bone that
represent osteoporotic cadaveric

bones.

Four-point bending,
axial compression, and

pullout

There was good correlation found
between the cadaveric and

synthetic bone samples. The
p-values in all mechanical tests were
acceptable, ranging between 0.1–0.9
except in pullout tests (p = 0.005).

[21]

In a biomechanical study investigating the bone fragility and mechanical behaviour,
compression testing has revealed that men have lower fracture risk compared to women in
the presence of osteoporosis in both populations [18]. The findings of this study indicate
that gender is one of the variables which must be taken into account while considering a
treatment plan for an osteoporotic patient.

Mechanical testing can also be used to assess load bearing with the presence of
fractures in addition to the mechanical evaluation of different fixation approaches [19,20].
On a total of six osteoporotic female cadaveric pelvises, Marmor et al. [19] produced
posterior wall fractures. After the fracture was created, cyclic loading equal to 1.8 times
the body weight was applied. Every specimen was able to withstand the loading with a
cup motion of less than 150 µm, which is within the permissible limit. Similarly, Jenkins
et al. [20] tested the fracture toughness for three groups: osteoporosis, osteoarthritis, and
control group. It appeared that neither osteoporosis nor osteoarthritis have any additional
influence on the fracture toughness of the inferomedial femoral neck beyond that which is
caused by natural ageing.

In research that aims to create therapeutic options for osteoporosis, it is crucial to
possess bone samples that represent this skeletal condition in order to examine and evaluate
the approach. Gluek et al. [21] have introduced and evaluated a novel synthetic bone with
a mechanical reaction equivalent to that of osteoporotic bone from cadavers.

3.1.3. Finite Element Analysis

Medical engineering has implemented FEA in studies of bone structure, mechanical
properties, and assessments of treatment approaches as shown in Table 3. The accuracy
of the data obtained by FEA primarily depends on the CT scans from which the models
are constructed [22]. Rieger et al. [23] stated that their approach to study and assess bone
macrostructure and microstructure has also been used by a number of scholars. They used
high-resolution µCT images of fractured femoral heads to produce µFE mesh in order to
obtain bone stress and strain. They stated that the mechanical properties of the bone on
the macroscopic level can be obtained by the analysis of the microstructure only. Their
findings showed that using FEA in addition to numerical calculations based on that FEA as
an inversed approach can reveal macroscopic and microscopic mechanical properties of the
bone as they reported their results indicating osteoporotic bones have comparable elasticity
to healthy ones. However, the only difference identified was the yield stress with a mean of
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85.6 ± 16.7 MPa which is lower than yield stress of healthy bones. It is worth mentioning
that this approach was suggested to add supportive data to the histomorphometric analysis
in the orthopaedic studies.

Table 3. FEA for bone microstructure assessment.

Aim Bone Model Software Results Reference

Evaluate macroscopic
mechanical properties the

bone

Virtual trabecular bone
biopsy from CT scan

Abaqus
6.9-2

Osteoporotic bones have
comparable elasticity to

healthy ones, with young’s
modulus mean (±SD) of

18.92 ± 5.43 GPa. However,
the yield stress was found
to be lower in osteoporotic
bones with a mean (±SD)

of (85.6 ± 16.7 MPa).

[23]

Evaluate the influence of
plate and rod in
osteoporotic and

osteoarthritic patients

Virtual subchondral
trabecular bone biopsy

from CT scan

Scanco
Medical

Finite
Element
Software

1.06

Osteoarthritic subchondral
bones had higher stiffness

with a mean (±SD) of
12,003.56 (±7590.42)

kN/mm, while the mean
stiffness of osteoporotic

bones was 4964.01
(±3778.37) kN/mm.

Similarly, the failure load
was reported to be higher

in osteoarthritic bones
compared to osteoporotic
ones with 477.7 (±279.56)
MPa and 215.89 (±143.73),

respectively.

[24]

Similarly, He et al. [24] implemented FEA to compare and understand osteoporosis
and osteoarthritis by analysing bone structure and mechanical behaviour. In their study,
the bone microstructure was generated through virtual biopsies obtained from µCT scans
of the subchondral trabecular bone. The FEA results showed that the plate and rod
structures are significantly higher in the osteoarthritis group compared to the osteoporosis
group, which consequently the failure load, stiffness, young’s modulus, compressive
strength, yield strength, and maximum compressive force are reported to be higher in the
osteoarthritis group.

3.2. Implant Optimisation

The use of hip prothesis has been a huge leap in the treatment of skeletal diseases, as it
was stated that primary total hip replacement (THR) conveys more desirable outcomes as a
treatment intervention in comparison to other approaches such as open reduction internal
fixation regarding the stability of the acetabular component especially for osteoporotic
patients [25]. However, the complications associated with this procedure opened an area of
research for the purposes of ensuring success in the long-term. Since the major downside
of using an artificial hip joint, has been stem instability which consequently leads to further
complications. There have been different approaches reported in the literature to enhance
implant fixation and long-term stability such as design, and surface finish optimisation.
FEA has also been used to investigate factors that lead to complications, the results obtained
from these investigations has provided some insights that inspired implant optimisation.

3.2.1. Design Optimisation

Altered implant designs compared to conventional ones were implemented in clinical
trials to eliminate aseptic loosening and periprosthetic fractures (Table 4). The implant
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stem was shortened to be used in THA for osteoporotic patients [26,27]. It was reported
that a short, tapered stem can show desirable stability compared to conventional; refer to
Figure 3, which shows both short and conventional implants in a scan.

Table 4. Implant design optimisation.

Implant Design Targeted
Complication Results Limitations Reference

Short stem implant Aseptic loosening

The mean of the Harris Hip
Score (HHS) in the two groups

increased from 45.0 ± 16
(29–61) and 40.0± 11 (29–51)

prior to surgery, to 93 ± 9
(84–100) and 96 ± 7 (89–100),

respectively. The survival rate
with stem revision for aseptic

loosening was 100%.

Some cases with
Vancouver B1 and

Vancouver B2 fractures
were reported in both

groups.

[26]

Cementless short
metaphyseal fitting

stem
implant instability

The mean HHS improved from
48.0 ± 8.0(38.0–61.0) prior to

surgery to 91.0 ± 8.0
(85.0–98.0). In addition, there

were no postoperative
complications such as
infection, deep vein

thrombosis, loosening, or
peri-prosthetic fracture.

Low number of
patients, and short
follow-up duration.

[27]

Dual-mobility cups in
total hip arthroplasty

(DM-THA)

Femoral
Neck

Fractures
(FNFs)

The mean HHS increased from
58.62 (+15.79) preopratively to

86.13 (+9.92).

Cases of loosening,
revision DM-THA,

intra-prosthetic
dislocation, migration,
tilting, and severe wear

were reported in the
study.

[28]
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Although the success rate in Santori et al.’s [26] clinical trial with regards to aseptic
loosening was reported to be 100%, there are some cases were periprosthetic fractures
occurred; whereas, Zhen et al. [27] reported that the utilisation of short-stem hip joint has
eliminated both aseptic loosing and, periprosthetic fractures, and thigh pain, yet their study
had some limitations which may influenced their conclusions. The mean duration of the
follow-up after operation was (5.5 ± 1.1 year) which was deemed short and insufficient, in
addition to the low number of patients.

Implant design alteration was also used to tackle femoral neck fractures (FNFs) phe-
nomena. An approach of using dual-mobility cup in total hip arthroplasty (DM-THA)
procedure was conducted and evaluated on osteoporotic Chinese population [28]. The
use of DM-THA has shown desirable outcomes regarding dislocation of FNFs, yet in their
clinical study there was a need for revision due to loosening. These design manipulations
have shown solutions for some of the complications associated with osteoporosis such as
acetabular component fixation; however, periprosthetic fractures, and aseptic loosening still
existed with those designs. Therefore, scholars have been investigating the effectiveness of
implant surface treatment to enhance fixation and stability.

3.2.2. Surface Finish Optimisation

Large area electron beam melting (LAEB) was used to adjust the nanotopography
of the titanium alloy surface used for joint implants. The resultant surface roughness
with topography Ra of ~40 nm was reported to enhance the osteogenic differentiation
in vitro on human skeletal stem cells (SSCs) [29]. However, the mechanical properties,
mineralisation, and the bone matrix organisation of an implant treated with LAEB have
not been investigated in vivo.

3.2.3. Finite Element Analysis

Conducting FEA for the purpose of anticipating the success rate of hip joint implants
was conducted by Rafiq et al. [30] to assess the feasibility of using a cementless implant for
osteoporotic patients. The FE algorithm used was simulating stairs-climbing to investigate
micromotion at the bone–implant interface. An osteoporotic model was compared to
healthy and osteoarthritic models. Poor bone density, stiffness and thin cortical bone in
the osteoporotic model allowed an increase in the surface area which compromised bone
growth and implant stability observed by micromotion. The analysis findings suggested
that cementless implants are predicted to experience loosening on the long-term with
osteoporotic host bone.

3.3. Drugs, Cells, and Bioactivators

Some studies focused on the effect that osteoporosis has on hip prothesis after the
implantation and how that can be reversed by using anti-osteoporosis drugs, stem cells and
bio-activators for the purposes of restoring the natural bone remodelling process which is
compromised by osteoporosis. These substances have been investigated when delivered
orally or as an implant coating. Bone grafts were also investigated for their desirable
bioactivity. Yet, the most recent approach found in the literature for drug delivery into
bones is hydrogels.

3.3.1. Implant Coating

Several studies have investigated the effect of implant surface treatment on the stability
of the bone–implant interface as illustrated in Table 5.
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Table 5. Implant coating.

Treatment Targeted
Complication Results Limitation Reference

Zoledronate
Instability and poor

bone formation in the
bone–implant interface

Bone formation was
enhanced by the

elimination of osteoclastic
activity by Zolendronate.

Thus, in comparison to the
implant not coated with

Zoledronate, coated
implants showed

significantly higher
maximal pullout force

(p < 0.05) and (p < 0.01).

Used with
hydroxyapatite coating,

which is reported to
impair osteoporotic

bone ingrowth,
consequently long-term

survival.

[31,32]

Hydroxyapatite (HA)
coated implants

Poor bone–implant
ingrowth

The mean osseointegrated
implant surface (OIS) in

implants coated with HA
and uncoated ones were

23.7 and 23.5 in
ovariectomised rats,

respectively. HA have no
effect on osteoporotic

bones while it enhances the
OIS in healthy bones.

The results of the study
indicate that

HA-coated implants
deteriorate bone

ingrowth in the long
term.

[33]

Calcium
Phosphates coating

(CaP) with platelet-rich
plasma (PRP)

Implant instability

Enhanced stability, evident
by the increase in the

maximal push-out force in
the group treated with CaP
and PRP compared to the
control group (p < 0.05).

No limitations
mentioned in the study [34]

Surface Large Area
Electron Beam melting

(LAEB)

Implant surface
nanotopography

When compared to the
untreated group, the group

treated with a cathode
voltage of 35 kV and

25 shots showed a
significant increase in

osteogenic activity (two- to
three-fold). This peak was
observed to correlate with
a surface roughness (Ra) of

44 nm.

The technique has not
been investigated

in vivo for mechanical
interface strength

[29]

It is worth noting that bisphosphonates were reported to increase the fatigue life
on bone cement when they are mixed in a powder form [35]. However, different forms
of bisphosphonates were compared to Zoledronate, and the results showed that Zole-
dronate demonstrated desirable enhancement of early bone formation and bone–implant
integration, as shown in Figure 4. Gao et al. [32] stated that the benefit of bisphospho-
nate immersion on the implant surface is that they impact osteoclasts by eradicating their
proliferation activity, which is desirable for patients with osteoporosis. Another study
suggested that the use of hydroxyapatite-coated implants enhances bone mineralisation,
formation, and mechanical stability; however, using such implants may lead to loosening
and inflammation in the implant site due to the damage it causes to the bone matrix [33].
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Figure 4. Micro-CT binary images of tibiae with implants 3 months after implantation: (a) uncoated
implant; (b) Pamidronate; (c) Ibandronate; (d) Zoledronate [32].

Another approach reported to have a potential to eliminate osteoporotic effects and
influence THA success which is using calcium phosphates (CaP) to coat the implants [34].
It is worth noting that the CaP-coated implant was investigated along with platelet-rich
plasma (PRP) treatment, which may compromise the accuracy of the conclusions made
about the effects of CaP coating on its own.

3.3.2. Bone Grafts

The use of bone autografts and allografts in primary and revision arthroplasty have
been well established as a surgical solution [36]. It was also stated by Brewster et al. [36]
that the purpose of implementing a bone graft is to enhance the cup stability and fixation
in the hip, due to their superior ability to withstand complex forces (i.e., normal loads, and
shear strain). They noted that osteoporotic specimens such as femoral heads can provide
similar properties to healthy ones regarding bone grafts, though with much fewer particles.

3.3.3. Hydrogels within Metallic Scaffolds

Several scholars have studied the feasibility of using hydrogels as drug delivery
vehicles for osteoporotic bones owing to their desirable biocompatibility in addition to
their ability to provide a medium where impregnated cells can survive during the de-
sired course of release Table 6 [37–40]. Hydrogels have been studied within metallic
scaffolds as a treatment approach in fracture site for enhancement of bone remodelling and
osteointegration processes.
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Table 6. Hydrogels within metallic scaffolds.

Material Fabrication Process Impregnated Drugs Reference

NCECS-PVA and
AGPVA Chemical crosslinking Autophagy-regulated

rapamycin [37]

Poloxamer 407 Thermosensitive
mixture

Bone morphogenetic
protein-2 (BMP-2) [38]

Poloxamer 407 Thermosensitive
mixture

Technetium
methylenediphosphonate

(99Tc-MDP)
[39]

N-carboxyethyl
chitosan (N-chitosan) In situ crosslinking Bone marrow stem cells

(BMSCs) + (BMP-2) [40]

Hydrogels were preliminarily investigated in vitro and in vivo to evaluate their po-
tential contribution in the development of orthopaedic complications solutions.

The four studies identified in the literature that implemented impregnated hydrogels
all used hydrogels in combination with porous 3D printed titanium scaffolds to investigate
their effect on osteoporotic bones. They assessed the biocompatibility, cell proliferation,
cell differentiation, and mechanical stability of the composite implants.

The hydrogels in those studies were used as drug and cells delivery vehicles, they
were impregnated autophagy-regulated rapamycin [37], bone morphogenetic protein-2
(BMP-2) [38,40], and technetium methylenediphosphonate (99Tc-MDP) [39]. In fact, Bai
et al. [40] have also impregnated bone marrow stem cells (BMSCs) in the hydrogels with the
BMP-2. They were investigated in three groups to distinguish the effect of each compared
to the effect of them acting together.

It is crucial to evaluate the biocompatibility of the hydrogels when they are being
investigated for biological applications, to understand their effect in promoting cell ad-
hesion and proliferation. In all four studies, it was reported that the hydrogels show
good biocompatibility, cell proliferation, and cell differentiation using biological indicators
(i.e., Calcein acetoxymethyl ester (AM)/propidium iodide (PI) staining, and Alizarin red
staining). Although, Bai et al. [40] reported that there were negligible inflammations after
implantation, but the bone–implant site gradually became normal along the course of the
study. This inflammatory reaction by the host bone towards the implanted composite
scaffolds were not observed in the other studies.

Wang et al. [38] and Cui et al. [39] reported that the gel was formed using a ther-
mosensitive approach. Poloxamer 407 was used as a powder to be added into a solution of
sterilised phosphate-buffered saline (PBS)and kept at 4 ◦C until the solution was transpar-
ent. The drug investigated in the studies was added to the solution at the same temperature
of 4 ◦C, the mixtures were subjected to a temperature of 37 ◦C until gelation was achieved.

However, in Li et al. [37] and Bai et al. [40] chemical and crosslinking approaches were
used for the gel formation process. Strong hydrogen bonds between polyvinyl alcohol
(PVA), N-carboxyethyl chitosan (NCECS), and agarose (AG) in the form of NCECS-AG,
NCECSPVA and AG-PVA solutions, were the main factor of fabricating the hydrogels in
Li et al. [37], where gelation was instantly achieved by the intended chemical reaction;
whereas, an in-situ crosslinking approach was performed to prepare the solution of N-
carboxyethyl chitosan (N-chitosan) and adipic acid dihydraside (ADH) with hyaluronic
acid-aldehyde (HA-ALD) in Bai et al. [40]. The hydrogel was formed using a Lab Dancer to
achieve homogeneity.

The degradation rate varied in each study which indicated that different materials and
preparation methods could alter the degradation process. Li et al. [37] reported that the
hydrogels have a slow degradation rate where the process took 36 days to degrade in vitro
almost completely. Whereas, in Wang et al. [38] the drug release profiles were observed over
the course of 20 days by which 70% of the of the drug was released, and that was a result
of both drug diffusion and hydrogel degradation. It was also reported in Wang et al. [38]
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that due to protein concentrations, the detection of the drug was difficult, therefore, only
70% of the degradation was detected in that study. In Cui et al. [39] and Bai et al. [40], the
hydrogels were reported to completely degrade in 12 and 28 days, respectively. It is noted
that thermosensitive hydrogels degrade at a faster rate compared to the ones fabricated
via crosslinking.

The four studies have observed the microstructure of the hydrogels after the gelation
processes, and that was conducted using scanning electron microscope (SEM). The pore size
of the hydrogel was reported to be approximately between 100–200 µm which is favourable
to provide space for osseointegration where desired, on the scaffold interface, and inside
the pores of metallic scaffold. The advantage of allowing bone formation inside the pores
of the scaffold is increasing its stability and attachment with the host bone.

One of the outcomes of the in vivo study conducted in Bai et al. [40] is that impreg-
nating the hydrogels with a combination of BMSCs, and BMP-2 have improved the bone
regeneration process compared to the case of implementing the porous scaffold alone
as shown in Figure 5. The results obtained by Bai et al. [40] have also revealed that the
mechanical properties were significantly increased in the implant impregnated both BMSCs
and BMP-2 compared to unfilled porous titanium scaffold (p < 0.01), evident by the peak
values of the push-out tests. The desirable enhancement in the mechanical properties was
achieved by the high level of osteointegration formed between the implanted scaffold and
the host bone.
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and BMP-2 impregnated into hydrogels. Figure adapted from reference [40].

Similarly, Li et al. [37], Wang et al. [38], and Cui et al. [39] performed push-out tests
and their results indicated higher peak values when porous titanium scaffolds were filled
with impregnated hydrogels (p < 0.01 or p < 0.001). Although each study investigated
different substance impregnated in hydrogels, they have comparable osteointegration
against titanium scaffolds on their own.

Remarkably, Cui et al. [39] and Wang et al. [38] investigated the osteoclastic activity
and found that both osteoprotegerin (OPG) and technetium methylenediphosphonate
(99Tc-MDP) inhibit osteoclasts proliferation evident by RANKL expression (p < 0.001 or
p < 0.0001), respectively, compared to the pure titanium scaffolds.

On the other hand, Li et al. [37] investigated the bacterial proliferation by examining
the absorbance of S. aureus and MRSA. It was reported that the silver nanowires (Ag-NWs)
have significant effect that inhibited bacterial proliferation, which means that Ag-NWs can
eliminate postoperative inflammations. It was also observed that when porous scaffolds
were not filled with hydrogels, bacterial proliferation was greater than in the control group,
which indicate grater bacterial reproduction allowed in the voids of the porous structure.

4. Discussion

The asymptomatic nature of osteoporosis increases the chance of bone fracture occur-
rence due to fragility. Therefore, diagnostic tools are vital for preventive and analytical
purposes. BMD has been classified as one of the most important markers of bone quality,
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and the most effective way to assess BMD is using DEXA scans [16]. It was also found
that there have been studies implemented and validated using FEA as an assessment and
predictive tool of bone quality and behaviour [23,24]. The understanding of osteoporosis
led to attempts to overcome complications regarding fractures, in fact, these attempts were
even extended towards the improvement of the device that had been used for osteoporotic
patients (i.e., total hip replacement). Although implant design optimisations were reported
to improve the postoperative loosening, periprosthetic fractures still existed [26]. These
unfavourable results may be attributable to the fact that osteoporosis is a degenerative
illness, indicating that optimisation of the implant design may achieve short-term success
but will not provide long-term stability.

On the other hand, bisphosphonates, alendronates in particular, have been widely
used in daily oral doses as a treatment for osteoporotic patients and shown good results
regarding the enhancement of bone remodelling [41–43]. Therefore, the desirable outcomes
of oral bisphosphonates treatments encouraged scholars to immerse implants with bis-
phosphonates as a targeted treatment to increase the stability and fixation of the implant,
and that was done using Zoledronate [31,32]. Immersing Zoledronate on the surface of
the implant showed higher osteointegration on the bone–implant interface compared to
oral dosing of alendronate. It was noted that implants immersed with bisphosphonates
were synthesised using titanium alloys and coated with hydroxyapatite before immersion.
However, the effect of hydroxyapatite coating was reported to deteriorate bone–implant
ingrowth in osteoporotic patients [32,33]. Although they reported that there are undesired
effects of hydroxyapatite, their study groups were coated before immersion. Their practice
indicates that one cannot be used without the other.

Despite the desirable properties of bone grafts in promoting cup stability and fixation
and their biocompatibility, it was reported that the use of a bone grafts has a high infection
rate in addition to its effect of blocking revascularisation with the close packing, and
rare restoration of muscle attachment [36,44]. Further, in bone remodelling, grafts may
degrade within this process in which stability would be compromised [36]. In addition to
their limited supply, the use of autografts is not practical for osteoporotic patients due to
biomechanical complications associated with osteoporosis.

In studies that investigated hydrogels as treatment approaches with orthopaedic
devices, the results are promising and they address the current complications associated
with THR [37–40]. As stated earlier, osteoporosis compromises the success rate of THR
by the low osseointegration of the bone–implant interface which may lead to aseptic
loosening, severe inflammation, secondary fractures, and consequently revision surgeries.
Those complications were eliminated by implanting porous metallic scaffolds loaded with
hydrogels impregnated with cells, drugs, and growth factors, into osteoporotic bones
in vivo. The composite scaffolds with impregnated hydrogels have conveyed significant
increases in osteointegration and blocked the undesired osteoclastic activity which causes
the excessive bone resorption. The composites have also been impregnated with sliver
nanowires which promoted antibacterial activity which inhibited bacterial proliferation and
inflammation. Li et al. [37], Wang et al. [38], Cui et al. [39], and Bai et al. [40] investigated
hydrogels within the porous metallic scaffolds therefore, mechanical tests were performed
to assess osteo-integration on the bone–implant interface.

The promising results reported by Li et al. [37], Wang et al. [38], Cui et al. [39], and Bai
et al. [40] of using impregnated hydrogels are a huge leap in the treatment of osteoporotic
bones. The significance of this treatment approach is that the impregnated substances
work on restoring the biological activities affected by osteoporosis such as the lack of bone
ingrowth and osteointegration, and the excessive bone resorption. Yet, these studies neither
assessed the mechanical behaviour of the hydrogels nor did they investigate the effect of
impregnated hydrogels beyond metallic scaffolds. The influence of those impregnated
hydrogels could have a positive effect on osteoporotic bone and form a composite with the
native bone similar to the presented composite with metallic scaffolds. The results of such
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investigations may lead to a preventive treatment approach for osteoporotic patients before
a fracture occurs.

5. Conclusions

In this review, it was found that there have been attempts to overcome complications
associated with osteoporosis when patients are submitted for total hip replacement due
to fragility fractures. The optimisation of the implant design was reported to show short-
term stability. However, the degenerative nature of osteoporosis has led to loosening and
periprosthetic fractures in the long term. However, stability was improved when bisphos-
phonates were used on the implant surface to target the implantation site and reverse the
osteoporotic effect. Their effect was compromised by the presence of hydroxyapatite which
deteriorate bone ingrowth in osteoporotic patients.

Promising results were found in studies that used hydrogels impregnated with cells,
drugs, and growth factors within metallic scaffolds. Significant increase in osteointegration
was observed in addition to the inhabitation of osteoclastic and bacterial activities. This is
an indication that this approach restores biological activities compromised by osteoporosis.

The results from the use of impregnated hydrogels for osteoporosis are promising
to improve osteointegration and block excessive osteoclastic activity. This suggests that
hydrogels merit further investigation, which could include their use for preventative
strategies as well as investigating further novel approaches to improve the outcomes for
total hip replacements.
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Abstract: This work aims to engineer a new stable injectable Mn-based methacrylated gellan gum
(Mn/GG-MA) hydrogel for real-time monitored cell delivery into the central nervous system. To
enable the hydrogel visualization under Magnetic Resonance Imaging (MRI), GG-MA solutions were
supplemented with paramagnetic Mn2+ ions before its ionic crosslink with artificial cerebrospinal
fluid (aCSF). The resulting formulations were stable, detectable by T1-weighted MRI scans and also
injectable. Cell-laden hydrogels were prepared using the Mn/GG-MA formulations, extruded into
aCSF for crosslink, and after 7 days of culture, the encapsulated human adipose-derived stem cells
remained viable, as assessed by Live/Dead assay. In vivo tests, using double mutant MBPshi/shi/rag2
immunocompromised mice, showed that the injection of Mn/GG-MA solutions resulted in a contin-
uous and traceable hydrogel, visible on MRI scans. Summing up, the developed formulations are
suitable for both non-invasive cell delivery techniques and image-guided neurointerventions, paving
the way for new therapeutic procedures.

Keywords: gellan gum; cell delivery; manganese; magnetic resonance imaging; injectable hydrogels

1. Introduction

Cell-based therapies hold great potential for the treatment of central nervous sys-
tem (CNS) diseases. Indeed, the rationale for transplanting stem cells has been already
established in small [1] and large [2] animal models.

In this regard, the CNS can be accessed using different approaches, resulting in
cell deposition in different areas. Intraparenchymal cell delivery is performed via direct
needle injections into the parenchyma, resulting in a spatially precise cell deposition. This
route is currently considered the method of choice for a large number of studies aiming
for direct cell delivery into the CNS. In this regard, the safety of intraparenchymal cell
injection was already confirmed in studies using large animals [3], and also in phase I/II
clinical trials [4], for direct cell transplantation into the spinal cord and brain. Delivery
of therapeutic agents directly near the vicinities of a stroke poses a great advantage of
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intraparenchymal cell transplantation [5,6]. However, the hostile environment near the
stroke region hampers successful cell transplantation with effective therapeutic effect [7].
To overcome such limitation, cell-laden hydrogels capable of being injected directly into
the CNS have been successfully used, showing their potential to promote a pro-survival
environment, even near the stroke region [8]. In addition, while significant progress
has been made in the CNS field, disseminated or multifocal diseases, where a broad
cell distribution is required, pose a particular challenge for cell delivery [9]. Examples
of such multifocal disorders include multiple sclerosis or amyotrophic lateral sclerosis
(ALS). For the therapy to be effective, cell delivery must be carried to extensive areas of
the CNS. Although promising, intraparenchymal delivery is linked with a higher risk
when multifocal cell depositions are needed, making room for new, less invasive gateways
to the spinal cord [10]. Intrathecal injection is an alternative route that allows a more
widespread delivery of cells in the CNS, and it is therefore considered as an attractive
access for spinal cord targeting [11]. With this minimally invasive method, it is possible
to dispense cell suspensions, or drugs, directly into the cerebrospinal fluid (CSF), leading
to a wide distribution within the CNS. Although intrathecal injection is a routine clinical
procedure with a low rate of complications, and numerous stem cell delivery studies (both
pre-clinical and clinical) strengthened the feasibility of this route [12–14], there are still
some bottlenecks that hamper the development of this technique. The cells injected into
the CSF as a suspension in a buffer are subject to gravitational sedimentation, with their
accumulation in cauda equina or removal within circulating CSF [11,15]. One way to avoid
these undesirable effects is to embed the transplanted cells within a biomaterial matrix.

In this regard, injectable hydrogel formulations are particularly promising, mainly
due to their (i) soft and pliable nature; (ii) easy transport of nutrients and metabolites;
(iii) tissue-like fluidity; (iv) ease of fabrication; and (v) appropriate bio-adhesiveness and
integration with biological interfaces [16]. After being injected into the CNS, the hydrogel
physically supports the encapsulated cells, protects the biological material from a hostile
environment, and it can also assure a widespread distribution along the spinal cord when
injected in the intrathecal space [17].

Another challenge of CNS direct cell delivery is the correct hydrogel placement and
allocation. Particularly, for intraparenchymal injections, it is hard to predict the hydrogel
placement, as well as a possible dilution in the CSF, because the injection is performed into
a fluid compartment. Therefore, the possibility to image and monitor the injection proce-
dure in a real-time and non-invasive way adds significant value to the whole therapeutic
approach. Such control can allow the establishment of new procedures that avoid excessive
injection, or biomaterial misplacement, assuring its correct positioning. Tomographic tech-
niques, and particularly Magnetic Resonance Imaging (MRI), are the most appropriate for
image deep structures, such as the intrathecal space or the parenchyma. Using MRI, it is
possible to obtain information about the biomaterial/tissue interface as well as biomaterial
placement and biodistribution in both pre-clinical and clinical studies. Another advantage
is the non-invasive and radiation-free imaging, thus making MRI one of the most appealing
imaging modalities [18].

Visualization of the hydrogel using MRI typically requires hydrogel labelling with
a contrast agent. Most frequently used contrasts include iron oxide, gadolinium (Gd),
or fluorine in a nanoparticulate form. Although not so popular as other contrast agents,
Mn2+ ions are increasingly studied and used as a positive contrast [19]. The MRI signal is
obtained due to the paramagnetic nature of Mn2+, yielding a high contrast on T1-weighted
MRI images [20,21]. Manganese presents contrast properties similar to those of the most
commonly used Gd. However, its undeniable advantage relies on the fact that it does not
accumulate for a long-term period and might be incorporated into the organism or expelled,
as it represents one of the necessary microelements [22]. Manganese-based contrasts can not
only be used for anatomy analysis but also functional studies [23,24]. Moreover, manganese
can be delivered both by systemic and localized routes of delivery [25]. We have previously
successfully used Mn2+ as a contrast in alginate-based hydrogels. It needs to be stressed
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though that each hydrogel must be carefully investigated both in terms of its properties and
the potential release of manganese ions [26]. Therefore, the concentration of Mn2+ must be
carefully optimized due to the possible Mn-induced toxicity that might occur when high or
repetitive doses of Mn2+ are delivered [27,28].

Regardless of the method used to reach the CNS, intraparenchymal or intrathecal,
several conditions need to be met to successfully use these methods for delivery of hydrogel-
embedded stem cells. The hydrogel needs to withstand the shear forces caused by the
injection, but also rapidly cross-link upon reaching the CNS to avoid cell and biomaterial
escape to unwanted regions. In this regard, gellan gum (GG) presents great potential as an
injectable material [29]. Indeed, this natural polymer has been successfully used for several
tissue engineering applications, including intervertebral disc regeneration [30], nanoparti-
cles coating [31], bioprinting of brain-like tissues [32], among others [33]. In its native form,
GG is thermo- and ionic-responsive, and therefore fast gelation can occur in situ due to
body temperature or the presence of metallic ions in body fluids. Nevertheless, GG needs
to be heated up to approximately 50 ◦C to be water-soluble, making cell encapsulation and
delivery a challenging process. Although cells could be mixed with GG near-physiological
temperatures, the time required for injection could lead to a decrease in temperature and
consequent needle clot, as a result of hydrogel cross-link before injection.

On the other hand, the methacrylation of low acyl GG improves the solubility of this
polymer, making it water-soluble at room temperature. Thus, methacrylated GG (GG-
MA) can be easily used for cell encapsulation procedures. In addition, GG-MA remains
responsive to ionic strength and rapidly cross-links in the presence of metallic ions. Bearing
in mind that the CSF is rich in Na+, Cl−, HCO3

−, K+, Mg2+, and Ca2+ [34], it is highly
expected that in situ ionic cross-link occurs upon GG-MA injection. More than triggering
the desired in situ cross-linking of the hydrogel, the ionic interaction between GG and
metallic ions can be used to incorporate Mn2+ within the hydrogel matrix for further MRI
tracking. Indeed, it has been shown that Mn2+ strongly interacts with GG, specifically at
the carboxyl group of the D-glucuronate unit [35,36].

Previous work showed that degradable hydrogel blends formed by GG-MA and
hyaluronic acid can be combined with Mn2+ to support image-guided intrathecal cell
delivery [37]. In turn, this work aims to engineer injectable hydrogels with higher stability
that can hold the delivered therapeutic agents for longer periods at the injection site. A
slower degradation will also prevent a possible deposition of the material at cauda equina.
To that end, GG-MA hydrogels were used in combination with Mn2+ ions to prepare
traceable and stable hydrogels.

2. Materials and Methods
2.1. Preparation of Methacrylated Gellan Gum (GG-MA), MnCl2, and aCSF Solutions

Methacrylated gellan gum (GG-MA) was obtained as previously described by Silva-
Correia et al. [30]. Briefly, a solution of low-acyl gellan gum (Gelzan™ CM Gelrite®,
Sigma-Aldrich) reacted with glycidyl methacrylate (GMA, 97%, Sigma-Aldrich) overnight
at room temperature, with constant control of pH at 8.5 and under vigorous stirring. The
reaction products were precipitated by the addition of cold acetone and further purified
by dialysis (cellulose membrane, molecular weight cut-off 12 kDa, Sigma-Aldrich) against
distilled water, for one week. Then, the obtained GG-MA was frozen at −80 ◦C, freeze-
dried, and the final dry material was stored protected from light, in a dry place, until
further use. GG-MA solutions of desired concentrations were prepared by dissolving the
dry material in Milli-Q water using gentle agitation. Manganese (II) chloride powder
(MnCl2 powder, Sigma-Aldrich) was used to prepare the MnCl2 aqueous solutions used as
a supplement for GG-MA hydrogels. Artificial cerebrospinal fluid (aCSF) was prepared
following the composition listed in Table 1, and final pH adjustment to 7.3, with NaOH. For
in vitro and in vivo assays, dry GG-MA was sterilized by UV light for 30 min in a laminar
flow hood. All other materials and solutions were sterilized by filtration (0.22 µm filter).

80



Bioengineering 2023, 10, 427

Table 1. Composition of artificial cerebrospinal fluid (aCSF) solution.

Concentration (mM)

NaCl 125
KCl 2.5

MgCl2·6H2O 1
NaH2PO4 1.25

CaCl2·2H2O 2
NaHCO3 25
Glucose 25

2.2. Preparation of Mn-Based GG-MA Hydrogels

Hydrogel solutions were prepared by mixing 1% (w/v) GG-MA with MnCl2 solutions
to obtain hydrogels with 0.1 or 1 mM of Mn2+ and 0.75% (w/v) GG-MA. A solution of
0.75% (w/v) of GG-MA was used as control. To better mimic in vivo conditions, further
cross-link was obtained by hydrogel interaction with aCSF. For that, Mn-based GG-MA
(Mn/GG-MA) hydrogels were poured into cylindrical silicon templates (diameter = 8 mm;
height = 2 mm), and cross-linked with an excess of aCSF, added dropwise, for at least
5 min.

2.3. Rheological Studies

The rheologic properties of the developed hydrogels were obtained using a Kinexus
Pro+ rheometer (Malvern Instruments, UK), with the acquisition software rSpace. Oscilla-
tory tests were performed using stainless steel (316 grade) parallel plates, with an upper
measurement geometry plate with 8 mm of diameter, and a 20 mm lower pedestal with
roughened finish (to prevent sample slippage and resulting errors on the experiments).
Pre-gel solutions of 0.75% (w/v) GG-MA, and 0.75% (w/v) GG-MA supplemented with
0.1 mM or 1 mM MnCl2 were poured in the lower pedestal. The same formulations were
also tested after cross-linking with aCSF and for that purpose, hydrogels with 2 mm height
and 8 mm of diameter were prepared beforehand with the silicon templates, as mentioned
above. For the oscillatory tests, the Linear Viscoelastic Region was previously determined,
and then single-frequency oscillation experiments were performed at 0.1 Hz for 30 min.
Shear viscosity was determined by rotational experiments, using an upper measurement
geometry cone (40 mm diameter and 4◦ angle). All experiments were performed at 37 ◦C,
and plots are the average of at least 3 experiments.

2.4. Injection Ability Test

The possibility to extrude the Mn/GG-MA pre-gel solutions from a 31 G needle
was investigated using in-house injection equipment (Paralab). The measurements were
performed with a 10 µL Hamilton syringe (Gastight Syringe Model 1701 RN) coupled
with a 31 G needle. The syringe was filled with the Mn/GG-MA solution, as well as aCSF
(control). All the materials were extruded using a defined extrusion rate (10 µL/min), and
the force used to comply with it was measured and recorded using an appropriate software.

2.5. Permeability Studies

Permeability studies were performed using 70 kDa fluorescein isothiocyanate–dextran
molecules (Dextran-FITC, Sigma-Aldrich). Dextran-FITC was dissolved in Milli-Q water
and added to the Mn/GG-MA hydrogel solutions at a final concentration of 125 µg/mL.
As before, hydrogels were placed inside 8 mm discs and further cross-linked with aCSF
to mimic the delivery of the hydrogels into the intrathecal space. The resulting gels were
incubated at 37 ◦C in aCSF, with mechanical shaking. At different timepoints, 350 µL
of supernatant was retrieved and replaced by the same amount of fresh aCSF. At the
last timepoint, hydrogels were mechanically destroyed, centrifuged, and the resulting
supernatant was used to calculate the concentration of FITC-labelled molecules that were
retained inside the hydrogels, and also to calculate the total amount of dextran-FITC
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that was initially encapsulated. The fluorescence emission of FITC-labelled dextran was
measured in a microplate reader (Gen 5 2.01, Synergy HT, BioTek) using an excitation
wavelength of 485/20 nm and an emission wavelength of 528/20 nm. The concentration of
dextran-FITC released from the hydrogels was finally calculated using a calibration curve,
obtained by the measurement of the fluorescence emission of dextran-FITC solutions of
known concentrations.

2.6. Degradation Profile

The weight loss profile of the Mn-based GG-MA hydrogels upon incubation in aCSF
was used to evaluate their degradation along time. For this, the different hydrogel formula-
tions, previously cross-linked with aCSF, were weighed (initial weight, mi) and incubated
in aCSF at 37 ◦C. All solutions were supplemented with 0.2% (w/v) sodium azide (Sigma-
Aldrich) to avoid bacterial contamination. After 1, 3, 24, 72, and 168 h, the hydrogels were
retrieved, the liquid excess was gently removed, and the final mass of samples was deter-
mined (mf). Equation (1) was applied to calculate the weight loss ratio at each time point.

Degradation (%) =

(mi −m f

mi

)
× 100. (1)

2.7. Manganese Release Profile—Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP)

The Mn2+ release profile from the Mn-based GG-MA hydrogels was quantified using
inductively coupled plasma-optical emission spectroscopy (ICP; JY2000 2, Jobin Yvon,
Horiba). Hydrogel cylinders, with 8 mm diameter and 2 mm height, were incubated in
aCSF at 37 ◦C with mechanical shaking. At defined timepoints (0.5, 1, 5, 24, and 48 h),
the aCSF supernatant was collected, dissolved in nitric acid and injected into the ICP
equipment. Manganese (λem = 259.37 nm) concentrations in the aCSF solutions were
obtained by comparison with standard solutions, with a detection limit of 5 ppb.

2.8. Human Derived Adipose Stem Cells (hASCs) Isolation and Culture

Lipoaspirate samples were collected from abdominal regions of healthy human male
and female donors with ages between 18 and 57 years, after informed consent, under estab-
lished cooperative agreements between the Hospital da Senhora da Oliveira (Guimarães,
Portugal) and the 3B’s Research Group—University of Minho. After collection, samples
were digested with collagenase NB 6 GMP Grade (Serva), and centrifuged to remove all
liquids (50× g, 5 min). Then, a new collagenase solution was added to the concentrated
adipose tissue at a final concentration of 0.2 U/mL, and incubated for 1 h at 37 ◦C with
shaking. Afterwards, the tissue was washed twice with PBS and centrifuged for 10 min
at 250× g. Samples were rewashed with PBS, and the cellular pellet was then ready for
use. The obtained cell pellet was mixed with MSC growth medium (MSCGM BulletKit,
Lonza) and transferred into cell culture dishes. After 48 h, the fibroblast-like cells were
selected from the rest of the floating debris, rinsed with PBS, and cultured for the next
7 days or until near confluence. The cells were also immunostained for the MSC typical cell
surface markers: CD73, CD90, CD105 (data not shown). ADSC presented positive signal
for typical MSC markers as well as negative signal for hematopoietic markers according to
ISCT guidelines.

2.9. Cell Encapsulation

Human derived adipose stem cells (hASCs) were grown as monolayers as previously
described. At passage 3–4, confluent cells were detached from tissue culture flasks using
Trypsin (Gibco®, Life Technologies, New York, NY, USA), and a cell pellet was formed
after centrifugation at 1200 rpm for 5 min. The obtained cell pellet was gently resuspended
in Mn-based GG-MA pre-gel solution with 0.75% (w/v) GG-MA and 0.1 M MnCl2, to a
final cellular density of 1 × 106 cells/mL. Solutions of 0.75% (w/v) GG-MA without MnCl2
were also prepared and used as controls. Then, a 10 µL Hamilton syringe (Gastight Syringe
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Model 1701 RN) coupled with a 31 G needle (length = 35 mm) was filled with the cell-leaden
solutions, mounted on a stereotaxic syringe pump, and the pre-gel solutions were injected
into aCSF using a 10 µL/min extrusion rate. The resulting cell-laden fibres remained in
the aCSF for 5 min, after which the aCSF was replaced by 500 µL of cell culture media.
The hydrogels were cultured for 1, and 7 days at 37 ◦C, in a humidified air atmosphere of
5% CO2.

2.10. Live/Dead Staining

Live/Dead fluorescence assays were performed after 1 and 7 days of culture.
LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (ThermoFisher Scientific,
Rockford, USA) was used to perform the Live/Dead assay, where Calcein-AM-stained live
cells and ethidium homodimer-1 (EthD-1) stain dead cells. At each timepoint, the culture
medium was removed, 2 µM of Calcein and 4 µM EthD-1 diluted in PBS were added to
each well, and samples were then incubated for 20 min at room temperature (RT), protected
from light. After the incubation, cells were visualized in the dark using a fluorescence
microscope Cell Observer SD (Carl Zeiss, Jena, Germany) in Z-stack mode. Image acquisi-
tion was performed at the Laboratory of Advanced Microscopy Techniques, Mossakowski
Medical Research Centre, Polish Academy of Sciences. Cell viability was calculated from
the ratio between live and dead cells in each fibre, using the ImageJ software (version
2.0.0-rc-69/1.52p).

2.11. Animal Surgeries

All the procedures were performed with the approval of the Ethical Committee (IV
Local Committee in Warsaw, 117/2015). Intrathecal injections of Mn/GG-MA hydrogel
were performed in double mutant MBPshi/shi/rag2 (n = 3) immunocompromised mice. In
this regard, animals were anesthetized with 1.5–2% isoflurane in oxygen, and placed in the
stereotaxic frame in a concord-like position [38]. A small incision (7–9 mm) was made in
the midline at the posterior aspect of the skull, to expose the atlanto-occipital membrane.
Then, 10 µL of Mn/GG-MA hydrogel, prepared as described above using 0.1 mM of MnCl2,
was injected into the intrathecal or intracerebral space with a speed of 10 µL/min using
a Hamilton syringe coupled with a 31G needle. After injection, the needle was left in the
same place for an additional 1 min and then slowly withdrawn. Afterwards, the skin was
sutured, and the animal was placed in the MRI scanner.

2.12. Phantom Magnetic Resonance Imaging

Tripilot scan was followed by T1 parametric imaging with the 2D Saturation Recovery
Spin Echo Sequence with varying repetition times (TR = 200 ms–8000 ms, TE = 9.5 ms, rare
factor = 2, NA = 1, FOV = 75 mm × 75 mm, 5 slices 2.0 mm-thick with 2.0 mm gaps, spatial
resolution = 586 µm × 586 µm, scan time~13 min) and T2 parametric imaging with the
MSME sequence (TR = 5000 ms, TE = 15 ms–480 ms, NA = 1, FOV = 75 mm × 75 mm, 5 slices
2.0 mm-thick with 2.0 mm gaps, spatial resolution = 586 µm × 586 µm, scan time~8 min).

The relative magnetic resonance signal of T1-weighted images of GG-MA phantoms
with different concentrations of manganese ions was analysed using the ImageJ software
(version 2.0.0-rc-69/1.52p). Identical regions of interest (ROI) were outlined on MR images
and the signal intensity was then measured.

2.13. In Vivo Magnetic Resonance Imaging

MR imaging was performed immediately after intrathecal and intracerebral (intra-
parenchymal) injection of the hydrogel, and 24 h after surgery. For the imaging, animals
were anesthetized with isoflurane (1.5–2% in oxygen) and positioned head prone in an
MRI-compatible water-heated bed. Body temperature and respiration rate were monitored
throughout the study with MRI-compatible probes (SA Instruments, Stony Brook, NY,
USA). A 7T MR scanner (BioSpec 70/30 USR, Bruker, Ettlingen, Germany) equipped with
a transmit cylindrical radiofrequency coil (8.6 cm inner diameter, Bruker) and a mouse
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brain dedicated receive-only array surface coil (2 × 2 elements, Bruker) was used, and
the structural imaging protocol was performed as previously described [39]. Briefly, a
T1-weighted 3D FLASH sequence (TR = 12 ms; TE = 4 ms; flip angle, FA = 18; NA = 10;
field of view, FOV = 15 mm × 15 mm × 15 mm, spatial resolution = 117 µm isotropic, scan
time~25 min) was implemented. Structural imaging was followed by T1 parametric imag-
ing with the 2D Saturation Recovery Spin Echo Sequence with varying repetition times
(TR = 410 ms–8000 ms, TE = 22 ms, rare factor = 4, NA = 3, FOV = 20 mm × 20 mm, 8 slices
0.8 mm thick with no gaps, spatial resolution = 156 µm × 156 µm, scan time ~ 23 min) and
T2 parametric imaging with the MSME sequence (TR = 5000 ms, TE = 13 ms–416 ms, NA = 1,
FOV = 20 mm × 20 mm, 8 slices 0.8 mm-thick with no gaps, spatial resolution = 156 µm ×
156 µm, scan time~8 min).

2.14. Statistical Analysis

Results are presented as mean ± standard deviation, when appropriate. When ap-
plicable, the experimental data were analysed using a single-factor analysis of variance
(one-way ANOVA) to assess the statistical significance of the results, followed by post hoc
Tukey tests. Statistical significance was set at a p-value of ≤0.05. All statistical analysis was
performed using GraphPad Prism version 7.0a.

3. Results and Discussion
3.1. Mn-Based GG-MA Hydrogels

Mn-based GG-MA hydrogels (Mn/GG-MA) were prepared using methacrylated gel-
lan gum (GG-MA) as a hydrogel matrix (Figure 1A). Solutions of GG-MA were mixed with
MnCl2 solutions to obtain the desired final concentration of MnCl2 (0, 0.1, and 1 mM), in a
final concentration of 0.7% (w/w) in GG-MA. All formulations were studied by rheological
techniques to assess their mechanical properties. Time-sweep curves, plotted in Figure 1B,
were performed along 30 min to study a possible gelation effect over time. Particularly,
the evolution of the storage modulus (G′), loss modulus (G′′), and phase angle (δ) upon
the addition of ionic solutions was considered. While G′ is regarded as the stiffness of
the material, G′′ represents the liquid-like behaviour of the hydrogel. Therefore, these
parameters allow the determination of the elastic (G′) and viscous (G′′) character of the
tested hydrogels, and the ratio between these parcels (δ) providing a quantitative measure
of the material mechanical properties [40].

Without the addition of MnCl2, 0.75% (w/v) GG-MA hydrogels showed a very low G′

value of 0.65 ± 0.18 Pa, which was similar to the obtained G′′ value (0.35 ± 0.09 Pa). Con-
sidering the higher G′ value over G′′, one can assume this formulation as viscoelastic solid,
as confirmed by the phase angle value of 28.51 ± 4.58 ◦ that is between the purely elastic
(δ = 0◦) and purely viscous (δ = 90◦) values [41,42] (Supplementary Information, Figure
S1). The addition of 0.1 mM MnCl2 leads to a modest increase in G′ value to 0.80 ± 0.23 Pa,
with G′′ following the same trend (0.39 ± 0.10 Pa). In turn, GG-MA hydrogels with 1 mM
MnCl2 showed a considerably high G′ and G′′ values after the 30 min sweep due to the
electrostatic interaction of the Mn2+ ions with the carboxylic groups of GG-MA. Interest-
ingly, both parameters increased over time, showing a time-dependent interaction between
GG-MA polymeric networks and the Mn2+ ions. After the time sweep, a G′ and G′′ value of
34.54 ± 18.78 Pa and 5.34 ± 1.71 Pa was registered, respectively. As expected, the measured
phase angle was lower for hydrogels with 1 mM, 9.69 ± 1.81◦ (Supplementary Information,
Figure S1A), showing that the lag time between strain and shear stress decreases upon
addition of MnCl2. Hence, one can assume that this formulation has already a “gel-like”
character, although with insufficient mechanical stability.

Although the presence of 1 mM MnCl2 seems to have changed the rheological proper-
ties of the GG-MA hydrogel, with a slight increase in its stiffness, none of the formulations
acquired a defined, self-supporting shape. It is known that GG-MA cross-links in the
presence of ions, particularly divalent ions such as Mn2+. However, the obtained results
showed that the ionic concentration used to prepare the hydrogels was not sufficient to
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overcome the intramolecular electrostatic repulsions of the carboxylic groups in the GG-MA
network, thus giving origin to a “weak gel” [43].
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Figure 1. Preparation and rheological characterization of the Mn-based methacrylated gellan gum
(GG-MA) hydrogels. (A)—Schematic representation of Mn-based GG-MA hydrogel preparation.
Pre-gel solutions are poured into silicon templates, followed by the addition of aCSF, resulting in
cylindrical hydrogels; (B)—oscillatory time sweeps (30 min) of the different hydrogel formulations,
before and after addition of aCSF; (C) injection force registered after 30 s of hydrogel injection into
tube filled with aCSF. Average ± SD, n = 3. (D) Time-lapse of hydrogel injection into aCSF. Injection
was performed with an 18G needle and with colored hydrogel for better visualization.

The addition of artificial cerebrospinal fluid (aCSF), a salt-rich solution, to the GG-
MA led to a more efficient crosslink of the hydrogel network. The ions present in the
aCSF can interact with the GG-MA polymer, resulting in a chemical bonding between the
divalent ions (e.g., Ca2+ or Mg2+) and the polymeric network. Additionally, the presence of
monovalent ions, such as K+ or Na+, also contributed to hydrogel cross-link by screening
the electrostatic repulsion between the GG-MA ionized carboxylate groups [44]. As a
result, the Mn/GG-MA hydrogels are ionically crosslinked by the addition of aCSF. Indeed,
after incubation in aCSF for 24 h, the Mn/GG-MA hydrogel acquired a definite shape,
possible to be handled. Alongside, G′ values significantly increased to 1463.02 ± 666.19 Pa,
5157.52 ± 2330.58 Pa and 4490.19 ± 1488.04 Pa, for solutions with 0 mM, 0.1 mM and
1 mM, respectively, confirming the increase in the material stiffness upon aCSF-driven
crosslinking. An increase in G′′ values was also noticed together with the changes in G′.
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However, significant differences on the phase angle, thus in the ratio G′′/G′, were noticed
only for GG-MA hydrogels (0 mM MnCl2) and hydrogels supplemented with 0.1 mM
MnCl2, when compared to values without aCSF (Supplementary Information, Figure S1A).
Although all formulations showed a viscoelastic nature, the phase angle value was smaller
for the GG-MA hydrogels after aCSF incubation, confirming a more elastic behaviour of
these hydrogels.

The noticed changes in the rheological properties confirm the feasibility of using
Mn/GG-MA hydrogels as in situ cross-linking materials for injectable applications into the
CSF. The addition of MnCl2 in the concentrations tested was not sufficient to fully crosslink
the GG-MA hydrogel, making the formulations suitable for injection. However, when in
contact with aCSF, a solution similar to the CSF found in the intraparenchymal space, a
self-supporting, defined, viscoelastic hydrogel is formed. Therefore, the CSF can be used to
ionically crosslink the Mn/GG-MA hydrogels in situ, without the use of further stimuli.

3.2. Injection Ability

From the obtained rheology data, it is possible to infer that the ions present in the aCSF
physically cross-link all Mn/GG-MA hydrogel formulations. Yet, it is still necessary to
study the hydrogel response to high shear rates, similar to what happens during injection,
as well as to measure the force needed to inject the material.

Using steady-state shear measurements, it was possible to observe a decrease in viscos-
ity as shear rate increases, typical of shear-thinning solutions (Supplementary Information,
Figure S1B). The non-Newtonian behaviour, noticed for all formulations, strongly suggests
the feasibility of hydrogel injection. This capacity to decrease viscosity as a response to
increasing shear is highly advantageous for injectable formulations [45].

Regardless, a biomaterial is only clinically relevant for injection if the injection force
needed is not damaging to embedded cells and it is feasible in a clinical scenario. Therefore,
the force applied to extrude the Mn/GG-MA formulations into aCSF was compared with
the force needed to extrude a control solution (aCSF). The assay was performed using
31G needle, as this type of needle size is frequently used for injection in neurological
applications, in particular when small animals are used. As plotted in Figure 1C, the
pre-gel solutions were easily extruded at low forces: 0.309 ± 0.063 N for GG-MA only;
0.238 ± 0.063 N for 0.1 mM; and 0.238 ± 0.024 N for 1 mM. These values are similar to ones
obtained when extruding aCSF, 0.294 ± 0.090 N, thus showing that the tested Mn/GG-MA
hydrogels are suitable for non-invasive procedures using injection, even when needles
with small diameters are used. No needle clotting was observed during the experiment,
and the maximal force used to inject the hydrogel in each experiment was similar for all
formulations, with no significant differences observed. Interestingly, after injection into
a tube filled with aCSF, the pre-gel solution rapidly cross-links, forming a well-defined
fibre structure (Figure 1D). This is particularly important for intrathecal injections, as it
shows that Mn-based hydrogels will not disperse within the aCSF due to delayed cross-link
leading to undesired stem cell sedimentation.

3.3. Hydrogel Permeability

Hydrogel permeability is a key feature for the success of cell-based therapies. Mostly,
it is of utmost importance that nutrients and signalling molecules, such as the neurotrophic
factors released by transplanted cells, do not face additional diffusional barriers that may
hinder their release from the hydrogel to the nervous tissue.

To study the hydrogel permeability, 70 kDa dextran molecules coupled with FITC
were mixed with pre-gel solutions followed by cross-linking and incubation in aCSF for
7 days. As depicted in Figure 2A, for all formulations, most of the dextran molecules were
released within the first 2 days of incubation. The release profile of dextran is not affected
by the concentration of Mn2+ used, as no significant differences were detected between the
tested formulations. Thenceforth, it is predictable that molecules within this size range,
as most of the key neurotrophic factors released by MSCs, will freely diffuse between
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the encapsulated cells and the surrounding environment. These include the glial cell-line
derived neurotrophic factor (GDNF, 30 kDa), insulin growth factor type-1 (IGF-1, 7.65 kDa),
brain-derived neurotrophic factor (BDNF, 14 kDa), and neural growth factor (NGF, 27 kDa),
among others, which are of particular importance to the therapeutic effect of MSCs in ALS
symptoms [46,47]. Consequently, one can assume that the hydrogels herein proposed will
not interfere with the delivery of the aforementioned neurotrophic factors.
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Figure 2. Release and degradation profiles of Mn-based GG-MA hydrogels. (A) Release profile
of 70 kDa Dextran-FITC, from the hydrogel to surrounding aCSF; (B) degradation profile of Mn-
based hydrogels along time; (C) time-dependent Mn2+ release from the prepared hydrogels. Results
presented as average ± SD, n = 5. (D) relative mean intensity of the magnetic resonance signal of
T1-weighted imaging obtained with phantoms of GG-MA hydrogels supplemented with different
concentrations of manganese ions (ex vivo).

3.4. Degradation Profile

The degradation profiles of the different hydrogels were also monitored for 7 days
while incubated in aCSF, as plotted in Figure 2B. After 1 day of incubation, there was a
mass loss of 21.36 ± 3.53% for GG-MA only and 22.86 ± 4.77% and 19.22 ± 3.04% for
hydrogels with 0.1 and 1 mM MnCl2, respectively. During the following 2 days, mass
loss was less evident, and the final hydrogel weight variations were 25.31 ± 1.98% on
hydrogels supplemented with 0.1 mM MnCl2 and 27.30 ± 5.17% when 1 mM MnCl2 was
used. Although herein the hydrogels were incubated in aCSF, the obtained degradation
profile is aligned with previous studies on GG hydrogel stability in PBS. Different works
already pointed out a high stability of GG-based hydrogel, both in the low acyl form
or after methacrylation, with a weight loss of only 20% after incubation in PBS for up
to 90 days [30,48,49]. When compared with GG-MA only hydrogels, the difference in
degradation is not significant, showing again that the introduction of MnCl2 ions does not
change the GG-MA properties in a substantial way. The obtained formulations are also
more stable when compared to the hydrogel blends previously developed, using GG-MA
and hyaluronic acid [37]. Therefore, while the blends with hyaluronic acid may be more
suitable for strategies requiring the in situ delivery and migration of cells, the Mn/GG-
MA hydrogels can be used as cell depots, assuring a correct position of the therapeutic
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agents for long periods of time. More importantly, the observed stability suggests that
Mn/GG-MA hydrogels can hold the delivered cells for long periods, avoiding the undesired
sedimentation at cauda equina.

3.5. Manganese Release Profile and Magnetic Resonance Imaging

The possibility to perform image-guided interventions is highly appealing, as it can
facilitate the precise deposition of the cell-laden hydrogel into the intrathecal space or
parenchyma. With that being said, it is expected that the Mn2+ ions present in the GG-MA
matrix remain in the hydrogel long enough to be detected during the procedure of gel
injection. Thus, the Mn2+ release profile was obtained via ICP detection. As plotted in
Figure 2C, Mn2+ ions are quickly released from the hydrogel. Specifically, after 30 min of
incubation in aCSF, roughly 50% of the Mn2+ ions were released to the surrounding media
(45 ± 4% and 46 ± 1% for 0.1 and 1 mM, respectively). The total release was noticed after
1 h of incubation, for both formulations. It was already shown that Mn2+ ions interact with
the carboxyl group of the D-glucuronate unit of GG [35,36]. However, when in contact
with the aCSF, other divalent ions start to diffuse into the hydrogel and to interact with
the polymeric network leading to hydrogel crosslink [43,50]. The Mn2+ ions are then
substituted by other divalent ions, such as Ca2+ and Mg2+, and consequently released from
the hydrogel to the aCSF.

Although the total release of Mn2+ was noticed after 1 h of incubation, for both
formulations, it should be taken into consideration that Mn2+ starts to diffuse only when
in contact with the CSF solution. Hence, besides the burst release of the paramagnetic
ions, the timeframe until a complete release is achieved is enough for tracking the delivery,
placement, and initial biodistribution of the hydrogel within the CSF space. Rapid clearance
of the Mn2+ contrast signal may be considered advantageous in situations when T1 MRI is
further utilized for diagnostic purposes to follow treatment outcomes [51,52].

In order to verify appropriate Mn2+ concentration for Mn/GG-MA hydrogel visualiza-
tion in MRI, phantoms of GG-MA with different concentrations of MnCl2 were prepared
followed by T1 and T2 weighted MR imaging acquisition (Figure 2D). The MR signal was
detected with an MnCl2 concentration as low as 0.01 mM. The signal intensity increased
with MnCl2 concentration, reaching an intensity peak of 0.1 mM, with a 2.4-fold increase
in MR signal compared to aCSF. Interestingly, the signal intensity decreased for higher
concentrations (1 mM MnCl2), which can be attributed to a T2 effect that results in signal
loss [20].

The possibility to retrieve an MRI signal with low MnCl2 concentrations ensures that,
besides the rapid Mn2+ release from the hydrogels, the biomaterial is still identifiable by
MRI during the transplant procedure. In addition, the use of low Mn2+ concentrations
prevents possible deleterious effects caused by manganese-induced toxicity [53]. From the
obtained results, the formulation using 0.1 mM MnCl2 was selected to be used in further
studies, as it provides the highest MR signal.

3.6. Cell Viability: hASCs Encapsulation

In vitro biocompatibility was studied by encapsulating human-derived adipose stem
cells (hASCs) into the developed hydrogels. To better mimic a possible in vivo scenario,
hydrogels were extruded into aCSF using a 31G needle, which is typically used for small
animal studies (Figure 3A). Considering the aforementioned MRI results, in vitro biocom-
patibility was assessed using hydrogels prepared with 0.1 mM MnCl2, while GG-MA
only hydrogels were used as controls. As plotted in Figure 3B, the presence of MnCl2
did not significantly impair cell viability along the 7 days of culture. As expected, hy-
drogels were successfully extruded as fibres, and their shape was maintained throughout
the culture time, as depicted in Figure 3C. As a proof-of-concept, 18G needles were also
used to extrude hydrogels with 0.1 mM MnCl2, envisioning future large-animal studies
(Supplementary Information, Figure S2). Similarly, cells remained viable after being en-
capsulated within the hydrogel matrix, with 92 ± 3% of cells viable 7 days after extrusion.
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Considering the potential of mesenchymal stem cells [54] and in particular adipose stem
cells [55,56] on the treatment of multifocal CNS diseases, the obtained results pave the way
to the use of the developed Mn/GG-MA hydrogels as physical support in non-invasive
cell-based therapies.
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3.7. In Vivo Magnetic Resonance Imaging

The feasibility of using the developed Mn-based GG-MA hydrogels for image-guided
cell delivery was further investigated in vivo. For that, hydrogels were injected into the
intrathecal space and intraparenchymally in double mutant MBPshi/shi/rag2 mice, and
followed by MR imaging, as schematically represented in Figure 4A,C.

T1 MRI revealed that hydrogels are visible as a hyperintense signal in comparison to
the surrounding tissue (Figure 4(B-ii), arrows) directly after transplantation, confirming the
in vitro MR results. However, none of the injected GG-MA hydrogels could be visualized
24 h post-transplantation (Figure 4(B-iii)), which is in accordance with the Mn2+ release
profile previously discussed. Indeed, the CSF circulation in the intrathecal space is likely
responsible for the elution of the Mn2+ ions, thus decreasing the hyperintense signal with
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time. Hence, the engineered hydrogel can be a potential tool for the correct placement
of cells along the spinal cord, using a considerably lower amount of MnCl2 as compared
to other Mn-based hydrogels [20]. As showed before, the MnCl2 concentration used to
prepare the hydrogels is not deleterious for cells and the rapid release to the CSF prevents
a local accumulation of Mn2+ ions, which might be harmful to the local neuronal cells, and
induce Mn-related toxicity [28]. Mn/GG-MA hydrogels were also visible when hydrogels
were injected directly into the parenchyma (Figure 4C,D). MRI-guided intraparenchymal
cell delivery is also feasible using the designed hydrogel system, which might be useful for
stem cell delivery after a stroke event [8]. As shown in Figure 4D, the MR signal was more
intense when the hydrogel was injected into the parenchyma. This shows the importance
of the CSF on the clearance of the Mn2+ from the hydrogel, since in the parenchyma, the
ionic diffusion between the hydrogel and the fluid is reduced, thence increasing the signal.
Therefore, one should be aware that Mn2+ concentration must be optimized for each of the
intended cell delivery routes for better imaging outcomes.
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4. Conclusions

The present work aimed to design a new stable and traceable hydrogel for image-
guided intrathecal cell delivery. By taking advantage of the inherent affinity of methacry-
lated gellan gum to divalent ions, it was possible to incorporate paramagnetic Mn2+ ions
within the hydrogel network. Such Mn2+ labelled hydrogels can then be used for MRI-
guided injection to visualize their biodistribution. The resulting hydrogel was easily
injectable, forming distinct, stable, and biocompatible fibres upon injection in a simulated
cerebrospinal fluid environment. While the hydrogel formulation would prevent cell re-
moval due to sedimentation or CSF circulation, Mn2+ allows real-time visualization of
hydrogel position, avoiding an incorrect placement, as evaluated by in vitro and in vivo
MR imaging. Thus, the Mn-based methacrylated gellan gum hydrogels developed herein
hold great potential on minimally invasive intrathecal cell delivery, tackling two of the
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main drawbacks reported to date, and possibly open up other applications as a cell/drug
delivery matrix for neurological applications when imaging guidance is required.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/bioengineering10040427/s1, Figure S1: Rheologic charac-
terization of Mn-based hydrogels; Figure S2: Cell encapsulation in GG-MA hydrogel supplemented
with 0.1 mM.
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Abstract: In breast cancer (BC), STAT3 is hyperactivated. This study explored the design of
imidazopyridine-tethered pyrazolines as a de novo drug strategy for inhibiting STAT3 phospho-
rylation in human BC cells. This involved the synthesis and characterization of two series of com-
pounds namely, 1-(3-(2,6-dimethylimidazo [1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-
pyrazol-1-yl)-2-(4-(substituted)piperazin-1-yl)ethanone and N-substituted-3-(2,6-dimethylimidazo[1,2-
a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazoline-1-carbothioamides. Compound 3f with
2,3-dichlorophenyl substitution was recognized among the tested series as a lead structure that inhibited
the viability of MCF-7 cells with an IC50 value of 9.2 µM. A dose- and time-dependent inhibition of
STAT3 phosphorylation at Tyr705 and Ser727 was observed in MCF-7 and T47D cells when compound
3f was added in vitro. Calculations using density functional theory showed that the title compounds
HOMOs and LUMOs are situated on imidazopyridine-pyrazoline and nitrophenyl rings, respectively.
Hence, compound 3f effectively inhibited STAT3 phosphorylation in MCF-7 and T47D cells, indicating
that these structures may be an alternative synthon to target STAT3 signaling in BC.

Keywords: human breast cancer; STAT3; imidazopyridine; pyrazolines; DFT; de novo design

1. Introduction

Breast cancer (BC) is the most common cancer in women [1–4]. As shown in nu-
merous studies, various drugs such as tamoxifen, vinflunine, anastrazole, 5-fluorouracil,
Doxorubicin, paclitaxel/docetaxel, ribociclib, olaparib, and other drugs have been shown
to possess therapeutic potential for women with BC depending on the stage and the specific
molecular subtype [5–12]. Genes that encode transcription factors are directly involved
in breast cancer progression, proliferation, apoptosis, metastasis, and chemotherapy resis-
tance [13,14]. STAT3 is one such transcription factor that harbors six functional domains,
including the terminal-NH2 domain, the coiled-coil domain, the DNA-binding domain,
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the SRC homology 2 domain, and the transactivation domain [15,16]. STAT3 is activated
by both tyrosine and serine phosphorylation and translocates into the nucleus to regulate
transcription [17–19].

De novo drug design retains the potential for the discovery of new and potent lead
molecules for oncology [20]. Pharmacology has heavily utilized imidazopyridine scaffolds
in drug development [21]. Ten approved drugs contain imidazopyridine, and another 12
are in active clinical development [22,23]. A synthetic imidazopyridine compound 16, was
synthesized, tested, and determined to reduce the level of phospho-STAT3 and downstream
signaling cascades in hepatocellular carcinoma cells, which was attributed to an increase
in SHP-1A [24]. Furthermore, the design and synthesis of an imidazopyridine scaffold-
bearing compound (P3971) has been identified as a potent STAT3 inhibitor with an IC50
value of 350 nM and demonstrated significant antiproliferative activity against a variety
of cancerous cell lines including HCT116 and H460 [25]. Additionally, pyrazoles may
provide better pharmacological effects, and have also generated a number of drugs such as
pyrazofurin, celecoxib, ramifenazone, lonazolac, and rimonabant [26–30]. We reported the
synthesis of pyridine-fused pyrazoles as a STAT3 inhibitor and an inhibitor of cancer cell
growth [31]. Additionally, the pyrazole-based compound MNS1-Leu inhibited IL-6-induced
STAT3 phosphorylation in patient-derived HGG cells without adversely affecting Akt,
STAT1, JAK2, or ERK1/2 phosphorylation [32]. Compound C6 was also discovered to be a
STAT3-specific inhibitor that had the strongest anti-proliferation activities against breast
cancer cells with an IC50 value of 160 nM [33]. In light of this, we developed a conventional
de novo design and identified the essential output structures comprising imidazopyridine,
pyrazole, pyrrole, and proposed a series of imidazopyridine-tethered pyrazolines (ITP)
that could target STAT3 in breast cancer cells based on synthetic accessibility and chemical
stability (Figure 1).
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2. Results and Discussion

Using the literature method, we initially synthesized an intermediate (1-[2-methyl-
imidazo[1,2-α] pyridine-3-yl]ethanone) by reacting 2-aminopridine with 3-bromopentane-
2,4-dione [34]. Further, the chalcone [(E)-1-(2,6-dimethylimidazo[1,2-α]pyridin-3-yl)-3-
(3-nitrophenyl)prop-2-en-1-one] was synthesized by the condensation reaction between
the intermediateate and 3-nitro-benzaldehyde in presence of alcoholic NaOH, using the
literature protocol [35]. The 2-pyrazoline compound 1 [(2,6-dimethyl-3-(5-(3-nitrophenyl)-
4,5-dihydro-1H-pyrazol-3-yl)imidazo[1,2-a]pyridine)] was synthesized by refluxing the
chalcone and hydrazine hydrate in ethanol solvent. The synthesis of compound 2 [(1-(3-(2,6-
dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-1-yl)] was
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synthesized by reacting compound 1 with ethanol via acidic dehydration reaction. Fur-
thermore, the synthesis of 2-pyrazoline compounds (3a–i) [1-(3-(2,6-dimethylimidazo[1,2-
a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-1-yl)-2-(4-substitutted-piperazin-
1-yl)ethanones] was prepared by reacting the compound 1 with chloroactetyl chloride, and
substituted-piperazines under basic condition. The compounds 4(a–h) [3-(2,6-dimethylimidazo
pyridin-3-yl)-N-substituted-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazole-1-carbothioamide] were
synthesized by reacting compound 1 with substituted-isothiocyanates under basic condition
(Scheme 1, Table 1). All synthesized compounds were characterized by 1H NMR, 13C NMR,
and LCMS techniques. The NMR spectral peaks were assigned to all the compounds, which
were consistent with the theoretical calculations.
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Compound 
Code 

R1 or R2 Melting Point in °C Yield 
in % 

3a Piperidone 170–172 97 
3b 1-Boc piperazine 166–168 96 
3c Piperazine 176–178 35 
3d 1-acetyl piperazine 208–210 98 
3e 1-(4-chlorophenyl)piperazine 180–182 96 
3f 1-(2,3-dichlorophenyl)piperizine 122–124 95 
3g 1-(4-chloro-2-fluorophenyl)piperazine 196–198 95 
3h 1-(3,4-difluorophenyl)piperazine 192–194 96 

Scheme 1. Synthesis of 2-pyrazolines: reagents and conditions: (a) AcOH, EtOH, reflux;
(b) (i) chloroactetyl chloride, toluene, 0–5 ◦C, (ii) substituted piperazines, acetone, NEt3, reflux;
(c) substituted isothiocyanates, toluene, NEt3, reflux.

Table 1. Physical data of 2-pyrazolines.

Compound
Code R1 or R2 Melting Point in ◦C Yield in %

3a Piperidone 170–172 97

3b 1-Boc piperazine 166–168 96

3c Piperazine 176–178 35

3d 1-acetyl piperazine 208–210 98

3e 1-(4-chlorophenyl)piperazine 180–182 96

3f 1-(2,3-dichlorophenyl)piperizine 122–124 95

3g 1-(4-chloro-2-fluorophenyl)piperazine 196–198 95

3h 1-(3,4-difluorophenyl)piperazine 192–194 96

3i 1-(2-fluorophenyl)piperazine 160–162 98

4a Aniline 210–212 98

4b 4-nitrophenylaniline 230–232 95

4c Cyclohexylamine 204–206 98

4d 4-chlorophenylaniline 240–242 98

4e 3-chlorophenylaniline 242–244 98

4f 4-methylphenylaniline 256–258 97

4g 3,5-bis(triflourophenyl)aniline 230–232 98%

4h n-butylamine 246–248 96%
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The goal herein was to assess the ability of imidazopyridine-tethered pyrazolines to
inhibit cell viability in mammary carcinoma cells (using the Alamar Blue assay), since
pyridine-fused pyrazoles were previously shown to inhibit cell viability in various breast
cancer cells [36,37]. Results of the study indicated that compounds such as (3f), (3e), (4g),
and 3g inhibited MCF-7 cell viability with IC50 values of 9.27, 13.24, and 10.90 µM, respec-
tively (Figure 2). These compounds, which contained substitutions of 2,3-dichlorophenyl,
4-chlorophenyl, 2,5-disubstituted trifluorophenyl, 2-fluoro,4-chloro-phenyl groups as the
side chain, exhibited relative inhibition of MCF-7 cell viability. The viability of T47D, BT-
474, and SK-BR-3 cells was inhibited in a dose-dependent manner by the lead compound
3f indicating that the compound was efficacious to decrease the viability of human breast
cancer cells (Table 2; Supplementary Figures). The low chemical stability of thio-urea-based
compounds may account for the inactivity of most thiourea-conjugated pyrazolines (ex-
cluding 4g) against TNBC cells. Further, compounds 3f, 3h, and 4b showed significant
effect against TNBC cells, but were not toxic to the normal MCF-10A cells, indicating their
selectivity towards cancer cell cytotoxicity.
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Figure 2. Inhibitory effect of compounds 3f (A), 3e (B), 4g (C), and 3g (D) on the viability of MCF-
7 cells. MCF-7 cells were treated with various concentrations of 2-pyrazolines for 72 h and the
viability of cells was analyzed by Alamar Blue assays. The results are presented as mean ± S.E.M. of
triplicate determinations.

Further, the in silico mode-of-action analysis was performed for lead compound 3f
using CHEMBL’s latest version as described by kalakoti et al., [38]. For this purpose, the
smile format of compound 3f was added into the similarity searching engine of CHEMBL,
which yielded 14,856 bio-activity profiles and which gave the choice of organism, cell type,
and also the predicted human targets in the similarity ranking order [39]. The analysis of the
results sheet identified STAT3 as a target for compound 3f with a ranking of 4783 indicating
the predicted score would be reasonable to test in in vitro functional studies.
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Table 2. Effect of newly synthesized imidazopyridine-tethered pyrazolines on various breast can-
cer/carcinoma cell viability.

Entry
IC50 (µM)

MCF-7 T47D BT-474 SK-BR-3 MCF-10A

2 >100 >100 97.82±1.76 >100 >100

3a 22.81 ± 1.36 23.31 ± 1.28 4.109 ± 0.41 >100 >100

3b 22.29 ± 1.35 15.15 ± 1.13 21.29 ± 1.32 28.28 ± 1.34 >100

3c 29.27 ± 1.47 39.95 ± 1.49 26.75 ± 1.37 95.17 ± 1.79 >100

3d 21.03 ± 1.32 >100 8.04 ± 0.47 32.14 ± 1.46 >100

3e 13.24 ± 1.12 29.9 ± 1.05 17.6 ± 0.87 39.13 ± 1.46 38.34 ± 1.44

3f 9.27 ± 0.97 23.51 ± 1.25 13.91 ± 1.32 >100 >100

3g 19.40 ± 1.29 86.55 ± 1.95 63.16 ± 1.75 99.96 ± 1.98 8.69 ± 0.69

3h 19.56 ± 1.29 12.5 ± 1.01 3.061 ± 0.32 38.81 ± 1.42 6.27 ± 0.26

3i 63.69 ± 1.80 >100 >100 >100 >100

4a 81.37 ± 1.91 >100 >100 >100 >100

4b 65.36 ± 1.82 45.61 ± 1.43 7.259 ± 0.54 69.02 ± 1.41 >100

4c 46.08 ± 1.66 >100 52.83 ± 1.54 >100 >100

4d >100 >100 >100 >100 >100

4e >100 >100 >100 >100 >100

4f 56.92 ± 1.39 >100 >100 >100 >100

4g 10.90 ± 1.01 >100 >100 >100 >100

4h >100 54.42 ± 1.68 >100 >100 90.59 ± 1.98

Olaparib 3.28 ± 0.68

Therefore, in vitro experiments were performed to evaluate the effect of compound 3f
on the phosphorylation of STAT3 in MCF-7 and T47D cells, utilizing our laboratory pro-
tocol [40]. For this purpose, Western blot analysis was performed after the treatment of
MCF-7 and T47D cells with compound 3f (0, 1, 3, 5 µM) and using p-STAT3 (Tyr705),
p-STAT3 (Ser727), and STAT3 antibodies for blotting. Analysis of the results indicated
that compound 3f reduced the phosphorylation level of STAT3 at Tyr705 and Ser727 in a
dose-dependent manner without affecting the total STAT3 protein expression (Figure 3A).
Furthermore, compound 3f also reduced the phosphorylation of STAT3 at Tyr705 and
Ser727 in a time-dependent manner in both MCF-7 and T47D cells (Figure 3B). These results
clearly suggest that compound 3f decreased the constitutive phosphorylation of STAT3 in
ER+ breast cancer cell lines.

In order to understand the lead structure specificity in the bioactivity of the ITP
compounds, DFT calculations were performed. From the frontier molecular orbital (FMOs)
theory, HOMO and LUMO are the most influential factors in bioactivity. HOMO has the
priority to provide electrons, while LUMO can accept electrons. Moreover, the difference
in energy between these two FMOs can be used to predict the strength and stability of
molecular complexes [41]. Figure 4 shows the molecular orbital of compounds, while
Table 2 lists the calculated global chemical reactivity descriptor parameters of compounds.

HOMO-LUMO levels indicate the interactions between the compound and the protein
target. Usually, the HOMO of the compound interacts with the LUMO of the target for
binding, and vice versa. A higher HOMO and lower LUMO energies of the molecule imply
greater target stability and binding. The lower HOMO-LUMO gap indicates that the lead
has lower kinetic stability or higher chemical reactivity and polarizability. Compounds 4g
and 3f have the most considerable ionization potential among the compounds, 6.905 eV
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and 6.764 eV, respectively. All of the synthesized molecules are stable within the permitted
limits. Molecules with high polarizability are chemically more soft or reactive, related to
chemical hardness. Figure 4 shows contour plots of the HOMO and LUMO for compounds
3f and 4g. The green and red contours surrounding the atoms represent the negative and
positive lobes of wave functions, respectively. The green and red contours encircling the
atoms depict the wave function’s negative and positive lobes. It is clear from the plots that
the HOMO is localized on the dimethylimidazole-pyridin, pyrazoline sites, and O and S
atoms of all the molecules. In contrast, LUMO is localized on the nitrophenyl ring in all the
molecules.

The distribution of electrostatic potential (EP) over atomic sites is represented by the
molecular electrostatic potential (MEP) profile, which can be connected to the partial charge
distribution, the electronegativity of atoms in lead molecules, and their interactions. The
MEP plots of compounds 3f and 4g are shown in Figure 5, where the EP varies from the
negative (red) to the positive value (blue) in the sequence given by the color spectrum: red
(negative) < orange < yellow < green < blue (positive). The negative EPs are located on
the O atomic sites of C=O and N-O2, which indicate that these sites are electron-rich. The
positive EPs are seen on H atoms, particularly for H attached to the N, indicating this is an
electron-deficient site. Depending on the nature of EPs, these sites would prefer to bind to
sites having the opposite potential in the binding pocket or hydrogen bonding interaction
(Table 3). For example, the electron-rich C=O should combine with positively charged
protons of amino acid residues present in the binding pocket.
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Table 3. FMOs energy with global chemical parameters values of synthesized compounds.

Global Parameters 3f 3h 3i 4c 4d 4g

EHOMO (eV) −5.764 −5.799 −5.704 −5.645 −5.733 −5.905
ELUMO (eV) −3.049 −3.086 −3.016 −3.201 −3.267 −3.366
∆ELUMO–HOMO (eV) 2.715 2.713 2.688 2.444 2.466 2.539
Ionization potential (I) (eV) 5.764 5.799 5.704 5.645 5.733 5.905
Electron affinity (A) (eV) 3.049 3.086 3.016 3.201 3.267 3.366
Hardness (η) (eV) 1.357 1.356 1.344 1.222 1.233 1.269
Softness (S) (eV)−1 0.368 0.368 0.372 0.409 0.405 0.393
Chemical potential (µ) (eV) −4.406 −4.442 −4.360 −4.423 −4.500 −4.635
Electronegativity (χ) (eV) 4.406 4.442 4.360 4.423 4.500 4.635
Electrophilicity (ψ) (eV) 7.151 7.274 7.072 8.004 8.211 8.463

The rigid docking method analyzed the synthesized compounds 3f and 4g [42].
AutoDock4.2 was used to determine the orientation of inhibitors bound to STAT3 (PDB
ID: 1BG1) and the conformation with the highest binding energy value for each molecule.
The binding modes of STAT3 inhibitors were analyzed using the PyMOL software to iden-
tify new STAT3 inhibitors. The binding site at the SH2 domain of STAT3 was described
by Becker et al. [43]. It was used to elucidate the interactions that contributed to the
compounds’ binding affinity to STAT3.

The promising binding modes of 3f and 4g at the SH2 domain of the STAT3 protein
were analyzed. Figures 6 and 7 show the ligand and receptor complex poses with the
highest binding energy. The binding energies of 3f and 4g to the SH2 domain of STAT3
were observed to be −9.27 kcal/mol and −6.95 kcal/mol, respectively, indicating that the
molecule has a high affinity for the target. The binding patterns of the lead molecules 3f
and 4g were studied. Both molecules bound to the same site on the receptor molecule
(STAT3) and exhibited similar interactions with the vital amino acids of the SH2 domain of
STAT3. The docking results showed that the ketone group of 3f forms a hydrogen bond
with Leu706 of the SH2 domain, and the nitro group of the same molecule interacts with
ARG688 via a salt bridge. One of the oxygens in the nitro group of 4g forms a hydrogen
bond and the other oxygen participated in the interaction through a salt bridge with the
same ARG688 (Figure 8). To summarize, the presence of nitro groups (Figures 8 and 9)
in the molecules and structural flexibility facilitates its interaction with the SH2 domain
of STAT3.
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Finally, we attempted to understand the effect of compound 3f on the blocking of
pSTAT3 into nuclear functionally since pSTAT3 dimers could enter the nucleus to give tran-
scription. For this purpose, we conducted an immunocytochemistry assay using MCF-7 and
T47D cells. We observed that compound 3f inhibited the nuclear translocation of STAT3 in
MCF-7 and T47D cells. We also analyzed the distribution of phospho-STAT3 in the nucleus
and cytoplasm using fluorescent-labeled antibodies. Compound 3f could block the nuclear
translocation of pSTAT3 in MCF-7 and T47D cells, as shown in Figure 10A,B, respectively.
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Figure 10. The nuclear localization of STAT3 in MCF-7 (A) and T47D (B) cells was inhibited by
compound 3f. MCF-7 and T47D cells were treated with the compound 3f (5 µM), and then analyzed
for intracellular distribution by immunocytochemistry. The results shown are representative of three
independent experiments. The fluorescence intensity of p-STAT3 and STAT3 was performed. The
merged image indicates the overlapping of p-STAT3/STAT3/DAPI images. The results shown are
representative of three independent experiments.

3. Materials and Methods

All chemicals and solvents for chemistry were purchased from Sigma-Aldrich and
TCI chemicals, INDIA. The completion of the reaction was monitored by pre-coated silica
gel TLC plates. 1H and 13C NMR were recorded on an Agilent NMR spectrophotometer
(400 MHz); TMS was used as an internal standard and CDCl3 was used as a solvent,
chemical shifts are expressed as ppm.

3.1. General Procedure for the Synthesis of Imidazole-Pyridine Substituted Pyrazoline Derivatives

1-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)ethenone reacting with 3-nitrobenzaldehyde
in 30% KOH gives chalcone which on treating with hydrazine hydrate gives 2-pyrazolines.
The synthesis of the compound was reported in earlier reports and complies with the
reported molecule [34,35].
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3.2. Synthesis of 2-Pyrazoline Derivatives (3a–i) from 2,6-Dimethyl-3-(5-(3-nitrophenyl)-
4,5-dihydro-1H-pyrazol-3-yl)imidazo[1,2-a]pyridine

One mmol of (1) was dissolved in toluene and kept in an ice bath. After 15 min
triethylamine (1.5 mmol) was added in portions followed chloroacetyl chloride (1.5 mmol)
and the reaction was monitored by TLC. After the completion of the reaction, toluene
was distilled off under reduced pressure and the residue was extracted with chloroform.
The crude solid was used directly in the next reaction without further purification. The
crude solid (1 mmol) and substituted piperazines (1 mmol) were dissolved in acetone and
refluxed overnight with triethylamine (1 mmol). TLC was monitored and acetone was
distilled off, the crude obtained was extracted with chloroform and recrystallized using
DCM-Hexane to afford substituted pyrazoline derivatives(3a–i).

3.3. Synthesis of 2-Pyrazoline Derivatives (4a–h) from 2,6-Dimethyl-3-(5-(3-nitrophenyl)-
4,5-dihydro-1H-pyrazol-3-yl)imidazo[1,2-a]pyridine

Pyrazoline derivative (1) (1 mmol) and substituted isothiocyanates (1.2 mmol) were
dissolved in toluene and refluxed overnight with triethylamine (1 mmol). The reaction
was monitored by TLC and reaction mass was filtered, washed with hexane to remove
unreacted isothiocyanate, and dried in hot air oven to yield pure substituted thiourea
derivatives (4a–h).

3.4. 1-(3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-1-
yl)ethanone (2)

Yellow solid; MP: 166–168 ◦C; yield: 92%;1H NMR (400 MHz, CDCl3): δ 9.28 (s, 1H),
8.14–8.11 (m, 2H), 7.62 (d, J = 7.6 Hz, 1H), 7.56–7.52 (m, 2H), 7.30–7.23 (m, 1H), 5.65 (dd,
J = 11.7, 4.7 Hz, 1H, CH), 4.06 (dd, J = 11.6, 5.6 Hz, 1H, CH2), 3.35 (dd, J = 17.2, 4.8 Hz,
1H, CH2), 2.59 (s, 3H, CH3), 2.50 (s, 3H, CH3), 2.44 (s, 3H, CH3); 13C NMR (100 MHz,
CDCl3): δ 173.40, 153.78, 153.32, 151.49, 150.77, 148.72, 137.10, 135.07, 134.93, 131.57, 128.63,
127.91, 125.82, 121.01, 118.30, 62.92(CH), 49.65(CH2), 27.07(CH3), 23.77(CH3), 21.48(CH3);
MS = 377.1488, m/z = 378.1891 [M + 1]+

3.5. 1-(2-(3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-
1-yl)-2-oxoethyl)piperidin-4-one (3a)

Yellow solid; 1H NMR (400 MHz, CDCl3): δ 9.21 (s, 1H), 8.21–8.06 (m, 2H), 7.64 (d,
J = 7.4 Hz, 1H), 7.54–7.53 (m, 2H), 7.27 (d, J = 9.8 Hz, 1H), 5.66 (dd, J = 11.5, 4.6 Hz, 1H, CH),
4.05 (dd, J = 17.1, 11.9 Hz, 1H, CH), 3.96 (d, J = 16.2 Hz, 1H, COCH2), 3.83 (d, J = 16.2 Hz,
1H, COCH2), 3.36 (dd, J = 17.2, 4.6 Hz, 1H, CH), 3.09–2.86 (m, 4H, (CH2)2), 2.59 (s, 3H, CH3),
2.51 (t, J = 5.6 Hz, 4H, (CH2)2), 2.44 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 213.42,
172.00, 153.82, 150.90, 148.42, 137.20, 135.18, 135.07, 131.44, 128.70, 128.05, 125.73, 121.17,
118.15, 82.39, 82.07, 81.76, 63.71, 63.19, 58.41, 49.26, 46.30((CH2)2), 23.84(CH3), 21.58(CH3);
MS = 474.2016, m/z = 475.2095 [M + 1]+

3.6. Tert-butyl-4-(2-(3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-
1H-pyrazol-1-yl)-2-oxoethyl)piperazine-1-carboxylate (3b)

Yellow solid; 1H NMR (400 MHz, cdcl3): δ 9.21 (s, 1H), 8.13 (d, J = 8.2 Hz, 1H), 8.09 (s,
1H), 7.62 (d, J = 7.8 Hz, 1H), 7.59–7.47 (m, 2H), 7.29–7.25 (m, 1H), 5.64 (dd, J = 11.8, 4.9 Hz,
1H, CH), 4.04 (dd, J = 17.3, 11.9 Hz, 1H, CH2), 3.82 (d, J = 16.0 Hz, 1H, COCH2), 3.69 (d,
J = 16.0 Hz, 1H, COCH2), 3.48 (s, 4H, (CH2)2), 3.35 (dd, J = 17.3, 5.0 Hz, 1H, CH2), 2.65–
2.59 (m, 4H, (CH2)2), 2.59 (s, 3H, CH3), 2.44 (s, 3H, CH3), 1.44 (s, 9H, (CH3)3); 13C NMR
(100 MHz, CDCl3): δ 171.94, 159.69, 153.80, 153.68, 151.91, 150.87, 148.48, 137.18, 135.12,
135.03, 131.48, 128.67, 127.99, 125.79, 121.12, 118.20, 84.70(C(CH3)), 64.68(CH2), 63.15(CH),
58.33(CH2)2, 50.48(CH2)2, 49.23(CH2), 33.45(CH3)3, 23.80(CH3), 21.53(CH3).
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3.7. 1-(3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-1-
yl)-2-(piperazin-1-yl)ethanone (3c)

Yellow; 1H NMR (400 MHz, CDCl3): δ 9.20 (s, 1H), 8.14 (d, J = 7.5 Hz, 1H), 8.10 (s,
1H), 7.70–7.48 (m, 3H), 7.28 (s, 1H), 5.65 (d, J = 7.2 Hz, 1H, CH), 4.04 (dd, J = 12.0, 16.4 Hz,
1H, CH2), 3.78 (dd, J = 16.0, 16.0 Hz, 2H, COCH3), 3.36 (d, J = 16.8 Hz, 1H, CH2), 3.08
(s, 2H, (CH2)2), 2.81 (d, J = 18.0 Hz, 2H, (CH2)2), 2.60 (s, 3H, CH3), 2.47 (s, 3H, CH3),
1.26 (s, 1H, NH).

3.8. 2-(4-Acetylpiperazin-1-yl)-1-(3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-
4,5-dihydro-1H-pyrazol-1-yl)ethanone (3d)

Brown solid; 1H NMR (400 MHz, CDCl3): δ 9.20 (s, 1H), 8.20–8.05 (m, 2H), 7.62–7.53
(m, 3H), 7.28–7.26 (m, 1H), 5.64 (d, J = 7.3 Hz, 1H, CH), 4.09–3.99 (m, 1H, CH2), 3.85 (d,
J = 15.9 Hz, 1H, COCH2), 3.67 (t, J = 26.2 Hz, 4H, (CH2)2), 3.51 (s, 1H, COCH2), 3.39–3.32
(m, 1H, CH2), 2.66 (d, J = 14.7 Hz, 4H, (CH2)2), 2.59 (s, 3H, COCH3), 2.44 (s, 3H, CH3),
2.07 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 168.90, 166.74, 148.78, 148.66, 146.99,
145.81, 143.35, 132.13, 130.08, 130.03, 126.38, 123.67, 122.96, 120.66, 116.07, 113.10, 59.34(CH),
58.11(CH2), 53.31(CH2)2, 46.18(CH2)2, 41.35(CH2), 21.17(CH3), 18.74(CH3), 16.42(CH3);
MS = 503.2281, m/z = 504.2384 [M + 1]+

3.9. 2-(4-(4-Chlorophenyl)piperazin-1-yl)-1-(3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-
nitrophenyl)-4,5-dihydro-1H-pyrazol-1-yl)ethanone (3e)

Brown solid; 1H NMR (400 MHz, CDCl3): δ 9.25 (s, 1H), 8.14 (d, J = 8.0 Hz, 1H), 8.11
(s, 1H), 7.64 (d, J = 7.2 Hz, 1H), 7.63–7.46 (m, 2H), 7.26 (s, 1H), 7.17 (d, J = 8.0 Hz, 2H), 6.82
(d, J = 8.4 Hz, 2H), 5.66 (d, J = 7.2 Hz, 1H, CH), 4.05 (dd, J = 12.4, 16.0 Hz, 1H, CH2), 3.90 (d,
J = 15.6 Hz, 1H, COCH2), 3.74 (d, J = 16.0 Hz, 1H, COCH2), 3.37 (dd, J = 2.8, 16.8 Hz, 1H,
CH), 3.23 (s, 4H, (CH2)2), 2.86 (d, J = 16..0 Hz, 4H, (CH2)2), 2.60 (s, 3H, CH3), 2.46 (s, 3H,
CH3); 13C NMR (100 MHz, CDCl3): δ 166.80, 154.41, 148.67, 148.40, 146.71, 145.68, 143.38,
132.11, 129.99, 126.42, 124.35, 123.63, 122.86, 122.44, 122.36, 120.72, 118.90, 116.06, 115.95,
115.86, 113.11, 59.60(CH), 58.06(CH2), 53.65(CH2)2, 50.23(CH2)2, 44.12(CH2), 18.69(CH3),
16.34(CH3); MS = 571.21, m/z = 572.26 [M + 1]+

3.10. 2-(4-(2,3-Dichlorophenyl)piperazin-1-yl)-1-(3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-
(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-1-yl)ethanone (3f)

Yellow solid; 1H NMR (400 MHz, cdcl3): δ 9.26 (s, 1H), 8.15–8.13 (m, 2H), 7.65 (d,
J = 7.4 Hz, 1H), 7.55–7.51 (m, 2H), 7.26–7.9 (m, 1H), 7.13 (d, J = 6.2 Hz, 2H), 6.95 (d, J = 6.3
Hz, 1H), 5.67 (dd, J = 11.6, 4.6 Hz, 1H, CH), 4.12–4.01 (m, 1H, CH2), 3.90 (d, J = 15.9 Hz,
1H, COCH2), 3.75 (d, J = 15.8 Hz, 1H, COCH2), 3.37 (dd, J = 17.2, 4.6 Hz, 1H, CH2), 3.12 (s,
4H, (CH2)2, 2.88 (d, J = 18.6 Hz, 4H, (CH2)2), 2.60 (s, 3H, CH3), 2.47 (s, 3H, CH3); 13C NMR
(100 MHz, CDCl3): δ 167.01, 151.21, 148.77, 148.58, 146.78, 145.82, 143.50, 133.96, 132.17,
130.05, 129.96, 127.51, 127.43, 126.48, 124.60, 123.63, 122.92, 120.76, 118.68, 116.06, 113.19,
59.67(CH2), 58.12(CH2), 53.74(CH2)2, 51.18(CH2)2, 44.19(CH2), 18.78(CH3), 16.48(CH3);
MS = 605.17, m/z = 606.23 [M + 1]+

3.11. 2-(4-(4-Chloro-2-fluorophenyl)piperazin-1-yl)-1-(3-(2,6-dimethylimidazo[1,2-a]pyridin-3-
yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-1-yl)ethanone (3g)

White solid; 1H NMR (400 MHz, CDCl3): δ 9.25 (s, 1H), 8.18–8.08 (m, 2H), 7.64 (d,
J = 7.6 Hz, 1H), 7.59–7.47 (m, 2H), 7.29–7.26 (m, 1H), 7.03–7.00 (m, 2H), 6.84 (t, J = 8.7 Hz,
1H), 5.66 (dd, J = 11.7, 4.8 Hz, 1H, CH2), 4.05 (dd, J = 17.2, 11.9 Hz, 1H, CH2), 3.88 (d,
J = 15.9 Hz, 1H, COCH3), 3.73 (d, J = 15.9 Hz, 1H, COCH3), 3.36 (dd, J = 17.3, 4.9 Hz,
1H, CH2), 3.13 (s, 4H, (CH2)2), 2.86 (td, J = 10.7, 5.9 Hz, 4H, (CH2)2), 2.60 (s, 3H, CH3),
2.45 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 166.92, 148.74, 148.61, 146.81, 145.82,
143.46, 138.96, 138.88, 132.19, 130.06, 129.95, 126.47, 124.45, 123.60, 122.93, 120.75, 119.59,
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116.87, 116.63, 116.07, 113.17,59.68(CH), 58.12(CH2), 53.60(CH2)2, 50.32(CH2)2, 44.19(CH2),
18.76(CH3), 16.50(CH3); MS = 589.2004, m/z = 590.2119 [M + 1]+

3.12. 2-(4-(3,4-Difluorophenyl)piperazin-1-yl)-1-(3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-
(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-1-yl)ethanone (3h)

Brown solid; 1H NMR (400 MHz, CDCl3): δ 9.24 (s, 1H), 8.11 (s, 2H), 7.63–7.53 (m, 3H),
7.25 (s, 1H), 7.30–7.27 (m, 1H), 6.72–6.64 (m, 1H), 6.56 (d, J = 8.2 Hz, 1H), 5.66 (dd, J = 11.8,
4.9 Hz, 1H, CH), 4.05 (dd, J = 17.3, 11.9 Hz, 1H, CH2), 3.90 (d, J = 15.9 Hz, 1H, COCH3), 3.75
(d, J = 15.9 Hz, 1H, COCH3), 3.39–3.33 (m, 1H, CH2), 3.19 (s, 4H, (CH2)2), 2.86 (d, J = 15.5
Hz, 4H, (CH2)2), 2.60 (s, 3H, CH3), 2.46 (s, 3H, CH3);13C NMR (100 MHz, CDCl3): δ 166.60,
148.71, 148.51, 146.83, 145.71, 143.30, 132.10, 130.01, 129.98, 126.38, 123.60, 122.90, 122.89,
120.63, 117.15, 116.98, 116.00, 113.07, 111.44, 105.40, 105.20, 77.21, 76.90, 76.58, 59.34, 58.05,
53.20, 49.28, 44.13, 18.70, 16.37.

3.13. 1-(3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-pyrazol-
1-yl)-2-(4-(2-fluorophenyl)piperazin-1-yl)ethanone (3i)

Brown solid; 1H NMR (400 MHz, CDCl3): δ 9.25 (s, 1H), 8.14–8.12 (m, 2H), 7.65–7.49
(m, 3H), 7.28–7.24 (m, 1H), 7.04–6.90 (m, 4H), 5.66 (dd, J = 11.5, 4.7 Hz, 1H, CH), 4.04 (dd,
J = 17.1, 11.9 Hz, 1H, CH2), 3.89 (d, J = 15.9 Hz, 1H, COCH3), 3.75 (d, J = 15.9 Hz, 1H,
COCH2), 3.36 (dd, J = 17.1, 4.4 Hz, 1H, CH2), 3.17 (s, 4H, (CH2)2), 2.88 (d, J = 17.8 Hz, 4H,
(CH2)2), 2.60 (s, 3H, CH3), 2.45 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 166.80, 154.41,
148.67, 148.40, 146.71, 145.68, 143.38, 132.11, 129.99, 126.42, 124.35, 123.63, 122.86, 122.44,
122.36, 120.72, 118.90, 116.06, 115.95, 115.86, 113.11, 59.60(CH), 58.06(CH2), 53.65(CH2)2,
50.23(CH2)2, 44.12(CH2), 18.69(CH3), 16.34(CH3).

3.14. 3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-N-phenyl-4,5-dihydro-1H-
pyrazoline-1-carbothioamide (4a)

White solid; 1H NMR (400 MHz, cdcl3): δ 9.13 (s, 1H), 9.04 (s, 1H), 8.18–8.09 (m, 2H),
7.66 (d, J = 7.7 Hz, 3H), 7.56 (dd, J = 17.5, 8.5 Hz, 2H), 7.37 (t, J = 7.8 Hz, 2H), 7.29 (d,
J = 8.8 Hz, 1H), 7.19 (s, 1H), 6.25 (dd, J = 11.6, 3.6 Hz, 1H, CH), 4.15 (dd, J = 17.2, 11.7 Hz,
1H, CH2), 3.39 (dd, J = 17.2, 3.7 Hz, 1H, CH2), 2.60 (s, 3H, CH3), 2.46 (s, 3H, CH3); 13C
NMR (100 MHz, CDCl3): δ 173.18, 149.96, 148.64, 147.58, 146.05, 143.87, 138.53, 132.10,
130.31, 129.86, 128.73, 125.92, 125.55, 124.00, 123.73, 122.69, 120.75, 116.29, 112.82, 61.22(CH),
44.57(CH2), 18.81(CH3), 16.72(CH3); MS = 470.1525, m/z = 471.1626 [M + 1]+

3.15. 3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-N-(4-nitrophenyl)-4,5-
dihydro-1H-pyrazole-1-carbothioamide (4b)

Orange solid; 1H NMR (400 MHz, CDCl3): δ 10.13 (s, 1H), 9.37 (s, 1H), 9.13 (s, 1H),
8.14 (s, 1H), 8.01-7.94 (m, 3H), 7.54–7.60 (t, J = 10.0 Hz, 2H), 7.34 (d, 2H), 6.23 (dd, J = 2.0,
2.0 Hz, 1H, CH), 4.19 (dd, J = 1.0, 1.0 Hz, 1H, CH2), 3.84–3.76 (m, 1H, CH2), 2.63 (s, 3H,
CH3), 2.51 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 173.18, 149.96, 148.64, 147.58,
146.05, 143.87, 138.53, 132.10, 130.31, 129.86, 128.73, 125.92, 125.55, 124.00, 123.73, 122.69,
120.75, 116.29, 112.82, 61.22(CH), 44.57(CH2), 18.81(CH3), 16.72(CH3); MS = 515.1376,
m/z = 516.2025 [M + 1]+

3.16. N-Cyclohexyl-3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-
1H-pyrazoline-1-carbothioamide (4c)

Yellow solid; 1H NMR (400 MHz, CDCl3): δ 9.10 (s, 1H), 8.08 (s, 2H), 7.64–7.48 (m,
3H), 7.27–7.29 (m, 1H), 7.21 (d, J = 8.1 Hz, 1H), 6.15 (dd, J = 11.7, 3.8 Hz, 1H, CH), 4.07
(dd, J = 17.1, 11.7 Hz, 1H, CH2), 3.34 (dd, J = 17.1, 3.9 Hz, 1H, CH2), 2.58 (s, 3H, CH3), 2.46
(s, 3H, CH3), 2.09 (s, 1H, CH), 1.73 (s, 4H, (CH2)2), 1.54–1.45 (m, 2H, CH2), 1.45–1.29 (m,
4H, (CH2)2); 13C NMR (100 MHz, CDCl3): δ 168.90, 166.74, 148.78, 148.66, 146.99, 145.81,
143.35, 132.13, 130.09, 126.38, 123.67, 122.96, 120.66, 116.07, 113.10, 59.34(CH), 58.11(CH),
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53.31(CH2)2, 46.18(CH2)2, 44.18(CH2), 41.35(CH2), 18.74(CH3), 16.42(CH3); MS = 476.20,
m/z = 477.25 [M + 1]+

3.17. N-(4-Chlorophenyl)-3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-
dihydro-1H-pyrazoline-1-carbothioamide (4d)

Yellow solid; 1H NMR (400 MHz, CDCl3): δ 9.11 (s, 1H), 8.97 (s, 1H), 8.15 (d, J = 6.1 Hz,
2H), 7.67 (d, J = 7.6 Hz, 1H), 7.63–7.52 (m, 4H), 7.34 (d, J = 8.7 Hz, 2H), 7.25 (s, 1H), 6.23
(dd, J = 11.5, 3.5 Hz, 1H, CH), 4.16 (dd, J = 17.2, 11.7 Hz, 1H, CH2), 3.41 (dd, J = 17.2, 3.6
Hz, 1H, CH2), 2.61 (s, 3H, CH3), 2.47 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 173.18,
149.96, 148.64, 147.58, 146.05, 143.87, 138.53, 132.10, 130.31, 129.86, 128.73, 125.92, 125.55,
124.00, 123.73, 122.69, 120.75, 116.29, 112.82, 61.22(CH), 44.57(CH2), 18.81(CH3), 16.72(CH3);
MS = 476.1681, m/z = 485.2469 [M + 1]+

3.18. N-(3-Chlorophenyl)-3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-
dihydro-1H-pyrazoline-1-carbothioamide (4e)

Yellow solid; 1H NMR (400 MHz, CDCl3): δ 9.11 (s, 1H), 9.03 (s, 1H), 8.17–8.11 (m,
2H), 7.77 (t, J = 2.0 Hz, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 9.0 Hz, 1H), 7.55 (dd,
J = 7.0, 1.7 Hz, 2H), 7.31 (dd, J = 13.8, 4.8 Hz, 2H), 7.18–7.12 (m, 1H), 6.22 (dd, J = 11.6,
3.8 Hz, 1H, CH), 4.16 (dd, J = 17.3, 11.7 Hz, 1H, CH2), 3.40 (dd, J = 17.3, 3.9 Hz, 1H, CH2),
2.61 (s, 3H, CH3), 2.48 (s, 3H, CH3).; 13C NMR (100 MHz, CDCl3): δ 167.01, 151.21, 148.77,
148.58, 146.78, 145.82, 143.50, 133.96, 132.17, 130.05, 129.96, 127.51, 127.43, 126.48, 124.60,
123.63, 122.92, 120.76, 118.68, 116.06, 113.19, 53.74(CH), 51.18(CH2), 18.78(CH3), 16.48(CH3).

3.19. 3-(2,6-Dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-N-(p-tolyl)-4,5-dihydro-1H-
pyrazoline-1-carbothioamide (4f)

White solid; 1H NMR (400 MHz, CDCl3): δ 9.13 (s, 1H), 8.93 (s, 1H), 8.17–8.12 (m, 2H),
7.67 (d, J = 7.7 Hz, 1H), 7.59 (d, J = 9.0 Hz, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.49 (d, J = 8.3 Hz,
2H), 7.30 (dd, J = 9.1, 1.5 Hz, 1H), 7.19 (d, J = 8.2 Hz, 2H), 6.26 (dd, J = 11.6, 3.8 Hz, 1H, CH),
4.15 (dd, J = 17.2, 11.7 Hz, 1H, CH2), 3.39 (dd, J = 17.2, 3.8 Hz, 1H, CH2), 2.61 (s, 3H, CH3),
2.46 (s, 3H, CH3), 2.34 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3): δ 173.72, 149.77, 148.71,
147.53, 145.98, 144.00, 135.94, 135.71, 132.21, 130.44, 129.93, 129.41, 125.99, 124.40, 124.11,
122.77, 120.80, 116.30, 112.92, 77.32, 77.00, 76.69, 61.32, 44.62, 21.01, 18.88, 16.74.

3.20. N-(3,5-Bis(trifluoromethyl)phenyl)-3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-
nitrophenyl)-4,5-dihydro-1H-pyrazoline-1-carbothioamide (4g)

Yellow solid; 1H NMR (400 MHz, CDCl3): δ 9.31 (s, 1H), 9.13 (s, 1H), 8.26 (s, 2H), 8.15
(s, 1H), 7.66 (s, 1H), 7.64-7.53 (m, 2H), 7.34 (d, J = 9.0 Hz, 1H), 7.26 (t, J = 3.7 Hz, 1H), 7.18
(s, 1H), 6.21 (dd, J = 11.5, 3.8 Hz, 1H, CH), 4.20 (dd, J = 17.3, 11.6 Hz, 1H, CH2), 3.45 (dd,
J = 17.3, 3.8 Hz, 1H, CH2), 2.63 (s, 3H, CH3), 2.49 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3):
δ 172.21, 150.70, 148.74, 148.46, 146.34, 143.25, 140.10, 132.24, 131.85, 130.74, 130.06, 129.00,
128.18, 125.98, 125.25, 124.33, 123.03, 122.65, 121.68, 120.79, 118.36, 116.52, 112.64, 61.33(CH),
44.73(CH2), 18.73(CH3), 16.83(CH3); MS = 606.13, m/z = 607.19 [M + 1]+

3.21. N-Butyl-3-(2,6-dimethylimidazo[1,2-a]pyridin-3-yl)-5-(3-nitrophenyl)-4,5-dihydro-1H-
pyrazoline-1-carbothioamide (4h)

White solid; 1H NMR (400 MHz, CDCl3): δ 9.09 (s, 1H), 8.16–8.06 (m, 2H), 7.56 (ddd,
J = 25.3, 17.7, 7.8 Hz, 3H), 7.28 (dd, J = 9.1, 1.5 Hz, 1H), 7.20 (t, J = 5.1 Hz, 1H), 6.15 (dd,
J = 11.7, 3.9 Hz, 1H CH), 4.08 (dd, J = 17.2, 11.8 Hz, 1H, CH2), 3.69 (qd, J = 13.2, 6.3 Hz,
2H, CH2), 3.34 (dd, J = 17.2, 4.0 Hz, 1H, CH2), 2.58 (s, 3H, CH3), 2.46 (s, 3H, CH3), 1.70
(dd, J = 8.5, 7.1 Hz, 2H, CH2), 1.50 (dd, J = 15.1, 7.4 Hz, 2H, CH2), 1.00 (t, J = 7.3 Hz,
3H, CH3); 13C NMR (100 MHz, CDCl3): δ 175.43, 149.31, 148.69, 146.88, 145.85, 144.44,
132.15, 130.15, 129.88, 125.94, 123.79, 122.66, 120.69, 116.25, 113.04, 61.30(CH), 44.53(CH2),
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44.50(CH2), 31.22(CH2), 20.27(CH2), 18.70(CH3), 16.63(CH3), 13.8(CH3); MS = 450.1838,
m/z = 451.2311 [M + 1]+

3.22. Cell Viability Assay

MCF-7 cells were procured from Procell Life Science and Technology Co. LTD, Wuhan,
China. Human breast cancer T47D, BT474, and SK-BR-3 cells were obtained from American
Type Culture Collection (Washington, DC, NW, USA). Cells (2000) were cultured in MEM or
Leibovitz’s L-15 medium enriched with 2% FBS and maintained in a humidified atmosphere
of 5% CO2 at 37 ◦C. A stock solution of DMSO-dissolved compounds was prepared, and this
solution was diluted with culture medium as required. MCF-7 Cells (4 × 103) were cultured
in 96-well plates for 12 h and then treated for 72 h with compounds at concentrations of 0,
0.01, 0.1, 10, 100, and 1000 mM. Using Alamar Blue, the compounds were evaluated for
their inhibitory effects [44,45]

3.23. Preparation of Whole Cell Lysates

As previously reported, whole-cell lysates from cells treated with compound 3f were
prepared to detect protein expression and phosphorylation [46] using a lysis buffer [Tris
(20 mM, pH 7.4), NaCl (250 mM), EDTA (2 mM, pH 8.0), Triton X-100 (0.1%), aprotinin
(0.01 mg/mL), leupeptin (0.005 mg/mL), phenylmethane sulfonyl fluoride (0.4 mM), and
NaVO4 (4 mM)]. To remove insoluble material, lysates were centrifuged at 13,000 rpm for
15 min.

3.24. Western Blot Analysis

Equal protein concentrations of cell lysate were resolved on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, followed by transfer to nitrocellulose membranes as
reported previously [47]. Incubation was carried out overnight at 4 ◦C with antibodies after
treatment with 5% skim milk. Afterward, the membranes were washed, probed with HRP-
conjugated secondary antibodies for 2 h, and then visualized using chemiluminescence.

3.25. In Silico DFT Calculations

The theoretical calculations were performed using Gaussian 09 [48] and Gaussview
5 program. The polarized and diffused basis set 6-311+G(d, p) provides accurate values for
all theoretical calculations. The computational studies utilized the most useful and precise
hybrid method of B3LYP [49]. The structures of the compounds were fully optimized with
no constraint. The global chemical reactivity descriptors (GCRD) were evaluated to under-
stand the chemical properties of a molecule, such as ionization potential, electron affinity,
chemical hardness (η), softness (S), potential (µ), electronegativity (χ), and electrophilic
index (ψ). The global hardness [η = (ELUMO − EHOMO)/2], softness (S = 1/2η), chemical
potential [µ = (EHOMO + ELUMO)/2], electronegativity [χ = (I+A)/2], and electrophilic index
(ψ = µ2/2η) were calculated by taking the energies of HOMO as ionization potential (I) and
LUMO as electron affinity (A). Chemical hardness, softness, and potential were used to
understand the chemical reactivity of the molecular system [50].

3.26. Docking Simulation

AUTODOCK4.0 [51] software was employed for molecular docking studies. The
docking receptor STAT3 (PDB ID: 1BG1) was retrieved from the RCSB Protein Data Bank.
The graphical user interface AUTODOCK TOOLS was utilized to build up the protein
molecule. The water molecules were removed from the protein crystal and only polar
hydrogens were applied. The predicted gasteigers charge was found to be −25.9962. For
both dockings, the grid box size was 127 × 127 × 85 with a grid spacing of 0.55Å. The
receptor and the complex were saved in the pdbqt file format. Using Lamarckian genetic
algorithm searches, twenty runs were performed. The default parameters were employed,
with a maximum of 2.5 × 106 energy assessments and an initial population of 50 randomly
placed individuals [52]. The autogrid4.exe and autodock4.exe functions were executed at
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the end of the docking process to generate glg and dlg files. Maestro (v2020.4) [53] and
PyMOL (v2.5.2) [54] were used to generate the interaction pictures and visualization plots.

3.27. Immunocytochemistry Assay

As described earlier, STAT3 phosphorylation in cells was quantified [55]. After com-
pound 3f treatment (10 µM for 4 h), cells were fixed for 20 min with paraformaldehyde
(4%). Thereafter, cells were treated with 0.2% Triton X-100 in phosphate-buffered saline for
permeabilization, followed by blocking with 5% bovine serum albumin for 1 h. Then, the
preparation was incubated overnight at 4 ◦C with a rabbit polyclonal anti-human STAT3
antibody (dilution, 1:100). The next day, slides were subjected to washing and incubation
with Alexa Fluor 594 (dilution, 1:1000) anti-Rabbit IgG1 for 1 h at room temperature in the
dark. In the next step, DAPI (5 µg/mL) was used for counterstaining the nuclei. The slides
were mounted and analyzed under an Olympus FluoView FV1000 confocal microscope
(Tokyo, Japan).

4. Conclusions

A series of imidazopyridine-tethered-purazoles were synthesized and screened for loss
of viability of breast cancer cells. The lead compound 3f inhibited STAT3 phosphorylation
in MCF-7 and T47D cells. The DFT calculations and molecular docking experiments
showed a theoretical bioactivity correlation for compound 3f towards STAT3. In conclusion,
compound 3f effectively inhibited the phosphorylation of STAT3 in MCF-7 and T47D cells,
indicating that ITPs may be an alternative method to target STAT3 in BC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/bioengineering10020159/s1. Supplementary data for newly synthesized molecules and their
IC50 values determined against human breast cancer cells.

Author Contributions: A.R., R.S., M.H.Y., J.-R.Y., Z.X., A.S. and O.N. performed the experiments;
B.B., M.M., P.E.L., K.S.A., A.C., S.A.A. and V.P. designed the experiments; B.B., G.S., K.S.A., M.M. and
P.E.L. provided resources; B.B., P.E.L., G.S. and K.S.A. wrote the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by DBT-NER, and Vision Group on Science and Technology
(CESEM), Government of Karnataka. This work was also supported by Singapore MOE Tier 1 grant to
GS. This work was supported by a National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIP) (NRF-2021R1I1A2060024). This work was also supported by the Shenzhen
Key Laboratory of Innovative Oncotherapeutics (ZDSYS20200820165400003) (Shenzhen Science and
Technology Innovation Commission), China; Shenzhen Development and Reform Commission
Subject Construction Project ([2017]1434), China; Overseas Research Cooperation Project (HW2020008)
(Tsinghua Shenzhen International Graduate School), China; Tsinghua University Stable Funding
Key Project (WDZC20200821150704001); the Shenzhen Bay Laboratory (21310031), China and TBSI
Faculty Start-up Funds, China. This project was supported by Researchers Supporting Project number
(RSP2023R5), King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: The synthesized compounds are available at Basappa Laboratory.

References
1. Ghoncheh, M.; Pournamdar, Z.; Salehiniya, H. Incidence and Mortality and Epidemiology of Breast Cancer in the World. Asian

Pac. J. Cancer Prev. 2016, 17, 43–46. [CrossRef] [PubMed]
2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

110



Bioengineering 2023, 10, 159

3. Wenger, C.R.; Clark, G.M. S-phase fraction and breast cancer—A decade of experience. Breast Cancer Res Treat. 1998, 51, 255–265.
[CrossRef] [PubMed]

4. Pandya, V.; Githaka, J.M.; Patel, N.; Veldhoen, R.; Hugh, J.; Damaraju, S.; McMullen, T.; Mackey, J.; Goping, I.S. BIK drives an
aggressive breast cancer phenotype through sublethal apoptosis and predicts poor prognosis of ER-positive breast cancer. Cell
Death Dis. 2020, 11, 448. [CrossRef] [PubMed]

5. van Kuilenburg, A.B.; Maring, J.G. Evaluation of 5-fluorouracil pharmacokinetic models and therapeutic drug monitoring in
cancer patients. Pharmacogenomics 2013, 14, 799–811. [CrossRef] [PubMed]

6. Osborne, C.K. Tamoxifen in the treatment of breast cancer. N. Engl. J. Med. 1998, 339, 1609–1618. [CrossRef] [PubMed]
7. Gourmelon, C.; Bourien, H.; Augereau, P.; Patsouris, A.; Frenel, J.S.; Campone, M. Vinflunine for the treatment of breast cancer.

Expert Opin. Pharmacother. 2016, 17, 1817–1823. [CrossRef] [PubMed]
8. Tutt, A.N.J.; Garber, J.E.; Kaufman, B.; Viale, G.; Fumagalli, D.; Rastogi, P.; Gelber, R.D.; de Azambuja, E.; Fielding, A.; Balmaña, J.;

et al. Clinical Trial Steering Committee and Investigators. Adjuvant Olaparib for Patients with BRCA1- or BRCA2-Mutated Breast
Cancer. N. Engl. J. Med. 2021, 384, 2394–2405. [CrossRef] [PubMed]

9. Symmans, F.W. Breast cancer response to paclitaxel in vivo. Drug Resist. Updat. 2001, 4, 297–302. [CrossRef] [PubMed]
10. Cuzick, J.; Sestak, I.; Forbes, J.F.; Dowsett, M.; Cawthorn, S.; Mansel, R.E.; Loibl, S.; Bonanni, B.; Evans, D.G.; Howell, A. IBIS-II

investigators. Use of anastrozole for breast cancer prevention (IBIS-II): Long-term results of a randomised controlled trial. Lancet
2020, 395, 117–122. [CrossRef] [PubMed]

11. Cuzick, J.; Sestak, I.; Baum, M.; Buzdar, A.; Howell, A.; Dowsett, M.; Forbes, J.F. ATAC/LATTE investigators. Effect of anastrozole
and tamoxifen as adjuvant treatment for early-stage breast cancer: 10-year analysis of the ATAC trial. Lancet Oncol. 2010, 11,
1135–1141. [CrossRef] [PubMed]

12. Hortobagyi, G.N.; Stemmer, S.M.; Burris, H.A.; Yap, Y.S.; Sonke, G.S.; Paluch-Shimon, S.; Campone, M.; Blackwell, K.L.; André, F.;
Winer, E.P.; et al. Ribociclib as First-Line Therapy for HR-Positive, Advanced Breast Cancer. N. Engl. J. Med. 2016, 375, 1738–1748.
[CrossRef] [PubMed]

13. Jia, L.Y.; Shanmugam, M.K.; Sethi, G.; Bishayee, A. Potential role of targeted therapies in the treatment of triple-negative breast
cancer. Anticancer. Drugs 2016, 27, 147–155. [CrossRef] [PubMed]

14. Lee, J.H.; Kim, C.; Kim, S.H.; Sethi, G.; Ahn, K.S. Farnesol inhibits tumor growth and enhances the anticancer effects of bortezomib
in multiple myeloma xenograft mouse model through the modulation of STAT3 signaling pathway. Cancer Lett. 2015, 360, 280–293.
[CrossRef] [PubMed]

15. Furtek, S.L.; Backos, D.S.; Matheson, C.J.; Reigan, P. Strategies and Approaches of Targeting STAT3 for Cancer Treatment. ACS
Chem. Biol. 2016, 11, 308–318. [CrossRef] [PubMed]

16. Garg, M.; Shanmugam, M.K.; Bhardwaj, V.; Goel, A.; Gupta, R.; Sharma, A.; Baligar, P.; Kumar, A.P.; Goh, B.C.; Wang, L.; et al.
The pleiotropic role of transcription factor STAT3 in oncogenesis and its targeting through natural products for cancer prevention
and therapy. Med. Res. Rev. 2021, 41, 1291–1336. [CrossRef] [PubMed]

17. Lee, J.H.; Kim, C.; Baek, S.H.; Ko, J.H.; Lee, S.G.; Yang, W.M.; Um, J.Y.; Sethi, G.; Ahn, K.S. Capsazepine inhibits JAK/STAT3
signaling, tumor growth, and cell survival in prostate cancer. Oncotarget 2017, 8, 17700–17711. [CrossRef] [PubMed]

18. Baek, S.H.; Ko, J.H.; Lee, H.; Jung, J.; Kong, M.; Lee, J.W.; Lee, J.; Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.; et al. Resveratrol
inhibits STAT3 signaling pathway through the induction of SOCS-1: Role in apoptosis induction and radiosensitization in head
and neck tumor cells. Phytomedicine 2016, 23, 566–577. [CrossRef] [PubMed]

19. Ma, J.H.; Qin, L.; Li, X. Role of STAT3 signaling pathway in breast cancer. Cell Commun. Signal. 2020, 18, 33. [CrossRef] [PubMed]
20. Hartenfeller, M.; Schneider, G. De novo drug design. Methods Mol. Biol. 2011, 672, 299–323. [CrossRef] [PubMed]
21. Khatun, S.; Singh, A.; Bader, G.N.; Sofi, F.A. Imidazopyridine, a promising scaffold with potential medicinal applications and

structural activity relationship (SAR): Recent advances. J. Biomol. Struct. Dyn. 2022, 40, 14279–14302. [CrossRef] [PubMed]
22. Brown, D.G.; Wobst, H.J. A Decade of FDA-Approved Drugs (2010–2019): Trends and Future Directions. J. Med. Chem. 2021, 64,

2312–2338. [CrossRef] [PubMed]
23. He, L.J.; Yang, D.L.; Chen, H.Y.; Huang, J.H.; Zhang, Y.J.; Qin, H.X.; Wang, J.L.; Tang, D.Y.; Chen, Z.Z. A Novel Imidazopyridine

Derivative Exhibits Anticancer Activity in Breast Cancer by Inhibiting Wnt/β-catenin Signaling. Onco. Targets Ther. 2020, 13,
10111–10121. [CrossRef] [PubMed]

24. Su, J.C.; Chang, C.H.; Wu, S.H.; Shiau, C.W. Novel imidazopyridine suppresses STAT3 activation by targeting SHP-1. J. Enzyme
Inhib. Med. Chem. 2018, 33, 1248–1255. [CrossRef] [PubMed]

25. Godse, P.; Kumar, P.; Yewalkar, N.; Deore, V.; Lohar, M.; Mundada, R.; Padgaonkar, A.; Manohar, S.; Joshi, A.; Bhatia, D.; et al.
Discovery of P3971 an orally efficacious novel anticancer agent targeting HIF-1α and STAT3 pathways. Anticancer. Agents Med.
Chem. 2013, 13, 1460–1466. [CrossRef] [PubMed]

26. Nichols, W.C.; Kvols, L.K.; Ingle, J.N.; Edmonson, J.H.; Ahmann, D.L.; Rubin, J.; O’Connell, M.J. Phase II study of triazinate and
pyrazofurin in patients with advanced breast cancer previously exposed to cytotoxic chemotherapy. Cancer Treat Rep. 1978, 62,
837–839. [PubMed]
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Abstract: This study tested the anticoagulant effect of cyclodextrin (CD) hyper-branched-based poly-
mers (HBCD-Pols). These polymers were synthesized and tested for their coagulant characteristics
in vitro and in vivo. Due to their polymeric structure and anionic nature, the polymers can chelate
Ca2+, reducing the free quantity in blood. HBCD-Pol increased the blood clotting time, PT, and
aPTT 3.5 times over the control, showing a better effect than even ethylenediaminetetraacetic acid
(EDTA), as occured with recalcification time as well. A titration of HBCD-Pol and EDTA showed
exciting differences in the ability to complex Ca2+ between both materials. Before executing in vivo
studies, a hemocompatibility study was carried out with less than 5% red blood cell hemolysis. The
fibrinogen consumption and bleeding time were analyzed in vivo. The fibrinogen was considerably
decreased in the presence of HBCD-Pol in a higher grade than EDTA, while the bleeding time was
longer with HBCD-Pols. The results demonstrate that the anticoagulant effect of this HBCD-Pol
opens novel therapy possibilities due to the possible transport of drugs in this carrier. This would
give combinatorial effects and a potential novel anticoagulant therapy with HBCD-Pol per se.

Keywords: cyclodextrin; hyper-branched polymers; coagulation; calcium; EDTA; therapy; in vivo

1. Introduction

Recent reports suggest thrombosis is responsible for one in four deaths worldwide,
which is expected to increase due to the aging of the population. There are two types of
thrombosis, arterial and venous; they are closely related to the existence of one another, and
different factors, such as infections or diet, can influence their appearance. For example,
they may be associated with cardiovascular diseases such as hyperlipidemia, smoking, or
diabetes, which provoke the rupture of atherosclerotic plaques and promote the formation
of a thrombus [1].

Antithrombotic agents are divided into three families: anticoagulants, anticoagulants
and fibrinolytic agents. Another type is the anticoagulants that prevent fibrin formation,
which predominates in venous thrombi. There are four FDA-approved anticoagulants:
(i) heparins, which bind antithrombin [2], (ii) vitamin K antagonists (warfarin, [3]), (iii) di-
rect thrombin inhibitors, and (iv) direct FXa inhibitors (Table 1). Typically, all current
agents are associated with different secondary effects, such as bleeding. They can be oral or
injected, although oral anticoagulants could present non-significant reductions in overall
major bleeding, significantly lower rates of intracranial hemorrhage, and higher rates of
gastrointestinal bleeding [4]. Due to all of the above, it has been continuously interesting to
discover novel drugs with reduced adverse effects or carriers that increase the activity of
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the drug while decreasing the adverse effects. The increased bioavailability of drugs is an
excellent option to achieve better results and safe profiles of drugs. In this field, the use of a
carrier called cyclodextrin (CD) is highly considered.

Table 1. Examples of anticoagulant drugs in comparison with EDTA and HBCD-Pol.

Anticoagulant Drugs Molecule Polymer

Enoxaparin (synthetic
heparin) ë

Warfarin ë EDTA ë HBCD-Pol [5]

Schematic structure
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ɫ extracted from PUBCHEM (CID 772, 54678486 and 6049 on 23 November 2022). 

CDs are well-known to the scientific community for their ability to solubilize poorly 
soluble drugs [6–8]. Chemically, CDs are cone-shaped oligosaccharides obtained from 
starch with α-(1,4) linked glucose units. The most common CDs are the natural derivatives 
with six, seven, and eight glucose units, α-, β- and γ-cyclodextrin (CD), respectively. The 
CD ring is a conical cylinder of an amphiphilic nature, with a hydrophilic outer layer 
(formed by the hydroxyl groups) and a lipophilic cavity [9]. Classically, poorly soluble 
drugs are complexed with CD, creating the so-called “inclusion complex,” which 
increases its solubility, stability, or bioactivity [10–12]. 

In some cases, their capacity lacks efficiency due to the drug’s complex structure or 
the desire for different profiles (e.g., slower release). Different materials have been 
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ëextracted from PUBCHEM (CID 772, 54678486 and 6049 on 23 November 2022).

CDs are well-known to the scientific community for their ability to solubilize poorly
soluble drugs [6–8]. Chemically, CDs are cone-shaped oligosaccharides obtained from
starch with α-(1,4) linked glucose units. The most common CDs are the natural derivatives
with six, seven, and eight glucose units, α-, β- and γ-cyclodextrin (CD), respectively. The
CD ring is a conical cylinder of an amphiphilic nature, with a hydrophilic outer layer
(formed by the hydroxyl groups) and a lipophilic cavity [9]. Classically, poorly soluble
drugs are complexed with CD, creating the so-called “inclusion complex”, which increases
its solubility, stability, or bioactivity [10–12].

In some cases, their capacity lacks efficiency due to the drug’s complex structure or the
desire for different profiles (e.g., slower release). Different materials have been prepared
to improve their properties. This is the case of the hyper-branched CD-based polymers
(HBCD-Pol, [5], Table 1), which are soluble but with a three-dimensional network and
tunable structure with little/no toxicity [13]. Curiously, although free CDs did not present
a coagulation effect [14], HBCD-Pol demonstrated the capacity to chelate different cationic
ions, which could originate a combinatorial effect between the increase in activity of some
anticoagulant for the complexation and the interferences with the Ca2+ signal [5,15].

Based on this last point, these intrinsic capacities for eventual use as an anticoagulant
are presented in this research. This will open a gate for novel therapeutic approaches where
HBCD-Pol can be administered with different drugs to control and manage the coagulation
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from a combinatorial point of view. In particular, different points will be studied in three
different blocks:

(I) The capacity of HBCD-Pol to chelate Ca2+;
(II) The in vitro anticoagulant activity and its hemocompatibility to determine the blood

clotting time and the plasma recalcification time. After these, we study the prothrom-
bin time (PT) and the partial prothrombin time (PTT);

(III) The in vivo PT, PTT, fibrinogen, and bleeding time using rats as a model.

2. Materials and Methods
2.1. Materials

β-cyclodextrin (β-CD) was kindly provided by Roquette Freres (Lestrem–France). Py-
romellitic anhydride (PMDA), dimethylsulfoxide (DMSO), triethylamine (Et3N), ethylene-
diaminetetraacetic acid (EDTA), thrombin from bovine plasma, partial thromboplastin
time (aPTT) and prothrombin time (PT) assay agents were purchased from Sigma-Aldrich
(Milan, Italy). Animal food was supplied by Javaneh Khorasan Co. (Iran). All chemicals
and reagents used were of analytical grade unless otherwise specified.

2.2. In Vitro Protocols and Experiments
2.2.1. Synthesis of HBCD-Pol

Hyper-branched water-solubleβ-CD polymer (HBCD-Pol) was prepared as reported [5].
Briefly, 6 mL of anhydrous DMSO and 1 mL of triethylamine were placed in a glass scintil-
lation vial round-bottom flask and 0.997 g of β-CD was added until complete dissolution.
Then, the required quantity of PMDA (pyromellitic dianhydride) was added to achieve a
1:12 (CD:linker) molar ratio, and the solution was allowed to react for 24 h at room tem-
perature. Once the reaction was completed, the product was precipitated by adding ethyl
acetate, and an excess of ethyl acetate was added during filtration to remove impurities.
After drying, the product was solubilized in deionized water, lyophilized, and finally, resid-
uals and unreacted reagents were completely removed by Soxhlet extraction with acetone
for 24 h. Elemental analysis was used to confirm the total removal of DMSO. The white
powder was dried and ground in a mortar, then preserved in dark and dry conditions.

2.2.2. Potentiometric Titration

The chelating agents used in potentiometric titration were HBCD-Pol and EDTA,
forming chelates through the reaction with Ca2+. The titration was carried out according to
the procedure described in the literature [16]. A 0.1 M NaOH solution, pre-standardized
with 0.025 M oxalic acid solution, was used as a titrant. Titration was carried out using a
volumetric manual burette by adding 0.1 mL of the titrant under gentle stirring of the analyte
solution (50 mL) at room temperature. Subsequently, 500 mg of EDTA, HBCD-Pol and their
complexes with 20 mg of Ca2+ ions were used as analytes. To reach an equilibrium between
readings, it was necessary to add the titrant around every 60 s. pH values were continuously
measured and recorded after each addition using a pH meter until a pH of 12 was reached.
The titration curve of pH versus NaOH titration volume was generated, and the curve’s
inflection point, using a second derivative method, was found for the indicated transition.
Then, the volume of NaOH consumed at the inflection point is applied to the Equation (1)
used for the calculation of the milliequivalents of acidity per 100 g of sample (meq):

meqof acidity
100 g sample

=
Vs∗ cNaOH ∗ 100

ms
(1)

where Vs is the volume of NaOH consumed by the sample, cNaOH is the concentration of
NaOH in mol/L and ms is the mass of the sample [16].
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2.2.3. Anticoagulant Activity

Fresh Wistar male rat’s blood was used to evaluate the anticoagulant activity of
HBCD-Pol compared to EDTA and control at room temperature without citrate sodium
addition, according to the literature [17]. Different concentrations of 250, 500, 1000, 1500 and
2000 (µg/mL blood) of HBCD-Pol (5%) and concentrations of 500 and 1000 (µg/mL blood)
for EDTA (5%) as a positive control were separately added to glass tubes with 1 mL of fresh
rat blood. The blood that was free of additions was drawn to the tube as a control. Almost
all blood samples were then checked over the next 1 and 3 h for detectable changes at room
temperature, such as the formation of a clot.

2.2.4. In Vitro Clotting Time

Blood clotting time (CBT) is a primary method to identify the prominent hemostatic
agent [18]. Blood samples were collected from Wistar male rats and mixed with 3.8%
sodium citrate. CBT was started by adding 1500, 1000 and 500 µg/mL of HBCD-Pol (5%)
and the same concentrations for EDTA (5%) into a 5 mL glass tube, followed by incubating
at 37 ◦C for 5 min, and the control group added nothing. Then, 1 mL of citrated rat
blood was mixed with the samples and continued for incubation at 37 ◦C for 3 min. After
that, 500 µL of 0.025 M CaCl2 aqueous solution was added into the tubes to trigger the
coagulation pathway. The tubes were taken out of the water bath and inclined every 30 s
until the blood in the tube did not flow. The clotting time was recorded as the result of CBT.

2.2.5. Plasma Recalcification Time (PRT)

Plasma recalcification time (PRT) was determined according to the hook method [18].
Briefly, collected blood was mixed with 3.8% trisodium citrate (1/10 vol). Platelet-poor
plasma (PPP) was obtained by centrifuging the fresh blood at 3000 rpm for 15 min at 4 ◦C.
A fresh 300 µL of PPP was incubated at 37 ◦C with 1500, 1000 and 500 µg/mL blood of
HBCD-Pol and the same amount for EDTA at tube tests for 3 min. The recalcification of
plasma was checked using 30 µL of 0.5 M CaCl2. Plasma was observed every 1 min to
estimate fibrin thread formation in PPP. PRT was designated as the time to recalcification
from the time of the addition of CaCl2.

2.2.6. Partial Thromboplastin Time (aPTT) and Prothrombin Time (PT) Assays

All the test samples, test reagents and CaCl2 solution were incubated at 37 ◦C in
advance [18,19]. To test aPTT, 100 µL of PPP and 100 µL of aPTT reagent were incubated at
37 ◦C for 5 min, and then different concentrations (1500, 1000 and 500 µg/mL blood) of
HBCD-Pol 5% and the same volume of EDTA 5% was added. Then, 100 µL of CaCl2 0.025 M
was added to the tubes. The prothrombin time (PT) test was performed by adding 100 µL of
PPP, which was mixed with both HBCD-Pol and EDTA 5% as the same used concentrations
for aPTT and then 200 µL of PT reagents to the tube successively. The negative controls
were considered pure aPTT and PT reagents without samples. The PTT and PT were tested
with an automatic coagulometer (ACL 300R, Instrumentation Laboratory).

2.2.7. Hemocompatibility Test

The hemolytic activity of HBCD-Pol was evaluated according to the standard tech-
nique [20]. The freshly citrated prepared blood samples were collected and centrifuged
at 1000 rpm for 5 min. Then, the plasma was removed, and approximately 5 mL of ster-
ile phosphate-buffered saline (PBS), pH 7.4, was added with repeated centrifugation at
1000 rpm for 5 min to remove the plasma residues. Then, 1000 µL of HBCD-Pol were mixed
with blood tubes and incubated at 37 ◦C and 150 RPM for 90 min. After incubation, the
tubes were placed on an ice bath for 5 min and then centrifuged at 1000 rpm for 5 min. Then,
100 µL of supernatant was removed from the tube and then diluted with a refrigerated PBS
solution to yield 2% v/v. The same procedure was repeated with PBS as a negative control
and Triton X-100 (0.1% by volume) as a positive control. Finally, each sample’s absorbance
was calculated at a value of 540 nm.
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2.3. In Vivo Experiments

For in vivo experiments’ published protocols with modifications were used [21]. Briefly,
BALB/c male mice weighing 20–25 g were used. The HBCD-Pol and EDTA were admin-
istered intraperitoneally (i.p.) in a fixed volume of 200 µL in three dosages, 40, 20 and
10 mg/kg, for both agents. In each experimental session, at least five animals per treat-
ment group were tested; control groups were run at the beginning and at the end of every
experimental session. Mice were accustomed to handling by the investigators, and the
injections were carried out by skilled investigators with minimal disturbance to the animals.
The experiments were approved by the Tabriz University of Medical Sciences Pharmacy
Department under the Iran Ethical Code: IR.TBZMED.AEC.1401.022.

2.3.1. APPT and PT Assays

Blood was collected from ether-anesthetized mice by cardiac puncture and antico-
agulated with 3.8% trisodium citrate (1/10 vol) of mice treated by HBCD-Pol and EDTA
at the determined dosage 10 min after injection. Anticoagulated blood was immediately
centrifuged for 5 min at 12,000× g, and the supernatant platelet-poor plasma (PPP) was
separated and transferred onto melting ice until tested (generally within 1 h) or frozen at
–80 ◦C. Both activities were measured by standard assays, as mentioned in Section 2.2.6.

2.3.2. Fibrinogen Measurement

Blood was collected from ether-anesthetized BALB/c mice by cardiac puncture and
anticoagulated with trisodium citrate (1/10 vol) of mice treated with HBCD-Pol and EDTA
at a determined dosage 2 min before the thrombotic challenge, which was induced by the
i.p. injection of bovine thrombin. The dose of thrombin used was selected as 1000 U/kg [22].
Plasma fibrinogen was measured by the Clauss method in a Coagulab MJ coagulometer
(Ortho Diagnostics) using bovine thrombin.

2.3.3. Bleeding Time

Bleeding time was assessed by a tail transection method [22,23]. Briefly, BALB/c
mice were treated with HBCD-Pol and EDTA at 40 m/kg dosage; this dosage was selected
according to the results of our previously mentioned experiments for 10 min. Then, the mice
were positioned in a special immobilization cage that kept the tail steady and immersed
in saline thermostated at 37 ◦C. After 2 min, the tip of the tail was transected with a razor
blade at approximately 2.5 mm from its end. The tail was immediately reimbursed in warm
saline, and the bleeding time was recorded. The endpoint was the arrest of bleeding lasting
for more than 30 s.

3. Results and Discussion
3.1. Potentiometric Titration

As mentioned above, the capacity of HBCD-Pol to chelate metals was previously
described [5]. However, it is crucial to determine the interaction ability of the synthesized
polymer. Ethylenediaminetetraacetic acid (EDTA) is a well-known chelating agent used
in several industries to determine Ca2+, although its activity can be affected by other ions,
such as Na+ [24,25].

Figure 1 presents the delay on the equivalent point of EDTA compared to HBCD-
Pol. The results suggest the more robust binding sites of EDTA that are characterized by
581.6 meq of acidity, compared to HBCD-Pol with 461.1 meq of acidity. It is important to
mention that near the physiological and blood pH, the volumes of NaOH are ~25 mL for
HBCD-Pol and ~31 mL for EDTA. Therefore, the higher the presence of COOH groups in
the solution, the higher the interaction, and the volume of NaOH required to neutralize the
compound (the equivalence point) is also high.
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Figure 1. Potentiometric titration curves of EDTA, HBCD-Pol, and their complexes with Ca2+.

The results demonstrated (i) a higher chelating strength of EDTA in comparison with
HBCD-Pol, with closer values at physiological pH; and (ii) the presence of Ca2+ affects
both compounds. It is reasonable to have a lower effect of HBCD-Pol than EDTA against
Ca2+. However, the effect on global coagulation is affected by several factors, not only Ca2+,
such as the presence of other molecules that can be complexed by HBCD-Pol, affecting the
global coagulation profile.

3.2. In-Vitro Anticoagulant Study

The anticoagulant activity was evaluated by adding the HBCD-Pol and EDTA to
rat blood samples at different concentrations. Figure 2 shows the results, where the
control sample without addition, HBCD-Pol (250 µg/mL) and EDTA (500 µg/mL) initiated
coagulation after 15, 20 and 18 min of incubation, respectively. In addition, the thickened
blood samples were checked after 60 min to find a large clot in the tubes. Surprisingly,
after one hour, there were no signs of clotting in the HBCD-Pol and EDTA at 500 and
1000 µg/mL, but after three hours, only some clotting was observed for both of them,
although these clots did not prevent blood flow.
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The results suggest that HBCD-Pol could present a higher anticoagulation effect than
EDTA. Therefore, to better understand its ability, the in vitro clotting time (CT) using fresh
blood clotting time was carried out according to the literature [2]. Blood samples were
collected and mixed with 3.8% sodium citrate as an anticoagulant, and then the samples
were warmed to 37 ◦C in a water bath and added to 20 µL of 0.2 M CaCl2. The CT was
designated as the time when no flow of samples was observed after the tubes were inverted.

Interestingly, the results showed that the time of clotting was significantly increased by
about two times by HBCD-Pol at different concentrations when compared to EDTA-K3 as
the positive control (p < 0.01). In contrast, EDTA at 500 µg/mL could not show a difference
from the control (Figure 3).
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In the next step, the plasma recalcification time parameter was evaluated on platelet-
poor plasma (PPP) at three different concentrations for both HBCD-Pol and EDTA. Sur-
prisingly, the results showed that adding HBCD-Pol into plasma at 1500 g/mL led to a
considerable increase in clotting time of about 4 and 2 times compared to control and EDTA
at that concentration, respectively, while the EDTA at 500 g/mL did not show differences
compared to the control. Meanwhile, HBCD-Pol at other concentrations showed a better
ability to enhance the clotting time compared to EDTA at the same amount (Figure 4).
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3.3. PT and aPTT Tests

The next step in the study was to evaluate the activated partial thromboplastin time
(aPTT) and prothrombin time (PT) [7,8]. The pre-warmed PPP, aPTT and PT reagents were
incubated at 37 ◦C for 5 min with HBCD-Pol 5% and EDTA 5% at various concentrations.
Then, the reactions were started by adding the CaCl2 0.025 M to the tubes. The results
showed that HBCD-Pol and EDTA could not affect the aPTT parameter except at 1500 g/mL
(p < 0.01). HBCD-Pol illustrated a much better effect at all concentrations, especially at
1500 g/mL (p < 0.001), regarding increasing the PT parameter compared to EDTA. Indeed,
the outcomes of this experiment confirmed that HBCD-Pol may be able to inhibit the extrinsic
and common coagulation pathway because of its effect on increasing the PT time (Figure 5).
In the bibliography, it is indicated that concentrations of α-, β- and γ-CD of 0.5% did not
show any aPTT or PT variation [14]. However, the polymer above 0.05% showed differences,
possibly due to the combination of Ca+2 chelation and the more complex structure and
complexation capacities of the polymer with some coagulation factors.
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3.4. Hemocompatibility

The hemocompatibility of the HBCD-Pol was tested at different concentrations as a
crucial parameter to use in an in-vivo experiment [9,10]. The hemolysis activity was studied
in order to prevent hemolysis, thrombosis and embolization [11]. The hemocompatibility
performance was shown in Figure 6, with a value of about 3% for both 2500 and 2000 µg/mL
concentrations, while other concentrations revealed less than 2.5% hemolysis. All samples
can be characterized as hemocompatible according to ISO 10993 (<5%) [12]. It is important
to mention that α- and β-CD showed toxicity (up to 40%) at concentrations around 1% [14],
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while the polymer around 0.25% (2500 µg/mL) not only obtained no toxicity but also
showed an effect on coagulation.
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3.5. In Vivo Anticoagulant Characterization
3.5.1. Effects of Anticoagulation Agents on Clinical Coagulation Parameters

Using a mouse model, the anticoagulant effects of HBCD-Pol and EDTA with thrombin
were assessed. We selected a maximum dose of 40 mg/kg without visual signs of toxicity.
aPTT and PT assays on samples collected 10 min after the agents’ injection showed a
dose-dependent prolongation of aPTT and PT (Figure 7). However, doses corresponding
to 40 mg/kg of HBCD-Pol showed the highest level of prolonged aPTT (>3.5 fold than
control), while EDTA at that dose (40 mg/kg) caused a prolongation less than HBCD-Pol
(p < 0.05). In addition, there were no significant differences for other dosages between
the HBCD-Pol and EDTA. Interestingly, no increase in PTT in the in vitro experiment was
observed (Figure 5). Furthermore, the results of the CT test showed a significant effect of
HBCD-Pol to increase the plasma clotting time more than three times compared to control
at the highest dosage. Moreover, HBCD-Pol could show a better anticoagulation effect
at that dosage (40 mg/kg) when compared to EDTA (p < 0.01), while this difference was
not seen at lower dosages (Figure 7). These results support the idea of a combinatorial
effect due to the complexation of some coagulant agents, which decreased the effectivity
of the pathway.
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3.5.2. Fibrinogen Consumption and Bleeding Time Test

CDs have a weak impact on fibrinogen’s microenvironment but can slightly affect
its activity [14].Therefore, this section evaluated the capability of HBCD-Pol and EDTA to
prevent fibrinogen consumption as an in vivo measure of thrombin inhibition. Mice were
treated with HBCD-Pol and EDTA at the same dosages that were used for in vivo PT and
PTT tests. Then, the plasma fibrinogen was determined on samples taken 2 min after the
thrombin challenge. Both HBCD-Pol and EDTA at the highest dosage (40 mg/kg) effectively
attenuated fibrinogen consumption by preserving about 45% and 30% of the circulating
protein, respectively (Figure 7). On the contrary, the 10 mg/kg dosage showed a clearly
weaker effect. The difference in fibrinogen levels between HBCD-Pol and EDTA-treated
animals at 40 mg/kg was statistically significant (p < 0.01).

The tail transection bleeding time was measured in animals receiving the dosage of
40 mg/kg of each agent 10 min after treatment. In line with the aPTT results, the bleeding
time was significantly more prolonged in mice treated with HBCD-Pol and EDTA (2- and
1.7-fold increase, respectively) than in the control group mice (Figures 7 and 8).
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As a whole, these results suggest that HBCD-Pol increased the slight effect on the
coagulation of natural CDs. Although it is true that its Ca2+ chelation capacity is lower than
EDTA at the studied conditions, a higher in vitro and in vivo effect is obtained. Between
both intrinsic (aPTT) and extrinsic (PT) pathways, the most affected is the intrinsic pathway.
This pathway depends on more coagulation factors than the extrinsic pathway. The im-
portance of Ca2+ in both pathways is evident, as suggested in Figure 5A or Figure 7, as in
both cases, this is the pathway more affected. However, EDTA does not present a possible
mechanism than HBCD-Pol yes: firstly, HBCD-Pol is able to chelate Ca2+, possibly creating
an environment where [Ca2+]app is lower, avoiding coagulation. Secondly, the polymeric
structure could interact with the different factors of the pathway. Although natural CDs do
not affect the aPPT pathway [14], the additional cavities where non-typical cyclodextrin
guest can be complexed could increase the interaction and prevent the continuation of the
pathway [26]. For example, the low interaction of fibrinogen with CDs could be increased
for HBCD-Pol, boosting the effect of the material in coagulation [14].

4. Conclusions

To conclude, in this study, the anticoagulant effect of HBCD-Pol, a CD-based polymer
was analyzed in vitro and in vivo. Due to its polymeric structure and anionic nature, the
polymer can form a chelate with Ca2+ in vitro but with a lower strength than EDTA. How-
ever, HBCD-Pol increases the CT, PT and aPTT 3.5 times over the control, showing a better
effect than even EDTA, as occurs with recalcification time, as well. The hemocompatibility
test showed better results than EDTA and CD values reported in the bibliography. The
fibrinogen consumption and bleeding time were analyzed in vivo; in all cases, the effect
of HBCD-Pol at the same concentration of EDTA was higher. The results demonstrate
that the anticoagulant effect of this HBCD-Pol could be used as a novel therapy from a
combinatorial point of view: adding a drug at the same time as the polymer.
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Abstract: This paper presents a comprehensive effort to develop and analyze first-of-its-kind design-
specific and bioactive piezoelectric scaffolds for treating orthopedic defects. The study has three
major highlights. First, this is one of the first studies that utilize extrusion-based 3D printing to
develop design-specific macroporous piezoelectric scaffolds for treating bone defects. The scaffolds
with controlled pore size and architecture were synthesized based on unique composite formulations
containing polycaprolactone (PCL) and micron-sized barium titanate (BaTiO3) particles. Second,
the bioactive PCL-BaTiO3 piezoelectric composite formulations were explicitly developed in the
form of uniform diameter filaments, which served as feedstock material for the fused filament
fabrication (FFF)-based 3D printing. A combined method comprising solvent casting and extrusion
(melt-blending) was designed and deemed suitable to develop the high-quality PCL-BaTiO3 bioactive
composite filaments for 3D printing. Third, clinical ultrasonic stimulation (US) was used to stimulate
the piezoelectric effect, i.e., create stress on the PCL-BaTiO3 scaffolds to generate electrical fields.
Subsequently, we analyzed the impact of scaffold-generated piezoelectric stimulation on MC3T3
pre-osteoblast behavior. Our results confirmed that FFF could form high-resolution, macroporous
piezoelectric scaffolds, and the poled PCL-BaTiO3 composites resulted in the d33 coefficient in the
range of 1.2–2.6 pC/N, which is proven suitable for osteogenesis. In vitro results revealed that the
scaffolds with a mean pore size of 320 µm resulted in the highest pre-osteoblast growth kinetics.
While 1 Hz US resulted in enhanced pre-osteoblast adhesion, proliferation, and spreading, 3 Hz US
benefited osteoblast differentiation by upregulating important osteogenic markers. This study proves
that 3D-printed bioactive piezoelectric scaffolds coupled with US are promising to expedite bone
regeneration in orthopedic defects.

Keywords: piezoelectric; electroactive; bioactive; orthopedics; 3D printing; ultrasonic stimulation

1. Introduction

Piezoelectric materials are defined to be “smart” or “electroactive” materials that
generate electrical fields (EFs) or electrical stimuli in response to mechanical deformations.
The deformations cause an asymmetric shift of ions or charges in the materials, which
induces a change in the electrical polarization, thus generating EFs [1]. Piezoelectric
materials are widely used in electronic applications such as transducers, sensors, and
actuators, but in the past decade, there has been a growing interest in using them as an
implant or scaffold for tissue regeneration [2]. One of the primary reasons to drive this
interest is the capability of piezoelectric materials to provide therapeutic EFs to cells and
tissues without the need for additional power sources and wire connections. The EFs are
beneficial for tissue regeneration, as they influence essential cell functions such as cell
proliferation and migration [3]. In orthopedics, the applied EFs simulate bioelectrical cues
of natural living bone and regulate metabolic activities such as bone growth, structural
remodeling, and fracture healing [4]. Moreover, physiological compressive loads have been
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proven to increase the negative charges in a fractured bone region due to the bone’s innate
piezoelectric potential, which helps promote matrix mineralization, osteoblast functions,
and bone regeneration [5,6]. Hence, sufficient evidence indicates that applied piezoelectric
stimulation can help improve bone regeneration.

Previous studies have confirmed that the stimulation or the EF generated from elec-
troactive piezoelectric implants can help expedite bone fracture repair [7,8]. Such electroac-
tive scaffolds develop EFs with the application of physiological loads at the implantation
site, which is usually the region of the bone defect. Precisely, the hyperpolarization from
the piezoelectric effect activates voltage-gated calcium channels of the cell membrane,
which helps in osteoblast proliferation, resulting in new bone formation [7,9]. The piezo-
electric scaffolds also develop surface electrical charges under external stress, similar to
bone, and the polarized piezoelectric surfaces improve the osteogenic performance of
natural bone. For instance, Liu et al. [10] developed electropositive ferroelectric bismuth
ferrite (BiFeO3) nanofilms and observed that the films enhanced protein adsorption and
mesenchymal stem cell attachment, spreading, and osteogenic differentiation. In the rat
femur, the polarized BiFeO3 nanofilms in the presence of built-in electric fields resulted in
rapid and superior osseointegration [10]. Similarly, Ribeiro et al. [11] implanted poled and
un-poled β-poly(vinylidene fluoride) (β-PVDF) films in bone defects created in rats and
observed significantly more defect closure and bone remodeling with poled β-PVDF films
as opposed to the non-poled ones. Hence, it is well comprehended that the controlled appli-
cation of electrical stimuli or EFs from implanted piezoelectric scaffolds can be an effective
therapeutic tool in bone regeneration and consequentially treat bone defects expeditedly.

Generally, the piezoelectric scaffolds are developed from biomaterials such as piezo-
bioceramics and piezo-biopolymers. Piezoelectric bioceramics have also been designed as
in vivo energy harvesters for biosensors. The most well-known piezoelectric bioceramics
are barium titanate (BaTiO3), boron nitride (BN), and magnesium silicate (MgSiO3) [12]. The
most well-known piezo-biopolymers are PVDF and their copolymers, such as P(VDF-TrFE),
and natural polymers, such as collagen and chitosan [12]. Moreover, various composites
such as hydroxyapatite–BaTiO3 (HA-BaTiO3), PVDF–BaTiO3, and HA–MgSiO3–Chitosan
have been developed to take advantage of the combined properties of the piezo-ceramics
and polymers [8,12]. Yet, the majority of the piezoelectric scaffolds were manufactured
using conventional techniques such as electrospinning, solvent casting, slip casting, solvent
forming-particulate leaching, or freeze casting [12], which do not take into consideration
the design-specific needs of the medical implant industry. Especially due to the high clinical
demand for developing patient-specific therapies to augment treatment outcomes, of late,
there is an imperative need to develop defect- and anatomy-specific regenerative implants.

Three-dimensional printing, or additive manufacturing, is a high-powered fabrication
technique that can produce parts of any complex architecture, shape, and dimension layer
by layer. In recent years, even though there has been a surge in the application of 3D
printing to manufacture biomedical devices, very few reports have focused on developing
bioactive and regenerative piezoelectric implants utilizing this process. The majority of the
focus was on using 3D printing to develop biosensors, not bioactive and regenerative im-
plants. [13]. For instance, Grinberg et al. [14] developed Polyamide-11 (PA-11) and BaTiO3
3D-printable composite filaments and used the fused deposition modeling technique to
print proof-of-concept models of piezoelectric sensors to monitor the applied force on the
knee prosthesis. Furthermore, even though researchers used 3D printing to develop regen-
erative scaffolds, they utilized complex techniques. For instance, Jiang et al. [15] developed
porous BaTiO3 scaffolds with the help of digital light processing (DLP) technology, but
it required sintering as an additional processing step to develop the scaffolds. On the
other hand, Polley et al. [16] used the binder jet 3D printing technique to develop porous
HA-BaTiO3 scaffolds. Similarly, Yang et al. [17] used selective laser sintering (SLS) to create
graphene and BaTiO3-based scaffolds. However, both SLS and binder jet involve long
wait times after the printing process, processing complexities, and rigorous thermal-post
treatment such as sintering.
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On the contrary, “fused filament fabrication” (FFF) is a one-step, rapid and easy fabrica-
tion method to develop implants with favorable material properties. FFF can directly form
robust scaffolds, which might not need sintering as an additional step [18–22]. Importantly,
it involves much less material wastage than SLS or binder-jet printing. Our research group
used the FFF to develop various design-specific, regenerative implants comprising novel
and bespoke polymer–ceramic compositions [23,24].

Not much effort has been made to develop bioactive and biodegradable piezoelectric
compositions. For instance, extensive efforts have been made to develop PVDF-based
scaffolds [11,25–27], but PVDF is neither a bioactive nor biodegradable piezoelectric bio-
material. Poly (lactic acid-co-glycolic acid) (PLGA)–BaTiO3 composites [28] and PLLA–
BaTiO3–graphene [17] have been developed, but PLGA and PLLA are known to degrade
into acidic byproducts such as glycolic acid and lactic acid that might be harmful to healthy
cells [29]. Graphene is also known to exhibit cytotoxicity in various kinds of cells [30].

Hence, to address some of the literature gaps, in this study, we developed a unique
electroactive and bioactive polymer–ceramic composition in the form of 3D-printable fila-
ments such that the filaments could be utilized in a FFF 3D printing setup to manufacture
design-specific piezoelectric orthopedic scaffolds. To achieve that, first, we introduced
micron-sized piezoelectric BaTiO3 particles in the polycaprolactone (PCL) polymer matrix
by solvent-casting and subsequently used a customized extrusion process to form uniform-
diameter 3D-printable PCL–BaTiO3 composite filaments. Then, the filaments served as
feedstock material for an FFF setup to develop the design-specific, porous scaffolds. We
chose PCL because it is an FDA-approved, biodegradable polymer that has been exten-
sively used in implantable biomaterials, and we chose BaTiO3 because of its well-known
piezoelectric and biocompatible properties. After the scaffold development, we performed
thorough material, mechanical, and in vitro property analyses of the 3D-printed structures.
The phase composition and morphology of the implants were determined by X-ray diffrac-
tion and scanning electron microscopy (SEM). Mechanical properties of the composites
were determined using ASTM standards, and the proliferative and differentiative capacity
of the scaffolds was assessed in vitro using MC3T3 pre-osteoblast cells.

We believe that the result of this proof-of-concept study is the first step toward develop-
ing an effective orthopedic-based regenerative medicine for the society. EFs have been used
in clinics for wound healing for several years. Furthermore, the components/materials of
the orthopedic scaffold used in this study are FDA-approved, hopefully making the regula-
tory route to be 510(k). More effective collaboration between clinician scientists, engineers,
orthopedic surgeons, and federal funding agencies is required to conduct clinical trials and
translate innovative medical devices such as this piezoelectric polymer–ceramic scaffold
for expedited bone regeneration [31,32]. Notably, such scaffold-mediated expedited bone
regeneration can be instrumental in the military community, where it is expected for the
wounded soldiers to recover quickly and rejoin active duty. It can also benefit patients with
diabetes with compromised or delayed wound healing and tissue regeneration rates [33].

2. Materials and Methods
2.1. Raw Materials

Polycaprolactone (PCL, molecular weight = 80,000) pellets, BaTiO3 (average particle
size < 2 µm, molecular weight = 233.19) powder, and dichloromethane (CH2Cl2, anhydrous,
≥99.8%) were procured from Sigma Aldrich and used as is.

2.2. Composite Development

The entire process of developing the piezoelectric composites and the 3D-printable
piezoelectric filaments is shown in Figure 1. First, PCL pellets were dissolved in dichlorome-
thane following 15 % (w/v) concentration. Once the polymer was completely dissolved,
a varying amount of BaTiO3 powder (25, 45, and 65 vol.%) was added to it, followed by
a 3-step mixing procedure. The specimens are named as PCL-xBaTiO3, where x denotes
the vol.% of BaTiO3 in the composites = 25, 45, and 65; we refer to PCL-xBaTiO3 as “PCL-
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xBT” for simplified nomenclature. The steps comprised one hour of stirring followed by
another hour of ultrasonic dispersion and another two hours of stirring. Subsequently,
the PCL-BT slurry was poured into glass Petri dishes and left in a laminar fume hood
overnight for the dichloromethane to evaporate. The resultant was PCL-BT composite
films (approximately 120 mm in diameter and 1.5 mm thick). These films were sheared into
roughly 10 × 10 mm squares and made ready for filament extrusion (melt-blending). The
squares were thoroughly dried in a desiccator before they were used for extrusion.
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2.3. 3D-Printable Filament Development

The uniform diameter composite filaments were developed by a customized device
assembly comprising (1) a single-screw extruder, (2) a sensor controlling the speed of
filament winding, and (3) a motorized filament winding setup, as shown in Figure 2a. All
the parts for the extrusion setup were procured from Filastruder (Snellville, GA, USA). The
single screw extruder (with a Ø 2.75 mm nozzle) was kept at an elevated position with
respect to the sensor and the winder setup. The sheared squares of the composite films were
fed into the single-screw extruder, and the extrusion temperature and speed were set to
120 ◦C and 10 rpm, respectively. We used a fan just next to the nozzle, as shown in Figure 2a,
to cool down the filaments. Once a continuous extrusion of uniform diameter filament
was achieved, it was guided through the sensor. The sensor detects the filament’s position
and adjusts the speed of the motorized winder in the filament winding setup. Usually,
directly after the sensor, the filament is guided through a polytetrafluoroethylene (PTFE)
tube loop onto the filament winding spool. The PTFE tube makes sure that there are no
tangles in the filament. The motorized winding spool rotates at a specific speed (depending
on the filament’s position as detected by the sensor), provides tension to the continuously
extruded filaments, and helps form the uniform diameter 3D-printable composite filaments.
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the filaments were used in a 3D printer setup to develop the piezoelectric PCL- BT composite scaffolds.

2.4. 3D Printing of Constructs

The custom-made filaments were loaded onto an FDM 3D printer (Funmat HT Enhanced,
Intamsys) for developing the macroporous piezoelectric scaffolds, as shown in Figure 2b. The
pore sizes of these microporous scaffolds were controlled by changing the infill density from
50–100%. The Simplify 3D software was used for slicing. For all the prints, a 0.4 mm nozzle
was used. The print and bed temperatures were set at 130 and 30 ◦C, respectively. The layer
height was maintained at 0.2 mm, and the print speed was 30 mm/s.

2.5. Material Characterization

Phase compositions of the specimens were detected using X-ray diffraction (XRD,
Ultima III, RI, USA) with monochromated Cu Kα radiation (44 kV, 40 mA), focused beam
mode over a 2θ range of 10–60◦. Step width and count time were fixed to be 0.05◦ and 8 s
during the analysis. A whole pattern fitting (WPF) analysis and Rietveld refinement were
conducted using the MDI Jade software 2010 (Materials Data Inc., Livermore, CA, USA) to
determine the goodness-of-fit. The morphology of the 3D-printed scaffolds was analyzed
by a secondary electron detector in a Field Emission Scanning Electron Microscope (FESEM,
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Inspect F50, FEI, OR, USA). The cross-sections of the various 3D-printable PCL-BT filaments
were also analyzed by FESEM.

2.6. Corona Poling and Electroactive Properties

The 3D-printed specimens were poled by the Corona Poling process to align the
BaTiO3 dipoles in the composites (Figure 3a). We developed a customized setup, as shown
in Figure 3b, to perform the corona poling process. Briefly, the specimens were kept on
an aluminum plate that was grounded. The specimen was contained in an enclosed glass
chamber, and a corona needle connected to the positive terminal of a high-voltage DC
source was placed 3 mm away from the specimen surface. The DC voltage (8–12 kV) and
the time (5, 15, and 30 min) were varied to identify the most optimum conditions for corona
poling. Right after the poling, specimens were tested on a wide-range d33 meter (APC
International, Ltd, Mackeyville, PA, USA) to measure the d33 coefficient and analyze the
effect of corona poling on the electroactive properties of the samples. Specimens were also
immersed in Phosphate Buffered Saline (PBS) for 14 days and then analyzed in a d33 meter.
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Figure 3. Polarization of the PCL-BT scaffolds. (a) Schematics of the Corona Poling setup. (b) Digital
image of the coronal poling setup.

2.7. Mechanical Properties

The mechanical testing specimens were 3D printed according to the dimensions
mentioned in ASTM D638 (Figure 4). The same 3D printing parameters were followed
as mentioned in Section 2.4 to develop/print the dog-bone-shaped tensile specimens.
Subsequently, the specimens were mounted on a Universal Testing Machine (UTM). An
Instron 3369 UTM with a 50 kN load cell was used for the tensile tests. Then, 5 mm/min
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strain deformation was used to measure the specimens’ tensile strength, and 1 mm/min
strain deformation was used to measure the modulus, as per ASTM standards.
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2.8. In Vitro Properties

Various PCL-BT were 3D printed into disc-shaped specimens (8 mm Ø× 2 mm height)
for all the in vitro studies. Specimens were disinfected by immersing them in 90% ethyl
alcohol for 30 min and then applying UV for another 10 min. Preosteoblast MC3T3 mouse
cells (CRL-2593™, ATCC, Manassas, VA, USA) were used for the cell studies. The cells
were cultured in complete minimum essential medium alpha (α-MEM, Thermo Scientific),
supplemented with 10% fetal bovine serum (FBS, HyClone) and 1% penicillin/streptomycin
(0.2 g/mL) at 5% CO2 and 37 ◦C.

2.8.1. Routine Ultrasonic Stimulation (US) Application

For this assay, only PCL-65BT was chosen, as it was hypothesized that the latter would
exhibit the highest electroactive properties. This assay was specifically designed to validate
the effect of US stimulation on the piezoelectric scaffolds. The disc-shaped specimens were
placed in 24-well plates and soaked with culture media. Then, ~2.3× 104 cells were directly
seeded onto the specimens and allowed to attach to the scaffolds for 4 h. Subsequently,
US was applied with the help of a clinical US setup (ComboCare Clinical Electrotherapy &
Ultrasound Combo Unit). The probe of the US stimulator was attached to the bottom of
the well plates, and the US was applied following a specific routine as shown in Figure 5.
For validation purposes, US (1 or 3 MHz) was applied for 1 min continuously, every 3 h,
two times/day for 72 h (3 days). At the end of 48 and 72 h, thiazolyl blue tetrazolium
bromide (MTT) was used to determine the effect of US on cell proliferation if any. The
cultured specimens were retrieved, rinsed three times in PBS, and prepared for the assay.
The MTT solution was added to the specimens and control, followed by 4 h of incubation
at 37 ◦C. Dimethyl sulfoxide was used to dissolve formazan, and finally, OD570 readings
were recorded using a spectrophotometer.

2.8.2. Cell Proliferation

The same US application procedure was followed for 3 or 7 days. At the end of 3 or
7 days, the specimens were retrieved, and the cell growth kinetics on those 3D printed
piezoelectric specimens were determined using MTT assay as mentioned in Section 2.8.1.

2.8.3. Cell Adhesion and Morphology

The 3D-printed specimens were soaked in α-MEM for 4 h and were seeded with
~6.5 × 104 cells. The cell-seeded specimens were cultured for 24 h or 7 days, and at the
end of the period, samples were retrieved, washed three times in PBS, and immersed in a
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3% glutaraldehyde fixing solution for 1 h at room temperature. After fixation, they were
dried sequentially in 30, 50, 70, 90, 95, and 100% ethyl alcohol, followed by a combined
Hexamethyldisilazane (HMDS) and ethyl alcohol treatment. HMDS helps in chemically
drying the specimens. Further, HMDS drying helps preserve the adhered cells’ structure
on the specimens. Finally, they were dried overnight in a fume hood, plated with gold
palladium for 60 secs, and imaged under FESEM.
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2.8.4. Cell Differentiation

In this assay, MC3T3 cells were seeded on multiple (more than the number needed for
statistical analysis) specimens of the same composition. Then, 3 Mhz US was applied to
the cells cultured on the scaffolds as shown in Figure 5. This is to maximize the amount of
RNA collection. The cell-seeded specimens were cultured for 3 or 7 days, and at the end of
specific times, RNA from these cells was extracted by TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). Complementary DNA was produced by reverse transcription using M-MLV
reverse transcriptase (Promega, Madison, WI, USA), and quantitative Real-Time (qRT-PCR)
was performed using SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) by a 2-step
amplification program (30 s at 95 ◦C and 60 s at 62 ◦C) on a thermal cycler (Eppendorf,
Hamburg, Germany). The relative quantification of mRNA of the gene of interest was
determined by the 2−∆∆CT method and presented as fold change compared to the control
sample (PCL). The forward and reverse primers for targeted genes are listed as follows:

Osteocalcin (OCN; forward 5′-GCAATAAGGTAGTGAACAGACTCC-3′ and reverse
5′-CTTTGTAGGCGGTCTTCAAGC-3′),

Osteopontin (OPN; forward 5′-CTTTCACTCCAATCGTCCCTAC-3′ and reverse 5′-
GCTCTCTTTGGAATGCTCAAGT-3′),

Alkaline Phosphatase (ALP; forward 5′-ATCTTTGGTCTGGCTCCCATG-3′ and re-
verse 5′-TTTCCCGTTCACCGTCCAC-3′)

Type 1 Collagen (Col-1; forward 5′-GAGCGGAGTACTGGATCG-3′ and reverse 5′-
GCTTCTTTTCCTTGGGGTT-3′), and
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Runt-related transcription factor 2 (Runx2, forward 5′- CCAGATGGGACTGTGGTTA-
CC3′ and reverse 5′-ACTTGGTGCAGAGTTCAGGG3′)

2.9. Statistical Analysis

All test results represented means ± standard deviation in triplicates. One-way and
two-way analysis of variance (ANOVA) with the Tukey test was conducted to determine
the statistical difference between groups, and p < 0.05 was considered significant.

3. Results and Discussion
3.1. Physical Characterization Results

Figure 6 shows the XRD plots of the various PCL-BT composite specimens. The unmod-
ified PCL specimen exhibits sharp and well-defined peaks corresponding to the polymer.
Specifically, two major peaks at the 2θ angles of 21.4◦ and 23.8◦ can be observed. These two
peaks correspond to the (110) and (200) crystallographic planes of the semi-crystalline nature
of PCL biopolymer, respectively [34,35]. However, incorporating BaTiO3 in the PCL matrix
markedly reduced the intensity of the PCL diffraction peaks, and instead, new high-intensity
and well-defined diffraction peaks were spotted. These peaks correspond to BaTiO3 as per
JCPDS: #34-0129 [36,37]. The highest diffraction peak corresponding to BaTiO3 can be spotted
at the 2θ angle of 30◦, which corresponds to the (101) lattice plane. Furthermore, the other low-
intensity yet sharp and well-defined peaks of BaTiO3 correspond to (111), (002), (112), (202),
and (103) lattice planes [38]. Furthermore, the well-defined nature of the BaTiO3 diffraction
peaks indicates the high crystallinity of the BaTiO3 particles. These findings are in accordance
with previous studies that dealt with PCL- BaTiO3 composites, as mentioned in Ref [39].
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of BaTiO3.

The SEM micrographs in Figure 7a indicate the presence of uniform-sized and inter-
connected pores in the PCL-BT composite scaffolds. The average pore sizes of the scaffolds
are mentioned in the image headers. Similar to our previous efforts in developing scaffolds
with highly consistent geometry and uniform-sized pores, FFF stands out to be a highly effi-
cient yet sustainable manufacturing technique for developing scaffolds with controlled pore
sizes and geometry [19,40]. Previous studies focused on developing porous BaTiO3-based
piezoelectric scaffolds using conventional methods such as freeze casting [36] or particulate
(salt)-leaching [28]. However, even though such techniques can form porous scaffolds,
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there is little to no control over the pore size and geometry. Moreover, the probability of
creating interconnected pores critical for cell nutrient flow might be less when using such
conventional methods. As opposed, FFF is a powerful yet simple technique to develop
scaffolds with highly consistent interconnected pores that should be leveraged to develop
porous piezoelectric scaffolds [41].
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Figure 7. SEM analysis of the scaffolds using secondary electron detector. (a) SEM of the non-porous
and porous 3D-printed PCL-45BT scaffolds. The pore sizes of the scaffolds were varied by changing
the infill percentage in the slicing software. (b) SEM of various PCL-BT filament cross-sections
showing the uniform dispersion of the white BaTiO3 particles in the PCL matrix.

The cross-sections of the various composite filaments are shown in Figure 7b. For
composite materials, obtaining a homogenous dispersion of the secondary phase in the
polymer matrix is critical to decreasing the chances of mechanical property degradation.
The white dots in Figure 7b represent the BaTiO3 particles in the polymer matrix, which
is seen as dark background, similar to previous reports [39]. The micrographs further
indicate the homogenous distribution of the BaTiO3 microparticles in the PCL matrix, and
no evident agglomerations were observed. As expected, the concentration of the white
particles corresponding to the BaTiO3 particles increased with the higher incorporation
percentage of the BaTiO3 in PCL. Importantly, even at 65 vol.% of BaTiO3 incorporation,
there were no signs of BaTiO3 particle agglomeration, confirming that the combined steps
of solvent casting and the two-step extrusion process are suitable for homogenous mixing
of the BaTiO3 ceramic particles in the PCL polymer matrix. However, some BaTiO3 particle
clusters were visible in the PCL-45BT and PCL-65BT composites, as identified by the red
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dotted circles in Figure 7b. The BaTiO3 cluster sizes were less than the agglomeration,
similar to previous studies [42].

3.2. Piezoelectrical Properties

We poled the specimens to align the dipoles and to permanently achieve a prominent
piezoelectric response. We specifically chose corona poling, as we wanted the specimens to
be poled without immersing them in an oil bath, which might lead to eventual cytotoxicity
in cells due to the remanent oil. We checked both the samples’ dry and wet piezoelectric
responses, as the specimens are expected to be implanted in vivo, exposing them to bodily
fluids. Hence, we immersed the specimens in PBS for prolonged periods for the wet
piezoelectric response. We chose the PCL-25BT specimen to optimize our poling regime,
hypothesizing that PCL-25BT would exhibit the lowest piezoelectric response among all
the specimens and would be indicative of the piezoelectric effect. Figure 8a shows the
dry piezoelectric response of the specimens. Poling at 8 and 10 kV for 5 and 15 min did
not result in any piezoelectric response from the PCL-25BT, indicating that those voltages
and times were insufficient to pole the specimens. However, the specimen yielded a
piezoelectric response of 1.2 pC/N after poling at 10 kV for 30 min. We wanted to avoid
prolonged poling times as we noticed the PCL-BT samples partially melted and deformed
at the end of 30 min in cases of 12 and 15 kV due to the heat generated from the high
voltages. Instead, the higher voltages of 12 and 15 kV for 5 and 10 min were sufficient to
pole the samples with no deformation. The increase in poling voltage and time resulted in a
gradual increase in the piezoelectric response of the specimens, but there were no significant
differences between the specimen groups poled at voltages 12 and 15 kV. Furthermore,
the specimens’ dry and wet piezoelectric responses are similar (Figure 8a,b). Overall, the
specimens exhibited piezoelectric responses in the range of 1.2–2.25 pC/N with respect
to different poling voltages and time. We chose our poling regime to be 15 kV for 15
min for further studies, as the PCL-25BT specimen exhibited a piezoelectric coefficient of
1.25 pC/N, similar to previous studies [42,43].

Figure 8c shows the piezoelectric responses of various PCL-BT specimens. The d33
piezoelectric coefficient of the PCL-BT composites increased with the increase in BaTiO3
content. Notably, the BaTiO3 inclusion up to 25 vol.% enhanced the piezoelectric response
gradually to 1.2 pC/N compared to the unmodified PCL specimen; however, the piezo-
electric response increased significantly when the BaTiO3 inclusion was above 25 wt.%.
Specifically, the piezoelectric response increased to 2.4 and 2.6 pC/N for the PCL-45BT
and PCL-65BT specimens. Several previous reports also observed similar results that dealt
with BaTiO3 [36,42,44]. For instance, Liu et al. [42] observed a drastic rise in the d33 values
(up to 3.9 pC/N) when the BaTiO3 incorporation extent increased above 35 vol.% in the
PCL matrix. The drastic rise in the d33 coefficient is due to the dense distribution of the
BaTiO3 particles in the PCL-45BT and PCL-65BT specimens as shown in Figure 7b. The
electric field developed by the closely packed BaTiO3 particles forms a network interacting
with each other, resulting in a more robust electroactive response. On the contrary, the
BaTiO3 particles are sparsely distributed in the PCL-25BT specimens (Figure 7b), resulting
in reduced electroactive responses.

The d33 piezoelectric coefficient of the PCL-BT specimens in the present study is similar
to the results of the other BaTiO3-based composites previously reported in the literature. For
instance, porous HA-BaTiO3 composites explored by Zhang et al. [36] exhibited d33 values
in the range of 0.3–2.8 pC/N. Tang et al. [44] recorded d33 values of polarized HA-BaTiO3
piezoelectric ceramics in the range of 1.3–6.8 pC/N with BaTiO3 content ranging from 80%
to 100%. Some of the HA-BaTiO3 composites with less than 80 vol.% BaTiO3 did not exhibit
any piezoelectric effect, highlighting the need for high-volume BaTiO3 contents in the
composites [45,46]. On the other hand, some of the bulk-sintered HA-BaTiO3 composites
exhibited outstandingly high d33 values (>50 pC/N) because of the close packing density
of the piezoelectric BaTiO3 particles in a sintered sample [47]. Polymer–ceramic composites
such as the PCL-BT can never exhibit such a high piezoelectric response because the BaTiO3
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particles are not densely packed in a polymer matrix. Moreover, such a high scaffold-
mediated piezoelectric response is not needed for bone regeneration, as the bone itself
exhibits a piezoelectric response in the range of 0.7–2.3 pC/N [48]. The 3D-printed PCL-BT
composites in the present study exhibited d33 values that are close to the piezoelectric
response of bone and were also on par with HA-BaTiO3 composites developed by various
conventional techniques [36,43,44]. Hence, the observed piezoelectric response of the
PCL- BaTiO3 composites in the present study highlights their great potential in the bone
remodeling process and osteogenesis and expediting treatment of orthopedic defects.
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Figure 8. d33 coefficient (picoColoumbs/Newton, pC/N) of (a) dry and (b) wet PCL-BT scaffolds
with respect to the poling voltage and time. # means statistically significant (p < 0.05) with respect to
the specimen poled at 10 kV in the same group (30 min). * means statistically significant (p < 0.05) with
respect to the specimens poled for 5 and 15 min. (c) d33 coefficient of various wet PCL-BT scaffolds.
* means statistically significant (p < 0.05) with respect to PCL. # means statistically significant (p < 0.05)
with respect to PCL-25BT.
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3.3. Mechanical Properties

Figure 9a,b shows the mechanical properties of the piezoelectric PCL-BT specimens. It
is evident that the inclusion of 25 vol.% BaTiO3 particles increased the modulus by 35%
(Figure 9a) and the tensile strength by 14% (Figure 9b). Similar results were observed
by Bagchi et al. [39] when the authors incorporated various kinds of perovskite ceramic
nanoparticles, including BaTiO3, in the PCL matrix. However, in the latter study, the
authors observed an increase in the yield strength after adding 20 wt% BaTiO3 in PCL,
even though the increase was the lowest (about 10%) when compared to the other ceramic
additives explored in that study. As opposed, in the present study, we observed a decrease
in the modulus and the tensile strength when the BaTiO3 inclusion extent was increased
above 25 wt.%. For instance, increasing the BaTiO3 incorporation percentage to 45 and
65 vol.% reduced the modulus by 9% and 15%, respectively, with respect to unmodified
PCL. Furthermore, the tensile strength decreased from 14 MPa (for unmodified PCL) to
almost 12 MPa for PCL-45BT and 11 MPa for PCL-65BT specimens (Figure 9b) However,
the tensile strain % of the PCL-BT composites was not influenced by the content of the BT
particles. All the composites exhibited a high tensile strain % with an average value of
550%, similar to PCL specimens, which exhibited a strain of 590%.
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It is well known that the incorporation of excess secondary phases in polymer com-
posites can hamper the polymer’s inherent mechanical properties. Moreover, including
ceramic particles in polymers can increase the brittleness of the composites [23,24]. The
excess secondary materials can form agglomerations in the matrix, disrupting the effi-
cient load/stress transfer between the ceramic particles and the matrix. However, we did
not notice a massive decrease in the mechanical properties with higher BaTiO3 contents
(>25 vol.%), indicating that the mixing and distribution of the BaTiO3 particles were favor-
able. However, the decrease in the mechanical properties of the PCL-45BT and PCL-65BT
specimens was due to the clustering of the BaTiO3 particles, as shown in Figure 7b.

All the PCL-BT specimens in the present study were developed by FFF-based 3D
printing. In FFF, the printed layers are glued to each other layer by layer to develop
the final material; this process of product manufacturing can significantly influence the
mechanical properties of the manufactured parts, especially when the print parameters
and orientations are incorrect. Even though optimizing the 3D-printing parameters to
achieve a robust 3D-printed part was not the scope of this study, our extensive expe-
rience in 3D printing of various polymers and composites [18–20,23,24,40] helped us
achieve mechanically robust 3D-printed parts. To highlight, the 3D-printed PCL-25BT spec-
imen’s mechanical properties were similar to the PCL-BT specimen (with 20 wt.% BaTiO3)
that was developed by conventional compression molding [39]. Overall, the mechani-
cal properties of the PCL-BT scaffolds qualify them as mechanically robust scaffolds for
orthopedic applications.

3.4. Piezoelectric Effect on the in Vitro Properties of Pre-Osteoblasts

While performing a literature review for this study, we observed that most of the
studies did not apply any stimuli to the piezoelectric scaffolds during the in vitro cell
studies, such that the scaffolds would exhibit the piezoelectric response during the cell
studies. In most cases, the studies used poled samples for cell studies, which raises the
question, “Whether it is the piezoelectric effect from the scaffolds or is it the surface charge on the
scaffolds that is helping in cellular activities?”. We were specifically interested in analyzing the
scaffold-mediated piezoelectric effect on the cells; hence, we chose ultrasonic stimulation
(US) as the stimuli to create the deformation on the scaffolds and exhibit the piezoelectric
effect. Several studies in the literature used US to stimulate BATiO3 3=-based piezoelectric
scaffolds and confirmed that US is a highly effective stimulus to enhance the piezoelectric
effect in electroactive scaffolds [17,49]. Moreover, we chose US, as it does not physically
come in touch with the cell-laden scaffolds avoiding contamination issues.

3.4.1. Pre-Osteoblast Proliferation
Effect of US and Piezoelectricity on Pre-Osteoblast Proliferation

Figure 10a,b shows the in vitro cell proliferation properties of the MC3T3 cells cultured
on the PCL-65BT piezoelectric scaffolds. We chose PCL-65BT as our test specimen, as
the latter specimen exhibited the highest piezoelectric effect, and we hypothesized it
would have a prominent effect on the pre-osteoblast cells. First, we wanted to analyze the
short-term impact of the US and scaffolds’ piezoelectric stimulation on the pre-osteoblasts
proliferation behavior. As shown in Figure 10a, we observed that US alone had no positive
influence on cell proliferation. However, 1 MHz US combined with the piezoelectric
scaffolds significantly increased cell proliferation over 48 and 72 h with respect to the only
US treatment. The 3 MHz US treatment, combined with the piezoelectric scaffolds, was also
beneficial, but the treatment did not result in a significant increase in cell proliferation. The
results were similar when the US regime continued for up to 7 days, as shown in Figure 10b.
However, after the 7-day treatment and culture, the 3 MHz US treatment combined with
the piezoelectric scaffolds yielded nearly similar results to the 1 MHz US, indicating
that over long treatment times, the 1 and 3 MHz US application regimens can deliver
similar outcomes in terms of pre-osteoblast proliferation. Notably, the cells proliferated
significantly over 7 days, irrespective of the specimen and the treatment. Nevertheless,
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we determined that the 1 MHz US treatment and the piezoelectric stimulation from the
PCL-65BT scaffolds are optimum for pre-osteoblast proliferation. Once we determined
the optimum US regimen for cell proliferation, we next analyzed the effect of BaTiO3 on
cell proliferation.
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Figure 10. Ultrasonic stimulation (US) and in vitro properties of the scaffolds. OD readings of MC3T3
cells as cultured on the piezoelectric scaffolds (PCL-65BT) with respect to different intensities of US over
(a) 72 h and (b) 7 days. * means statistically significant (p < 0.05) with respect to “no scaffold, only US”.
# means statistically significant (p < 0.05) with respect to the specimens in the “3 days” group.

Effect of Piezoelectric BaTiO3 on Pre-Osteoblast Proliferation

Figure 11a confirms that the BaTiO3 presence in all the composite scaffolds significantly
increased the cell growth kinetics over time as compared to the non-piezoelectric PCL
scaffolds. This is due to the increased piezoelectric response resulting from the BaTiO3
content in the PCL-BT composites. However, even though there was a significant difference
in the extent of cell proliferation as compared to the PCL scaffolds, there was no significant
difference in the extent of cell proliferation among the various PCL-BT specimens. The SEM
images (Figure 11a,b) of the adhered pre-osteoblast cells on various 3D-printed scaffolds
corroborate the proliferation results. Very few cells adhered to the scaffolds after day 1 of
the culture (Figure 11a). In addition, many circular and spindled cells were seen, indicating
that these cells did not have time to spread over the surface with their filopodia. However,
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after day 7 of the culture, it is evident that the cells proliferated notably and spread over the
scaffolds with extending filopodia, as shown in Figure 11b. Furthermore, it is evident that
the increasing BaTiO3 concentration in the composites results in enhanced cell adhesion
and spreading. In all the cases, the cells approvingly adhere and spread on the surface
with flattened morphology, signifying that the PCL-BT scaffolds exhibit a bioactive and
biocompatible surface. The increasing cell adherence and spread over the composites
with increasing BaTiO3 concentration demonstrate that the scaffold-generated piezoelectric
effect played a major role in cell spreading [50]. The increasing BaTiO3 particles enhance
the piezoelectric effect, which helps the cells to proliferate and spread more rapidly on
the scaffold surfaces. However, even though more cells proliferated and were seen to
adhere on the PCL-45BT and PCL-65BT specimens as compared to PCL-25BT specimens,
there was not a significant difference in the amount of adhered cells on all the composites.
Similar results were obtained by Tang et al. [44], where the authors observed no significant
difference in the osteoblast proliferation on the composite scaffolds containing different
contents of BaTiO3 (80 and 90 wt% BaTiO3). Similarly, Tavangar et al. [46] reported no
significant difference in cell adhesion and proliferation between the composite scaffolds
with varying BaTiO3 (40, 50, and 60% wt BaTiO3). This could be possible because the
BaTiO3 particles are embedded in the polymer or ceramic matrix, and in most cases, they
are not directly interacting with the cells; hence, the variation in BaTiO3 presence does not
play a significant role in cell proliferation [51,52]. Instead, we believe that the extent of the
piezoelectric effect generated from the BaTiO3 particles influences cellular activities more
prominently than the biocompatibility nature of the BaTiO3.
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day 1 and (c) after day 7 of culture. 
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Figure 11. Effect of BaTiO3 content on the in vitro properties of the piezoelectric scaffolds. (a) OD
readings of the MC3T3 cells cultured on the PCL and various piezoelectric PCL-BT scaffolds; 1 MHz US
were used per the routine for all the proliferation test. * means statistically significant (p < 0.05) with
respect to PCL specimens. # means statistically significant (p < 0.05) with respect to the specimens in
the “3 days” group. SEM images of the adhered MC3T3 cells on various scaffolds (b) after day 1 and
(c) after day 7 of culture.

Clearly, US alone does not affect cellular activities in the present case. However,
US helped in remarkable cell proliferation when the piezoelectric scaffolds were present,
indicating that the US invigorated the scaffolds and generated the piezoelectric effect,
increasing the cell growth kinetics. Furthermore, the increase in BaTiO3 content resulting
in the enhancement of pre-osteoblast proliferation is a direct indication that US can interact
with the BaTiO3 particles and generate the piezoelectric effect. The effect increases when
US interacts with more BaTiO3 particles in the composites, notably surging the cell growth
kinetics for the PCL-65BT specimens. Shuai et al. [53] developed PVDF-BaTiO3 scaffolds
and demonstrated that the electric cues generated by the piezoelectric scaffolds under
US efficiently promoted MG-63 cell proliferation. Yang et al. [17] observed similar results
when they used US on PLLA- BaTiO3 and PLLA-BaTiO3-graphene scaffolds and deduced
that the US was responsible for yielding effective piezoelectric response from the scaffolds.
Even BaTiO3 coatings on metallic scaffolds and US have remarkably increased bone cell
activity. For instance, Fan et al. [49] coated BaTiO3 onto the porous titanium (Ti) scaffold and
applied low-intensity pulsed US (LIPUS), similar to the clinical US used in the present study,
and observed that LIPUS was highly influential in activating the piezoelectric effect of
BaTiO3. The latter effect significantly enhanced cell viability in vitro, promoted osteogenesis
and osseointegration in vivo, and effectively treated large bone defects in a rabbit model.
The same research group performed another study in a large animal model (sheep) and
confirmed that LIPUS induces a piezoelectric response from BaTiO3 particles, leading
to an increased cellular response in vitro and treating sizeable segmental bone defects
in vivo [54]. Recently, Chen et al. [50] also used LIPUS on the BaTiO3-coated Ti scaffold
and coined the new term “piezodynamic therapy” for such kinds of treatment. The authors
observed that the piezodynamic effect of US and piezoelectric BaTiO3 coating activated
more mitochondria at the initial stages of cell culture that intervened in the cell culture
cycle by promoting cell proliferation and weakening the apoptotic damage. These studies
reinforce that US combined with piezoelectric PCL-BT scaffolds has a strong potential
to enhance bone cell activities and help in new bone formation and defect regeneration
in vivo.
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Effect of Pore Size on Pre-Osteoblast Proliferation

We also observed that the pore sizes significantly impacted the cell proliferation
kinetics. For instance, as shown in Figure 12, 3D-printed PCL-BT scaffolds with 70%
infill (avg pore size: 320 µm) resulted in the highest cell growth compared to the other
macro-porous scaffolds and the non-porous scaffolds. This is because the 320 µm pore size
provides an optimum distance for cell-cell communication as opposed to other pore sizes.
Similarly, Lee et al. [55] reported 350 µm pore sizes to be the optimum for cell proliferation.
However, porous scaffolds can compromise the mechanical properties of load-bearing
orthopedic scaffolds. In one of our recent studies, we observed that 3D-printed scaffolds
with 300 µm pore size exhibit the highest yield compressive strength, and increasing the
pore size beyond that would decrease the specimen’s yield strength [19]. The 320 µm
pore-sized scaffolds in the present study resulted in the highest cell proliferation, indicating
that such PCL-BT scaffolds would be beneficial for increasing cell growth kinetics and
exhibit favorable mechanical properties.
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Figure 12. OD readings of MC3T3 cells cultured on the piezoelectric scaffolds (PCL-65BT) with
different infill (pore sizes); 1 MHz US was used per the routine for all the proliferation tests. * means
statistically significant (p < 0.05) with respect to the controls (Blank and 100 Infill specimens) in
the same group. # means statistically significant (p < 0.05) with respect to the PCL specimens with
different infills.

Bone tissue engineering has extensively utilized porous scaffolds to enhance implant–
tissue interaction. The osteogenic capability of the orthopedic scaffold can be enhanced
significantly by interconnected pores, as they facilitate cell distribution, nutrients, and
blood flow. Furthermore, porous scaffolds help in robust anchorage, scaffold-tissue osseoin-
tegration, and vascularization [56,57]. However, conventional manufacturing techniques
such as salt leaching, gas foaming, phase separation, and freeze-drying do not control pore
sizes and numbers. In addition, the formed pores lack interconnectivity, which is critical for
nutrient flow, cell migration, vascularization, and tissue ingrowth. Furthermore, scaffolds
with random pores and wide variations in pore sizes weaken the scaffold’s mechanical
strength or load-bearing capacity, thus leading to implant failure. In contrast, 3D printing
is a powerful manufacturing technique that can form uniform-sized interconnected pores
in scaffolds, facilitating osteogenesis and osseointegration. Thus, the 3D-printed PCL-BT
scaffolds developed in the present study will not only help bone cell proliferation via
piezoelectricity but will also help expedite new bone formation with the help of the highly
uniform pores.
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3.4.2. Osteoblast Differentiation

Figure 13a–e show the differentiation behavior of the MC3T3 pre-osteoblasts over time
when exposed to the US treatment and the piezoelectric scaffolds. As per previous reports,
we selected the 3 MHz US for the differentiation studies and observed that the 3 MHz
treatment effectively differentiates pre-osteoblast cells into osteoblasts. All the piezoelectric
PCL-BT scaffolds upon US application increased the mRNA expressions notably of all
the osteogenic gene markers not after 3 days, but after 7 days of culture. This is usual,
as the gene markers explored in this present case are observed in stages of osteoblastic
differentiation, and it usually takes longer than 3 days for the MC3T3 pore-osteoblasts to
differentiate [58–61]. Notably, the PCL-45BT and PCL-65BT specimens markedly increased
the ALP, Col-1, OPN, OCN, and Runx-2 expressions, which are critical in osteogenesis.
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Runx 2 and expressed as fold change with respect to the control; 3 MHz US was used per the routine 
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Figure 13. Differentiation properties of MC3T3 cells as cultured on the piezoelectric scaffolds. The
following osteogenic gene markers were quantified: (a) Col 1 (b) ALP (c) OCN, (d) OPN, and
(e) Runx 2 and expressed as fold change with respect to the control; 3 MHz US was used per the
routine for all the differentiation assays. * means statistically significant (p < 0.05) with respect to the
control (PCL) in the same group. # means statistically significant (p < 0.05) with respect to the fold
changes of the same specimen in the “after 3 days” group.
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The results in the present study are very similar to previous studies. For instance,
Shuai et al. [53] observed no effect of only US on the ALP expressions and osteogenic dif-
ferentiation of the MG-63 cells. However, ALP activities of the cells significantly increased
when US was applied to the piezoelectric PVDF- BaTiO3 scaffolds. Similarly, Fan et al. [49]
observed significantly higher mRNA gene expression of Col-1, ALP, OPN, and Runx2
when BaTiO3 coatings and LIPUS were used complementarily after 7 and 14 days. In the
present study, we observed upregulation of all the gene markers only after 7 days. As
mentioned before, the gene expression of ALP, Col-1, and Runx2 usually appears in the
early stages of osteogenic differentiation of bone cells, while OPN and OCN expression
occurs late in the process of osteogenic differentiation. Moreover, the US enhanced the
mechanical–electrical conversion capability (piezoelectric response) of the scaffolds and
yielded more electrical charges. It is proven that electrical charges activate the electrically
sensitive calcium ions (Ca2+) signal transduction [10], and Ca2+ plays a critical role in
regulating osteoblast differentiation via either activation of the calcium-sensing receptors
or increasing the Ca2+ influx into the osteoblast cells [62]. Thus, the electrical stimulation
(due to the piezoelectric effect) from the PCL-BT scaffolds activated the electrically sensitive
Ca2+ signal transduction, activating the calcium-sensing receptors and increasing the Ca2+

influx into MC3T3-E1 cells. The latter series of events resulted in a notable increase in
osteogenic gene expression, specifically ALP [63,64]. The remarkable rise in ALP level in
MC3T3 cells will result in enhanced bone matrix and mature extracellular matrix synthesis,
as observed by Tian et al. [63]. Moreover, in an important recent study, Cai et al. [65]
observed a remarkable increase in ALP, OCN, Col-1, and Runx-2 expression when they
applied US to BaTiO3-coated Ti scaffolds. The authors proved that the piezoelectric ef-
fect from the scaffolds specifically upregulated the mRNA and protein expressions of the
calcium channel protein CaV1.2 in MC3T3 cells, which was responsible for the notable
osteogenic differentiation.

Furthermore, Zhou et al. [66] indicated that the charged substrate surface helps in
adsorbing proteins and various biological constituents from the culture medium through
electrostatic interaction, which might also be another reason for promoting cell attachment,
proliferation, and differentiation. Thus, the US successfully triggered an adequate piezo-
electric response from the PCL-BT scaffolds, resulting in the upregulation of prominent
osteogenic-related gene expressions.

On a separate note, electrical fields are instrumental in cell migration during wound
healing [3,67]. Even though analyzing cell migration under the piezoelectric effect was
not the scope of this study, we believe that the adhered cells on the scaffolds might have
migrated toward the surface regions, which were devoid of cells (similar to a wound),
eventually covering the entire scaffold as confirmed by the SEM images in Figure 12b,c.
We draw a resemblance that the blank regions on the scaffold at the beginning of the
culture (i.e., after day 1) are similar to a wound that is usually devoid of cells. Eventu-
ally, by the end of 7 days, the cells approvingly proliferate and spread over the blank
surfaces on the scaffolds with the generation of the piezoelectric effect from the scaffolds.
Morimoto et al. [68] observed that the migration distance was significantly longer, and
the area of the transplanted bone cells was markedly wider in an ischemic stroke model
of rats when they applied electrical stimulation. Such studies confirm the various ef-
fects of scaffold-mediated electrical fields/electrical charges/electrical stimulation on bone
cell activities.

Finally, the combination of the US and PCL-BT scaffolds enhanced the bone cell
activities, highlighting that the US could interact with the embedded BaTiO3 particles in
the 3D-printed composite scaffolds. Our results strongly confirm that US can be an effective
stimulus to enhance the piezoelectric effect in the PCL-BT scaffolds, indicating that the
US-activated piezoelectric response from electroactive PCL-BT scaffolds can be a powerful
therapeutic tool for enhanced osteogenesis and expedited bone defect or fracture treatment.
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4. Conclusions

Overall, this study has three significant findings to highlight. First, this study calls
attention to the strong utilization of polymer–ceramic multi-functional 3D-printable fila-
ments. We successfully formed PCL-BT 3D-printable filaments that can be utilized in an FFF
setup to seamlessly develop design-specific scaffolds that can lead to the clinical translation
of various customized, multi-functional implants for reconstructive applications in the
field of orthopedics and beyond. Even though it is beneficial to develop multi-functional
implants, few efforts have been made to form polymer–ceramic composite filaments for
FFF. This study provides evidence that composite filaments can be leveraged to create
multi-functional medical implants and devices. Second, this study highlights the utilization
of FFF-based 3D printing to develop design-specific piezoelectric and regenerative implants.
Few efforts have been made to 3D print piezoelectric implants focused on regenerative
medicine; most efforts are concentrated on piezoelectric sensors. Instead, this study pro-
vides evidence that 3D printing and innovative biomaterial compositions can be leveraged
to develop regenerative piezoelectric scaffolds not only for orthopedic applications but also
for maxillofacial, cranial, and dental applications. Such scaffolds can also be considered
in a digital workflow for implantology [69]. Finally, this is one of the few studies to prove
that clinical US treatment combined with piezoelectric scaffolds can be instrumental in
expediting bone regeneration and cure and help minimize the treatment time in patients
with severe orthopedic injuries. However, follow-up in vivo studies is mandatory to fur-
ther validate the efficacy of the piezoelectric implants in terms of EF generation at the
implantation site and the extent of bone regeneration.
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37. Biglar, M.; Gromada, M.; Stachowicz, F.; Trzepieciński, T. Synthesis of Barium Titanate Piezoelectric Ceramics for Multilayer
Actuators (MLAs). Acta Mech. Autom. 2017, 11, 275–279. [CrossRef]

38. Demirors, A.F.; Imhof, A. Batio3, srtio3, catio3, and ba x sr1− x tio3 particles: A general approach for monodisperse colloidal
perovskites. Chem. Mater. 2009, 21, 3002–3007. [CrossRef]

39. Bagchi, A.; Meka, S.R.K.; Rao, B.N.; Chatterjee, K. Perovskite ceramic nanoparticles in polymer composites for augmenting bone
tissue regeneration. Nanotechnology 2014, 25, 485101. [CrossRef]

40. Elhattab, K.; Sikder, P.; Walker, J.M.; Bottino, M.; Bhaduri, S. Fabrication and evaluation of 3-D printed PEEK scaffolds containing
Macropores by design. Mater. Lett. 2020, 263, 127227. [CrossRef]

41. Buj-Corral, I.; Bagheri, A.; Petit-Rojo, O. 3D Printing of Porous Scaffolds with Controlled Porosity and Pore Size Values. Materials
2018, 11, 1532. [CrossRef]

42. Liu, J.; Gu, H.; Liu, Q.; Ren, L.; Li, G. An intelligent material for tissue reconstruction: The piezoelectric property of polycaprolac-
tone/barium titanate composites. Mater. Lett. 2019, 236, 686–689. [CrossRef]

43. Dubey, A.K.; Basu, B.; Balani, K.; Guo, R.; Bhalla, A.S. Dielectric and pyroelectric properties of hap-batio3 composites. Ferroelectrics
2011, 423, 63–76. [CrossRef]

44. Tang, Y.; Wu, C.; Wu, Z.; Hu, L.; Zhang, W.; Zhao, K. Fabrication and in vitro biological properties of piezoelectric bioceramics for
bone regeneration. Sci. Rep. 2017, 7, srep43360. [CrossRef] [PubMed]

45. Bowen, C.R.; Gittings, J.; Turner, I.G.; Baxter, F.; Chaudhuri, J.B. Dielectric and piezoelectric properties of hydroxyapatite-BaTiO3
composites. Appl. Phys. Lett. 2006, 89, 132906. [CrossRef]

46. Tavangar, M.; Heidari, F.; Hayati, R.; Tabatabaei, F.; Vashaee, D.; Tayebi, L. Manufacturing and characterization of mechanical,
biological and dielectric properties of hydroxyapatite-barium titanate nanocomposite scaffolds. Ceram. Int. 2020, 46, 9086–9095.
[CrossRef]

47. Baxter, F.R.; Turner, I.G.; Bowen, C.R.; Gittings, J.P.; Chaudhuri, J.B. An in vitro study of electrically active hydroxyapatite-barium
titanate ceramics using Saos-2 cells. J. Mater. Sci. Mater. Electron. 2009, 20, 1697–1708. [CrossRef] [PubMed]

48. Park, J.; Lakes, R.S. Biomaterials: An Introduction; Springer Science & Business Media: Cham, Switzerland, 2007.
49. Fan, B.; Guo, Z.; Li, X.; Li, S.; Gao, P.; Xiao, X.; Wu, J.; Shen, C.; Jiao, Y.; Hou, W. Electroactive barium titanate coated titanium

scaffold improves osteogenesis and osseointegration with low-intensity pulsed ultrasound for large segmental bone defects.
Bioact. Mater. 2020, 5, 1087–1101. [CrossRef]

50. Chen, J.; Li, S.; Jiao, Y.; Li, J.; Li, Y.; Hao, Y.-L.; Zuo, Y. In Vitro Study on the Piezodynamic Therapy with a BaTiO3-Coating
Titanium Scaffold under Low-Intensity Pulsed Ultrasound Stimulation. ACS Appl. Mater. Interfaces 2021, 13, 49542–49555.
[CrossRef]

51. Koju, N.; Sikder, P.; Gaihre, B.; Bhaduri, S.B. Smart Injectable Self-Setting Monetite Based Bioceramics for Orthopedic Applications.
Materials 2018, 11, 1258. [CrossRef]

52. Sikder, P.; Koju, N.; Lin, B.; Bhaduri, S.B. Conventionally Sintered Hydroxyapatite–Barium Titanate Piezo-Biocomposites. Trans.
Indian Inst. Met. 2019, 72, 2011–2018. [CrossRef]

53. Shuai, C.; Liu, G.; Yang, Y.; Yang, W.; He, C.; Wang, G.; Liu, Z.; Qi, F.; Peng, S. Functionalized BaTiO3 enhances piezoelectric effect
towards cell response of bone scaffold. Colloids Surf. B Biointerfaces 2020, 185, 110587. [CrossRef] [PubMed]

54. Liu, W.; Yang, D.; Wei, X.; Guo, S.; Wang, N.; Tang, Z.; Lu, Y.; Shen, S.; Shi, L.; Li, X.; et al. Fabrication of piezoelectric porous
BaTiO3 scaffold to repair large segmental bone defect in sheep. J. Biomater. Appl. 2020, 35, 544–552. [CrossRef] [PubMed]

55. Lee, J.W.; Ahn, G.; Kim, J.Y.; Cho, D.-W. Evaluating cell proliferation based on internal pore size and 3D scaffold architecture
fabricated using solid freeform fabrication technology. J. Mater. Sci. Mater. Electron. 2010, 21, 3195–3205. [CrossRef]

56. Abbasi, N.; Hamlet, S.; Love, R.M.; Nguyen, N.-T. Porous scaffolds for bone regeneration. J. Sci. Adv. Mater. Devices 2020, 5, 1–9.
[CrossRef]

57. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474–5491. [CrossRef]
[PubMed]

58. Sikder, P.; Grice, C.R.; Lin, B.; Goel, V.K.; Bhaduri, S.B. Single-Phase, Antibacterial Trimagnesium Phosphate Hydrate Coatings on
Polyetheretherketone (PEEK) Implants by Rapid Microwave Irradiation Technique. ACS Biomater. Sci. Eng. 2018, 4, 2767–2783.
[CrossRef] [PubMed]

59. Sikder, P.; Grice, C.R.; Bhaduri, S.B. Processing-structure-property correlations of crystalline antibacterial magnesium phosphate
(newberyite) coatings and their in vitro effect. Surf. Coat. Technol. 2019, 374, 276–290. [CrossRef]

60. Sikder, P.; Ferreira, J.A.; Fakhrabadi, E.A.; Kantorski, K.Z.; Liberatore, M.W.; Bottino, M.C.; Bhaduri, S.B. Bioactive amorphous
magnesium phosphate-polyetheretherketone composite filaments for 3D printing. Dent. Mater. 2020, 36, 865–883. [CrossRef]

61. Sikder, P.; Bhaduri, S.B.; Ong, J.L.; Guda, T. Silver (Ag) doped magnesium phosphate microplatelets as next-generation antibacte-
rial orthopedic biomaterials. J. Biomed. Mater. Res. Part B Appl. Biomater. 2020, 108, 976–989. [CrossRef]

62. Zayzafoon, M. Calcium/calmodulin signaling controls osteoblast growth and differentiation. J. Cell. Biochem. 2006, 97, 56–70.
[CrossRef]

63. Tian, J.; Shi, R.; Liu, Z.; Ouyang, H.; Yu, M.; Zhao, C.; Zou, Y.; Jiang, D.; Zhang, J.; Li, Z. Self-powered implantable electrical
stimulator for osteoblasts’ proliferation and differentiation. Nano Energy 2019, 59, 705–714. [CrossRef]

151



Bioengineering 2022, 9, 679

64. Ma, B.; Liu, F.; Li, Z.; Duan, J.; Kong, Y.; Hao, M.; Ge, S.; Jiang, H.; Liu, H. Piezoelectric nylon-11 nanoparticles with ultrasound
assistance for high-efficiency promotion of stem cell osteogenic differentiation. J. Mater. Chem. B 2019, 7, 1847–1854. [CrossRef]
[PubMed]

65. Cai, K.; Jiao, Y.; Quan, Q.; Hao, Y.; Liu, J.; Wu, L. Improved activity of mc3t3-e1 cells by the exciting piezoelectric batio3/tc4 using
low-intensity pulsed ultrasound. Bioact. Mater. 2021, 6, 4073–4082. [CrossRef] [PubMed]

66. Zhou, Z.; Li, W.; Zhengnan, Z.; Qian, L.; Tan, G.; Ning, C. Polarization of an electroactive functional film on titanium for inducing
osteogenic differentiation. Sci. Rep. 2016, 6, 35512. [CrossRef]

67. Reid, B.; Song, B.; McCaig, C.D.; Zhao, M. Wound healing in rat cornea: The role of electric currents. FASEB J. 2005, 19, 379–386.
[CrossRef]

68. Morimoto, J.; Yasuhara, T.; Kameda, M.; Umakoshi, M.; Kin, I.; Kuwahara, K.; Kin, K.; Okazaki, M.; Takeuchi, H.; Sasaki, T.;
et al. Electrical Stimulation Enhances Migratory Ability of Transplanted Bone Marrow Stromal Cells in a Rodent Ischemic Stroke
Model. Cell. Physiol. Biochem. 2018, 46, 57–68. [CrossRef] [PubMed]

69. Manazza, F.; La Rocca, S.; Nagni, M.; Chirico, L.; Cattoni, F. A simplified digital workflow for the prosthetic finishing of implant
rehabilitations: A case report. J. Biol. Regul. Homeost. Agents 2021, 35, 87–97.

152



Citation: Qauli, A.I.; Yoo, Y.;

Marcellinus, A.; Lim, K.M.

Verification of the Efficacy of

Mexiletine Treatment for the A1656D

Mutation on Downgrading Reentrant

Tachycardia Using a 3D Cardiac

Electrophysiological Model.

Bioengineering 2022, 9, 531.

https://doi.org/10.3390/

bioengineering9100531

Academic Editor: Ali Zarrabi

Received: 15 September 2022

Accepted: 5 October 2022

Published: 7 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

bioengineering

Brief Report

Verification of the Efficacy of Mexiletine Treatment for the
A1656D Mutation on Downgrading Reentrant Tachycardia
Using a 3D Cardiac Electrophysiological Model
Ali Ikhsanul Qauli 1,2 , Yedam Yoo 1, Aroli Marcellinus 1 and Ki Moo Lim 1,3,*

1 Department of IT Convergence Engineering, Kumoh National Institute of Technology, Gumi 39177, Korea
2 Robotics and Artificial Intelligence Engineering, Faculty of Advanced Technology and Multidiscipline,

Universitas Airlangga, Surabaya 60115, Jawa Timur, Indonesia
3 Department of Medical IT Convergence Engineering, Kumoh National Institute of Technology,

Gumi 39253, Korea
* Correspondence: kmlim@kumoh.ac.kr

Abstract: The SCN5A mutations have been long associated with long QT variant 3 (LQT3). Recent
experimental and computation studies have reported that mexiletine effectively treats LQT3 patients
associated with the A1656D mutation. However, they have primarily focused on cellular level
evaluations and have only looked at the effects of mexiletine on action potential duration (APD)
or QT interval reduction. We further investigated mexiletine’s effects on cardiac cells through
simulations of single-cell (behavior of alternant occurrence) and 3D (with and without mexiletine).
We discovered that mexiletine could shorten the cell’s APD and change the alternant’s occurrence
to a shorter basic cycle length (BCL) between 350 and 420 ms. The alternant also appeared at a
normal heart rate under the A1656D mutation. Furthermore, the 3D ventricle simulations revealed
that mexiletine could reduce the likelihood of a greater spiral wave breakup in the A1656D mutant
condition by minimizing the appearance of rotors. In conclusion, we found that mexiletine could
provide extra safety features during therapy for LQT3 patients because it can change the alternant
occurrence from a normal to a faster heart rate, and it reduces the chance of a spiral wave breakup.
Therefore, these findings emphasize the promising efficacy of mexiletine in treating LQT3 patients
under the A1656D mutation.

Keywords: LQT3; mutation; reentry; APD; alternant

1. Introduction

Until now, cardiac arrhythmia has been recognized as a global health problem [1].
Sudden cardiac death (SCD) is responsible for 250,000–300,000 fatalities in the United States
annually, according to [2]. They also expected that in industrialized nations, an annual
incidence of 50–100/100,000 people would acquire SCD. In 2018, one study found that the
incidence of fatal cardiovascular disease (CVD) in Asians was 3.68 (95 percent confidence
interval: 2.84–4.53) events per 1000 person-years [3]. Long QT syndrome (LQTS), caused
by a mutation in an ion channel, is one of the leading causes of inherited CVD and SCD [4].
Previous research [5] also found a 1:2000 chance of developing a genetic disease among
healthy live babies.

SCN5A mutations have been linked to LQTS 3, which codes for the α-subunit of the
Na+ channel (Nav1.5), according to [6]. A review report [7] found that the LQT3–caused
mutations in SCN5A extend the QT interval by minor net increases in the INa current. These
are frequently due to an aberrant persistent or sustained late sodium current or to defective
a Nav1.5 inactivation observed across the full voltage range and time-course-of-action po-
tential plateau that disrupts the delicate balance between inward and outward currents [8,9].
Furthermore, the QT interval of LQT3 patients is significantly prolonged, especially during
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rest [10,11], and shortened during a fast heart rate. It has long been hypothesized [12]—and
recently proved in a murine model [13]—that diurnal variation in cardiac repolarization
patterns may be responsible for the temporally dependent vulnerability to ventricular
arrhythmias seen in LQT3 and other heritable cardiac arrhythmia syndromes. How-
ever, the precise electrophysiological mechanism underlying this phenomenon is still not
fully understood.

In a newborn baby with QT prolongation and non-sustained ventricular tachycardia
(NSVT), a unique SCN5A variation known as A1656D was recently discovered [14]. Kim
et al. reported that under the influence of mexiletine, A1656D exhibited a distinct response
that resulted in the suppression of NSVT and the appearance of premature atrial contrac-
tion. Furthermore, another study [15] found that sodium channel mutations N1325S and
R1623Q had an unusual reaction to mexiletine, where they could completely restore the
electrocardiogram (ECG) and eliminate arrhythmias.

As the sodium blocker, mexiletine has been known to selectively inhibit the slowly–
inactivating component of the inward tetrodotoxin–sensitive sodium current (INaL) without
affecting the speed of action potential upstroke [16,17]. The mexiletine can also abbreviate
the QT interval shown on ECG without widening the QRS duration [16,18]. In LQT3
patients, the INaL is greatly enhanced in a slower heart rate because of a slower inactivation
of the INaL in bradycardia conditions [19]. Some researchers found that a faster heart rate
can reduce the INaL, shorten APD and QT interval, thus diminishing the INaL becomes the
basis for LQT3 treatment [20,21].

However, some questions remain about the sodium blocker’s effectiveness in LQT3
patients. The significance of sodium channel blockers for LQT3 individuals has been mixed
in several trials [22,23]. In this context, a better knowledge of the mechanism of sodium
blockers for treating LQT3 patients has become a top goal. The efficacy of mexiletine
for treating LQT3 patients has recently been demonstrated in a previous study [14,23,24].
Despite the extensive experimental evaluation of mexiletine for treating LQT3 patients,
their findings require more investigation into the effects of mexiletine on a 3D ventricular
model of the heart. The single-cell experimental studies may not anticipate additional
impacts that a computer simulation at the single-cell level and a three-dimensional model
can disclose.

Some researchers have adapted the combined experimental work and in silico simu-
lation to assess the ion channel mutation. A study by Yu et al. [25] assessed the arrhyth-
mia mechanism of the infarcted ventricles following remuscularization with pluripotent
stem cell-derived cardiomyocytes (PSC-CMs). They concluded that the main ventricular
tachycardia (VT) mechanism involved in patch remuscularization would be reentrant VT.
Furthermore, Paci et al. [26] emphasized the ability of populations of in silico simulation
to describe the experimental findings of the prolonged action potential as a product of
LQT3 hiPSC-CMs mutation and predict differences in drug response of the ion channel
mutation. Deo et al. [27] combined an experimental study of the mutation (E299V) in the
KCNJ2 gene that encodes the strong inward rectifier K+ channel protein (Kir2.1) and 3D
computational modeling of the heart incorporating the His-Purkinje network to predict the
20% reduction of sodium current that can cause reduction of ventricular excitability and
increase the vulnerability of ventricular tachyarrhythmia. Kim et al. [14] also produced a
computational model of the A1656D mutation, which demonstrated how various medica-
tions affect the AP shape of the ventricular cell. One of their significant discoveries is that
mexiletine can reduce the APD of the A1656D mutation by restoring late sodium current
inactivation kinetics.

The effects of mexiletine on A1656D mutations on single-cell ventricular cells (myocar-
dial, endocardial, and epicardial) were further computationally elaborated in this paper.
The study was also extended to a 3D ventricular model. We focused on reentrant arrhyth-
mias that might arise due to alternants in single-cell simulation [28] and spiral waves in a
3D ventricular model.
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2. Materials and Methods

In this work, the cell model incorporated in simulations was initially based on the
ventricular cell model proposed by [29] with some modifications to resemble the A1656D
mutation and the A1656D mutation under mexiletine as proposed by [14]. As shown
in Figure 1, the main simulations consisted of single-cell simulation and 3D ventricular
simulation. The single-cell simulation was used to study the tachycardia condition by
the APD restitution graph showing the BCL region with alternant. Furthermore, the cell
models were embedded into the 3D model of the ventricle so that it could allow us to
observe the reentry and compare the shape of action potential among different conditions.
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2.1. Model of Ventricular Cell under A1656D Mutation with Incorporated Drug Effects

A recent study by Kim et al. [14] examined and simulated a myocardial cell model
based on the work of [29]. The differential equation that characterized the cell is as follows:

Cm
dVm

dt
= −(Iion + Istim), (1)

where Cm is the total membrane capacitance, Istim is the stimulus current, and Iion is the
sum of ionic transmembrane currents. In addition, ten Tusscher et al. [30] proposed that
the transmembrane currents consist of sodium current (INa), inward rectifier potassium
current (IK1), transient outward potassium current (Ito), rapid delayed rectifier potassium
current (IKr), slow delayed rectifier potassium current (IKs), L-type calcium current (ICaL),
sodium/calcium exchange current (INaCa), pump current (INaK), plateau Ca2+ current(
IpCa

)
, plateau K+ current

(
IpK
)
, Ca2+ background current (IbCa), and K+ background

current (IbNa) [29].
Furthermore, Kim et al. [14] proposed some changes to the (INa) modeling that alters

the channel’s activation (m) and inactivation (h) information. Fast (hf) and slow (hs)
kinetics were used to explain the h-gate [14]. The sodium current can be stated in the
following way:

m∞ = 3

√
1

1 + e(V−Vh(m∞))/km
, (2)

mτ =
am

ebm(V−Vhmτ
)/RT + e−cm(V−Vhmτ

)/RT
+ dm, (3)

hf∞ = hs∞ =
1

1 + e(V−Vh(h∞))/kh
, (4)
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hfτ =
ahf

ebhf
(V−Vhfτ

)/RT
+ e−chf

(V−Vhfτ
)/RT

+ dhf
, (5)

hsτ =
ahs

ebhs (V−Vhsτ )/RT + e−chs (V−Vhsτ )/RT
+ dhs , (6)

where m∞ is the steady-state activation, h∞ is the steady-state inactivation, V is the mem-
brane potential (millivolt), R is the gas constant

(
8.31 j mol−1K−1

)
, T is the absolute

temperature in Kelvin. The forward (α) and backward (β) rate constants of each gate can
be calculated as follows:

αm =
m
τm

, (7)

βm =
1 − m
τm

, (8)

αhf
=

mf
τhf

, (9)

βhf
=

1 − hf
τhf

, (10)

αhs =
ms

τhs

, (11)

βhs =
1 − hs

τhs

, (12)

the relative contribution of fast and slow groups of h-gate to total open probability was rf
and rs (= 1 − rf). Finally, the sodium current was calculated using the following formula:

INa = GNamax × m3 × (rf × hf + rs × hs)× (V − Erev), (13)

where GNa is the maximum sodium channel conductance assumed to be 1125.0 for WT,
213.66 for A1656D, and 231.18 for A1656D under mexiletine. Furthermore, Tables 1–4 in [14]
provide detailed values for the parameter set of m, hf, and hs gates in WT, the A1656D
mutation, and the A1656D mutation under mexiletine. Other associated constants for the
INa modeling can be found in [14] and references therein.

For 3D ventricular simulation, by ignoring microscopic cardiac cell structure, the
cardiac cells can be modeled as follows [30]:

Cm
dV
dt

= −(Iion + Istim) +
1
ρxSx

∂2V
∂x2 +

1
ρySy

∂2V
∂y2 +

1
ρzSz

∂2V
∂z2 , (14)

where ρx, ρy, and ρz are the cell’s resistivity in x, y, and z directions; and Sx, Sy, and Sz are
the surface-to-volume ratio in x, y, and z directions, respectively. The 3D mesh incorporated
in the electrical simulation consisted of 241,725 nodes and 1,298,751 tetrahedral elements.

2.2. Simulation Protocol

There were three primary simulations in the single-cell electrical simulation: wildtype
(WT), the A1656D mutant, and A1656D under mexiletine. The tachycardia state was
analyzed using an APD restitution (APDR) graph by varying the BCL from 1400 ms to
300 ms with a step of 10 ms and 20 pacings for each BCL. We applied current stimulation
for every pace with a stimulus duration of 1.0 ms and stimulus amplitude of 52 pA/pF.

The A1656D mutant and A1656D under mexiletine were the two primary sections of
the 3D ventricular simulations. The BCL of 1000 ms was used in all scenarios. Furthermore,
we used the S1 protocol to execute a homogenous simulation in which we stimulated a
node from the apex of the heart five times. With the standard S2 procedure, we additionally
included reentry/arrhythmia simulation. The electrical stimulation was administered to
the heart’s apex five times, and half of the stimulated nodes were reset right before the fifth
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planar wavefront. The stimulus might result in the reentry spreading to the resting nodes.
Each 3D simulation time was set to 10 s for both the A1656D mutation and the A1656D
mutation with mexiletine.

3. Results

Figure 2 depicts the APDR graph produced by a single-cell simulation with varied
BCL values. The branches resulted in Figure 2 represent the alternants. The alternant
occurs approximately at BCL between 240–260 ms for the WT in panel A. Among them,
the myocardial cell-type results in the alternant with a relatively longer BCL of around
260 ms compared to both epicardial and endocardial cells that result in the alternant at
BCL of approximately 240 ms. Furthermore, we can clearly see in panel B for A1656D
mutation simulation that the A1656D mutation can cause APD prolongation and a shift
of the occurrence of alternant from short BCL to longer BCL compared to WT of around
760 ms for myocardial cell-type, 700 ms for epicardial cell, and 680 ms for endocardial
cell. On panel C, we can observe the effect of mexiletine on the A1656D mutation. Under
mexiletine, myocardial and epicardial cell types converge to the same BCL of roughly
420 ms for the alternant to develop. However, with a shorter BCL of approximately 350 ms,
the endocardial cell-type results in the alternant. We could also observe the progression
of the APD values when the alternant occurs among all cell types from panels A to C.
The difference in the APD values in WT is more negligible than in A1656D and A1656D
under mexiletine. The highest difference in the APD values is observed between the
myocardial–epicardial and endocardial cells at around 70 ms in panel C.
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Figure 2. The APD as a function of BCL for WT, the A1656D mutant and A1656D under mexiletine.

Figure 3 depicts the results of a 3D ventricular simulation. In panel A, we can see a
comparison of electrical activity from the A1656D mutation and A1656D when treated with
mexiletine. At 989 ms, we labeled the rotors formed upon reentry with a black star. We
can see that the A1656D mutation has around five rotors in total. They are visible from
the “front”, “back”, “left”, and “top” sides of the ventricular mesh. The A1656D mutation,
on the other hand, has fewer rotors, with only four, one at the “front”, one at the “back”,
and two at the “top” of the mesh model. The conduction velocity (CV) detected from the
simulation was 19 cm/s for A1656D mutation, and 17.3 cm/s for A1656D mutation under
mexiletine. Panel B compares the action potential shape of the epicardial cells with the
effect of A1656D mutation and A1656D under mexiletine. The A1656D mutation resulted
in a more prolonged APD as compared to the A1656D mutation when mexiletine was used.
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Figure 3. The outcomes of a 3D ventricular simulation. Panel (A) depicts the reentry dynamic from
various angles, and panel (B) defines the action potential shape for A1656D and A1656D under
mexiletine. The black star in Panel (A) shows the rotor. The cell type depicted in this illustration is
the epicardia cell.

4. Discussion

Figure 2 shows that three conditions (WT, A1656D mutation, and A1656D under
mexiletine) can produce different APD profiles in the cell. In panel A, the three kinds of
cells make APDs greater than 200 ms for instances before the alternant. In panel B, the APD
of the cells varies significantly, with the shortest occurring more than 600 ms before the
endocardial cell alternant. In panel C, mexiletine can shorten the APD from the A1656D
mutation by more than 250 ms before the endocardial cell alternant. The APD shortening by
mexiletine demonstrated in our data is consistent with earlier work indicating that the late
sodium channel alteration generated by the A1656D mutation is controlled by mexiletine
(known to be a late sodium blocker [16,17]). The blockage of late sodium channels can
induce repolarization to occur faster, lowering APD. In the model used in this work, the late
sodium current is represented by slow kinetics in the formulation of the INa as proposed
by [14].

A high APD difference between two successive action potentials has a high chance of
causing discordant alternants [31]. The high APD difference (indicated by the difference
between the branch line) shown in Figure 2, panels B and C, may inform us that A1656D
and A1656D under mexiletine could cause a discordant alternant more strongly than WT.
However, as shown in Figure 2, the A1656D mutation under mexiletine exhibits a change in
the alternant incidence towards shorter BCL or a higher heart rate compared to the A1656D
mutation. Figure 2, panel B, shows that the alternant occurs between 680 and 760 ms of
BCL in the A1656D mutation. The typical adult human heart rate is between 600 ms and
1000 ms of BCL [32], implying that the A1656D mutation might raise the risk of alternant
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within the normal heart rhythm. Meanwhile, under mexiletine conditions, the alternant
occurs at around 350 ms to 420 ms of BCL for the A1656D mutation. Instead, the alternant
might appear at a quicker heart rate of 350 ms BCL for endocardial cells and 420 ms BCL for
epicardial and myocardial cells. Therefore, mexiletine–treated A1656D show a safer result
by lowering the possibility of the alternant occurring at a normal heart rate compared to
the pure A1656D mutation. Our findings are consistent with previous research [27], which
also reported the occurrence of QT prolongation during rest condition of LQT3 patients. In
addition, a recent study indicated that a higher heart rate might reduce the INaL and shorten
APD [33]. As a result, the reduction in the INaL paired with the decline in APD substantially
demonstrates the effectiveness of mexiletine in lowering the risk of the alternant in LQT3
patients during therapy. In fact, the INaL lowering has been utilized as the foundation of
LQT3 therapy using pacemakers [20,21].

The results of the 3D ventricular simulation, as shown in Figure 3, reveal that mex-
iletine can reduce the number of rotors (from four to two) in the A1656D mutant scenario.
More rotors in the A1656D mutant condition may result in greater chaotic electrical activ-
ity, which may cause more spiral wave breakup and ventricular fibrillation. According
to [34], cardiac electrical restitution properties influence the breakup of reentrant wave-
fronts during cardiac fibrillation, known as the concordant alternant. The wavelength of
the successive wave oscillates between short and long during the concordant alternant.
Furthermore, [35] found that rotors may trigger the ventricles at such high frequencies that
the wavefronts propagating from it break apart across a wide range of distances, resulting
in ventricular fibrillation. As a result, the reduced number of rotors caused by mexiletine
therapy for the A1656D mutation may reflect its efficacy in decreasing the risk of spiral
wave breakup, which can lead to ventricular fibrillation.

We have limited our 3D ventricular reentry simulation analysis to the epicardial cell
type only. Results may be different when simulated using other cell types. However, recent
studies [36–38] showed that the epicardial could exhibit more alternants than other regions
(myocardial and endocardial), which may be related to the buildup of fat on the epicardial
surface. Therefore, we may assume that the results from the epicardial cell are sufficient to
describe the occurrence of a spiral breakup.

Furthermore, incorporating the iPSC-CMs into the existing simulation protocol may be
beneficial for further study as iPSC-CMs could also mimic the specific genetic description
of the LQT3 patients. However, the limitations of iPSC-CMs need to be considered. Car-
diomyocytes generated from human iPSCs lack T-tubules and exhibit poor colocalization
of calcium channels and ryanodine receptors [39]. As a result, special care should be taken
when modeling cardiomyopathies caused by gene mutations that impact calcium transients,
such as DMD [40]. Additionally, the immature nature of iPSC-CMs may lead to different
electrophysiology, cell morphology, and metabolism [41,42].

In summary, based on our findings, we estimated that mexiletine would be effective
in treating LQT3 patients with the A1656D mutation for several reasons:

• Mexiletine could reduce APD.
• Mexiletine could shift the alternant occurrence in the cell from a normal to a quicker

heart rate, offering extra safety standards during treatment.
• During reentry, mexiletine could reduce the possibility of a spiral wave breakup, which

can contribute to ventricular fibrillation.

Author Contributions: Writing—original draft, A.I.Q.; resource, Y.Y., software, A.M.; supervision,
K.M.L.; writing—review & editing, A.I.Q., Y.Y., A.M., K.M.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially supported by the Ministry of Food and Drug Safety
(22213MFDS3922), the NRF (National Research Foundation of Korea) under the Basic Science Research
Program (2022R1A2C2006326), and the MSIT (Ministry of Science and ICT), Korea, under the Grand
Information Technology Research Center support program (IITP-2022-2020-0-01612) supervised by
the IITP (Institute for Information & communications Technology Planning & Evaluation).

159



Bioengineering 2022, 9, 531

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role: in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Virani, S.S.; Alonso, A.; Aparicio, H.J.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.;

Cheng, S.; Delling, F.N.; et al. Heart Disease and Stroke Statistics—2021 Update: A Report From the American Heart Association.
Circulation 2021, 143, E254–E743. [CrossRef] [PubMed]

2. Fishman, G.I.; Chugh, S.S.; Dimarco, J.P.; Albert, C.M.; Anderson, M.E.; Bonow, R.O.; Buxton, A.E.; Chen, P.S.; Estes, M.;
Jouven, X.; et al. Sudden Cardiac Death Prediction and Prevention Report From a National Heart, Lung, and Blood Institute and
Heart Rhythm Society Workshop. Circulation 2010, 122, 2335. [CrossRef] [PubMed]

3. Irawati, S.; Wasir, R.; Floriaan Schmidt, A.; Islam, A.; Feenstra, T.; Buskens, E.; Wilffert, B.; Hak, E. Long-Term Incidence and
Risk Factors of Cardiovascular Events in Asian Populations: Systematic Review and Meta-Analysis of Population–Based Cohort
Studies. Curr. Med. Res. Opin. 2018, 35, 291–299. [CrossRef]

4. Tosaki, A. ArrhythmoGenoPharmacoTherapy. Front. Pharmacol. 2020, 11, 616. [CrossRef] [PubMed]
5. Garcia-Elias, A.; Benito, B. Ion Channel Disorders and Sudden Cardiac Death. Int. J. Mol. Sci. 2018, 19, 692. [CrossRef] [PubMed]
6. Wang, Q.; Shen, J.; Splawski, I.; Atkinson, D.; Li, Z.; Robinson, J.L.; Moss, A.J.; Towbin, J.A.; Keating, M.T. SCN5A Mutations

Associated with an Inherited Cardiac Arrhythmia, Long QT Syndrome. Cell 1995, 80, 805–811. [CrossRef]
7. Giudicessi, J.R.; Ackerman, M.J. Genotype- and Phenotype-Guided Management of Congenital Long QT Syndrome. Curr. Probl.

Cardiol. 2013, 38, 417–455. [CrossRef]
8. Ruan, Y.; Liu, N.; Priori, S.G. Sodium Channel Mutations and Arrhythmias. Nat. Rev. Cardiol. 2009, 6, 337–348. [CrossRef]
9. Bennett, P.B.; Yazawa, K.; Makita, N.; George, A.L. Molecular Mechanism for an Inherited Cardiac Arrhythmia. Nature 1995, 376,

683–685. [CrossRef]
10. Schwartz, P.J.; Priori, S.G.; Locati, E.H.; Napolitano, C.; Cantù, F.; Towbin, J.A.; Keating, M.T.; Hammoude, H.; Brown, A.M.;

Chen, L.-S.K.; et al. Long QT Syndrome Patients With Mutations of the SCN5A and HERG Genes Have Differential Responses to
Na+ Channel Blockade and to Increases in Heart Rate. Circulation 1995, 92, 3381–3386. [CrossRef]

11. Schwartz, P.J.; Priori, S.G.; Spazzolini, C.; Moss, A.J.; Vincent, G.M.; Napolitano, C.; Denjoy, I.; Guicheney, P.; Breithardt, G.;
Keating, M.T.; et al. Genotype-Phenotype Correlation in the Long-QT Syndrome. Circulation 2001, 103, 89–95. [CrossRef]
[PubMed]

12. Stramba-Badiale, M.; Priori, S.G.; Napolitano, C.; Locati, E.H.; Viñolas, X.; Haverkamp, W.; Schulze-Bahr, E.; Goulene, K.;
Schwartz, P.J. Gene-Specific Differences in the Circadian Variation of Ventricular Repolarization in the Long QT Syndrome: A Key
to Sudden Death during Sleep? Ital. Heart J. 2000, 1, 323–328. [PubMed]

13. Jeyaraj, D.; Haldar, S.M.; Wan, X.; McCauley, M.D.; Ripperger, J.A.; Hu, K.; Lu, Y.; Eapen, B.L.; Sharma, N.; Ficker, E.; et al.
Circadian Rhythms Govern Cardiac Repolarization and Arrhythmogenesis. Nature 2012, 483, 96–99. [CrossRef]

14. Kim, H.J.; Kim, B.G.; Park, J.E.; Ki, C.S.; Huh, J.; Youm, J.B.; Kang, J.S.; Cho, H. Characterization of a Novel LQT3 Variant with a
Selective Efficacy of Mexiletine Treatment. Sci. Rep. 2019, 9, 12997. [CrossRef] [PubMed]

15. Li, G.; Woltz, R.L.; Wang, C.Y.; Ren, L.; He, P.X.; Yu, S.D.; Liu, X.Q.; Yarov-Yarovoy, V.; Hu, D.; Chiamvimonvat, N.; et al. Gating
Properties of Mutant Sodium Channels and Responses to Sodium Current Inhibitors Predict Mexiletine-Sensitive Mutations of
Long QT Syndrome 3. Front. Pharmacol. 2020, 11, 1182. [CrossRef] [PubMed]

16. Gao, Y.; Xue, X.; Hu, D.; Liu, W.; Yuan, Y.; Sun, H.; Li, L.; Timothy, K.W.; Zhang, L.; Li, C.; et al. Inhibition of Late Sodium Current
by Mexiletine: A Novel Pharmotherapeutical Approach in Timothy Syndrome. Circ. Arrhythm. Electrophysiol. 2013, 6, 614–622.
[CrossRef]

17. Qi, D.; Yang, Z.; Robinson, V.M.; Li, J.; Gao, C.; Guo, D.; Kowey, P.R.; Yan, G.X. Heterogeneous Distribution of INa-L Determines
Interregional Differences in Rate Adaptation of Repolarization. Heart Rhythm. 2015, 12, 1295–1303. [CrossRef]

18. Badri, M.; Patel, A.; Patel, C.; Liu, G.; Goldstein, M.; Robinson, V.M.; Xue, X.; Yang, L.; Kowey, P.R.; Yan, G.X. Mexiletine Prevents
Recurrent Torsades de Pointes in Acquired Long QT Syndrome Refractory to Conventional Measures. JACC Clin. Electrophysiol.
2015, 1, 315–322. [CrossRef]

19. Wu, L.; Ma, J.; Li, H.; Wang, C.; Grandi, E.; Zhang, P.; Luo, A.; Bers, D.M.; Shryock, J.C.; Belardinelli, L. Late Sodium Current
Contributes to the Reverse Rate-Dependent Effect of IKr Inhibition on Ventricular Repolarization. Circulation 2011, 123, 1713.
[CrossRef]

20. Benditt, D.; Woodrow Benson, D.; Abbott, J.A.; Herre, J.M.; Scheinman, M.M. Permanent Cardiac Pacing in Patients with the
Long QT Syndrome. J. Am. Coll. Cardiol. 1987, 10, 600–607. [CrossRef]

160



Bioengineering 2022, 9, 531

21. Dorostkar, P.C.; Eldar, M.; Belhassen, B.; Scheinman, M.M. Long-Term Follow-Up of Patients With Long-QT Syndrome Treated
With β-Blockers and Continuous Pacing. Circulation 1999, 100, 2431–2436. [CrossRef] [PubMed]

22. Ruan, Y.; Liu, N.; Bloise, R.; Napolitano, C.; Priori, S.G. Gating Properties of SCN5A Mutations and the Response to Mexiletine in
Long-QT Syndrome Type 3 Patients. Circulation 2007, 116, 1137–1144. [CrossRef] [PubMed]

23. Mazzanti, A.; Maragna, R.; Faragli, A.; Monteforte, N.; Bloise, R.; Memmi, M.; Novelli, V.; Baiardi, P.; Bagnardi, V.; Etheridge, S.P.;
et al. Gene-Specific Therapy With Mexiletine Reduces Arrhythmic Events in Patients With Long QT Syndrome Type 3. J. Am. Coll.
Cardiol. 2016, 67, 1053–1058. [CrossRef] [PubMed]

24. Wilde, A.A.M.; Amin, A.S. Clinical Spectrum of SCN5A Mutations: Long QT Syndrome, Brugada Syndrome, and Cardiomyopathy.
JACC Clin. Electrophysiol. 2018, 4, 569–579. [CrossRef] [PubMed]

25. Yu, J.K.; Liang, J.A.; Franceschi, W.H.; Huang, Q.; Pashakhanloo, F.; Sung, E.; Boyle, P.M.; Trayanova, N.A. Assessment of
Arrhythmia Mechanism and Burden of the Infarcted Ventricles Following Remuscularization with Pluripotent Stem Cell-Derived
Cardiomyocyte Patches Using Patient-Derived Models. Cardiovasc. Res. 2022, 118, 1247–1261. [CrossRef] [PubMed]

26. Paci, M.; Passini, E.; Severi, S.; Hyttinen, J.; Rodriguez, B. Phenotypic Variability in LQT3 Human Induced Pluripotent Stem
Cell-Derived Cardiomyocytes and Their Response to Antiarrhythmic Pharmacologic Therapy: An in Silico Approach. Heart
Rhythm. 2017, 14, 1704–1712. [CrossRef] [PubMed]

27. Deo, M.; Ruan, Y.; Pandit, S.V.; Shah, K.; Berenfeld, O.; Blaufox, A.; Cerrone, M.; Noujaim, S.F.; Denegri, M.; Jalife, J.; et al. KCNJ2
Mutation in Short QT Syndrome 3 Results in Atrial Fibrillation and Ventricular Proarrhythmia. Proc. Natl. Acad. Sci. USA 2013,
110, 4291–4296. [CrossRef]

28. Qu, Z.; Garfinkel, A.; Chen, P.S.; Weiss, J.N. Mechanisms of Discordant Alternans and Induction of Reentry in Simulated Cardiac
Tissue. Circulation 2000, 102, 1664–1670. [CrossRef]

29. ten Tusscher, K.H.W.J.; Noble, D.; Noble, P.J.; Panfilov, A.V. A Model for Human Ventricular Tissue. Am. J. Physiol. -Heart Circ.
Physiol. 2004, 286, H1573–H1589. [CrossRef]

30. Hodgkin, A.L.; Huxley, A.F. A Quantitative Description of Membrane Current and Its Application to Conduction and Excitation
in Nerve. J. Physiol. 1952, 117, 500. [CrossRef]

31. Krogh-Madsen, T.; Christini, D.J. Action Potential Duration Dispersion and Alternans in Simulated Heterogeneous Cardiac Tissue
with a Structural Barrier. Biophys. J. 2007, 92, 1138–1149. [CrossRef] [PubMed]

32. Bonnemeier, H.; Wiegand, U.K.H.; Brandes, A.; Kluge, N.; Katus, H.A.; Richardt, G.; Potratz, J. Circadian Profile of Cardiac
Autonomic Nervous Modulation in Healthy Subjects: J. Cardiovasc. Electrophysiol. 2003, 14, 791–799. [CrossRef] [PubMed]

33. Li, G.; Zhang, L. The Role of Mexiletine in the Management of Long QT Syndrome. J. Electrocardiol. 2018, 51, 1061–1065. [CrossRef]
[PubMed]

34. Weiss, J.N.; Chen, P.S.; Qu, Z.; Karagueuzian, H.S.; Garfinkel, A. Ventricular Fibrillation. Circ. Res. 2000, 87, 1103–1107. [CrossRef]
[PubMed]

35. Jalife, J. Ventricular Fibrillation: Mechanisms of Initiation and Maintenance. Annu. Rev. Physiol. 2003, 62, 25–50. [CrossRef]
36. Janusek, D.; Svehlikova, J.; Zelinka, J.; Weigl, W.; Zaczek, R.; Opolski, G.; Tysler, M.; Maniewski, R. The Roles of Mid-Myocardial

and Epicardial Cells in T-Wave Alternans Development: A Simulation Study. Biomed. Eng. Online 2018, 17, 57. [CrossRef]
37. Selvaraj, R.J.; Picton, P.; Nanthakumar, K.; Mak, S.; Chauhan, V.S. Endocardial and Epicardial Repolarization Alternans in Human

Cardiomyopathy: Evidence for Spatiotemporal Heterogeneity and Correlation With Body Surface T-Wave Alternans. J. Am. Coll.
Cardiol. 2007, 49, 338–346. [CrossRef]

38. Aras, K.; Gams, A.; Faye, N.R.; Brennan, J.; Goldrick, K.; Li, J.; Zhong, Y.; Chiang, C.-H.; Smith, E.H.; Poston, M.D.; et al.
Electrophysiology and Arrhythmogenesis in the Human Right Ventricular Outflow Tract. Circ. Arrhythm. Electrophysiol. 2022,
15, e010630. [CrossRef]

39. Itzhaki, I.; Rapoport, S.; Huber, I.; Mizrahi, I.; Zwi-Dantsis, L.; Arbel, G.; Schiller, J.; Gepstein, L. Calcium Handling in Human
Induced Pluripotent Stem Cell Derived Cardiomyocytes. PLoS ONE 2011, 6, e18037. [CrossRef]

40. Law, M.L.; Cohen, H.; Martin, A.A.; Angulski, A.B.B.; Metzger, J.M. Dysregulation of Calcium Handling in Duchenne Muscular
Dystrophy-Associated Dilated Cardiomyopathy: Mechanisms and Experimental Therapeutic Strategies. J. Clin. Med. 2020, 9, 520.
[CrossRef]

41. Zhang, J.; Chou, O.H.-I.; Tse, Y.-L.; Ng, K.-M.; Tse, H.-F. Application of Patient-Specific IPSCs for Modelling and Treatment of
X-Linked Cardiomyopathies. Int. J. Mol. Sci. 2021, 22, 8132. [CrossRef] [PubMed]

42. Wang, Y.; Lei, W.; Yang, J.; Ni, X.; Ye, L.; Shen, Z.; Hu, S. The Updated View on Induced Pluripotent Stem Cells for Cardiovascular
Precision Medicine. Pflugers Arch. 2021, 473, 1137–1149. [CrossRef] [PubMed]

161



Citation: Patil, V.B.; Ilager, D.; Tuwar,

S.M.; Mondal, K.; Shetti, N.P.

Nanostructured ZnO-Based

Electrochemical Sensor with Anionic

Surfactant for the Electroanalysis of

Trimethoprim. Bioengineering 2022, 9,

521. https://doi.org/10.3390/

bioengineering9100521

Academic Editors: Ali Zarrabi and

Gou-Jen Wang

Received: 10 September 2022

Accepted: 28 September 2022

Published: 2 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

bioengineering

Article

Nanostructured ZnO-Based Electrochemical Sensor with
Anionic Surfactant for the Electroanalysis of Trimethoprim
Vinoda B. Patil 1, Davalasab Ilager 2, Suresh M. Tuwar 1,* , Kunal Mondal 3,* and Nagaraj P. Shetti 4,5,*

1 Department of Chemistry, Karnatak Science College, Dharwad 580001, Karnataka, India
2 Department of Chemistry, K.L.E. Institute of Technology, Hubballi 580027, Karnataka, India
3 Idaho National Laboratory, Idaho Falls, ID 83415, USA
4 Department of Chemistry, School of Advanced Sciences, KLE Technological University,

Vidyanagar, Hubballi 580031, Karnataka, India
5 University Center for Research & Development (UCRD), Chandigarh University,

Gharuan, Mohali 140413, Panjab, India
* Correspondence: sm.tuwar@gmail.com (S.M.T.); Kunal.Mondal@inl.gov (K.M.);

dr.npsheti@gmail.com (N.P.S.)

Abstract: In this research, detection of trimethoprim (TMP) was carried out using a nanostructured
zinc oxide nanoparticle-modified carbon paste electrode (ZnO/CPE) with an anionic surfactant and
sodium dodecyl sulphate (SDS) with the help of voltametric techniques. The electrochemical nature of
TMP was studied in 0.2 M pH 3.0 phosphate-buffer solution (PBS). The developed electrode displayed
the highest peak current compared to nascent CPE. Effects of variation in different parameters, such
as pH, immersion time, scan rate, and concentration, were investigated. The electrode process of TMP
was irreversible and diffusion controlled with two electrons transferred. The effective concentration
range (8.0 × 10−7 M–1.0 × 10−5 M) of TMP was obtained by varying the concentration with a
lower limit of detection obtained to be 2.58 × 10−8 M. In addition, this approach was effectively
employed in the detection of TMP in pharmaceutical dosages and samples of urine with the excellent
recovery data, suggesting the potency of the developed electrode in clinical and pharmaceutical
sample analysis.

Keywords: trimethoprim; electrochemical sensor; zinc oxide nanoparticles; anionic surfactant;
biomedical applications

1. Introduction

Trimethoprim (TMP), chemically referred to as 5-(3,4,5-trimethoxybenzyl) pyrimidine-
2,4-diamine, is used as an antibacterial medication to prevent and treat infections of the
urinary, intestinal, middle ear travelers’ diarrhea, and respiratory tract [1]. In pharmaceu-
tical manufacture, it is frequently used with sulfonamides (such as sulfamethoxazole) to
induce synergistic effects [2]. TMP is also available in a single drug formulation. It is a
synthetic antibiotic drug that prevents the formation of tetrahydro folic acid (a chemical
required for bacteria and human cells to build proteins) by blocking the enzymes that
convert dihydro folic acid into tetrahydrofolic acid. TMP hinders the bacterial enzyme
higher than the human enzyme. Antibiotics, such as TMP, are given to animals and humans
annually to cure and prevent illnesses and infections [3]. Many antibiotics are eliminated in
conjugated forms that can be easily regenerated to their original condition and destroyed
from dosed animals without metabolism. Antibiotics are referred to as “pseudo persistent”
pollutants because they remain in the environment for a long time. As a result, antibiotics
in the atmosphere have gotten a lot of attention. Additionally, this TMP leads to a very
dangerously low level of thrombocytes by decreasing folic acid level and leads to the
formation of bone marrow cells [4]. Hence, it is essential to propose a highly sensitive and
selective technique to analyze TMP in biological and pharmaceutical samples.
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In recent times, electrochemical sensors have piqued the interest of scientific re-
searchers. Electrochemical sensors are used as sensitive detection techniques because
of their fast response rate, better sensitivity, low cost, and easy fabrication [5,6]. In addition,
electrochemical sensors are helpful in determining the biologically active molecule and
gaining insight into its biochemical processes and a better knowledge of their interac-
tions [7]. Carbon paste electrodes (CPEs) have gained a lot of consideration as a sensor
material for a variety of reasons, including their chemical inertness, stability, robustness,
minor ohmic resistance, lack of requirement for an internal solution, and are suitable
in detection applications [8,9]. The CPEs are free from toxic, environmentally friendly
electrodes. The passivation concerns are simply resolved throughout the scenario by a
rapid and simple surface rejuvenation. However, the bare CPEs also exhibit some flaws
in determination of electrochemical processes, including lesser sensitivity, slower electron
transport, poor stability across a broad range of concentration solutions, and demand for a
larger over-potential for the electro-catalytic technique. However, the electrodes’ modifica-
tion can help avoid such problems [10–12]. The electron transport rate can be accelerated
using chemically modified electrodes by lowering the over-potential. The nanoparticle
(NP)-oriented chemical-modified electrodes are currently the focus of interest because of
their intensified signal response, improved sensitivity, and higher stability.

ZnO nanoparticles comprise a wurtzite structure along with a wide surface area,
making them an excellent biosensor material. At room temperature, the ZnO possesses a
large band gap with a high excitation binding energy. ZnO nanoparticles’ chemical as well
as physical properties differ from bulk ZnO nanoparticles. Electro and photoluminescent
substances [13], gas sensors [14], solar cells, etc., are some examples of ZnO nanoparticle
applications. The ZnO in powdered form shows excellent optical transmission and elec-
trical conductivity. Furthermore, the electronegativities of the Zn and O atoms in ZnO
nanoparticles range significantly, making the bonding extremely ionic. Most importantly,
ZnO nanoparticles are less hazardous and cost efficient.

An anionic surfactant, sodium dodecyl sulphate (SDS), has a unique structure con-
sisting of a lengthy hydrophobic tail on one side and a polar head on the other [15].
Adsorption of SDS on the sensing surface causes the accumulation of many negative ions
on the electrode surface. Many works have reported the use of SDS in the field of electro-
chemistry [16,17]. As per the literature, some works are published regarding determination
and detection of TMP, such as spectrophotometry [18–24], liquid chromatography [25–28],
capillary electrophoresis [29], potentiometry [30], HPLC-UV [31], and HILIC-HPLC [32].
However, these methods are time consuming, need complexity in sample preparation, and
are costly compared to the electrochemical techniques.

The literature survey reveals that no research was explored to investigate TMP employ-
ing ZnO/SDS/CPE electrodes. Furthermore, the modified electrode was easy to prepare,
less costly, and gave stable results. Further, ZnO/SDS/CPE was highly sensitive and more
selective. The electrochemical investigations were performed using voltametric strategies,
such as CV and DPV. The observations were made by studying the different parameters,
such as pH, scan rate, and concentration study, which suggested that the inclusion of SDS
with ZnO nanoparticles increased the surface area and current response, thereby increasing
the sensitivity with a low detection limit. Hence, this sensor was employed to determine
TMP in tablets as well as urine samples and to study excipient interference; the findings
revealed the relevance of the method in detecting TMP.

2. Experimental Section
2.1. Chemicals and Reagents

The TMP (98%) and SDS (99%) were acquired from Sigma-Aldrich (St. Louis, MO,
USA) and utilized as received. Himedia chemicals Pvt. Ltd. (Mumbai, India) provided
H3PO4 (98%), KH2PO4 (99%), and Na2HPO4 (98%), which were utilized for the preparation
of electrolytic solution (0.2 M phosphate-buffer solutions) for various pHs (3.0–6.0). The
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required 0.5 mM stock solution of TMP was prepared in ethanol. The use of double-distilled
water was maintained while performing all the investigations.

2.2. Instrumentation

The study of the electrochemical behavior of TMP was carried out by employing
electrochemical workstation (CHI 1110C, USA) consisting of an electrochemical cell con-
gaing three-electrode electrode system, namely platinum electrode (counter), Ag/AgCl
(reference), and ZnO/SDS/CPE (working). To perform pH measurements Elico pH meter
(Elico Ltd., Mumbai, India) was used. Nano surf (Switzerland) was used to take AFM
measurements. JEOL (JSM-IT 500LA) (Japan) instrument was used for SEM analysis and
for XRD diffraction studies, XRD instrument MODEL RIGAKU (Japan) was employed.

2.3. Preparation of Pharmaceutical Sample

Trimethoprim tablets (each having 200 mg TMP) were acquired from a nearby phar-
macy. Using agitate and a mortar, tablets were finely grounded. Small portion of tablet
powder equal to the TMP was dissolved in ethanol and diluted up to the 100 mL volu-
metric flask using double-distilled water, sonicated for 15 min. Under ideal experimental
conditions, the tablet’s TMP (1.0 × 10−5 M) analysis was quantified using DPV and by
employing calibration graph concentration of the drug.

2.4. Preparation of Urine Samples

The samples were acquired from healthy participants and stored in the refrigerator for
later analysis. Samples were diluted with PBS of pH 3.0. A known amount of TMP was
spiked to a sample and was subjected to DPV measurements. Then, the concentration of
the TMP sample was estimated using a standard plot.

2.5. Synthesis of Nanostructure ZnO Nanoparticle

The precipitation processes synthesized ZnO nanoparticles using zinc nitrate and
potassium hydroxide as precursors. Using double-distilled water, a 0.2 M concentration
of zinc nitrate (Zn (NO3)26H2O) and 0.4 M concentration of potassium hydroxide (KOH)
solution were prepared. Later, potassium hydroxide was added slowly to the zinc nitrate
solution with constant stirring. The white precipitate of ZnO was formed, centrifuged
for 30 min in 5000 rpm, and cleaned with double-distilled water and ethanol to remove
impurities; ultimately, the obtained product was calcined for 3 h at 500 ◦C [33].

2.6. Fabrication of Electrode

Using a mortar, the CPE was developed by combining graphite (70%) and paraffin oil
(30%). Then, the mixed paste was filled into the Teflon tube of 3 mm diameter consisting of
a copper rod for electrical conductance; the prepared electrode was polished on a smooth
surface and cleaned with double-distilled water. After every determination, the paste
was expelled and fresh paste was used for further analysis. ZnO/CPE was developed by
adding 0.05 g of ZnO, 0.65 g of graphite powder and 0.3 mL of paraffin oil (05:65:30). Later,
the different concentrations of SDS (0.05 mM–0.25 mM) were added to the test solution
containing TMP and buffered solution. Maximum peak current was observed for the
0.1 mM SDS concentration (Figure S1). Hence, further studies were carried out in this
optimal condition.

2.7. Experimental Procedure

In the activation of the developed electrode, pH 3.0 was employed for the electrochem-
ical investigation of TMP. Stock solution of TMP was prepared with the help of ethanol.
The electrochemical investigation and impact of pH, accumulation time, surfactant concen-
tration, and scan rate variation were studied by CV technique under optimized conditions.
The effects of concentration, pharmaceutical sample analysis, urine sample analysis, and
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interference study were examined utilizing differential pulse voltammetry in a potential
range 0.8–1.4 V, 3.0 pH at an accumulation time of 10 s.

3. Results and Discussion
3.1. Surface Area of Electrode and ZnO Characterization

To calculate the active area of the developed sensor, 1.0 mM K3(Fe (CN)6) was used as
a probe and 0.1 M KCl as a supporting buffer. The CV measurements were taken for various
scan rates displayed in Figure 1. Randle Sevcik Equation (1) was employed in calculating
the area of the electrode [34] with the help of the value of slope obtained from Ip vs.

√
υ

plot. We calculated the electrode’s area, which was found to be 0.058 cm2, 0.094 cm2, and
0.099 cm2 for bare CPE, ZnO/CPE, and ZnO/SDS/CPE, respectively.

Ip = 2.69× 105 × n3/2 ×A ×D0
1/2 × υ1/2 ×Co (1)
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Figure 1. CV measurements of 1.0 mM K3(Fe (CN)6) at bare CPE and ZnO/CPE and ZnO/SDS/CPE.

3.2. Characterisation of Modifier

Atomic force microscopy (AFM), scanning electron microscopy (SEM), and X-ray
diffraction (XRD) studies were carried out to understand the morphological characteristics
of the sensing surface. AFM images of bare and ZnO/CPE are displayed in Figure 2A,B.
The total area roughness (Z) for bare and ZnO/CPE was found to be 0.4 and 1.12 nm.
The XRD pattern of ZnO reveals firm diffraction peaks, indicating the sample’s crystalline
composition. The diffraction peaks were intense at 2θ◦ = 32.8, 34.4, and 36.2. However,
the diffraction peaks further appeared at 47.5, 56.6, 62.8, 66.3, and 67.9, which were due
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to the various diffraction phases of ZnO exhibiting the hexagonal wurtzite structure. The
absence of impurities in diffraction patterns revealed that the prepared ZnO is of high
purity (Figure 2C). Further, SEM analysis showed that synthesized ZnO has an irregular
shape and size with large surface area, which is depicted in the SEM image in Figure 2D.
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3.3. Electrochemical Detection of TMP

Electrochemical investigations of TMP were performed by employing the CV tech-
nique using 0.5 mM of TMP (in pH 3.0) at scan rate 0.05 V/s. Figure 3 shows the presence
of an oxidation peak for all four electrodes (CPE, SDS/CPE, ZnO/CPE, ZnO/SDS-CPE).
However, the double-fold-enhanced peak intensity was observed for ZnO/SDS-CPE at
153.9 µA, with a peak potential value of 1.280 V. In the presence of SDS, a good interaction
occurred between the negatively charged monomers of SDS and they were strongly at-
tracted towards the positively charged amine moiety on TMP (Scheme S1). On the reverse
scan, the reduction peak was not detected and it indicates the process to be irreversible.
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Figure 3. CV responses of 0.5 mM TMP in pH 3.0 (0.2 M PBS) at CPE, SDS/CPE, ZnO/CPE, and
ZnO/SDS/CPE.

3.4. Immersion Time

The time required for an analyte molecule to accumulate at the electrode surface can
influence the electrode’s sensitivity. Hence, to study the effect of accumulation time, CV
measurements were recorded for different time intervals from 0 to 70 s using 0.5 mM TMP
at 0.05 V/s scan rate. The change in peak intensity was observed with respect to time and
higher peak intensity was obtained at 10 s (Figure 4) and, hence, 10 s was preferred as an
immersion time for further investigations.
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3.5. pH Study

An electrochemical examination associates the control of peak potential by utilizing
different supporting electrolytes. This was executed to enhance the conductivity of the
solution. We initially examined the electrochemical behavior of TMP at ZnO/SDS/CPE
in different electrolytic solutions, such as citrate buffer, Briton-Robinson buffer, sulphuric
acid, and PBS at pH 3.0 (Figure S2). A well-defined oxidation peak was observed in the
PBS-supporting electrolyte. Impact of PBS was studied for 0.5 mM TMP at ZnO/SDS/CPE
for different pH ranges (from 3.0 to 6.0) using the CV technique at 0.8–1.4 V potential
window. Voltammograms are displayed in Figure 5A. A well-resolved single oxidation
peak was detected for all pH ranges and it can be noticed that with the rise in pH of supporting
buffer concentration, a shift in peak potential (Ep) occurred, which is towards the less positive
side, revealing the presence of H+ in the oxidation of TMP [35]. After investigating the pH
range above 6.0, we noticed the absence of a peak current, which concludes that the oxidation
of TMP at ZnO/SDS/CPE can be acidic. The graphs for Ep and pH are plotted in Figure 5B,
which gave a fitted equation Ep =−0.0219 pH + 1.340, R2 = 0.988 and the slope value obtained
was −0.0219 V/pH, which is nearest to the standard value of −0.021 V, which specifies that
the electron and proton engaging in the reaction mechanism are uneven in number [36].
From Figure 5C, we can observe that at pH 3.0, the peak current (Ip) was intense; hence, the
supporting electrolytic solution of pH 3.0 was chosen for further measurements. Further,
we examined the impact of pH using the DPV technique and obtained results similar to the
above CV results (Figure S3).
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Figure 5. (A) CVs obtained for 0.5 mM TMP for various pH (pH 3.0–pH 6.0) employing
ZnO/SDS/CPE at scan rate 0.05 V/s; (B) dependence of potential (Ep) on pH; (C) plot of peak
current (Ip) vs. pH.

3.6. Scan Rate Study

The scan rate studies give insights into reaction mechanisms and the dependence of
peak current and peak potential on scan rate. Therefore, the impact of scan rate on electro-
oxidation of TMP was studied by employing CV technique at ZnO/SDS/CPE using 0.5 mM
TMP by altering the scan rate from 0.01 to 0.41 V/s with its optimum pH at 3.0 (Figure 6A).
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The voltammograms showed that with a peak current increase, peak potential slightly
shifted towards the positive direction and peak current increased gradually, indicating
the irreversible nature of reaction [37]. The increase in peak intensity with increasing
scan frequency is due to the signal being anticipated due to improved charge transfer
during system capacitance loading. In addition, a linear equation for the log of Ip vs. log ν
(Figure 6C) acquired is shown below.

log Ip = −0.384 log ν + 2.604; R2 = 0.978
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Resultant slope (−0.384) was significantly closer to the predicted value 0.5; therefore,
we can conclude that the reaction was governed by the process of diffusion [38]. From plot,
Ip vs.

√
ν (Figure 6B) gave the linearity equation below.

Ip = 393.21
√
ν + 61.575; R2 = 0.980

Ep = −0.0402 logν + 1.356; R2 = 0.969

The linear relationship was obtained from the plot peak potential (Ep) vs. log scan rate
(log ν) (Figure 6D) and the intercept of this plot was substituted in the Laviron Equations
(2) and (3), which were employed to measure the transfer coefficient (α) and heterogeneous
rate constant (k◦), respectively.

Further, the number of electrons was estimated to be two (2.42) [39].

Ep− Ep/2 =

(
47.7
α

)
mV (2)

E = Eo +

(
2.303RT
(1− α)nF

)
log
(
(1− α)nF

RTk◦

)
+

(
2.303RT
(1− α)nF

)
log(
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By calculation, the electrons (α) included in the oxidation of TMP were found to be
0.58 and k◦ value obtained was 1.28 s−1.

Using the equations below, (4) and (5), the number of proton transfer and surface coverage
concentration (Γ*) were calculated to be 1(0.89) and 7.58 × 10−6 mol cm−2, respectively.

dEp
dpH

=
2.303RTm

nF
(4)

Ip =
n2F2A n Γ ∗ ν

4 R T
(5)

3.7. Possible Electrode Mechanism

In the electrochemical reaction of TMP, pH investigation confirmed the presence of
protons, whereas per variation of scan rate studies, two electrons were transferred in
the electrochemical oxidation reaction. Further, in this mechanism, electron losses occur
initially from a non-bonding electron from nitrogen (non-bonding electrons are higher
in energy). The electron-deficient nitrogen pulls the electron from the pyrimidine ring.
As a result, positive charge was created and an unstable ion is formed. Hence, a rapid
1,2 hydride shift takes place, leading to the formation of secondary carbocation, which
is attacked by the hydroxide ion. From the collected data, the plausible electrochemical
mechanism can be predicted, as described in Scheme 1.
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4. Analytical Applications
4.1. Variation in TMP Concentration

DPV approach was opted for concentration variation studies as the CV technique was
not sensitive in detecting TMP in lower concentrations. Variation in concentration was
observed using the developed electrode at its optimum pH 3.0. From Figure 7A, it can
be noticed that with a decrease in TMP concentration, the peak current declined and the
linearity range obtained was 8.0 × 10−7 M–1.0 × 10−5 M. By using the intercept and slope
values acquired from plot of Ip and concentration (Figure 7B), the limit of detection and
limit of quantification were measured employing the below equations [40]:

LOD = 3s/m (6)

LOQ = 10s/m (7)
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Figure 7. (A) DPVs of concentration variation (0.8 µM–10 µM) at ZnO/SDS/CPE; (B) graph of Ip
and concentration.

The formula ‘s’ is referred to as standard deviation of intercept value and ‘m’ corre-
sponds to mean of the slope, which was calculated for three sets of measurements and the
LOD and LOQ calculated data obtained were 2.58 × 10−8 M and 8.61 × 10−8 M, respec-
tively. The obtained LOD value was compared with other reported methods (Table 1) and
it was found that the present method was sensitive with a lower detection limit because of
the novel properties of zinc oxide (semiconductor material with large excitation binding
energy of 60 meV). Furthermore, ZnO is a favorable material for sensor applications due to
its high catalytic ability, extraordinary electrical conductance, nontoxicity, and chemical
stability. The resultant LOD and LOQ values showed that the developed electrode was
sensitive, convenient, and efficient in TMP sensing and detection.
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Table 1. Comparative study of detection limit of TMP.

Electrode Used Technique Used Linearity Range LOD References

Boron-doped diamond electrode HPLC 85–1300 µM 5.5 µM [24]
Methacrylic acid/molecularly imprinted

polymer sensor Potentiometry 0.03–26 µM 0.4 µM [26]

molecularly imprinted polymer-graphene/Glassy
carbon electrode CV 1.0–100 µM 0.1 µM [41]

Silver nanoparticle-graphene/Glassy
carbon electrode DPV 1.0–10 µM 0.4 µM [42]

Graphene-Zinc oxide/Glassy carbon electrode DPV 1–180 µM 0.3 µM [43]
Cetyl trimethylammonium bromide/carbon

paste electrode CV 0.2–1.0 µM 0.1 µM [44]

Printex L6 carbon black/copper (II)
phthalocyanine film/Glassy carbon electrode SWV 0.4–1.1 µM 0.6 µM [45]

Multi-walled carbon nanotubes modified with
antimony nanoparticles/CPE DPV 0.1–0.7 µM 0.031 µM [46]

ZnO/SDS/CPE DPV 0.8–10 µM 0.025 µM Present
method

4.2. Pharmaceutical Sample Analysis

A pharmaceutical dosage of TMP was obtained from a local medical shop with the
brand name Bacstol 200 mg. The tablet was crushed using a mortar and then the tablet
powder was dissolved in ethanol and diluted up to the 100 mL volumetric flask, followed
by sonication for a few minutes. Then, the solution was filtered to eliminate the undissolved
solute. The filtrate obtained was subjected to DPV measurements, shown in Figure S4; the
concentration was compared with the help of a calibration graph. The concentration and
the recovery achieved are represented in Table 2.

Table 2. Tablet analysis of TMP.

TMP Observations

Labelled claim (mg) 200
Obtained amount(mg) 198

RSD % 1.06
Added (mg) 1.0

Obtained (mg) 0.99
Recovery % 99.36

4.3. Analysis of Urine Sample

The proposed method was validated by analyzing the urine samples obtained from
healthy people. The sample was diluted to using a supporting electrolyte of pH 3.0. The
sample was then filtered and the supernatant solution was spiked with a known amount of
TMP and analyzed using the DPV technique (Figure S5). The use of a calibration graph
calculated the recovery range. As such, 97.5–99% recovery was obtained with RSD 1.62%.
Table 3 provides details about analyzed data.

Table 3. Urine sample analysis of TMP.

TMP Sample Added (×10−5 M) Obtained Recovery (%) RSD%

1 1.0 0.99 99 0.90
2 0.8 0.78 97.5 2.11
3 0.6 0.59 98.33 1.85

4.4. Effect of Interference Molecules

The excipient study was conducted to check the interference of some of the commonly
used excipients, such as citric acid, lactose, dextrose, sucrose, glycine, glucose, urea, sodium
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chloride, potassium chloride, calcium chloride, and potassium sulphate. The concentration
of 0.01 mM excipient solution was chosen and investigated. The changes in peak potential
were observed to a smaller extent but were less than ±5% (Table 4), which confirmed that
the excipients do not intervene much in TMP detection.

Table 4. Excipient study of TMP.

Excipients Potential Observed (Ep) Change in Signal (%)

Citric acid 1.190 1.01
Lactose 1.188 0.84

Dextrose 1.181 0.59
Sucrose 1.191 1.10
Glycine 1.184 0.50
Glucose 1.190 1.01

Urea 1.174 −0.33

Salts

Potassium chloride 1.171 −0.59
Sodium chloride 1.163 −1.27
Calcium chloride 1.183 0.50

Potassium sulphate 1.192 1.18

4.5. Repeatability and Reproducibility

To verify the functionality and viability of ZnO/SDS/CPE, inter-day and intra-day
measurements were performed. Three replicates of measurements for 0.01 mM TMP were
taken on the same day to study the repeatability nature of an electrode and the electrode
retained its initial peak intensity, with 99% recovery, shown in Figure S6. To examine the
reproducibility nature of an established electrode, it was kept in a dark place in an airtight
jar and DPVs were recorded for 0.01 mM TMP. The results showed 97% recovery with an
RSD value of 0.81%, which verified the efficiency of the sensor.

5. Conclusions

In this research, TMP was determined by electrochemical techniques, such as CV and
DPV, at ZnO/CPE along with anionic surfactant SDS. The enhanced peak current for TMP
was noticed at the proposed sensor in its optimum pH 3.0 of PBS. We performed scan
rate investigations to gather information about reaction kinetics. The study suggested the
process to be diffusion controlled and a total of two electrons was transferred during the
reaction process, along with a single proton. Concentration variation studies observed
the linear relationship between peak current and TMP concentration. Detection limit
was calculated (2.58 × 10−8 M) and compared with other reported methods. Excipient
investigations verified that they did not interfere with the excipients in signal response of
TMP. Overall, the developed electrode was easy to fabricate, was cost effective, and could
produce reproducible results. Furthermore, ZnO/SDS/CPE provides the possibility of a
miniaturized system, offering high sensitivity and a quick response with a small amount
of analyte. Hence, the developed method can be applied in the determination of clinical
samples in trace quantities.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/bioengineering9100521/s1, Figure S1: Optimaiztion of SDS concentration;
Figure S2: impact of different buffers on TMP; Figure S3: Effect of pH on behavior of TMP by DPV
method; Figure S4: DPV for tablet analysis; Figure S5: DPV for urine samples; Figure S6: Reapatibility of
SDS/ZnO/CPE sensor at 0.01 mM TMP; Scheme S1: Probable interaction of SDS and TMP.
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Abstract: Poly(ethylene glycol) (PEG) films, fabricated by thermally induced crosslinking of amine-
and epoxy-terminated four-arm STAR-PEG precursors, were used as porous and bioinert matrix for
single-stranded DNA (ssDNA) immobilization and hybridization. The immobilization relied on the
reaction between the amine groups in the films and N-hydroxy succinimide (NHS) ester groups of
the NHS-ester-decorated ssDNA. Whereas the amount of reactive amine groups in the films with the
standard 1:1 composition of the precursors turned out to be too low for efficient immobilization, it
could be increased noticeably using an excess (2:1) concentration of the amine-terminated precursor.
The respective films retained the bioinertness of the 1:1 prototype and could be successfully decorated
with probe ssDNA, resulting in porous, 3D PEG-ssDNA sensing assemblies. These assemblies
exhibited high selectivity with respect to the target ssDNA strands, with a hybridization efficiency
of 78–89% for the matching sequences and full inertness for non-complementary strands. The
respective strategy can be applied to the fabrication of DNA microarrays and DNA sensors. As a
suitable transduction technique, requiring no ssDNA labeling and showing high sensitivity in the
PEG-ssDNA case, electrochemical impedance spectroscopy is suggested.

Keywords: poly(ethylene glycol); STAR-PEGs; ssDNA immobilization; ssDNA hybridization;
electrochemical impedance spectroscopy; X-ray photoelectron spectroscopy

1. Introduction

Immobilization of single-stranded DNA (ssDNA) on solid supports is an important
issue in the physical chemistry of interfaces and biomedical research, widely applied in
biological detection, microarray technology, and related fields [1–3]. Usually, ssDNA are
immobilized on the target substrate by their decoration with a suitable anchoring group
which has a strong affinity to the substrate. In particular, thiol-substituted ssDNA strands,
capable of assembling on coinage-metal substrates (above all on gold), are frequently
used [4–7]. Specifically modified ssDNA strands can also be attached to surfaces precoated
with self-assembled monolayers (SAMs) [8,9] or polymers [10,11], relying on covalent
bonding between specific docking groups of ssDNA and matching terminal groups of
SAMs or polymers.

To achieve a high hybridization efficiency and to form individual sensing spots, it
is frequently necessary to immobilize ssDNA into a biocompatible matrix resisting non-
specific ssDNA-surface interactions [12–14]. In this way, one can control the density of the
immobilized probe ssDNA and suppress nonspecific adsorption of target ssDNA beyond
the predefined sensing spots, thus improving the specificity and efficiency of a particu-
lar assembly or a device. The most frequently used bioinert material in this context is
poly(ethylene glycol) (PEG). PEG is a hydrophilic polymer with remarkable biocompatible
properties, prohibiting nonspecific adsorption of proteins, oligonucleotides, bacteria, and
other bioorganisms [15–19]. This material is used in particular for the decoration of SAMs,
in the form of oligo(ethylene glycol) (OEG) tail groups, resulting in the fabrication of bioin-
ert surfaces and interfaces [20–24]. Properly decorated ssDNA can then be immobilized
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onto the respective supports, either as a component of binary ssDNA-OEG SAMs or within
a predefined spot, using a lithographic approach [25,26].

Along with OEG-decorated SAMs, all-PEG materials can also be used, such as PEG
brushes and polymer films [27–30]. Alternatively, porous PEG and PEG-based films can
be used, taking advantage of 3D immobilization of ssDNA in contrast to the standard
2D assemblies provided by SAM supports and usual OEG-based polymers [31–34]. In
particular, such porous films can be efficiently formed by thermally activated crosslink-
ing of multi-armed STAR-PEG precursors, decorated with amine (STAR-NH2) or epoxy
(STAR-EPX) groups, which build ethanol-amine bridges between individual arms of the
precursors upon the crosslinking (Figure 1) [35]. The porosity of the resulting films is then
predominantly determined by the length of the PEG arms which are linked together in
the joint center of each of the precursors [36]. The thickness of these films can be flexibly
adjusted in a range from several to hundreds of nanometers by varying the concentration
of the precursors in the primary solutions [35,36]. Distinct bioinert, hydrogel, and elastic
properties of these films, existing also in the form of free-standing membranes, make them
useful for further modification and processing as well as for a variety of applications [35–42].
Due to their distinguished bioinertness, these films can also serve as a bioinert matrix which
can be decorated with bioreceptors and subsequently used for specific biosensing. This
ability has indeed been demonstrated in the case of proteins, relying on the well-known
biotin-avidin key-lock affinity [41]. With this achievement in mind, it is interesting and
promising to explore whether such a strategy is also suitable for the immobilization and
hybridization of ssDNA, which is the subject of the present study. For this purpose, we
used the STAR-NH2 and STAR-EPX precursors with moderate molecular weights, adjust-
ing their mixing ratio to optimize the immobilization efficiency of ssDNA, and applied
X-ray photoelectron spectroscopy (XPS) and complementary electrochemical techniques to
monitor the immobilization and hybridization processes.
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Figure 1. Structure of the STAR-NH2 (R1) and STAR-EPX (R2) precursors and a schematic drawing of
the PEG film fabrication procedure relying on the extensive crosslinking of the precursors, mediated
by the reactions between their terminal amine (R1) and epoxy (R2) groups. The resulting crosslinking
points (ethanol-amine bridges) are marked by blue circles in the porous PEG film scheme (bottom,
right); free (non-reacted) NH2 groups are depicted as green circles. The mixing ratio of the precursors
was varied.
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2. Materials and Methods
2.1. Chemicals

The 4-arm STAR-NH2 and 4-arm STAR-EPX compounds (Figure 1) with a molecular
weight of 2000 g/mol were purchased from Creative PEGWorks (Chapel Hill, NC, USA)
and used as received. These compounds are characterized by low polydispersity and
high purity, viz. 99% for STAR-NH2 and 98% for STAR-EPX in terms of amine and epoxy
substitution, respectively. According to the molecular weight, the PEG arms of these
compounds contain 10-11 EG monomers, corresponding to an arm length of 3.5−3.9 nm.
Desalted ssDNA sequences were purchased from Metabion International AG (Munich,
Germany). The first group of these sequences included unmodified thymine (T) and
adenine (A) homo-oligonucleotides, viz’−T5−3’ (T5), 5’−T10−3’ (T10), 5’−A5−3’ (A5),
and 5’−A10−3’ (A10). The second group included substituted homo-oligonucleotides,
viz. N-hydroxy succinimide ester-C10−T5−3’ (NHS-T5) and 5’−N-hydroxy succinimide
ester-C10−T10−3’ (NHS-T10). Please note that the NHS esters are reactive groups formed
by carbodiimide-activation of carboxylate molecules. NHS-ester-labeled compounds react
with primary amines under physiologic to slightly alkaline conditions (pH 7.2 to 9) to yield
stable amide bonds after the release of the NHS group [43]. Consequently, decoration of
ssDNA strands with NHS ester should be a reasonable strategy to immobilize these strands
into the PEG matrix over the NH2 groups which did not participate in the crosslinking
reaction and retained their reactivity. Other chemicals were purchased from Sigma-Aldrich.

2.2. Film Fabrication

The PEG films were prepared by the established protocol [35], schematically illus-
trated in Figure 1. Accordingly, the STAR-NH2 and STAR-EPX precursors were separately
dissolved in chloroform with specific concentrations, mixed together in a ratio of 1:1 (V/V),
spin-coated onto SiO2 passivated Si substrates (Siegert Wafer GmbH, Aachen, Germany),
and crosslinked by thermal annealing (6 h, 80 ◦C). The resulting films were extensively
rinsed with ethanol to remove possible weakly bound material. Two kinds of films were
prepared. In the first case, the same concentration of the STAR-NH2 and STAR-EPX precur-
sors in the primary solutions was used (1:1 ratio), set to either 2 mg/mL or 25 mg/mL to
obtain either thin (~15 nm) or thick (~100 nm) films. In the second case, the concentrations
of 20 mg/mL for STAR-NH2 and 10 mg/mL for STAR-EPX were used (2:1 ratio), to obtain
PEG films (~80 nm thickness) with a noticeable amount of free NH2 groups, suitable for the
reaction with the NHS ester groups of the substituted homo-oligonucleotides. For the sake
of brevity, we will refer to these systems further in the manuscript as the 1:1 and 2:1 films,
respectively. The 2:1 PEG films were also fabricated on evaporated Au(111) substrates
(30 nm Au on Si(100); Georg-Albert PVD-Beschichtungen, Silz, Germany)—specifically for
electrochemical measurements (see below). These films had similar thickness and similar
properties as the films on the Si/SiO2 substrates. The stability and robustness of these films
was in particular verified by the fabrication of large-area, free-standing PEG membranes
which feature extreme elasticity [44].

2.3. ssDNA Immobilization and Hybridization

The procedures are schematically illustrated in Figure 2. For ssDNA immobilization,
PEG films were immersed into 1M CaCl2 −TE buffer (10 mM Tris-HCl and 1 mM EDTA,
pH = 7.4) containing 10 µM of ssDNA for 40 h at 37 ◦C. Please note that the 1M CaCl2-TE
buffer was supplanted by PBS buffer (pH = 7.4) in the NHS-T5 and NHS-T10 cases to avoid
reaction between the NHS ester group of ssDNA and the NH2 group of Tris-HCl. After the
incubation, the samples were rinsed with Milli-Q water for 1 min and-dried under N2 flow.
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the NHS-Tn immobilization in the PEG matrix (shown schematically as a gray circle) over the free
(non-reacted) NH2 groups and its subsequent reaction with the An and Tn targets.

For hybridization tests, the samples were immersed in a 1 M NaCl buffer containing
10 µM of the target sequences for 8 h at room temperature. After incubation, the samples
were rinsed with 1 M NaCl buffer for 1 min, briefly dipped in a small amount of Milli-Q
water (~0.5 mL) to remove excess salts, and finally dried with N2.

2.4. X-ray Photoelectron Spectroscopy

Bioinert properties of the PEG films, ssDNA immobilization in these films, and the
hybridization ability of the resulting hybrid films were monitored by XPS, which is a
frequently used technique for this purpose [5,45–48]. The measurements were performed
using a MAX 200 (Leybold –Heraeus, Köln, Germany) spectrometer equipped with a
hemispherical analyzer (EA 200; Leybold–Heraeus, Köln, Germany) and a Mg Kα X-ray
source (260 W; ca. 1.5 cm distance to the samples). The spectra were obtained in normal
emission geometry with an energy resolution of ~0.9 eV. The binding energy (BE) scale of
the spectra was referenced to the Au 4f7/2 peak at 84.0 eV [49].

XPS was also used to estimate the areal density of the immobilized probe ssDNA. As
a reference, we used a custom-designed SAM of nitrile-substituted naphthalenethiolates
on Au(111) with an areal density of ~4.2 × 1014 molecules/cm2 [50], which in view of the
molecular structure, is also the density of the terminal nitrogen atoms. Along with the
intensities of the N 1s signals for the PEG-ssDNA and reference SAM, the difference in the
number of the nitrogen atoms in the relevant molecules was taken into account.

2.5. Electrochemistry

Electrochemical measurements, which included cyclic voltammetry and electrochemi-
cal impedance spectroscopy (EIS), were performed using an IM6E potentiostat (Zahner-
Elektrik GmbH & Co. KG, Kronach-Gundelsdorf, Germany) and a custom-made three-
electrode electrochemical cell. Along with the working electrode (blank Au, Au/PEG,
Au/PEG/ssDNA), an Ag/AgCl (non-aqueous) electrode and a platinum electrode (Os-
illa, Sheffield, UK) were used as the reference and counter electrodes, respectively. The
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blank Au substrates for the working electrode were purchased from Georg Albert, PVD-
Beschichtungen (see also Section 2.1); the root mean square value of the surface roughness
was estimated as ~0.5 nm as an average over the 0.5 × 0.5 µm2 and 5 × 5 µm2 scans (see
Figure S1 in the Supporting Information). The cyclic voltammograms (CVs) and EIS data
were recorded in a 10 mM Fe(CN)6

3−/4− electrolyte containing 0.1 M KCl. The exposed
area of the electrodes was ~0.5 cm2. For CV measurements, a scan rate of 300 mV/s in
the range from −0.8 V to +0.7 V (vs. Ag/AgCl) was applied. The EIS measurements were
conducted at an alternating voltage with an amplitude of 5 mV, in the frequency range from
10−1 to 105 Hz. Please note that an analogous approach was previously applied to monitor
the performance of a ssDNA array immobilized on a glassy carbon electrode modified with
a complex inorganic matrix on the basis of Sm2O3 nanoparticles and graphene oxide [51].

3. Results and Discussions
3.1. XPS

The monitoring of the relevant properties and processes within the given study relied
on the well-known XP spectra of pristine PEG films and thymine and adenine homo-
oligonucleotides. In accordance with the chemical composition, the PEG films are ade-
quately represented by the C 1s, O 1s, and N 1s spectra [35,36,42], exhibiting the character-
istic singular peaks at BEs of 286.8 eV (C 1s), 532.8 eV (O 1s), and 399.6 eV (N 1s), as shown
in Figures S2 and S3 in the Supporting Information for the standard 1:1 case. The first
two peaks are related to the PEG arms of the network and the third peak is representative
of the nitrogen atoms in the ethanol-amine bridges. The homo-oligonucleotides can be
best traced by the N 1s and P 2p spectra, representative of the nucleobases and phosphate
groups in the ssDNA backbone, respectively. The P 2p spectra, usually showing a merged
P 2p3/2,1/2 doublet at a BE of 133.5–133.7 eV [5,45,52–54], are not nucleobase-specific, but
are a suitable fingerprint for the presence of ssDNA in the PEG matrix, which originally
contains no phosphorus. The N 1s spectra are nucleobase-specific, which not only allows
monitoring the presence of ssDNA but also allows to distinguish between thymine and
adenine homo-oligonucleotides. In the case of thymine, the spectrum exhibits a single peak
at a BE of ~400.5 eV, sometimes accompanied by a weak shoulder at a BE of ~398.5 eV
associated with thymine moieties which are in direct contact with the substrate [5,52,55,56].
In the case of adenine, the spectrum consists of two peaks at BEs of ~398.7 and ~400.5 eV
with the characteristic intensity ratio of 2:1 [5,52,56]. Significantly, the positions of these
characteristic features do not change noticeably upon the T-A hybridization [56–58].

The PEG films are expected to be inert to ssDNA strands, similar to their behavior
with respect to proteins [35,36]. To verify this assumption, 1:1 films were exposed to the
unmodified ssDNA strands, viz. Tn and An (n = 5 and 10), and characterized by XPS.
The respective C 1s, O 1s and N 1s XP spectra were found to be identical (within the
experimental accuracy) to those of the original films (see Figure S2 in the Supporting
Information), which demonstrates that the PEG films with the optimal mixing ratio of the
precursors are indeed bioinert.

These films contain, however, only a small amount of free amine groups (~3% accord-
ing to our estimate, based on the infrared spectroscopy data from ref [35]), which can be
insufficient for an effective immobilization of the NHS-ssDNA. Indeed, after the exposure
of the 1:1 PEG films to NHS-T5 and NHS-T10, no noticeable changes could be observed
in the XP spectra of the samples (see Figure S3 in the Supporting Information), indicating
a very small (if at all) immobilization efficiency. As an additional proof, these samples
were subsequently exposed to the target ssDNA strands complementary to T5 and T10,
viz. A5 and A10, and characterized by XPS. Again, the spectra remained unchanged (see
Figure S3 in the Supporting Information), which fully exclude that the probe T5 and T10
strands, capable of hybridizing with A5 and A10, were present in the PEG matrix.

The above results suggest that the 1:1 PEG films are not suitable for the immobilization
of NHS-ester-modified ssDNA. A promising solution could then be a deviation from the
1:1 mixing ratio, resulting in a non-negligible amount of free amine groups, capable of

181



Bioengineering 2022, 9, 414

reacting with the NHS ester moieties of the NHS-ssDNA. To verify this hypothesis, the
STAR-NH2/STAR-EPX mixing ratio was set to 2:1 (see Section 2 for the experimental
details) and 2:1 PEG films were prepared. Please note that the crosslinking reaction still
works efficiently at even such a non-optimal mixing ratio, resulting in the formation of
stable and robust PEG films, with the swelling and mechanical properties differing only
slightly from those of the 1:1 films [41,44]. Additionally, the XP spectra of the 2:1 PEG films
were found to be nearly identical to those of the 1:1 prototypes, with the characteristic C
1s, O 1s, and N 1s peaks at BEs of 286.8 eV, 532.8 eV, and 399.6 eV, respectively (Figure 3).
The presence of only one N 1s peak in these spectra means that both crosslinked and free
amine groups have nearly the same XPS binding energy. This circumstance simplifies the
analysis of the spectra but make it difficult to provide an estimate for the amount of free
amine groups.
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For the next step, bioinert properties of the 2:1 PEG films were tested. For this purpose,
these films were exposed to A10 and T10 and characterized afterwards by XPS, relying on
the characteristic C 1s, O 1s, and N 1s spectra. The respective data are presented in Figure 3.
The spectra of the films exposed to A10 and T10 turned out to be identical (within the
experimental accuracy) to those of the original films. This observation means that a moder-
ate deviation from the optimal mixing ratio does not result in a deterioration of bioinert
properties. Thus, the 2:1 films can readily serve as a bioinert matrix for immobilization of
probe ssDNA strands and subsequent hybridization with the target ssDNA strands, as far
as immobilization and hybridization can be performed.

Both these processes turned out to be indeed possible. The immobilization of the
probe ssDNA strands (T5 and T10) was carried out with the help of NHS-T5 and NHS-T10,
relying on the reaction between the NHS ester group of the latter moieties and the free
amine groups in the PEG films. The process was monitored by XPS, relying on the C 1s,
N 1s and P 2p spectra. The respective data are shown in Figures 4 and 5 for the NHS-T5
and NHS-T10 case, respectively. Let us first discuss the data for NHS-T5 and later - for
NHS-T10.
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sponding to a high hybridization efficiency (~78%). In the N 1s spectrum, the shoulder at 
~401.9 eV increases in intensity and becomes comparable to the main peak. Assuming that 
this increase stems from the T5-A5 hybridization, the spectrum was decomposed in three 
components associated with the NH2 and NH groups in the PEG matrix, thymine, and 
adenine. Within the respective fit, the PEG matrix was represented by a single peak at a 
BE of ~399.8 eV, thymine—by a single peak at 401.9 eV, and adenine—by two peaks at 
~400.4 eV and ~402.2 eV with an intensity ratio of 2:1. As shown in Figure 4, the N 1s 
spectrum could be fully reproduced by such a combination. The relative weights of the 
thymine and adenine components, corrected for the different contents of the nitrogen at-
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tentatively fitted by a single peak (solid lines) and a linear background (dashed lines).

Bioengineering 2022, 9, x FOR PEER REVIEW 8 of 17 
 

295 290 285 280 405 400 395 135 130

In
te

n
s

it
y 

(a
rb

.u
n

it
s

)

PEG/NHS-T10

PEG/NHS-T10+T10

C 1s

2:1 PEG

PEG/NHS-T10+A10

ba c

Binding energy (eV)

N 1s P 2p

 
Figure 5. C 1s (a), N 1s (b), and P 2p (c) XP spectra of the original 2:1 PEG film, PEG film exposed to 
NHS-T10 (PEG/NHS-T10), and PEG/NHS-T10 probe film exposed to mismatching (T10) and match-
ing (A10) target ssDNA. The N 1s spectra are decomposed into individual contributions related to 
the amine groups in the PEG matrix (dark gray), thymine (blue), and adenine (red). The P 2p spectra 
are tentatively fitted by a single peak (solid lines) and a linear background (dashed lines). 

To verify the selectivity of the T5-decorated PEG films to specific target, this film was 
exposed to a mismatching ssDNA sequence (T5) and examined by XPS. As shown in Fig-
ure 4, the C 1s, N 1s and P 2p XP spectra of the film taken before and after such an exposure 
are identical (within the experimental error), which indicates that the hybridization is in-
deed highly selective.  

The data for the immobilization of NHS-T10 into the 2:1 PEG films using NHS-T10 
and the related hybridization tests with the matching (A10) and mismatching (T10) 
ssDNA sequence are presented in Figure 5. The same behavior as in the case of NHS-T5, 
A5, and T5 is observed (Figure 4). However, changes in the XP spectra upon the immobi-
lization of the probe strands and their hybridization with the matching target are even 
more pronounced, which is understandable in view of the longer ssDNA chain and, sub-
sequently, a larger spectral weight of the respective fingerprint features. Based on the de-
composition of the N 1s spectra, the hybridization efficiency was estimated as ~89%, 
which is even somewhat higher than that for the shorter T5/A5 strands, driven, most 
likely, by a larger energy gain. The ssDNA-backbone-representative P 2p spectra, which 
show an intensity increase by a factor of ~1.88 upon the specific hybridization (T10-A10), 
give nearly the same value of the hybridization efficiency, supporting the reliability of the 
derived value. In contrast, similar to the T5/A5 case, no changes in the XP spectra were 
observed after the exposure of the T10-decorated PEG films to a mismatching sequence 
(T10). 

The XPS data for the T5/A5 and T10/A10 series can also be compared to each other. 
In particular, both for the T10-decorated PEG films and the films subjected to the specific 
hybridization, the intensity of the P 2p signal is approximately double with respect to that 
in the T5/A5 case. This relation suggests a similar amount of the immobilized ssDNA spe-
cies in the T10/A10 and T5/A5 cases. Such a behavior indicates that the ssDNA immobili-
zation ability of the 2:1 PEG film does not depend strongly on the length of ssDNA strands 
but is predominantly determined by the amount of free amine groups. A tentative evalu-
ation of the areal densities of the immobilized T5 and T10 probe strands, performed on 
the basis of the N 1s XP spectra and the nitrile-terminated SAM as a reference (see Section 

Figure 5. C 1s (a), N 1s (b), and P 2p (c) XP spectra of the original 2:1 PEG film, PEG film exposed
to NHS-T10 (PEG/NHS-T10), and PEG/NHS-T10 probe film exposed to mismatching (T10) and
matching (A10) target ssDNA. The N 1s spectra are decomposed into individual contributions related
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After the exposure of the 2:1 PEG films to NHS-T5, the C 1s spectrum of the resulting
films (PEG/NHS-T5) looks similar to that of the original PEG films, whereas the N 1s and
P 2p spectra change noticeably. In the N 1s spectrum, the peak at ~399.8 eV, associated
with the PEG matrix, decreases in intensity, and becomes accompanied by the characteristic
peak of thymine at a BE of ~401.9 eV (see refs [5,52,55,56]). In the P 2p spectrum, a
characteristic signature of the phosphate groups in the ssDNA skeleton at a BE of ~133.7 eV
is observed [5,45,52–54]. This joint evidence indicates that the probe T5 strands were
successively immobilized into the PEG matrix.

Next, the ability of the T5-functionalized PEG films to probe a complimentary target
ssDNA (A5) was tested by their incubation into A5 solution and subsequent characteriza-
tion by XPS. Once again, the C 1s spectrum, representing predominantly the PEG matrix,
did not change noticeably. In contrast, the N 1s and P 2p XP spectra, representing the
ssDNA species, showed pronounced changes. In the P 2p spectrum, an increase in the
intensity of the characteristic phosphate feature by a factor of ~1.78 is observed, corre-
sponding to a high hybridization efficiency (~78%). In the N 1s spectrum, the shoulder
at ~401.9 eV increases in intensity and becomes comparable to the main peak. Assuming
that this increase stems from the T5-A5 hybridization, the spectrum was decomposed in
three components associated with the NH2 and NH groups in the PEG matrix, thymine,
and adenine. Within the respective fit, the PEG matrix was represented by a single peak
at a BE of ~399.8 eV, thymine—by a single peak at 401.9 eV, and adenine—by two peaks
at ~400.4 eV and ~402.2 eV with an intensity ratio of 2:1. As shown in Figure 4, the N 1s
spectrum could be fully reproduced by such a combination. The relative weights of the
thymine and adenine components, corrected for the different contents of the nitrogen atoms
in these bases (2 for thymine and 5 for adenine; see Figure 2), give then a hybridization
efficiency of ~80%, in excellent agreement with the P 2p data.

To verify the selectivity of the T5-decorated PEG films to specific target, this film
was exposed to a mismatching ssDNA sequence (T5) and examined by XPS. As shown in
Figure 4, the C 1s, N 1s and P 2p XP spectra of the film taken before and after such an expo-
sure are identical (within the experimental error), which indicates that the hybridization is
indeed highly selective.

The data for the immobilization of NHS-T10 into the 2:1 PEG films using NHS-T10
and the related hybridization tests with the matching (A10) and mismatching (T10) ssDNA
sequence are presented in Figure 5. The same behavior as in the case of NHS-T5, A5, and T5
is observed (Figure 4). However, changes in the XP spectra upon the immobilization of the
probe strands and their hybridization with the matching target are even more pronounced,
which is understandable in view of the longer ssDNA chain and, subsequently, a larger
spectral weight of the respective fingerprint features. Based on the decomposition of the
N 1s spectra, the hybridization efficiency was estimated as ~89%, which is even somewhat
higher than that for the shorter T5/A5 strands, driven, most likely, by a larger energy gain.
The ssDNA-backbone-representative P 2p spectra, which show an intensity increase by a
factor of ~1.88 upon the specific hybridization (T10-A10), give nearly the same value of the
hybridization efficiency, supporting the reliability of the derived value. In contrast, similar
to the T5/A5 case, no changes in the XP spectra were observed after the exposure of the
T10-decorated PEG films to a mismatching sequence (T10).

The XPS data for the T5/A5 and T10/A10 series can also be compared to each other.
In particular, both for the T10-decorated PEG films and the films subjected to the specific
hybridization, the intensity of the P 2p signal is approximately double with respect to that
in the T5/A5 case. This relation suggests a similar amount of the immobilized ssDNA
species in the T10/A10 and T5/A5 cases. Such a behavior indicates that the ssDNA
immobilization ability of the 2:1 PEG film does not depend strongly on the length of ssDNA
strands but is predominantly determined by the amount of free amine groups. A tentative
evaluation of the areal densities of the immobilized T5 and T10 probe strands, performed
on the basis of the N 1s XP spectra and the nitrile-terminated SAM as a reference (see
Section 2.4 for the technical details), gives the areal densities of 3.6 × 1012 strands/cm2 and
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2.7 × 1012 strands/cm2 for the PEG/NHS-T5 and PEG/NHS-T10 assemblies, respectively.
Note, however, that both these values represent coarse estimates only and are most likely
somewhat higher in reality since the N 1s photoemission signal from the quasi-bulk PEG-
ssDNA samples is diminished by self-attenuation, in contrast to the signal from the terminal
nitrogen atoms of the reference SAM, which is not affected by the attenuation at all.

The somewhat higher areal density for the PEG/NHS-T5 assembly compared to the
PEG/NHS-T10 case is most likely related to a better permeability of the shorted NHS-T5
moieties in the PEG matrix. Nevertheless, the permeability is obviously still good enough
for the NHS-T10 species, but can probably become a problem for noticeably longer ssDNA
strands. Based on the length of the precursor arms (3.5–4 nm), a 3D PEG mesh with a
characteristic pore size of 7–8 nm can be expected. This size is of course larger than the
cross-sectional dimeter of ssDNA (~2 nm) but is, even for a short strand, much smaller
than the ssDNA length, determined by the effective persistence length (~2 nm [59]) and the
number of bases.

A related aspect is the behavior of the C 1s XP spectra. As was mentioned above
and seen in Figures 4 and 5, these spectra do not exhibit noticeable changes on the im-
mobilization of the probe T5 and T10 strands into the PEG film, except probably a small
decrease in intensity. This means that the signal of the PEG matrix, represented by a single
peak at a BE of ~286.6 eV (see above), dominates over the signal of the ssDNA strands,
overlapping partly with the PEG feature and represented by several peaks with specific
intensity ratios and dominant spectral weight at a BE of 284.6–285.5 eV [45,60]. Conse-
quently, and most likely, the immobilization of ssDNA does not involve the entire PEG
film but, predominantly, the topmost part of it, occurring in a gradient fashion. Only after
the specific hybridization, a small ssDNA-stemming shoulder at the low BE side of the
PEG-related C 1s peak is observed.

The permeability of ssDNA in the PEG matrix was additionally studied by exposure of
comparably thin (15 nm) 1:1 PEG films to unmodified homo-oligonucleotides, T10 and A10.
As demonstrated above, both 1:1 and 2:1 PEG films are generally inert to these biomolecules,
so that any traces of T10 and A10 found in the spectra will most likely represent the strands
penetrated through the film and adsorbed at the film-substrate interface, driven by their
affinity to the non-bioinert Si/SiO2 substrate. Indeed, such traces could be found in the
XP spectra of both PEG/T10 and PEG/A10 (Figure S4 in the Supporting Information),
suggesting that the permeability depth of these strand into the PEG film is at least 15 nm.
The affinity of the Si/SiO2 substrates to the ssDNA was additionally verified by their
exposure to T10 and A10. The resulting XP spectra in Figure S5 (Supporting Information)
show a noticeable increase in the intensity of the C 1s signal and appearance of the N 1s
signal, which both indicate the adsorption of T10 and A10 onto the substrate. The C 1s
spectra of both adsorbed ssDNA strands represent a single peak at a BE of 285.7–285.8 eV,
accompanied by a weak high energy shoulder. Such spectra should indeed overlap sig-
nificantly with the C 1s spectrum of the original PEG film, so that detection of ssDNA
immobilization and hybridization on the basis of the C 1s XP spectra is hardly possible.

3.2. Electrochemical Studies

The immobilization of the ssDNA into the PEG matrix and hybridization ability of
the resulting assemblies were also monitored by electrochemical measurements, which
were carried out for the 2:1 films only. These films were specifically fabricated on Au
substrates serving as the working electrode in the electrochemical cell (see Section 2 for the
technical details). Then, the recorded cyclic voltammograms (CVs) provided a measure
of the electrochemical passivating ability of the PEG films (Au/PEG) and PEG/ssDNA
assemblies (Au/PEG/ssDNA) toward the Fe(CN)6

3-/4- redox couples in the electrolyte
solution. In contrast, the EIS analysis provided information on the charge transfer resistance
(Rct) of the electrochemical cell.

As the first step, electrochemical passivating ability and bioinertness of the PEG films
were tested. The respective data are shown in Figure 6 and the numerical results of the
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electrochemical measurements are summarized in Table 1. According to the CVs (Figure 6a)
and Table 1, the presence of a ~80 nm PEG film on the Au electrode results in just a moderate
suppression of the redox current and in just 33% decrease of the electrochemical capacitance,
which is proportional to the area encircled by the respective CV [61]. Such a moderate
reduction is most likely related to the porous structure of this film, which (structure) follows
directly from the structure of the film precursors and the architecture of the PEG films (see
Figure 1) as well as from the swelling and permeability properties of these films [35,36]. The
porous structure is favorable for the efficient diffusion of the Fe(CN)6

3−/4− species toward
the Au electrode. Additionally, the Rct value did not change much after the introduction
of the PEG film, increasing from 25 Ω to 40 Ω (Table 1), as follows from the Nyquist plots
for the Au and Au/PEG samples in Figure 6b. The diameters of the semicircles in the high
frequency region of these plots correspond to the Rct values of the samples.
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Table 1. Capacitance with Respect to the Cell with the Blank Au Working Electrode and the Charge
Transfer Resistance Associated with the Specific Samples.

Sample Relative Capacitance Charge Transfer Resistance

Au 100% 25 Ω
Au/PEG 67% 41 Ω

Au/PEG+A10 65% 40 Ω
Au/PEG+T10 65% 43 Ω

Au/PEG/NHS-T5 50% 95 Ω
Au/PEG/NHS-T5+T5 49% 97 Ω
Au/PEG/NHS-T5+A5 32% 195 Ω

Au/PEG/NHS-T10 34% 158 Ω
Au/PEG/NHS-T10+T10 33% 155 Ω
Au/PEG/NHS-T10+A10 19% 330 Ω

Exposure of the PEG films to the non-substituted ssDNA (A10 and T10) resulted in no
obvious changes in their CVs (Figure 6a) and Nyquist plots (Figure 6b), with the nearly
identical values of the relative capacitance and Rct before and after exposure (Table 1). This
behavior indicates the bioinert character of the 2:1 PEG matrix, in full agreement with the
XPS data (see Section 3.1).

Subsequently, immobilization of NHS-T5 and NHS-T10 into the PEG matrix and the
exposure of the resulting PEG-ssDNA films to the matching and non-matching target
sequences was performed and the results were monitored by CV and EIS. The respective
data are presented in Figures 7 and 8; the derived values of the relative capacitance and Rct
are compiled in Table 1. Let us first discuss the data for NHS-T5 and later for NHS-T10.
After the exposure of the Au/PEG to NHS-T5, the redox currents in the electrochemical cell
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decreased (Figure 7a), indicating a higher resistance of the working electrode. This effect
is even more obvious in the Nyquist plots (Figure 7b), which show a noticeable increase
in the diameter of the semicircle corresponding to an increase in Rct from 41 Ω to 95 Ω
(Table 1). This increase manifests the immobilization of the probe T5 strands into the PEG
matrix and is explained by the effect of the negatively charged phosphate groups of the
ssDNA, which hinder Fe(CN)6

3-/4- from diffusing to the electrode surface [51,62].
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Figure 7. CVs (a) and Nyquist plots (b) for the Au/PEG working electrode and the Au/PEG/NHS-T5
electrode before and after its exposure to mismatching (T5) and matching (A5) target ssDNA.

The exposure of the Au/PEG/NHS-T5 to the matching sequence (A5) resulted in
further reduction of the redox current (Figure 7a) and relative capacitance (Table 1) as well
as in a noticeable increase in the diameter of the semicircle in the Nyquist plots (Figure 7b),
corresponding to a significant increase in Rct from 95 Ω to 195 Ω (Table 1). This behavior
manifests the efficient hybridization of T5 and A5, in full agreement with the XPS data (see
Section 3.1). In contrast, the exposure of Au/PEG/NHS-T5 to the non-matching sequence
(T5) resulted in only minor change in the CV (Figure 7a) and nearly no change in the
Nyquist plot (Figure 7b) and Rct value (97 Ω, Table 1). This behavior indicates that the
hybridization did not occur for the mismatched sequence, again - in full agreement with
the XPS data.
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The electrochemical data for the immobilization of NHS-T10 into the PEG matrix
and the subsequent exposure of the PEG/NHS-T10 probe to the mismatching (T10) and
matching (A10) ssDNA sequences are shown in Figure 8. Both the CVs (Figure 8a) and the
Nyquist plots (Figure 8b) exhibit the same behavior as the analogous data for the NHS-T5
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case (Figure 7), which is also reflected by the relative capacitance and Rct values in Table 1.
In particular, the relative capacitance of Au/PEG decreased from 67% to 34% after the
NHS-T10 exposure, while the Rct value increased from 41 Ω to 158 Ω, manifesting the
NHS-T10 immobilization in the PEG matrix. The exposure of the PEG/NHS-T10 probe to
the matching sequence (A10) resulted in a further decrease of the relative capacitance from
34% to 19% and an increase of Rct from 158 Ω to 330 Ω, manifesting a high hybridization
efficiency. In contrast, no noticeable changes both in the experimental curves (Figure 8)
and the derived fingerprint values (Table 1) were observed after the exposure of the
PEG/NHS-T10 probe to the mismatching sequence (T10), manifesting thus a high selectivity
of this probe.

Comparing the values for the NHS-T5 case with those for the NHS-T10 case in Table 1,
viz. PEG/NHS-T5 vs PEG/NHS-T10 and PEG/NHS-T5+A5 vs PEG/NHS-T10+A10, we
find that both the relative capacitance and Rct do not reproduce exactly the factor of
2 describing the base number difference between T5/A5 and T10/A10. The observed
relations can, on the one hand, be affected by the contributions from the PEG matrix
and, on the other hand, reflect the somewhat different areal densities of the immobilized
T5 and T10 moieties in the matrix.

In contrast, both in the NHS-T5 and NHS-T10 case, the values of Rct increase by a
factor close to 2 after the hybridization with the matching A5 and A10 sequences, which
means that Rct can be used as a tentative measure of hybridization efficiency. Generally,
looking at the data in Figures 6–8, one can see that the Nyquist plots represent a much
clearer and more distinct way to monitor the immobilization and hybridization processes in
the PEG matrix than the CVs. Thus, EIS can be efficiently used as a transduction technique
for these processes.

Finally, the sensitivity of this technique in the case of PEG/NHS-T10+A10 was tested.
The concentration of A10 was varied from 10 µM (the standard value in this study; see
Section 2.3) to 0.1 µM. The respective Nyquist plots are presented in Figure 9a and the
derived values of Rct are shown in Figure 9b. Accordingly and as expected, the Rct value
decreases progressively with the decreasing A10 concentration. This value is still noticeably
higher than the reference value for PEG/NHS-T10 at 0.2 µM and nearly equal to the
reference value at 0.1 µM. Consequently, the sensitivity of PEG/NHS-T10 to A10 is down
to 0.1–0.2 µM, which can be probably improved even further by increasing the porosity of
the PEG matrix and the areal density of the primary T10 probes.
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4. Conclusions

In the present work, we fabricated a series of bioinert and porous PEG films, comprised
of the cross-linked, amine-/epoxy-terminated STAR-PEGs, to explore their application
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as a platform for immobilization of probe ssDNA strands, capable of hybridization with
complementary target sequences. As test ssDNA compounds, non-substituted and NHS-
ester-substituted thymine and adenine homo-oligonucleotides were used, aiming for the
immobilization of NHS-ester-modified strands by the reaction of the NHS ester groups with
the non-reacted amine moieties in the PEG films. The immobilization and hybridization
processes were monitored by XPS, relying on the ssDNA-specific P 2p and base-specific N
1s signals, as well as on electrochemical techniques, viz. cyclic voltammetry and electro-
chemical impedance spectroscopy. The results of the XPS and electrochemistry experiments
agree completely with each other, underlying the reliability of the results.

It is demonstrated that the standard PEG films with a crosslinking-optimal precursor
mixing ratio (STAR-NH2/STAR-EPX = 1:1) are not suitable for the NHS-ester-driven ssDNA
immobilization, because of a very low concentration of the free (non-reacted) amine groups,
used as coupling moieties for the NHS-ester-substituted ssDNA. To increase the amount
of these groups, PEG films with the excess of the STAR-NH2 precursors were prepared
(STAR-NH2/STAR-EPX = 2:1). These films showed the same complete inertness toward
non-substituted ssDNA as the 1:1 layers but featured a much higher reactivity with respect
to NHS-substituted ssDNA, allowing immobilizing probe ssDNA with a reasonable density.
The films decorated with the probe ssDNA exhibited a high hybridization efficiency with
respect to the matching target strands (78–89%), staying, at the same time, fully inert with
respect to the non-matching ones. The efficiency was found to be somewhat higher for
the longer strands compared to the shorter, presumably, because of a larger energy gain
upon the hybridization. The most likely reason for the high hybridization efficiency is the
3D character of the probe ssDNA immobilization and sufficient separation of individual
ssDNA probes in the PEG matrix, allowing their efficient accessibility by the target strands.

Both the immobilization and hybridization processes occurred predominately in the
topmost part of the PEG films, which had a thickness of ca. 80 nm in most of the experiments.
A significant reduction of this thickness should be avoided, since it results in the penetration
of non-specific ssDNA strands to the substrate and their adhesion onto it, diminishing the
bioinertness and specificity of the system.

Whereas the monitoring of ssDNA hybridization by XPS requires a cost-intensive and
complex equipment, electrochemical impedance spectroscopy, relying on a comparably
simple and non-expensive setup, can be readily used as a label-free transduction technique
in this context. This technique is also favorable compared to the standard experimental
tools used in the field, as fluorescence spectroscopy (FS) and surface plasmon resonance
(SPR), which either require DNA labeling (FS) or quite expensive equipment (SPR). In
our case, the probe ssDNA-decorated PEG films can both be directly prepared on suitable
electrodes and transferred onto them using the established film separation and transfer
procedures [36,38,39,44]. The porous character of these films is of advantage for efficient
diffusion of redox species in electrochemical cell, enabling reliable and to a certain extent
even quantitative monitoring of hybridization. The ultimate sensitivity of the approach is
reasonable and can be further improved at its practical implementation and optimization.
Additionally, theoretical simulations can be helpful, since they provide a deeper insight in
the mechanisms of surface reactions, also in relation to DNA [63–66].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering9090414/s1, Figure S1: Atomic force microscopy
images of the working electrode, Figure S2: XP spectra of 1:1 PEG films at their incubation into the T5,
A5, T10 and A10 solutions, Figure S3: XP spectra of 1:1 PEG films at their incubation into the T5 and
T10 solutions and further incubation into matching target ssDNA solutions, Figure S4: XP spectra of
the ultrathin 1:1 PEG film (15 nm) at their incubation into the A10 and T10 solutions, Figure S5: XP
spectra of the Si/SiO2 substrate at their incubation into the A10 and T10 solutions.
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Abstract: Implants are used to replace damaged biological structures in human body. Although stain-
less steel (SS) is a well-known implant material, corrosion of SS implants leads to the release of toxic
metallic ions, which produce harmful effects in human body. To prevent material degradation and its
harmful repercussions, these implanted materials are subjected to biocompatible coatings. Polymeric
coatings play a vital role in enhancing the mechanical and biological integrity of the implanted
devices. Zein is a natural protein extracted from corn and is known to have good biocompatibility
and biodegradability. In this study, zein/Ag-Sr doped mesoporous bioactive glass nanoparticles
(Ag-Sr MBGNs) were deposited on SS substrates via electrophoretic deposition (EPD) at different
parameters. Ag and Sr ions were added to impart antibacterial and osteogenic properties to the
coatings, respectively. In order to examine the surface morphology of coatings, optical microscopy
and scanning electron microscopy (SEM) were performed. To analyze mechanical strength, a pencil
scratch test, bend test, and corrosion and wear tests were conducted on zein/Ag-Sr doped MBGN
coatings. The results show good adhesion strength, wettability, corrosion, and wear resistance for
zein/Ag-Sr doped MBGN coatings as compared to bare SS substrate. Thus, good mechanical and
biological properties were observed for zein/Ag-Sr doped MBGN coatings. Results suggested these
zein/Ag-Sr MBGNs coatings have great potential in bone regeneration applications.

Keywords: antibacterial; biomedical implants; electrophoretic deposition; osteogenesis

1. Introduction

Biomaterials are materials that can reside in a biological system to perform a certain
function without inducing any toxic effect. They have a wide range of applications in
bioengineering, pharmaceutics, biomedical implants, etc. The global biomedical implants
market was reported to have a worth of ~USD 86 billion in 2019 and was anticipated to
reach ~USD 147 billion by 2027, with 7.2% growth in the period 2020–2027. Growth in
demographic aging and dire medical conditions influence recent technological progression
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in the bioimplants market [1]. The consistent growth of the implants market brought the
interest of many researchers to this field. Metals, ceramics, polymers, and composites are
potentially being used in the fabrication of different types of implants, e.g., cardiovascular,
orthopedic, cochlear, dental, etc. Among all the suggested materials, metallic implants are
broadly used in the fabrication of implant devices because, apart from being compatible
in a biological system, they possess superior mechanical strength as compared to other
materials [2]. Foreign bodies trigger the immune system to respond, which may result
in fibrous encapsulation of a foreign body to isolate its interaction with the biological
system [3]. For successful implantation, the implanted material should be familiar to the
immune system so that the latter will respond positively.

Among all metallic implants, stainless steel (SS) implants have the highest proportion
in the fabrication of orthopedic implants due to their cost effectiveness and accessibility.
Poor corrosion resistance and relatively higher yield strength of SS implants in a physio-
logical environment are the major drawbacks [4,5]. These implants, when interacting with
a physiological environment, exhibit either corrosion or no response. Upon corrosion, SS
implants release toxic metal ions (Ni and Cr ions) responsible for infections [6,7]. Corrosion
impairs the function of implants by decreasing cell adhesion and mechanical strength,
which ultimately leads to implant loosening [8]. The surface coating of SS implants with
bio-composites can enhance corrosion resistance and bioactivity of the implants [4,9].

Biomaterial coatings on metallic implants improve the mechanical as well as biological
properties of the implanted devices [10]. These coated materials can either be natural or
synthetic as per the required properties of the final product. After implantation, the first
component that interacts with the implant surface is water, followed by proteins. Thus, it is
important to tune the surface of the implant to improve the initial protein attachment [11,12].
Zein is an alcohol soluble protein that largely contains prolamin. Zein was approved by the
FDA in 1985 as a “generally recognized as safe” excipient. Zein is a natural polymer found
in the endosperm cells of corn [13,14]. Zein contains hydrophobic, neutral amino acids (such
as leucine, proline, and alanine), and some polar amino acid residues (glutamine). Zein
outperforms other proteins because of the complete absence of lysine and tryptophan. The
solubility of zein is restricted to acetone, acetic acid, aqueous alcohols, and aqueous alkaline
solutions due to the amino acids [15]. Biopolymers are usually used with bioceramics
due to their low mechanical strength, such as hydroxyapatite (HA) and bioactive glasses
(BGs) [16]. BGs are third generation biomaterials widely used in bone tissue engineering
applications. BGs can form strong bonds with the natural bone, thus they are considered
as bioactive ceramics, which are usually used with other polymers [17–19]. Mesoporous
bioactive glass nanoparticles (MBGNs) have small pores (2–7 nm) in them that increase
the surface area of particles, which largely promotes its reactivity. MBGNs can be loaded
with different drugs or metallic ions to facilitate bone tissue engineering, targeted drug
delivery, and wound healing [20,21]. Tabia et al. [22] doped sol-gel derived MBGNs with
magnesium and loaded them with amoxicillin. Results showed controlled drug release
and high bioactivity due to the mesoporous structure and composition of BGs. Similarly,
Ag and Sr ion doped MBGNs were prepared by [23] using a modified Stöber process. The
presence of Ag ions imparts antibacterial properties, and Sr ions enhance the osteogenesis.
An osteogenic material promotes bone regeneration and reduce bone resorption. Various
coating techniques are being used to coat bioactive glasses for surface modification, such as
thermal spraying [24], plasma spraying [25,26], radio frequency sputtering (RFS) [27,28],
physical vapor deposition (PVD) [29], and electrophoretic deposition (EPD) [30,31]. EPD is
well known for its applications in biomedical coatings [30]. EPD involves the movement
and deposition of charged particles from the colloidal suspension in the presence of an
electric field. EPD is a cost-effective process conducted at room temperature [32]. Numerous
studies have been conducted on zein/bioactive glasses composite coatings deposited via
EPD [32,33], but deposition of zein/MBGNs doped with metallic ions via EPD is a new
approach to study the synergetic effect of dual ions. Evidently, we are the first to present
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a work on the development of zein/Ag-Sr doped MBGN coatings deposited on 316L SS
via EPD.

In this study, we developed zein/Ag-Sr doped MBGN coatings on 316L SS substrates
via EPD. After coatings were developed with designated parameters, coated substrates
were subjected to material characterization. Optical microscopy and scanning electron
microscopy (SEM) images verified the uniform deposition on 316L SS substrates. The
coating showed antibacterial and bioactivity potential for biomedical applications.

2. Materials and Methods
2.1. Materials

Zein powder (CAS: 9010-66-6), absolute ethanol, and acetic acid were all purchased
from Sigma-Aldrich® (Taufkirchen, Germany). AISI 316L stainless steel (addressed 316L SS
in this article) foil of ~1 mm thickness was used to prepare substrates. The composition
of 316L SS was Ni-14.15, Cr-17.75, Mo-2.72, Mn-1.87, Si-0.58, P-0.015, S-0.008, C-0.025,
Fe-balance (wt.%). Ag-Sr doped MBGNs were synthesized via a modified Stöber process;
the details are given in our previous work [23].

2.2. Suspension Preparation

Prior to the EPD process, a stable suspension of zein/Ag-Sr doped MBGNs was made
by following the study conducted by Rivera et al. [33,34]. Zein powder (6 wt.%) was added
in a 100 mL beaker, followed by the addition of distilled water (20 wt.%) and absolute
ethanol (74 wt.%). The mixture was stirred for 30 min at 35–40 ◦C on a magnetic hot plate,
followed by another 30 min round of stirring at room temperature. Acetic acid (~10 mL)
was added dropwise to maintain the pH value (~3.0) of the solution. Subsequently, Ag-Sr
doped MBGNs (3 g/L) were added to the zein solution, followed by 30 min of magnetic
stirring. The suspension was finally ultrasonicated for approximately 60 min to produce
a stable suspension of zein/Ag-Sr doped MBGNs required for the EPD process. The
concentration of Ag-Sr doped MBGNs was chosen on the basis of initial studies, which
showed that the concentrations higher than 3 g/L results in the non-uniform and thick
coatings. If the concentration of Ag-Sr doped MBGNs is less than 3 g/L, it would not be
enough to impart bioactivity and antibacterial activity.

The stability of the suspension was determined by measuring the zeta potential
of the pure zein, Ag-Sr doped MBGNs, and zein/Ag-Sr doped MBGNs suspensions in
ethanol. A zetasizer (Malvern Instruments, Malvern, UK) was utilized for this purpose.
The measurement was taken in triplicate for each suspension, and the average value with
standard deviation is reported here.

2.3. EPD Process

The 316L SS foil was cut into pieces of 30 × 25 mm2 size. Subsequently, the pieces
were cleaned in a mixture of acetone and absolute ethanol. It is important to note that no
surface treatment was carried out on 316L SS foil. Substrates were rinsed with distilled
water and dried at room temperature. The 316L SS was used as both working and counter
electrodes at 10 mm inter-electrode spacing. Both electrodes were then submerged (half
of total area) in 50 mL of initially prepared zein/Ag-Sr doped MBGN suspension. The
coatings were developed by applying direct current (DC) on the substrates at different EPD
parameters. EPD parameters were chosen on the basis of previous literature, which showed
that lower deposition voltages (<10 V) led to the inhomogeneous coatings. In contrast to
this, higher deposition voltages (>25 V) led to pronounced hydrolysis. The range 10–25 V
of deposition voltages was investigated in the current study. The deposition time was kept
fixed at 180 s on the basis of our previous studies [16].
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2.4. Materials Characterization

The morphology and chemical composition of synthesized Ag-Sr doped MBGNs were
examined via a scanning electron microscope (SEM-MIRA, TESCAN) equipped with energy
dispersive spectroscopy (EDS).

Samples coated at different parameters were examined under an optical microscope
(Novex) and SEM to study the morphology and thickness of the coatings. The samples
were cut into 5 × 5 mm2 size prior to the examination.

A pencil scratch test (ASTM D3363-20) was conducted to measure the hardness of
coatings. This test was performed manually by using graphite pencils of different hardness
grade (8B to 2H). Scratches were made by the pencils held at an angle of 45◦ between the
lead tip and the surface of the coated substrates. Starting from most hard (2H) to the softest
grade (8B), pencils were pushed under uniform pressure to create a scratch throughout
the sample width. The scratches were made until the pencil could not scratch the surface
further. The lowest hardness grade of the pencil that is able to scratch the coating is
considered the hardness of the coating. A bend test (ASTM-B571-97) was performed to
check the adhesion/bending strength of the coatings. In order to perform the bend test,
the coated surface was bent at 180◦ with the help of tweezers. After the bending test, the
bending sites were examined to check for defects, i.e., cracks and delamination.

Contact angle measurements were done to determine surface wettability. A fixed
volume (5 µL) of distilled water was dropped via microliter pipette on the surface of coated
substrates. Digital images of the droplet were captured within 5 s of dropping, and the
contact angles between the droplet and the surface of the coatings were measured by using
Image J™. The test was performed at five different spots on the same coating, and the
values of contact angles were averaged out. The mean values of contact angles were plotted
with their standard deviations.

A tribometer (MT/60/NI, Spain) was used to conduct wear tests on the coated sub-
strates. The ball-on-disk method was used, in which a steel ball indenter with a fixed load
of 1 N was rotated for a distance of 50 m over the surface of the clamped substrates at
32 rpm. A graph between friction coefficient (COF; µ) and partial distance (m) was drawn
to understand the wear behavior of the coating.

Corrosion tests were conducted using a three-electrode system Gamry Instrument
(potentiostat reference 600, USA). A potentiodynamic polarization scan was recorded in
simulated body fluid (SBF). The SBF was prepared according to the protocol reported
in [35]. The composition of SBF is also noted in [35]. The coated sample was mounted as the
working electrode with a graphite counter electrode. Ag-AgCl was used as the reference
electrode. The test was conducted between the potential range of −0.5 V and +0.5 V at
the scan rate of ~1 mV/s. The uncoated side of the substrate was covered with epoxy and
dried prior to the test in order to make sure that corrosion results were obtained only from
the selected surface area (1 cm2) of the coating. Before conducting this test, open circuit
potential (OCP) was measured for an hour. A Tafel plot was constructed by extrapolating
the cathodic and anodic branches. The corrosion potential (Ecorr) and corrosion current
density (Icorr) were measured for coated and uncoated samples.

2.5. Biological Characterization

The biological behavior of the deposited coatings was assessed via antibacterial and
bioactivity analyses. Antibacterial tests were carried out against Gram-positive (Staphylococ-
cus aureus; S. aureus) and Gram-negative (Escherichia coli; E. coli) bacterial strains. The coated
samples were placed on agar plates containing 20 µL spread of each bacterial dilution. The
samples were placed facing downwards to facilitate contact between coating and bacterial
spread. The plates were then incubated at 37 ◦C. After 24 h, the inhibition zone on each
plate was observed.

In vitro bioactivity test was carried out using SBF. Coated samples were placed in
SBF (30 mL) and incubated in an orbital shaker at 37 ◦C for 1, 3, 5, and 7 days. The SBF
was refreshed at alternate days to maintain the ionic concentration around the immersed
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samples. The coatings were removed at the designated time from the SBF, washed with
de-ionized water, and air dried. The presence of an HA layer on the coated surface was
confirmed via SEM/EDS analysis.

3. Results and Discussion
3.1. EPD Kinetics and Suspension Stability

Zein polymer is insoluble in water and organic solvents. It can be dissolved after
inducing charge on its functional groups with the addition of acidic or basic medium.
The polar and nonpolar groups present in zein are protonated in highly pure ethanol
(<99%). The next step is to make a stable suspension of zein in ethanol. The stability of
the suspension is analyzed using zeta potential measurements. The zeta potential of pure
zein, Ag-Sr doped MBGNs, and zein/Ag-Sr doped MBGN suspensions were measured
as +25 ± 10 mV, +16 ± 4 mV, and +22 ± 6 mV, respectively. According to the literature,
polymer suspension should be sufficiently charged (positively or negatively) for effective
electrophoretic mobility [36]. Particles with very low zeta potential tend to agglomerate
and settle down due to strong attractive forces of interaction, whereas the particles with
high values of zeta potential exhibit strong repulsive forces that inhibit the mobility of
particles. In case of zein/Ag-Sr doped MBGN suspension, overall zein and Ag-Sr doped
MBGNs are positively charged. Polymeric chains of zein contain some carboxylic side
groups that are negatively charged, hence, the zein polymer wraps around the Ag-Sr doped
MBGNs due to the attractive forces between oppositely charged side groups [37]. However,
resultant zeta potential is positive, and zein molecules along with Ag-Sr doped MBGNs
move towards the cathode and get deposited there following a mechanism termed charge
stabilization [38], explained later in the kinetics of EPD.

Due to the addition of highly concentrated ethanol (>99%), the zein molecules get
protonated and move towards the negatively charged electrode, hence cathodic deposition
occurs. Hydrophilic groups of zein make bonds with Ag-Sr doped MBGNs and are de-
posited as a single entity. When the electric field is applied, water decomposes into H+ and
OH− ions in the presence of ethanol. The H+ ions towards the cathode due to their opposite
charge and hydrogen gas evolves at the cathode, whereas the OH− gets attached to the
positively charged zein/Ag-Sr doped MBGNs in the suspension. The pH here increases
due to the presence of OH− ions. Overall, positively charged zein/Ag-Sr doped MBGNs
get attracted towards the cathode, and, along with the OH− ions, become unstable and get
deposited on the cathode [39].

3.2. Morphology of Synthesized Ag-Sr Doped MBGNs and Coatings

Figure 1A shows the morphology of the as-synthesized Ag-Sr doped MBGNs. The
image confirms that the particles were spherical in shape, and the average diameter was
approximately 92 nm. The Ag and Sr were detected in the EDS of the particles, as shown in
Figure 1B.

Figure 1. (A) SEM image showing spherical morphology of Ag-Sr doped MBGNs, (B) EDS spectrum
confirms the doping of Ag and Sr in the bioactive glass network.
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Figure 2 shows the digital (a–g), optical (h–n), and SEM images (o–u) of zein/Ag-Sr
doped MBGNs coatings developed on SS at different voltages. During the coating process,
a slight change in the color of the coatings was observed at 18, 20, and 25 V (Figure 2e–g).
Hydrolysis of suspension seems to be the reason for change in the color of coatings at
higher voltages. Hydrolysis causes the chemical breakdown of materials by water. At
higher voltages, hydrolysis increases, which causes the temperature of the suspension to
rise. This increase in temperature may lead to the slight change in the color of coatings
developed on SS substrates [40].

Figure 2. Digital images of zein/Ag-Sr doped MBGN coatings deposited on SS at (a) 10 V, (b) 12 V,
(c) 14 V, (d) 16 V, (e) 18 V, (f) 20 V, and (g) 25 V. Optical and SEM images of coatings deposited at
10 V (h,o), 12 V (i,p), 14 V (j,q) and 16 V (k,r) showed non-uniform and less dense coating on SS,
respectively. The coatings deposited at 18 V (l,s), 20 V (m,t), and 25 V (n,u) were more uniform and
densely packed. The cross-sectional images show gradual increase in the thickness of coatings along
with the voltage (v–z2).

Further morphological analysis of zein/Ag-Sr doped MBGN coatings was done via
optical microscope and SEM. Figure 2h–n show the images of zein/Ag-Sr doped MBGN
composite coatings deposited at different parameters taken from an optical microscope.
Optical micrographs showed uniform dispersion of composite coatings on 316L SS at all the
deposition voltages. However, the densest coating was obtained at 25 V/180 s (Figure 2n)
due to high deposition rate at a higher value of applied electric field. A similar trend was
observed in [16], where the increase in applied electric field led to the increase in deposition
yield and density of the coatings. The results of the current study are in agreement with
Hamaker’s law [41].

Figure 2o–u show the SEM micrographs of zein/Ag-Sr doped MBGN coatings at
different voltages. Figure 2o,p show that Ag-Sr doped MBGNs deposited at 10 V and
12 V were dispersed non-homogenously. A slight increase in voltage up to 14 V and 16 V
(Figure 2q,r) shows large number of zein/Ag-Sr doped MBGNs deposited on SS with
enhanced uniformity. At higher voltages of 18, 20, and 25 V, micrographs (Figure 2s–u)
show the highly uniform and homogeneous dispersion of Ag-Sr doped MBGNs within the
zein matrix, and the coatings were more densely packed. Large spherical agglomerates were
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formed during the electrophoretic deposition process [42]. The thickness of all coatings was
measured from the cross section. It was observed that the thickness gradually increased
along with the voltage. Figure 2v–z2 show the thickness of coatings deposited at various
voltages. The coatings of 9, 11, 12, 14, 15, 22, and 30 µm thickness (average of three values)
were obtained at 10, 12, 14, 16, 18, 20, and 25 V, respectively. As the applied voltage
increased, more charged particles were forced to move towards the working electrode and
deposit there.

3.3. Deposition Yield

Deposition yield of coatings was calculated by using following formula:

Deposition yield = (∆W)/A (mg/cm2)

where ∆W is the change in the weight of substrates before and after coating, and ‘A’
represents the area of coated surfaces. Deposition yield was calculated for each parameter
in triplicate, and the mean deposition yield (%) was plotted against applied voltages.

Figure 3 shows a consistent increase in the values of deposition yield (%) with the
increase in voltage, which means that deposition yield is responsive towards the change in
voltages. Thus, higher values of deposition yield were obtained at higher voltages (18, 20,
and 25 V). The results of this study are in agreement with Hamaker’s law [41].

Figure 3. Deposition yield (%) graph with respect to the applied voltages. The highest deposition
yield was achieved at higher voltage values, i.e., 18, 20, and 25 V, with slight standard deviations.

3.4. Adhesion Strength

The adhesion strength of zein/Ag-Sr doped MBGN coatings deposited on SS was
measured via pencil scratch test and bend test. Scratches were made on the surface of
coated substrates by graphite pencils of different hardness grades (8B–2H), starting from
the hardest grade, as shown in Figure 4a–g. Results of pencil scratch hardness tests were
then recorded, as shown in Table 1. It was observed that coatings developed at higher
voltages had higher hardness compared to those developed at lower voltages. The coating
deposited at 25 V was graded ‘F’ according to the ASTM standard, which showed adequate
adhesion strength between coating and substrate [43].
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Figure 4. Pencil scratch test (a–g) and bend test results (h–n). Coatings deposited at 10 V and 12 V
(a,b), detached even with softest pencil, i.e., grade 8B, coatings deposited at 14 V (c) detached at
5B, and coatings deposited at 16 V, 18 V (d,e), and 20 V (f) detached at 3B and 1B, respectively. The
highest grade was achieved for the coating deposited at 25 V (g). The coatings deposited at 10 V
(h), 12 V (i), and 14 V (j) showed delamination and micro-cracks around the bending site. Coatings
deposited at 16 V (k) and 18 V (l) showed delamination around the edges of the bending site. The
coatings deposited at 20 V (m) and 25 V (n) had no delamination or micro-cracks.

Table 1. Results of pencil scratch test.

Voltage (V) Time (s) Hardness Grade

10 180 8B
12 180 8B
14 180 5B
16 180 3B
18 180 3B
20 180 1B
25 180 F

Adhesion strength between coatings and substrates was further examined via bend
tests. The tests were performed manually by bending coated substrates at 180◦ with
tweezers. Figure 4h–n show the images of the coated substrates taken after bend test.
Upon bending, coatings deposited at 10, 12, 14, 16, and 18 V (Figure 4h–l) showed minor
delamination around the edges at the bend site. No prominent crack or delamination was
observed for coatings deposited at 20 and 25 V (Figure 4m,n), showing good adhesion
strength between zein/Ag-Sr doped MBGN coatings and SS substrates [37,43]. These
coatings were graded ‘4B’ according to the ASTM standard.

Morphological analysis of the coatings revealed that embedded Ag-Sr doped MBGNs
in the zein matrix gain in homogeneity with the rise in deposition voltage, as shown in
Figure 2o–u. Furthermore, the amount of Ag-Sr doped MBGNs within the coatings appear
to rise proportionally with the increase in voltage, which could improve the mechanical
strength of the coatings. Due to the increased amount of Ag-Sr doped MBGNs in the
coatings, the adhesion strength of the coatings produced at higher voltages was higher
than that of the coatings produced at lower voltages [44]. Moreover, the polymeric matrix
(i.e., zein) may act as binder, holding the Ag-Sr doped MBGNs on the surface, giving a
boost to the mechanical stability of the coatings.

3.5. Wettability Studies

Contact angle measurements were carried out to determine wettability of the coated
substrates. Surface wettability of implanted materials is vital for successful implantation.
When an implanted material enters into a physiological environment, it first interacts with
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body fluids, which further allow protein attachment. It is believed that cell adhesion and
proliferation depend on the initial protein attachment [45]. If a surface allows initial protein
attachment, it will subsequently allow cell adhesion and proliferation. Studies showed
the surfaces with a contact angle in the range of 35–80◦ demonstrated good initial protein
adsorption and osteoblast cell attachment [46,47].

Contact angle tests were performed on bare SS and zein/Ag-Sr doped MBGN coated
substrates. The results are plotted between contact angle (◦) and applied voltage (V) along
with the standard deviation, as shown in Figure 5. The contact angle was measured five
times for each type of coating. The bare SS showed an average contact angle of 58 ± 2◦,
which means that it is highly hydrophilic in nature. All the coated samples showed higher
contact angle values as compared to the bare SS sample. Initially, a slight decrease in the
values of contact angle was observed up until 16 V and, after that, values started to increase.
Contact angle at 25 V was measured to be 72 ± 2◦, which was the greatest among other
coatings but perfectly within the suggested range for initial protein and osteoblast cell
attachment.

Figure 5. Contact angle graph for bare SS and coatings deposited at different voltages. Highest
contact value was obtained for coating deposited at 25 V.

The coatings exhibited lower hydrophilicity as compared to the bare SS. This effect
is attributed to the presence of zein molecules. Zein is mostly composed of hydrophobic
proteins [15], hence, the wetting behavior of coating shift towards hydrophobicity. However,
the contact angles are still in the hydrophilic domain due to the enhanced deposition of Ag-
Sr doped MBGNs at higher voltages. The MBGNs are majorly composed of a silica network.
Silanol (Si-OH) groups present on the surface of silica make it intrinsically hydrophilic [48].
As the amount of zein deposition increases in the coating along with the voltage, it retains
the hydrophilic character due to the presence of MBGNs [49].

3.6. Wear Studies

As discussed previously, the highest deposition yield and best adhesion results were
found for the coating deposited at 25 V for 180 s. Thus, wear studies were conducted only
for the coatings deposited at 25 V by using the ball-on-disk method on a tribometer. A steel
ball indenter was rotated over the surface of a coating under a constant load of 1 N for a
partial distance of 50 m. A graph was plotted between COF (µ) and partial distance (m), as
shown in Figure 6. The graph shows that COF remained almost constant initially, however,
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there was an abrupt increase in COF around 15 m of partial distance. This behavior may be
attributed to the removal of the transfer layer between contacting surfaces [50]. A transfer
layer is formed due to the accumulation of the wear debris around the wear track, leading
to abrasive wear. Later, COF lowered and became constant again throughout the partial
distance, which means that the coating deposited at higher voltage displayed sufficient
resistance to wear [51]. The average wear rate of zein/Ag-Sr doped MBGN coatings was
calculated to be 0.179 mm3/Nm, which shows adequate wear resistance for a biocompatible
implant [52].

Figure 6. Graph between coefficient of friction (µ) and partial distance (m).

The negative value of the friction co-efficient is due to the adhesive interaction between
two contacting surfaces, i.e., the steel ball indenter and the zein/Ag-Sr doped MBGN
coating. When the force is applied, the friction force initially increases. This may occur due
to the strong adhesion of coating molecules (zein and Ag-Sr MBGNs) among themselves
as compared to the adhesion between coating and substrate. The debris of coating starts
to accumulate until the sliding distance of 15 m and then, upon persisting load, the layer
is detached from the surface as a whole and not in the form of small patches. Hence, the
presence of detached coating in the path of the wear track can increase the frictional force,
which could lead to the negative COF value. The same phenomenon is noted by Thormann
et al. [53] and Dedinaite et al. [54]. We also observed this behavior of negative COF in our
previously published paper [55].

3.7. Corrosion Studies

To evaluate the corrosion performance of materials, corrosion current (ICorr) is mea-
sured in a relevant electrolyte; ICorr is the amount of current flow while corrosion is taking
place in an electrochemical cell. Metallic implants with low values of ICorr and high
corrosion potential are considered suitable for implantation [56]. Corrosion behavior of
zein/Ag-Sr doped MBGN coatings deposited at 25 V was studied in SBF and compared
with the corrosion behavior of bare SS with the help of potentiodynamic polarization curves,
as shown in Figure 7. A potentiodynamic curve consists of anodic (upper) and cathodic
(lower) curves. To better understand the corrosion behavior, the anodic curve is interpreted
here. The graph shows the corrosion behavior of both bare SS and coated substrate. The
anodic curve of bare SS shows an abrupt increase in the corrosion potential after a certain
potential value. This abrupt increase indicates breakage of a passive layer that prevents
corrosion, also reported in our previous study [57]. The breaking of this barrier layer results
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in the accelerated corrosion rate of the substrate material. However, the anodic curve of
coated substrate shows no blunt increase in the values of corrosion potential.

Figure 7. Potentiodynamic curves for bare and coated SS substrates.

The Tafel plot was fitted on these potentiodynamic curves with the help of Echem™
software. The ICorr and corrosion rate (CR) for both bare and coated SS were calculated by
the software. The values of ICorr and CR for zein/Ag-Sr doped MBGN coatings deposited
at 25 V were quite low as compared to those of bare SS substrates. Similar trends were
observed in another study carried out by Ahmed et al. [16]. Zein/hydroxy apatite coating
was deposited over 316L SS. The ICorr was significantly lowered due to the presence of zein
as compared to the bare substrate. It was concluded that zein coatings effectively increase
the resistance against corrosion by fully covering the surface of the substrate. The Ag-Sr
doped MBGNs were embedded inside the zein matrix, and both were strongly adhered to
the substrate. Thus, in the present study, the corrosion resistance of the coated substrate
was inferred to be higher in the physiological environment as compared to the bare SS
substrates due to the presence of both zein and Ag-Sr doped MBGNs.

3.8. Biological Characterization

Zein/Ag-Sr doped MBGN coatings were tested against S. aureus and E. coli to deter-
mine the growth potential of bacteria. Figure 8A,B present the bacterial inhibition zones of
tested samples. It was seen that a clear zone of inhibition (≈15 mm, measured from the
widest side) formed in S. aureus (Figure 8A), whereas only a narrow inhibition area was
observed around the two corners of the sample placed in E. coli, as marked in Figure 8B.
This could have occurred due to the different cell membranes around the S. aureus and
E. coli. It is reported that the outer membrane plays a significant role in protecting the
bacteria from toxic materials [58]. The cell membrane around E. coli protects it from the
antibacterial effect of the coating, whereas the absence of cell membranes around S. aureus
renders it prone to coating effectiveness against it. It is expected that increasing the Ag
amount in the MBGNs may increase the antibacterial efficiency of coating against E. coli;
however, the exposure of Ag in the body above a safe level may cause cytotoxicity [23].
Therefore, optimizing the Ag quantity in MBGNs for efficiency against E. coli without
exceeding its cytotoxic level could result in a very intriguing study topic.
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Figure 8. Antibacterial effect of zein/Ag-Sr doped MBGN coatings against (A) S. aureus, (B) E. coli,
(C) HA nucleation starts in SBF at day 7; (D) EDS confirms presence of Ca and P on the surface
of sample.

Bioactivity is an important criterion in the selection of materials for tissue regeneration.
In vitro bioactivity test in SBF was performed to detect the formation of an HA layer on
the surface of the coating. A calcium phosphate-based HA layer is similar to natural bone
mineral and facilitates the biological bonding between implant surface and surrounding
tissues [55]. SEM analysis revealed the morphology of the coated sample after immersion in
SBF for 7 days, as shown in Figure 8C. It was observed that HA crystals started to nucleate,
and EDS (Figure 8D) also showed the presence of Ca and P in the spectra, which indicated
the presence of calcium phosphate on the surface of coating. Hence, the zein/Ag-Sr doped
MBGN coatings exhibited appreciable bioactivity.

4. Conclusions

In this work, zein/Ag-Sr doped MBGN coatings were developed on 316L SS by EPD
at designated parameters of voltage and deposition time. The following conclusions were
obtained at the end of the study.

• High deposition yield of the coatings was obtained at higher voltages, i.e., 25 V.
• Optical microscopic images showed uniform deposition of coatings on the surface

of SS substrates (at optimum deposition parameters). SEM images illustrated the
homogenous distribution of Ag-Sr doped MBGNs throughout the zein matrix along
with the presence of spherical agglomerates, indicating good mechanical integration
of zein/Ag-Sr doped MBGN coatings.

• Pencil scratch test results showed increased hardness of zein/Ag-Sr doped MBGN
coatings deposited at 25 V, from which it was inferred that coatings developed at
higher voltage showed improved adhesion strength. Furthermore, zein/Ag-Sr doped
MBGN coatings exhibited good adhesion strength during bend tests.
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• Zein/Ag-Sr doped MBGN coatings deposited at 25 V demonstrated good wettability
properties (contact angle of 72 ± 2◦), suitable for initial protein and subsequent
osteoblast cell attachment.

• Moreover, zein/Ag-Sr doped MBGN coatings showed good wear and corrosion resis-
tance as compared to that of bare SS substrates.

• Coatings exhibited good antibacterial and bioactive potential.

The above conclusions imply that zein/Ag-Sr doped MBGN coatings developed in
this study via EPD at 25 V exhibited commendable mechanical and surface properties for
biomedical applications.
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Abstract: Unilaterality of motor symptoms is a distinctive feature of Parkinson’s Disease (PD) and
represents an important co-factor involved in motor deficits and limitations of functional abilities
including postural instability and asymmetrical gait. In recent times, an increasing number of studies
focused on the characterization of such alterations, which have been associated with increased
metabolic cost and risk of falls and may severely compromise their quality of life. Although a
large number of studies investigated the gait alterations in people with PD (pwPD), few focused
on kinematic parameters and even less investigated interlimb asymmetry under a kinematic point
of view. This retrospective study aimed to characterize such aspects in a cohort of 61 pwPD (aged
68.9 ± 9.3 years) and 47 unaffected individuals age- and sex-matched (66.0 ± 8.3 years), by means of
computerized 3D gait analysis performed using an optical motion-capture system. The angular trends
at hip, knee and ankle joints of pwPD during the gait cycle were extracted and compared with those
of unaffected individuals on a point-by-point basis. Interlimb asymmetry was assessed using angle–
angle diagrams (cyclograms); in particular, we analyzed area, orientation, trend symmetry and range
offset. The results showed that pwPD are characterized by a modified gait pattern particularly at the
terminal stance/early swing phase of the gait cycle. Significant alterations of interlimb coordination
were detected at the ankle joint (cyclogram orientation and trend symmetry) and at the hip joint
(range offset). Such findings might be useful in clinical routine to characterize asymmetry during gait
and thus support physicians in the early diagnosis and in the evaluation of the disease progression.

Keywords: Parkinson’s disease; gait; kinematics; symmetry

1. Introduction

Cardinal motor symptoms such as bradykinesia, rest tremor and rigidity represent
some of the most distinctive features of Parkinson’s Disease (PD) and originate from degen-
eration of nigral dopaminergic neurons [1]. Their presentation is typically asymmetric [2],
as also confirmed by comparing data derived from imaging techniques of asymptomatic
patients and those with mild-early symptoms [3–5], leading unilaterality to be considered
as one of the main clinical features useful to discriminate PD from other Parkinsonisms [6,7].
It has been reported that unilaterality persists throughout the clinical course of the disease
in many cases [8] as marked differences between motor functions of right and left sides
remain evident for 30 years and up [6]. Such asymmetry also reflects on the Unified Parkin-
son’s Disease Rating Scale (UPDRS) score [9–12] and, usually, does not significantly change
during the progression of the disease. This is confirmed by several studies which reported
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that worsening in the UPDRS motor scores (UPDRS-III part) progresses similarly on both
sides [8].

In people with PD (pwPD) unilaterality causes postural instability and asymmetrical
gait [13], which are associated with increased metabolic cost and risk of falls, and thus
negatively affect the quality of life [14]. Given the pivotal role played by the locomotor
abilities in several activities of daily living (ADL) and, generally speaking, on the quality of
life of pwPD, in the last decade, researchers and clinicians highlighted the need to have
available objective tools for timely detection of gait alterations (even when subtle), to
characterize the disease progression and to monitor the effectiveness of pharmacologic
and rehabilitative treatments. In such context, some studies attempted to investigate and
quantify gait asymmetries in pwPD with particular focus on spatiotemporal parameters.
Unfortunately, their findings are quite mixed: in fact, although some of them detected
larger gait asymmetries in step length and step time parameters in pwPD with respect
to unaffected individuals [14] as well as the existence of correlations between asymmetry
of gait and disease severity [15], others did not [16,17]. However, all these studies share
an important limitation, namely the fact that they focus their attention on discrete values
of spatiotemporal parameters. Although such approach has the advantage to provide
clinicians with an easily interpretable summary of the entire gait performance, discrete
values may not always be sufficiently reflective of the complex alterations of lower limb
movement connected to pathological gait conditions [18]. Moreover, as pointed out in a
recent review [19], walking-related information in pwPD needs to be improved. Thus,
methods that focus on the kinematics of the lower limb during the whole gait cycle may be
able to better gather the complexity of locomotor alterations in pwPD.

To these authors’ knowledge, the existing study on lower limb kinematics of pwPD did
not investigate on a point-by-point basis the difference in hip, knee and ankle joint angular
trends with respect to unaffected individuals and, similarly, only few data exist in terms of
interlimb symmetry. Since detection of asymmetry may support an early diagnosis of the
disease, this additional information could be relevant for the clinician who first evaluates the
pwPD, especially to support suitable recommendation of specific rehabilitation protocols,
training programs, as well as healthier lifestyles. On the basis of such considerations, the
main purpose of the present study was to extensively characterize lower limb kinematics
in individuals diagnosed with idiopathic PD by providing summary indexes of gait quality,
and symmetry parameters calculated from the angular trend associated with the entire gait
cycle for each joint of interest.

2. Materials and Methods
2.1. Participants

Sixty-one pwPD admitted at the Neurologic Department of the ARNAS “G. Brotzu”
General Hospital (Cagliari, Italy) underwent a 3D gait analysis at the Laboratory of Biome-
chanics and Industrial Ergonomics of the University of Cagliari (Cagliari, Italy). They were
all diagnosed according to the UK Brain Bank criteria [20] by a trained expert neurologist
(G.C.) and free from any other neurologic and orthopedic condition able to significantly
influence gait or balance. Their motor functions were assessed using the motor section
of UPDRS (UPDRS part III). The experimental trials were carried out in “ON” state (i.e.,
approx. 60 to 90 min after taking an appropriate oral dose of dispersible Levodopa). Forty-
seven unaffected age- and sex-matched individuals recruited among the University and
Hospital staff served as the control group (CG).

The study was conducted according to the principles expressed in the World Medical
Association Declaration of Helsinki. At the time of the tests, all participants signed a written
informed consent form which included detailed information about the aims of the study
and the experimental methodology.
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2.2. Spatiotemporal and Kinematic Data Collection and Processing

Spatiotemporal and kinematics parameters of gait were assessed by means of an opti-
cal motion-capture system composed of 8 infrared cameras (Smart-D, BTS Bioengineering,
Milan, Italy) running at a 120 Hz frequency. Before starting the experimental tests, anthropo-
metric data (i.e., height, weight, anterior superior iliac spine distance, pelvis thickness, knee
and ankle width, leg length) were acquired, and then 22 spherical reflective passive markers
were placed on subjects’ skin in accordance with the protocol defined by Davis et al. [21].
All participants were instructed to walk at a self-selected speed as naturally as possible
along a 10 m walkway, while the 3D marker’s trajectories were acquired by the cameras.
The test was considered valid if at least 6 trials were correctly recorded, in order to have
available an adequate number of gait cycles for the subsequent processing. Suitable periods
of rest between consecutive trials were allowed on request. At the end of the tests, raw data
were processed with a dedicated software (Smart Analyzer, BTS Bioengineering, Milan,
Italy) to calculate:

• Spatiotemporal gait parameters (i.e., gait speed, cadence, step length, step width,
stance, swing and double support phase duration);

• Kinematic parameters (pelvic tilt, rotation and obliquity; hip flexion–extension,
adduction–abduction and rotation; knee flexion–extension, ankle dorsi–plantarflexion,
and foot progression). From these parameters, additional indexes on gait deviation
from normality were obtained, namely the Gait Variable Scores (GVS) and Gait Profile
Score (GPS) [22];

• Dynamic range of motion (ROM) for hip and knee flexion–extension and ankle dorsi–
plantarflexion. Values were obtained as the difference between the maximum and
minimum angle value recorded during the gait cycle;

• Sagittal kinematics of hip, knee and ankle (i.e., hip and knee flexion–extension and
ankle dorsi–plantarflexion angles during the gait cycle) which were also employed to
calculate the interlimb symmetry parameters as described later in detail.

Additionally, asymmetry between right and left limb in terms of spatiotemporal
parameters was quantified on the basis of the Symmetry Index (SI) proposed by Robin-
son et al. [23]:

SI = ABS
(

2 × VR − VL
VR + VL

× 100
)

where VR and VL represent the values of the gait variable (in our case stance, swing, double
support duration phases and step length) for the right and left limb. Such a method,
originally proposed for the evaluation of symmetry in ground reaction force during gait, is
one of the most used indexes in gait symmetry studies, and has been also modified so as to
include spatiotemporal, kinematic parameters, as well as muscle activity data [18].

2.3. Inter-Limb Symmetry Quantification by Means of Waveform-Based Method

Bilateral cyclograms were calculated using a dedicated software developed under
Matlab environment basing on the procedure proposed by Goswami [24] which requires
right and left limb angles at hip, knee and ankle joints during the gait cycle to build left–
right-angle diagrams from which the following symmetry parameters were calculated
(Figure 1):

• Cyclogram area (degrees2): area enclosed by the curve obtained from the left–right
angle diagram [25]. A hypothetical symmetrical gait would lead left and right joints to
assume the same angular position during the gait cycle. In this way, cyclogram points
would lie on a 45◦ line in the diagram with a null area;

• Cyclogram orientation (degrees): this parameter is expressed as the absolute value of
the angular difference ϕ between the perfect symmetry line (45◦ line) and the orien-
tation of the principal axis of inertia [24,26], which is the direction of the eigenvector
of the inertial matrix for the cyclogram points in the x–y (left vs. right joint angle)
reference system. Low ϕ angles indicate higher interlimb symmetry;
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• Trend Symmetry (dimensionless): Calculated to assess the similarity of two waveforms
(i.e., right and left leg angular trend across the gait cycles for each joint) by means
of an eigenvector analysis [27]. Trend Symmetry index is obtained by dividing the
variability about the eigenvector to the variability along the eigenvector and is not
affected by a shift or magnitude differences in two considered waveforms. Low or
null values indicate higher symmetry, and interlimb asymmetry results in high Trend
Symmetry values;

• Range offset, a measure of the differences in operating range of each limb, is calculated
as the absolute value of the difference between the average of the right-side waveform
from the average of the left-side waveform [27]. In particular, this parameter indicates
if one side operates in a wider flexion range than the opposite side; zero values indicate
that both sides work within the same ROM.
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2.4. Statistical Analysis

A statistical analysis was conducted to evaluate the effect of the disease on gait
parameters of interest. In particular, all outcome measures were analyzed in order to
investigate the existence of differences originated by the presence of PD. Separate one-way
multivariate analysis of variance (MANOVA) were performed, considering group (PD/CG)
as the independent variable while the spatiotemporal parameters, SI, GPS and GVSs, ROM
were set as dependent variables. In the case of spatiotemporal parameters, they were
separated into two groups:

1. Gait speed, cadence and step width, for which both limbs are involved;
2. Stance, swing, double support phases and step length, where only one limb is involved.

To investigate symmetry in joint kinematics, and to assess in which periods of the
gait cycle significant differences associated with PD occurred, the angle-cycle curves for
PD vs. CG were compared on a point-by-point basis using a one-way ANOVA, setting
the group as independent variable. This analysis was performed for each of the 3 joints of
interest [28].

Finally, the existence of significant differences in inter-limb symmetry due to PD was
also investigated by means of a MANOVA, with group (PD or CG) as the independent
variable and the 4 symmetry parameters (cyclogram area and orientation, trend symmetry
and range offset) as dependent variables.

A preliminary analysis was performed to exclude the existence of significant differ-
ences in the investigated parameters between left and right limbs. Since no significant
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differences were found, the mean value of each parameter calculated across the two limbs
was considered for each participant.

In all above cases, the level of significance was set at p = 0.05 and the effect sizes were
assessed using the eta-squared (η2) coefficient. Univariate analysis of variance (ANOVA)
was carried out, when necessary, as a post hoc test by reducing the level of significance
according to the Bonferroni correction. All analyses were performed using the SPSS version
26 software (IBM SPSS Statistics, Armonk, New York, NY, USA).

3. Results

Demographic, anthropometric and clinical characteristics of the participants are re-
ported in Table 1, while the results of the comparison for spatial–temporal parameters, GPS,
GVSs, dynamic ROM and symmetry indexes between pwPD and the CG are reported in
Tables 2–5.

Table 1. Demographic, anthropometric, and clinical characteristics of participants. Values are
expressed as mean ± SD.

Control Group (19 F, 28 M) PD Group (24 F, 37 M)

Age (years) 66.0 ± 8.3 68.9 ± 9.3
Body mass (kg) 66.9 ± 11.1 67.1 ± 10.9

Height (cm) 164.7 ± 6.9 164.5 ± 7.8
Disease Duration (years) - 7.7 ± 5.6

UPDRS III score - 19.9 ± 9.3

3.1. Spatiotemporal Parameters of Gait

Significant effect originated by the presence of PD on spatiotemporal parameters of
gait was detected by MANOVA for both, single limb and double limb related parameters
[F(4,106) = 4.286, p = 0.003, Wilks λ = 0. 857, η2 = 0.143] and [F(3,106) = 4.378, p = 0.006,
Wilks λ = 0.888, η2 = 0.112], respectively. In particular, the follow-up ANOVA (Table 2)
indicated that pwPD exhibit reduced speed, step length and swing phase duration and
increased double support phase duration when compared to unaffected individuals.

Table 2. Spatiotemporal parameters of gait. Stance, swing and double support phases are expressed
as percentage of the gait cycle duration. Values are expressed as mean ± SD.

Control Group PD Group

Speed (m/s) 1.18 ± 0.22 1.06 ± 0.26 **
Cadence (steps/min) 112.32 ± 10.24 111.49 ± 12.99

Step Length (m) 0.63 ± 0.08 0.55 ± 0.11 **
Step Width (m) 0.20 ± 0.02 0.19 ± 0.04

Stance Phase (% of the gait cycle) 59.96 ± 1.65 60.77 ± 2.62
Swing Phase (% of the gait cycle) 40.06 ± 1.65 38.67 ± 2.47 **

Double Support Phase (% of the gait cycle) 20.07 ± 3.29 22.60 ± 4.73 **
The symbol ** denotes a significant difference with respect to the Control Group (in all cases p < 0.01).

Significant effect of PD for spatiotemporal SI (Table 3) was detected by MANOVA
analysis [F(4,106) = 5.574, p = 0.000, Wilks λ = 0. 822, η2 = 0.178]. In particular, SI values
were significantly higher in PD subjects for double support and step length parameters
(p = 0.017 and p = 0.001, respectively).
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Table 3. SI parameters of gait. Stance, swing and double support phases are expressed as percentage
of the gait cycle duration. Values are expressed as mean ± SD.

Symmetry Index Control Group PD Group

Step Length 2.90 ± 1.92 4.90 ± 3.52 **
Stance Phase Duration 1.66 ± 1.20 2.39 ± 2.94
Swing Phase Duration 2.45 ± 1.79 3.62 ± 4.04

Double Support Phase Duration 7.90 ± 6.29 14.22 ± 17.03 *
The symbols * and ** denote a significant difference with respect to the Control Group (* p < 0.05, ** p < 0.01).

3.2. Gait Kinematics, GPS and GVS

The statistical analysis revealed a significant main effect of group on GPS and GVS
indexes [F(10,104) = 2.622, p = 0.007, Wilks λ = 0.784, η2 = 0.216]. The follow-up ANOVA
showed that pwPD exhibit increased GPS in comparison to CG (p < 0.01) and increased
GVS for pelvic obliquity and rotation (p < 0.05 and p < 0.001, respectively) and knee
flex-extension (p < 0.01). Mean values along with standard deviations for each group are
reported in Table 4.

Table 4. GPS and GVS indexes (in degrees). Values are expressed as mean ± SD.

Control Group PD Group

GPS 6.60 ± 1.35 7.37 ± 1.31 **
Pelvic Obliquity GVS 2.23 ± 0.88 2.60 ± 0.95 *

Pelvic Tilt GVS 5.45 ± 3.14 6.04 ± 3.55
Pelvic Rotation GVS 3.35 ± 1.02 4.18 ± 1.34 **

Hip Abduction–Adduction GVS 3.69 ± 1.29 3.94 ± 1.29
Hip Flexion–Extension GVS 7.96 ± 3.35 8.54 ± 4.14

Hip Rotation GVS 7.83 ± 3.23 8.86 ± 3.14
Knee Flexion–Extension GVS 7.61 ± 2.51 8.98 ± 2.69 **

Ankle Dorsi–plantarflexion GVS 5.84 ± 1.99 6.34 ± 2.21
Foot Progression GVS 7.94 ± 2.60 8.47 ± 3.64

The symbols * and ** denote a significant difference with respect to the Control Group (* p < 0.05, ** p < 0.01).

3.3. Dynamic ROM

The statistical analysis detected the existence of significant main effect of group
[F(3,105) = 5.015, p = 0.003, Wilks λ = 0.873, η2 = 0.127] on dynamic ROM during gait
(Table 5). In particular, the follow-up ANOVA indicated that pwPD are characterized by
significantly reduced ROM at hip and knee joints with respect to CG (p < 0.001 and p < 0.01,
respectively).

Table 5. Dynamic range of motion during gait (in degrees). Values are expressed as mean ± SD.

Joint Control Group PD Group

Hip ROM 46.52 ± 6.11 42.02 ± 5.89 **
Knee ROM 58.80 ± 4.67 55.69 ± 5.53 **
Ankle ROM 26.47 ± 4.94 24.93 ± 4.98

The symbol ** denotes a significant difference with respect to the control group (p < 0.01).

3.4. Point-by-Point Analysis of Kinematic Curves

The analysis of hip, knee, and ankle kinematics in the sagittal plane (Figure 2) revealed
the existence of:

• At the hip joint level, significant differences between pwPD and CG from 30 to 67% of
the gait cycle;

• At the knee joint, between 1 and 3%, between 20 and 56% and between 87 and 100%
of the gait cycle;

• At the ankle joint from 51 to 64% of the gait cycle.
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the periods of the gait cycle in which a significant difference between groups existed (p < 0.05).

3.5. Waveform-Based Symmetry Indexes

MANOVA detected a significant effect of group on symmetry indexes at hip and ankle
joints (hip [F(4,103) = 4.825, p = 0.001, Wilks λ = 0.838, η2 = 0.162]; ankle [F(4,105) = 8.355,
p < 0.001, Wilks λ = 0.753, η2 = 0.247]), while no main effect was found for the knee joint. In
particular, the analysis showed that the range offset is significantly larger in pwPD at the
hip joint level (p < 0.05), as well as for cyclogram orientation and trend symmetry at the
ankle joint (p < 0.001 and p < 0.01, respectively) with respect to the unaffected individuals
(Table 6).

Figure 3 shows an example of the different shapes and orientations of the cyclograms
for PDs and unaffected individuals.

214



Bioengineering 2022, 9, 120

Table 6. Comparison between symmetry indexes of PD and CG subjects. Values are expressed as
mean ± SD.

Cyclogram Parameter Control Group PD Group

Area 116.57 ± 88.11 87.95 ± 72.18
Hip Orientation ϕ 2.26 ± 2.36 1.92 ± 1.76

Trend Symmetry 0.24 ± 0.21 0.29 ± 0.26
Range Offset 2.27 ± 2.02 3.22 ± 2.08 *

Area 268.76 ± 213.97 213.53 ± 156.65
Knee Orientation ϕ 1.47 ± 1.40 1.62 ± 1.35

Trend Symmetry 0.49 ± 0.42 0.48 ± 0.32
Range Offset 4.52 ± 3.97 5.50 ± 3.22

Area 62.52 ± 51.59 84.58 ± 63.71
Ankle Orientation ϕ 1.99 ± 1.44 3.92 ± 2.80 *

Trend Symmetry 1.54 ± 1.21 2.27 ± 1.48 *
Range Offset 2.83 ± 2.05 3.57 ± 2.63

The symbol * denotes a significant difference with respect to the control group.
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Figure 3. Comparison between cyclograms of an individual affected by PD and an unaffected
individual. The diagram refers to the ankle joint.

4. Discussion

The aim of the present study was to characterize alterations in gait kinematics among
pwPD, with particular focus on the interlimb symmetry of hip, knee and ankle joints with
respect to unaffected individuals. At first, it should be noted that the gait patterns of
pwPD are substantially consistent with most previous studies in terms of spatiotemporal
parameters, as they exhibit increased double support phase duration [29–31], reduced
swing phase duration, step length and gait speed [32–35].

We found marked differences between pwPD and CG with regards to SI step length
and SI double support, a result partly consistent with previous studies which also reported
significantly larger asymmetries in pwPD for swing duration and step time other than step
length and double support duration [13,14]. It is possible that such differences are due to
the different conditions in which the participants were tested. In fact, while the quoted
studies investigated gait with pwPD in OFF levodopa state, in our case we evaluated them
while in the ON phase. It is thus likely that effect of medication somehow attenuated the
gait alterations associated with the disease.

From a kinematic point of view, the analysis of the GVS parameters highlighted
differences at the level of the hip and knee joints. In particular, consistent with what was
reported by previous studies [29], pwPD were characterized by higher values in pelvic
obliquity and rotation, and knee flexion–extension. Overall, such alterations originated a
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significantly higher value of the GPS with respect to unaffected individuals. Higher GVS
scores for hip and knee flexion–extension may be due to reduced strength of muscles acting
on these joints [36].

The point-by-point analysis of the sagittal kinematics showed significant alterations
in pwPD for all the three joints with respect to the unaffected individuals, though of
different magnitude. As regards the ankle joint, the main differences involved the terminal
stance and swing phases of the gait cycle, where an increased dorsiflexion in pwPD was
detected. This is consistent with previous studies [35,37], which indicated that reduced
plantarflexion in PD group during the toe-off phase is caused by a decreased ankle power
generation [37] due to a reduced amplitude of gastrocnemius activity [38]. Similarly,
reduced knee extension was observed in the terminal stance phase and between 87 to 100%
of the gait cycle. The author of [39] attributed this behavior to the reduced gait velocity and
to the reduced ROM at the hip level, which was reflective of an increased rigidity among
the pathological group.

One of the main aims of this study was the characterization of interlimb joint kinemat-
ics symmetry by means of a waveform-based method, which was previously employed
with encouraging results for the characterization of asymmetries among people with
osteoarthritis and multiple sclerosis [40,41]. Even though a certain asymmetry of gait
kinematics exists even in a healthy population [42], neurodegenerative diseases such as
PD are characterized by unilaterality [43], which is likely to result in larger asymmetries.
The waveform-derived parameters employed in the present study showed that pwPD are
characterized by a marked asymmetry at the ankle joint level, while slight differences exist
for the hip joint level. In particular, at ankle joint cyclogram orientation and trend symmetry
were twice and one and a half time higher, respectively, in PDs, who also showed higher
values for range offset at the hip level. On the other hand, no significant differences were
found for the knee joint. Despite some differences which were evidenced for the hip joint,
our results somehow differ from Goswami [24] who also reported significant increases for
cyclogram orientation values at the hip.

The observed asymmetries may be influenced by several factors. At first, as previously
mentioned, in pwPD reduction in the microstructural integrity of the transcallosal fibers
connecting homologous regions of the pre-supplementary motor and supplementary motor
areas were observed, which were previously recognized as responsible for step length
asymmetry [14]. A relevant role might also be played by the existence of asymmetries in
muscular strength, which originate from right–left hemispheric asymmetry of the functional
organization of basal ganglia [44]. Moreover, as previously reported, EMG activity of the
gastrocnemius is reduced while walking [38], thus amplifying asymmetry at the ankle joint
level, which reflects on alterations of cyclograms parameters.

Some limitations of the study should be acknowledged. First, the relative limited
size of the sample here tested implies that generalization of the obtained results should be
performed cautiously. Secondly, we had no information on the first or more affected limb in
the PD group, and for this reason we used averages of left and right limbs when assessing
differences in spatiotemporal parameters and ROM with respect to a healthy population.
Information on the affected side may result in differences for these parameters for more vs.
less affected side. Lastly, even though none of the participants exhibited freezing of gait
during the tests, this phenomenon cannot be adequately captured by means of the setup
employed here. Thus, specific tests should be planned to consider freezing of gait episodes
in the analysis.

5. Conclusions

In this study we investigated the gait patterns of pwPD, focusing on lower limb joint
kinematics, by comparing their joint angle curves with those of unaffected individuals
and by calculating symmetry parameters derived from a waveform-based approach. The
obtained results show that pwPD exhibit modified gait patterns characterized by severe
modifications of the physiologic kinematic trend at the hip, knee and ankle level, especially
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during the terminal stance-early swing phase and final part of the gait cycle. The symmetry
analysis revealed that the effect of the disease on interlimb coordination is present at the
ankle joint and is moderate in the hip, while the knee joint appears relatively exempt from
specific negative effects from this point of view. Such findings could be useful in clinical
routine, since the quantitative information on asymmetry may represent an additional tool
that helps clinicians to diagnose PD earlier and/or evaluate its development.
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Abstract: Antibiotics are frequently detected in the aquatic environment due to their excessive usage
and low-efficiency removal in wastewater treatment plants. This can provide the origin to the
development of antibiotic-resistant genes in the microbial community, with considerable ecotoxicity
to the environment. Among the antibiotics, the occurrence of ciprofloxacin (CIP) and amoxicillin
(AMX) has been detected in various water matrices at different concentrations around the Earth.
They are designated as emerging contaminants (ECs). Microalga Chlorella vulgaris (C. vulgaris) has
been extensively employed in phycoremediation studies for its acclimatization property, non-target
organisms for antibiotics, and the production of value-added bioproducts utilizing the nutrients
from the wastewater. In this study, C. vulgaris medium was spiked with 5 mg/L of CIP and AMX,
and investigated for its growth-stimulating effects, antibiotic removal capabilities, and its effects on
the biochemical composition of algal cells compared to the control medium for 7 days. The results
demonstrated that C. vulgaris adapted the antibiotic spiked medium and removed CIP (37 ± 2%)
and AMX (25 ± 3%), respectively. The operating mechanisms were bioadsorption, followed by
bioaccumulation, and biodegradation, with an increase in cell density up to 46 ± 3% (CIP) and
36 ± 4% (AMX), compared to the control medium. Further investigations revealed that, in the CIP
stress-induced algal medium, an increase in major photosynthetic pigment chlorophyll-a (30%) and
biochemical composition (lipids (50%), carbohydrates (32%), and proteins (65%)) was observed,
respectively, compared to the control medium. In the AMX stress-induced algal medium, increases in
chlorophyll-a (22%), lipids (46%), carbohydrates (45%), and proteins (49%) production were observed
compared to the control medium. Comparing the two different stress conditions and considering
that CIP is more toxic than AMX, this study provided insights on the photosynthetic activity and
biochemical composition of C. vulgaris during the stress conditions and the response of algae towards
the specific antibiotic stress. The current study confirmed the ability of C. vulgaris to adapt, bioadsorb,
bioaccumulate, and biodegrade emerging contaminants. Moreover, the results showed that C. vulgaris
is not only able to remove CIP and AMX from the medium but also can increase the production of
valuable biomass usable in the production of various bioproducts.

Keywords: ciprofloxacin; amoxicillin; algae; Chlorella vulgaris; biomass; removal

1. Introduction
Antibiotics are used in veterinary, human, and aquaculture targeting relative to the 

bacterial community to prevent or treat microbial diseases and infections. These antibiotics 
reach the aquatic environment persistently through various routes such as veterinary 
and human excretions, hospital wastewater, pharmaceutical wastewater, and sewage, 
reaching treatment plants in concentrations ranging from nanogram per liter to milligram 
per liter [1]. When properly untreated, the antibiotics reach the environment, causing 
chronic toxicity to some non-target organisms as they are designed to induce a biological
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response in living organisms [2]. The major problem associated with antibiotic polluted
water is the development of antibiotic-resistant bacteria (ARB) and antibiotic-resistant
genes (ARGs), which are responsible for 700,000 deaths per year. The treatment of ARB
is highly problematic as they have developed resistance towards the antibiotics that are
particularly prescribed for the treatment [3]. Ciprofloxacin (CIP) is an important antibiotic
of the class of fluoroquinolones that targets Gram-positive and Gram-negative bacteria to
treat severe infections, and its emission is remarkably found in municipal wastewater (58%
of its total amount) and surface water (25% of its total emission) globally [4]. Amoxicillin
(AMX) belongs to the β-lactam group, which accounts for more than 65% of the global
antibiotic market and is recognized as one of the major threats to the environment as it
is being frequently detected in surface waters [5,6]. The maximum detected worldwide
concentration of CIP and AMX is 6.5 mg/L and 1.67 µg/L, respectively, with a median
concentration range of 10–100 ng/L [7–9]. Their presence in the ecosystem is known to
have effects on microorganism communities, such as bacteria, algae, invertebrates, and
crustaceans. The effects of antibiotics in the aquatic ecosystem depend upon acute aquatic
toxicity EC50 (concentration of pollutant that inhibits 50% of growth) present in water
streams as they can inhibit the growth of beneficial microorganisms such as prokaryotes
and eukaryotes [10].

Microalgae are eukaryotic organisms that play a crucial role in the production of
oxygen in the aquatic ecosystem, as well as an important part of the food chain. Microalgae
have drawn attention in the bioremediation research community for being non-target
organisms for antibiotics and their ability to adapt and remove the antibiotics themselves
from polluted water, producing valuable biomass [11–13]. Chlorella vulgaris, a unicellular
microalga, is one of the most commonly investigated algae in the treatment of wastewater
as it is commonly found in freshwater and soil habitats with fast growth rates and short
production time when employed [14]. Antibiotic presence in the wastewater promotes dual
responses on C. vulgaris, which either includes inhibitory effects or growth stimulation
effects based upon the concentration [15]. Inhibitory effects depend on the EC50 value
after 96 h of exposure. It has been reported that the 96 h EC50 value of C. vulgaris for
CIP is 20.6 mg/L and 96 h EC50 for P. subcapitata when AMX is less than 50 mg/L [16,17].
C. vulgaris is known to adapt to antibiotics stress conditions by spontaneous physiological
adaptation and can biodegrade pollutants, becoming a suitable candidate for antibiotic
removal from wastewater [18]. Under stress and nutrient limitation, C. vulgaris is known to
accumulate lipids and store energy in the form of proteins and carbohydrates.

In this study, the growth-stimulation effect caused by the presence of two different
antibiotic stress conditions was investigated in comparison with the control medium.
C. vulgaris medium was spiked with a tolerant concentration of antibiotics, considering
EC50 value, world median concentration, maximum detected worldwide concentration,
and instrument sensitivity for CIP and AMX detections during the analysis. The study
lasted 7 days to investigate the mechanisms adapted by algae for the removal of CIP and
AMX. The effects of these antibiotics on cell growth, photosynthetic activity (chlorophyll-a),
and biochemical composition (lipids, carbohydrates, and proteins concentration) were
monitored. The results were encouraging, even if the study needs further experimental
runs to define the optimal operative conditions for a sound scale-up.

2. Materials and Methods
2.1. Reagents and Materials

Ciprofloxacin (CIP) (CAS No.: 85721-33-1) and amoxicillin (AMX) (CAS No.: 61336-70-7)
(HPLC grade, >98% purity) stock solutions of 100 mg/L were prepared by dissolving
reference standards in ultra-pure water and stored in a dark airtight Schott glass bottle at
4 ◦C for no longer than 10 days. The required concentration was prepared from a stock
solution using serial dilution. All reagents and chemicals were of analytical grade.
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2.2. Algae and Incubation Conditions

C. vulgaris (BDU GD003) was purchased from NRMC-F (National Repository for
Microalgae and Cyanobacteria-Freshwater), Bharathidasan University, Tiruchirappalli,
Tamil Nadu, India. The culture was maintained and sub-cultured in BG-11 medium at an
orbital shaking incubator under a fluorescent light intensity of 50 µmol photon/m2/s in
12 h light/12 h dark cycle at 30 ◦C until the stationary phase was attained.

2.3. Experimental Setup

All the experiments were conducted in batch culture using autoclaved 250 mL Erlen-
meyer flasks containing 100 mL of BG-11 medium. A series of runs was conducted for
each antibiotic, namely Batch 1 (CIP) and Batch 2 (AMX). In each series, four different
experimental conditions (A, B, C, and D) were established for the determination of growth
and removal mechanisms by C. vulgaris. Table 1 summarizes these conditions. Each run
was performed in triplicates. In both batches, in runs A and B, algae cell pellets were
inoculated with an average cell density of 5 × 106 cells/mL, and their growth profiles were
monitored daily to study the impact of antibiotics.

The control (B) experiments were conducted with the same illumination conditions to
elucidate the possible role of abiotic conditions in the removal of antibiotics and biomass
production. In both batches, A, C, and D runs were spiked with 5 mg/L of antibiotic
standard solution. The experimental runs A and B were incubated at 30 ± 1 ◦C under a
fluorescent light intensity of 50 µmol photon/m2/s in 12 h light/12 h dark cycles. These
experimental conditions were kept for 7 days. In each run, monitoring was carried out by
taking 5 mL aliquots of medium for the determination of biomass and antibiotic concentration.

Table 1. Experimental setup conditions and their respective abbreviations.

Batch 1—CIP Experimental Condition Culture Antibiotic Illumination

A CIP Test Algae + +
B CIP Control Algae - +
C CIP Abiotic light - + +
D CIP Abiotic Dark - + -

Batch 2—AMX Experimental Condition Culture Antibiotic Illumination

A AMX Test Algae + +
B AMX Control Algae - +
C AMX Abiotic light - + +
D AMX Abiotic Dark - + -

2.4. Determination of Algal Growth and Biochemical Composition
2.4.1. Algal Growth

Algal growth can be assessed by counting the algal cells using a hemocytometer,
optical density (OD), and measuring chlorophyll-a content. The number of cells per mL
of C. vulgaris was measured using a Neubauer improved hemocytometer under 40×
magnification in a trinocular microscope, and the specific growth rate (µ) was calculated by
using the following equation [19]:

µ = (ln N2 − ln N0)/(t2 − t0) (1)

where N0 is the cell density at time t0 (day 0), and N2 is the cell density at time t2 (day 7).
The maximum absorbance for C. vulgaris was inspected by scanning sample cultures

between 500 and 800 nm using a UV-Vis spectrophotometer, and the maximum absorbance
was found at 680 nm [20]. On this basis, the spectrophotometer was set to 680 nm wave-
length to measure the OD values, as this parameter reflects the cell density in the medium
by taking refraction into account.
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Chlorophyll-a extraction and the concentration of the extract were calculated using
the following equation [19]:

Chlorophyll-a (mg/L) = (9.90 × OD660) − (0.77 × OD642) (2)

where OD660 and OD642 are the optical densities of the extracted chlorophyll pigment from
the culture at 660 nm and 642 nm.

2.4.2. Biochemical Composition

Algae cells were harvested by centrifugation for the analysis of the biochemical com-
position. Harvested algae pellets were subjected to sonication for the extraction of lipids
and quantified gravimetrically, as reported in [21,22]. Carbohydrates were extracted using
the Anthrone method and quantified (in milligram per liter) by UV-Vis spectrophotometer
using glucose standards [21]. Proteins were extracted using the Lowry method and quan-
tified by a UV-Vis spectrophotometer using bovine serum albumin (BSA) standards [21].
Dry biomass was calculated gravimetrically by drying the harvested algae cell pellets.

Lipids, carbohydrates, and proteins concentrations were calculated as percentages by
biomass weight by the following equation, respectively.

%Lipids = Lipid mass/Biomass weight × 100 (3)

%Carbohydrates = Carbohydrate mass/Biomass weight × 100 (4)

%Proteins = Protein mass/Biomass weight × 100 (5)

2.5. Determination of Antibiotic Concentration

CIP and AMX concentrations were determined according to the USP 28-NF 23 s sup-
plement [23,24], using 844 UV/VIS compact ion chromatography equipped with a Hichrom
HPLC column (Alltima 5 µm C18 with dimensions 250 × 4.6 mm). The mobile phase
consisted of 15% acetonitrile and 85% ultra-pure water (pH = 3.0) with a flow rate of 1
mL/min and 250 µL injection volume. The wavelength of the UV detector for CIP and AMX
was 270 nm (retention time = 25.88 min) and 230 nm (retention time = 4.15 min), respec-
tively. All samples were filtered through a 0.22 µm membrane filter before analysis. The
concentration was estimated using IC net 2.3 software integrated with ion chromatography
equipment. The overlay curves of the individual sample analysis were plotted using IC net
software upon the completion of all analysis.

2.6. Determination of Antibiotic Removal Mechanisms in Algal Cells

Aliquots of 5 mL of microalgal suspension were withdrawn and separated by centrifu-
gation at 2500 rpm for 10 min. The filtered supernatant was then used for analyzing the
residual concentration (Cr) of antibiotics in the algal medium.

As a first information, total antibiotic removal can be calculated as follows:

Total removal (%) =
Ci − Cr

Ci
× 100 (6)

where Ci is the initial antibiotic concentration in the medium, and Cr is the residual concentration.
Antibiotics tend to be adsorbed on algal cell walls due to the interaction between the

pollutant and extra polymeric substances of microalgae. This amount of antibiotic can
be desorbed from the cell wall by resuspending the harvested algal pellets with 5 mL of
ultra-pure water and centrifuged again carefully by increasing the rotation speed from
2500 to 5000 rpm for 10 min without disrupting the cell wall [25,26]. The filtered super-
natant was used for the determination of antibiotics adsorbed on the cell wall (Rad). The
bioaccumulation (Rac) mechanism was determined by using the sonication method [27].
The centrifuged pellet was again suspended by adding 5 mL dichloromethane-methanol
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solution (concentration 1:2 by volume), sonicated for 30 min, and then centrifuged again
for the analysis of antibiotics accumulated inside the algal cells.

As aforesaid, an amount of antibiotic can be removed in the abiotic condition (Ra)
by photodegradation.

Ra (%) =
Cr(abiotic dark) − Cr(abiotic light)

Ci
× 100 (7)

At last, the biotic removal (Rb) of antibiotics in the C. vulgaris medium was calculated
by the equation given by Xiong et al. [28], taking into account the adsorption, bioaccumula-
tion, and abiotic removal.

Rb (%) =
(Ci − Cr − Rad − Rac − Ra)

Ci
× 100 (8)

2.7. Statistical Analysis

All experiments were carried out in triplicates and the average results were reported.
The data obtained from different experimental conditions were compared by ANOVA,
having statistical significance at p < 0.05. All statistical analyses and graph plotting were
carried out with JMP 16.2 software.2.1.1.

3. Results
3.1. Effect of Antibiotics on Algal Growth

C. vulgaris growth in the experimental conditions A and B for Batch 1 and Batch 2 was
evaluated, and the results are shown in Figure 1. Previous toxicological studies have shown
that a low concentration of antibiotics in the system can stimulate algal growth, whereas a
concentration higher than EC50 will have toxic effects on the algal structures [15,29,30].

Figure 1a,b show the effect of CIP (a) and AMX (b), respectively, on the chlorophyll-a
concentration, OD680, and cell density in runs A and B for the tested batches.

In both batches, these parameters declined until day 3 in experimental condition
A, compared to run B, indicating the stress caused by antibiotics upon the culture in
the medium.

On day 5, in both batches, there was an increase in chlorophyll-a concentration, OD680,
and cell density for run A, indicating that the response mechanisms of C. vulgaris adapted
and grew in the stress conditions induced by CIP and AMX.

The specific growth rate for the experimental condition B in Batch 1 was found to be
−0.03 d−1 and −0.029 d−1 for Batch 2. A negative growth rate indicates the decline of algal
cells due to the absence of nutrients in the medium, whereas for run A, it was found to be
0.04 d−1 in Batch 1 and 0.038 d−1 in Batch 2, respectively. A positive growth rate indicates
the utilization of antibiotics as a carbon source for their growth.

To summarize, for both batches, the results revealed that induced stress caused by CIP
and AMX stimulated algal growth. This is clearly evidenced by the comparison of the data
achieved in runs A and B.

3.2. Effect of Antibiotics on Algal Biochemical Composition (Lipids, Carbohydrates, and Proteins)

Cell growth and biochemical composition accumulation are closely related to the
adopted environmental conditions, such as light intensity, nutrient concentration in the
medium, stress conditions, and CO2 concentration [31–33]. During algal photosynthesis,
chlorophyll transforms light energy into adenosine triphosphate (ATP) and nicotinamide
adenine dinucleotide phosphate (NADPH), which converts the carbon source and CO2
into glyceraldehydes-3-phosphate (G3P) during reaction in dark conditions [34]. G3P
in the glycolytic pathway results in the biosynthesis of carbohydrates, while a part of
G3P will be transformed into acetyl-CoA and pyruvate by the action of glycolysis and
take part in the formation of protein. Acetyl-CoA catalyzed by acetyl-CoA carboxylase is
converted into malonyl-CoA, which plays an important role in the synthesis of fatty acids.
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The produced fatty acids becomes accumulated in the form of lipids in the chloroplast
of the cell [35]. Chlorophyll-a, as a major light-harvesting pigment, releases protons
during photosynthesis and enhances acetyl-CoA carboxylase activities inside the cell, thus
increasing the production of biochemicals inside the cell.
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Figure 2 reports the results achieved in the runs. The data refer to the lipid, carbohydrate,
and protein concentration at the end of runs A and B after 7 days of incubation.

In this study, it was observed that lipids, carbohydrates, and protein increased in both
the tested batches (1 and 2) compared to the control conditions, as shown in Figure 2, and
the biomass dry weight for the experimental condition A of Batch 1 and Batch 2 is 72% and
41% higher than the control conditions. Furthermore, it can be noted that in run A of Batch 1,
the lipid (464 mg/L), carbohydrate (39 mg/L), and protein (608 mg/L) accumulations were
higher than the ones achieved in run A of Batch 2, where lipid, carbohydrate, and protein
concentrations were 438 mg/L, 36 mg/L, and 580 mg/L, respectively (Figure 2). C. vulgaris
adapted to CIP stress conditions and utilized this antibiotic better than with AMX. Previous
studies have shown that the EC50 value for CIP is very low compared to AMX [16,17].
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This indicates that, where CIP is more toxic to algae, it induces stress on C. vulgaris and
because of this stress, there is an increase in chlorophyll-a, lipid, carbohydrate, and protein
production in run A of Batch 1 compared to experimental condition A of Batch 2.
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Figure 2. Effect of CIP and AMX upon lipid, carbohydrate, and protein accumulation in Chlorella
vulgaris (incubation time = 7 days).

3.3. Antibiotics Removal Mechanisms Adopted by Algae

Removal mechanisms were determined from the experimental conditions given in
Table 1. Bioadsorption, bioaccumulation, and biodegradation are major removal mecha-
nisms adopted by algae to remove the organic contaminants [28]. The contribution of each
mechanism to the total removal is shown in Table 2.

In this study, the removal of CIP and AMX via photodegradation (abiotic condition)
is determined in runs C and D. This mechanism was negligible for CIP under the tested
conditions, as shown by the value reported in Table 2.

Bioadsorption is an extracellular mechanism accomplished by the polymer assem-
blages (cellulose, hemicellulose, and proteins) and functional groups present on the cell
wall [36]. Bioadsorption and bioaccumulation were not the major removal mechanisms in
this study, and even other researchers have reported that they lead to the process for the
biodegradation mechanism inside the cell.

In the current study, biodegradation accounts for the major removal mechanism,
76% for CIP and 46% for AMX, respectively. These values indicate the utilization and
breakdown of antibiotics as a carbon source for their cellular growth. Figure 3 shows
the process involved in the removal of antibiotics by algae and its effects on biochemical
composition with the overlay peak curves of HPLC analysis performed to determine the
contribution of each mechanism for the removal of antibiotics.

The increase in chlorophyll-a concentration, cell density, and biochemical composition
(lipids, carbohydrates, and proteins) in the test conditions (run A), compared to the control
medium (run B), indicates the response mechanism adopted by algae to utilize CIP and
AMX after the depletion of nutrients in the medium.
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Table 2. Antibiotic removal (%) and removal contribution (%) of mechanisms after 7 days.

Antibiotic Total Removal Photodegradation Bioadsorption Bioaccumulation Biodegradation

CIP 36.9 ± 1.1 0.54 ± 0.02 15.4 ± 0.4 7.92 ± 0.06 76.09 ± 0.55
AMX 24. 7 ± 1.0 24.44 ± 9.71 18.48 ± 5.64 10.84 ± 9.56 46.23 ± 5.89

1 
 

 

Figure 3. Removal mechanisms adopted by algae for their growth and their effects on lipids,
carbohydrates, and proteins.

4. Discussion

Studies have reported that algae produce free radicals such as peroxyl radicals, single
oxygen, and hydroxyl radicals during photolysis [37]. In photosynthesis, a single electron
of chlorophyll molecule is excited to a higher energy state within the photosystem to form
an excited triple-state chlorophyll molecule and produces free radicals in the medium. This
helps to the breakdown of carbon sources for their growth [38] and at the same time for the
production of lipids, carbohydrates, and proteins inside the algae themselves. However,
the amounts of these biochemicals depend on the kind of algae and antibiotics.

About antibiotics, their removal depends strictly on their classes; that is to say that
different antibiotics can be removed at different extents, even when they are present at the
same concentrations.

The global average concentration of CIP and AMX in the surface freshwaters is in
the range of 10–100 ng/L, whereas the maximum detected concentration of CIP in a lake
is in the range of 2.5–6.5 mg/L [8]. In our study, we conducted the experimentation at a
fixed concentration of 5 mg/L to provide insights on the impacts of these pollutants at
selected concentrations. Antibiotics at lower concentrations have the potential to alter the
community structure of algae in the surface waters, and it has been reported that altering
the community structure can contribute to algal blooms [39]. The present study demon-
strated that a concentration of 5 mg/L CIP and AMX not only stimulated growth but also
removed antibiotics from the media by the mechanism of bioadsorption, bioaccumulation,
and biodegradation.

The bioadsorption of compounds can be assessed by the octanol and water partition
coefficient (log Kow) value, which determines whether the compound is hydrophobic or
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lipophilic in nature [40]. The higher the value, the higher the adsorption of compounds
onto the surface of the microorganism. The log Kow value for AMX is 0.87, which is slightly
higher than the one for CIP (0.28) [41]. The results demonstrate that the bioadsorption of
AMX is higher than the CIP one. Bioaccumulation and bioadsorption are a continuous
process, and adsorbed antibiotics become accumulated inside the cells through cell mem-
brane diffusion [42]. AMX is more accumulated than CIP. However, being more toxic, CIP
induces stress upon algae. To counteract this accumulated toxicity, C. vulgaris generates
free radicals inside the cell by increasing the photosynthetic activity of the cell, and this
helps in the process of biodegradation.

In this study, biodegradation was the major removal mechanism, followed by bioad-
sorption and bioaccumulation in the CIP and AMX test.

In line with this, CIP removal was higher than the AMX one, namely about 37% (CIP)
against 25% (AMX). Taking these results into consideration, it is evident that C. vulgaris is
more suitable to remove CIP than AMX. This can be justified by the chemistry of the tested
antibiotics: CIP belongs to the fluoroquinolones, whereas AMX belongs to β-lactams, and
their affinity to C. vulgaris is different.

It is interesting to note that, for both antibiotics, the chlorophyll-a concentration, cell
density, and specific growth rates are very similar after 7 days.

About CIP, the achieved removal efficiency is lower than the one obtained by
Hom-Diaz et al. [30], who studied the removal of this antibiotic by C. sorokiniana. Its effi-
ciency was around 50% after 14 days, starting with a CIP concentration equal to 0.1 mg/L,
which is much lower than the value used in the current study (5 mg/L). The longer process
duration (more than double) could justify the higher removal efficiency, more than the
different genus of Chlorella. Hom-Diaz et al. [30] found photodegradation as the main
mechanism responsible for CIP removal. This result is in contrast with what was obtained
in the current study, where photodegradation does not seem to be active in CIP removal
(Table 2). The use of C. vulgaris instead of C. sorokiniana could be the reason. Moreover,
the photodegradation process mainly depends on light intensity. Biodegradation showed
to be the main removal mechanism also in the study of Xie et al. [43], where wastewater
containing 5-mg/L of CIP was treated with Chlamydomonas sp. Tai-03 for 9 days.

Xiong et al. [28] used C. vulgaris to remove levofloxacin, a fluoroquinolone, from an
initial concentration equal to 5 mg/L. After 7 days, about 15% of the antibiotic was removed,
which is much lower than the amount achieved in the present study (37%). However, it
must be evidenced also that these authors found biodegradation as the main mechanism
able to remove the antibiotic and not activity by photodegradation, as was observed in this
study. The reason could be the same algal kind.

For AMX, removal efficiency was 25%. Zhao et al. [44] studied the removal of AMX
by Chlorella regularis. In their test, AMX was initially present at a concentration equal to
3 mg/L, and after 7 days, the concentration was reduced to 45%. Their cell density was
15 × 106 cells/mL, against about 7 × 106 cells/mL of the current study. Zhao et al. [44] also
checked the concentration of lipids, carbohydrates, and proteins after 18 days, achieving
values around 420 mg/L, 120 mg/L, and 120 mg/L, respectively. Notwithstanding the
different removal efficiency, the lipid concentration is completely in line with the current
one (440 mg/L), whereas carbohydrate concentration is higher (38 mg/L, in the current
study), and the protein concentration is much lower (in this study, it is 580 mg/L). The
comparison of these concentrations is not so easy due to the different processing times,
which for Zhao et al. [44] was three times more.

A similar study was carried out by Zhang et al. [33] for the removal of AMX (starting
concentration = 5 mg/L) by C. regularis for 5 days. At the run’s end, about 90% of AMX
was still present in the medium. At that time, cell density was around 3.5 × 106 cells/mL,
and this value can confirm the low removal efficiency. The authors also analyzed the
concentration of lipids, carbohydrates, and proteins at day 5, and the results were rather
low at about 95 mg/L, 13 mg/L, and 13 mg/L, respectively. These values are much
lower than the concentrations achieved in the current study. Both studies making use of
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C. regularis show that the concentrations of lipids are always much higher than the other
compounds (carbohydrates and proteins), which have the same concentration, even if at
a different values: 120 mg/L in the study of Zhao et al. [44] and 13 mg/L in the study
of Zhang et al. [33]. This does not hold for the current study, where protein production
reached a very high concentration and was always over the lipid’s concentration. At the
moment, no hypothesis can be suggested and verified for this.

The need for further studies is evident to optimize the process in view of its scale-up.
This study provides new insights in utilizing microalgae for the treatment of CIP and

AMX-polluted wastewater to remove these antibiotics. Moreover, the results demonstrated
a second advantage linked to the removal and represented by valuable biomass production,
containing lipids, carbohydrates, and proteins.
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