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Giusi Alberti, Christian M. Sánchez-López, Alexia Andres, Radha Santonocito, 
Claudia Campanella, Francesco Cappello and Antonio Marcilla

Molecular Profile Study of Extracellular Vesicles for the Identification of Useful Small “Hit” in 
Cancer Diagnosis
Reprinted from: Appl. Sci. 2021, 11, 10787, doi:10.3390/app112210787 . . . . . . . . . . . . . . . . 145

Alberto Fucarino, Alessandro Pitruzzella, Stefano Burgio, Maria Concetta Zarcone,

Domenico Michele Modica, Francesco Cappello and Fabio Bucchieri

Extracellular Vesicles in Airway Homeostasis and Pathophysiology
Reprinted from: Appl. Sci. 2021, 11, 9933, doi:10.3390/app11219933 . . . . . . . . . . . . . . . . . 173

Giuseppa Castellino, Francisco Mesa, Francesco Cappello, Cristina Benavides-Reyes,

Giuseppe Antonio Malfa, Inmaculada Cabello and Antonio Magan-Fernandez

Effects of Essential Oils and Selected Compounds from Lamiaceae Family as Adjutants on the
Treatment of Subjects with Periodontitis and Cardiovascular Risk
Reprinted from: Appl. Sci. 2021, 11, 9563, doi:10.3390/app11209563 . . . . . . . . . . . . . . . . . 185

Hasnain Q. R. B. Khan and Gwendolen C. Reilly

Protective Treatments against Endothelial Glycocalyx Degradation in Surgery: A Systematic
Review and Meta-Analysis
Reprinted from: Appl. Sci. 2021, 11, 6994, doi:10.3390/app11156994 . . . . . . . . . . . . . . . . . 203

vi



About the Editors

Francesco Cappello

Francesco Cappello was born in Palermo, Italy, in 1973. In 1997, he completed his degree in

Medicine and Surgery with honors and was awarded with Best Thesis prize. In 2002, he became

a specialist in Pathological Anatomy with the maximum score. Since 2016, he has served as Full

Professor at the University of Palermo, Palermo, Italy, where he teaches Human Anatomy and

Histology. His current honorific appointments include the following: Scientific Director of the

Euro-Mediterranean Institute of Science and Technology, Palermo, Italy; Associate Member of the

Faculty at the Neuroscience Graduate Program, University of Texas Medical Branch, Galveston (TX),

USA; Adjunct Associate Professor at the Department of Biology, Temple University, Philadelphia

(PA), USA; President of the Italian Society of Experimental Biology; Senior Fellow of the Cell Stress

Society International. His research interests include cell differentiation, tissue homeostasis, organ

regeneration, cell stress and chaperones, and nanovesicles.

Magdalena Gorska-Ponikowska

Magdalena Gorska-Ponikowska (born in 1984), Associate Professor, is the Head of the

Department of Medical Chemistry, Medical University of Gdansk, Poland. She has been a Visiting

Researcher at the University of Stuttgart, Germany, since 2017 and has also served at the Institute

‘Istituto Euro Mediterraneo di Scienza’ (Palermo, Italy) since her appointment in 2018. She is a

creator and co-owner of the cosmetic brand Skin Science, contributing with her expert authorship.
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Special Issue “Celebrating Applied Sciences Reaches 20,000
Articles Milestone: Feature Papers in Applied Biosciences and
Bioengineering Section”
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This Special Issue celebrates the publication of 20,000 articles in Applied Sciences. This
Special Issue intended to collect papers featuring important and recent developments
or achievements in biosciences and bioengineering, with a special emphasis on recently
discovered techniques or applications. Thanks to it, we managed to gather the interdisci-
plinary papers, including the broad spectrum of the following topics: clinical studies, ad-
vanced diagnostics, biochemistry, bioinformatics, biomaterials, biomechanics, biomedicine,
biotechnology, clinical engineering, drug delivery, microbiology, life science, neuroscience,
oncobiology, physiology, radiology, and tissue engineering.

In vivo clinical studies are the most important determination of drugs’ pharmacoki-
netics and efficacy [1–4]. In an intensive care unit clinical study, the pharmacokinetics
of levetiracetam, a second-generation antiepileptic drug has been evaluated [1]. Inter-
estingly, a controlled clinical trial supervised by Lai et al. proved that combining yoga
with rehabilitation has the potential to improve depressive disorders [2], while Khan and
Reilly proposed suggestions for enhanced confidence for randomized controlled trials
in protective treatments against endothelial glycocalyx degradation in surgery [3]. The
effects of essential oils and other substances derived from the Lamiaceae family plants as
adjuvants for the treatment of periodontitis have also been discussed [4].

A number of works concerned the very important topic of searching for biomarkers of
pathogenesis and the progression of pathologies, such as cancer. Heat shock proteins (HSPs)
are ubiquitously expressed housekeeping chaperones responsible for maintaining home-
ostasis of the organisms and can be considered as physiologically expressed biomarkers
of cancer, e.g., leukemia, or different pathologies including gastric diseases [5–9]. The
biomarkers may be localized extracellular or extracellularly excreted [8,9]. The molecular
mechanism of asthma and COPD based on extracellular nanovesicles and their putative use
in therapy is discussed by Fucarino et al. [8], while Alberti et al. describe tumor-secreted
extracellular vesicles as the main mediators of cell–cell communication, permitting cells to
exchange proteins, lipids, and metabolites under varying pathophysiological conditions [9].

When it is not possible to perform in vivo tests, establishing an in vitro-based system
that can realistically simulate in vivo conditions is desirable [10–14]. A new cell culture
method by combining fluoropolymers and dot-patterned extracellular matrix substrates
to achieve spheroids has thus been successfully developed [10]. A new low-cost and
simple-to-use method for the determination of free biothiols in biological fluids has been
also proposed [11]. Moreover, a bioinformatics-based method, which introduces ther-
modynamic measures and topological characteristics aimed to identify potential drug
targets for pharmacoresistant epileptic patients has been established [13]. Di Bella et al.
show a relative accuracy, sensitivity, and specificity of 100% for Salmonella spp. detection
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and identification in comparison with the reference method ISO 6579-1:20 [14]. Inter-
estingly, it was determined that the temperature of storage up to 7 months does not
significantly affect the antioxidant properties of elderberry (Sambucus nigra L.) juice, which
is highly rich in polyphenols, particularly flavonoids [15]. The nutritional characteristics of
Halimione portulacoides (L.) has been widely described [16].
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Abstract: The aim of this study was to investigate levetiracetam pharmacokinetics in critically
ill adult intensive care patients and to identify pathophysiological factors affecting its kinetics.
Fourteen critically ill patients in an intensive care unit were enrolled in the study and received
intravenous levetiracetam. Blood samples were collected at specific time points to determine the
levetiracetam pharmacokinetics. Patient characteristics such as renal function, demographics, disease
severity, organ dysfunction, and biochemical laboratory tests were evaluated for their influence
on the kinetics of levetiracetam. Estimated glomerular filtration rate (eGFR) had a statistically
significant (p = 0.001) effect on levetiracetam clearance. None of the other patient characteristics had
a statistically significant effect on the pharmacokinetics. Simulations of dosing regimens revealed that
even typically administered doses of levetiracetam may result in significantly increased concentrations
and risk of drug toxicity in patients with impaired renal function. The Acute Physiology and Chronic
Health Evaluation II (APACHE II) score differed significantly among the three groups with different
epileptic activity (p = 0.034). The same groups also differed in terms of renal function (p = 0.031).
Renal dysfunction should be considered when designing levetiracetam dosage. Patients with a low
APACHE II score had the lowest risk of experiencing epileptic seizures.

Keywords: levetiracetam; critically ill patients; population pharmacokinetic modeling; simulated
dosage schemes; intensive care unit

1. Introduction

Levetiracetam, a second-generation antiepileptic drug (AED) with a unique mech-
anism of action, is approved by both the U.S. Food and Drug Administration and the
European Medicines Agency (EMA) as an add-on therapy for the treatment of partial
seizures, myoclonic seizures, and primary generalized tonic-clonic seizures. In Europe, it is
also the only AED approved for the treatment of partial seizures in adults and adolescents
aged 16 years and older [1].

In critical care, levetiracetam has been studied for the treatment of status epilepticus,
tumor-related seizures, and seizures following subarachnoid or intracerebral hemorrhage,
trauma, and stroke [2–7]. The pharmacokinetic and pharmacodynamic properties of this
antiepileptic drug make it an advantageous option in the care of patients in the ICU.
Compared to other AEDs, the pharmacokinetic profile of levetiracetam is favorable after
both oral and intravenous administration (IV) [8,9]. After oral administration, there is
rapid and nearly complete absorption (95%) with dose-proportional pharmacokinetics, low
protein binding (10%), and low within-subject variability. It is excreted primarily renally
by glomerular filtration with partial tubular reabsorption and has a plasma elimination
half-life of approximately 6–8 h in adults. There are no known clinically significant drug
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interactions, and it is not associated with the common hemodynamic or cardiovascular side
effects of other AEDs [8,10–12].

A clear association between levetiracetam serum levels and therapeutic or toxic effects
has not been demonstrated [10,13]. In accordance with the International League Against
Epilepsy (ILAE) guidelines for medication adherence monitoring, overdose and dose
adjustment, a therapeutic range of 12–46 mg/L has been recommended [10,14,15]. However,
different levetiracetam levels outside the reference range in different populations have been
reported in the literature. Pregnant women, elderly and pediatric patients, and patients
with end-stage renal failure or those requiring renal replacement therapy exhibit altered
pharmacokinetics [16–27].

Relatively few studies in critically ill ICU patients have reported increased drug clear-
ance (greater than 120–160 mL/min/1.73 m2) and treatment failure for seizures [21,28–31].
Based on empirical evidence, therapeutic drug monitoring for levetiracetam has been
classified as ‘potentially useful’ but increasing evidence that altered pharmacokinetics of
levetiracetam may be observed in critically ill patients has increased the need for therapeu-
tic drug monitoring and pharmacokinetic modeling to determine optimal dosing regimens
to maximize therapeutic effect and limit toxicity [22].

The aim of this study was to investigate the pharmacokinetics of levetiracetam in
critically ill intensive care patients using nonlinear mixed-effect modeling approaches.
The latter allow the identification of important pathophysiological factors (such as renal
function) that could influence the kinetics of levetiracetam. Special emphasis was placed
on the selection of the most suitable index for renal function and for this purpose several
indices have been measured and investigated. Most of the patients participating in the
study had from mild loss to severe loss of kidney function which allowed this exploration.
Simulations were performed to assess the impact of important patient characteristics on
the kinetics of levetiracetam. In addition, the potential influence of disease severity and
renal function on epileptic status was investigated.

2. Materials and Methods

2.1. Patients and Data Collection

The study was conducted in the intensive care unit of a tertiary hospital (Latsio
Burn Center, Thriassio General Hospital of Elefsina, Attica, Greece). Fourteen critically ill
patients were enrolled in the study and all of them received intravenous (IV) levetiracetam
(Keppra®) either for prophylaxis or treatment of epilepsy. The study protocol was reviewed
by the hospital Scientific Committee and written informed consent was obtained from
all patients or their legal representatives before enrolment in the study. The study was
conducted in accordance with the International Conference on Harmonization guidelines
for good clinical practice and the Declaration of Helsinki, while all patient data were
collected and processed in full compliance with the EU General Data Protection Regulation
2016/679 and EU Directive 2016/680 of the European Parliament [32–35].

Patient data included information on levetiracetam administration and ICU admission,
demographics, biochemical parameters (e.g., liver enzymes, urea, albumin), fluid balance
(in mL) and organ function expressed by the Sequential Organ Failure Assessment Score
(SOFA) and the Acute Physiology and Chronic Health Evaluation II (APACHE II) score [36].
From patients’ weight and height, the body mass index (BMI) and body surface area
(BSA) were also calculated [37]. The SOFA score is used to track the status of an ICU
patient and determine the extent of their organ function or rate of failure. In this study,
several expressions of this score were calculated, such as SOFA hemodynamic, SOFA liver,
SOFA kidneys, and overall SOFA. The APACHE II is calculated within 24 h of a patient’s
admission to the ICU using various measurements such as heart rate, respiratory rate,
blood pH, and hematocrit. Taking all these factors into account, an integer value from 0
to 71 is calculated, with higher values indicating a more severe condition and a higher
risk of death. Epileptic activity was also monitored and classified as negative, possible,
and positive. The “positive” group included patients who had epileptic seizures, while
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the “negative” group included those who had no epileptic activity and levetiracetam was
administered for prophylactic reasons only. The “possible” category included patients who
had a clinical profile of epileptic activity, but this was not verified by electroencephalogram.

In this study, particular attention was paid to the role of renal function, as many of
the patients in the ICU had impaired renal function. For this reason, various measures of
renal function were calculated, such as creatinine clearance over time, Cockcroft–Gault
creatinine clearance, and measures of estimated renal function (eGFR) such as MDRD
eGFR (Modification of Diet in Renal Disease study group), CKD-EPI eGFR (Chronic Kidney
Disease epidemiology collaboration), Jelliffe eGFR in mL/min/1.73 m2 [38–40]. Patients
in this study were divided into two subgroups according to their renal function; patients
with stable renal function (group A) and patients with acute renal impairment (group B)
(Table 1). Levetiracetam treatment data included dosing regimen, cause of administration,
chronic treatment, and loading dose administration.

Table 1. Patients’ demographic characteristics, levetiracetam dosing regimen, epileptic activity, and
subgroup classification.

ID Subgroup
Renal

Function
Sex

Age
(Years)

Weight
(Kg)

Height
(cm)

Dosing
Regimen

Epileptic
Activity

1

A Stable renal
function

Female 62 84 165 1000 mg BID ±
2 Male 26 70 180 1000 mg BID ±
3 Female 72 68 160 1500 mg BID +

4 Female 59 75 165 1500 mg BID +

5 Male 47 80 170 1000 mg BID -

6 Male 75 110 170 1000 mg BID -

7 Female 48 58 160 1500 mg BID ±
8 Male 33 80 170 1000 mg BID +

9 Male 33 80 170 1500 mg BID +

10 Male 61 65 160 1000 mg BID -

11 Male 83 65 170 1000 mg BID -

12

B
Acute
kidney
injury

Female 45 75 170 1000 mg BID -

13 Male 73 65 170 1500 mg BID -

14 Female 82 50 150 1000 mg BID -

Key: Epileptic activity: - no activity, ± possible, + epileptic activity; BID, twice daily; eGFR, estimated glomerular
filtration rate; Stable renal function, when eGFR > 60 mL/min/1.73 m2.

Levetiracetam was administered diluted in 100 mL N/S 0.9% w/v by IV infusion over
15 min, while the loading dose was administered in 250 mL N/S 0.9% w/v by IV infusion
over 30 min. Blood samples for all participants were taken two days after the start of dosing
to ascertain whether the serum levels had achieved a steady state. The specific time points
for blood collection were determined according to the pharmacokinetics of levetiracetam to
obtain as much information as possible. The schedule for blood collection was 0 h (trough
level), 20 min, and 3 h after steady-state administration of levetiracetam. The actual blood
sampling times were recorded.

For blood collection and storage of serum or plasma samples the following procedure
was applied: collection of 5 mL of whole blood in a coated Vacutainer tube with a red tip
(Becton Dickinson). After blood collection, it was allowed to clot undisturbed at room
temperature (usually 15–30 min). The clot was removed by centrifugation at 1000–2000 rpm
for 10 min. After centrifugation, the serum was immediately divided into two fractions
>200 μL and immediately transferred to polypropylene tubes (not gel tubes) where they
were stored in a freezer −70 ◦C. For pharmacokinetic analysis, serum concentrations of
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levetiracetam were determined by high performance liquid chromatography using a UV
detector at 205 nm after sample preparation by solid phase extraction using ClinRep® HPLC
Complete Kit, levetiracetam (Keppra®) in serum/plasma (order number 15500) (RECIPE
Chemicals & Instruments GmbH, Munich, Germany). The lower limit of detection was 0.14
mg/L, the lower limit of quantification was 0.46 mg/L, the upper quantification limit was
104 mg/L, and the recovery was 97–105%. The chromatographic test was performed with
the ClinTest® standard solution, calibration with the ClinCal® serum calibrator and quality
control with the ClinChek® serum controls level I & II test solutions (order number 15582).
The precision of the method was determined by calculating the relative standard deviation at
three plasma concentrations during the same analysis (within-day precision) and in triplicate
over six analyses (between-day precision). For the entire concentration range, the relative
standard errors for both within- and between-assay precision were less than 7.2%.

2.2. Statistical Analysis

All statistical analyses of dosing schedules and clinical data were performed using
IBM SPSS Statistics version 25 (IBM Corporation, Armonk, NY, USA). Statistical com-
parisons were performed at 5% significance level. For scale variables such as SOFA and
eGFR measurements, a normality test was first performed (using the Shapiro–Wilk test) to
determine whether the variables followed a normal distribution. In the case of normally
distributed data, the independent t-test was performed to compare these variables between
the two groups of patients. For comparison of more than two groups, the one-way method
ANOVA was used with the post-hoc criteria of least significant difference and Tukey. The
non-parametric analogue, Mann–Whitney, was used for variables that deviated from the
normal distribution. The relationship between two nominal (or ordinal) measures (e.g.,
patient group and epilepsy status) was examined using the chi-square test. APACHE II
score is actually an ordinal scale, but with many values. In other words, the APACHE II
score can be considered as a Likert scale and therefore parametric statistical methods can
be applied.

2.3. Population Pharmacokinetic Analysis
2.3.1. Non-Linear Mixed Effect Modeling

Population pharmacokinetic analysis was implemented in MonolixTM 2020R1 (Lixoft,
Orsay, France, Simulation Plus) where individual serum concentration profile data were ana-
lyzed using the expectation maximization algorithm of stochastic approximation for nonlin-
ear mixed effects followed by importance test methods. The value of the objective function
was calculated using the Monte Carlo method for the final population parameter values.

2.3.2. Structural Models, Error Models, and Covariates

One- and two-compartment models for intravenous infusion with first-order elimina-
tion and initial estimates for the parameters were examined [23,25,26,32–34]. A lognormal
distribution of pharmacokinetic parameters was assumed, while several residual error
models were tested, including constant, proportional, and combined. The parameters were
estimated using the stochastic approximation estimation method (SAEM), and the objective
function value was determined using the importance sampling Monte Carlo approach at
the final population parameter values.

Once the structural model was determined, several covariates were tested. The
covariates examined in this study were related to subject-specific characteristics, including
sex, age, body weight, height, APACHE II score, timed creatinine clearance, Cockcroft–
Gault eGFR, Jelliffe eGFR, CKD-EPI eGFR, MDRD eGFR, serum creatinine, urea, SGOT,
and total SOFA. Three expressions of body weight were used: typical body weight, ideal
body weight, and adjusted body weight. Linear and lognormal (allometric) models were
assessed. Analyses of covariates were performed using stepwise forward selection and
backward elimination. Continuous covariates were examined either untransformed or
centered around the mean or median value of the covariate. The categorical covariate
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examined was sex, while SOFA hemodynamic, SOFA renal, and SOFA liver were ordinal
variables. The total SOFA score, which comes from the sum of all individual SOFA scores,
can be considered a continuous variable

The Pearson correlation test and one-sided ANOVA were used for continuous and
categorical covariates, respectively. The Wald test was used to check whether the covariates
could explain the variability of the parameters in the final model. For all pharmacokinetic
analyses, the significance threshold was set at 5%.

2.3.3. Model Evaluation

Model selection was based on goodness-of-fit criteria, visual inspection of diagnostic
plots, comparison of relative standard deviations of estimated parameters, precision of
estimates, and changes in Akaike and Bayesian information criteria and log-likelihood.
Visual inspection of goodness-of-fit was performed using plots of observed values versus
predicted values for the population and individual weighted residuals versus time. Visual
predictive checks (VPCs) were used to assess the predictive performance, stability, and
robustness of the model. VPCs were generated from 1000 Monte Carlo simulations and
90% prediction intervals. Normalized prediction distribution errors versus concentration
were also used.

2.3.4. Simulations

The final pharmacokinetic model was used to simulate the concentration–time profiles
of levetiracetam at different levels of renal function. Three simulated subject groups of
50 subjects each were formed: (a) subjects with normal renal function using the model
parameters reported in the literature [23], (b) subjects with 50% clearance limitation, and
(c) subjects with the pharmacokinetic characteristics determined in the fourteen patients in
this study. The dosing regimen for each subject was identical to that actually used in the
ICU (see Table 1). All simulations were performed in Simulx® (MonolixTM 2020R1).

3. Results

Eleven patients with stable renal function in the ICU had an eGFR estimate greater
than 60 mL/min/1.73 m2 and were classified in subgroup “A”. The other three patients
had acute renal failure and were classified in subgroup “B” (Table 1).

Regarding the reasons for administration of levetiracetam, most patients (71.4%)
received levetiracetam for prophylactic purposes and only 28.6% for therapy. Only one
patient (i.e., 7.1%) received levetiracetam for chronic treatment. The proportion of patients
receiving a loading dose of levetiracetam was 42.9%, while the higher proportion (57.1%)
initiated levetiracetam without a loading dose. The reason for levetiracetam administration
was either prophylaxis (71.4% of patients) or treatment of seizures (28.6%). The mean eGFR
of patients was 94.3 mL/min/1.73 m2 (or equivalent to 5.66 L/h/1.73 m2) and the mean
APACHE II score was 17.4.

3.1. Epileptic Activity

The possible influence of disease severity (expressed by the APACHE II score or the
SOFA score) and renal function (expressed by the CKD-EPI eGFR) on epileptic status
was investigated. The Shapiro–Wilk test indicated normal distribution of the data and
therefore one-way ANOVA was performed to detect a difference in the values of APACHE
II and eGFR between the three levels of epileptic activity (positive, negative, possible).
It was found that the APACHE II score was significantly different between the three
groups (p = 0.034). A statistically significant difference was also found for the CKD-EPI
eGFR (p = 0.031). For the APACHE II score, the absence of epileptic activity (i.e., the
“negative” group) differed from the “possible” (p = 0.033) and the “positive” epileptic
activity (p = 0.027). The patients with the lowest APACHE II score belonged to the group
without epileptic seizures.
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Regarding the CKD-EPI eGFR values, the three epilepsy groups showed significant
differences (p = 0.031). Similarly, the group of patients without seizures was statistically
different from the “possible” (p = 0.034) and the “positive” group (p = 0.022). Statisti-
cal comparisons were made for all other characteristics, but no significant differences
were found.

It should be clarified that the abovementioned analysis was not the primary purpose of
the study and for this reason no power assessment was made focusing on this. In addition,
this assessment only attempted to link disease severity with renal function and not to
explore their relationship with levetiracetam pharmacokinetics. In any case, it should be
underlined that due to the limited sample size and therefore the number of patients within
each group, these findings should be considered as exploratory and further adequately
powered studies are necessary to confirm the results.

3.2. Population Pharmacokinetic Model

Population pharmacokinetic analysis was initially performed separately for each
patient group. However, due to the limited number of ICU patients in group B, no model
could be derived. Therefore, in order not to waste the information of group B patients,
all individuals were pooled into one group to increase the ability to develop a robust
pharmacokinetic model, but each patient’s individual characteristics (e.g., renal function)
were assessed and all available data were used. Furthermore, this pooling was possible
because there was no statistically significant difference (p-value > 0.05) in levetiracetam
concentration values between the two groups.

A one-compartment model with first order elimination was finally selected as the
best model for the description of the levetiracetam concentration—time profiles. The
estimates of the pharmacokinetic parameters of this best model are given in Table 2. It
is of note that the volume of distribution of the central compartment (V) was 47.19 L
and the clearance (CL) was 1.45 L/h. Of all the covariates examined for their influence
on the kinetics of levetiracetam, only CKD-EPI eGFR was found to be significant for the
clearance of levetiracetam. The coefficient of CKD-EPI eGFR with respect to clearance was
0.25, implying that better renal function (in terms of eGFR) leads to higher clearance of
levetiracetam. The residual error model that led to the best results was the proportional
error model with b = 0.099. The percentage relative standard errors for all estimated
parameters had relatively low values. The significant covariate in the final model was the
CKD-EPI eGFR (Wald test p = 0.00164), which is the Chronic Kidney Disease Epidemiology
Collaboration equation, developed in an effort to provide a more precise formula for
estimating glomerular filtration rate using serum creatinine, age, sex, and race data.

Table 2. Population parameters of the final pharmacokinetic model of levetiracetam.

Parameters
(Units)

Estimate Standard Error
Relative Standard

Error (%)
p-Value

Fixed effects

V (L) 47.19 5.096 10.8 -

Cl (L/h) 1.45 0.221 15.2 -

beta_eGFR 0.25 0.034 13.6 0.00164

Random effects

ω_V 0.184 0.037 20.1 -

ω_Cl 0.251 0.0454 18.1 -

Error model parameters

b 0.099 0.0124 12.5 -
Key: V, volume of distribution; Cl, clearance; ω_V, between-subject variability value for V; ω_Cl; between-subject
variability value for Cl; beta_eGFR, allometric scaling factor for CKD-EPI eGFR (centered around median) on Cl;
b, proportional component of the error model.
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Figure 1 shows the graphical evaluation of the final model. The visual representation
of the predictive power shows that the prediction interval of the developed model includes
the experimental concentration data in all cases. Similarly, the good predictive ability of
the model is also illustrated in Figure 2, where the population predicted versus observed
concentration values are almost linearly correlated (Figure 2a) and the NPDE versus time
(Figure 2b) and concentration (Figure 2c) plots show an adequate performance. Additional
goodness-of-fit plots are shown in the supplementary material (Figure S1a–c).

Figure 1. Visual predictive check plot for the final best levetiracetam pharmacokinetic model. The
blue lines refer to the 10th, 50th, 90th percentile of empirical data and the shaded areas refer to the
predicted 90% confidence intervals around each zone (10th, 50th, 90th percentiles). A number of 1000
Monte Carlo simulations were used.

The shrinkage of the volume and clearance estimates (parameter values were randomly
sampled from the conditional distribution) was adequate and equal to 18.3% and −3.23%,
respectively. The relationship between CKD-EPI eGFR and levetiracetam clearance is
shown in Figure 3. An almost linear relationship (levetiracetam clearance = 0.01534·(CKD-EPI
eGFR) − 0.21031) is observed with a correlation coefficient of 0.76. This finding is further
evidence that an increase in CKD-EPI eGFR is associated with a subsequent increase in
levetiracetam clearance.

3.3. Simulations

To determine the effects of renal function (expressed by the significant covariate CKD-
EPI eGFR) on levetiracetam levels, simulations were performed based on the developed
pharmacokinetic model. The utilized model parameters were those listed in Table 2,
while two physiological/pathological situations were further simulated: Subjects with
normal renal function [23] and subjects with 50% clearance restriction. It can be seen from
Figure 4 that increased levetiracetam concentrations are observed with increasing renal
function impairment. In healthy subjects, the mean maximum concentration was 31.1 mg/L
(Figure 4a), which increased to 37.67 mg/L and 44.12 mg/L in patients with a 50% reduction
in eGFR (Figure 4b) and patients with identical physiological characteristics to those in the
study (Figure 4c), respectively. This means that the dosing regimens administered resulted
in concentrations above the upper value of the reference range of 12–46 mg/L in almost
half of the study patients [14].
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Figure 2. Goodness-of-fit plots for the final best model. (a) Observed vs. population predicted
by the model concentrations of levetiracetam. The closed circles refer to the (predicted, observed)
pairs and the solid line expresses the ideal situation of unity (i.e., y = x). (b) Normalized prediction
distribution errors (NPDE) vs. time, and (c) NPDE vs. concentration. The dotted lines refer to the
predicted median (at y = 0) and the 90% predicted percentiles, while the band indicates the 90%
prediction interval.
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Figure 3. Relationship between levetiracetam clearance and the estimated glomerular filtration rate
(eGFR) according to the Chronic Kidney Disease Epidemiology collaboration mathematical formula
(CKD-EPI eGFR). The eGFR axis is expressed in dual units: mL/min and L/h. The correlation
coefficient between levetiracetam clearance and eGFR was equal to 0.76.

Figure 4. Simulated concentration vs. time profiles of levetiracetam in normal subjects (a), renal
impairment 50% (b), and for the patients of the study (c). In each group, 500 individuals were
generated. In the case of the normal renal function subjects (a) the utilized model parameters were
obtained from study [23]. For the 50% renal impairment the model parameters were similar to (a),
except for clearance, which was set at 50% of the reported value. For the study patients, the parameter
values listed in Table 2 were used. The dosing regimen for each subject was identical to that actually
used in the ICU (Table 1).

4. Discussion

The aim of this study was to investigate the pharmacokinetics of levetiracetam in
critically ill intensive care adult patients and to identify possible pathophysiological factors
affecting the kinetics of levetiracetam and, consequently, clinical outcome. A clinical
study was conducted on 14 patients from an intensive care unit of a tertiary care hospital
in whom levetiracetam was administered for either prophylactic or therapeutic reasons.
Eleven patients had stable renal function according to the physicians’ assessment, while
the remaining three had acute renal injury. Having stable renal function does not mean that
their renal function was normal, i.e., a glomerular filtration rate greater than 90 mL/min.
In these 11 patients, the median eGFR was 97.7 mL/min and three patients (3 of 11) had an
eGFR of less than 70 mL/min. In the patient group with acute kidney injury, the median
eGFR was 45.3 mL/min. Overall, only five patients had an eGFR greater than 90 mL/min
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(i.e., normal renal function), and the remaining nine patients ranged from mild to severe
loss of renal function.

Using measurements of serum concentrations in these patients, a population pharma-
cokinetic model for levetiracetam was developed. The final model for levetiracetam thus
derived, referred to a linear one-compartment model with intravenous infusion admin-
istration and first-order elimination. This one-compartment model was consistent with
other published levetiracetam studies conducted in children, adults, and elderly patients
(Table S1) [23–27,41–43]. It should be mentioned that loading doses of levetiracetam were
used. However, in the model development and the simulations (Figure 4) performed in this
study, loading doses were not considered because they do not alter steady-state plasma
levels, but only shorten the time required to reach these plateau levels.

Among the covariates tested, only measures of renal function showed a significant
effect on clearance. Among the different eGFR measures explored, CKD-EPI eGFR was
selected because it resulted in the lowest p-value (p = 0.00164, Table 2) and is one of the most
commonly used eGFR measures. No significant relationships were found for other scores
describing disease severity (such as APACHE II or SOFA), likely due to the small number of
patients participating in the study. Levetiracetam clearance in this study (1.45 L/h, Table 2)
was lower than the values reported in the literature (from 2.17 L/h to 6.87 L/h, Table S1).
This finding may be attributed to the fact that our study included patients with impaired
renal function. Moreover, the clearance estimates would also increase with increasing eGFR
of our patients, as beta_eGFR had a positive sign (equal to 0.25, Table 2) [44]. In the study
by Sime et al., which also recruited critically ill adult patients, the estimated clearance
was 2.51 L/h [7]. Higher levetiracetam clearance estimates (e.g., 5.9 L/h) are reported in
studies of epilepsy patients who are not critically ill, such as the large study by Ito et al. [41].
In that study the median eGFR estimate was 97.6 (mL/min)/1.73m2, while in our study
the median eGFR estimate of all participants was much lower 81.62 (mL/min)/1.73 m2.
The range of eGFR values in our study was from 18.8 mL/min to 123.3 mL/min, whereas
for the study of Ito et al. the reported eGFR was as high as 189 mL/min [41]. The issue
that our patients had poorer renal function compared with other studies reporting higher
levetiracetam clearance studies, may explain the low clearance values found in our study.

The individual fitting plots for the 14 patients are shown in Figure S2. These fitting
results demonstrate the adequacy of the descriptiveness of the developed model. Using
only three blood samples per patient and data from only 14 subjects, it was possible to
develop a model that describes the pharmacokinetics of levetiracetam. For comparison
purposes, simulations were performed for the other relevant models in the literature. The
model estimates (structural model, mean model parameter, between-subject variabilities,
error model) were those reported in the literature (summarized in Table S1) and were kept
fixed, while the covariates were related to our study patients. Then, it was attempted to
examine the adequacy of fitting of these literature models to the concentration–time data of
the 14 patients in this study. VPCs and normalized prediction distribution errors (NPDEs)
plots were constructed (Figures S3 and S4 in the Supplementary Material). Figures S3 and
S4 reveal that some literature models adequately fit the C-t data of our study, The best
overall performance was observed for the models of Karatza et al., Pigeolet et al., Ito et al.,
and Chhun et al. [23,26,41,43]. However, for all these models, the performance was not
better than for our model.

The positive correlation (correlation coefficient equal to 0.76) between eGFR and
levetiracetam clearance, shown in Figure 3, indicates a lower elimination capacity in
patients with renal dysfunction. This result is consistent with the prescribing information
for levetiracetam, which recommends adjusting the levetiracetam dose based on renal
function [24,41,42]. At this point, it should be mentioned that several other covariates
related to patient disease severity have been tested for their potential role in influencing
levetiracetam pharmacokinetics. However, none of these covariates were found to have a
significant effect on any of the model parameters of levetiracetam (i.e., p > 0.05).
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In a further step, the developed population pharmacokinetic model was used to eval-
uate the effects of impaired renal function on the kinetics of levetiracetam (Figure 4). In
the simulated “healthy” subjects, the dosing regimens resulted in levetiracetam levels that
were within the therapeutic range (Figure 4a), which is consistent with the literature [40].
The same levetiracetam doses resulted in significantly increased concentration levels in
patients with impaired renal function, such as a 50% decrease in clearance and in the study
patients (Figure 4b,c), as well as a higher risk of drug toxicity. It is worth noting that this
observation is consistent with recommendations in the literature regarding treatment with
levetiracetam. It is of note that if seizures cannot be controlled even with high concentra-
tions of levetiracetam, increasing the dose above 2000 mg/day will not benefit the patient;
instead, clinicians should consider switching to an antiepileptic drug with a different
mechanism of action [23,42]. These findings highlight the importance of dose adjustment
in patients depending on their eGFR [45,46]. In general, monitoring levetiracetam serum
concentrations as part of therapeutic drug monitoring, ensures more effective and safer
dosing regimens.

The relationship between patients’ epileptic activity (group 1: no epileptic activity,
group 2: possible epileptic activity, group 3: confirmed epileptic activity), APACHE II score,
and eGFR levels has also been investigated. Despite the fact that only a few subjects were
included in the study, statistically significant (p = 0.034) differences in the APACHE II score
between the three groups of patients (no epileptic activity, possible, and confirmed epileptic
activity) were found. The same groups also differed statistically significantly in terms of
Cockcroft–Gault eGFR (p = 0.031).

The study had some limitations, one of which was the small number of patients
who participated. Due to the small sample size, correlations between variables and their
influence on pharmacokinetics may not have been detected (e.g., body weight) [45,46].
Other studies have been published with large numbers of subjects of epileptic adult patients
receiving levetiracetam [25,26,40,41]. However, in this study special emphasis was based on
exploring the most appropriate index for renal function in the case of critically ill patients.
For this reason, this study explored seven indices for glomerular filtration rate (urea,
creatinine, renal impairment stage, Cockroft–Gault_eGFR, MDRD_eGFR, CKD-EPI_eGFR,
and Jeliffe_eGFR). Even using the data from this small sample, one covariate (the eGFR
values collected from CKD-EPI) was found to perform best compared with all other indices
and to play a significant role in the pharmacokinetics of levetiracetam. To increase the
convergence of the model, five Markov chains were run in parallel. All available data
were replicated, resulting in a number of 50 patients and improving the precision of
the estimates.

5. Conclusions

A clinical trial was conducted on fourteen critically ill patients in an intensive care
unit. Levetiracetam was administered intravenously either for prophylaxis or treatment of
seizures. Blood samples were collected and plasma levels of levetiracetam were quantified.
A population pharmacokinetic analysis was performed that included a number of patient-
related somatometric characteristics and pathophysiological variables. A one-compartment
model with intravenous infusion and first-order elimination kinetics was found to best
describe the concentration–time data. Several renal function measures were estimated and
evaluated in the modeling. Among them, CKD-EPI eGFR showed a statistically significant
effect on levetiracetam clearance. With impaired renal function (especially at lower CKD-
EPI eGFR values), levetiracetam clearance decreased. Simulations of dosing regimens
revealed that even typically administered doses of levetiracetam may result in significantly
increased concentrations and a higher risk of drug toxicity in patients with impaired renal
function. Therefore, renal function should be considered when developing levetiracetam
dosing regimens. Other measures describing disease severity, such as SOFA and APACHE
II, had no effect on levetiracetam kinetics. Finally, when analyzing the association between
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APACHE II score and epileptic activity, it was found that patients with the lowest APACHE
II score had a lower risk of experiencing epileptic seizures.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12031208/s1, Table S1: Previously published population pharmacokinetic modeling
results for levetiracetam, Figure S1: Goodness-of-fit plots for the final best model (a. Observed vs.
predicted by the model individual concentrations of levetiracetam, b. Individual Weighted Residuals
(IWRES) vs. time, and c. Individual Weighted Residuals vs. concentration), Figure S2: Levetiracetam
concentration vs. time plots for the 14 patients of the study, Figure S3: Visual predictive check plots
for the literature models, Figure S4: Normalized prediction distribution errors (NPDE) vs. time and
concentration for the literature models.
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Abstract: Background: We combined yoga with standard stroke rehabilitation and compared it to the
rehabilitation alone for depression and balance in patients. Methods: Forty patients aged from 30 to
80 who had suffered a stroke 90 or more days previously were divided evenly with age stratification
and patients’ will (hence not randomized). In the intervention group 16 completed 8-week stroke
rehabilitation combined with 1 h of yoga twice weekly. Another 19 patients completed the standard
rehabilitation as the control group. Results: The yoga group showed significant improvement
in depression (Taiwanese Depression Questionnaire, p = 0.002) and balance (Berg Balance Scale,
p < 0.001). However, the control group showed improvement only in balance (p = 0.001) but not in
depression (p = 0.181). Further analysis showed both sexes benefitted in depression, but men had a
greater improvement in balance than women. Depression in left-brain lesion patients improved more
significantly than in those with right-brain lesion, whereas balance improved equally despite lesion
site. For patients under or above the age of 60, depression and balance both significantly improved
after rehabilitation. Older age is significantly related to poor balance but not depression. Conclusions:
Combining yoga with rehabilitation has the potential to improve depression and balance. Factors
related to sex, brain lesion site and age may influence the differences.

Keywords: stroke; yoga; balance disability; depression
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1. Introduction

Stroke is highly prevalent in high-income countries (1015–1184 cases per 100,000 peo-
ple in 2013) [1] Imbalance and post-stroke depression are common among stroke patients
and may severely impair their activities of daily living [2,3]. The majority of stroke patients
(around 83%) had a balance disability [4]. In a meta-analysis, the percentage of post-stroke
depression was about 31% [5], and depression is associated with falls and negatively corre-
lated with functional status [6]. The risk of falls for stroke patients is 1.77 times compared
to healthy adults so post-stroke rehabilitation is essential [7].

Exercise increases serotonin which works against depression [8]. Carek et al. reported
both aerobic and anaerobic exercises are effective [9]. Increased exercise frequency and
group therapy seem be beneficial [10]. The practice of exercises promotes improvements
in the levels of depression in people who suffered an ischemic stroke [11]. Franklin et al.
reported yoga practices might be also protective [12]. Yoga is widely integrated into
physical therapies [13]. However, few reports have focused on the impact of yoga in
stroke patients [14–16]. Yoga can lower blood pressure, serum cholesterol and increase in
internal reasons for exercise [17,18]. Furthermore, yoga consists of dynamic/static postures
to stretch muscles and joints, and improve balance and coordination [19]. Bastille and
Gill-Body [14] reported an 8-week intervention (1.5-h yoga sessions two times per week)
for patients with chronic post-stroke hemiparesis improved balance. Chronic stroke is
defined as the condition 90 days after stroke [20]. About 95% of patients achieved their best
neurological recovery within 11 weeks, while minor stroke related to faster recovery [21].

Previous studies enrolled patients who began yoga “after” completing the post stroke
rehabilitation program. However, no study focused combining yoga into a standard re-
habilitation. We compared depression and balance among chronic stroke patients who
underwent combining yoga and standard rehabilitation and those with standard rehabilita-
tion alone.

2. Materials and Methods

2.1. Ethic Statement

Institutional Review Board (IRB)/Ethics Committee approval was obtained before
the trial began, and the study was conducted in full compliance with the Declaration of
Helsinki. The study was approved by the Ethics Committee of National Taiwan University
Hospital Hsin-Chu Branch, 201210006IRB. All written consents were obtained from study
participants. Clinical Trial Registration Information: Yoga Exercise for Improving Balance
in Patients with Subacute and Chronic Stroke, NCT01806922. URL: https://clinicaltrials.
gov/ct2/show/NCT01806922 (accessed on 11 February 2014).

2.2. Inclusion and Exclusion Criteria

The inclusion criteria: (1) Patients with stroke more then 90 days, (2) can stand
independently for 1 min, (3) aged from 30 to 80 years. Exclusion criteria: (1) Those under
other therapy (such as acupuncture), (2) diagnosis of other psychiatric disease or use of a
psychotropic agent, (3) difficult to follow instructions, and (4) other contraindications like
cardiopulmonary disease.

2.3. Protocol

Between onset and enrollment, all patients received the same regular rehabilitation at
our hospital. The participants were first stratified into several age groups (5 years apart),
then divided each age group by half into the following two groups (first by their will and
then by assignment). The intervention group was trained with 60 min of yoga exercise,
two times per week, combined with standard stroke rehabilitation for 8 weeks. The control
group only underwent standard rehabilitation (Figure 1).
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Figure 1. Flow diagram of the study.

Yoga Exercise Combined Standardized Rehabilitation Program (Intervention Group):
In the intervention group, yoga was taught by a registered yoga therapist. A standard
protocol was developed with 10 min of warm-up, 40 min of main activity, and 10 min
cool-down exercises. All sessions focused on breathing, deep relaxation, mediation, posture,
and trunk/limb stretching based on a study showed yoga improved balance in chronic
stroke patients [15] (see Supplementary Materials Table S1–S3).

Standardized Rehabilitation Program (Control Group):All participants participated
in the program based on the Taiwan Guideline for Stroke Rehabilitation [22] focused on
dynamic balance exercises and weight-shift training given by the same therapists.

2.4. Assessment of Outcome

The outcome (depression and balance) were measured with the Taiwanese Depression
Questionnaire (TDQ) [23] and Berg Balance Scale (BBS) [24] by the same therapist. (For
TDQ: the lower the score, the better the mood. As for BBS: the higher the score, the better
the balance.)

The TDQ is an 18-item questionnaire, and each item applies a 4-point scale for the
response. It is a culturally specific self-rating instrument for screening of depression.
Subjects are guided to rate each item on a scale from 0 to 3 based on “how often you
felt during the past week”. TDQ scores range from 0 to 54. Previous studies indicate
good psychometric properties in the TDQ [25,26]. The cutoff scores for the screening of
depression was 15 [27].

Balance was assessed with the Berg Balance Scale (BBS), which is the gold standard
for functional balance testing [28]. It is a 14-item scale and can measure static and dynamic
balance after stroke with good reliability and validity [28]. The total score is 56 points.
The risk of falls in older adults was high when the score was less than 36 [29], and the
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risk increased by 6% to 8% with every one-point reduction within the range of 46 to
54 points [30].

2.5. Statistical Analysis

We performed statistical analyses using SPSS for Windows (Version 19.0, IBM Corp,
Armonk, NY, USA). Continuous data are expressed as mean ± standard deviation. The
independent t-test was used to compare the differences between the two groups (indicated
with dotted arrows in the figure). We analyzed the measured values before and after the
treatment by paired t-tests (indicated with bold arrows in the figure). A p-value of less than
0.05 is considered to be statistical significant (indicated with an asterisk in the figure). The
sample size was determined based on an effective size to detect differences in different
groups. If we permitted a 5% chance of a type I error (α = 0.05), with a power of 80%,
assuming the difference among the two groups was at least equal to the standard derivation,
then approximately 32 patients would be required, while 35 patients completed the study.
Subgroup analysis was performed on sex, brain lesion site and age.

3. Results

3.1. Primary Analysis of the Effect for Adding Yoga

Forty people enrolled initially with 20 to the intervention (yoga) group and 20 to the
control group (Figure 1). In the yoga group, 16 completed the study. (One failed due to
feeling exhausted, and three due to loss of follow-up thus being excluded). In the control
group, 19 completed the study, and one loss of follow-up due to recurrent stroke. The
completion rate of did not differ significantly. Age, sex, and brain lesion site (Table 1) were
also similar. The TDQ score did not differ at baseline, whereas BBS scores were significantly
better in the yoga group (Table 1). Overall, the TDQ of all patients decreased (improved)
(15.23 ± 9.91 to 11.71 ± 8.66; p = 0.001) and the BBS increased (improved) from 44.71 ± 7.64
to 46.60 ± 7.46 (p < 0.001) after intervention.

Table 1. Comparison of baseline clinical and 8-week post-assessment of depression (Taiwanese
Depression Questionnaire, TDQ) and balance (Berg Balance Scale, BBS), between control and experi-
mental groups.

All (n = 35)
With Yoga

(n = 16)
Without Yoga

(n = 19)
p

Study completion rate, −/+ 35/40 16/20 19/20 0.151
Categorical variables, Chi-square test

Sex, female:male 15:20 6:10 9:10 0.734
Stroke side, left:right † 17:17 11:5 6:12 0.084

Age < 60:age ≥ 60, years 19:16 11:5 8:11 0.176
Continuous variables, t-test

Age 59.0± 10.10 56.8 ± 9.11 60.9 ± 10.743 0.241
T onset (days) 691.9± 20.17 560.6 ± 538.57 802.4 ± 1153.00 0.447

Taiwanese Depression Questionnaire (TDQ) score
Baseline TDQ 15.23± 9.91 14.06 ± 8.85 16.21 ± 10.86 0.531

Post intervention TDQ 11.71 ± 8.66 8.25 ± 5.19 14.63 ± 9.99 0.028 *
The change of TDQ −3.51 ± 5.84 −5.81 ± 6.13 −1.57 ± 4.94 0.806

Paired t (p) 0.001 * 0.002 * 0.181
Berg Balance Scale (BBS) score

Baseline BBS 44.71 ± 7.64 48.56 ± 4.42 41.47 ± 8.01 <0.001 *
Post intervention BBS 46.60 ± 7.46 51.13 ± 4.25 42.79 ± 7.85 <0.001 *

The change of BBS 1.87 ± 1.79 2.56 ± 1.96 1.31 ± 1.45 0.029 *
Paired t-test (p) <0.001 * <0.001 * 0.001 *

Data are given as means ± SD unless otherwise indicated. † One patient was eliminated in this analysis due to
this patient suffered from bilateral stroke. * p < 0.05, T onset: days after stroke. D0: for baseline TDQ; D1 for
post-assessment TDQ; delta D: the change from D0 to D1. B0: for baseline BBS; B1 for post-assessment BBS; delta
B: the change from D0 to D1.
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The TDQ scores improved significantly only in the yoga group (14.06 ± 8.85 to
8.25 ± 5.19, p = 0.002). In contrast, patients in the control group had little improvement
(p = 0.181) (Figure 2A) (bold black arrow). The baseline TDQ did not differ (p = 0.531). But
the post-study TDQ was significantly lower (8.25 ± 5.19 vs. 14.63 ± 9.99, p = 0.028) in the
yoga group (Figure 2A) (Dotted arrow).

Figure 2. (A): Bold black arrows show TDQ score significant dropped (improved) in the yoga
group after the intervention compared with their own baseline (p = 0.002). Dotted arrow showed
the post intervention TDQ score is significantly lower in the yoga group compared to the control
standard rehabilitation group. (p = 0.028). (B): Bold black arrows show BBS score significant increased
(improved) in yoga (p < 0.001) and control group (p = 0.001) after the intervention compared with
their own baseline BBS score. The dotted arrow shows the pre- and post-study values of the BBS in
the yoga group are higher than that of the control group (both p < 0.001) Screwed dotted arrow shows
the post intervention increase of BBS score is significantly larger in the yoga group compared to the
control standard rehabilitation group (p = 0.029). (*: p < 0.05).

Both groups showed improvement in balance. The BBS score increased from 48.56 ± 4.42
to 51.13 ± 4.25 (p < 0.001) in the yoga group, while from 41.47 ± 8.01 to 42.79 ± 7.85
(p = 0.001) (Figure 2B) for the control group. (Bold black arrows) Although the pre- and
post-study BBS scores in the yoga group were higher (dotted arrows), the improvement
in the yoga group is also significantly larger than that of the control group (2.56 ± 1.96 vs.
1.31 ± 1.45, p = 0.029) (Table 1) (Figure 2B) (screwed dotted arrow).
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3.2. Subgroup Analysis

The experiment group and control group were combined and divided by gender
(female vs. male), brain lesion side (left vs. right) and age (age <60 vs. 60 or more)
sequentially to see how these factors affected the result of rehabilitation (Table 2).

Table 2. Subgroup analysis for sex, lesion side, and age before and after the rehabilitation in compari-
son Taiwanese Depression Questionnaire (TDQ) scores and Berg Balance Scale (BBS) scores.

Subgroup
Variable

Women
n = 15

Men
n = 20

p Left
n = 17

Right
n = 17

p Age < 60
n = 19

Age ≥ 60
n = 16

p

Age
(years)

60.88
± 12.42

57.64
± 7.99 0.386 55.79

± 7.81
62.06

± 11.57 0.733 51.48
± 5.91

68.00
± 5.56 <0.001

T onset
(days)

426.67
± 376.12

376.12
± 1146.20 0.103 1002.76

± 1212.40
404.65

± 358.96 0.60 734.00
± 951.33

641.81
± 910.08 0.773

Taiwanese Depression Questionnaire (TDQ) score

D0 16.73
± 9.18

14.10
± 10.51 0.445 13.47

± 9.28
16.47

± 10.61 0.387 15.74
± 8.93

14.63
± 11.23 0.746

D1 12.93±
8.10

8.10
± 9.16 0.479 8.94

± 5.68
13.76

± 10.26 0.102 12.32
± 7.97

11.00
± 9.64 0.661

Delta D −3.80
± 5.62

−3.30
± 6.13 0.806 −4.52

± 5.95
−2.70
± 5.87 0.376 −3.42

± 6.41
−3.62
± 5.28 0.920

Paired t (p) 0.020 * 0.027 * 0.006 * 0.076 0.032 * 0.015 *
Berg Balance Scale (BBS) score (BBS) score

B0 44.60
± 8.16

44.80
± 7.08 0.939 46.41

± 6.21
44.12
± 7.34 0.333 48.58

± 4.77
40.13
± 7.55 0.001 *

B1 45.73
± 8.53

47.25
± 7.05 0.569 48.82

± 6.24
45.35
± 7.80 0.162 50.37

± 4.65
42.13
± 8.18 0.002 *

Delta B 1.13
± 1.45

2.45
± 1.84 0.029 * 2.41

± 1.90
1.23

± 1.48 0.053 1.78
± 1.96

2.00
± 1.63 0.735

Paired t (p) 0.009 * <0.001 * <0.001 * 0.003 * 0.001 * <0.001 *

* p < 0.05, T onset: days after stroke. D0: for baseline TDQ; D1 for post-assessment TDQ; delta D: the change from
D0 to D1. B0: for baseline BBS; B1 for post-assessment BBS; delta B: the change from D0 to D1.

3.2.1. Gender

The mean age and the duration since stroke did not statistically differ by sex (Table 1).
The TDQ scores improved after the study in both men and women. The TDQ scores
dropped (improved) from 16.73 ± 9.18 to 12.93 ± 8.10 (p = 0.020) for women and from
14.10 ± 10.51 to 8.10 ± 9.16 (p = 0.027) for men (Figure 3A) (bold black arrow). For balance,
the BBS score among all women improved from 44.60 ± 8.16 to 45.73 ± 8.53 (p = 0.009) and
from 44.80 ± 7.08 to 47.25 ± 7.05 among men (p < 0.001) (Figure 3B). Thus, rehabilitation
was effective despite sex. However, significantly greater improvement in BBS was observed
in men (p = 0.029) (Figure 3B) (screwed dotted arrow). Balance among men seems to benefit
more than that of women.

3.2.2. Brain Lesion Side

Further analysis of the stroke site in the brain is shown in Table 2 and illustrated
in Figure 3B. For depression, patients with left-sided brain lesions showed significant
improvement (TDQ scores decreased from 13.47 ± 9.28 to 8.94 ± 5.68, p = 0.006) (Figure 3C)
(bold black arrow). In contrast, patients with right-sided brain lesions showed no significant
improvement in TDQ (p = 0.076) (Figure 3C).

For balance, unlike depression, patients showed significant improvement despite
the lesion site. Overall, BBS scores of patients with left-brain and right-brain lesions
increased from 46.41 ± 6.21 to 48.82 ± 6.24 (p < 0.001) and from 44.12 ± 7.34 to 45.35 ± 7.80
(p = 0.003), respectively (Figure 3D) (bold black arrow). In summary, TDQ scores for
depression improved only in patients with left brain lesions, but balance improved in all
subgroups despite the lesion site.
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Figure 3. (A): Bold black arrow shows TDQ score significant dropped (improved) in the male and
female groups after the intervention compared with their baseline TDQ score. (B): The improvement
of TDQ is mainly contributed by the yoga groups in both genders. (C): Bold black arrow shows TDQ
score significant dropped (improved) in the left brain lesion group after the intervention compared
with their baseline. (p = 0.006) (D): The improvement of TDQ is mainly contributed by patients with
left brain lesion in the yoga groups. (p = 0.011) (E): Bold black arrow shows TDQ score significant
dropped (improved) in the young group (p = 0.032) and old group (p = 0.015) after the intervention
compared with their baseline. (F): The improvement of TDQ is mainly contributed by young patients
in the yoga groups (p = 0.010). (*: p < 0.05).

3.2.3. Age

Table 2 also shows the age effect. We divided the patients by the age of 60 because the
mean age is about 60 years (55.79 ± 7.81). Overall, depression improved in both the young
and older groups. The TDQ score dropped from 15.74 ± 8.93 to 12.32 ± 7.97 (p = 0.032) in
the young and from 14.63 ± 11.23 to 11.00 ± 9.64 (p = 0.015) in the older group (Figure 3E)
(bold black arrow).

As for balance, both young and older patients benefitted from rehabilitation. Generally,
the BBS score improved from 48.58 ± 4.77 to 50.3 ± 4.65 (p = 0.001) in young patients and
from 40.13 ± 7.55 to 42.13 ± 8.18 (p < 0.001) among older patients (Bold black arrows).
Additionally, the BBS scores of older patients were much lower than those of the younger
ones. (Figure 3F) (dotted arrows).

3.3. Factors Correlated with Balance

Further analysis showed age is a big contributor to poor balance (linear regression
for age vs. baseline BBS score, p = 0.005, R2 = 0.464; age vs. post-intervention BBS score,
p = 0.006, R2 = 0.456) (Figure 4).
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Figure 4. (A) Age is associated with lower baseline balance score (BBS) (p = 0.005, R2 = 0.464), (B) Age
is associated with lower post intervention balance score (BBS) (p = 0.006, R2 = 0.456) (*: p < 0.05)).

Although the baseline TDQ and BBS scores are not correlated (p = 0.25), the post-
intervention TDQ score is significantly correlated to the BBS score (p = 0.016) (Figure 5).

Figure 5. (A) Baseline balance score is not associated with baseline depression score (TDQ) (p = 0.250,
R2 = 0.040), (B) post intervention balance is associated with post intervention depression score (TDQ)
(p = 0.016, R2 = 0.163). (*: p < 0.05).
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4. Discussion

All patients had significant improvement in depression and balance after rehabilitation
(Table 1). Overall, a decrease in TDQ score (p = 0.001) and an increase in BBS score (p < 0.001)
were noted. We found the TDQ scores of patients in the yoga group were much lower
than those in the control group after the intervention while the baseline TDQ scores were
similar (Figure 2A). Only patients in the yoga group showed significant improvement in
depression after the intervention which indicates yoga provided anti-depression effect.

Because this was not a randomized trial, the baseline BBS score is much higher in the
yoga group (with a better physical condition) compared to the control group even before in-
tervention. BBS scores remained much higher after the intervention (Figure 2B). The reason
may be that healthier people have higher intention to be volunteers for epidemiological
research or a challenging task and have better survival rates than the general population,
thereby producing bias referred to as the “healthy volunteer effect” [31]. Although both
groups showed improvements in BBS scores (Figure 2B), the change of improvement in
BBS was also significantly larger in the yoga group (p = 0.029). This finding indicates yoga
still provided extra benefits compared to standard rehabilitation.

We compared the differences in the effects of rehabilitation on both sexes (Table 2
and Figure 3). Overall, we found that depression was significantly improved equally
(Figure 3A). Unlike depression, balance showed a significantly greater improvement in
men generally than in women (p = 0.029) (Figure 3B). One possible explanation is that
men have poorer flexibility than women due to a lack of hormones such as estrogen or
relaxin. Relaxin is known for relaxing the tendons and joints in pregnancy and delivery
in women [32]. Yoga has been proven to improve flexibility [33], and flexibility is related
to balance [34]. It may be that women have better flexibility in the first place, so the
improvement of flexibility and balance after yoga may not be as good as man. In other
words, the mind factor (anti-depression) of yoga is similar for both sexes but the body
factor (balance) is quite different with better improvements in men.

The effect of brain lesion site is shown in Table 2 and Figure 3B. Only patients with
left-sided brain lesions showed a significant improvement in depression (Figure 3C). This is
probably due to left-sided brain lesion being associated with aphasia because the linguistic
center is located the left brain while aphasia is highly associated with depression [35]. Yoga
may lead to an improvement in aphasia [36]. Unlike depression, balance was uniformly
improved in all subgroups of patients, despite of brain lesion side. These results are
compatible with the brain structure whereby motor cortex is symmetrical, but the language
center is located in the left brain [35].

Age is also an influencing factor. For patients younger than 60, depression (p = 0.032)
and balance (p = 0.001) significantly improved. (Figure 3E). For older patients aged 60 or
more, depression showed significant improvement (p = 0.015), and balance improved as
well (p < 0.001) (Figure 3F). Therefore, rehabilitation is important for both young and
older patients.

Further analysis of factors associated with balance, we found the BBS score is much
lower in the older group, as age is significantly inverse related to the balance (Figure 4).
This could be because young patients have better neuroplasticity and muscle power [37].
Aging is a big contributor to poor balance (linear regression for age vs. baseline BBS score,
p = 0.005, R2 = 0.464; age vs. post-intervention BBS score, p = 0.006, R2 = 0.456) (Figure 4A,B).
Nonetheless, age is not associated with depression (Age vs. baseline TDQ score, p = 0.551;
age vs. post-intervention BBS score, p = 0.439). Therefore, old age may not guarantee
depression.

On the other hand, although the baseline depression score (TDQ) and balance (BBS)
scores are not correlated (p = 0.25), the post-intervention TDQ score is significantly corre-
lated to the BBS score (p = 0.016). This may indicates that better post-intervention physical
condition may contribute to a better quality of life and mood after completing the rehabili-
tation (Figure 5A,B). However, there are more factors other than age (such as gender, brain
lesion side) affecting the outcome of rehabilitation.
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In summary, for the subgroup analysis of overall rehabilitation effect, we found both
sexes benefited in depression and men benefited more in balance than women. Patients
with left-brain lesions improved more in depression than those with right lesions after
rehabilitation, while balance equally improved regardless of the lesion site. For patients
under or above the age of 60, depression and balance both significantly improved after
rehabilitation. Older age was significantly related to poor balance but not depression.
Post-intervention higher balance (BBS) score was significantly correlated to lower TDQ
score and thus a better mood.

Our first limitation was that this was a pilot study with small recruitment number,
but we still obtained many significant results. Second, the inclusion criteria limit each
subject must be able to stand independently for 1 min, which indicated participants were
all relatively mildly functionally impaired. Whether the results can be applied to more
disabled people is unknown. Third, in order to respect participants’ will and their capability,
our study was not randomized. (However, if done in a randomized manner, the completion
rate could be much lower in the intervention group.) Also, the long-term effect after 8 weeks
was not confirmed. A larger randomized controlled study with longer follow up period is
necessary in the future. Finally, we should add one more group with standard rehabilitation
of 300 min (5 h) each week to see which group performs better. However, patients always
get bored and become impatient during repetitive exercise in the real clinical setting. That
is why we add recreational sport (such as yoga) as an adjuvant exercise because yoga is
relaxing and interesting.

Because of the COVID-19 pandemic, group exercise may increase the infection risk.
Whether remote video-assisted yoga training provides the same benefit as the current group
exercise requires further research.

5. Conclusions

Generally, improvements were noted for balance in patients with standard rehabilita-
tion but improvement in depression was only observed among patients when yoga was
combined. Yoga provided more benefit for men than women in balance, for patients with
left side brain lesion in depression, and for patients aged under or above 60 in both balance
and depression. Older age was significantly related to poor balance but not depression.
Post-intervention higher balance (BBS) score was significantly correlated to lower TDQ
score and thus a better mood. Our study showed that combining yoga in the current
standard rehabilitation is safe and has the potential to improve mood and balance, which
provides useful information for stroke patients in tailor-made rehabilitation combing yoga.
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Abstract: Establishing an in vitro–based cell culture system that can realistically simulate in vivo
cell dynamics is desirable. It is thus necessary to develop a method for producing a large amount
of cell aggregates (i.e., spheroids) that are uniform in size and quality. Various methods have been
proposed for the preparation of spheroids; however, none of them satisfy all requirements, such
as cost, size uniformity, and throughput. Herein, we successfully developed a new cell culture
method by combining fluoropolymers and dot patterned extracellular matrix substrates to achieve
size-controlled spheroids. First, the spheroids were spontaneously formed by culturing them two-
dimensionally, after which the cells were detached with a weak liquid flow and cultured in suspension
without enzyme treatment. Stable quality spheroids were easily produced, and it is expected that the
introduction and running costs of the technique will be low; therefore, this method shows potential
for application in the field of regenerative medicine.

Keywords: spheroid; organoid; van der Waals force; fluoropolymers; adhesion; microstamp

1. Introduction

Cell culture, an important technique in basic and preclinical research, is a cost-effective
way of reducing the number of experimental animals during the drug discovery process [1].
Although two-dimensional (2D) cell culture is a universal and valuable method, it has
its limitations [2]; for example, the cells proliferate and grow in a single layer and thus
lack the cell–cell and extracellular matrix (ECM) interactions present in native tissues
and cells. In addition, the cells are stretched and undergo a cytoskeletal rearrangement,
acquiring artificial polarity and expressing abnormal genes and proteins [3]. Unlike tissues
in an in vivo environment, 2D systems cannot provide a complex and dynamic microen-
vironment for cells, leading to potentially invalid findings [4,5]. For these reasons, the
majority of compounds discovered in 2D cell culture during drug discovery fail in clinical
trials [6]. Therefore, it is important to establish an in vitro cell culture system that can more
realistically simulate the dynamics of cells in vivo.

Three-dimensional (3D) culture systems are an excellent in vitro model that can
mimic in vivo processes, such as embryogenesis, morphogenesis, and organogenesis [7].
Spheroids and organoids are cellular aggregates with complex cell–cell adhesion that gener-
ate gradients of nutrients, gases, growth factors, and signaling factors. These structures can
replicate the cellular microenvironment observed in real tissues and simulate in vivo cell
dynamics more realistically. Human induced pluripotent stem cells (iPSCs), the discovery
of which has helped stem cell research make great strides, can be used to generate spheroids
and organoids, which were employed in the elucidation of pathological conditions [8–12]
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and drug discovery [8,13–15]. Recently, organoids derived from iPSCs generated from
patients with intractable diseases were used to elucidate the disease mechanisms [16,17].
In the field of drug discovery, the validation of drug efficacy using organoids derived from
human iPSCs in the early stage of in vitro testing is expected to reduce the possibility of
candidate compound failure before initiating clinical trials. Indeed, drug testing using
iPSC-derived organoids has shown comparable results to those of drugs already used for
treatment [18]. Because the use of spheroids and organoids is expected to increase in the
future, developing methods for their efficient production is important.

Various 3D culture methods have been tried and implemented. Conventional 3D
culture methods can be broadly classified into four types: micropatterned forced flotation,
hanging drop, swirling culture or spinner flask, and force-driven methods [19]. The mi-
cropatterned forced flotation method involves well plates in which cells deposited inside
the microwells adhere to each other in three dimensions [20–22], as well as low-adhesion
plates in which areas with different cell adhesion properties are patterned to prevent cell
aggregation [23]. Microfluidic systems are a type of micropatterned forced flotation that
combines both the target cells and matrix components to create spheroids on microfluidic
chips with microgel beads [24,25]. The hanging drop method utilizes the surface tension of
the culture medium to form droplets, while the interface with the air is used as a microw-
ell [26–28]. The spinner flask or swirling culture (bioreactor) is a method of spheroidization
via collision and contact between cells through continuous swirling and agitation of the
culture medium in which cells are dispersed [29,30]; this method also includes microfluidic
types on a smaller scale [31–33]. Force-driven methods include magnetic methods where
nanoparticles, such as iron oxide, gold, and poly-L-lysine, are attached to the cell surface.
Spheroids are formed via the following: magnetic forces [34]; electric methods in which an
external force, such as an electric field, is applied [35]; and acoustic tweezers [36]. Other
methods have also been developed in recent years; for example, 3D printing can artificially
create 3D shapes [37–39], using a computer-controlled arrangement of heterogeneous cells
with a gel-like culture medium as the filler. Although these methods exhibit excellent
features, such as dimensional control of the spheroid, reduction in damage and irritation to
the cells, simplicity of the procedure, high success rate, mass production, high through-
put, and low cost, none of them satisfy all these requirements simultaneously. A new
type of classification is microfluidic devices. Microfluidic devices are devices that have
microscopic grooves or tubes within. These are used for various applications, such as
forming small bioreactors [32,40] or circulatory systems [31] to recapitulate in vivo, using
flow paths. Some of these microfluidic methods are included in the micropatterned forced
flotation method.

Fluoropolymers have a low surface free energy and are generally regarded as ma-
terials that do not allow cell adhesion. They have a high biocompatibility and inertness,
due to these properties. Therefore, fluoropolymers are used in artificial blood vessels and
other components that are implanted in the body. In general environments, these polymers
are very stable, due to the high binding energy of C–F bonds, and they are, thus, a safe
and non-toxic material for use in the living body. However, their high inertness prevents
cell adhesion, which is a problem for biomaterials. As a result, various surface modifica-
tions have been investigated to take advantage of their high biocompatibility and inert
properties [41–46]. To improve adhesion, plasma treatment [47–51], UV irradiation [52–55],
γ-radiation [56,57], ion introduction [58–61], and polydopamine treatment [62–66] have
been employed for surface modification; however, most of these methods require high
energy to break the strong C–F bonds and add functional groups to improve adhesion.

We are working on the control of cell adhesion by manipulating the surface properties
of fluoropolymers for 3D cell patterning and have found that extracellular matrix (ECM)
substrates deposited on fluoropolymers show weak cell adhesion in this study. In this
study, we took advantage of this property and developed a new spheroid fabrication
method that simultaneously satisfies all of the above requirements for spheroid production
by forming an ECM dot pattern on the fluoropolymer, which allows cells to adhere on
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it, retain it during cell growth, and detach from the fluoropolymer without employing
damaging enzymatic treatments.

2. Materials and Methods

2.1. Spheroid Culture Scaffold Fabrication

A fluoropolymer surface was formed by coating a glass substrate with CYTOP™
(CTL-107MK; AGC Chemicals, Tokyo, Japan). CYTOP™ is a fluoropolymer product with
properties similar to polytetrafluoroethylene (PTFE) [67,68]. This resin has fluoropolymer
properties, such as water repellency, oil repellency, and chemical resistance, as well as
high transparency, which are difficult to obtain with crystalline resins, such as PTFE. It
can also be used for cell culture observation using an inverted microscope because it has
no fluorescence properties. The material was immersed in a dip solution consisting of
CYTOP™ and a 16-fold dilution of a thinner solution (CT-Solv.100; AGC Chemicals) to coat
the glass substrate (Table 1). The pull-out and curing conditions were as recommended by
the manufacturer. The material was pulled out at a speed of approximately 1 mm/s and
cured in an oven at 100 ◦C for at least 90 min.

2.2. Preparation of a Stamp for Patterning Formation

The dot patterns of the ECM were fabricated using a microstamp made out of poly-
dimethylsiloxane (PDMS; SYLGARD™184; Dow Toray, Tokyo, Japan). PDMS has high
biological safety [69–73] and is also used in engineering to transfer fine patterns [74]. To
fabricate the microstamp, PDMS mixed with a hardener was poured into a mold made of
PTFE, after which the mold was defoamed. After defoaming, the stamps were heat-cured
at 90 ◦C for 90 min. The dimensions of the stamps were 100 μm in spheroid diameter (the
size at which spheroid necrosis does not occur [75–77]), 800 μm in dot size diameter, and
a 7 × 7 matrix arrangement with a pitch of 1500 μm. The dot diameter was defined as
the area where the volume of a cell sheet cultured in a monolayer on the dot pattern is
equivalent to a spheroid 100 μm in diameter, assuming that one cell is a sphere with a
diameter of 10 μm. The dimensions of the molds and microstamps were measured using
an OLS-5000 (Olympus, Tokyo, Japan).

2.3. Patterning of the Extracellular Matrix

ECM substrates, including Matrigel Growth Factor Reduced (354230; Corning, NY,
USA), iMatrix-511 silk (892021; Nippi, Tokyo, Japan), fibronectin (33016015; Thermo Fisher
Scientific, Waltham, MA, USA), vitronectin (A31804; Thermo Fisher Scientific, Waltham,
MA, USA), and collagen IV (ASC-4-104-01; Nippi), were diluted in RPMI 1640 (30264-56;
Nacalai Tesque, Kyoto, Japan) 2-, 4-, 8-, and 16-fold. PDMS stamps dipped in ECM
diluent were stamped onto the substrates, after which the ECM was transferred to the
fluoropolymer surface with the formed pattern and incubated at 37 ◦C and 5% CO2 for 1 h.
After incubation, the substrates were washed with RPMI 1640.

2.4. Cell Culture

HepG2 (TKG02058) and MCF7 (TKG0479) cells were provided by the Cell Resource
Center for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku
University, Japan. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
5919, Nissi, Tokyo, Japan.) supplemented with 10% fetal bovine serum (FBS; BioWest,
Nuaillé, France), 2 mM L-Alanyl-L-glutamine solution (01102-82, Nacalai Tesque) and
Penicillin-Streptomycin Mixed Solution (26252-94, Nacalai Tesque) (10%FBS/DMEM.) for
37 ◦C at 5% CO2 and 95% air. The cells were passaged every 3 days at a ratio of 1:3, using
TE dissociation buffer containing 0.25% trypsin (35547-64; Nacalai Tesque) and 0.04% EDTA
(15105-35; Nacalai Tesque).
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2.5. Spheroid Preparation

The ECM was transferred to the fluoropolymer-coated substrate, using a microstamp
(Figure 1a). Cells were then evenly seeded at 1.0 × 104 cells/cm2 on the substrate and
allowed to evenly adhere (Figure 1b). After 7 days, the cells proliferated and formed
colonies only on the ECM-coated area (Figure 1c). These cell colonies were detached by
gently pipetting, followed by culturing in suspension for 7 days until spheroid formation
(Figure 1d). All cultures were performed on fluoropolymer-coated glass substrate in a
5-well petri dish (NM-CD-5F, Naka Medical, Tachikawa, Japan).

Figure 1. Schematic diagram of the spheroid production process. (a) Matrix transferred by stamping. (b) Cell adhesion
occurring one day after seeding. (c) Cell colony formation 7 days after seeding. (d) After detaching the cells, spheroids
formed in suspension by day 14.

Spheroids were produced by the hanging drop method. The average number of cells
in the dot pattern colonies was estimated, and they were seeded to form a spheroid. Briefly,
the cells were grown until confluent. Single cells were then dissociated using TE buffer. The
number of cells was counted, and spheroids were prepared by seeding 8 × 103 cells/drop
using the hanging drop method.

2.6. Evaluation of Cell Patterning

All ECM and cell patterning were observed using a phase-contrast microscope and
then photographed and dimensioned using FLOYD-4K (Wraymer, Osaka, Japan). The
diameter of the ECM was measured, but as cell colonies and spheroids do not form a
perfect circle, the equivalent diameter of a circle was calculated from the area. Photographs
were acquired of the coated ECM dimensions, colony size after cell seeding (day 1), cell
sheet dimensions left as a pattern on the ECM (day 7), and spheroid size (days 10–14).

2.7. Measurement of Spheroid Viability Using Trypan Blue Staining

The cells of the 2D culture and spheroids were dissociated using TE buffer, and a
single cell suspension was obtained. The cells in the suspension were then stained with
trypan blue (35535-02, Nacalai Tesque) to determine the number of viable cells. Student
t-test was performed to compare survival rates between the 2D culture and spheroids.

3. Results

3.1. Water Repellency of Fluoropolymers

The contact angle measurements were conducted to measure the surface free energy,
which is mainly responsible for fluoropolymer inertness in cells. The contact angles for
a 2-, 4-, 8-, and 16-fold dilution were 113.36◦, 115.00◦, 114.31◦, and 112.58◦, respectively,
showing good water repellency, even at a 16-fold dilution. In consideration of economic
efficiency, we used a 16-fold dilution of CYTOP™ for coating (Table 1).
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Table 1. Contact angle measurement results for the different CYTOP™ dilutions.

Dilution Rate 2x 4x 8x 16x

Contact angle
(degree)

113.36 115.00 114.31 112.58

Left angle
(degree)

114.09 115.18 114.53 112.51

Right angle
(degree)

112.62 114.81 114.09 112.65

Height from top to base
(mm)

3.97 3.98 4.00 4.03

Base line length
(mm)

5.48 5.30 5.48 5.61

Base area
(mm2)

23.60 22.03 23.60 24.67

Drop volume
(μL)

60.06 55.21 60.74 63.64

Wetting energy
(mN/m)

−28.86 −30.76 −29.97 −27.95

Spreading coefficient
(mN/m)

101.66 103.56 102.77 100.75

Work of adhesion
(mN/m)

43.94 42.04 42.83 44.85

Photo

3.2. Dimensional Reproducibility of the Microstamps

After fabricating the microstamp with PDMS, we measured the dimensions of the
top surface of the dots and found an average of 825.24 μm, σ of 4.96 μm, and the shape
diameter that was close to the target of 800 μm with small variations (Figure 2).

Figure 2. Observation of the top surface of a micro stamp using a laser microscope. (a) Optical
imaging of a microstamp; (b) 3D image by a laser.

3.3. Culturing HepG2 Cells on the Matrigel Pattern

Matrigel was transferred to the fluoropolymer-coated substrate using a microstamp
with an average pattern diameter of 898.74 ± 140.69 μm (Figure 3a,e: matrix transferred
using a microstamp). HepG2 cells were seeded on this substrate and found to be uniformly
adhered to the entire surface by day 1 (Figure 3b). The medium was gently changed
every 2–3 days to avoid detaching the cells. By day 7, the cells had formed circular
colonies based on the stamp pattern with an average colony diameter of 930.11 ± 178.47 μm
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(Figure 3c,e). After detaching the colonies from the substrate by weak pipetting and
culturing in suspension, they spontaneously formed spheroids by day 8 and completely
spheroidized by day 14. The average spheroid size was 466.23 ± 75.25 μm (Figure 3d,e,
and Supplementary Figure S1).

Figure 3. Bright-field image of HepG2 cultured on Matrigel dots and chart of size on every stage. (a) Stamped ECM
(Matrigel) on the fluoropolymer surface. (b) HepG2 cells 1 day after seeding. (c) HepG2 cells grown to a colony of the same
size as that of the Matrigel pattern on day 7. (d) Day 14 spheroids derived from detached HepG2 cells grown in suspension
after culturing in 2D for 7 days on Matrigel. (e) The average diameter of the dot patterns during each step as shown in (a–d).
Error bars indicate the standard deviation. (f) Viability confirmation by trypan blue staining. Student t-test was performed
to compare survival rates between the 2D and spheroid (p = 0.05). p value < 0.05 was considered statistically significant.
Data are expressed as means ± standard deviations. The asterisks (*) indicate a statistically significant difference. (g) HepG2
on days 1 and 7 following the hanging-drop method.

Trypan blue staining was performed to determine the viability of the prepared
spheroids. The survival rate of the HepG2 cells as estimated by trypan blue staining
was 93.95 ± 6.56% in 2D culture and 82.84 ± 6.99% in the spheroids derived by our method
(Figure 3f). Next, spheroid formation was monitored for 7 days using the hanging-drop
method; however, no HepG2-derived spheroids were observed (Figure 3g).

3.4. Culturing HepG2 Cells on Other Extracellular Matrix Patterns

We used other ECM substrates and the MCF7 cell line to determine whether spheroids
formed using other combinations besides Matrigel and HepG2 cells. Using the other ECM
substrates, including iMatrix (fragmented laminin), vitronectin, fibronectin, and collagen
IV dot patterns also formed. The seeded HepG2 cells successfully adhered to these ECM
substrates, after which colonies formed by day 7 and spheroids by day 14 (Figure 4(a1–
a5)). Similar to HeG2 cells, seeded MCF7 cells formed colonies 7 days after seeding and
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spheroids by day 14 after the suspension culture (Figure 4(b1–b5)). When the cells were
continuously cultured in 2D without detaching by day 7, the cells continued to proliferate
and became over confluent on the ECM dots by day 10. Subsequently, the cells no longer
proliferated in the monolayer, due to the influence of non-adhesive areas outside the colony
pattern but instead proliferated toward the upper part of the colony and partially formed
a spheroid. This phenomenon was also observed with HepG2 cells, indicating that it is
difficult to control spheroid diameter within the area of the pattern when using cell lines
with high proliferation ability.

Figure 4. Spheroids derived from HepG2 or MCF7 cells after culturing in 2D for 7 days on different ECM substrates.
HepG2 cells seeded on Matrigel (a1), Matrix (a2), fibronectin (a3), vitronectin (a4), and collagen IV (a5). MCF7 cells
seeded on Matrigel (b1), Matrix (b2), fibronectin (b3), vitronectin (b4), and collagen IV (b5). (c) Viability confirmation by
trypan blue staining. Student t-test was performed to compare the survival rates between the 2D and spheroid (p = 0.01).
p value < 0.05 was considered statistically significant. Data are expressed as means ± standard deviations. The asterisks (*)
indicate a statistically significant difference. (d) MCF7 on days 1 and 7 following the hanging-drop method.

In MCF7 and matrigel, trypan blue staining was performed to determine the viability
of spheroids from colonies; the survival rate of MCF7 in trypan blue was 96.09 ± 2.82% in
2D culture and 87.89 ± 3.62% in the spheroids derived by our method (Figure 4c). Next,
spheroid formation was monitored for 7 days, using the hanging drop method. MCF7-
derived spheroids with a diameter of approximately 100–200 um were observed on day 1;
however, no larger-sized spheroids were observed (Figure 4d).

4. Discussion

In the present study, all tested ECM substrates were successfully scaffolded on a fluo-
ropolymer, and both HepG2 and MCF7 cell lines formed spheroids after culturing, without
negatively affecting the cell population. The key to achieving this was the combination
of the fluoropolymer and ECM dot pattern. Fluoropolymers are generally known to be
difficult regarding adhesion; thus, many studies have attempted to improve adhesion by
surface modification [78]. However, we showed that cells can adhere to the substrate via
an ECM that can be detached easily by pipetting.

The survival rate of the spheroids derived using our method was significantly lower
than that of the cells in the 2D culture. The reason for this was speculated to be the
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lack of space for cell growth inside the spheroid and the lack of nutrient circulation
in the culture medium. For cancer spheroids, however, a slight decrease in survival
are permitted; there are, accordingly, no disadvantages of our method. In addition, the
hanging drop method could not produce large-sized spheroids in 7 days, but our method
was effective in producing such large spheroids. It was also found to be more efficient
because increasing the number of seeded cells could reduce the number of days required
for spheroid formation (data not shown). These results suggest that our method can also
be applied to spheroids derived from cancer cells.

We assume that our method would be useful in cases where cells of interest are
induced from pluripotent stem cells, such as iPSCs, to produce spheroids. This method
involves the process of culturing in 2D for a period of time to proliferate and induce,
and the process of creating spheroids to confirm the functionality of the cells of interest.
Therefore, the first half of the experiment (about 7 days) was assumed to be the cell
proliferation and differentiation stage and the second half was assumed to involve the
production of spheroids. We assume that the greatest benefit of producing spheroids in
this way is the elimination of chemical and physical stimuli. The cell line was passaged
using an enzyme but was not used to produce spheroids. Since the cell line used here
is passaged every 2–4 days, we minimized the effect of enzyme treatment on cells by
assigning 7 days for colony formation. Thus, when increasing the seeding amount and
attempting spheroidization in a short period of time, it is necessary to consider the effect of
enzyme treatment.

Fluoropolymers have a high biocompatibility and inertness due to their non-polarity
and strong C–F bonds. They are, thus, a safe and non-toxic material for use in the living
body. Their high inertness entails advantages, such as a low adhesion in vivo, while their
hampered in vivo settling is a problem for biomaterials. Their symmetrical molecular
structure makes them chemically resistant and stable against most chemicals, including
acids, alkalis, and organic chemicals. However, they can react slightly with molten alkali
metals and their solutions as well as fluorine and chlorine trifluoride at high temperatures.
Therefore, the ECM used in this study was not expected to form strong chemical bonds.
In addition, the non-polar molecular structure does not allow for electrical bonds, such
as hydrogen bonds. Nevertheless, the cells were able to adhere to the ECM that was
transferred onto the fluoropolymer (Figure 3a,c). Hydrophobic interactions [79] and the
surface charge of the fluoropolymer [78] were reported as possible mechanisms underlying
this adhesion. However, we believe that van der Waals forces are instead responsible
because of the weak adhesive force that allowed cells to peel off over time regardless of the
ECM type. During formation of the ECM dots, the ECM floating in the culture medium
settled down due to gravity and gathered on the substrate surface after the gel-like protein
molecules (matrix components) were stamped. As a result, the distance between the protein
molecules and the fluoropolymer surface approached zero, and subsequently, the protein
molecules adhered to the fluoropolymer surface via van der Waals forces. Van der Waals
forces are extremely weak compared with chemical bonds and hydrogen bonds. Therefore,
when the cells proliferated and the tension between them increased, the cells began to
detach from the edges of the cell colonies and were easily peeled off from the ECM-coated
fluoropolymer surface upon pipetting with a weak liquid flow.

If the ECM indeed adheres via van der Waals forces, the question is why the fluo-
ropolymer does not allow adhesion of other substances and is considered an inert material.
This may be because the objects to which the fluoropolymer adheres are usually consid-
ered solids. The surfaces of solids possess microscopic irregularities, which are shown in
Figure 5a. There are many gaps between the solid and the surface of the fluoropolymer.
Because van der Waals forces are only generated when the distance is very short, the area
ratio of the contact point to the entire interface is extremely small with solids; if the contact
area/external force ratio is large, the adhesive force increases. Therefore, in many cases, it
is impossible to obtain an attractive force sufficient to hold the entire solid against external
forces. In contrast, when the object to be adhered is a liquid (Figure 5b), there is no gap,
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and the molecules are in close contact with each other. However, the molecules in the
liquid move over long distances, and the van der Waals forces are not strong enough to
overcome their kinetic energy and maintain the molecules at the interface. If the attractive
forces are strong, the contact angle should be small, but this is not the case. Furthermore,
because of the flow phenomenon, i.e., the shape of the entire liquid can freely change, it is
not possible for the liquid to stay in place. In contrast, water (H2O) can remain on a glass
surface because of the presence of a larger number of hydrogen bonds than in silicone oil.
Moreover, when highly viscous silicone oil with extremely low polarity is dropped onto a
fluoropolymer, the surface becomes wet easily, and the oil remains on the surface, even if it
is physically wiped off. The ECM used in the present study [79–84] is a gel with properties
between those of a solid and liquid (Figure 5c); it can be deformed to the extent that no
gaps are created between it and the fluoropolymer surface. We thus concluded that the
protein molecules adhered to the fluoropolymer surface via van der Waals forces.

Figure 5. Application of force to the fluoropolymer depending on the state of the material placed on its surface. (a) Only
point contact is possible due to the fine surface irregularities of solids, and thus, the area contributing to van der Waals
forces is small. (b) Molecular motion in a spherically curled liquid as the surface tension exceeds the attractive van der
Waals forces. (c) A gel with low surface tension and low fluidity is more densely packed, and the van der Waals forces act
over a large area.

In this study, the dimensions of the spheroids were too large compared to the dimen-
sions of the 2D matrix dots (Figure 3e). The reason is considered to be that cell lines were
used here. Seven days after seeding, it was observed that the number of cell in the colony
exceeded that in the 2D confluent state and proliferate in the 3D layer. If the colonies were
detached by pipetting before that, the spheroid size could be controlled. In the future, the
proposed method will be employed to spheroids using stem cells, and in that case, such a
problem could be automatically avoided. At that time, we expect that it will also be possible
to induce all cells in a planar manner at the 2D culture stage, and then suspend them while
maintaining the generated cell polarity to create 3D cells using our method. In a conven-
tional method, when a differentiation factor is added to stem cells after spheroidization,
the differentiation factor may act only on the surface of the spheroid, and the induction
of target cells may be insufficient in the central part. In a conventional method, when a
differentiation factor is added to stem cells after spheroidization, the differentiation factors
may act only on the surface of the spheroid, which can lead to insufficient induction of
the target cells in the central part. In another conventional method, when a differentiation
factor is added to stem cells before spheroidization, the cell substrate will be degraded
during detachment via enzymatic treatment, and the cell polarity formed by 2D culture
will be destroyed. Furthermore, enzymatic treatment destroys cell–cell adhesion factors,
which may adversely affect the efficiency of spheroid production. Our proposed method
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can solve those problems and is intended to be used for drug discovery and regenerative
medicine research in the future [75,85]. We believe that this method will enable to obtain
spheroids of stable quality in a simple and low-cost manner, which will contribute to the
development of medicine.

5. Conclusions

We have developed a technique for generating spheroids that consists of 2D cell
culture on ECM dot patterns deposited on a fluoropolymer scaffold, followed by cell
colony detachment from the substrate and suspension culture. The ECM substrate was
weakly bound onto the fluoropolymer surface, and thus, the adherent cell colonies were
easily detached by gentle pipetting; we theorized that van der Waals forces were responsible
for this weak adhesion. Spheroid formation was successful with all tested combinations of
five ECM substrates (Matrigel, iMatrix, fibronectin, vitronectin, and collagen IV) and two
cell lines (HepG2 and MCF7). When forming spheroids during the differentiation process
of pluripotent stem cells, in contrast to conventional methods, our technique enabled
spheroidization without chemical (via enzymatic treatment) or physical stimulation, and
thus, a more stable spheroid production could be obtained. For spheroids such as cancer
cells and cells established from tissues, however, the chemical and physical stimuli are
the same as those for the conventional method. Moreover, the technique is relatively
uncomplicated and is expected to be low in cost. In future studies, we will test the effect
of the ECM pattern size on the spheroid size and assess differentiation induction using
this scaffold to establish size controllability and a method for iPSC spheroid/organoid
production. We anticipate that such spheroid/organoids can be used for drug discovery
and regenerative medicine.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app112110495/s1, Figure S1: Detailed measurement at each stage.
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Featured Application: This work describes the use of new methodology based on Gibbs homol-

ogy analysis for the identification of potential protein targets as well as their inhibitors for the

development of therapeutic options for various diseases. In the past, similar approaches have

been proposed and partially validated for various types of cancer. Here, we apply the method

that combines thermodynamic measures with protein–protein interaction network topology to

temporal lobe epilepsy. Our results identify a number of potential therapeutic targets.

Abstract: In this paper, we propose a bioinformatics-based method, which introduces thermodynamic
measures and topological characteristics aimed to identify potential drug targets for pharmaco-
resistant epileptic patients. We apply the Gibbs homology analysis to the protein–protein interaction
network characteristic of temporal lobe epilepsy. With the identification of key proteins involved
in the disease, particularly a number of ribosomal proteins, an assessment of their inhibitors is the
next logical step. The results of our work offer a direction for future development of prospective
therapeutic solutions for epilepsy patients, especially those who are not responding to the current
standard of care.

Keywords: epilepsy; systems biology; protein–protein interactions; CNS; Gibbs homology; drug
targets; anti-epileptic drugs

1. Introduction

It has been estimated that about 50 million people worldwide suffer from epilepsy [1].
In 2015, about 3.4 million people had active epilepsy in the U.S. alone [2]. Epilepsy is one
of the most common and most disabling neurological disorders, characterized by recurrent
unprovoked excessive brain activity [3]. The current understanding of the neurophysiolog-
ical mechanisms of epilepsy is largely based on extensive investigations of neuronal cells.
However, glial cells have also been demonstrated to play a fundamental role in triggering
seizures. Accurate diagnosis of epilepsy is challenging and therapeutic strategies span
a range from single, to multiple drug courses of administration, to respective neurosur-
gical procedures and dietary therapy. In spite of the fact that several dozen antiepileptic
drugs (AEDs) are available, there are still approximately 20–30% of patients who do not
respond satisfactorily to these AEDs [3]. To develop new, effective treatments, studies focus
on the development of the central nervous system (CNS) and neuronal activities in vivo
to understand the causes and mechanisms of the disease initiation and progression [4].
However, to find effective treatments for patients who are refractory to current AEDs, it is

Appl. Sci. 2021, 11, 8059. https://doi.org/10.3390/app11178059 https://www.mdpi.com/journal/applsci

43



Appl. Sci. 2021, 11, 8059

necessary to study each case more precisely and individually. Hippocampal biopsy tissue
of pharmaco-resistant Temporal Lobe Epileptic (TLE) patients is an extraordinarily useful
substrate to study molecular mechanisms related to structural and cellular abnormalities in
epilepsy. Several genes and signaling cascade alterations have already been reported in the
literature based on the TLE hippocampus analysis [5]. The availability of gene expression
profiling provides a detailed insight into the disease for each individual patient. Methods,
such as microarray and RNA sequencing, developed in the recent decade are used to obtain
genome-wide mRNA expression data. One of the advantages of using such methods is
that this type of investigation is biomarker driven. Especially with whole genome-wide
data, the comprehensive information on the status of each functioning unit, its interacting
complex and interaction pathways is suitable for analysis, which can reveal potentially
important molecular mechanisms and novel therapeutic targets. By investigating genome-
wide expression data, we can study the integrated results of all possible causative changes
for each patient. Thus, the results of such an analysis are considered to be precise and
biomarker-driven [6].

Epilepsy is a complex neuro-pathology that arises due to different etiologies, having
various localizations, often occurring in conjunction with other diseases. Irrespective of
what triggers the paroxysm, the electrical discharge during seizure is the common clini-
cal manifestation for all forms of epilepsy, suggesting an underlying common molecular
mechanism [7]. Although revealing the precise origin of epilepsy is still part of the ongoing
investigations, it was shown that the cause may vary from de novo genetic mutations [8] to
traumatic brain injury [9,10]. While gene mutations may naturally lead to altered down-
stream pathway behavior, brain injury was also shown to cause chronically altered gene
expression signatures of genes that were linked to epilepsy [9]. Recent studies revealed
some genetic causes of epilepsy, such as gene SCN1A mutations, which affect sodium chan-
nels [8] and tuberous sclerosis complex (TSC) mutations, which lead to the dysregulation of
the mechanistic target of rapamycin (mTOR) pathway [11], both of which lead to epileptic
conditions. Mechanisms of epileptogenesis consist of genetic and epigenetic alterations
occurring in both neuronal and astroglia cells [12]. Abnormal activity of astrocytes during
epileptic events has been extensively reported to play a major role due to their K+ buffering
role in the extracellular milieu [13].

Clinical diagnosis of epilepsy starts with an identification of the type of seizure and
proceeds with EEG and neuroimaging studies. Accurate diagnosis is pivotal for the adop-
tion of an appropriate therapy. Anti-epileptic drugs (AEDs) represent first-line treatment
for epilepsy and despite the availability of more than 20 such drugs, approximately 30% of
patients do not respond to this type of therapy [12]. Among all epilepsy types, temporal
lobe epilepsy (TLE) is the most common drug-resistant form of epilepsy in adults. Cur-
rent AEDs mainly act by directing transmembrane ion channel function or by promoting
γ-aminobutyric acid (GABA)-mediated inhibition to decrease the electrical activity of the
brain [3,14]. For instance, phenytoin and lacosamide inhibit sodium channel activation;
retigabine opens potassium channels; ethosuximide and lamotrigine block calcium chan-
nels; tiagabine inhibits GABA reuptake and phenobarbital and benzodiazepines enhance
GABA receptors [3]. The AEDs generally focus on stabilizing and elevating the threshold of
the CNS against hyperexcitability. On the other hand, the role of GABA neurotransmitters
and GABA receptors in inhibiting activity in the central nervous system [15], and the
role of glutamate neurotransmitters in aberrant hyperexcitability [16] have been shown to
represent possible mechanisms which can be explored in order to develop new treatments.
With extensive research focused on each of the above approaches, great progress has been
made in deciphering epilepsy’s pathophysiology at a molecular level. The better the un-
derstanding of the complex molecular mechanisms involved in the disease initiation and
progression, the more unrealistic it appears that a drug affecting a single neurotransmitter
receptor or an ion channel will be found to effectively treat epilepsy. Instead, combinations
of pharmacological agents designed for an individual patient with a known expression
profile should lead to better personalized clinical outcomes. In order to optimize such drug
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combinations, sophisticated quantitative analyses of protein–protein interaction networks
should be implemented involving the key biomarker proteins of interest and the results of
these analysis validated experimentally. In this paper we develop such a computational
modelling effort for epilepsy that is based on thermodynamic measures of protein–protein
network characterization, having previously provided a general approach [17] and also
applied it specifically to other diseases such as various types and stages of cancer [18–26].

2. Materials and Methods

The theoretical underpinnings for our understanding of the thermodynamics and
bioenergetics of brain development started by investigating the molecular biology of
human diseases from a systems and network biology perspective. These studies were de-
veloped over a several-year period [17–26]. Here, we only provide a brief summary of these
approaches. The transcriptome and other -omic (e.g., proteomic, genomic, metabolomic)
measures can represent the collective energetic state of a cell. By the use of the word “ener-
getic”, we mean it from a thermodynamics perspective where one uses thermodynamic
functions of state such as entropy, Gibbs free energy, enthalpy, and internal energy. In
particular, for open thermodynamic systems such as the human body Gibbs free energy
is a suitable thermodynamic function of state, which can be computed from the so-called
chemical potential for the statistical system such as a network of proteins expressed by a
living cell. There, a chemical potential can be found for all interacting molecules in a cell,
in particular, a chemical potential of all the proteins that interact with each other. This can
be imagined to represent a rugged landscape, not dissimilar to Waddington’s epigenetic
landscape [27,28]. We provide mathematical expressions for the Gibbs free energy of a
cellular protein–protein interaction network below.

To perform these calculations, we need input data and a method of calculating the
Gibbs free energy. The method we propose uses mRNA transcriptome data or RNA-
seq data as a surrogate for actual measurements of protein concentration values. This
assumption is largely valid since Kim et al. [29] and Wihelm et al. [30] have shown an
83% correlation between mass spectrometry proteomic information and transcriptomic
information for multiple tissue types. Further, Guo et al. [31] found a Spearman correlation
of 0.8 in comparing RNAseq and mRNA transcriptome from TCGA human cancer data [32].
Therefore, we have decided to use this highly correlated proxy for protein expression data
in our calculations.

Given a set of transcriptome data as representative of protein concentration values,
we overlay that on the graph of the human protein–protein interaction network from
BioGrid [33]. This means we assign to each protein representing a node of the network,
the scaled (between 0 and 1), transcriptome value (or RNAseq value). The edges in this
network correspond to protein–protein interactions and they define a unique topology
for a given protein–protein interaction network. As shown in our previous work [18–25],
each disease studied so far is characterized by a unique network topology. From the data
extracted for a given protein–protein interaction network, we compute the Gibbs free
energy of each protein–protein interaction using the relation:

Gi = ci ln
ci

∑j cj
, (1)

where ci is the “concentration” of the protein i, normalized, or rescaled, to be between 0 and
1. The sum in the denominator is taken over all protein neighbors (i.e., those that interact
with it) of i, and including i. Therefore, the denominator can be considered related to a
degree-entropy, although its functional form is much simplified since it does not include
logarithmic terms. Carrying out this mathematical operation essentially transforms the
“concentration” value assigned to each protein to a corresponding contribution to the Gibbs
free energy. Thus, we replace the scalar value of transcriptome to a scalar function the
Gibbs free energy. Thus, the equation represents the relationship between concentrations
of proteins and the corresponding Gibbs energy.
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The Gibbs free energy is a negative number, thus associated with each protein on
the network that is a negative potential energy well. When plotted in 3D space where
the vertical axis corresponds to the Gibbs free energy and the points in the horizontal
plane represent protein coordinates, this results in a rugged energy landscape shown
schematically in Figure 1. If we use what is called a topological filtration on this landscape,
we essentially move a filtration plane up from the deepest energy well. As the filtration
plane is moved up, larger-and-larger energetic subnetworks are captured. For convenience,
we stop the filtration at energy threshold 32 meaning 32 nodes in the energetic subnetwork
are retained. We call these subnetworks Gibbs-homology networks. This is not a magic
number. The threshold of 32 was selected for convenience in showing networks visually.
Incidentally, if we attempted to build a “network” by ranking the gene expression values,
we would find disconnected nodes and not a connected network.

Figure 1. As the “filtration plane” moves up from the bottom, more-and-more nodes are captured in larger-and-larger
energetic subnetworks shown on the right-hand side of the figure.

We now compute the Betti centrality, a topological measure, on the 32-node energetic
networks as described in detail by Benzekry et al. [20]. The concept is easily explained
as follows. In networks, there are holes, or rings, of various sizes. In these energetic
pathways, protein–protein interaction networks, the proteins form interaction rings. In
densely connected, but not fully connected, networks the rings, or holes, may consist of
triangles and larger rings of interaction. To find the Betti centrality we ask ourselves the
following question. Which protein when removed from the network will change the overall
total number of rings the most? The total number of rings is called the Betti number. Given
a network G consisting of edges, e, and vertices, v, the Betti centrality is given by

B(vi) = B(G)− B(G − {vi}). (2)

Hence, the difference between the total Betti number B(G) and the Betti number of the
network after removing node i, gives the Betti centrality for node labeled i. We compute
this for all nodes in the threshold-32 energetic network. Often there will be two or more
proteins in the network that have equivalent Betti centrality. We discuss this equivalence
and the Betti centrality with respect to the brain region data below in this manuscript.
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3. Data Sources

Patient information for TLE is available in ref. [34] using Dataset GSE63808. Note that
the data from GSE63808 only include epilepsy patients and did not include healthy controls.
Obviously, it would be unethical to collect temporal lobe tissue form healthy people.

Computing the Betti centrality for energy threshold 32, we find eleven proteins as
the most energetically significant overall. These are ranked in the Pareto chart shown
in Figure 2. (Note that Pareto ranking is a common statistical method for displaying
differences in data. A Pareto diagram is a simple bar chart that ranks related measures in
decreasing order of occurrence, Pareto ranking is based on the principle of non-dominated
sorting also called Pareto dominance, which can clearly be seen in the present case). Since
there can be one or two (sometimes three) Betti centrality nodes with equivalent energies,
the number of centrality nodes in the Pareto chart adds up to greater than 131 (which is the
total number of patients whose data have been accessed in this study).

 
Figure 2. Genes having the most impact on dropping Gibbs homology network complexity (threshold = 32), with counts
corresponding to the number of patients having the particular gene as target.

4. Results

By using the Pareto ranking, the most important node in the network is found to be
CD81. (See Figure S1 for Pareto ranking of control patients.) A Gibbs Homology network at
threshold 32 in which CD81 has the highest Betti centrality is shown in Figure 3 (highlighted
in yellow) and the nearest-neighbor nodes with smaller, though important Gibbs energies,
are shown highlighted in green.
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Figure 3. CD81 (yellow) and its nearest neighbors in the PPI network labeled in green.

Importantly, CD81 is a transmembrane protein that has tissue specific expression
in various tissues including: tonsil, cerebral cortex, lymph node, smooth muscle, and
reproductive tissues [35]. Shown in mice, CD81 regulates neuron-induced astrocytic
differentiation [36]. Three alleles of the mice CD81 in seven genetic backgrounds were
associated to abnormal brain development, hematopoietic system, and/or immune cells
development and behavior [37]. In CD81-null mice, astrocyte and microglia cell numbers
were upregulated, which lead to a 30% increase in brain size [38]. However, in human
patients, deficiency of CD81 proteins was only associated to defected B cells [39]. As
shown in mice and rats, expression of CD81 gene was up-regulated after seizure in three
hippocampal cell layers: DGCL, CA1pyr, and CA3pyr [40,41]. In addition, the gene coding
for the CD81 protein was recognized as a tumor-suppressor gene [42].

The second most frequent protein in the Pareto ranking of Betti centrality nodes is
HSP90AA1 (heat shock protein 90 alpha family class A member 1). It is a stress induced
isoform of the molecular chaperone Hsp90. In human, the gene has ubiquitous expression
in brain and testis and 25 other tissues [43]. The expression of HSP90AA1 is known to be
elevated when cellular stress is present, including in leukemia, several types of cancer, T cell
under certain stimulation, and individuals suffering from chronic obstructive pulmonary
disease (COPD) [44]. In rats, it was found that HSP90 protein levels in piriform cortex
decreased after status epilepticus. The degradation was related to neuronal vulnerability
to status epilepticus insult [45].

The third most frequent protein, excluding ribosomal proteins, according to the Pareto
ranking of Betti centrality nodes is EEF1A1 (eukaryotic translation elongation factor 1,
alpha 1). It plays an important role in the cellular translation process. Although EEF1A1
was not associated with neurological diseases, its isoform EEF1A2 was identified to be
related. The two proteins are 92% similar in their amino acid sequences but exhibit non-
overlapping expression patterns [46]. The difference in functions that the two isoforms
perform might be due to post-translational modifications [47]. In wild-type mice, expres-
sion of A2 takes over from A1 starting at 21 days after birth; at the same time, a deletion or
biallelic mutation of EEF1A2 gene was found responsible for the early-onset neurological
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abnormalities and early death in mice [48,49]. In human patients, EEF1A2 missense mu-
tation was associated to early-onset epilepsy, severe intellectual disabilities and specific
subtle facial dysmorphic features [50–52].

TUBA1A (Tubulin Alpha 1a) is one of the components that make up the cytoskeleton.
In particular, together with beta tubulin, it forms a stable tubulin heterodimer that is a
building block of microtubules. Microtubules play key roles in mitosis of dividing cells
where they form mitotic spindles. In non-dividing cells such as neurons, microtubules
form parallel bundles in axons and dendrites providing pathways for axoplasmic transport.
Tubulin’s gene is overexpressed in the brain’s spinal cord and other tissues [53]. In human
patients, mutations of this gene are expressed over a wide spectrum of phenotypes includ-
ing lissencephaly, microcephaly, and early-onset epileptic seizures caused by defective
neuronal migration [54,55]. Beta tubulin isotypes, TUBB2A, TUBB3, and TUBB4B have all
been found over-expressed in post-traumatic brain injury patients and it has been therefore
suggested that these tubulins along with CD44 may be appropriate targets for treatment [9],
especially since there are numerous tubulin-binding pharmacological agents available [56].
However, virtually all of the approved and investigational tubulin-binding agents interact
with beta and not alpha tubulin. We should point out that the Lipponen et al. study [9]
was on rats and the data are available from GSE80174.

Ribosomal Proteins

The following analysis of ribosomal proteins is by no means exhaustive. First, we
note that in the entire population of 130 patients, we found 34 ribosomal proteins in the
Gibbs-homology networks at energy threshold 35. Of those 34 proteins, 10 were found
in the literature to be related in some way to epilepsy, seizures, synaptic transmission,
voltage-gated channels, and/or cytoskeleton. These 10 are RPS1, RPS4, RPS10, RPS11,
RPS15, RPS27, RPL10A, RPL18, RPL32 [57]. Marrone et al. [58] discussed RPL32 in regard
to seizures and aberrant cellular homeostasis. RPS6 is involved in co-expression of cyclin
D1 in hemimegalencephaly [59] and is a key player in the mTOR signaling pathway and a
contributor to epilepsy [60]. RPS6 is also implicated in X-chromosome brain diseases, as
is RPS4, RPS1, RPL10 [61]. Notably, RPL6 is involved in a molecular pathway has been
linked to temporal lobe epilepsy in childhood [62].

5. Discussion

Several studies based on the analysis of microarrays of epileptic tissue (human and
animal models) reported both transcriptional and epigenetic alterations. In particular,
the altered molecular pathways result in a variety of modifications in voltage-gated and
receptor gated ion channels that lead to a perturbation of dendritic excitability [12]. Neuro-
proteomic studies on epilepsy revealed a significant contribution of proteins involved in
energy metabolism, oxidative stress, inflammation, and excitatory imbalance [63]. Here,
we report the results of our systems-biology based investigation, which analyzed the
Gibbs Homology network for protein–protein interaction epilepsy data at threshold 32.
The results of our investigations show that proteins with the highest Betti centrality are
mainly transmembrane proteins, heat shock proteins, as well as neuronal elongation and
cytoskeleton component proteins (alpha and beta tubulin isotypes). Importantly, by using
the Pareto ranking, we also found significant ribosomal protein overexpression involving
a number of these proteins. In the Supplementary Material, an additional analysis is
provided showing similar results for a control group of 55 subjects.

Pires et al. [64] examining the proteome of brain samples from epilepsy found an
overexpression of ribosomal proteins indicating an increased translational machinery. In-
creased ribosomal activity from microglia has been linked to neurological inflammatory
conditions [65]. Gliosis as inflammatory responses, is frequently found in epilepsy patients
and animal models. Moreover, the main histopathological features of TLE are hippocam-
pal neuronal cell loss and gliosis with extensive synaptic rearrangement (‘mossy fiber’
innervation). The question if inflammation is the effect or the cause of seizure has been
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potentially answered in a mice model. The genetic deletion of Beta1-integrin leads to the
development of astrogliosis that lead to spontaneous seizures [66]. Changes in glial cell
phenotype have also been shown in specimens from patients with pharmaco-resistant
temporal lobe epilepsy. Interestingly, astroglia molecular abnormalities have been revealed
with the altered expression, localization, and function of the K+ and water channels [67].
These findings suggest that astroglia cells play a pivotal role in epilepsy and should be
considered as promising targets for new therapeutic strategies.

This study identified a number of proteins that appear to play major roles in epilepsy
and can, therefore, become attractive targets for pharmacological inhibition. The main
proteins of interest are ribosomal proteins RPS1, RPS4, RPS10, RPS11, RPS15, RPS27, and
RPL10A, RPL18, and RPL32. Unfortunately, only two of these protein structures have been
solved and can be found in the Protein Data Bank (https://www.rcsb.org/ accessed on 30
August 2021), namely, RPS15 (PDB id: 1G1X) and RPL18 (PDB id: 1ILY). To the best of our
knowledge, there are no known specific and selective inhibitors of the above-listed protein.
However, there exist broad inhibitors of ribosomal activity, such as antibiotic molecules
hygromyacin B, tetracycline, and pactamycin [68]. Future pharmacological development
of specific inhibitors of the identified ribosomal proteins of interest could lead to important
advances in this field.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11178059/s1. Figure S1: Target identification results for a control group of 55 patients.
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Abstract: Halophyte plants are highly adapted to salt marsh ecosystems due to their physiological
and ecological characteristics. Halimione portulacoides (L.) Aellen is one abundant halophyte shrub
that belongs to a Chenopodiaceae family and Caryophyllales order and is found on sandy or muddy
coastlines and salt marshes. In this study, the leaves of sea purslane (H. portulacoides) grown in
Figueira da Foz (Portugal) were characterized at nutritional and mineral concentration. Moreover,
different methanolic extracts were obtained from the leaves, and the antioxidant activity was assessed
by several methods. From a nutritional point of view, this halophyte plant may be considered a good
source of dietary fiber, protein, natural minerals such as calcium, magnesium, manganese, copper,
and potassium. The primary sugar found in leaves of sea purslane is maltose, followed by sucrose,
glucose, and fructose. Finally, leaves showed a high content of phenolic compounds and considerable
antioxidant activity. The novel products butter and pasta enriched with powder dried leaves of
H. portulacoides revealed the plant’s potential to be used as a salt substitute and a good alternative
to enhance the sensory characteristics of products, with additional health benefits. The nutritional
characteristics and the phytochemical value highlight H. portulacoides as a potential candidate crop in
saline agriculture and to be used as a new vegetable, especially as a premium food in the novel “salty
veggies” market or as a kitchen salt substitute.

Keywords: halophyte; sea purslane; minerals; antioxidant activity; novel ingredient

1. Introduction

The increase of the world population leads to increased agricultural production to
obtain the necessary amount of food to feed everyone on the planet. Furthermore, global
warming and freshwater reduction lead to increased land salinity and dryness [1]. Thus,
innovations related to agricultural practices, type of value chain, and products have
been developed to increase food availability for the population and to shift toward more
sustainable food systems, either in the dominant food system regime or in alternative
niches. An example of a new strategy is the introduction of non-conventional plant-based
foods [2]. Regarding this issue, the interest in natural ingredients with good nutritional
and functional components properties that can replace synthetic ones has been increasing
in order to develop promising functional foods [2]. On the other hand, the loss of agro-
biodiversity has been an incentive to the introduction in agrosystems of innovative crops
with high-value biochemical composition and adaptability to climate change and soil
salinities. In this context, halophyte plants are extremely adapted to salt marsh ecosystems
due to their physiological and ecological characteristics (support at least 11.7 g L−1 of
NaCl), allowing them to live and grow in places with very high salt concentrations, where
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most plants are unable to survive [1,3]. Furthermore, the leaves of some halophyte plants
are rich in bioactive molecules, such as lipophilic compounds and phenols, including
flavonoids [3,4]. Hence, the scientific community has tried to understand the importance
of halophyte plants for human consumption, creating a market-positioning strategy as
added-value components for the pharmaceutical and nutraceutical industries and also for
the gastronomic area through the improvement of foods’ organoleptic properties [3,5].

The perennial Halimione portulacoides (L.) Aellen, sea purslane (“gramata branca” or
“beldroega do mar” in Portuguese), is a halophyte shrub that belongs to a Chenopodiaceae
family and Caryophyllales order. It is found on sandy and muddy coastlines and salt
marshes around the coasts of North Africa, Southwest Asia, and Europe [5,6]. In Europe, it
is one of the most productive and abundant species in salt marshes. This plant is dispersed
along the coast of the Iberian Peninsula, and the prevalence in the Portuguese estuaries is
at Tagus and Ria de Aveiro salt marches [7–10]. With a controversial taxon background,
Atriplex portulacoides is also acknowledged as a senior synonym of Halimione portulacoides in
the International Plant Names Index [11]. This plant is characterized as a shrub, reaching
up to 1.5 m in height (Figure 1). It is a monoecious, protruding-ascending species, with a
silvery-gray color and with stems that are often radiant. The leaves are decussate, speared,
hollowed out, whole, and fleshy. The inflorescence features unisexual flowers, and the fruit
is sessile [12].

Figure 1. Halimione portulacoides (L.) Aellen, sea purslane.

The potential of sea purslane in healthy and functional food products has recently been
highlighted by the similarity of its fatty acid composition with the S. ramosissima, which is
a promising functional food with a renewed interest as a food and pharmaceutical prod-
uct [4,13]. The lipophilic fraction of H. portulacoides leaves from estuarine environments of
Portugal is mainly composed of long-chain aliphatic acids (e.g., octacosanoic, triacontanoic,
oleic, hexadecanoic, and linoleic) and alcohols (e.g., octacosanol, hexacosanol, and trian-
contanol) (both in the C16–C30 range) while containing smaller amounts of sterols, such as
schottenol, sitosterol, and sitostanol. Furthermore, the environmental stresses induce in a
plant the synthesis of a wide range of phenolic compounds, such as sulfated flavonoids,
particularly derivatives of isorhamnetin-sulfate and carotenoids (such as zeaxanthin, β-
carotene, lutein, auroxanthin, violaxanthin, and antheraxanthin) [11,14–18]. These confer
important biological properties, such as antioxidant, anti-inflammatory, anti-trombotic,
and anti-cancerogenic activities [4,11,18]. Furthermore, H. portulacoides leaves are a good
source of protein and important dietary minerals, namely Mg, K, Ca, Fe, Mn, Cu, and
Zn [9,11,19–21]. The nutritional and biochemical profiles of the plant responsible for its
positive effects on human health increase its interest as a new vegetable, especially as a
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premium food in the novel “salty veggies” market [13]. Furthermore, its high productivity
in saline conditions and even in arid lands and its resistance to different environmental
stresses render H. portulacoides a good candidate for exploitation in sustainable and saline
agriculture. However, similar to most halophytes, relevant issues related to their cultiva-
tion remain to be defined, such as the effects of the season, geographical location, and the
morphology of the environment on their nutritional quality and salinity content [1]. An
adaptative trait of H. portulacoides is the capacity to concentrate seawater metal cations
beneficial to human health. However, in addition to naturally occurring metals, halophytes
could accumulate heavy metals derived from the human contamination of salt marshes’
sediments [11,22]. The high concentration of toxic heavy metals existent in some lagoon
environments and European estuaries have an impact on the macro and micro nutritional
composition of H. portulacoides [11]. Therefore, the location from which the plants are
harvested for food use constitutes a crucial factor for their nutritional quality and eventual
toxicity. However, by itself, this is no evidence of toxicity of H. portulacoides, since more
than 90% of toxic metals are retained in the plant’s below-ground organs [23,24]. According
to Cabrita et al. [24], the low concentration of mercury in the aerial parts of the plant are
attributed to metal release by leaves and stems, probably via stomata.

Although H. portulacoides is an almost forgotten traditional food, its use as food (raw
or cooked) and forage dates back thousands of years. Indeed, the use of this plant in
human culture comes from the Early Neolithic period, as evidenced by the finding of
this plant amongst ancient carbonized remains of food in northern Holland [11]. In Italy,
H. portucaloides is traditionally used raw in salads or cooked in some recipes based on
fish [11]. Moreover, its buds can be preserved in vinegar [25]. Nowadays, the fresh leaves
of this alimurgical wild edible species have been used in gourmet preparations [11]. Sea
purslane’s visually appealing aspect in terms of freshness and color are attributes that
potentiate its usage in a broad range of foods, namely to garnish dishes. However, sea
purslane may be used not only as a fresh product but also as a dried herb. Hence, powdered
dried leaves, which improve the product’s availability and shelf-life, could represent an
excellent alternative to creative reinterpretations of traditional foods. Moreover, it can be
incorporated into a broad range of foods, developing functional foods that are a trend in
the food industry driven by consumer’s acceptance and awareness of their positive health
effects. The dry halophyte leaves can be a natural salt substitute and a good alternative to
develop innovative traditional products with peculiar flavor and color traits enriched with
antioxidants compounds.

As referred above, the chemical, mineral, and bioactive compounds related to the
composition of the salt marsh sediments where the plant lives are not yet fully known.
Hence, to use H. portucaloides as food in safe conditions, a nutritional, biochemical, and
mineral characterization of the plant leaves is essential. To the best of our knowledge, the
nutritional, biochemical, and mineral composition of H. portucaloides of the salt marsh of
Figueira da Foz (Portugal) has not yet been characterized. Moreover, this is the first time
that it is developed into enriched products with sea purslane dried leaves. In this context,
the present study aimed to evaluate the macro and micro nutritional compounds and
phytochemical value of H. portulacoides concerning its potential to be used in the develop-
ment of new functional food ingredients. Furthermore, to incentivize the cultivation of H.
portulacoides, we proposed two novel products, pasta and butter, enriched with powdered
dried leaves. In addition, a sensory evaluation of the products was performed by a set of
consumer panelists.

2. Materials and Methods

2.1. Plant Material

H. portulacoides (L.) Aellen leaves were collected at Armazéns de Lavos (40◦06′43” N
8◦49′59” W), Figueira da Foz salterns, Portugal, in July 2019. The nutritional and mineral
profile was evaluated in the fresh leaves, and the biological profile was evaluated in
grinded freeze-dried (in a CoolSafe 100-9 Pro Freeze Dryer, Labogene, Denmark) leaves.
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The powdered samples were stored at room temperature and protected from light until
further use.

2.2. Chemicals

2,2′-Azino bis(3 ethylbenzothiazoline 6 sulfonic acid) diammonium salt (≥98%), 2,2′-
azobis(2-methylpropionamidine) dihydrochloride (97%), 2,2-diphenyl-1-picrylhydrazyl,
2,4,6-tris(2-pyridyl)-s-triazine (≥99%), 5,5′-dithiobis(2-nitrobenzoic acid) (99%), acetyl-
cholinesterase from Electrophorus electricus (electric eel), acetylthiocholine iodide (≥99.0%),
aluminum chloride (AlCl3, for synthesis), ammonium acetate (≥98%), butylated hydroxy-
toluene (≥99%), copper(II) chloride (CuCl2, for synthesis), ethylenediaminetetraacetic acid
(≥98.5%), ferrozine (97%), galantamine hydrobromide, gallic acid (≥98.0%), iron(II) chlo-
ride (FeCl2·4(H2O), ≥99%), linoleic acid (≥99%), neocuproine (≥98%), quercetin (≥95%),
sodium carbonate (≥99.5%), sodium dihydrogen phosphate (NaH2PO4·2(H2O), ≥98%),
thiobarbituric acid (≥98%), trichloroacetic acid, TRIS (≥99%), Trolox (97%), tryptic soy
agar, Tween®® 80, β-carotene (≥93%), as well as solvents (of analytical grade) were ob-
tained from Merck (Oeiras, Portugal). Acetic acid (glacial p.a.) was purchased from
Pronalab (Sintra, Portugal), the Folin–Ciocalteu’s reagent, HCl (35%) and iron(III) chloride
(FeCl3·6(H2O)) (≥98%) from Panreac (Barcelona, Spain), and potassium persulfate (99%)
and sodium phosphate dibasic (Na2HPO4, ≥99%) from Honeywell (Carnaxide, Portugal).

2.3. Nutritional Composition Analysis

The Association of Official Analytical Chemists (AOAC, 1997) methodologies were
used to determine the chemical properties of H. portulacoides. Moisture content (method
930.04), ashes (method 930.05), crude protein (method 978.04) using a nitrogen conversion
factor of 6.25, total lipids (method 930.09), and dietary fiber (AOAC 985.29) and crude fiber
(method 930.10) were determined. The carbohydrate content was determined from the
difference between 100 and the sum of the percentages of moisture, ashes, crude protein,
dietary fiber, and total lipid contents.

The Regulation (EU) No. 1169/2011 of the European Parliament and of the Council of
25 October 2011 was used for calculation of the energy values (expressed in kcal/100 g and
kJ/100 g) [26].

Quantification of sugars was performed by high-performance liquid chromatography
with refractive index detection (HPLC-RI), consisting of an LC1110 high-pressure pump
(GBC, Australia), LC-100 oven (Perkin-Elmer, USA), refraction 830-RI (Jasco, Japan), and an
HC-75 Ca ++ 305 × 7.8 mm column (Hamilton, Energy Way, Reno, NV, USA). The mobile
phase used was ultrapure water (Direct-pure, 10 Uv) with traces of sodium azide, with
a flow rate of 0.6 mL/minute, at 80 ◦C. The quantification was performed by BioUltra
standards (Sigma-Aldrich, St Louis, MO, USA). The data were collected by an Interface
Hercule Lite (JMBS) and processed by the software Borwin Chromatography Software,
version 1.5, build 16 by Jasco-Borwin (Japan).

2.4. Mineral and Heavy Metal Composition Analysis

For minerals and heavy metals analyses of H. portulacoides, a PerkinElmer PinAA-
cle 900 T Atomic Absorption Spectrometer (USA) was used. The contents of calcium,
copper, iron, magnesium, manganese, potassium, sodium, and zinc were quantified by
flame atomic absorption spectrometry (FAAS) (ISO 6869:2000) [27]. Cadmium, lead, and
chromium were analyzed by graphite furnace atomic absorption spectrometry (GFAAS)
(EN 14082:2003) [28]. A Thermo X series II inductively coupled plasma mass spectrometer
(ICP-MS) (Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the iodine
content in H. portulacoides (EN 15111:2007). The phosphorus content was determined
by spectrophotometry (ISO 6491:1998) [29] with a PG instruments T80+ UV/VIS spec-
trophotometer (UK). Traces of mercury were analyzed by an AMA254 Mercury Analyzer
(Leco, USA).
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2.5. Color Coordinates

The color coordinates of the H. portulacoides leaves were assessed in the top and bottom
sides using a colorimeter (Chroma Meter—CR-400, Konica Minolta, Tokyo, Japan), and
they were registered in the CIE Lab color space. The axis for L* corresponds to brightness
and varies from 0 (black) until 100 (absolute white). The chromatic coordinate a* ranges
from green (negative values) to red (positive values), and the b* coordinate ranges from
blue (negative) to yellow (positive). The total color difference (TCD) was calculated using
Equation (1), which allows quantifying the overall color difference between dried and fresh
leaves, which is this case was the control sample:

TCD =

√(
L∗ − L∗

0
)2

+
(
a∗ − a∗0

)2
+

(
b∗ − b∗0

)2 (1)

where L0*, a0*, and b0* are the color coordinates for the control sample [30].
For evaluation of color, 20 measurements were made in the fresh leaves (top and

bottom sides) and in the dried powder.

2.6. Extraction Procedure

H. portulacoides powdered leaves samples (5 g) were extracted with 100 mL of ethanol
for 3 h, at room temperature, in a magnetic stirrer. The extract was centrifuged for 10 min
at 2500 rpm; then, the supernatant was filtered and stored at a concentration of 5 mg/mL
at 4 ◦C until further analysis.

2.7. Chemical Composition and Antioxidant and Enzymatic Activities

The total phenolic and flavonoid contents (TPC and TFC, respectively) and the de-
termination of the enzymatic (cholinesterase inhibition) and antioxidant activities (DPPH
and ABTS radical scavenging methods, β-carotene/linoleic acid bleaching method, lipid
peroxidation inhibition, metal chelating ability, reducing power—FRAP and CUPRAC)
and enzymatic (cholinesterase inhibition) activities were performed according to modified
versions of literature reported methods [31].

2.8. Drying

The drying of H. portulacoides fresh leaves (5 kg) was performed in a laboratory scale
tray dryer. The drying unit consists of a chamber equipped with six trays (45 × 90 cm),
heating elements, and a flow fan with adjustable speed yielding. The leaves were dried at
a temperature of 65 ◦C and air velocity of 1.5 m/s for 22 h. The dried leaves were grinded
using a homogenizer and reduced to powder.

2.9. Food Usage Suggestions
2.9.1. Pasta

A basic pasta recipe was prepared (control) with the following ingredients: 100 g
of wheat flour T65, one egg, and 1.6 g of salt (control). In enriched pasta, the content of
salt was replaced by 7.7 g of powdered dried H. portulacoides (equivalent to 1.6 g of salt,
assuming that all Na of the dried leaves is linked to NaCl). In both pastas, the ingredients
were mixed and kneaded by hand for 15 min and left to rest in the cold, at approximately
4 ◦C, for 30 min. Then, the paste was prepared and shaped with a home pasta-shaping
machine (Figure 2). The machine was adjusted to produce pasta with 1 mm of thickness.
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Figure 2. Ingredients and pasta preparation.

The pasta cooking time was 10 min in boiling water (for 100 g of pasta, 2 L of water
was used, to which 6 g of salt was added). Cooking was carried out with precision by
respecting the standardized protocol ISO 7304-1:2016 [32] in order to make it possible to
compare both samples (control and enriched pasta). After cooking, the pasta was poured
into a sieve and drained.

2.9.2. Butter

Pasteurized cream (with 40% of fat) was cooled at ±6 ◦C. After that, cream was mixed
in a tank, and the biological ripening was performed at 15 ± 2 ◦C until reaching a pH
between 4.8 and 5.2 by adding a dairy starter culture (Lactococcus lactis subsp. cremoris,
Leuconostoc, Lactococcus lactis subsp. Lactis, and Lactococcus lactis subsp. lactis biovar
diacetylactis) (FS-DVS Flora Danica). The mixture was introduced in a churning machine.
In the churning process, the cream was violently agitated to break down fat globules,
allowing the fat to coagulate into butter grains. During churning at a temperature between
8 and 12 ◦C, the buttermilk was drained off, and butter began to appear in the form
of grains.

The grains were washed with pasteurized water to remove any residual buttermilk
and milk solids, controlling the butter’s moisture content up to 16%. Next, to a portion
of butter was added salt to produce butter with 1% of NaCl salt, and to another part was
added 1% of dried powdered sea purslane. After salting, the butter was worked vigorously
to ensure an even distribution of the salt or sea purslane powder, depending on the case.
The butter was packed in vegetal paper and refrigerated at 3 ◦C until further use.

2.10. Sensory Evaluation

Consumer panelists were recruited from the Coimbra Agriculture School (ESAC) in
order to evaluate possible changes in the organoleptic characteristics of pasta and butter
resulting from the addition of H. portulacoides. To assess the preference for a given product
by the tasters, a Product Preference Test was used. Samples of products non-fortified
with dried powder of H. portulacoides (control) and fortified were presented randomly to
40 tasters. Panelists were placed randomly at room temperature, and water was served to
clean their palates prior to proceeding to the next sample.

The organoleptic attributes (color, flavor, texture, appearance, and overall acceptance)
of pasta and butter samples (control and enriched with H. portulacoides) were evaluated
using a 9-point hedonic scale (1 = dislike extremely to 9 = like extremely). Tasters were also
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asked to rank products according to their purchasing preference and enquired about the
regularity of consumption of pasta and butter.

2.11. Statistical Analysis

Statistical analyses were performed to evaluate if the differences between mean values
(color and sensorial attributes) were statistically significant. For comparison of mean values
between two groups (samples), the independent samples T-test was used. The results
of biological activity were analyzed using one-way ANOVA (for three or more groups)
followed by Tukey’s post hoc test for statistical comparison between the experimental
data. In all cases, the level of significance considered was 5%. The statistical analyses were
performed using the software SPSS V26 and GraphPad Prism (GraphPad Software, USA)

The IC50 values were calculated for each extract fitting the results using nonlinear
regression analysis in sigmoidal dose–response curves (variable slope).

3. Results and Discussion

3.1. Nutritional Composition

The H. portulacoides plant can become important for application in new food products
due to its nutritional composition and health-beneficial properties. Table 1 shows the
average values of the main chemical components for sea purslane grown in Figueira da
Foz (Portugal), expressed in raw and dry matter.

Table 1. Nutritional composition of Halminione portulacoides.

Composition Raw Matter Dry Matter

Energy (kcal/100 g) 48.03 ± 0.06 218.59 ± 0.30
Moisture (g/100 g) 78.03 ± 0.01 -

Ash (g/100 g) 6.09 ± 0.02 27.70 ± 0.09
Dietary fiber (g/100 g) 8.90 ± 0.01 40.49 ± 0.06
Crude fiber (g/100 g) 4.54 ± 0.01 20.64 ± 0.07

Protein (g/100 g) 2.08 ± 0.02 9.47 ± 0.07
Lipids (g/100 g) 0.46 ± 0.01 2.07 ± 0.05

Carbohydrates * (g/100 g) 4.45 ± 0.01 20.26 ± 0.06

* excluding fiber.

The moisture content of wild H. portulacoides evaluated in this work was 78.03 g/100 g.
However, the moisture content of the same plant growing in hydroponics conditions was
reported as being around 90% [9].

In general, halophyte plants such as H. portulacoides have higher ash contents than
other edible plants. As an example, Sarcocornia ambigua has an ash content of 24.98% (dry
matter) [33], contrasting with Sarcocornia perennis (43.62%, dry matter) [2], Arthrocnemum
macrostachyum (31.6%, dry matter), and Salicornia ramosissima (29.2%, dry matter) [4].
The ash content is related to the total concentration of minerals. Therefore, the high
concentration of ash observed in these sea plants is probably related to their ability to retain
the minerals of the seacoast saline soils [4].

The total mineral content (ash) of sea purslane leaves (27.70%, dry matter) was very
similar to that reported by Briens et al. (around 28%, dry matter), which were both collected
in salt marshes [34]. Sea purslane that grows in saline hydroponic conditions, with different
nutrient solutions, presented a leaf mineral content of 36.67% (dry weight) [9].

Plants have a variety of lipids with important biological functions involving plant
metabolism. These lipids play structural and signaling roles that are significant in the
metabolic regulation, protection, and homeostasis of the cell [13].

The lipid content extractable with petroleum ether was 0.46 g/100 g of raw matter.
Custódio et al. [9] reported that the lipid content in leaves was 0.33 g/100 g, and in
another study, the same author presented values in the range 0.74–0.94 g/100 g [3]. The
lipids in plants act as signalers, energy storage compounds, and hydrophobic barriers for
the membrane [35]. In human health, lipids are essential for promoting the absorption
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of some vitamins and helping build some tissues [36]. Maciel et al. (2018) presented
nineteen different fatty acids in H. portulacoides leaves characterized by a high percentage of
polyunsaturated fatty acids (PUFA) (approximately 60%) and omega-3 (n-3) (approximately
45%). The percentage of saturated fatty acids (SFA) was around 27%, and monounsaturated
fatty acids (MUFAs) represented approximately 12%. In addition, it was referred that the
first and second most abundant SFA were C18:3 (n-3) (approximately 43.5%) and C16:0
(19.2%), respectively. The MUFA fatty acid present in the highest amount was C18:1 (n-9)—
oleic acid (approximately 10%). The ratio of n-6/n-3 fatty acids (0.32) and the presence of
phospholipids and glycolipids of high biological value [13] increase the nutritional value
of sea purslane, enabling it to be used as gourmet food with potential health benefits.

Leaves’ protein content, 9.47 g/100 g of dry matter, was similar to values reported for
halophyte plants such as Sarcocornia perennis subsp. alpini (8.10 g/100 g) and Sarcocornia
perennis subsp. perennis (6.90 g/100 g) [4]. The recommended intake for adults is 0.8 g of
protein per kilogram of body weight [36].

The total carbohydrates of leaves were 4.45 g/100 g (fresh weight) or 20.26 g/100 g
(dry matter). The carbohydrates in plants are the main sources of energy and constitute
carbon skeletons for organic compounds and storage components [37,38]. In addition, they
help to maintain glycemic homeostasis and gastrointestinal integrity. The lowest amount
of carbohydrates that humans should consume per day is 130 g [36,39].

H. portulacoides presented higher inorganic matter (ash), lipids, and protein contents
than, for example, Salicornia spp., which is a halophyte plant suitable for human consump-
tion and considered as a promising functional food [40]. The results highlight that, as other
commercially available halophytes, H. portulacoides has the potential to be consumed fresh,
processed, or used in novel food products with health benefits.

Figure 3 illustrates the four sugars (maltose, glucose, fructose, and sucrose) identified
in these plant leaves. The major sugar was maltose with 3.01 ± 0.08 g/100 g, followed
by sucrose with 0.49 ± 0.02 g/100 g, glucose with 0.30 ± 0.02 g/100 g, and fructose
with 0.21 ± 0.01 g/100 g, as expressed in raw matter. Among the main soluble sugars,
maltose was predominant in leaves of sea purslane, and glucose and fructose were not
accumulated significantly in this plant. Total sugars represented 90% of the carbohydrates
found in H. portulacoides leaves. Custódio et al. [9] reported a content of 0.3 g/100 g (raw
matter) of total sugars in sea purslane leaves. According to Briens et al. [34], the amount of
carbohydrates in H. portucaloides leaves (dry matter) was 127 μmol/g, corresponding to
50 μmol/g of sucrose, 41 μmol/g of fructose, 23 μmol/g of glucose, and 13 μmol/g of other
carbohydrates. Based on the capacity to accumulate carbohydrates and (or) nitrogenous
solutes, H. portulacoides is a species that produces more nitrogenous solutes than soluble
carbohydrates under saline stress.

Based on the ratio between carbohydrates (20.26%) and ash (27.70%), which are
both expressed in dry matter, H. portulacoides could be considered a plant with a high
level of inorganic ions and a low content of sugars. Other halophyte plants with this
behavior are Atriplex, Aster, Salicornia, and Suaeda [34]. Moreover, 100 g of fresh leaves
provide 48.03 ± 0.06 kcal of energy, which is higher than the value of 18.5 kcal described
by Custodio et al. [9].
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Figure 3. Chromatogram of Halimione portulacoides sugars. A: maltose, B: sucrose, C: glucose, and D:
fructose.

3.2. Color

Since the sea purslane leaves have a slightly different color on the top and bottom, the
color coordinates were evaluated on both sides. The values for the L*, a*, and b* coordinates
on the top fresh leaves were 49.74, −7.20, and 6.48, respectively. The values for the bottom
of the fresh leaves were similar: 49.98, −7.36, and 7.32, respectively for L*, a*, and b*. The
fresh leaves showed a silvery–gray color.

The color parameters (L*, a*, and b*) for fresh leaves and dried powder of H. portula-
coides are presented in Figure 4. Comparing the color parameters of the dried samples with
those obtained for fresh leaves, it was possible to conclude that drying induced a rise in
L* and b* color parameters, indicating an increase in the lightness and yellowness of the
dehydrated plant. These differences were statistically significant for the color coordinates
L* and b* (p < 0.0005 in both cases) but not significant for a* (p = 0.832).

Figure 4. Color parameters of fresh leaves and dried powder of H. portulacoides. Bars with the same
letter are not statistically different for each of the color coordinates. The color used for each series in
the graph is the estimated real color of sea purslane in the fresh and dried states.

The total color difference ΔE, which is a combination of the L *, a *, and b * values,
is a colorimetric parameter extensively used to characterize the variation of color in food
during processing. The color difference had a value of 16.1 for the leaves dried at 65 ◦C,
being mainly attributed to differences in lightness and yellowness parameters.
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3.3. Mineral and Heavy Metal Composition

Due to the saline environment, halophytes, in general, have higher contents in minerals
than other edible plants [41]. The mineral content of H. portulacoides leaves, obtained by
atomic absorption spectrometry, is shown in Table 2.

Table 2. Mineral composition (mg/100 g raw matter) and the mineral intake (%) provided by 100 g
of fresh leaves of H. portulacoides.

Composition
Raw Matter

mg/100 g
Intake Provided by 100 Fresh

Leaves (%)

Sodium, Na 1799.38 ± 13.98 78.0
Potassium, K 314.97 ± 0.89 9.5
Calcium, Ca 168.02 ± 0.63 24.0

Magnesium, Mg 67.24 ± 0.29 28.0
Phosphorus, P 40.41 ± 1.58 7.3

Iron, Fe 2.18 ± 0.15 7.6
Manganese, Mn 1.51 ± 0.04 73.7

Zinc, Zn 0.64 ± 0.05 7.8
Copper, Cu 0.21 ± 0.02 16.8

Iodine, I 0.011 ± 0.004 7.3

The intake of minerals provided by 100 g of fresh leaves of H. portulacoides was
estimated from the average RNIs (Recommended Nutrient Intakes) for adult females and
males in the European Union (when applicable) (adapted from [42–45]).

The most abundant minerals were sodium, potassium, calcium, magnesium, and
phosphorus, followed by iron, manganese, zinc, copper, and iodine with minor concentra-
tion. Phosphorus, calcium, magnesium, sodium, potassium, and iron are essential minerals
for human health [37]. Zinc, copper, manganese, chromium, and nickel are necessary in
residual concentrations in the human diet [37].

In general, a distinctive property of the halophyte plant is its exceptionally high
sodium content. In fact, the amount of sodium in fresh leaves of H. portucaloides is around
1.8% (raw matter). The sodium consumption per day should not exceed 2300 mg [46]
and, consequently, the intake of 100 g of fresh H. portulacoides corresponds to 78% of the
daily value recommended for sodium. Sodium is considered an essential nutrient, but its
excessive consumption is associated with several pathologies such as hypertension and
cardiovascular disease [4]. Hence, the sodium concentration in leaves is acceptable for
human intake, but special care must be taken to not exceed the daily dose recommended
by the FDA [46].

The content of sodium (8.19 g/100 g, dry matter) was similar to the value 7.82 g/100 g
(dry matter) found by Custódio et al. [9] for leaves of H. portulacoides and Salicornia species
(Table 3), which are succulent shoots highly appreciated in gourmet cuisine due to their
salty taste. The level of sodium accumulation in plant tissues depends on the availability
of elemental nutrients concentrations, namely nitrogen, in saline environments [22,47].

Potassium and calcium are other minerals in high concentration in this plant, respec-
tively, 1433.64 and 764.77 mg/100 g (dry matter). In dry matter, the potassium concentration
in leaves of H. portulacoides was similar to that in Salicornia bigelovii but much higher than
Sarcocornia perennis alpini or Salicornia ramosissima [48]. Leaves of H. portulacoides presented
much higher calcium contents than Sarcocornia and Salicornia species (Table 3). Amongst
the halophyte plants, the H. portulacoides plant is a good source of calcium and potassium.

Copper, zinc, and iron are essential micronutrients necessary in chloroplast reactions,
enzyme systems, protein synthesis, and hormone growth [49]. Iron is an essential mineral
and cofactor in the synthesis of neurotransmitters, as well as an important constituent
of proteins involved in oxygen transport and metabolism [19]. Concentrations of iron
(9.92 mg/100 g of dried matter) in leaves of sea purslane are similar to the halophyte
Salicornia bigelovii Torr [48].
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Zinc concentration in H. portulacoides leaves (2.93 mg/100 g in dry matter) is higher
than the value reported by Reboredo et al. (1.94 mg/100 g in dry matter) [50].

Iodine is a vital nutrient for human health, since it regulates thyroid function. Low iodine
intake is responsible for thyroid disorders [51]. The iodine content (0.05 mg/100 g of dry
matter) presented in sea purslane leaves was higher than in cereals and grains (ranging from
0.0016 to 0.039 g/100 g), meat (0.0034–0.034 g/100 g), dairy products (0.047–0.069 g/100 g),
fresh fruit (0.00018 g/100 g), fresh vegetables (0.0036 g/100 g), leafy vegetables (salad)
(0.0236 g/100 g), mushrooms (0.021 g/100 g), or nuts (0.0218 g/100 g), which are all
expressed in dry matter [52].

Although foods of marine environment such as marine fish and seaweed are the major
suppliers of iodine [53], H. portucloides represents an important source of iodine. The oral
intake of iodine recognized for adequate nutrition in human adolescents and adults is
150 mg per day [52]. The ingestion of 100 g of fresh leaves corresponds to 7.3% of the daily
values recommended for iodine [43].

In general, H. portulacoides leaves are a good source of minerals such as Ca, Mg, Mn,
and Cu. It should be noted that 100 g of fresh leaves provide values of 24% and 28%,
respectively, for calcium and magnesium, 74% for manganese, and 17% for copper.

Table 3. Mineral composition (dry matter) of Halimione portulacoides and other halophyte plants.

Composition
H. portulacoides

Present Study

Sarcocornia
perennis alpini

[4]

Salicornia
ramosissima

[4]

Salicornia
bigelovii Torr

[43]

Na (mg/100 g) 8190.18 ± 35.10 6430 ± 90 8990 ± 50 8618 ± 613
K (mg/100 g) 1433.64 ± 4.07 1030 ± 10 892 ± 23 1520 ± 69
Ca (mg/100 g) 764.77 ± 2.86 263 ± 1 486 ± 5 535 ± 17
Mg (mg/100 g) 306.06 ± 1.32 703 ± 4 943 ± 8 1019 ± 52
P (mg/100 g) 183.93 ± 2.68 - - 155 ± 9
Fe (mg/100 g) 9.92 ± 0.67 128 ± 5 153 ± 2 8.64 ± 0
Mn (mg/100 g) 6.87 ± 0.16 6.52 ± 0.03 20.4 ± 0. 4 -
Zn (mg/100 g) 2.93 ± 0.22 2.52 ± 0.01 6.87 ± 0.01 3.5 ± 0.12
Cu (mg/100 g) 0.94 ± 0.08 - - 0.79 ± 0.12
I (mg/100 g) 0.05 ± 0.02 - - -

Cd (μg/100 g) 89.02 ± 0.47 19 ± 0.00 nd 8.63 ± 0.00
Pb (μg/100 g) 17.91 ± 0.55 131 ± 2 145 ± 2 17.27 ± 8.64
Hg (μg/100 g) 6.98 ± 0.10 - - -
Cr (μg/100 g) - 492 ± 11 524 ± 5 -

nd: not detected; -: not presented. Adapted from [4,48,54].

Cadmium, lead, and mercury, considered human carcinogens [55], were detected in H.
portulacoides. According to the Commission Regulation (EC) n◦ 466/2001 of 8 March 2001,
the maximum content of cadmium in leafy vegetables, fresh herbs, celery, and all cultured
mushrooms is 0.2 mg/kg (20 μg/100 g of fresh weight), and the maximum lead content
in brassica, leafy vegetables, fresh herbs, and all mushrooms is 0.3 mg/kg (30 μg/100 g
of fresh weight) [56]. Thus, the concentrations of toxic metals were below the legislated
values and there was a much lower concentration of lead than in Sarcocornia perennis alpini
and Salicornia ramosissima from Castro Marim (Algarve, south of Portugal) (Table 3) [4]. The
different amounts of these contaminants are dependent on the level of contamination of
sediments in salt marshes, since halophytes have the ability to accumulate metals such as
Zn, Cr, Pb, Ni, and Cd, among others. However, metal concentrations found in the above-
ground tissues of halophyte plants such as Salicornia fruticosa and Salicornia maritima from
Tagus and Guadiana estuaries (Portugal) were up to four orders of magnitude lower than
in below-ground parts, confirming metal retention in their roots and a residual upward
translocation [54,57,58].

Mercury is a dangerous pollutant due to its high toxicity, making it a major threat to
coastal ecosystems [24]. As other metals, the mobility of mercury is greater in the roots,
and only a small part is translocated to the above-ground parts of the plant [10]. Hence,
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the mercury concentration of above-ground tissues can be 174 to 545-fold times lower than
that of the roots [10].

In fact, the content of mercury in H. portulacoides leaves (1.53 μg/100 g of raw matter)
is around 33 times lower than the limit values defined for fishery products such as fish
(50 μg/100 g) [56]. Moreover, the content of mercury in H. portulacoides leaves (under
study) collected in Figueira da Foz (Portugal) is lower than the values reported for the same
plant tissues (6–14 μg/100 g) collected in Laranjo Bay salt marsh (Ria de Aveiro, Portugal),
during April 2003 and April 2004 [10]. The higher concentration of mercury in sea purslane
leaves of Ria Formosa can be attributed to its high level of mercury contamination, being
one the most mercury-contaminated systems in Europe [10].

The content of heavy metals (cadmium, lead, and mercury) found in H. portulacoides
leaves was much lower than the values that could be considered dangerous to human
health, making the leaves a safe product.

3.4. Total Phenolic and Flavonoid Content

Halophytes are rich in highly bioactive phytochemicals [15], particularly in phenolic
compounds, which are abundantly present in the human diet, and to which are attributed
important antioxidant properties, their intake being associated with a decreased risk of
development of oxidative stress-related diseases [14]. Flavonoids are one of the most
important families of phenolic compounds, thus contributing to their health benefits,
namely as anticancer and chemopreventive agents [17]. Therefore, the measurement of
the phytochemical composition of an extract in terms of total phenolic and flavonoid
content can be used to estimate its antioxidant potential. Regarding the TPC of the H.
portulacoides extract, the results presented in Table 4 support the advantage of using ethanol
as extraction solvent, since a higher content of phenolic compounds was obtained when
compared with reported extractions using hexane, chloroform, methanol [16], ethyl acetate,
and water [59]. Moreover, the TPC for the H. portulacoides extract is in agreement with
previous results obtained for this plant harvested in the same region of Portugal [18]. The
TFC is higher than those reported for other halophytes, namely Ipomoea pes-caprae [60],
which can be attributed to the rich content of sulfated flavonoids, particularly derivatives
of isorhamnetin-sulfate [18], which proved to possess higher antioxidant activity than
α-tocopherol [61].

Table 4. Chemical composition and antioxidant and enzymatic activities of the H. portulacoides leaves
extract.

Assay H. portulacoides Extract

Chemical composition

TPC (mg GAE/g extract) 16.10 ± 0.20

TFC (mg QCE/g extract) 26.60 ± 0.80

Antioxidant activity

DPPH (IC50 mg/mL) 3.70 ± 0.40

ABTS (IC50 mg/mL) >5

β-carotene/linoleic acid (IC50 mg/mL) 0.15 ± 0.03

Lipid peroxidation (IC50 mg/mL) >5

Metal chelating ability (IC50 mg/mL) 2.30 ± 0.50

FRAP (mg TE/g extract) 19.90 ± 1.90

CUPRAC (mg TE/g extract) 44.00 ± 2.30

Enzymatic activity

AChE inhibition (IC50 mg/mL) >5

GAE, gallic acid equivalents; QCE, quercetin equivalents; TE, Trolox equivalents.
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3.5. Antioxidant and Enzymatic Activities

The ethanolic extract of H. portulacoides exhibits a higher DPPH activity (IC50 =
3.70 ± 0.40 mg/mL) when compared to data obtained for extracts using other solvents
(IC50 > 10 mg/mL) and analogous ABTS scavenging capacity as reported hexane, methanol,
and water extracts [16]. When compared to the inhibitory potential of other halophytes, H.
portulacoides (IC50 = 0.15 mg/mL) shows higher activity than Suaeda pruinose, Suaeda mar-
itima, and Suaeda mollis (IC50 values of 0.54, 1.42, and 0.54 mg/mL, respectively) [62]. Never-
theless, it is still considerably less active than the antioxidant BHT (IC50 = 0.005 mg/mL) [31].
Regarding the TBARS assay, the H. portulacoides extract did not present the capacity to
inhibit lipid peroxidation in the range of concentrations tested.

Antioxidants are able to chelate and reduce prooxidant metal ions responsible for
the production of ROS, e.g., the ferrous ions that produce free radicals via the Fenton
reaction [63]. The H. portulacoides extract is more effective in reducing copper (CUPRAC—
44.00 mg TE/g extract) than iron (FRAP—19.90 mg TE/g extract). This was already re-
ported for water, methanol, and ethyl acetate extracts of H. portulacoides, with FRAP values
ranging from 31.59 to 50.06 mg TE/g extract and CUPRAC from 51.83 to 71.21 mg TE/g
extract [60].

The acetylcholinesterase inhibition was tested for the H. portulacoides extract, though
no significant activity was observed in the range of concentrations tested. Previous studies
had already reported a very modest activity for water, methanol, and ethyl acetate extracts
of H. portulacoides against AChE [60]. Nevertheless, these results contrast with those
reported for ethanolic extracts of the leaves of other halophytes, such as Armeria pungens,
with a high activity against AChE (IC50 = 90.3 μg/mL) [64].

The results for the β-carotene bleaching assay were obtained after 2 h of reaction.
Values represent the mean ± standard deviation of three independent experiments.

3.6. Sensory Evaluation

The assessors, 30% men and 60% women, were aged between 18 and 63 years old,
being on average of 31.25 ± 14.12 years.

The test is presented with two coded samples to evaluate the product attributes in the
hedonic scale. Figure 5 shows the control and enriched pasta with H. portulacoides.

Figure 5. Control (non-enriched) and enriched pasta with H. portulacoides.

Figure 6 shows the results of the sensory evaluation of four pasta attributes: color,
flavor, texture, and overall acceptance; all were expressed in the scale from 1 (dislike
extremely) to 9 (like extremely). Among the sensorial parameters, texture showed the
best results (7.2 and 7.7, respectively, for enriched pasta and control pasta). The overall
acceptance also had results very close to 7.6 for the pasta without H. portulacoides and
close to 6.8 for the pasta with H. portulacoides. The attributes of color and flavor had,
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respectively, scores of 8 and 6.5 for the enriched pasta and around 7.7 and 7.5 for the control
pasta. Although the lower scores were obtained for the enriched pasta, its acceptance was
reasonable. Statistical analysis showed that the differences between the mean scores for the
control and enriched pastas were significant for attributes flavor (p = 0.004) and overall
acceptance (p = 0.003), while for the other attributes (color and texture), there were no
significant differences (p > 0.05). Figure 6 shows the results of the sensory evaluation of four
pasta attributes: color, flavor, texture, and overall acceptance, which are all expressed in
the scale from 1 (dislike extremely) to 9 (like extremely). Among the sensorial parameters,
texture showed the best results (7.2 and 7.7, respectively, for enriched pasta and control
pasta). The overall acceptance also had results very close to 7.6 for the pasta without H.
portulacoides and close to 6.8 for the pasta with H. portulacoides. The attributes of color and
flavor had, respectively, scores of 8 and 6.5 for the enriched pasta and around 7.7 and 7.5
for the control pasta. Although the lower scores were obtained for the enriched pasta,
its acceptance was reasonable. Statistical analysis showed that the differences between
the mean scores for the control and enriched pastas were significant for attributes flavor
(p = 0.004) and overall acceptance (p = 0.003), while for the other attributes (color and
texture), there were no significant differences (p > 0.05).

Figure 6. Sensory analysis for control (non-enriched) and enriched pasta with H. portulacoides.

When asked about the purchasing preference, 37.5% of the panel members preferred
pasta enriched with H. portulacoides and 62.5% preferred control pasta.

Figure 7 shows the butter enriched with H. portulacoides.

Figure 7. Butter enriched with H. portulacoides.
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Figure 8 presents the results of the sensory evaluation of six parameters: appearance,
color, flavor, scent, texture, and overall acceptance to enriched and control butter. It should
be noted that the enriched butter had the higher scores in all organoleptic characteristics.
Texture had the higher scores for both butters, but the enriched butter presented the highest
value. The overall acceptance and appearance of fortified butter also scored with values of
8.15 in both cases, while the values were, respectively, 7.48 and 7.60 for the butter without
H. portulacoides. Overall, the tasters preferred the butter with H. portulacoides to the control
butter. Statistical analysis revealed that significant differences were found between the
control and enriched butter samples only for the mean scores for appearance (p = 0.003),
while for all other attributes, the differences were not significant (p > 0.05).

Figure 8. Sensory analysis for control (non-enriched) and enriched butter with H. portulacoides.

Moreover, when asked about the purchasing preference, only 7.5% of the panel
members referred that they would not buy enriched butter, resulting in a good market
acceptance if this product would be available in the market. Although both products had
been enriched with dried powder leaves of H. portucaloides, their acceptability is different,
depending strongly on the type of product.

4. Conclusions

The present work determined the nutritional and mineral profile of H. portulacoides
leaves collected in the salterns of Figueira da Foz (Portugal) and their biological activity.
The exploitation of powder dried leaves as a salt substitute and enhancer of sensory
characteristics of foods (pasta and butter) was also assessed.

The halophyte sea purslane plant may be considered a good source of dietary fiber,
protein, and lipids, presenting higher concentration of these nutrients than some Salicornia
species that are halophyte plants suitable for human consumption and considered as
promising functional foods. Moreover, high concentration of minerals such as sodium,
potassium, calcium, magnesium, and phosphorous were found in sea purslane leaves.
Although they have low concentration of manganese, the ingestion of 100 g of fresh leaves
provides 74% of the daily dose recommended for adults.

The H. portulacoides leaves extract with the green solvent (ethanol) yielded more
phenolic compounds than extractions using other organic solvents and higher content in
flavonoids when compared to other halophytes such as Ipomoea pes-caprae. Moreover,
an increased antioxidant potential measured by the DPPH and ABTS radical scavenging
assays was found compared to the use of other solvents and when compared to other
halophytes such as Suaeda species. In addition, the H. portulacoides leaves extract was more
effective in reducing copper than iron, as assessed by the CUPRAC and FRAP assays.
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In terms of its use as a novel ingredient, butter and pasta enriched with powder
dried leaves of H. portulacoides revealed the plant’s potential to be used as a salt substitute
that enhances the sensory characteristics of products, providing health benefits to the
consumers.
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Francesco Cappello 4,5, Piotr Trzonkowski 2 and Maciej Niedźwiecki 1

Citation: Pawlik-Gwozdecka, D.;

Sakowska, J.; Zieliński, M.;
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justynas@gumed.edu.pl (J.S.); mzielinski@gumed.edu.pl (M.Z.); piotr.trzonkowski@gumed.edu.pl (P.T.)

3 Department of Medical Chemistry, Medical University of Gdańsk, 80-211 Gdańsk, Poland;
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Abstract: HSPs demonstrate a strong association with gamma-delta (γδ) T cells. Most of the studies
regarding interactions between the parameters were conducted in the 1990s. Despite promising
results, the concept of targeting γδ T cells by HSPs seems to be a forgotten direction due to potent
non-peptidic phosphoantigens rather than HSPs have been found to be the essential stimulatory
components for human γδ cells. Currently, with greater knowledge of lymphocyte diversity, and
more accurate diagnostic methods, we decided to study the correlation once again in the neoplas-
tic condition. Twenty-one children with newly diagnosed acute lymphoblastic leukaemia (ALL)
were enrolled on the study. Serum HSP90 concentrations were evaluated by an enzyme-linked
immunosorbent assay (ELISA), subsets of γδ T cells (CD3+ γδ, CD3+ γδ HLA/DR+, CD4+ γδ and
CD8+ γδ) by flow cytometry. We have shown statistically relevant correlations between serum
HSP90 and CD3+ HLA/DR+ γδ T cells in paediatric ALL at diagnosis (R = 0.53, p < 0.05), but not
after induction chemotherapy. We also have demonstrated decreased levels of both serum HSP90
and CD3+ HLA/DR+ γδ T cells before treatment, which may indirectly indicate dose-dependent
unknown interaction between the parameters. The results of our study may be a good introduction
to research on the association between HSPs and CD3+ HLA/DR+ γδ T cells, which could be an
interesting direction for the development of anti-cancer strategies, not just for childhood ALL.

Keywords: serum HSP90; gamma-delta T cells; acute lymphoblastic leukaemia

1. Introduction

Heat-shock proteins (HSPs) have recently been extensively studied in the context of
anticancer properties, especially their extracellular form. Serum HSPs have been found
to elicit antitumour immunity by acting as tumour-specific antigens, and adjuvants that
facilitate uptake, processing, and presentation [1,2].

According to many reports, HSPs demonstrate a strong association with gamma-delta
(γδ) T cells by different mechanisms including direct recognition of specific epitopes in
their free form or as peptide-HSPs complexes [3].

Human γδ T cells represent a small subset of CD3+ T lymphocytes (1–10%), however,
these cells have been gaining the interest of scientists’ and clinicians’ as they demonstrate
both innate and adaptive immune properties. Their primary functions include phagocytosis
and the presentation of soluble antigens to alpha-beta (αβ) T cells, induction of dendritic
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cells (DC), maturation and the production of cytokines [4]. The key advantage of γδ T cells
is their ability to identify antigens out of the context of the classical major histocompatibility
complex (MHC) and the natural tropism of γδ T cells for the tumour microenvironment [5].

Numerous reports have confirmed the safety of using γδ T cells in adoptive im-
munotherapy [6]. Unfortunately, the efficacy of γδ T cell immunotherapy has been limited.
This is hypothesized to be due to the ambiguous effects of specific γδ T cell subsets on
cancer cells. Furthermore, energy or exhaustion of the effector γδ T cells has been observed
after induction by ligands such as n-aminobisphosphonates or phosphorylated antigens [7].
The targeting of γδ T cells by HSPs seems to be a forgotten direction.

Most of the studies regarding interactions between γδ T cells and HSPs were conducted
in the 1990s but, despite promising results, the concept was abandoned. Currently, with
better technical capabilities, greater knowledge of lymphocyte diversity, and more accurate
diagnostic methods we decided to study the correlation once again in the neoplastic condition.

Due to the limited reports concerning extracellular HSP90—one of the most investi-
gated proteins of the HSP family and the correlation with the frequency of specific subunits
of γδ T cells in cancers, we examined the relationship between these parameters in the
peripheral blood of 21 paediatric patients with B-cell acute lymphoblastic leukaemia (ALL)—
the most common cancer in children. In the past, the prognosis was distressingly poor
with only a 31% chance of a five-year survival. New diagnostic and treatment modalities
have contributed to a drastic improvement in patient outcomes [8,9]. However, despite the
relatively satisfying results of conventional chemotherapy, leukaemia remains the leading
cause of cancer-related death among children [10].

2. Materials and Methods

Twenty-one patients (10 male and 11 female) aged 1 to 18 years were enrolled in the
study. The diagnosis of acute lymphoblastic B-cell leukaemia was verified in accordance
with the therapeutic protocol (ALL IC BFM 2009). The most important clinical data
concerning patients are summarized in Table 1. Blood samples were collected in two time
points (before and after induction chemotherapy—on the 0 and 33rd day of therapy). Data
regarding haematological parameters were obtained from the medical records. As a control,
blood samples from twenty-two healthy children were collected once. This study was
approved by the local Research Ethics Committee. All samples were obtained following
written informed consent.

Table 1. Patient characteristics.

Age 1–4 Years = 13 5–7 Years = 6 8–18 years = 2

Gender Male = 10 Female = 11

Steroid sensitivity Good = 20 Poor = 1

BM on day 15 M1 = 15 M2 = 5 M3 = 1

MRD <0.1% = 6 0.1–10% = 13 >10% = 2

BM on day 33 M1 = 21 M2 = 0 M3 = 0

Risk group SR = 1 IR = 15 HR = 5
Abbreviations: BM—bone marrow, M—bone marrow status (% blasts in bone marrow), MRD—minimal residual
disease, SR—standard risk (group), IR—intermediate risk (group), HR—high risk (group).

Serum HSP90 concentrations were evaluated by an enzyme-linked immunosorbent
assay (ELISA) (human serum HSP90 ELISA Kit, Cloud Clone Corp., Wuhan, China) ac-
cording to the manufacturer’s instructions. The minimum detectable dose of HSP90 in
serum—less than 1.22 ng/mL. Intra-assay coefficient variation < 10%, interassay coefficient
variation < 12%. Serum samples were diluted to 1:2 by PBS.

Freshly obtained EDTA whole blood was stained using antibody cocktails: TCRγδ
FITC (clone, IMMU510)/TCRαβ PE (clone, IP26A)/CD4 APC (clone, 13B8.2)/CD8 AF700
(clone, B9.11)/HLA-DR PC5 (clone, B8.12.2)/CD3 Krome Orange (clone, UCHT1). Samples
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were then lysed with an Immunoprep Reagent Kit and TQPrep Workstation (Beckman
Coulter, IN, USA). Finally, fluorescence beads for absolute counting were used. For the
sample readout, a Navios flow cytometer was used and the data were analysed with Kaluza
software (all from Beckman Coulter, IN, USA). The data were interpreted according to the
fluorescence minus one approach.

Statistical analysis was performed using IBM SPSS 25 and Statistica 13. The association
between serum HSP90 and γδ T cells and in leukaemic patients was analysed by the
correlation (R Spearman, Pearson). Wilcoxon test was used to indicate alterations in
HSP90 serum level/level of subsets γδ T cells in the research group (before and after
chemotherapy). U Mann–Whitney test to compare patients with the control group. A value
of p < 0.05 indicated statistical significance.

3. Results

We demonstrated no correlations between serum HSP90 and CD3+ γδ T cells before
and after induction chemotherapy (before R = 0.01, after treatment R = −0.41), CD4+ γδ

T cells (before R = 0.21, after treatment R = −0.07) and CD8+ γδ (before R = 0.31, after
treatment R = 0.09).

The same investigations also showed no statistically relevant differences among
healthy controls (serum HSP90 and CD3+ γδ T cells R = 0.45; CD4+ γδ T cells R = 0.2; CD8+
γδ T cells R = 0.12).

Analysis showed a strong association between serum HSP90 and CD3+ HLA/DR+
γδ T cells in ALL patients before treatment (R = 0.53, p < 0.05) vs after induction protocol
(R = 0.13); after removal of the outlier (23.85 ng/mL) the correlation between serum HSP90
and CD3+ HLA/DR+ γδ T cells remained still strong (R = 0.53, p < 0.05) (Figure 1). The
same patient presented extremely high level of serum HSP90 after treatment (52.51 ng/mL)
as well. The difference among the healthy controls was R = −0.2 (Table 2).

In our previous report, we demonstrated that patients before and on the 33rd day of
therapy showed decreased serum HSP90 levels compared to healthy controls with a higher
difference on the day of diagnosis than after 33rd day [11].

Interestingly, CD3+ HLA/DR+ γδ T cells were also decreased before chemotherapy
relative to the moment after induction protocol.

Table 2. The results of the correlation coefficient between serum HSP90 and γδ T cells in the research group and controls.

Serum HSP90

Before Chemotherapy After Chemotherapy Controls

Diagnosis

CD3 + γδ T cells 0.01 0 * 0.45

CD3 + HLA/DR + γδ T cells 0.53 0.06 * −0.20

CD4 + γδ T cells 0.21 −0.08 * 0.20

CD8 + γδ T cells 0.31 0.09 * 0.12

After chemotherapy

CD3 + γδ T cells −0.41 * 0.02

CD3 + HLA/DR + γδ T cells 0.13 * −0.27

CD4 + γδ T cells −0.07 * 0.13

CD8 + γδ T cells 0.09 * 0

* results not described in the main text.
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Figure 1. Correlation of activated serum HSP90 and CD3 + γδ T cells among children with ALL at diagnosis.

The median CD3+ HLA/DR+ γδ T cells on the day of the diagnosis was 2.36% (range
0.91–13.00%), and 4.96% (range 0.88–55.17%) on the 33rd day of therapy. Median CD3+
HLA/DR+ γδ T cells among the control group was 5.24% (range 1.6%-13.88%). We found
statistical differences between CD3+ HLA/DR+ γδ T cells in ALL patients in two time
points (p = 0.029, Wilcoxon signed-rank test). Children at disease presentation showed a
decreased level of CD3+ HLA/DR+ γδ T cells compared to the healthy controls (p = 0.026,
U Mann–Whitney test). However, there was no statistical significance between the level of
the lymphocytes among patients on the 33rd day of therapy in comparison to the healthy
children (p = 0.627, U Mann-Whitney test) (Figure 2).

We found no statistical differences before and after chemotherapy (Wilcoxon signed-
rank test) in the levels of CD3 + γδ T cells (p = 0.87), CD4 + γδ T cells (p = 0.57), and CD8 +
γδ T cells (p = 0.39) (Table 3).
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Figure 2. Decreased concentration of CD3 + HLA/DR+ γδ T cells among patients at disease presentation compared to the
concentration of the lymphocytes after induction.

Table 3. The results of statistical tests regarding the comparison of γδ T cells in two time points in the research group
(Wilcoxon test) and between the research and study group (U Mann–Whitney test).

Research Group
before

Chemotherapy
Research Group after Chemotherapy Control Group

CD3 + γδ T
cells

CD3 +
HLA/DR +
γδ T cells

CD4 + γδ T
cells

CD8 + γδ
T cells

CD3 + γδ T
cells

CD3 +
HLA/DR +
γδ T cells

CD4 + γδ T
cells

CD8 + γδ
T cells

CD3 + γδ T cells 0.87 0.08 *

CD3 + HLA/DR + γδ
T cells 0.029 0.026

CD4 + γδ T cells 0.57 0.51 *

CD8 + γδ T cells 0.39 0.93 *

* results not described in the main text.

4. Discussion

Currently, HSPs are under intensive investigation. In clinical models heat shock
proteins, alone or in a complex with tumour-derived peptides, have been shown to elicit an
anti-tumour response in cancer patients. HSPs can act as common tumour-specific antigens
as well as adjuvants that facilitate the uptake, processing and presentation of antigens.
Due to their immunogenic properties, they are used in autologous tumour-derived HSP
peptide-based vaccines [1].

γδ T cells represent a small subset of the T cells in peripheral blood. Despite this,
they are considered to be good candidates for effective antitumor therapy [4]. γδ T cells
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can recognize a wide variety of structurally different ligands including phosphoantigens,
aminobisphosphonates, alkylamines and several self-proteins such as HSPs, that can be
detected without a presentation by other cells or molecules [12].

Activated (CD3+ HLA/DR+) γδ T cells secrete cytokines, which influence the tumour
microenvironment and involve IFN-γ inhibiting tumour growth, blocking angiogenesis
and macrophage stimulation [4].

In the 90s the correlation between HSPs and γδ T cells was extensively studied
following the report demonstrating that murine γδ T cells could be stimulated with HSP65
from mycobacterial extracts, which results in the induction of cytotoxic immune response
against affected host cells. It has been reported that a similar mechanism can also take part
in the elimination of cancer cells [13,14]. Laad et al. showed that Vγ9Vδ2 T cells recognize
HSPs on oral tumour cells and Thomas et al. on oesophageal tumour targets [15,16].
Increased cytotoxicity of γδ T lymphocytes has been demonstrated relative to cell lines
expressing HSPs [17].

Despite years of research, the specific mechanisms of interaction remain enigmatic,
while the targeting of γδ T cells by HSPs seems to be a forgotten direction because potent
non-peptidic phosphoantigens rather than HSPs have been found to be the essential
stimulatory components of mycobacterial extracts for human Vγ9Vδ2 [18].

The most popular trend in cancer immunotherapy based on γδ T cells is focused on the
stimulation of cells by the systemic administration of phosphoantigens, nitrogen-containing
bisphosphonates (N-bis) or synthetic phosphoagonist bromohydrin pyrophosphate (BrH-
PP). Despite the proven safety of γδ T cells immunotherapy, its clinical benefit remains an
issue. This could be the effect of γδ T cell anergy, decreased number of peripheral blood
γδ T cells after the infusion of stimulants or the dual nature of γδ T cells, because it has
been reported they could also promote cancer progression through inhibiting antitumour
responses and enhancing cancer angiogenesis [7].

In this report we have shown statistically relevant correlations between serum HSP90 and
CD3+ HLA/DR+ γδ T cells in paediatric ALL at diagnosis (R = 0.53, p < 0.05) (Figure 1), but
not after chemotherapy (R = 0.13). Our team have demonstrated, that the correlation of serum
HSP90 with γδ T cells may depend on lymphocytes immunophenotype rather than chains.

We also have noticed that serum HSP90 and CD3+ HLA/DR+ γδ T cells are both
decreased before chemotherapy relative to the moment after induction protocol (Figure 2),
which indirectly indicate unknown dose-dependent interaction between the parameters in
cancer conditions.

The results of our study may be a good introduction to research on the activation of
γδ T cells by HSPs which could be an interesting direction for the development of adjuvant
anti-cancer strategies, not just for childhood ALL [19].

5. Conclusions

Summing up the correlations between serum HSP90 and activated CD3+ γδ T cells
provide a promising suggestion that these cells may enhance the effect of conventional
chemotherapy by supporting the immune system. Further studies, including in-vitro
experiments, are needed to determine the clinical importance of our findings.
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Abbreviations

γδ T cells gamma-delta T cells
αβ T cells alpha-beta T cells
ALL acute lymphoblastic leukaemia
ALL IC BFM 2009 acute lymphoblastic leukaemia intercontinental Berlin-Frankfurt-Munchen
BM bone marrow
BrH-PP phosphoagonist bromohydrin pyrophosphate
CD cluster differentiation antigen
DC dendritic cells
EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
HR high risk (group)
HSPs heat shock proteins
IR intermediate-risk (group)
M bone marrow status (% blasts in bone marrow)
MHC major histocompatibility complex
MRD minimal residual disease
N-bis nitrogen-containing bisphosphonates
SR standard risk (group)
WBC white blood cells
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Abstract: Elderberry (Sambucus nigra L.) juice concentrate is highly rich in polyphenols, particularly
anthocyanins and flavonols, which have been associated with a wide range of health-promoting
properties. Phenolic compounds, in particular anthocyanins, are unstable and may change during
storage, which might influence the product color quality and its potential health effects. The aim
of this study was to evaluate the changes in the polyphenols profile of elderberry juice concentrate
produced at an industrial scale during seven months of storage at 5 ◦C and at room temperature.
The total phenolic content, the total monomeric anthocyanins, the percent polymeric color, and the
ABTS•+ scavenging activity were monitored over time. In addition, the profile and content of the main
individual phenolic compounds were also assessed by HPLC-DAD. The results show that cyanidin-3-
O-sambubioside, cyanidin-3-O-glucoside, cyanidin-3-O-sambubioside-5-O-glucoside, cyanidin-3,5-O-
diglucoside, chlorogenic acid, rutin, and quercetin-3-O-glucoside were the main phenolic compounds
identified. Storage at room temperature resulted in a strong reduction in total monomeric anthocyanin
content accompanied by an increase in percent polymeric color values. Cyanidin-3-O-sambubioside
and cyanidin-3-O-glucoside degraded faster than cyanidin-3,5-O-diglucoside and cyanidin-3-O-
sambubioside-5-O-glucoside. Concentration of chlorogenic acid also decreased over storage, whereas
rutin and quercetin-3-O-glucoside were quite stable. Storage at 5 ◦C caused a lower impact on the
contents of anthocyanins and chlorogenic acid and the percent polymeric color was not affected.
The total phenolic content and the in vitro antioxidant activity remained quite similar over the time,
for both temperatures, suggesting that elderberry concentrates still preserve their health benefits of
antioxidant capacity after seven months of storage.

Keywords: elderberry; Sambucus nigra L.; juice concentrate; storage effect; phenolic compounds;
berries; anthocyanins’ stability; polymeric color; ABTS•+ antioxidant capacity

1. Introduction

Elderberry (Sambucus nigra L.) is a widespread shrub that grows in most parts of
Europe and North Africa [1]. It has for a long time been used in folk medicine as a diuretic
agent and in the treatment of colds, influenza, and herpes. In recent years, elderberry fruits
have received great attention due to the presence of large amounts of anthocyanin pigments
and other polyphenols [2–4], which are known for their antioxidant activity and health
benefits [5,6]. Several studies have shown that elderberries exhibit anti-inflammatory,
antiviral, anti-proliferative, anti-diabetic, and immunostimulatory activities [7]. Due to
their health-promoting properties and high content of anthocyanin pigments, they are
frequently processed to juice concentrate to be used as food colorant, and in pharmaceutical
and nutraceutical fields. Some examples of predominant polyphenols that can be found
in elderberry juices and concentrates are presented in Figure 1. The main anthocyanins
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have been identified as cyanidin-3-O-glucoside, cyanidin-3-O-sambubioside, cyanidin-3,5-
O-diglucoside, and cyanidin-3-O-sambubioside-5-O-glucoside [8–10]. Phenolic acids such
as chlorogenic acid and the flavonols quercetin-3-O-glucoside and rutin have also been
detected in elderberry juice [11,12].

Figure 1. Some polyphenols identified in elderberry (Sambucus nigra L.) juices and concentrates [8–12].

During storage, the anthocyanins in berry juices may undergo several reactions to
form more stable compounds, which typically involve oxidation, polymerization, co-
pigmentation with other phenolic compounds, and cleavage reactions [13–15]. The cleav-
age of anthocyanins results in colorless compounds, polymerization is accompanied by
browning, and co-pigmentation might result in various colored compounds [16]. The
transformation of these compounds influences not only the product color quality and
consumer acceptance [17], but also the potential health effects [18].

The main objective of the present work was the evaluation of the effect of storage on
the polyphenolic composition of elderberry juice concentrate and the possible consequences
on its color pigments and antioxidant capacity. Two elderberry juice concentrates produced
at an industrial scale were monitored during seven months of storage at 5 ◦C and at
room temperature.

2. Materials and Methods

2.1. Chemicals

The HPLC standards chlorogenic acid, quercetin, quercetin-3-O-glucoside, and cyanidin-
3-O-sambubioside chloride were purchased from Sigma-Aldrich (St. Louis, MO, USA),
quercetin-3-O-rutinoside (rutin) and cyanidin-3,5-O-diglucoside chloride from Phytolab
(Vestenbergsgreuth, Germany), cyanidin-3-O-sambubioside-5-O-glucoside chloride from
Extrasynthese (Lyon, France), and cyanidin-3-O-glucoside chloride from USP (Rockville,
MD, USA). Folin–Ciocalteu phenol reagent was acquired from Fisher Scientific (Hampton,
NH, USA), and Trolox ((±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) and
ABTS (2,2-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid) from Sigma-Aldrich. Gallic
acid 1-hydrate (99%), aluminum chloride 6-hydrate (pure, pharma grade), sodium car-
bonate anhydrous, sodium acetate anhydrous, and potassium chloride were obtained
from Panreac (Barcelona, Spain) and potassium metabisulfite from LabChem (Zelienople,
PA, USA). Methanol, ethanol, and formic acid (analytical grade) were purchased from
Fisher Scientific and hydrochloric acid ≥37% from Fluka/Honeywell (Porto Salvo, Por-
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tugal). Acetonitrile HPLC far UV gradient grade wasobtained from J.T.Baker (Waltham,
MA, USA).

2.2. Equipments

All UV-Vis spectrophotometric measurements were carried out using a Shimadzu
UV-1280 (Izasa Scientific, Barcelona, Spain).

Total soluble solids were recorded on an ATAGO digital refractometer (ATAGO USA
Inc., Belleuve, WA, USA) and pH values measured on a Consort C1010 multi-parameter
pH analyzer (Turnhout, Belgium).

For the HPLC analysis, an Ultimate 3000 HPLC (Dionex, Waltham, MA, USA) equipped
with an Ultimate 3000 pump, Ultimate 3000 autosampler, Ultimate 3000 column compart-
ment, and a Thermo Scientific Dionex Ultimate 3000 diode array detector was used.

2.3. Elderberry Juice Concentrate Samples

The elderberry fruits (Sambucus nigra L.) used in the production of juice concentrate
were harvested in August 2020 from plants cultivated in Varosa Valley in northern Portugal.
The fruits were from three cultivars, “Sabugueira”, “Bastardeira”, and “Sabugueiro”. After
harvest, the berries were separated from the branches and crushed in a fruit-processing
factory (Régifrutas Company, Tarouca, Portugal). The obtained elderberry mash was im-
mediately transported in isothermal tank trucks at a temperature between −2 and 0 ◦C
to a fruit juice factory (Indumape Company, Pombal, Portugal) where it was processed
into juice concentrate. Two samples of juice concentrate (I and II) were collected and sent
to the Agrarian School of Viseu where they were stored at −18 ◦C until use. The techno-
logical process to produce the juice concentrates involved the following steps: crushing,
mash pressing, depectinization, ultrafiltration, and concentration. The process to obtain
concentrate I, in addition to the steps described above, also involved a prior heating step of
the mash at 80 ◦C.

Concentrate I and II were used in the studies of chemical and microbiological stability
over time at two different storage temperatures (5 ◦C and room temperature). For each
concentrate, two separate aliquots of 200 mL were transferred under aseptic conditions
to sterilized bottles duly identified to remain in the dark, under two different conditions,
at room temperature and at 5 ◦C. For the chemical analyses, “stock solutions” of the
concentrates were prepared in ultrapure water (1:25, v:v), hereinafter referred to as Solutions
A. For the preparation of these solutions, 4 mL of each sample was measured into a 100 mL
flask and dissolved in ultrapure water. Solutions A were kept at 5 ◦C for analysis, for no
more than two days.

2.4. Microbiological Analysis

The groups of microorganisms evaluated were the mesophiles at 30 ◦C and fungi
(mold and yeasts). The enumeration of the mesophiles was carried out by counting
colonies in plates, using the culture medium PCA (Plate Count Agar), based on the “Norma
Portuguesa” NP 4405:2002 and ISO 4833:2003 standards, using the pour plate technique
for inoculation. The enumeration of fungi was carried out by counting colonies, in plates
with culture medium of Dichloran Rose-Bengal Agar, with chloramphenicol, based on the
ISO 21527-1:2008 standard. The results are expressed in CFU mL−1 (colony-forming units
per mL).

2.5. Measurement of Total Soluble Solids

Total soluble solid content in elderberry juice concentrates was determined from
Solutions A using a digital refractometer. The auto-zero was carried out with distilled
water and each analysis was performed in triplicate. The results were obtained considering
the dilution factor used to obtain Solutions A and are expressed as ◦Brix.
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2.6. Total Phenolic Content

The content of total phenolic compounds was determined by the Folin–Ciocalteu
method with some modifications [19]. For this analysis, Solutions A were previously
diluted with distilled water in the ratio 2:25. To 125 μL of appropriately diluted juice
concentrate solution A, or standard solution, 1 mL of distilled water and 125 μL of Folin-
Ciocalteu reagent were added. The mixture was homogenized with a vortex and, after
a pause of 6 min, 2 mL of 5% sodium carbonate (w/v) was added. The above mixture
was homogenized with a vortex and allowed to stand in the dark for 60 min at room
temperature. The absorbance of the samples at 760 nm was read in triplicate. The total
phenolic content of the juice concentrate samples was determined in triplicate from a
standard curve of gallic acid and expressed as g gallic acid equivalents per kg (g GAE kg−1)
of concentrate.

2.7. Total Monomeric Anthocyanins Content

The content of total monomeric anthocyanins was determined by the pH differential
method according to Giusti and Wrolstad [20]. The appropriate dilution factor (DF) for
sample analysis was first defined by diluting the juice concentrate Solutions A with pH 1
potassium chloride buffer to absorbance < 1.2 at λ510 nm. The dilution factor determined
was 50. For the analyses, Solutions A were diluted by separately adding the potassium
chloride buffer (pH 1) or the potassium acetate buffer (pH 4.5) according to the dilution
factor determined above. The mixtures were allowed to equilibrate for 15 min, and the
absorbance was read at 510 and 700 nm. The content of total monomeric anthocyanins was
determined according to the following equation:

Total monomeric anthocyanins (g L−1) =
A × MW × DF

ε × l
(1)

where MW is the molecular mass of cyanidin-3-O-glucoside (449.2 g mol−1), DF
is the dilution factor used, ε is the molar absorptivity coefficient of cyanidin-3-O-
glucoside (26,900 L mol−1 cm−1), l is optical path length in cm, and A was calculated
using Equation (2):

A = (A510 nm − A 700 nm)pH1 − (A 510 nm − A 700 nm)pH4.5 (2)

The results are expressed in g cyanidin-3-O-glucoside equivalents per kg (g cy3gluE kg−1)
of concentrate.

2.8. Color Density, Polymeric Color, and Percent Polymeric Color

The color density (CD), the polymeric color (PC), and the percent polymeric color
(%PC) of the juice concentrates were determined according to Giusti and Wrolstad [20].
Solutions A were diluted in distilled water with the same dilution factor previously used
for the quantification of total monomeric anthocyanins. In two test tubes was added 2.8 mL
of diluted sample; in one of the tubes was added 0.2 mL of distilled water and in the other
was added 0.2 mL of the aqueous potassium metabisulfite solution (200 g L−1). After
15 min, the absorbance was measured at 420, 510, 620, and 700 nm (to correct for haze).

Color density was quantified in samples treated with distilled water and polymeric
color in samples with potassium metabisulfite according to Equation (3).

CD or PC = [(A420 nm − A700 nm) + (A510 nm − A700 nm) + (A620 nm − A700 nm)]× DF (3)

The percent polymeric color of the juices was calculated using the following equation:

%PC =
PC
CD

× 100 (4)
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2.9. Quantification of Flavan-3-ols

The flavan-3-ol content was determined by the vanillin method according to Sun
et al. [21], which consists of the reaction of vanillin with compounds that contain the
flavan3-3-ol nucleus in acidic medium. Briefly, the method consisted of the following steps.
In test tubes was placed 500 μL of solution A diluted in methanol p.a. grade in the ratio
1:25, or standard to which 1.25 mL of 9 N HCl methanolic solution and then 1.25 mL of 1%
vanillin methanolic solution were added. The mixture was homogenized with a vortex and
the tubes were placed at 30 ◦C in the dark for 15 min. The absorbance of the samples at
500 nm was read in triplicate. To avoid the interference of anthocyanins, which, despite not
reacting with vanillin, have a maximum absorption at 490–540 nm in an acidic medium,
which coincides with that of the colored product of the vanillin method, in parallel, blank
tests were prepared replacing the vanillin solution with an equal volume of methanol.
Flavan-3-ol content was expressed as g of epicatechin equivalents per kg (g EpiE kg−1) of
concentrate, using a standard curve of epicatechin.

2.10. Quantification of Flavonols

The flavonol content was determined according to a spectrophotometric method based
on the formation of aluminum–flavonoid complex [22]. In test tubes, 1 mL of solution A
diluted 1:10 in methanol p.a. grade or standard, 0.5 mL of distilled water and 0.5 mL of
2% aluminum chloride aqueous solution were placed. The mixtures were homogenized
with a vortex and the formation of a yellow complex was observed. The samples were
left in the dark for 10 min at room temperature and the absorbance at 425 nm was read in
triplicate. The flavonol content was expressed as g quercetin equivalents per kg (g QE kg−1)
of concentrate, using a standard curve of quercetin.

2.11. Determination of Antioxidant Activity

The antioxidant activity of elderberry juice concentrate was assessed by the ABTS•+

scavenging method, according to Ozgen et al. [23]. ABTS•+ was prepared by dilution of
ABTS to a final concentration of 7 mM with 2.45 mM of aqueous potassium persulfate
solution. This mixture was allowed to stand at room temperature in the dark for 12–16 h
and then was stored at −18 ◦C until use. On the day of analysis, the ABTS•+ solution
was diluted with ethanol to an absorbance of 0.700 at 734 nm. Assays were conducted by
mixing 2 mL of the prepared ABTS•+ solution with 100 μL of solution A previously diluted
1:100 in distilled water. After 15 min in the dark at room temperature, the absorbance of
the samples at 734 nm was measured in triplicate. Simultaneously, a blank solution was
prepared by replacing the 100 μL of sample with distilled water. The percent inhibition of
ABTS•+ was determined according to Equation (5).

% ABTS•+ inibition =
A(blank solution) − A(sample)

A(blank solution)
× 100 (5)

The antioxidant activity of the juice concentrates was expressed in mmol Trolox
equivalents per kg (mmol TE kg−1) of concentrate, using a Trolox calibration curve.

2.12. HPLC-DAD Analysis and Quantification of Polyphenols

The polyphenol profile of elderberry juice concentrates was analyzed by reversed
phase HPLC. Samples A were diluted in 5% (v/v) formic acid in ultrapure water (0.2 mL
of sample in a final volume of 1.5 mL) and filtered through a syringe filter before analysis
(0.2 μm nylon membrane filter, Whatman, Amadora, Portugal). The compounds were
separated on a Macherey-Nagel C18 Nucleodur column, 250 mm of length, 4 mm of
internal diameter, and 5 μm particle size, using as eluent A 5% (v/v) formic acid in ultrapure
water and as eluent B acetonitrile, a flow rate of 1 mL min−1, and column temperature
stabilized at 25 ◦C, according to the following gradient elution program: 0–10 min—5% B;
10–20 min—20% B; 20–27 min—20% B; 27–37 min—70% B; 37–45 min—70% B; 45–55 min—
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5% B; 55–65 min—5% B. The eluents were prepared daily and filtered through a 0.22 μm
nylon membrane filter (Filter-Lab). The UV-Vis detection was performed at wavelengths
between 190 and 800 nm and the injection volume was 20 μL. Instrument control and
data acquisition were performed using the software Chromeleon version 6.80 (Dionex,
Sunnyvale, CA, USA). Compounds were identified according to the retention times of the
peaks and their UV-Vis spectra, in comparison with those of commercial standards.

The quantification of the polyphenolic compounds was carried out using a calibra-
tion curve in the range of 2.5–13.0 mg L−1 for chlorogenic acid, 4.0–24.0 mg L−1 for
cyanidin-3-O-glucoside, 4.0–44.0 mg L−1 for cyanidin-3-O-sambubioside, 4.0–44.0 mg L−1

for cyanidin-3-O-sambubioside-5-O-glucoside, 1.0–22.0 mg L−1 for quercetin-3-glucoside,
and 2.5–28.0 mg L−1 for rutin. The results are presented in g kg−1 of concentrate. Cyanidin-
3-O-sambubioside-5-O-glucoside and cyanidin-3,5-O-diglucoside were quantified as the
sum of the two compounds, since they appear at the same retention time, and are expressed
as g cyanidin-3-O-sambubioside-5-O-glucoside per kg.

3. Results and Discussion

3.1. Characterization of the Initial Eldeberry Concentrates

The concentrates were obtained by an industrial process that involved crushing, mash
pressing, depectinization, ultrafiltration, and concentration. The production of concentrate
I, in addition to the steps described above, also involved a thermal treatment of the
mash at 80 ◦C, prior to pressing. The main objective of this step is the inactivation of
oxidoreductases such as polyphenol oxidase and peroxidase, which are assumed to be
involved in the degradation of anthocyanins [24,25]. Some chemical characteristics of the
elderberry juice concentrates before storage are presented in Table 1.

Table 1. Analytic data of the initial elderberry juice concentrates 1.

Concentrate I Concentrate II

Thermal processing step Heating of mash at 80 ◦C No

Total soluble solids (◦Brix) 55.8 ± 0.8 80.6 ± 1.0

Total phenolic content (g GAE kg−1) 37.7 ± 0.4 54.7 ± 1.9

Total monomeric anthocyanins (g Cy3gluE kg−1) 10.6 ± 0.1 15.8 ± 0.4

Flavonols (g QE kg−1) 3.1 ± 0.04 4.8 ± 0.2

Flavan-3-ols (g EpiE kg−1) 1.0 ± 0.6 1.5 ± 0.3

Polymeric color (%) 26.2 ± 1.6 28.3 ± 1.2

Antioxidant activity (mmol TE kg−1) 352.3 ± 2.6 455.0 ± 19.4
1 Results are expressed as mean values ± standard deviation (n = 3). GAE—gallic acid equivalents, QE—
quercetin equivalents, EpiE—epicatechin equivalents, Cy3gluE—cyanidin-3-O-glucoside equivalents, TE—
Trolox equivalents.

Concentrate I and concentrate II presented an average content of total soluble solids of
55.8 and 80.6 ◦Brix, respectively. Concentrate II contained 54.7 g GAE kg−1 of total phenolic
compounds, 15.8 g kg−1 of total monomeric anthocyanins, 4.8 g QE kg−1 of flavonols, and
1.5 g EpiE kg−1 of flavan-3-ols. The ratio between the concentrates in all these parameters
was around 1.5, which indicates that concentrate II is 1.5-fold more concentrated compared
to concentrate I. Therefore, for these analyzed parameters, the lower contents observed
in concentrate I are explained by the concentration process, which results in different
values of ◦Brix, and are not related to the heating treatment. The results obtained allow
us to infer that the initial juices have similar phenolic characteristics. The percentage of
polymeric color (%PC) was also similar; 26.2 ± 1.6% and 28.3 ± 1.2% for concentrate
I and concentrate II, respectively. These values of %PC are within the expected values
for fruit juices that have been subjected to industrial processing [20]. The concentrates
I and II showed an ABTS•+ antioxidant activity equal to 352.3 and 455.0 mmol TE kg−1,
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respectively. The ratio between these values reveals the same trend observed for the content
of phenolic compounds, where juice II is about 1.5 times more concentrated. Overall, the
values presented in Table 1 are in agreement with those obtained by Bermúdez-Soto and
Tomás-Barberán [9] for elderberry concentrate.

The most important phenolic compounds in the two concentrates were identified and
quantified by HPLC-DAD. The concentrations of the phenolic compounds identified are
presented in Table 2.

Table 2. Contents of individual phenolic compounds in the initial elderberry concentrates quantified
by HPLC in g kg−1.

Compounds Concentrate I Concentrate II

Cyanidin-3-O-sambubioside 3.30 ± 0.06 4.69 ± 0.04

Cyanidin-3-O-glucoside 1.99 ± 0.07 2.86 ± 0.02

Cyanidin-3,5-diglucoside +
cyanidin-3-O-sambubioside-5-O-glucoside 4.39 ± 0.15 6.49 ± 0.08

Rutin 2.51 ± 0.04 3.70 ± 0.04

Quercentin-3-O-glucoside 0.79 ± 0.01 0.96 ± 0.01

Chlorogenic acid 0.78 ± 0.02 1.11 ± 0.01

The phenolic profile was similar in the two concentrates. As an example, the chro-
matograms of the concentrate I before storage are shown in Figure 2a,b.

In the chromatogram at 325 nm, the peak at about 18.0 min (1) was identified as
chlorogenic acid and the peaks at 24.8 (5) and 25.9 min (6) as rutin and quercetin-3-O-
glucoside, respectively. In the chromatogram at 520 nm, three peaks corresponding to
anthocyanins can be observed. The peaks at 20.1 (3) and 20.3 min (4) were identified
as cyanidin-3-O-sambubioside and cyanidin-3-O-glucoside, respectively. Cyanidin-3-O-
sambubioside and cyanidin-3-O-glucoside corresponded, respectively, to around 33% and
20% of the total individual anthocyanins in both concentrates. Cyanidin-3-O-sambubioside-
5-O-glucoside and cyanidin-3,5-O-diglucoside are other anthocyanins described to be
present in high amounts in elderberries and elderberry products [3,8,9,12,26]. The peak
at 18.2 min (2) was attributed to these two anthocyanins that eluted at the same retention
time and appeared overlaid. Therefore, they were quantified together, the result being
expressed in g of cyanidin-3-O-sambubioside-5-O-glucoside equivalents per kg. The sum
of cyanidin-3-O-sambubioside-5-O-glucoside and cyanidin-3,5-O-diglucoside accounted
for 45% of the total analyzed anthocyanins. The total anthocyanins content determined by
HPLC was 9.68 and 14.04 g kg−1, for concentrate I and II, respectively, which is slightly
lower than the total monomeric anthocyanins obtained using the pH differential method
(Table 1). These differences may be explained by the presence of some compounds that
were not quantified by HPLC.
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Figure 2. HPLC chromatograms of concentrate I (a) before storage with detection at 325 nm, (b) before storage with
detection at 520 nm, (c) after 7 months of storage at 5 ◦C with detection at 325 nm, (d) after 7 months of storage at
5 ◦C with detection at 520 nm, (e) after 7 months of storage at room temperature with detection at 325 nm, and (f) after
7 months of storage at room temperature with detection at 520 nm. (1) Chlorogenic acid, (2) cyanidin-3-O-sambubioside-
5-O-glucoside + cyanidin-3,5-O-diglucoside, (3) cyanidin-3-O-sambubioside, (4) cyanidin-3-O-glucoside, (5) rutin, and
(6) quercetin-3-O-glucoside.

3.2. Effect of Storage on Total Phenolic Content, Total Monomeric Anthocyanins, Percent
Polymeric Color, and Antioxidant Activity

The changes in total phenolic content (TPC), total monomeric anthocyanins (TMA),
percentage of polymeric color (%PC), and antioxidant activity (AA) were evaluated during
storage at 5 ◦C and at room temperature (Figure 3).
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Figure 3. Evolution during storage at 5 ◦C and at room temperature (RT) for total monomeric anthocyanins (TMA) and
percent polymeric color (%PC) in (a) concentrate I, (b) concentrate II; and total phenolic content (TPC) and antioxidant
activity (AA) in (c) concentrate I and (d) concentrate II.

After seven months of storage at 5 ◦C, the content of total monomeric anthocyanins de-
creased from 10.6 to 8.2 g cy3gluE kg−1 in concentrate I and from 15.8 to 13.5 g cy3gluE kg−1

in concentrate II, representing losses of 22% and 14%, respectively. Moreover, storage at
room temperature resulted in a strong reduction in total monomeric anthocyanins in both
concentrates. After the same seven months, their content was 3.5 g cy3gluE kg−1 in con-
centrate I and 4.6 g cy3gluE kg−1 in concentrate II, corresponding to losses of 67% and
71%. These results demonstrate the greater stability of monomeric anthocyanins at lower
temperatures, which is in accordance with studies conducted by Buckow et al. [27] in
which they observed that degradation of anthocyanins in blueberry juices was significantly
accelerated with increasing storage temperatures. At the same time, the percentage of
polymeric color was slightly affected at 5 ◦C for both juices, while at room temperature
increased from 26.2% to 43.0% in concentrate I and from 28.3% to 47.9% in concentrate
II. Similar observations were made by Brownmiller et al. [28] in blueberry juices with
64–68% losses of anthocyanins after six months of storage at 25 ◦C accompanied by a linear
increase in percent polymeric color values. In addition, losses up to 75% in monomeric
anthocyanins and a marked increase in percent polymeric color in blackberry [29] and in
raspberry juices [30] after six months of storage at 25 ◦C were reported. Our results are also
consistent with the kinetic studies developed by Casati et al. [31] that predict a reduction of
50% of the monomeric anthocyanins in elderberry juice after 120 days of storage at 25 ◦C.

The total phenolic content of the juice concentrates measured by the Folin–Ciocalteu
method, whether stored at room temperature or at refrigerated temperature, does not
follow the decrease in total monomeric anthocyanin content, and small variations over
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time were observed. The higher stability observed in the total phenolic content may be
explained by the formation of polymerized phenolic compounds that are detected by the
Folin–Ciocalteu method [32]. This hypothesis is corroborated by the increase in the percent
polymeric color. In fact, the decrease in monomeric anthocyanins content and the increase
in percent polymeric color indicates that anthocyanins were transformed into polymeric
compounds. For total phenolic compounds, after seven months of storage losses of about
13% and 14% were obtained for concentrate I and 10% and 8% of losses were found for
concentrate II, at room temperature and at 5 ◦C, respectively. The results demonstrate that
the total phenolic content is not much affected by the storage temperature, contrary to what
happens with the monomeric anthocyanin content. The antioxidant activity, in general,
follows the same profile of variation of total phenolic content and remained approximately
stable over the seven months of storage despite the losses of total monomeric anthocyanins
(Figure 3). Other authors [28,31] have shown no significant changes in antioxidant capacity
of juices during storage, despite a marked loss of anthocyanins. This may be related
to the presence of polymeric compounds which have been associated with antioxidant
capacity [33].

3.3. Effect of Storage on Individual Phenolic Compounds

The content of individual phenolic compounds in the juice concentrates was followed
by HPLC-DAD over the seven months of storage. The chromatograms of concentrate I after
seven months of storage are presented in Figure 2c–f. A decrease in the areas of anthocyanin
peaks at refrigerated temperature and an almost disappearance of anthocyanin peaks at
room temperature were observed.

Figure 4 shows the evolution of the content of individual phenolic compounds in
concentrate I and concentrate II over storage.

After seven months, at 5 ◦C the concentrates presented a composition of anthocyanins
that represented 61–76% of the initial concentration, while for room temperature, the values
represented 3–21%—Figure 4a–c. Chlorogenic acid showed a slight decrease around 10%
over the time—Figure 4d, and the amount of rutin and quercetin-3-O-glucoside remained
quite stable, with a tendency to increase after five months—Figure 4e,f.

For both concentrate I and concentrate II there is a marked loss of anthocyanin con-
tent at room temperature over the storage time—Figure 4a–c. Degradation was more
pronounced for cyanidin-3-O-sambubioside and cyanidin-3-O-glucoside—Figure 4a,b,
respectively—than for cyanidin-3,5-O-diglucoside and cyanidin-3-O-sambubioside-5-O-
glucoside—Figure 4c. In the case of concentrate I, after seven months of storage at room tem-
perature, 21.5% of the initial concentration of cyanidin-3,5-O-diglucoside + cyanidin-3-O-
sambubioside-5-O-glucoside was found, whereas only 9.0% of cyanidin-3-O-sambubioside
and 9.5% of cyanidin-3-O-glucoside were maintained. A similar result was obtained
for concentrate II with retained concentrations of 19.4%, 2.5%, and 3.4%, respectively
for cyanidin-3,5-O-diglucoside + cyanidin-3-O-sambubioside-5-O-glucoside, cyanidin-3-
O-sambubioside, and cyanidin-3-O-glucoside, respectively. It has been described that
anthocyanins’ stability is influenced by the glycosylation site, and by the type and number
of glycosyl moieties attached [34]. Our findings are in line with other studies that showed
lower stability of 3-O-glycosides compared to the 3,5-O-diglycosides counterparts [35,36].
The lower stability of 3-O-glycosides can be explained by the mesomeric effect of the
hydroxyl group at C-5 position that favors the electrophilic attack at C-6 and C-8 positions.
The glycosyl substitution at C-5 reduces the nucleophilicity of C-6 and C-8 positions which
makes 3,5-O-diglycosides more stable to electrophilic attack [37].

The contents of chlorogenic acid also decreased substantially during storage at room
temperature in both concentrates. After seven months, 65.0% and 68.4% of its initial
concentration was obtained for concentrate I and II, respectively. This indicates a possible
involvement of chlorogenic acid in anthocyanins polymerization, which agrees with the
observations of other authors [24].
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Figure 4. Changes in (a) cyanidin-3-O-sambubioside, (b) cyanidin-3-O-glucoside, (c) cyanidin-3,5-O-diglucoside + cyanidin-
3-O-sambubioside-5-O-glucoside, (d) chlorogenic acid, (e) rutin, and (f) quercetin-3-O-glucoside of elderberry concentrates
I and II during storage at 5 ◦C and at room temperature (RT).

In the present study, concentrate II, with about 80.6 ◦Brix, showed a faster degradation
of some compounds at room temperature when compared with concentrate I, which had
55.8 ◦Brix. For instance, after three months of storage, concentrate I presented 39% of the
initial concentration of cyanidin-3-O-sambubioside, while in concentrate II only 19% was
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retained. A similar result was obtained for cyanidin-3-O-glucoside. Conversely, Kirca
et al. [38] showed that the degradation of monomeric anthocyanins in black carrot juice
decreased with increasing soluble solid content during storage at 20 ◦C. It should be noted
that concentrate II was not subjected to the heat treatment at the initial stage of processing
and the native enzymes may be present in concentrate II, favoring the polymerization
reactions between anthocyanins and other phenolic compounds. In addition, after five
months at room temperature, concentrate II presented higher microbial activity than
concentrate I (Table 3), which may be another reason for the greater degradation of the
compounds. In the storage at refrigerated temperature, concentrate I and concentrate II
showed low microbial growth and, in this case, the stability of anthocyanins was similar in
both concentrates.

Table 3. Results of microbial counting obtained for concentrates before storage and after five months
of storage.

Sample Mesophiles at 30 ◦C (CFU mL−1) Fungi (CFU mL−1)

Concentrate I before storage <1 <1

Concentrate I stored at 5 ◦C <1 <1

Concentrate I stored at room
temperature 2.1 × 102 <1

Concentrate II before storage <1 <1

Concentrate II stored at 5 ◦C 2.2 × 10 1.0 × 10

Concentrate II stored at room
temperature 1.1 × 103 1.1 × 104

4. Conclusions

The storage at low temperature (5 ◦C) was shown to be important to minimize an-
thocyanin degradation and maintain the color attributes of elderberry juice concentrates.
At 5 ◦C there was a loss of 22% and 14% (concentrate I and II) in total monomeric an-
thocyanins, while at room temperature, losses of 67% and 71% were observed. At the
same time, the percent polymeric color increased, especially at room temperature, which
indicates that anthocyanins may be involved in polymerization reactions. The analysis of
individual phenolic compounds showed that cyanidin-3-O-sambubioside and cyanidin-3-
O-glucoside degraded in higher proportion than cyanidin-3,5-O-diglucoside and cyanidin-
3-O-sambubioside-5-O-glucoside. At room temperature, cyanidin-3-O-sambubioside and
cyanidin-3-O-glucoside degraded faster in the concentrate that was not subjected to the
additional heating step during the technological processing. Thus, the thermal treatment of
the mash at 80 ◦C prior to pressing appears to have a beneficial effect on the conservation
of anthocyanins during storage at room temperature.

The total phenolic content and the in vitro ABTS•+ antioxidant capacity were relatively
stable over storage, suggesting that elderberry concentrates may still preserve their health
benefits after seven months of storage.

Author Contributions: Conceptualization, C.M.B.N., A.P., F.G. and D.F.W.; methodology, C.M.B.N.,
A.P. and D.F.W.; investigation, C.M.B.N., F.G. and D.F.W.; writing—original draft preparation,
C.M.B.N.; writing—review and editing, A.P., F.G. and D.F.W.; supervision, D.F.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the FEDER, within the PT2020 Partnership Agreement and
Compete 2020, grant number POCI-01-0247-FEDER-033558.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

92



Appl. Sci. 2021, 11, 6941

Acknowledgments: Thanks are due to the Polytechnic Institute of Viseu and to FCT/MEC for the finan-
cial support to CERNAS-IPV, LAQV-REQUIMTE (UIDB/50006/2020) and CITAB (UIDB/04033/2020)
research units, through national funds, and the co-funding by the FEDER, within the PT2020 Partnership
Agreement and Compete 2020. The authors thank the financial support of the Project BagaConValor—
Criação de valor no processo tecnológico de produção de sumo concentrado de baga de sabugueiro
(POCI-01-0247-FEDER-033558).

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

References

1. Schmitzer, V.; Veberic, R.; Stampar, F. European elderberry (Sambucus nigra L.) and American Elderberry (Sambucus canadensis L.):
Botanical, chemical and health properties of flowers, berries and their products. In Berries: Properties, Consumption and Nutrition;
Tuberoso, C., Ed.; Nova Science Publishers Inc.: New York, NY, USA, 2012; ISBN 9781614702573.

2. Lee, J.; Finn, C.E. Anthocyanins and Other Polyphenolics in American Elderberry (Sambucus Canadensis) and European Elderberry
(S. nigra) Cultivars. J. Sci. Food Agric. 2007, 87, 2665–2675. [CrossRef] [PubMed]

3. Veberic, R.; Jakopic, J.; Stampar, F.; Schmitzer, V. European Elderberry (Sambucus nigra L.) Rich in Sugars, Organic Acids,
Anthocyanins and Selected Polyphenols. Food Chem. 2009, 114, 511–515. [CrossRef]

4. Ferreira, S.S.; Silva, P.; Silva, A.M.; Nunes, F.M. Effect of Harvesting Year and Elderberry Cultivar on the Chemical Composition
and Potential Bioactivity: A Three-Year Study. Food Chem. 2020, 302, 125366. [CrossRef] [PubMed]

5. Sidor, A.; Gramza-Michałowska, A. Advanced Research on the Antioxidant and Health Benefit of Elderberry (Sambucus nigra) in
Food—A Review. J. Funct. Foods 2015, 18, 941–958. [CrossRef]

6. Przybylska-Balcerek, A.; Szablewski, T.; Szwajkowska-Michałek, L.; Świerk, D.; Cegielska-Radziejewska, R.; Krejpcio, Z.; Su-
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Featured Application: The validated LAMP kit provides an accurate method for the rapid de-

tection of Salmonella spp., offering significant advantages over the traditional method, as it is

characterised by a high sensitivity, easiness of use for laboratory testing, and a large reduction in

the analysis time, making it a valuable asset to the food industry.

Abstract: The traditional cultural method (PCR and Real-Time PCR) for Salmonella spp. detection
and identification is laborious and time-consuming. A qualitative LAMP method detecting Salmonella
spp. was validated in compliance with ISO 16140:2016. The results show a relative accuracy, sensitivity,
and specificity of 100% in comparison with the reference method ISO 6579-1:2017; the LOD50
was set as 0.4 CFU/g. Additionally, a field study was carried out comparing the LAMP kit, a
commercially available Real-Time PCR kit (FoodProof Salmonella, Biotecon Diagnostics), and the
reference cultural method. The Salmonella spp. LAMP kit was suitable for reliable detection of
Salmonella spp., simplifying and reducing the extent and the steps of the analytical process. A total of
105 samples of raw poultry meat were screened for the presence of Salmonella spp. according to three
methods: the LAMP kit Salmonella spp. (Enbiotech), the Real-Time PCR kit FoodProof Salmonella
(Biotecon), and the reference cultural method. Using these three methods, only one sample out of
the 105 (0.95%) tested was positive for Salmonella spp. This sample was further investigated using
the reference method described in ISO 6579-3:2014, in order to characterise the Salmonella strain.
Following this further biochemical identification and serological typing, the isolate was characterised
as Salmonella Infantis.

Keywords: LAMP; Salmonella; ISO 16140:2016; food-borne; validation; specificity; sensitivity; accu-
racy; kit
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1. Introduction

Salmonella is a highly relevant food-borne pathogen of large economic significance
for both animals and humans. Salmonella outbreaks caused 94,530 human cases in the EU
only in 2016, with the highest burden relating to the number of hospitalizations (1766) and
deaths (10) [1]. S. enteritidis, in particular, accounted for 59% of all Salmonella infection
cases originating in the EU. The principal reservoirs are the intestines of a wide variety
of animals, resulting in the contamination of different foodstuffs, both of animal and
plant origin [2,3]. Indeed, Salmonella is associated mainly with raw food, subject to faecal
contamination, including poultry, raw meat, seafood, egg, and dairy products [4]. In
addition, it was also found to be the most common bacterial pathogen responsible for
produce outbreaks [5].

Therefore, in EU countries, surveillance of Salmonella infections in humans is com-
pulsory, and also for food-producing animals and food thereof. In order to guarantee
food security, the availability of reliable methods to identify this pathogenic bacterium is
becoming increasingly relevant to the food industry, as well as for official controls.

The traditional cultural method [6] requires more than five days to determine a positive
result, besides being laborious and time-consuming. For this reason, to use the traditional
cultural method is not very suitable for high-throughput screening of large numbers of
food samples for the presence of Salmonella cells [7,8]. Less laborious and faster alternative
methods for pathogen detection in foods have been developed [8–12]. Among them, the
method that combines loop-mediated isothermal amplification (LAMP) with biolumines-
cence detection stands out as a reliable, faster, and simpler approach than conventional
culture methods. LAMP was developed by Notomi et al. in 2000 [9]. It is a method that
amplifies DNA with high specificity, efficiency, and rapidity, utilizing a DNA polymerase
enzyme with high strand displacement activity and two pairs of primers recognizing six
independent sequences of a target gene under isothermal conditions [12]. Subsequently
this method has been implemented by Nagamine et al. in 2002, incorporating forward
loop primers that accelerate the LAMP reaction and reducing costs as a consequence [13].
Due to its high sensitivity and low cost, LAMP has been applied for pathogen detection
screening of large numbers of food samples, and has successfully been used to detect
many pathogens, including Salmonella spp. [14]. In recent years, some kits based on LAMP
have been commercialised and their performance has been positively evaluated [8,12].
Hence alternative methods are catching on, as molecular methods are more rapid and
have an interesting potential to be used for screening, revealing a preliminary result, even
if ISO 6579-1:2017 [6] still remains necessary to isolate the microorganisms for further
characterization. ISO 16140-2:2016 [15] defines the procedures for validation of alternative
microbiological methods against the cultural method, measuring the concordance of the
results for both methods.

A Salmonella LAMP (loop-mediated isothermal amplification) assay was validated
in this study as a novel specific and cost-effective nucleic acid amplification method for
bacterial detection and identification. This innovative method is characterised by six
primers that specifically recognise eight different regions on the target gene [9].

In comparison to PCR and Real-Time PCR, LAMP has many advantages: reaction
simplicity, as it can be performed by semi-skilled staff, even in a heating block without
any thermal cycler; and detection sensitivity, displaying a 10–100-fold higher sensitivity
than PCR [16]. In addition, LAMP shows a higher amplification efficiency and the enzyme
commonly involved, Bst DNA polymerase, has shown not to be inhibited by the presence
of anticoagulants, NaCl, hemin, and other PCR-interfering substances [17]. Due to its
simplicity, the LAMP technique has initially been applied to diagnosis, but recently it
has also been extended to genetically modified organisms and identification of meat and
fish species in food products [18]. For these reasons, it represents an ideal candidate
for point-of-care diagnosis and when rapid results are needed, such as in food industry,
where Salmonella spp. positive samples need to be immediately blocked for public health
and safety.
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In this study, we evaluated the LAMP method through validating the kit by comparing
it to different methods that are currently the most commonly used.

2. Materials and Methods

All the processed samples used for the method optimisation and validation came from
a large-scale distribution, in order to reduce any bias from local food specialities and extend
the range of the validation. Samples were chosen as positive samples for the validation
of the method and for matrix effects evaluation. All the food samples came from Italian
supermarkets.

2.1. DNA Extraction Genomic

Several samples were tested, such as heat-processed milk and dairy products, raw
poultry and ready-to-cook poultry products, eggs and egg products (derivate), ready-to-eat
and ready-to-reheat fishery products, as well as fresh produce and fruits.

The kit Salmonella spp. (Enbiotech) provides a rapid preliminary DNA extraction from
food matrices. In the pre enrichment phase, 25 g of a sample was taken and homogenated
with 225 mL of Buffered Peptone Water (BPW). After a 22 ± 2 h enrichment in Buffered
Peptone Water (BPW) at 37 ◦C.

The DNA extraction was performed using a ready-to-use buffer contained in the
Salmonella Screen Glow kit (Enbiotech). Then, 250 ± 50 mg of a sample was directly placed
into 15 mL tubes containing 4 mL of the ready-to-use extraction buffer (Enbiotech) and
then incubated for 40 ± 5 min at room temperature.

Genetic amplification using LAMP technology and real-time detection of the results
using the dedicated device ICGENE mini (Enbiotech). The kit is ready-to-use and includes:

• DNA extraction buffer, through chemical lysis;
• Tubes strip containing lyophilised primers;
• Amplification master mix;
• Mineral oil;
• Positive control;
• Negative control;
• Sterile water.

2.2. LAMP Assays

The analytical and diagnostic assays to recognise Salmonella spp. DNA was performed
using the Salmonella Screen Glow commercial kit (Enbiotech) with an ICGENE mini
portable instrument (Enbiotech), consisting of a real-time fluorimeter, monitored and
regulated by the the ICGENE application (Enbiotech), and downloadable on various smart
devices. The Salmonella Screen Glow commercial kit includes ready-to-use reaction tubes
(containing primers, fluorescent dye, etc.) to achieve a rapid amplification of the DNA
template. The protocol to obtain the specific amplification of the target Salmonella spp. DNA
was carried out in a mixture with a final volume of 55 μL, including 22 μL of the Salmonella
Screen Glow LAMP mix (Enbiotech), 30 μL of mineral oil, and 3 μL of the extracted
DNA samples. The mineral oil was added to the top of the reaction mixture to prevent
evaporation. The amplification was optimised and performed at 65 ◦C for 35 min. Real-
time monitoring of the fluorescence associated with the amplification was possible using
the fluorimeter of the ICGENE portable instrument and the ICGENE application interface.

2.3. Validation Plan

The study was carried out at the Food Microbiology Laboratory of the Istituto Zooprofi-
lattico Sperimentale of Sicily, Palermo (Italy), according to the validation process explained
by ISO 16140-2:2016 [15]. According to ISO 16140, we demonstrated that the results ob-
tained with the alternative method (LAMP kit) were comparable (at least equivalent) to the
results obtained with the reference method. Following the validation protocol described
by ISO 16140-2:2016 [15], we did a comparative study of the alternative method with the
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corresponding reference method, conducted by the Food Microbiology Laboratory of the
Istituto Zooprofilattico Sperimentale of Sicily, Palermo (Italy). Validation determined the
following parameters: relative limit of detection (RLOD), inclusivity, exclusivity and a
method comparison study including relative accuracy (AC), relative specificity (SP), and
sensitivity (SE). Examining the samples both with the alternative (LAMP kit) method and
the reference method, the parameters of AC, SP, and SE were calculated as follows:

AC = (PA + NA)/N × 100% (1)

SP = (NA)/N− × 100% (2)

SE = (PA)/N+ × 100% (3)

where PA = positive agreement; NA = negative agreement; N = total number of samples;
N− = number of negative samples; and N+ = number of positive samples.

The RLOD was calculated as follows:

RLOD = LOD50 alternative method/LOD50 reference method (4)

where LOD50 = the limit of detection (LOD) of 50% = the smallest amount of analyte that
can be detected but not quantified with a 50% probability. Therefore, LOD50 is the level of
detection for which 50% of tests give a positive result [19].

RLOD, SP, and SE were performed against the reference method ISO 6579-1:2017 [6]
“Microbiology of the food chain-Horizontal method for the detection, enumeration and
serotyping of Salmonella-Part 1: Detection of Salmonella spp.”

2.4. Bacterial Strains

Bacterial strains were maintained on cryogenic beads at –20 ◦C; before use, the beads
were placed in Columbia Blood Agar (CBA-Microbiol) plates and incubated at 37 ◦C for
18–24 h. Subsequently, the bacterial strains were placed in Tryptone Soya Agar (TSA-
Microbiol) tubes, incubated at 37 ◦C for 18–24 h and maintained at 4 ◦C for two weeks.
For RLOD and the comparative studies, a strain of Salmonella enteritidis ATCC 13,076 was
used. For the inclusivity study, field strains cultures coming from food samples were used,
which were identified and confirmed by ISO/TR 6579-3:2014 [20].

Inclusivity of the LAMP method was evaluated by testing 25 pure cultures of the
target microorganisms, while exclusivity was determined by testing 30 pure cultures of
species other than Salmonella spp. (Table 1).

A comparative study was performed comparing the LAMP kit and the reference
method. In particular, this study allowed evaluating the relative accuracy, relative speci-
ficity, and sensitivity. Food samples were chosen based on the categories given in Table A1
of ISO 16140-2:2016 [15].

In particular, five categories were chosen among the most relevant:

• Heat-processed milk and dairy products;
• Raw poultry and ready-to-cook poultry products;
• Eggs and egg products (derivate);
• Ready-to-eat, ready-to-reheat fishery products;
• Fresh produce and fruits.

For each category, 60 samples were tested, made up of 3 specific typologies with
20 samples representative of each typology (3 typologies × 20 samples for each = 60 samples
per category). Of tested samples per typology, 50% (i.e., 10) were negative and 50% were
spiked and hence positive.

RLOD tests were run on the same five food matrices of the comparative study: heat-
processed milk and dairy products; raw poultry and ready-to-cook poultry products; eggs
and egg products (derivates); ready-to-eat, ready-to-reheat fishery products; and fresh
produce and fruits.
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Table 1. Salmonella spp. tested for inclusivity and species used for exclusivity testing.

Microorganism

Tested for Inclusivity Species Used for Exclusivity Testing Code

1 S. Livingstone 1 Aeromonas hydrophila ATCC 35650
2 S. Heron 2 Arcobacter butzleri NCTC 12481
3 S. Corn 3 Bacillus cereus ATCC 11778
4 S. Madelia 4 Bacillus cereus B25052
5 S. Typhimurium (monophasic) 5 Bacillus subtilis BCS51
6 S. Thompson 6 Campylobacter coli ATCC 33559
7 S. Virchow 7 Campylobacter jejuni ATCC 33291
8 S. London 8 Citrobacter freudii ATCC 8990
9 S. Typhimurium 9 Clostridium bifermentans CBIF107

10 S. Kissi 10 Clostridium perfringens ATCC 13124
11 S. Blocklei 11 Escherichia coli ATCC 25922
12 S. Toulon 12 Escherichia coli O157 ATCC 35150
13 S. Halle 13 Enterobacter cloacae Not available
14 S. Abony 14 Enterococcus faecium EFC49
15 S. Messina 15 Enterobacter sakazakii ATCC 29544
16 S. Montevideo 16 Listeria innocua ATCC 33090
17 S. Potsdam 17 Listeria ivanovii ATCC 19119
18 S. Muenster 18 Listeria monocytogenes ATCC 7684
19 S. Larochelle 19 Listeria seeligeri Not available
20 S. Newport 20 Micrococcus luteus ATCC 9341
21 S. Hadar 21 Psudomonas aeruginosa ATCC 10145
22 S. Poona 22 Rhodococcus equi ATCC 6939
23 S. Muenchen 23 Staphylococcus aureus ATCC 25923
24 S. Derby 24 Staphylococcus aureus ATCC 38862
25 S. Kottbus 25 Shigella sonnei ATCC 9290

26 Streptococccus agalactiae STRA41
27 Vibrio cholerae ATCC 1473A
28 Vibrio parahaemolyticus ATCC 17802
29 Vibrio vulnificus ATCC 27562
30 Yersinia enterocolitica ATCC 23715

From TSA, Salmonella enteritidis was inoculated in Xylose Lysine Deoxycholate agar
(XLD-Microbiol) plates to obtain isolated colonies. XLD agar plates were incubated at 37 ◦C
for 24 h.

In order to calculate the RLOD value, each of the five categories was spiked with the
target microorganisms at three levels of contamination. In particular, they were 5 replicates
of negative samples (0 CFU), 20 replicates of the lowest detection level (0.4 CFU/g), and
5 replicates of a higher contamination level (4 CFU/g), for a total of 30 contaminated
samples for each food category. In total, 25 g of each the different food samples were
inoculated with the corresponding level of contamination and the samples were then
stabilized at room temperature or 4 ◦C, depending on food typology and its storage
temperature. Subsequently, the reference and the alternative methods were performed.

3. Results

The method was optimised for the DNA extraction phase by testing in triplicate
the initial weight of the samples at 250 mg. The extract was tested with three levels of
contamination: 0, 0.4, and 4 CFU/g.

3.1. Validation

As for inclusivity and exclusivity, the results showed all samples were correctly
recognised; as a matter of fact, all target microorganisms were identified, while the relevant
range of other species tested did not interfere.

The relative accuracy, specificity, and sensitivity of each food category are reported in
Table 2.
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Table 2. Relative accuracy, relative sensitivity, and relative specificity of the alternative method (Salmonella spp.).

Category PA NA PD ND N AC SE SP

Heat-processed milk and dairy products 30 30 0 0 60 100% 100% 100%
Raw poultry and ready-to-cook poultry products 30 30 0 0 60 100% 100% 100%

Eggs and egg products (derivates) 30 30 0 0 60 100% 100% 100%
Fresh produce and fruits 30 30 0 0 60 100% 100% 100%

Ready-to-eat, ready-to-reheat fishery products 30 30 0 0 60 100% 100% 100%
Heat-processed milk and dairy products 30 30 0 0 60 100% 100% 100%

Raw poultry and ready-to-cook poultry products 30 30 0 0 60 100% 100% 100%
Eggs and egg products (derivates) 30 30 0 0 60 100% 100% 100%

Fresh produce and fruits 30 30 0 0 60 100% 100% 100%
Ready-to-eat, ready-to-reheat fishery products 30 30 0 0 60 100% 100% 100%

Heat-processed milk and dairy products 30 30 0 0 60 100% 100% 100%

The results showed 100% for all three parameters for all the food categories; hence,
neither false-positive nor false-negative samples were detected, with this 100% performance
consistent with the reference method.

The RLOD value obtained was 1 for all the categories; therefore, the same LOD was
reached both for the LAMP kit and for the reference method, while the detection limit
was set at 0.4 CFU/g for all food categories (Table 3). At this concentration, false-negative
results were found with the LAMP method with the commercialised kit: a sample of the
heat-processed milk and dairy products and three samples of raw poultry and ready-to-
cook poultry products (Table 3). For the detection limit of 0.4 CFU/g, the alternative
(LAMP kit) method proved to be less sensitive than the traditional ones.

Table 3. Data for RLOD calculation (N. tot = total number of samples; N. pos ref = number of positives with the reference
method; N. pos kit = number of positives with the Salmonella spp.).

Category Contamination Level CFU/g N. Tot N. Pos Ref N. Pos Kit

Heat-processed
milk and dairy

products

1 0 5 0 0
2 0.4 20 20 19
3 4 5 5 5

Raw poultry and
ready-to-cook

poultry products

1 0 5 0 0
2 0.4 20 20 17
3 4 5 5 5

Eggs and egg
products

(derivates)

1 0 5 0 0
2 0.4 20 20 20
3 4 5 5 5

Fresh produce and
fruits

1 0 5 0 0
2 0.4 20 20 20
3 4 5 5 5

Ready-to-eat,
ready-to-reheat
fishery products

1 0 5 0 0
2 0.4 20 20 20
3 4 5 5 5

3.2. Field Study

A total of 105 samples of raw poultry meat were screened for the presence of Salmonella
spp. according to three methods: the LAMP kit Salmonella spp. (Enbiotech), the Real-Time
PCR kit FoodProof Salmonella (Biotecon), and the reference cultural method. Using these
three methods, only one sample out of the 105 (0.95%) tested was positive for Salmonella
spp. This sample was further investigated using the reference method described in ISO.
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4. Discussion

In recent years, different diagnostic approaches have been developed for detecting
various food pathogens, including innovative molecular methods.

Salmonella infections have been declining constantly since the implementation of EU
control measures in poultry in 2007, although the data for 2016 showed a relevant increase
of 11.5% in the number of cases compared to the previous year [1], underlining the need
for continued risk management plans both at the state and at the food industry level.

In this context, the use of alternative methods, such as the “Salmonella spp.” kit that
can rapidly identify pathogenic bacteria, is of great relevance, provided they are validated
against the standardized reference method as stated by ISO 16140-2:2016 [15].

The results obtained by the validated method in the comparative studies were equiv-
alent to the microbiological reference method, hence providing a valid alternative to the
cultural method. The relative sensitivity was found to be 100% for all the food typologies
examined, confirming the absence of inhibition by different kinds of substrates. Moreover,
the kit is characterised by a 100% specificity, as it does not amplify the other species tested,
and it is inclusive of at least 25 serovars of Salmonella evaluated. At the detection limit of
0.4 CFU/g, the LAMP kit showed false-negative results for 4 out of 100 samples; but, even
though there is a lower sensitivity than the traditional methods, it still has the advantage
in terms of speed of execution and ease of use.

During this study, we also compared the LAMP kit with another commercially avail-
able diagnostic method: Real-Time PCR in raw poultry samples. The results indicate that
all the methods were in good agreement, even if a limitation of this study is the scarcity
of positive results (i.e., 1 sample) that could hinder a more deepened evaluation. No
problems of PCR inhibition were found using the internal amplification control provided
in the kit; hence, in negative samples, the absence of pathogenic microorganisms was
effectively determined.

Another feature of this study is that out of the 105 poultry samples screened for
the presence of Salmonella spp., only 1 positive sample occurred, with a prevalence of
0.95%. Samples were bought in different retail markets in order to have a more realistic
representation of Sicilian poultry contamination. In fact, poultry flocks, particularly chicken,
are frequently colonized with Salmonella without any detectable symptoms by horizontal
and vertical transmission at the primary production level [21].

In European countries, the percentage of Salmonella-positive samples from fresh broiler
meat is quite higher (4.85%) [22], even if, besides retail, also samples from slaughterhouse
and processing plants are included.

Although our prevalence is rather low, this should be taken as an additional motivation
for the continuous control of this pathogens, as an effective implementation of control
measures could still decrease the prevalence, producing safer food. Constant monitoring
is mandatory to avoid new difficulties, such as the increasing antibiotic resistance in
Salmonella spp. that has become a severe issue for public health at a global level [23].

5. Conclusions

The data in this study support the suitability of the Salmonella spp. kit for commercial
use on different food samples, including egg products and poultry meat, which are the
foods most associated with salmonellosis.

Therefore, the validated LAMP kit provides an accurate method for the rapid detection
of Salmonella spp., offering significant advantages over the traditional method, as it is
characterised by a high sensitivity (up to 0.4 CFU/g), easiness of use for laboratory testing,
and a large reduction in the analysis time (about 26 h to obtain definitive results), making
it a valuable asset to the food industry. Despite the LAMP kit being less sensitive than the
traditional methods, the great rapidity and ease of use suggest that the LAMP assay can
be a valid alternative for routine examination in the food sector and for screening of large
numbers of food samples.
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In our study we isolated the S. Infantis strain from the positive sample. In the EU,
an increased occurrence of various serotypes implicated in human infections, including S.
Infantis, has been reported, related to poultry meat [24]. The increase in S. Infantis has been
associated with the propagation of various clones of broiler origin in different European
countries, including the dominant Hungarian clone [25].

Continuous monitoring to detect Salmonella along the food chain is of critical impor-
tance for public health, above all in the poultry meat industry, as poultry meat is one of the
most consumed meats globally and thus one of the most traded meat products.
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Abstract: Background: Stomach diseases are an important sector of gastroenterology, including
proliferative benign; premalignant; and malignant pathologies of the gastric mucosa, such as gastritis,
hyperplastic polyps, metaplasia, dysplasia, and adenocarcinoma. There are data showing quantitative
changes in chaperone system (CS) components in inflammatory pathologies and tumorigenesis, but
their roles are poorly understood, and information pertaining to the stomach is scarce. Here, we report
our findings on one CS component, the chaperone Hsp60, which we studied first considering its
essential functions inside and outside mitochondria. Methods: We performed immunohistochemical
experiments for Hsp60 in different samples of gastric mucosa. Results: The data obtained by
quantitative analysis showed that the average percentages of Hsp60 were of 32.8 in normal mucosa;
33.5 in mild-to-moderate gastritis; 51.8 in severe gastritis; 58.5 in hyperplastic polyps; 67.0 in intestinal
metaplasia; 89.4 in gastric dysplasia; and 92.5 in adenocarcinomas. Noteworthy were: (i) the
difference between dysplasia and adenocarcinoma with the other pathologies; (ii) the progressive
increase in Hsp60 from gastritis to hyperplastic polyp, gastric dysplasia, and gastric carcinoma; and
(iii) the correlation of Hsp60 levels with histological patterns of cell proliferation and, especially, with
tissue malignancy grades. Conclusions: This trend likely reflects the mounting need for cells for
Hsp60 as they progress toward malignancy and is a useful indicator in differential diagnosis, as well
as the call for research on the mechanisms underpinning the increase in Hsp60 and its possible roles
in carcinogenesis.

Keywords: chaperone system; Hsp60; gastritis; gastric dysplasia; gastric carcinogenesis; intesti-
nal metaplasia

1. Introduction

Quantitative variations of molecular chaperones in cells and tissues during carcinogen-
esis have been recognized for a long time. However, it is still unclear what these variations
signify for the carcinogenic process. There is abundant information suggesting that tumors
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require one or more of the components of the chaperone system (CS), including Hsp60
discussed in this work, for growth and proliferation, epithelial-to-mesenchymal transition,
dissemination, and anti-drug resistance [1–15]. Thus, it appears likely that the increase
in the levels of chaperones observed in the cells of various types of cancers reflects the
response of the cell to the needs of the carcinogenic process. However, due to the close
correlation often observed between a progressive increase in the level of certain chaperones
with advancing carcinogenesis, with metastasization, and with resistance to anti-cancer
drugs, it appears possible that chaperones play a distinct etiologic–pathogenic role in the
initiation of malignancies, or at least in their maintenance and progression.

Hsp60 is among the components of the CS studied during carcinogenesis in various
tumors by several groups of investigators. For example, a steady increase in Hsp60 levels
in tumor tissue paralleling tumor progression in uterine and colon cancers is among the
earliest reported observations of the quantitative changes in a chaperone in relation to
carcinogenesis [16]. Along the same lines, other reports pertain to other tumors, such as
prostate [17–20], thyroid [21], and salivary gland [22] cancers. Here, we present data from
a recent study of Hsp60 levels in gastric mucosa obtained with immunohistochemistry,
comparing cancer with other gastric pathologies. These pathologies cause tissue disor-
ganization and remodeling as exemplified by benign inflammatory, benign proliferation
(e.g., hyperplastic polyps), metaplastic and dysplastic conditions, and malignant prolifera-
tions. Metaplasia is a para-physiological condition in which gastric glandular epithelium is
replaced by another type of cell. Metaplasia occurs in response to chronic inflammation
and is benign and typically reversible, but it can sometimes degenerate and evolve to
dysplasia, a pre-cancerous condition [23]. Gastric adenocarcinoma is the most frequent
gastric epithelial malignancy [24], and is aggressive and invasive. Gastric carcinogenesis
is an orderly process that requires time for the tumor to become established and start its
expansion. However, tumor progression can be triggered and accelerated by pre-cancerous
conditions, such as gastric dysplasia, which facilitates cell proliferation, escape from pro-
apoptotic stimuli, and genetic mutations [25–27]. In the study reported here, we performed
an immunomorphological evaluation of the tissue levels of Hsp60 in specimens of gas-
tric mucosa with inflammation (mild or moderate/severe gastritis), hyperplastic polyps,
metaplasia, dysplasia, or cancer. The objective was to present an immunomorphological
standard of Hsp60 quantitative variations that would be useful for the microscopic analysis
of gastric pathologies aiming at differential diagnosis. Elucidation of the underlying molec-
ular mechanisms is beyond the scope of the present work, but the data reported provide
the basis for initiating a mechanistic–molecular dissection of the Hsp60 roles in various
pathologies that are different from one another at the immunomorphological level.

2. Materials and Methods

2.1. Samples

Biopsy specimens of normal gastric tissue and samples with mild-to-moderate gastritis
and hyperplastic polyp were obtained from the archives of the Biotechnology Laboratory,
Euro-Mediterranean Institute of Sciences and Technologies (IEMEST). Gastric samples with
severe gastritis, intestinal metaplasia, dysplasia, and carcinoma were collected from the
archive of the Surgical Pathology laboratory, Department of Sciences for the Promotion of
Health and Mother and Child Care, University of Palermo. Formalin fixed and paraffin
embedded blocks of human gastric tissue were collected (10 cases for each group). The
group of normal mucosa (NM) consisted of 5 males and 5 females with an average age of
51 ± 4 years. The group of specimens with mild-to-moderate gastritis (MMG) consisted
of 3 males and 7 females, with an average age of 54 ± 4 years, with no signs of activity
and a negative history of cancer or polyps. The group of hyperplastic polyp samples
comprised 4 males and 6 females, with an average age of 56 ± 5 years, and a negative
history of tumors and/or familial hereditary polyposis syndromes. Endoscopically, these
polypoid formations had a diameter below 1 cm. The group of severe gastritis comprised
8 males and 2 females, with an average age of 52 ± 2 years. The group of gastric dysplasia
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comprised 7 males and 3 females, with an average age of 51 ± 2 years. All patients
had a negative history of Helicobacter pylori. The grade of dysplasia was moderate to
severe. The group of gastric carcinoma samples comprised 5 males and 5 females, with an
average age of 58 ± 5 years. These samples were obtained from total surgical gastrectomy
and presented the histopathological diagnosis of intestinal type adenocarcinoma (type
I according to Lauren), with a moderate degree of differentiation (G2). Together with
infiltrating neoplasm, all samples also showed areas of normal mucosa and areas of
intestinal metaplasia. The pathological staging (pTNM) of the gastric carcinoma group was
T2N0MX and T3N0MX for 6 and 4 cases, respectively.

2.2. Immunohistochemistry

Immunohistochemistry (IHC) reactions for Hsp60 were carried out on 5 μm thick
tissue sections obtained from paraffin blocks with a cutting microtome. The IHC reactions
were performed using the automated IHC system of the Biotechnology Laboratory of
the Euro-Mediterranean Institute of Sciences and Technologies (IEMEST) (IntelliPath Flx,
Biocare Medical, distributed by Bio-Optica, Milan, Italy). The primary antibody used was
a rabbit polyclonal anti-human Hsp60 (Clone H300, Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA, catalog no. Sc-13966, dilution 1:300). After the end of the immunostaining
cycle, the slides were prepared for observation with coverslips, using a permanent mount-
ing medium (Vecta Mount, Vector, H-5000). The observation of the sections was performed
with an optical microscope (Microscope Axioscope 5/7 KMAT, Carl Zeiss, Oberkochen,
Germany) connected to a digital camera (Microscopy Camera Axiocam 208 color, Carl
Zeiss, Oberkochen, Germany). Two independent pathologists (F.C. and F.R.) examined
the specimens on two separate occasions, blinded, i.e., the slides were unidentifiable by
the pathologist performing the examination (the k values for each group are: NM k = 0.88;
MMG k = 0.88; SG k = 1; HP k = 0.88; IM k = 1; GD k = 0.88 and GC k = 0.75) and performed
a quantitative analysis to determine the percentage of cells positive for Hsp60. The evalu-
ation of the percentage of immunopositivity was calculated in a high-power field (HPF)
at 400× of magnification and repeated for 10 HPF. The average of the percentages of all
immuno-quantifications performed in each case for each group described was considered
as a conclusive result, and this value was used for the statistical investigation.

2.3. Statistical Analysis

The one-way analysis of variance (one-way ANOVA with Bonferroni post hoc multiple
comparison) was applied to comparatively evaluate the results, using the GraphPad Prism
4.0 software (GraphPad Inc., San Diego, CA, USA). The data are presented as the arithmetic
mean (AM) ± the standard deviation (SD), and the statistical significance limit was set at
mboxemphp ≤ 0.05.

3. Results

The immunomorphological analysis was performed on epithelial cells and revealed
that the immunolocalization of Hsp60 was uniformly widespread in the cytoplasm, but
with some granular appearance at times. The average percentages of Hsp60-positive
epithelial cells were 32.8 ± 6.9 in normal mucosa; 33.5 ± 15.28 in mild-to-moderate gastritis;
51.8 ± 14.3 in severe gastritis; 58.5 ± 17.4 in hyperplastic polyps; 67 ± 11.8 in intestinal
metaplasia; 89.4 ± 3.4 in gastric dysplasia; and 92.5 ± 4.4 in gastric adenocarcinomas.

The statistical analysis revealed significant differences between some of the groups
analyzed, showing a gradual increase in Hsp60-positive cell numbers from gastritis to
hyperplastic polyp, gastric dysplasia, and gastric carcinoma (Figure 1).
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Figure 1. Histogram showing the percentage of Hsp60-positive epithelial cells in normal mucosa
(NM), mild-to-moderate gastritis (MMG), severe gastritis (SG), hyperplastic polyp (HP), intestinal
metaplasia (IM), gastric dysplasia (GD), and gastric adenocarcinoma (GC). Each group consisted of
10 cases. Data are presented as the arithmetic mean (AM) ± SD.

Gastric dysplasia was no different from gastric carcinoma. Representative immuno-
histochemical images are displayed in Figure 2.

Figure 2. Cont.
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Figure 2. Representative images of immunohistochemical detection of Hsp60 in biopsies of human
gastric tissue: (A,B) normal mucosa (NM), (C,D) mild-to-moderate gastritis (MMG), (E,F) severe
gastritis (SG), (G,H) hyperplastic polyp (HP), (I,L) intestinal metaplasia (IM), (M,N) gastric dysplasia
(GD), (O,P) gastric adenocarcinoma (GC). (A,C,E,G,I,M,O) Magnification 200×, scale bar 50 μm.
(B,D,F,H,L,N,P) Magnification 400×, scale bar 20 μm.

Details of the normal mucosa, intestinal metaplasia, and gastric carcinoma with
increasing numbers of Hsp60-positive cells (see percentages above) are shown in Figure 3.

Figure 3. (A) Representative image of immunohistochemical detection of Hsp60 in gastric adeno-
carcinoma with associated areas of normal mucosa and intestinal metaplasia (magnification 100×,
scale bar 100 μm). (B) Normal gastric mucosa (magnification 400×, scale bar 20 μm). (C) Intestinal
metaplasia (magnification 400×, scale bar 20 μm). (D) Gastric adenocarcinoma (magnification 400×,
scale bar 20 μm).

In some biopsies, there were areas of severe gastritis associated with areas of gastric
dysplasia. The latter areas showed changes in nuclear and gland morphology typical of
dysplasia with increased numbers of Hsp60-positive cells (Figure 4).
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Figure 4. (A) Representative image of immunohistochemical detection of Hsp60 in gastric mucosa
with areas of severe gastritis and areas with glandular dysplasia (magnification 50×, scale bar 200
μm). (B) Higher magnification of severe gastritis (magnification 200×, scale bar 50 μm). (C) Higher
magnification of gastric dysplasia (magnification 200×, scale bar 50 μm).

4. Discussion

We found that the number of cells positive for Hsp60 and the positivity of the individ-
ual cells in gastric adenocarcinoma (GC) are high compared to the normal mucosa (NM).
We also compared GC with other gastric pathologies, as follows: (1) mild-to-moderate gas-
tritis, an inflammatory process without damage or destruction of the glandular structure;
(2) severe gastritis, also an inflammatory process but associated with the injury and destruc-
tion of the glandular structure; (3) hyperplastic polyp, a paradigm of benign proliferation;
(4) intestinal metaplasia, a benign reversible condition for the most part, characterized by
morphological variations in the mucosa that probably reflect adaptive changes to a chronic
inflammation; and (5) gastric dysplasia, a precancerous condition.

The highest levels of Hsp60 positivity were found in GC, but they were also high
in gastric dysplasia (GD) in comparison with all the other pathologies studied, which
reaffirms the close relationship between GC and GD, with the latter being a prelude to
malignant transformation with the atypical alteration of epithelial cells. Additionally, it
is of interest that (i) the Hsp60 positivity in hyperplastic polyps (HP) was higher than in
normal mucosa (NM) but lower than in GC, even though HP and GC are both characterized
by increased cell proliferation; (ii) the Hsp60 positivity was higher in the malignant version
of these two examples of increased cell proliferation, HP and GC, but with the difference
that GC is undifferentiated and disrupts the tissue structure and infiltrates neighboring
spaces, properties not shown by polyps. This indicates that Hsp60 quantitative changes
are strongly associated with malignancy (Figure 5).

Epithelial cell proliferation in polyps is characterized by an increase in mitotic repli-
cation cycles and a reduction in pro-apoptotic stimuli [28,29] also seen in carcinogenic
proliferation, in which genetic mutations may occur [28,30]. Therefore, both pathologies
share tissue remodeling events and factors, including an increase in Hsp60. Previous
studies have found that Hsp60 increases in cases of alteration of the transmission of the
apoptotic signal [31,32], and this may occur in the gastric polyps such as those included
in this study, in which an altered cell turnover leads to an increase in proliferation. The
involvement of Hsp60 in the carcinogenic process also includes its functional participation
in many metabolic and biomolecular mechanisms of the cancer cells, encompassing inter-
actions with various other molecules involved in programmed cell death, cell proliferation,
and other pathways leading to malignant transformation [31].
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Figure 5. Schematic image visualizing the progressive increase in the number of Hsp60-positive ep-
ithelial cells in gastric mucosa as measured in this work. The increase is represented by the increment
in darkness from top (lower proliferation) to bottom (higher proliferation), during the progression
from normal mucosa (top) toward gastric carcinoma (bottom), passing through intermediate stages,
such severe gastritis, hyperplastic polyp, intestinal metaplasia, and gastric dysplasia.

Other authors have also reported an increase in Hsp60 in the process of gastric
carcinogenesis [11,33], ascribing to the chaperonin a fundamental role in the replication
mechanisms and in cell survival [33]. Thus, our data are consistent with those from other
investigators, showing that the Hsp60 increase is not only associated with the onset of GC
but also correlates with the progression of the tumor mass and worsening of the clinical
prognosis [11]. Regardless of the mechanisms by which Hsp60 increases in tumor cells, it
is likely that the chaperonin aids them and should, therefore, be the target of anti-cancer
treatments. The use of compounds to block Hsp60 activity, i.e., negative chaperonotherapy,
has been proposed and is a promising field for investigation to develop means to defeat
not only GC but also various other malignancies [34,35].

The Hsp60 positivity in mild-to-moderate gastritis is the same as that in normal mucosa,
but in severe gastritis, it reaches higher levels, suggesting that in inflammatory processes
the chaperonin is also involved to some extent. Here, the non-canonical functions of Hsp60,
for example, stimulation of the production of pro-inflammatory cytokines [36–40], may
be at play, an issue that deserves further investigation. Along the same lines, it has to be
mentioned that infection with H. pylori can be associated with an increased risk of gastric
neoplastic transformation [41]. Likewise, it has been observed that the H. pylori cytotoxin
CagA assists in suppressing the heat shock response in gastric cancer cells, including Hsp60
expression [42]. In our study, it is relatively unlikely that H. pylori infection contributes to
the results in any way, because the specimens we examined were derived from patients
with a negative history of this infection.

5. Conclusions and Challenges for the Future

The increase in Hsp60 levels in the gastric mucosa during the progression from
hyperplasia to carcinoma, passing through dysplasia, reflects the mounting need for cells
for the CS, including Hsp60, to deal with their escalating metabolism and proliferation as
they become malignant. It is possible that Hsp60 plays a distinct etiologic role in these
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processes, different from its canonical functions pertaining to the maintenance of protein
homeostasis inside mitochondria. It is likely that the chaperonin helps the tumor to grow
and metastasize and, therefore, a Hsp60 chaperonopathy by mistake or collaborationism is
in operation: a normal chaperone (as far as it can be determined with current technology)
functions to favor cancer rather than protect the organism against it. This is a key concept
to consider while developing treatment strategies because it puts the chaperone at the
center of the carcinogenic mechanism. Consequently, Hsp60 becomes a preferential target
against which one must develop anti-cancer drugs. This concept also paves the way to
investigating the mechanism underpinning the quantitative increase in Hsp60 in tumor
cells. Is it the increased expression of the hsp60 gene? Is it an increase in the life span (low
degradation rate) and/or rate of translation of the Hsp60 mRNA? Is it the low degradation
rate of the protein Hsp60? What is the role of Hsp60-related miRNAs in the regulation of
Hsp60 levels in cancer cells? Finding answers to at least one of these questions will greatly
help in choosing approaches to develop anti-cancer drugs targeting Hsp60 as an inside
collaborator with the “enemy.” Another key issue to keep in mind is that Hsp60 could
play other roles unrelated to the maintenance of protein homeostasis inside mitochondria
that could favor tumor growth and dissemination, as suggested by the redistribution
of the chaperonin outside the mitochondria in tumor cells, and even outside these cells.
These extramitochondrial Hsp60 molecules could play non-canonical roles, some of which
could favor the tumor. Whether these Hsp60 extramitochondrial and extracellular Hsp60
molecules are normal or abnormal is unknown, but they could bear post-translational
modifications, enabling them to play roles that favor tumor growth and dissemination,
and resistance to stressors and anti-cancer compounds. The above considerations indicate
that research focusing on Hsp60 in gastric tumors could provide information suitable not
just for the possible uses of the chaperonin and its quantitative variations as a biomarker
in diagnosis and patient monitoring but also for developing therapeutic drugs targeting
the chaperonin.
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Abstract: This work describes a new, low-cost and simple-to-use method for the determination of
free biothiols in biological fluids. The developed method utilizes the interaction of biothiols with
gold ions, previously anchored on micellar assemblies through electrostatic interactions with the
hydrophilic headgroup of cationic surfactant micelles. Specifically, the reaction of AuCl4− with the
cationic surfactant cetyltrimethyl ammonium bromide (CTAB) produces an intense orange coloration,
due to the ligand substitution reaction of the Br− for Cl− anions, followed by the coordination of the
AuBr4

− anions on the micelle surface through electrostatic interactions. When biothiols are added to
the solution, they complex with the gold ions and disrupt the AuBr4

−–CTAB complex, quenching the
initial coloration and inducing a decrease in the light absorbance of the solution. Biothiols are assessed
by monitoring their color quenching in an RGB color model, using a flatbed scanner operating in
transmittance mode as an inexpensive microtiter plate photometer. The method was applied to
determine the biothiol content in urine and blood plasma samples, with satisfactory recoveries (i.e.,
>67.3–123% using external calibration and 103.8–115% using standard addition calibration) and good
reproducibility (RSD < 8.4%, n = 3).

Keywords: biothiols; blood plasma; gold nanoparticles; colorimetric probes

1. Introduction

More than 100 biothiols, which play a significant role in many biological processes and
metabolic pathways (e.g., protein synthesis, antioxidant defense system, cell metabolism,
etc.), have been identified in the human organism [1,2]. Of these biothiols, glutathione
(GSH), cysteine (Cys) and homocysteine (Hcy) are the most abundant, with concentration
levels that vary significantly in biological fluids. Under normal (non-pathological) condi-
tions, GSH is present at concentrations as high as 3 mM in whole blood and less than 5 μM
in blood plasma and urine. Cys, on the other hand, typically ranges from 135 to 300 μM in
blood plasma and 20–80 μM in urine while Hcy concentrations are lower than 15 μM in
both plasma and urine. Abnormal levels of biothiols have been related to clinical disorders
and diseases, such as liver damage, Alzheimer’s disease, osteoporosis and cardiovascular
diseases, among others [3–6].

Due to the important biological implications of biothiols, there has been a great in-
terest in their determination in biological fluids. To that end, several analytical methods
and techniques have been developed: HPLC, LC-MS, UV-Vis spectrometry, fluorescence,
chemiluminescence, electrochemical techniques, etc. [7,8]. Over the past decade, nano-
materials have also been a popular scaffold for the development of biothiol probes and
chemosensors [9]. By exploiting the high affinity of the sulfhydryl group for metal nanopar-
ticles, a large variety of optical methods have been proposed. These methods are based
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on the generation or quenching of an optical event when biothiols bind on the surface
of nanomaterials through a variety of mechanisms, such as host–guest interactions of
biothiols with receptor molecules on the nanomaterials surface, the replacement of func-
tional molecules from the nanomaterials surface and the disruption of inter-nanoparticle
bonds [9]. The main advantage of nanomaterial probes is their high sensitivity as a result
of the strong distance- and size-dependent optical properties of metal-based nanomaterials,
especially those made of noble metals. However, the use of nanomaterials also faces several
shortcomings: although synthesis may be relatively easy in a research laboratory, the
reproducible large-scale synthesis and functionalization of nanomaterials for biomedical
applications is a resource-demanding task that requires substantial nanotechnology skills
and advanced equipment for their proper characterization. Additionally, due to a high sur-
face area, which imbues nanomaterials with high reactivity, and surface functionalization,
non-specific interactions with the matrix components may be observed. Furthermore, many
of these methods require laboratory facilities, expensive scientific equipment (e.g., plate
spectrophotometers or spectrofluorometers) and trained operators for their application,
which are probably unavailable at the point-of-need and remote healthcare units.

An alternative approach to overcome the challenges associated with the use of nano-
materials is to use thiols as size and growth regulators of nanomaterials. In these methods,
thiols firstly react with the precursor metal ions. Upon addition of a reducing agent, the
produced nanomaterials exhibit a different size, morphology or aggregation state com-
pared to those obtained in the absence of thiols. The difference in the colorimetric and
spectral response in the presence and absence of biothiols is therefore used to determine
their concentration. Based on this effect, several analytical methods using gold and silver
nanoparticles have been developed, also from our group [10–13]. The main challenge in
these methods, however, is that the kinetics of the reactions evolve over time and thus
requiring relatively strict timing to obtain reproducible results [13,14].

Motivated by the latter methods, in this work we describe a simpler approach that
does not rely on the formation of metallic nanomaterials but exploits the direct interaction
of thiols with gold anions incorporated on the surface of cationic surfactant micelles. Gold
anions form colored ion-pair complexes with the positively charged headgroup of cationic
surfactant micelles through electrostatic interactions. These complexes have been widely
used as a template for the controlled synthesis of noble metal nanoparticles [15–17] by
chemical reduction of the Au–CTAB complex with appropriate reducing agents. However,
the use of Au–CTAB complexes as colorimetric probes for analytical purposes has not been
reported yet. In that sense, we exploit the intense colorimetric response generated from of
Au halides associated on the surface of CTAB cationic micelles, which is quenched upon
the addition of thiols due to the complexation of Au ions and the formation of colorless
Au–thiolate complexes. In this manner, a concentration-dependent colorimetric response
was obtained that was quantified with a simple flatbed scanner operated as an inexpensive
microtiter plate photometer and was used to determine biothiols in real biological fluids
(urine and blood plasma).

2. Materials and Methods

2.1. Reagents and Chemicals

L-cysteine (Cys), glycine (Gly), histidine (His), valine (Val), lysine (Lys), cystine (Cys-
Cys), arginine (Arg), DL-homocysteine (HCy), glutamine (Glu), uric acid, magnesium
chloride hexahydrate, sodium chloride, sodium sulfate, sodium hydrogen bicarbonate,
sodium acetate, disodium hydrogen phosphate, potassium chloride, calcium chloride dehy-
drate, D(+)-glucose, and glacial acetic acid were obtained from Sigma-Aldrich (Steinheim,
Germany). L-Glutathione (reduced), hydrogen tetrachloroaurate trihydrate (min. 99.9%),
urea (>99%), trisodium citrate dihydrate, bovine serum albumin (crystalline, 98%) and
tris(2-carboxyethyl)phosphinehydrochloride (TCEP, 95%, 0.5 M) were obtained from Alfa
Aesar (Karlsruhe, Germany). Nanosep® centrifugal vials with modified polyethersulfone
membranes of 3 kDa molecular cut-off size were obtained from Pall Corp. (New York,
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NY, USA). Lastly, 96-well microtiter plates (Nuclon 400 μL) with a clear flat surface were
purchased from Thermo Fischer Scientific (Waltham, MA, USA).

2.2. Equipment and Instrumentation

A single-beam spectrophotometer (Jenway 6405 UV/Visible, Staffordshire, UK) with
matched quartz cells of 1 cm path length was used to obtain the UV-vis spectra of the
solutions. The IR spectra were acquired with a Perkin Elmer Spectrum TwoTM attenuated
total reflectance—infrared (ATR-IR) spectrometer. A flatbed scanner (PerfectionV550 Photo,
Epson Corp., Suwa, Japan) operating in transmittance mode was used to obtain photometric
measurements by placing the microtiter plate containing the samples between the imaging
surface and the transparency unit of the scanner. In this manner, the sample solution was
aligned between the white LED light source with the CCD strip detector establishing an
optical path length [14,18]. During scanning all automatic correction functions embedded
in the software (Easy Photo Scan, v.1.00.08, Epson Corp.) were disabled to ensure that the
photometric data were not manipulated. Images of the microtiter plate were saved as Joint
Photographic Experts Group (JPEG) files at a resolution of 300 dpi and the color intensity
was determined as the mean gray intensity and the intensity of the color in the RGB color
system using Image J [19].

2.3. Experimental Procedure

The determination of biothiols was performed by adding 0.25 mL of the sodium
acetate/acetic acid buffer (0.1 M, pH 6), 0.125 mL CTAB (0.16 M) and 0.05 mL AuCl4−
(0.01 M) to 1.575 mL of the sample or standard solution. The mixture was incubated at room
temperature for 40 min and an aliquot of 250 μL was transferred to a 96-well microtiter
plate. The color intensity of the light transmitted through the sample was recorded as a
colored image of the sample using a flatbed scanner operating in transmittance mode. The
analytical signal was calculated as the difference in the mean grey area color intensity of
the blank and the samples.

2.4. Samples

Matrix effects and interferences were evaluated using artificial and simulated body
fluids (urine and blood plasma). Detailed information for the composition of each solution
is given in the Supplementary Materials.

A few mL of whole blood was donated from a group member voluntarily after
informed consent was obtained. The blood sample was taken in a designated room by a
trained nurse of the university hospital and was not cultured or examined in any other
way than the experimental protocol presented here. After collection, red blood cells were
separated from the plasma using centrifugation at 800× g for 10 min. The collected blood
plasma (1000 μL) was first treated with 1.0 mM TCEP for 30 min and interim vortex mixing
to reduce the oxidized biothiols. Then, plasma proteins were removed by centrifugation
at 12,000× g for 20 min at room temperature through centrifugal filters (MWCO = 3 kDa).
This procedure was repeated twice to ensure complete removal of proteins. The collected
(supernatant) liquid was diluted with distilled water (approximately 20-fold) and 1.575 mL
of the sample was used for the determination of total biothiols according to the experimental
procedure described above using the method of standard additions.

Urine was also provided by a group member after informed consent was obtained.
Within 30 min of collection, the urine sample was centrifuged at 6000 rpm for 20 min to
remove the insoluble materials. The clarified liquid was collected and treated with TCEP
as above to reduce the oxidized biothiols. Then, proteins were removed with centrifugal
filters (MWCO = 3 kDa) at 12,000× g for 20 min at room temperature. The collected liquid
was diluted 20-fold with distilled water and 1.575 mL of the sample was used for the
determination of total biothiols according to the experimental procedure described above
using the method of standard additions.
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To evaluate the accuracy of the method, known concentrations of cysteine were spiked
in urine and blood plasma after protein precipitation in order to avoid potential losses
during sample pre-treatment (which was based on a standard procedure and was out of
the scope of this study).

3. Results and Discussion

3.1. Mechanism of Biothiol Detection

The sensing mechanism of the biothiols was investigated by studying the color and
spectral transitions of the AuCl4− and Au–CTAB complex solutions in the presence and
absence of cysteine, which is the most representative species of biothiols in biological fluids.
The UV-Vis spectra of CTAB showed no absorption band while the AuCl4− solutions
exhibit two absorption bands at 220 and 290 nm due to the ligand-to-metal charge transfer
(LMCT) band and the ligand field (LF) band of AuCl4−, respectively [15]. When Cys was
added into the solution, it formed a metal complex with the Au ions and the absorption
of the Au–SH complex solution increased and red-shifted to 235 and 300 nm, respectively.
On both occasions the colors were barely conceivable by the bare eye and the scanning
imaging device (Figure 1b).

Figure 1. Color and UV-Vis absorbance spectra of (a) the CTAB solution (10 mM); (b) 0.25 mM
AuCl4− solutions in the absence and presence of 50 μM Cys; (c) 0.25 mM AuCl4− and 10 mM KBr
solutions in the absence and presence of 50 μM Cys; (d) 0.25 mM AuCl4− and 10 mM CTAB solutions
in the absence and presence of 50 μM Cys.

When CTAB was mixed with AuCl4− ions, the color of the solution turned orange and
the absorption red-shifted (as compared to Au solutions) to 260 and 405 nm (Figure 1c).
These absorption bands can be explained on the basis of two phenomena: The first, which
explains the appearance of an orange coloration in the Au–CTAB solution, is the formation
of AuBr4

−, due to the fast, multi-step, ligand substitution reaction of Cl− from Br− for
anions, released from the dissociation of CTAB [15,17]. In an aqueous solution, Au species
may be distributed among various hydroxyl-containing gold complexes as a function of
the pH, in the general form of (AuClx(OH)y)− (where x + y = 4). As the Br− anions released
from the dissociation of CTAB are in large excess compared to AuCl4−, we assume that all
gold chloride complexes are transformed to gold bromide complexes so that the Au species
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will actually be present in various bromide/hydroxyl complexes in the general form of
(AuBrx(OH)y)− (x + y = 4).

The UV-vis spectrum of the (AuBrx(OH)y)− species, however, show a peak at 385 nm
(Figure 1d), while the spectrum of the Au–CTAB complex is red-shifted to 405 nm. In
addition, the color of the Au–CTAB solution is darker than that of the Au–KBr solu-
tion at equimolar concentration levels, possibly due to the high local concentration of
(AuBrx(OH)y)− species on the micelle surface. This observation is a strong indication that
the (AuBrx(OH)y)− anions are not free in the solution but incorporated into the Stern layer
of the CTAB micelles, forming an ion-pair complex with the positive head groups of the
CTAB. The formation of an orange precipitate in the Au–CTAB mixture after a few hours
also supports the above reaction combined with the fact that no precipitate was formed in
the Au–KBr solutions even after prolonged incubation (1 week).

In the presence of Cys, the UV-Vis spectra of the Au–CTAB-cysteine solution blue-
shifts to 395–400 nm, the absorbance intensity decreases, and the color of the solution turns
yellow. This colorimetric and spectral change can be attributed to the formation of Au–SH
complexes that disrupt the (AuBrx(OH)y)−–CTA+ complexes and release gold ions from
the micelle surface. Other phenomena, such as the hydrolysis of Au, shall not have any
effect since all experiments were performed in an acetate/acetic acid buffer (0.1 M, pH 6).
In addition, no new peaks at 500–540 nm were observed, which excludes the possibility
of Au reduction neither by CTAB nor by thiols and the formation of gold nanoparticles,
(Figure S1). The sensing mechanism is graphically demonstrated in Figure 2.

Figure 2. Graphical representation of the potential mechanism of biothiol sensing using gold-coated
CTAB micellar assemblies.

3.2. Effect of Gold Ion Concentration

According to previous reports, AuCl4− reacts quantitatively with CTAB at a 1:1 ratio
to form water-insoluble precipitates [20]. As the concentration of CTAB increases above
the critical micellar concentration (cmc) (i.e., the Au/CTAB ratio decreases), the Au–CTAB
complex solubilizes in the CTAB micelles, reaching its maximum solubility at Au/CTAB
= 1/60 [20]. Therefore, the effect of the Au ion concentration was investigated at an
excess amount of CTAB (i.e., 75 mM) to ensure that the Au/CTAB ratio is lower than 1/60.
This value also prevents the formation of insoluble precipitates of the Au–CTAB complex.
According to the results depicted in Figure 3a, the maximum analytical signal was obtained
at AuCl4− concentration of 0.25 mM, which was used as the optimum value. Based on
the retail prices of gold chloride salts (which is the most expensive reagent used in this
method), this concentration corresponds to a cost of <1.2 cent per sample (i.e., less than
1.2 € per 100 samples), which is affordable even in resource-limited settings. Lower Au
concentrations produce solutions with faint colors and as a result the colorimetric changes
induced by the addition of Cys are minor. On the contrary, when the Au ions are in excess,
the added Cys (50 μM) cannot induce any significant color changes because there is an
excess amount of Au ions complexed with the CTAB micelles. On both occasions, the net
analytical signal, which is defined as the difference in the color intensity of the blank and
the sample solutions, decreases.
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Figure 3. Optimization of the experimental conditions: (a) AuCl4− concentration (other conditions:
75 mM CTAB, 50 μM Cys, no buffer, room temperature, reaction time 30 min); (b) CTAB concentration
(other conditions: 0.25 mM AuCl4−, 50 μM Cys, no buffer, room temperature, reaction time 30 min);
(c) pH (other conditions: 0.25 mM AuCl4−, 10 mM CTAB, 50 μM Cys, no buffer, room temperature,
reaction time 30 min); (d) reaction time and temperature (other conditions: 0.25 mM AuCl4−, 10 mM
CTAB, 50 μM Cys, sodium acetate/acetic acid buffer pH 6).

3.3. Selection of Cationic Surfactant Concentration

The effect of CTAB concentration was investigated over a wide concentration range,
from 0.5 mM (i.e., below the cmc of ≈ 0.9 mM) to 140 mM. The signal gradually increases up
to 10 mM and decreases at higher concentrations (Figure 3b). This observation agrees with
the solubility of the Au–CTAB complex, which reaches its maximum value at 1/60 [20]. At
CTAB concentrations lower than 10 mM, the Au/CTAB ratio is higher than 1/60; therefore,
the complex has limited solubility and forms precipitates that scavenge the incident light
and produce intense signals (darker images) as less light is transmitted through the sample.
At CTAB concentrations higher than 20 mM, the Au/CTAB ratio is lower than 1/60, hence
the Au–CTAB complexes are solubilized, and more light is transmitted through the solution
producing brighter images. When cysteine is added into the solutions, it complexes Au,
releasing it from the Au–CTAB complex. In this manner, the Au/CTAB ratio decreases
(as the Au concentration on the Au–CTAB complex also decreases), thus increasing the
solubility of the Au–CTAB complex. As a result, the signal of the blank is lower than that
of the sample due to the increased solubility of the Au–CTAB complex. Therefore, the net
analytical signal response, which is calculated as the difference between the signals of the
blank and the sample, reaches its maximum value. The above discussion also explains
why at CTAB concentrations lower than 10 mM, the (net) analytical signals are higher than
those observed at CTAB > 20 mM (except for the cases where the CTAB concentration is
lower than its cmc) due to the solubilizing action of Cys.

3.4. Optimization of the Working pH

The influence of pH in the detection of cysteine was investigated by varying the pH
from 2 to 11 using dilute HCl and NaOH solutions. According to the results in Figure 3c, the
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highest signals were obtained at acidic pH values and specifically at pH 6, while at alkaline
conditions the signal decreased. Since CTAB is a non-pH responsive surfactant [21], we
reasoned that the pH-dependent response may be related to the hydrolysis of Au salts as
well as to the ionization state of cysteine and its interaction with CTAB. Au forms anionic
complexes with halogens and hydroxyl anions over a wide pH range [22]; therefore,
the formation of Au–CTAB complexes is feasible over a wide pH range. In addition,
the formation of ion-pair AuCl4−–CTAB complexes precedes the addition of cysteine.
Therefore, hydrolysis of Au species at different pH values should not play any role since
Au is not free in the solution but as a complex with CTAB. Based on these phenomena, we
argue that the effect of pH is mainly related to the ionization state of cysteine.

The maximum signal obtained at a pH of 6 is close to the isoelectric point of cys-
teine, suggesting that electrically neutral biothiols favor the formation of the S–Au bond.
At pH ≥ 7, the signal decreases and completely diminishes at pH > 10. At these conditions,
cysteine is negatively charged since the amine group is protonated at pKa2 = 8.3 while the
thiol group is deprotonated at the pka3 = 10.8 [23]. The reason for the reduction in the
analytical signal may lie in the electrostatic attraction of cysteine to CTAB micelles. CTAB
is present in a very large excess compared to Cys (CTAB:Cys > 200); therefore, the unpro-
tonated COO- groups may interact with the positively charged amine headgroup of the
CTAB micelles, and possibly reduce the mobility and reactivity of Cys and thus its ability
to form Au–S complexes. The inhibitory effect of electrostatic interactions between the free
thiols and charged molecules on the surface of the AuNP assemblies has been reported to
affect the formation of the S–Au bonds, and is more favorable when the thiol groups were
electrically neutral [24]. Based on these observations, the pH of the solution was regulated
at pH = 6, where the predominant Au anions are (AuCl3(OH))− and (AuCl2(OH)2)−, using
sodium acetate/acetic acid buffer.

3.5. Optimization of the Reaction Kinetics

The reaction kinetics were optimized by varying (i) the reaction time from 2–120 min,
and (ii) the temperature towards warm conditions, from room temperature to 50 ◦C. The
graph of Figure 3d shows that, at ambient conditions, the difference in the signal intensity
between the blank and the sample increases rapidly during the first 30 min. At higher
incubation times, the reactions slow down and only a small increase of the net signal is
obtained (~14%) for incubation times up to 80 min. A significant gain in the net signal
intensity (~30%), on the other hand, can be accomplished at longer incubation times
(>120 min). These observations are in agreement with earlier observations regarding
the kinetics of the formation of Au–CTAB complexes [25]. However, the analysis was
performed in a microtiter plate (including calibration); therefore, there is no need to strictly
monitor the reaction kinetics since all samples were analyzed simultaneously.

The signal response with increasing temperature shows that the signal decreases with
increasing temperature. The highest signal is observed between 25 and 35 ◦C, which is
higher than the Krafft temperature of CTAB (about 25 ◦C) [26]. Below the Krafft tempera-
ture, CTAB forms a bilayer-structured, hydrated solid, but above the Krafft temperature
cylindrical micelles are formed, which increases the local concentration of Au anions per
surface area. At higher temperatures, the signal decreases significantly, which can be
attributed to the structural perturbations of CTAB micelles, because CTAB micelles are tem-
perature sensitive [27]. In fact, at temperatures higher than 50 ◦C, micelles may destabilize
and undergo structural and morphological changes [28,29]. Based on these observations,
the optimum kinetic conditions of the assay were decided at 40 min of incubation time and
ambient temperature.

3.6. Interferences and Selectivity

The selectivity of the assay was investigated by comparing the net signal intensity
obtained from Cys and binary mixtures of Cys with other common biomolecules and
inorganic electrolytes typically found in biological fluids at concentrations equal or higher
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than their physiological levels [30]. Although the formation of complexes between amino
acids and AuCl4− ions is well documented [31,32], the bar plots in Figure 4 show that
the recovery of cysteine in the presence of amino acids is higher than 95%, suggesting the
lack of interference from amino acids, including the cationic amino acids arginine and
lysine. We believe that the complex formation between AuBr4

− with the amine group
of CTAB, prior to sample addition, deters the complexation of free amino acids with Au
anions. The only exception to this observation is cystine, which can be tolerated up to
equimolar concentration levels to that of cysteine. The interference of cystine stems from
the ability of Au(III) ions to oxidatively cleave the disulfide bonds of cystine, forming the
respective sulfonic acid derivatives [33,34]. This interference, however, poses no threat
to the analysis because a reducing agent is commonly used before the analysis of thiols
in order to reduce the disulfide bonds (oxidized thiols) to the more reactive sulfhydryl
moieties (reduced thiols).

Figure 4. Investigation of interferences from common biomolecules andinorganic electrolytes at
physiologically relevant concentration levels. The control sample contains 200 μM Cys while all other
solutions contain 200 μM Cys and the potentially interfering biomolecule or ion as follows: histidine,
glycine, valine, glutamine: 4.0 mM; cystine: 50 μM; urea: 2.0 mM; glucose: 5.0 mM; Na2SO4: 12.0 mM;
Na3PO4: 12.0 mM; NaCl: 150.0 mM). All solutions were diluted 4-fold before analysis. Error bars
represent the standard error calculated for triplicate samples.

Regarding inorganic electrolytes, they were found to influence the analytical signal,
possibly due to the effect of counter-anions on the properties (e.g., micellization, Krafft
temperature, surface tension, aggregation number, etc.) and structure of cationic mi-
celles [26,35]. Biological fluids contain a variety of inorganic electrolytes; therefore, we
investigated the influence of ionic strength and inorganic electrolytes using artificial body
fluids (for details see the experimental section). A calibration plot was then constructed in
each matrix in order to study the effect of counter anions at various concentration levels of
biothiols. Figure S2 shows that the artificial urine solution (AUS) had the lowest effect as
compared to artificial blood plasma (ABP) while NaCl caused a significant suppression of
the analytical signal. Therefore, dilution of the samples is necessary to reduce the relative
abundance of inorganic electrolytes and thus minimize their effect on the properties of
CTAB micelles. Technical aspects regarding sample pre-treatment are discussed further
below in the analysis of biological samples.

3.7. Analytical Figures of Merit

The analytical merits of the method in the determination of different biothiols were
evaluated by preparing standard solutions of Cys, Hcy and GSH at different concentration

122



Appl. Sci. 2021, 11, 2705

levels and constructing calibration curves of the analytical signal (i.e., mean color intensity
in each well) vs. the concentration of Cys, Hcy or GSH. For all the examined biothiols, the
calibration functions correlating the analytical signal to the concentration of each biothiol
was linear up to 100 μM. The quantification limit (10σ) of the assay was 5 μM for Cys and
GSH and 3.5 μM for Hcy. The working concentration range and the quantification limit
are lower than the physiological concentration levels of Cys in blood plasma (150–300 μM),
which enables method application with minimal sample volume requirements since dilu-
tion is necessary to bring the Cys concentrations within the working concentration range
of the method.

The repeatability, calculated as the relative standard deviation of seven replicate
measurements, was below 10% (for solutions containing 50 μM cysteine). The calibration
functions, linearity, precision and detection limits (DLs) of the assays are summarized in
Table 1.

Table 1. Analytical figures of merit of the assay a.

Biothiol Cysteine (Cys) Homocysteine (Hcy) Glutathione (GSH)

Linear range
Regression function

Quantification limit b

5–100 μM
y = 1.3x + 5.3,

R2 = 0.97
5.0 μM

5–100 μM
y = 0.73x + 2.9,

R2 = 0.99
3.5 μM

5–100 μM
Y = x + 8.6,
R2 = 0.98
5.0 μM

Scanner image
(transmittance mode)

a The concentrations that were used to calculate the calibration curves were 0, 5, 20, 30, 50, 70 and 100 μM for Cys
and Glu and 0, 20, 30, 50, 70 and 100 μM for Hcy. The inset graphs show a digitally cropped image (to facilitate the
aspect view) of the sensing zones (micro titter plates). The first plate is the control (blank) sample. A circular area
occupying 80% of the total well surface was used to acquire the analytical signal, which was recorded as the mean
grey area in the RGB color system. b The quantification limit was determined as 10 times the signal to noise ratio.

Overall, the analytical merits of the assay, as expressed by the working range and
the detection limits, are comparable to other published assays [9] and well below the
concentration of total biothiols in biological fluids. Nevertheless, other methods that use
sophisticated nanomaterial probes or reagents and advanced detectors have achieved even
lower detection limits (Table 2).

Table 2. Comparison of the method with recent methods for the determination of biothiols.

Detection
Technique

Material or
Sensing Element

Real Samples
Linear Range

(μM) a
LOD

(μM) a
Recoveries

(%)
Reference

Colorimetric
(paper-based) Asp-AuNPs Blood plasma 99.9–998.7 1.0 99.2–101.1 [36]

Turbidimetry/
Colorimetry AgCl/AgNPs Blood plasma 10–100 8.1 92–97 [37]

Fluorescence VS-CDs Spiked blood
plasma b 5–200 0.3 98.6–111.5 [38]

Colorimetry/
Fluorescence RhB–MnO2 NFs Spiked blood

plasma b 0–15 0.14 89.3–116.3% [39]

Colorimetric IrO2/rGO
nanocomposites

5 wt% BSA, Blood
serum 0.1–50 0.04 99.2–122 [40]

Visual/Colorimetric AuCl4−/AuNP
seeds/AuNPs

Whole blood, blood
plasma 3–300 1.0 88.7–114 [14]

Visual/Colorimetric AuCl4− CTAB Urine, Blood
plasma 5–100 5 This method

Asp-AuNPs: Aspartic-acid-modified gold nanoparticles (AuNPs); VS-CDs: Vinyl sulfone—carbon dots; RhB-MnO2 NFs: Rhodamine
B–manganese dioxide nanoflakes; rGO: reduced graphene oxide. a Linear range and LODs may vary for individual biothiols. b Biothiols
were determined after spiking of the known concentrations in the pretreated serum.
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3.8. Analysis of Biological Samples

The method was applied to simulated body fluid in order to assess potential matrix
effects and identify the appropriate sample pre-treatment conditions. Using simulated
blood plasma (for details, see the Experimental section), we investigated the reduction of
oxidized thiols (i.e., cystine), as the major biothiol species in biofluids, and the conditions
for precipitating proteins, which carry a significant amount of disulfide bonds and hence
may produce false-positive results.

The reduction of biothiols with TCEP was optimized through trial-and-error tests in
simulated blood plasma (SBP) solutions containing 250 μM of cystine, 250 μM of cysteine
and no cysteine as control. We found that the TCEP concentration in the final solution that
is used for analysis should be <0.05 mM. At higher concentrations, a positive interference
was observed because an excess of residual (unreacted) TCEP could reduce the gold ions
to metal gold. Therefore, the reduction of cystine to cysteine was performed with 1.0 mM
of TCEP as reducing agent for 30 min before protein removal. The final sample was then
diluted as appropriate to adjust the concentration of TCEP in the final extract below the
tolerance limit.

Despite the lack of interference observed in the selectivity study, the application of
the method to the simulated body fluids showed recoveries that varied from 67 to 76% in
simulated urine and 94 to 123% in simulated blood plasma (Table 3).

Table 3. Application of the method to the analysis of real samples.

Sample Measured (μM) Spiked (μM) Found (μM) a Recovery (%) b RSD (%, n = 3)

Simulated urine c 0 150.0 101.0 67.3 8.4
0 250.0 190.5 76.2 6.3

Simulated blood plasma c 0 150.0 142.0 94.6 5.9
0 250.0 307.5 123.0 7.0

Urine d 108 100.0 212.1 103.8 6.3
Blood plasma d 201 100.0 331.1 115.0 5.8

a Values refer to undiluted samples. b Recoveries were calculated based on IUPAC recommendations according to the formulae: Recovery (%)
= (total − spiked) × 100/found. c Concentrations were determined by external calibration using standard solutions of Cys. d Concentrations
were determined using the method of standard additions.

Student’s t-test analysis in the recovery values revealed the presence of matrix effects
in the urine samples but not in the blood plasma (i.e., the calculated t-value in the simulated
urine and simulated blood plasma was higher and lower than the critical t-value at the
p = 0.05 probability level, respectively). Since no AuNP formation was observed (i.e., no
absorbance peak at 500–540 nm appeared), this interference was not caused by the matrix
components present in the real samples that could reduce gold ions. Therefore, to mitigate
potential matrix effects, the method of standard additions was also examined for analysis
of biological samples. The spiking levels were 2, 4 and 10 times higher than the expected
concentration of the analyte, which ensured good linearity and a zero intercept (i.e., the
confidence internal of the intercept b ± tsb, passed through zero) [41]. The recovery of
Cys in the biological samples ranged from 103.8 to 115%, which offered an improvement
compared to the direct application of external calibration (the calculated t-value was lower
than t-critical at p = 0.05).

4. Conclusions

In this work, we have shown that the colorimetric reaction product of Au anions with
the cationic surfactant CTAB can be quenched by thiols proportionally to the thiol con-
centration. Based on this observation, low molecular weight biothiols were determined in
simulated and physiological biological fluids. The method afforded satisfactory recoveries,
low detection limits in relation to biothiol levels in biofluids, and good reproducibility.
The assay is simple to perform since the end-user just mixes the necessary reagents with
the sample and uses a flatbed scanner as a simple and inexpensive microtiter photometric
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detector. Importantly, all reagents are commercially available at low cost and are stable
under normal conditions. These features render the method suitable for applications in
low-resource settings, such as decentralized or remote healthcare units (e.g., rural), and
for in-clinic analysis (e.g., nurse’s bench) where there is access to basic equipment and
infrastructure capabilities. The experimental procedure can be further simplified by using
the appropriate filters to remove red blood cells and plasma proteins, alleviating the need
for centrifugation. In this manner, the method can be applied even in non-laboratory
conditions, i.e., where there is a lack benchtop instrumentation (such as centrifuges) and
trained operators.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/6/2705/s1, Figure S1: Absorbance spectra of Au-CTAB complex (black line) and Au-CTAB
in the presence of 50 μM of glutathione. No peaks above 500 nm are observed suggesting that gold
has not been reduced to its respective gold nanoparticle species under the optimum experimental
conditions (0.25 mM AuCl4−, 10 mM CTAB, 50 μM GSH, sodium acetate/acetic acid buffer pH 6,
15 min incubation time at room temperature); Figure S2: Response of the colorimetric assay in various
artificial biofluids. The linear curves are the result of linear regression while error bar represent the
standard error calculated for triplicate samples. AUS: Artificial urine solution, ABP: artificial blood
plasma, DW: distilled water.
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Abstract: In recent years, nanomaterials have attracted significant research interest for applications
in biomedicine. Many kinds of engineered nanomaterials, such as lipid nanoparticles, polymeric
nanoparticles, porous nanomaterials, silica, and clay nanoparticles, have been investigated for use in
drug delivery systems, regenerative medicine, and scaffolds for tissue engineering. Some of the most
attractive nanoparticles for biomedical applications are nanoclays. According to their mineralogical
composition, approximately 30 different nanoclays exist, and the more commonly used clays are
bentonite, halloysite, kaolinite, laponite, and montmorillonite. For millennia, clay minerals have
been extensively investigated for use in antidiarrhea solutions, anti-inflammatory agents, blood
purification, reducing infections, and healing of stomach ulcers. This widespread use is due to
their high porosity, surface properties, large surface area, excellent biocompatibility, the potential
for sustained drug release, thermal and chemical stability. We begin this review by discussing the
major nanoclay types and their application in biomedicine, focusing on current research areas for
halloysite in biomedicine. Finally, recent trends and future directions in HNT research for biomedical
application are explored.

Keywords: drug delivery; halloysite; nanoclay; regenerative medicine; tissue engineering;
wound healing

1. Introduction

Nanoclays are inexpensive materials that constitute sedimentary rocks and derived
soils and are classified into natural and synthetic clays [1–3]. They have at least one
dimension in the order of 1–100 nm [4–6], have a high aspect ratio, a thickness of less
than one nanometer, and a surface area in the range of 700 m squared per gram [6,7].
Nanoclay nanoparticles are mineral silicates with layered structural units that can form
complex clay crystallites by stacking these layers [4]. The principal clay types include
kaolinite, laponite, montmorillonite, and halloysite (Figure 1, Table 1) [1]. Nanoclays are
abundant, mined at low cost, and do not threaten the environment. Accordingly, nanoclays
have been studied and developed for aerospace, biomedical, commercial, and industrial
applications [2]. Nanoclays, in general, have no mutagenic effect on the body [4], are cyto-
and biocompatible [6], and are environmentally friendly [6,7].

Nanoclays are typically used as additives for polymeric materials, and their addition
results in significant improvements in mechanical and thermal resistance and overall dura-
bility [8,9]. The market for nanoclays is in automotive, biomaterials, biomedicine, cosmetics,
flame retardant materials, paints, pigments and dyes, packaging, and textiles [9,10]. For
example, bentonite is used for exterior waterproofing treatment, an agent for removing
impurities in oil, and as an absorbent and carrier for fertilizers or pesticides. Kaolinite is
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widely used in producing ceramics and porcelain. As with many nanoclays, it is also used
as a bulk filler for paint, rubber, and plastics.

 

Figure 1. Ceramic nanoparticle types and their morphologies.

Table 1. Major types of clay nanoparticles.

Clay Type General Formula Structure Therapeutic Applications

Bentonite Al2H2Na2O13Si4 Layered Absorption, detoxification,
drug delivery, filler

Halloysite Al2Si2O5(OH)4 Nanotube

Absorption, bioink additive
bioremediation, detoxification,

drug delivery, filler,
tissue engineering

Kaolinite Al2H4O9Si2 Layered Absorption, drug delivery,
filler, tissue engineering

Laponite H12Li2Mg16Na2O72Si24 Discoidal
Bioink additive, bioimaging,

drug delivery,
tissue engineering

Montmorillonite Al2H2O12Si4 Multi-layered Antimicrobial, drug delivery,
filler, tissue engineering

Due to their wide availability, relatively low cost, and relatively low and environmental
impact, nanoclays have been widely used in preparing polymer matrix–nanoclay biomedi-
cal composites. These include bone repair, cancer therapy, drug delivery, tissue engineering,
wound healing, and 3D printing [3,6,8,10]. Laponite, halloysite, and montmorillonite are
among the most widely used clays. Halloysite nanotubes (HNTs) and montmorillonite
have been used for drug delivery, gene delivery, cancer therapeutics, tissue engineering,
and wound healing applications. Halloysite has been intensively studied because of such
properties as high mechanical strength, high porosity, thermal resistance, and sustained
drug release capability. Because of these properties, increased research is being focused
on using HNTs as drug delivery systems and in bioactive bandages, tissue engineering
scaffolds, and regenerative medicine. After a brief overview of the major nanoclays, this
review will focus on the therapeutic applications of HNTs.

2. Nanoclay Types

2.1. Montmorillonite

Montmorillonite is an abundant phyllosilicate clay material composed of layered
silica sheets. Each layer consists of two sheets, octahedral and tetrahedral sheets [11]. The
octahedral sheet is aluminum and magnesium bonded with six oxygen and a hydroxyl
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group. The tetrahedral sheet is composed of linked silicon-oxygen tetrahedral and bonds
with octahedra. It can be modified chemically to form nanocomposites. The loosely
packed silicates layers can let water infiltrate the sheets, and the clay can swell. It also has
excellent cation exchange capacity, producing nanocomposites from the naturally occurring
montmorillonite [11,12]. Montmorillonite is the main constituent of bentonite clay.

As a nanoclay, montmorillonite can have particle length and breadth between 1.5 μm
to 1/10th of a micron. The pore diameter is small compared to the length of the particle
(~1 nm). Refs. [11,12] Because of its property to hold water and hydrophilic molecules,
montmorillonite nanocomposites have been used as a filler material to make bioactive scaf-
folds. As montmorillonite also enhances the mechanical properties of the scaffold materials,
it has been used as an additive to hydrogel or polymer scaffolds [11–13]. Montmorillonite
has been combined with different scaffold materials such as chitosan, methyl methacrylate,
gelatin, starch, and polycaprolactone for tissue engineering applications [14–16]. Mont-
morillonite nanoclay composite scaffolds have been studied for their applications in bone
tissue engineering [15,16], controlled drug delivery [17], and wound healing [18,19].

2.2. Bentonite

Bentonite is an aluminum and phyllosilicate clay formed by weathering volcanic ash
by water. Montmorillonite is a significant component of bentonite in addition to feldspar
and quartz [11]. Being hydrophilic makes bentonite a very absorbent clay. Exfoliation of
sodium and potassium salts from bentonite might result in plates 1 nm in thickness [11].
Bentonite being absorptive would make a suitable wound dressing additive. As a nanoclay
in combination with scaffold materials, Bentonite has been studied for hemostatic effect
in wound healing [20–23]. Bentonite or any other nanoclay material is a cost-efficient
alternative to biological hemostatic agents such as fibrin, as biological hemostatic agents
cost more in production and purification [24,25]. Since Bentonite has montmorillonite as its
primary component, it has also been explored to manufacture scaffold materials used for
skeletal tissue engineering applications. It would improve the mechanical properties of the
soft scaffolding materials such as hydrogels [25–27]. Montmorillonite layers and sheets in
bentonite make it a suitable nanoclay for drug delivery [28,29]. Its use in sustained and
targeted drug release for targeted chemotherapy has also been investigated [30–32].

2.3. Laponite

Laponite®, synthetic clay nanoparticles (25–30 nm diameter, 1 nm thickness), closely
resembles the natural clay mineral hectorite in both structure and composition [33,34].
Laponite is a 1:2 layered clay nanoparticle. One central octahedral magnesia sheet is
sandwiched between two tetrahedral silica layered sheets. It is widely used in conserving
stone, metals, organic materials, ceramics, and paintings. As a bulk filler and reinforcement
agent, it is employed in agrochemical, cosmetics, mining, petroleum, and pharmaceutical
industries. Laponite possesses an anisotropic nanometric shape and has different charge
distribution [33]. Laponite, as a biomedical material, has been applied in drug delivery [34]
and tissue engineering [35,36].

3. Halloysite Structure and Applications

3.1. HNT Structure

Halloysite nanotubes (HNTs) are naturally occurring aluminosilicate nanoparticles
empirical formula Al2Si2O5(OH)4) with a chemical composition similar to kaolinite, dick-
ite, or nacrite [37–39] (Figure 2). However, unlike kaolinite, dickite, and nacrite, the unit
layers in halloysite are separated by a monolayer of water molecules [38,39]. As a result,
a hydrated halloysite has a basal (d001) spacing of 10 Å, approximately 3 Å larger than
kaolinite. Halloysite-(10 Å) can readily and irreversibly dehydrate to give the correspond-
ing halloysite-(7 Å) form when halloysite-(10 Å) is heated to 90–150 ◦C. HNTs can be
found in China, France, Belgium, New Zealand, America, and Brazil [40]. The chemical
composition for halloysite-(7 Å) and halloysite-(10 Å) is Al2Si2O5(OH)4�nH2O where
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n = 0 and 2, respectively [41–43]. If n is 2, the HNTs are hydrated, and if n is 0, the HNTs
are dehydrated [10,11]. Therefore, AIPEA Nomenclature Committee recommended terms
halloysite-(10 Å) for the hydrated mineral and halloysite-(7 Å) for the dehydrated form.

Figure 2. The structure of halloysite and its potential for surface modification.

The layers of aluminum and silicate with alternating positive and negatively charged
layers in halloysite make them suitable adsorbents for cations and anions [41]. Apart
from the conventional use of halloysite to manufacture porcelain and in petrochemical
applications, halloysite has been explored as a carrier material for drug delivery [37,38],
tissue engineering [41,42], and wound healing applications [43]. HNTs can adopt a variety
of morphologies. For example, an elongated tubule short tubular, spheroidal and platy
nanoparticle shapes have been reported [44]. Spheroidal halloysite occurs widely, and it is
common to find pseudo-spherical or spheroidal particles in weathered volcanic ashes and
pumices [38,39,45].

The hollow tubular form in the submicrometer range is most commonly used. These
tubules may be extended and thin, short and stubby, or emerging from other tubes [10].
The halloysite tubules’ size varies from 500–1000 nm in length with an outer diameter of
10–50 nm and an inner diameter measuring 5–20 nm depending on the deposit [43–45].
The neighboring alumina and silica layers, their hydration layers, create a packing disorder
that induces curvature and the layers roll up, forming multilayer tubes. The HNT external
surface comprises O-Si-O bonds with terminal hydroxyl groups [37,38]. The inner lumen
comprises O-Al-O bonds, terminating in hydroxyl groups [46,47]. At pH 8.5 and below,
these inner hydroxyl groups are mostly protonated, resulting in a positively charged
inner lumen.

A wide range of active agents, including antibiotics, cancer drugs, marine biocides, and
biological molecules, can be entrapped within the inner lumen and void spaces within the
aluminosilicate shells [47–50]. HNTs nanotubes are non-cytotoxic on several cell types (up
to concentrations of 0.1 mg/mL), including chondrocytes, dermal fibroblasts, osteoblasts,
and stem cells on halloysite nanofilms or within HNT-hydrogel composites [48–54]. Exam-
ination of halloysite with in-vitro assays showed cells proliferated and maintained their
cellular phenotype. Recent biocompatibility studies have shown that HNTs do not provoke
a cytotoxic or host immune response [51,52]. As halloysite nanotubes have been shown
to exhibit high biocompatibility levels and very low cytotoxicity, it represents an ideal
candidate for new drug delivery and polymer systems.
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3.2. HNTs in Cancer Therapeutics

HNTs have been studied for multiple applications. Currently, modified surface HNTs
are being researched as an efficient delivery system for cancer drugs. For example, Chitosan
oligosaccharide modified HNTs (HNTs-g-COS) demonstrated the ability to enhance the
therapeutic efficacy of the anticancer drug doxorubicin (DOX) [53]. In vitro, DOX loaded
HNTs-g-COS released in cell lysate in a controlled manner and increased the apoptosis
effects of MCF-7 cells in flow cytometry results [53]. In vivo, the tumor inhibition ratio of
DOX loaded HNTs-g-COS was two times higher than free DOX and no apparent systemic
toxicity in DOX loaded HNTs-g-COS groups [53].

Synthesized chitosan grafted HNTs (HNTs-g-CS) also showed great potential as
nanovehicles for anticancer drug delivery in cancer therapy [54]. The research found
that HNTs-g-CS had a significantly enhanced curcumin loading capability and good serum
stability. However, the curcumin-loaded HNTs-g-CS show specific toxicity to various
cancer cell lines, including HepG2, MCF-7, SV-HUC-1, EJ, Caski, and HeLa demonstrate an
inhibition concentration of IC50 at 5.3–192 mM as assessed by cytotoxicity studies [54]. In
addition, this nanocomposite has a too high anticancer activity in EJ cells compared to the
other cancer cell lines [54].

Folate-conjugated HNTs can be an efficient drug carrier for targeted breast cancer
therapy via intravenous injection [55]. HNT conjugated with polyethylene glycol and
folate (HNTs-PEG-FA) is designed as a targeted drug delivery system [55]. Doxoru-
bicin (DOX) loaded HNTs-PEG-FA shows significant inhibition of proliferation and
induction of death in MCF-7 cells with a positive folate receptor [55]. DOX-loaded
HNTs-PEG-FA leads to more mitochondrial damage and apoptosis than the same dose
of DOX [55]. In contrast to DOX, DOX-loaded HNTs-PEG-FA effectively reduces heart
toxicity and inhibits substantial tumor growth with higher cleaved caspase-3 protein
levels in tumor tissue of 4T1-bearing mice [55]. DOX-loaded HNTs-PEG-FA reveals more
DOX in tumor tissue than in other normal tissues, including the heart, spleen, lung,
and kidney.

3.3. HNTs in Drug Delivery

HNTs have been used as a drug delivery carrier for many clinically meaningful
drugs [56,57]. HNT can be loaded with different drugs, including anticancer drugs, an-
tibiotics, analgesics, antihypertension, anti-inflammatory drugs, and therapeutic nucleic
acids [57]. HNTs have also been used for the controlled release of antibiotics, including
tetracycline, ofloxacin, norfloxacin, amoxicillin, and ciprofloxacin [57]. Amoxicillin (AMX)
loaded HNT is incorporated into a polylactic acid-glycolic acid copolymer (PLGA) solu-
tion, which is electrospun with water-soluble chitosan nanofibers in two different syringes
simultaneously, thereby making a composite material [58]. Compared to loading the drug
directly into the polymer matrix, HNT extends the release time of AMX and reduces the
initial burst release [58].

Analgesic drugs and anti-inflammatories, such as ibuprofen (IBU), diclofenac
sodium, and aspirin, have low water solubility and bioavailability [59]. Therefore, devel-
oping an efficient drug delivery system by encapsulating drugs in a nanoparticle system
to enhance their bioavailability is urgently needed [59]. 3-aminopropyltriethoxysilane
(APTES) functionalized surface HNT as a carrier for IBU could promote IBU loading [60].
By restricting the APTES oligomerization in the lumen, free lumen space was preserved,
resulting in a 25.4% greater loading rate than that in unmodified halloysite. In order
to sustain a more significant release of IBU, an ideal hydrophobic sustained-release
drug delivery system was designed [60]. The HNT lumen (EHNT) was enlarged, and
hydrophobic modification of the external surface by organosilane (OS) was done prior
to loading IBU [60]. The OS composite of EHNT demonstrated a sustained-release
performance for IBU (100 h) [60].
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Halloysite has been used in other drug delivery systems such as anti-hypertension and
gene therapeutic agent-delivery systems. Polydopamine was used to cap HNT for a con-
trolled drug release [61]. After dispersion in a sodium alginate matrix and crosslinking via
Fe3+, HNTs were used to deliver diltiazem hydrochloride, widely used in high blood pres-
sure therapy [61]. In gene therapeutic agent-delivery systems, HNTs were surface-modified
with γ-aminopropyltriethoxysilane and assembled with antisense oligodeoxynucleotides
(ASODNs) [62]. These functional HNT complexes showed improved intracellular delivery
efficiency and inhibited the tumor growth activity of ASODNs [62].

3.4. HNTs in Tissue Engineering

Halloysite has a variety of applications in the field of tissue engineering. They are
used in bone implants, dental fillings, and tissue scaffolds [63]. HNTs mixed with bone
cement and used as a drug carrier and release system are promising applications. The
research found HNTs loaded with the antibiotic gentamicin sulfate with a concentration
of 5–8 wt% in the cement (PMMA) provide sustained release up to 300–400 h [40]. This
PMMA/halloysite/gentamicin composite tensile strength does not deteriorate compared
with pure cement, and its adhesion to bone is significantly increased [53]. HNTs resin-dentin
bond is similar to halloysite-PMMA bone cement [64]. HNTs and functionalized HNTs
improved mechanical properties significantly [64–66]. Silver nanoparticle immobilized
HNT (HNT/Ag) fillers significantly improved mechanical properties [67]. This filler also
showed a significant antibacterial activity observed on S. mutans [67]. Karnik et al., 2015
were the first to show that a nanoenhanced hydrogel could significantly enhance the
biological activity of bone progenitor cells and achieve a sustained release of BMP-2 for
over a week [49].

Currently, hydrogel scaffolds are being applied to transplant cells and engineer nearly
every tissue in the body, including cartilage, bone, and smooth muscle [68]. Compared to
pure alginate scaffolds, alginate/halloysite nanotube (HNTs) composite scaffolds signifi-
cantly enhance compressive strength and compressive modulus in dry and wet states [69].
Furthermore, HNTs increased the scaffold density, decreased the swelling ratio in water, and
improved alginate’s thermal stability [69]. In addition, the alginate/HNT composite scaf-
folds have better cytocompatibility [69]. Chitosan–halloysite nanotubes (HNTs) nanocom-
posite (NC) scaffolds have similar results as alginate HNTs composite scaffolds [70]. Com-
pared to the pure chitosan scaffold, the NC scaffolds exhibited significantly improved
compressive strength, compressive modulus, and thermal stability [70]. Furthermore,
the chitosan–HNTs nanocomposites were cytocompatible even when the HNTs load was
80% [70].

3.5. HNTs in Wound Healing

The absorptive capacity of HNTs has been used in several wound healing applications.
An HNT/chitosan oligosaccharide nanocomposite was tested for its healing capacity in
a mouse model [71]. The nanocomposite allowed enhanced skin reepithelization and
reorganization compared to controls and the. Results suggested it has potential as a
medical device for wound healing. Chitosan has been combined with HNTs in many would
bandage and healing applications. Li et al. (2014) showed that the HNT/chitosan sponges
significantly increased wound closure ratio compared with pure chitosan. HNT addition
also aided in re-epithelialization and collagen deposition [72].

HNTs and other nanoclays such as montmorillonite used as scaffolds also possess
the capability of improving the wound healing response. For example, Sandri et al. (2020)
produced electrospun scaffolds incorporating these nanoclays, and their results showed
enhanced fibroblast cell attachment and proliferation with very little to no proinflammatory
activity [73]. A final example of potential wound healing applications using HNTs as a key
contributor is the study by Wali et al. (2019) [74]. This study loaded electrospun cellulose
ether-PVA nanofiber mats with HNTs and gentamicin sulfate. As a result, the mats offered
sustained gentamicin release and advanced wound healing in an animal model [74]. The
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above studies have demonstrated that HNTs, especially chitosan-HNTs nanocomposites,
have significant potential for burns, chronic wounds, and diabetic foot ulcers.

4. Recent Trends in HNT Research

4.1. HNTs as a Drug Carrier

As mentioned previously, HNTs have been used for various biomedical areas because
of unique properties such as hemostatic properties. However, one of the most critical
applications of HNT is drug delivery systems, and it is used as a drug carrier. For instance,
in 2020, Cheng et al. [75] used HNTs to fabricate smart hydrogels with H2O2—responsive
release properties. The researchers first prepared drug loaded HNTs and then, they charac-
terized the composite hydrogels by FTIR, TGA, XPS, XRD, and TEM. The smart hydrogel
was prepared with polyvinyl alcohol and released the drugs under a pathological con-
centration ([H2O2] = 200 μm) because of degradation of the hydrogel in the presence of
H2O2 (Figure 3). Core-shell gel-based chitosan fabricated by a dropping method and HNTs
because of hollow cavity used as a carrier [76]. In this study, Lisuzzo et al. [76] utilized
alginate as a coating layer (shell). In the hybrid gel beads, HNTs showed proper dispersion
within the beads, and because of the core-shell structure of gel, the release of the drug
was controllable.

Figure 3. Schematic of the mechanism of release when hydrogel under pathological concentration.
Reprinted by permission of the publisher.

4.2. HNTs in Coatings and Films

Akrami-Hasan-Kohal et al. [77] used the solution casting process to fabricate nanocom-
posite films with HNTs. In this study, the various concentrations of HNTs were loaded
into the nanocomposites films. As expected, mechanical properties and water absorption
were improved, and the films were cytocompatible. Xie et al. [78] used HNT for preparing
nanocomposite films based on chitosan for biomedical applications. The film exhibited
decent mechanical properties, and dosages of HNT had a direct effect on this property
because of creating a three-dimensional network.

Additionally, water-resistance and the nanocomposite films’ thermal stability were im-
proved meaningfully. In 2019, Devi et al. [79] ternary nanocomposite films were fabricated
using solution casting. This film used chitosan, starch, and HNTs to improve mechanical
properties, water absorption capacity, water solubility, and water vapor transmission rate.
Furthermore, these hydrophilic films were non-hemolytic and impermeable to bacteria. Mo-
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hebali et al. [80] prepared elastomeric nanocomposites based on HNT surface modification
using APTES and then a polyvinyl alcohol (PVA) coating applied through the layer-by-
layer assembly. As a result, the nanocomposite film exhibited antibacterial properties and
had a synergistic anti-infection effect (Figure 4). Furthermore, drug release was sustained
and controllable.

Figure 4. SEM image of pure HNT (a), surface of HNT/PVA (b), cross section of HNT/PVA (c), sur-
face of HNT/PVA/MC, Schematic of drug loading, surface modification, and synthesis of HNT/PVA
nanocomposites (d–f). Reprinted by permission of the publisher.

4.3. HNTs and 3D Printing

HNTs and 3D printing have also supported tissue regeneration of bone defects. For
example, Weisman et al. [81] used PLA and gentamicin-doped HNTs to print a range of
medical devices. For example, Tappa et al. [82] used doped HNTs and PLA to 3D print
customized bioactive and absorbable surgical screws, pins, and bone plates for localized
drug delivery.

HNTs and 3D printing have also been used to support tissue regeneration of bone
defects. Illustration, Wu et al. [83] in 2019, used HNTs for coating on 3D printed scaffolds to
guide human mesenchymal stem cells (hMSCs) orientation. Polylactic acid scaffolds consist-
ing of different patterns were printed and functionalized by a polydopamine. Using field
emission scanning electron microscopy (FE-SEM), the researcher found HNTs successfully
coated on various patterns. Because of HNT addition, the scaffolds’ surface roughness and
hydrophilicity properties improved, and scaffolds could induce cell orientation. Moreover,
the adhesion and proliferation of cells increased because of this supportive cell coating
(Figure 5).
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Figure 5. (A) Graphic abstract of the HNTs coated PLA printed scaffolds with different pattern for
HNT patterns guiding cell orientation. (B) FE-SEM images of HNTs coated printed pattern surfaces
with various magnification. Reprinted by permission of the publisher.

4.4. Metalized HNT Applications

Early in human history, metal and metal salts were used for various applications. For
example, Greek and Roman cultures used silver vessels to preserve liquids [84]. Colloidal
silver was used extensively in medical treatment, and copper-based medicines were used
in treating eczema, lupus, anemia, chorea, syphilis, and zinc salts were used in wound
treatment. Understanding how metallic nanostructures interact with microorganisms is a
rapidly growing area of inquiry in the biomedical field will offer significant advantages
in diagnostic and therapeutic applications (Table 2). Nanoparticles offer unique physi-
cal properties that have associated benefits for drug delivery. For example, some metal
nanoparticles have bactericidal effects due to their high surface-to-volume ratio and small
size, allowing them to interact with bacterial cell membranes rather than release metal ions
into the solution. Copper, silver, and zinc nanoparticles, in particular, are known for their
excellent antimicrobial properties and have additional beneficial functionalities [84,85].
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Table 2. Potential applications of metalized HNTs.

Antimicrobial Sustained Release
Targeted Drug

Delivery
Tissue Engineering Wound Healing

antibiotics antimicrobials brain bone anti-infection

antifungals anti-cancer agents breast cancer guided nerve
regeneration hemostasis

anti-biofouling dyes colon cancer cartilage healing
anti-viral growth factors osteosarcoma skin revascularization

Surface functionalization of HNTs with different components, including metals,
antibiotics, and bioactive compounds, is of increased importance for their potential use
in biomedical devices, antimicrobial surface coatings, drug delivery systems, radiation
absorbent composites, elastomer composites, electronic components, and as industrial
catalysts (Figure 6) [86]. The outer surface of HNTs can be used for adsorption of metal
NPs thus preventing their aggregation, reducing toxicity, and providing more sustained
antimicrobial/viral action. Boyer and. Mills (2016) used a simple method (US Patent
#9,981,074 B1) for the fabrication of HNT- supported metal nanoparticles [87]. Metals
nanoparticles, such as silver, copper, gold, and other metal nanoparticles can be directly
deposited onto the surfaces of HNTs. Existing fabrication methods include lengthy
multi-step processes that include metal-salts or organic compounds, reducing agents,
high temperatures, and expensive equipment to achieve metallization of the halloysite
surface [88].

A strategy for controlled weight deposition of positively charged metal ions on nega-
tively charged HNTs dispersed in an aqueous medium where the extent of metallization
can be controlled through changes in voltage, solvent medium, time, and other electrolytic
parameters. Additionally, this process does not require the use of any toxic chemicals,
expensive reagents, or lengthy pre-processing steps [88].

Figure 6. Biomedical and industrial applications of metallized HNTs.

This rapid and low-cost method was used in various applications, from 3D printing to
surface coats. PLA 3D printed scaffolds incorporating metal coated HNTs for bone tissue
regeneration have recently been published. Luo et al. [89] used a surface modification
method to reduce the hydrophobicity of PLA. This study used fetal bovine serum and
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NaOH to coat PLA scaffolds containing Zn-coated HNTs (Figure 7). The scaffolds possessed
high mechanical strength and showed an osteoinductive potential. A strategy for controlled
weight deposition of positively charged metal ions on negatively charged.

Figure 7. (A) Optical and laser combined image of 3D printed PLA square. (B) EDS elemental
analysis for coated PLA square [87].

HNTs dispersed in an aqueous medium where metallization can be controlled using
changes in voltage, solvent medium, time, and other electrolytic parameters without using
any toxic chemicals, expensive reagents, or lengthy pre-processing steps [88].

This rapid and low-cost method was used in various applications, from 3D printing to
surface coats. PLA 3D printed scaffolds incorporating metal coated HNTs for bone tissue
regeneration have recently been published. Luo et al. [87] used a surface modification
method to reduce the hydrophobicity of PLA. This study used fetal bovine serum and
NaOH to coat PLA scaffolds containing Zn-coated HNTs (Figure 6). The scaffolds possessed
high mechanical strength and showed an osteoinductive potential.

Furthermore, the external coating of antibiotics preserved the osteogenic properties
but also significantly reduced bacterial growth. [87] A similar study used 3D printed
PLA scaffolds modified using an alkali treatment to increase hydrophilicity and the
surface-functionalized using a suspension of Zinc/HNTs-Ag-Chitosan Oligosaccharide
Lactate [88].

5. Future Directions in HNT Research

Nanoclays are promising drug delivery carriers and additive or bioactive agents for
tissue regenerative medicine and engineering. The reason is their biocompatibility, low
toxicity, ease of surface modification, material enhancement properties, cost, and capability
of encapsulating drugs. The application of clay nanomaterials allows the nanoparticle-
based on size, solubility, surface charge, cationic exchange capacity, dispersibility, and
drug release rate. Bioactive agents or drugs can be incorporated into the layered spaces or
nanopores of montmorillonite, kaolinite, halloysite nanotube through various reactions.
Current research on nanoclays explores novel drug/clay or drug/clay/polymer composites
as sustained drug delivery systems. The objective is to deliver a ‘focal and local’ drug
dosage to target sites with low toxicity. Nanoclay modification methods can modify surface
properties for added functionalities or targeted drug delivery.
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The future of HNTs in biomedicine looks promising. The US FDA regards them as
generally regarded as safe (GRAS). HNTs have been used for drug delivery, gene deliv-
ery, cancer therapeutics, tissue engineering, and wound healing applications and are
one of the most promising nanoclays. HNTs are biocompatible, possess high mechanical
strength, high porosity, offer sustained drug release profiles, and their surfaces can be
easily modified. As a result, HNTs have been used in numerous novel applications rang-
ing from stem cell encapsulation and tissue engineering to intracellular and extracellular
drug systems.

HNTs added to a polymer and fabricated as a scaffold can be fabricated through
blow spinning, electrospinning, 3D printing, and bioprinting with appropriate pore size,
mechanical strength and loaded with bioinstructive molecules.

During the last decade, increased research has been focused on using HNTs for
non-medical applications, including adsorbents, chemical and corrosion resistance,
curation of archeological and cultural materials, electromagnetic protection, and wa-
ter purification. Here, surface modification of the HNT surface enables customized
and tailored solutions for numerous biotechnological, aerospace, environmental, and
military needs.

While HNTs have demonstrated promising potential in drug delivery, cancer therapy,
gene therapy, and tissue engineering applications, many challenges are still ahead before
their widespread clinical application. As an anti-cancer nanoparticle, a significant issue is
the exact mechanism of cell death necrosis or apoptosis. They are entering inside the cells
by this route, though several studies have examined cell uptake. In addition, while many
studies suggest that HNTs are cyto- and biocompatible, there is no clear understanding
of the mechanism(s) of interaction with living cells, organs, and organisms. Therefore,
the biological responses to HNTs must be thoroughly investigated through additional
in-vitro and in-vivo research leading to a complete understanding of HNT impact on
cellular pathways, further toxicity profiling, and how HNTs are stored within the body or
eliminated. Lacking this knowledge limits their usage for advanced drug delivery, bone
regeneration, or therapeutic medical applications.
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Abstract: Tumor-secreted extracellular vesicles (EVs) are the main mediators of cell-cell communi-
cation, permitting cells to exchange proteins, lipids, and metabolites in varying physiological and
pathological conditions. They contain signature tumor-derived molecules that reflect the intracellular
status of their cell of origin. Recent studies have shown that tumor cell-derived EVs can aid in cancer
metastasis through the modulation of the tumor microenvironment, suppression of the immune
system, pre-metastatic niche formation, and subsequent metastasis. EVs can easily be isolated from a
variety of biological fluids, and their content makes them useful biomarkers for the diagnosis, prog-
nosis, monitorization of cancer progression, and response to treatment. This review aims to explore
the biomarkers of cancer cell-derived EVs obtained from liquid biopsies, in order to understand
cancer progression and metastatic evolution for early diagnosis and precision therapy.

Keywords: extracellular vesicles; liquid biopsy; biomarkers; tumor progression; metastasis

1. Introduction

Carcinogenesis is a process in which unlimited/uncontrolled cell division occurs,
leading to the formation of malignant tumors. Compared to normal cells, cancer cells
acquire malignant properties through genetic mutations and other aberrations that give
them adaptive and proliferative advantages. This malignant transformation is a multi-
stage process involving the gradual accumulation of abnormalities necessary for cell tumor
progression [1,2]. Sequential selection of variant subpopulations within the neoplastic
clone are responsible for the progression of the neoplasm, and the development of intra-
neoplastic diversity is emerging as an important feature. In fact, heterogeneity allows
cells to develop characteristics that allow them to proliferate, evade apoptosis, undergo
angiogenesis, alter metabolism, and form metastases [3]. Findings suggest that cancer
progression is related to altered protein expression and changes in metabolic pathways,
which gives cancer cells the ability to survive and expand in a hostile microenvironment.
Cancer cells use a variety of mechanisms through which they develop an extraordinary
ability to adapt and expand in the microenvironment, including the release and uptake of
extracellular vesicles (EVs).

EVs constitute a heterogeneous vesicle population secreted by virtually all cell types.
They have been found in many body fluids, including blood [4], urine [5], saliva [6], bron-
choalveolar lavage [7], and cerebrospinal fluid [8]. They are enriched with proteins, lipids,
metabolites, DNA fragments, miRNA fragments, and non-coding RNAs [9]. According
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to their size and biogenesis, EVs are classified into the following groups: exosomes, mi-
crovesicles, and apoptotic bodies. Exosomes (30–120 nm in diameter) are initially generated
inside of multivesicular bodies (MVBs), existing as intraluminal vesicles (ILVs). When
these MVBs fuse with the cell membrane, vesicles are released into the extracellular space,
where they become known as “exosomes” [10]. In contrast to exosomes, microvesicles
are formed by a characteristic “outward blebbing” of the plasma membrane, producing a
class of heterogeneous vesicles of larger size (100 nm–1 μm in diameter). The formation
of microvesicles appears to occur selectively in lipid-rich membrane microdomains (e.g.,
in lipid rafts) [11]. These vesicles are often given other names, including ectosomes, shed-
ding vesicles, or oncosomes (in the case of cancer cells) [12]. Apoptotic bodies (1–5 μm
in diameter) are released during the last steps of apoptosis through formation of mem-
brane protrusions, such as microtubule spikes, apoptopodia, and beaded-apoptopodia.
Although these classifications have been widely used in the literature, it is advised to use
this nomenclature sparingly. This is due to the fact that most techniques currently used
only allow the separation of small EVs from large EVs [12]. Consequently, the International
Society for Extracellular Vesicles (ISEV) recommends using terms for EV subtypes, such as
size, density, instead of using terms such as “exosomes” or “microvesicles”, unless there is
certainty of their biogenesis [13].

Liquid biopsies are a rich source of EVs and are typically obtained using minimally
invasive medical procedures that allow sampling from healthy controls, and therefore
allows the detection of minimal residual disease (MRD) or recurrence and tracking of tumor
evolution. It has been demonstrated that cancer cell-associated EVs carry the signatures
of proteins, lipids, metabolites, and RNA of the tumor cell of origin [9]. Additionally,
cancer-derived EVs are important players in cancer progression, being able to facilitate
intercellular communication with cells near and far away (e.g., stromal cells), promoting the
formation of pre-metastatic niches. EVs are involved in different stages of tumorigenesis
and metastasis by increasing angiogenesis and remodeling the extracellular matrix. This
activity allows cells to escape from immune system recognition and induces resistance to
various cancer therapies [14,15]. For this reason, molecular profiling of EVs can help us
understand the behavior of the cancer, in order to obtain an early diagnosis and develop
targeted therapies.

In this review, we aim to cover the fields’ most recent findings in proteomic, lipidomic,
and metabolomic studies in EVs. We will highlight the best practices for identification of
tumor biomarkers by cancer cell-derived EVs, placing an emphasis on the hallmarks of
cancer, promotion of invasion, and metastasis

2. EVs Performing Multiple Functions in Cancer Formation

EVs have been found to play an important role in various physiological and patho-
logical conditions. Factors, such as hypoxia, inflammation, and extracellular acidification
in the tumor microenvironment (TME) may contribute to the increased secretion rate of
EVs [16]. In fact, it has been reported that malignant cells secrete an increased number of
EVs with an altered composition to those from non-malignant cells of the same type [17].
However, diagnostic and prognostic evaluations using the total abundance of EVs may be
subject to confounding effects from non-malignant cells responsible for circulating EVs in
some disease conditions. Even so, studies have demonstrated that EVs are enriched with a
highly heterogeneous pool of biological cargo, i.e., proteins, lipids, RNA, and metabolites
that modulate target cells [9]. As previously mentioned, these tumor-derived EVs are
released into circulation in order to carry out functions that support tumorigenesis, such as
stimulating angiogenesis and promoting metastatic diffusion [18,19].

2.1. EVs Promote Angiogenesis, Invasion, and Metastasis

EVs perform important functions throughout several stages of invasion and metastatic
colonization, including angiogenesis, invasion, epithelial mesenchymal transition (EMT),
migration, and pre-metastatic niche formation which are described below.
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2.2. Angiogenesis

Angiogenesis is the formation of new blood vessels from an already existing vascular
network. Several steps characterize angiogenic sprouting, such as enzymatic degradation
of the vessel basement membrane, endothelial cell proliferation, migration, germination,
branching, and formation of new vessels [19]. Angiogenesis is regulated by a precise
balance between stimulatory and inhibitory signals, which can become altered in cancer
pathologies [20]. The potential of EVs to induce angiogenesis is thought to be dependent
on their uptake by recipient cells. For example, EVs released from glioblastomas contain a
host of pro-angiogenic signals, such as proteoglycans glypican-1 and syndecan-4. These
signals increase revascularization through proliferation and formation of endothelial cells
and tubules [21].

EVs released by tumor cells are important mediators of the angiogenic cascade, regard-
less of their uptake. Tumor angiogenesis is mediated by a repertoire of membrane-bound
proteins that could confer selective advantages for tumor growth and metastasis. EVs
secreted by cancer cells in the brain and neck contain the ephrin type B receptor 2 (EPHB2),
which is associated with tumor angiogenesis by activating the STAT3 signaling pathway via
engagement of ephrin-B2 on the surface of endothelial cells [22]. Similarly, ovarian cancer
cell-derived EVs contain the soluble form of E-cadherin on their surface, making them
capable of stimulating tumor angiogenesis by forming a heterodimer with VE-cadherin
on the surface of endothelial cells [23]. In addition, EVs secreted by tumor cells show
various cytokines on their vesicular surface, such as IL-8 and VEGF, which can stimulate
the growth, migration and/or formation of endothelial tubes [24]. Studies on the role of
EVs in angiogenesis show that they are excellent tools for understanding the mechanisms
underlying endothelial cell migration, alteration of vessel phenotype, and germination of
solid tumors.

2.3. EVs in Promoting Metastasis Initiation and Progression

The metastatic process involves invasion and proliferation of tumor cells into nearby
and distant tissues via the circulatory and lymphatic systems. Metastatic cells establish a
microenvironment which favors angiogenic and proliferative processes, promoting cancer
metastasis. EVs from initial tumor cells promote EMT by targeting EMT-related factors,
such as transforming growth factor beta (TGFβ), hypoxia-inducible factor 1 alpha (HIF-1α),
thus initiating metastasis. For example, EVs released by prostate cancer cells are enriched
with lysosomal hyaluronidase, which promotes the mobility of stromal cells, aiding in
metastasis [25]. Moreover, EVs secreted by highly metastatic cells can increase cell ability
to migrate and invade low-metastatic cells by promoting an EMT process via MAPK/ERK
signaling [26]. The hypoxia that characterizes the TME also influences tumor cells to release
EVs enriched in matrix metalloproteinase-13 (MMP-13), with a consequent increase in
vimentin and decrease in E-cadherin in normoxic cells, thus improving the metastases that
occur via EMT [27].

Interestingly, Hoshino et al. demonstrated that cancer-derived EVs express a series of
integrins that regulate adhesion to specific cancer cells and the extracellular matrix (ECM)
molecules expressed in some organs [28]. They revealed that EVs containing ITGα6β4 and
ITGα6β1 are associated with lung metastases through their ability to bind to lung-resident
fibroblasts and epithelial cells. Similarly, integrin-expressing EVs containing αvβ5 are
linked to liver metastases because of their ability to bind to Kupffer cells [28]. Macrophage
migration inhibitory factor in EVs from pancreatic cancer can alter growth factor β pro-
duction in Kupffer cells and increase fibronectin secretion of hepatic stellate cells [28].
Gastric tumor cell-derived EVs mediate the formation of a liver-like microenvironment
through EGFR-mediated hepatocyte growth factor upregulation, ameliorating metasta-
sis [29]. Many studies have also reported brain-derived secretory proteins, which can alter
the brain microenvironment to promote the colonization of cancer cells, leading to brain
metastasis [29]. In this respect, proteins present within EVs derived from the brain can
increase the adhesive and invasive capacity of non-brain metastatic cells [30].
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These results indicate that cancer-derived EVs released into the body have the potential
to remodel cancerous and non-cancerous cells, leading to pre-metastatic niche formation
and metastatic organotropism.

2.4. EVs in Immunomodulation

The metastatic cascade may be favored by the ability of EVs to mediate immunosup-
pression through the transport of inflammatory factors [31]. Importantly, tumor-derived
EVs can be transmitting inflammatory factors to recipient cells to regulate their behaviors.
For instance, the transfer of tumor-derived EVs into human THP-1 monocytic cells led
to the production and secretion of various pro-inflammatory cytokines and tumor necro-
sis factor (TNF) -α, via TLR2 and TLR4 binding [32]. Moreover, EVs from breast cancer
expressing Annexin A2 mediate an increase in the secretion of IL-6 and TNF-α by M1
macrophage activation [33].

Tumor-derived EVs can precondition an environment for future metastasis using other
mechanisms as well. For example, EVs derived from gastric cancer express transforming
growth factor (TGF)-β1, which is associated with lymph node metastasis through the induc-
tion of regulatory T cell (Treg) formation [34]. Contrarily, it has been observed that TGF-β1
in EVs derived from breast cancer cells can suppress T cell proliferation [35]. In addition,
tumor-derived EVs appear to be capable of inhibiting the activation of T lymphocytes
and induce apoptosis through the expression of the ligand FasL, a member of the tumor
necrosis factor (TNF) family, which can promote the apoptosis of lymphocytes [36].

Cancer-derived EVs can also enhance immune evasion of cancer cells through the
suppression of T cell activity and natural killer (NK) cells. For example, it has been
identified that tumor-derived EVs can block IL-2-mediated activation of NK cells and their
cytotoxic activity [37].

Conversely, EVs derived from immune cells can be considered attractive tools for
fighting against cancer. For example, NK cell-derived EVs can induce the immune response
by compromising the spread of solid tumors [38]. However, the role of EVs released by
these cells is still poorly understood.

2.5. EVs in Reprogramming Energy Metabolism

The metabolic adaptations made possible by cancer cells allow them to adapt to con-
ditions of nutritional deprivation and/or stress. TEM is heterogeneous in cancer cells,
fibroblasts, endothelial cells, mesenchymal stem cells, and extracellular matrix, participat-
ing in the metabolic reprogramming crucial for cancer progression [39].

EVs released from cancer cells contribute to the transformation of normal fibroblasts
into distinct functional subtypes. Cancer-associated fibroblasts (CAFs), a major component
in TME, promote tumor growth and progression through various pathways, e.g., by the
secretion of inflammatory factors [40]. On this note, early- and late-stage colorectal cancer
(CRC) cell-derived EVs both can activate normal quiescent fibroblasts in phenotypically
and functionally distinct subsets of CAFs, which could facilitate tumor progression [40].
Additionally, triple negative breast cancer (TNBC) cells overexpressing ITGB4 are capable
of remodeling fibroblast metabolism and promoting glycolysis in CAFs [41].

EVs released from cancer-associated endothelial cells (CAECs) might also have an
important influence on tumor progression. Analyses suggest that a decrease in levels of
EC-derived EVs after chemotherapy in patients with metastatic breast cancer is associated
with disease-free survival [42]. The intercellular communication between MSC and cancer
cells is not well understood, and neither are the metabolic changes due to this interaction.
However, TME could promote the development of cancer-associated mesenchymal stem
cells (CA-MSCs) with the ability to differentiate into CAFs and influence cancer cells by
secreting various metabolites by EVs. In fact, the metabolic crosstalk between tumor
cells and CAFs profoundly affects TME remodeling and drives tumor growth [43]. In
addition, glioma cell-derived EVs induced tumor-like phenotypes in MSCs by activating
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glycolysis [44] and EVs from prostate cancer promote the formation of a pre-metastatic
niche through the transfer of PKM2 into MSCs [45] (Figure 1).

Figure 1. Schematic illustration of EV-mediated interactions between cancer cells and their TME. In
cancer, EVs are involved in the process of transporting bioactive molecules between stromal and
transformed cells, including endothelial, mesenchymal, immune, and CAF cells. Several subtypes of
immune cells can also be found in the TME, including dendritic cells (DCs), B and T lymphocytes,
and macrophages. EVs released within TME contribute to TME heterogeneity by creating a suitable
environment for tumor growth, progression, and metastasis. EVs derived from immune cells which
exhibit anti-cancer activity are an exception. Modified from [46].

3. EV Isolation from Different Body Fluids in Cancer

EVs can be isolated from many biofluids, including serum, plasma, urine, saliva, ascitic
fluid, bile, cerebrospinal fluid (CSF), and pathological effusions from tumors [47]. The pre-
analytical phase represents an important step in the analysis of EVs in terms of anatomical
position, accessibility, and specific biophysical and chemical characteristics. For example,
biofluids such as urine or blood are easily accessible via non-invasive/minimally invasive
methods, making them ideal for longitudinal disease monitoring, and are commonly used
samples for diagnostic purposes. Isolation of EVs from CSF is probably preferable over
other biofluids for the study of neurological diseases. However, acquiring it is invasive and
requires highly qualified professionals, creating potentially serious complications. Below is
a description of some of the most commonly used biofluids.

3.1. Serum and Plasma

A crucial step in the development of biomarkers is to determine which blood sample
is optimal for the study. A large limitation of serum collection is that platelets can become
easily activated and release EVs, which alter the fluid composition. In addition, several
variables play a significant role in the analysis of EV composition, such as patient status,
syringe use, and anticoagulant use. For example, citrate and ethylenediamine tetraacetic
acid (EDTA) are the most commonly used anticoagulants in preparation, in order to
prevent platelet activation and release of platelet EVs. Depending on the choice of the
downstream EVs analysis, all these variables must necessarily be taken into account for
the standardization of the sample collection protocol [13,48]. Another important aspect is
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the lack of quality control (QC) for plasma samples to be used in clinical trials. Recently,
researchers have agreed that human sample quality must be standardized prior to any
molecular analysis [49].

3.2. Urine

Unlike serum, urine can be collected in large volumes with little or no patient discom-
fort. It contains a considerable number of EVs, proteins, metabolites, and cells derived
from the urogenital tract and filtration of glomerular plasma. For this reason, it is ideal for
the analysis of physical and pathological conditions of an individual [50]. Urine is a unique
biofluid characterized by varying pH ranges, osmolarity, composition and concentration
of dispersed solutes, even within the same individual [51]. Urinary EVs (uEVs) released
predominantly by the kidneys, urinary tract epithelium, and male reproductive tract, con-
stitute a heterogeneous population [52]. In addition, uEVs can be strongly influenced by
factors, such as medication, exercise, food intake, and the presence of urinary pigments [53].
Consequently, careful standardization of urine collection and development of protocols
compatible with downstream analyses/reproducibility of data are recommended.

3.3. Saliva

Human saliva is easy to collect, inexpensive, and can be performed in a non-invasive
manner. It is also enriched in salivary extracellular vesicles (SEV) [54]. A similarity between
the salivary and plasma proteome has been previously described in literature, therefore SEV
should be derived partly from the salivary glands, and partly from circulation [55]. Saliva
has advantages over blood as it does not coagulate, and its composition does not undergo
changes brought about by the release of EVs from platelets. However, interference of high-
abundance amylases and proline-rich proteins may affect the isolation and purification
of SEVs, as well as the identification of low abundance proteins present inside the SEVs.
Therefore, removal of amylase and other proteins from saliva prior to extraction of SEVs
would be a necessary pre-analytic step for accurate downstream analysis (e.g., proteomic
analysis) [56]. In addition, the composition and concentration of analytes in saliva are
influenced by varying collection conditions and processing methods. Non-contaminated
saliva can be collected via a buccal swab or by spitting into a test tube (which are subject
to variation depending on tongue and/or cheek movements). Saliva production can be
stimulated through use of chewing gum, for example, producing a volume three times
greater than the volume of unstimulated saliva [57]. Whole saliva usually contains cellular
debris and bacterial cells. Taking all of these variabilities into account, it is necessary to
develop a standardized protocol to minimize variability when studying the composition of
saliva for the identification of biomarkers.

3.4. CSF

CSF is a transparent fluid that provides a unique insight into neurological disease.
CSF is the result of the ultrafiltration of blood plasma by ependymal cells in the choroid
plexuses of the cerebral ventricles, containing few cells and almost devoid of proteins [58].
CSF biopsies are particularly important as they allow the collection of brain tissue from
living individuals, however, sampling is more invasive than blood or urine sampling [59].
In this case, it is necessary also to pay attention to the pre-analytical procedures, since errors
in the collection, storage, and exchange of biofluids are the most represented laboratory
errors [59]. Cerebrospinal fluid can be collected from external ventricular drainage (i.e.,
during shunt or extraventricular placement) or by lumbar puncture (spinal tap). A clearly
defined and consistent protocol for lumbar CSF collection ensures identical processing and
the ability to compare results across institutions. Lumbar CSF typically does not contain
blood, however, there are many differences between centrifuged and non-centrifuged
components, and short-term temporal collections are difficult to obtain [60].
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The choice of a specific isolation technique is not only dependent on the type of
sample but also on the type of downstream analyses used for ‘-omics’ characterization
(e.g., proteomics).

4. Studies of the Molecular Profiling of EVs as Potential Biomarkers

EVs carry different classes of molecules, including proteins, lipids, nucleic acids, and
other metabolites [9], and their content is affected by different environmental factors [61].
This, along with their ability to act as powerful cell-cell communication mediators, has
contributed to their emergence as biomarkers of numerous diseases, including cancer [62].
However, mainly due to its small size, the purification of EVs is still a challenge and
different isolation methods are used to obtain EVs efficiently and with high purity [63].

The techniques widely used for isolating EVs include differential ultracentrifugation
(dUC), size exclusion chromatography (SEC), density gradient flotation, immunoprecipita-
tion, and polymer-based precipitation, as well as commercially available kits [64]. dUC
is the most extensively used method for isolating EVs, consisting of sequential centrifu-
gations with increasing speed and time, to separate particles depending on their size and
density [65]. This method can obtain a high yield of EVs, but it is time-expensive and
requires specialized equipment [66]. Furthermore, it could damage the integrity of these
vesicles, affecting their profiles of RNA, protein, and other metabolites which are a potential
source of biomarkers [67]. Hence, other techniques, such as SEC and density gradient
centrifugation are gaining relevance to isolate EVs [66].

On the other hand, it has been reported that the choice of a method for EVs isolation
could impact down-stream analysis of their cargo, either due to the isolation of different
EV populations, or the co-isolation of contaminating proteins and other possible matrix
contaminants [68,69]. In addition, various challenges come into play when isolating
EVs from different biological sources, such as possible co-purification of chylomicrons
and lipoprotein particles with EVs in serum and plasma [70], or the presence of Tamm–
Horsfall protein in urine [71], which can interfere in posterior biomarker analysis. Thus,
a methodological standardization of EV isolation is still needed, in order to assure the
reproducibility of the subsequent analyses, especially for clinical settings [72]. A better
understanding of the protein, lipid, and metabolic composition of EVs and the extent
to which EVs composition reflects the source cell composition provides a solid basis for
further development of diagnostics and therapeutics [9].

In this review, we summarize the recent advances in bioactive EVs contents focusing
on proteins, lipids, and metabolites that could play a significant role as diagnostic markers.

4.1. Proteome Profiling Analysis of EVs in Multiple Cancers

Proteins are an important class of molecules that are transported by EVs, and some
of them are integral constituents of EV structures. Analysis of EV protein composition
is crucial to understanding the mechanisms of their biogenesis and function under phys-
iological and pathological conditions. It is well-known that EVs are highly enriched in
membrane proteins, such as tetraspanins, including CD9, CD63, CD81, CD82, CD151, and
Tspan8 [73,74]; proteins involved in EVs biogenesis as well as ESCRT-related proteins, such
as ALIX, TSG101 (the stereotypical biomarkers for EVs characterization), and syntenin [75].
Other typical EV proteins include cell adhesion-related proteins (integrins, LFA-1, and
ICAM -1) [76], and those participating in cytoskeletal construction (actin and tubulin) and
vesicle trafficking (e.g., Rab family proteins). MHC class I and II complexes, involved in
antigen presentation, have been also reported [77], as well as heat shock proteins, which
facilitate protein folding and balance of proteostasis (i.e., Hsp60, Hsp70, and Hsp90) [78].

In addition to self-proteins, EV content reflects the physiological state of the cell from
which they originated. Since EVs are normally isolated in small amounts, highly sensitive
analyses are needed. In recent years, technology have been widely used to allow the
massive identification and relative quantification of proteins present in EVs from different
biological samples [79,80]. Moreover, many public databases have been created to share
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data among the scientific community, such as EVpedia, ExoCarta, and Vesiclepedia [81–83].
Current proteomic technology based on mass spectrometry (MS) is the basis for the study
and discovery of specific non-invasive biomarkers in the oncology field and beyond.
Its high sensitivity makes it capable of identifying low abundance proteins over wide
dynamic ranges, including post-translational changes. Additionally, ELISA and Western
blotting can be used to identify potential biomarkers. Although many analytical methods
have been standardized, unique challenges are associated with different applications of
proteomics. On this note, we have considered some studies on cancer-derived-EVs to
assess the recent research progress in the field, and at the same time highlight the potential
biomarkers reported.

In the literature there are many examples of potential biomarkers found in EVs derived
from breast cancer (BC) from both cell lines and biological fluid. An early study on serum-
derived EVs of BC patients revealed the presence of CD24, with low epithelial cell adhesion
molecules (EpCAM) expression, providing evidence that EpCAM could be cleaved from
EVs via serum metalloproteinases [84] (Table 1). CD24 is a glycosylphosphatidylinositol-
anchored membrane protein considered to be a negative cancer stem cell marker, specifi-
cally in BC [85]. EpCAM is an epithelial cell marker which modulates biological processes,
such as cell proliferation, migration, and invasion.

Human epidermal growth factor receptor-2 (HER2) positive breast cancer represents
15–20% of all breast cancers. The primary mechanism of HER2 activation in breast cancer
is its gene amplification, which causes its overexpression, ultimately activating several
signaling pathways [86]. It has been revealed that HER2 is overexpressed in EVs derived
from plasma of BC patients [87] (Table 1).

Table 1. Summary of the potential protein biomarkers identified in EVs from different cancer types.

Cancer Type Biomarker Sample Authors

Thyroid Cancer TLN1, ITGB2, SRC and CAPNS1 serum derived-EVs [4]
Breast Cancer CD24 and EpCAM serum derived-EVs [84]
Breast Cancer HER2 plasma derived-EVs [87]

Breast Cancer GPC-1, ADAM10, GLUT-1 and
desintegrin

In vitro: MDA-MB-231 and MCF-10A
cell lines [88]

Breast Cancer
Del-1, 14-3-3 epsilon protein, β-actin,
annexin A1 / 5, heat shock protein 71,

and galectin-binding protein 3
In vitro: cell line MDA-MB-231 [89]

Pancreatic Cancer GPC-1 serum derived-EVs [90]
Colorectal Cancer GPC-1 plasma derived-EVs [91]

Colorectal Cancer CK19, TAG72, and CA125 plasma derived-EVs, CRC cells, tumor
interstitial fluid [92]

Ovarian Cancer
Colon Cancer

CA125 and HE4
CD147

serum derived-EVs
In vitro: HCT15 and HCT116

[93,94]
[95]

Colon Cancer TSPAN1 In vitro: HCT-116 and HT-29 CC cell
lines [96]

Colon Cancer annexin plasma derived-EVs [97]
Hepatic Cancer AMPN, VNN1, pIgR, FCN1 and NEP serum derived-EVs [98]
Hepatic Cancer FIBG, A1AG1 and S100A8 serum derived-EVs [98]

Cholangiocarcinoma FCN2, ITIH4, FIBG; MUC1, EGFR,
EpCAM, and others.

serum derived-EVs; EGI1, TFK1 cell
lines and non-tumor

SV40-immortalized human
cholangiocytes

[98]

Cholangiocarcinoma EpCAM, ASGPR1, annexin V and
taMPs serum derived-EVs [99]

Cholangiocarcinoma fetuin-A and HSP90B In vitro: M213 and M213D5 cell lines [100]

Hepatic Cancer CAP1 In vitro: MHCC97-H and MHCC97-L
cell lines [101]

Gastric Cancer PSMA3 and PSMA6 serum derived-EVs [102]
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Table 1. Cont.

Cancer Type Biomarker Sample Authors

Prostate Cancer FABP5, Granulin, AMBP, CHMP4A,
and CHMP4C urine derived-EVs [103]

Bladder Cancer MUC1, CEA, EPS8L2 and moesin urine derived-EVs [104]
Lung Cancer MUC1 plasma derived-EVs [105]
Lung Cancer NY-ESO-1, EGFR, PLAP and EpCam plasma derived-EVs [106]
Lung Cancer LBP serum derived-EVs [107]
Lung Cancer BPIFA1, CRNN, MUC5B, and IQGAP1 saliva derived-Evs [108]
Lung Cancer LRG1 urine derived-EVs [109]

Glioblastoma annexin A2, vimentin, tenascin-C and
others

In vitro: A172, Glia-Tr, Glia-L, Glia-R, and
Glia-Sh cell lines [110]

Osophageal squamous cell
carcinoma GPC1

In vitro: HEEpiC, Het-1A, TE-1, TE-5, TE-6,
TE-8, TE-9, TE-10, TE-11, TE-14 and TE-15

and LK-2 cell lines
[111]

Nasopharyngeal
carcinoma ICAM-1, CD44v5 and TSP-1 In vitro: C666-1, NP69 and NP460 cell lines [112]

Another study revealed that glypican-1 (GPC-1), disintegrin and metalloproteinase
domain-containing protein 10 (ADAM10), and glucose transporter 1 (GLUT-1) were upreg-
ulated in triple negative metastatic cancer cell line MDA-MB-231 (MDA) compared to the
control immortalized epithelial breast tissue cell line MCF-10A (MCF) [88] (Table 1). GPC-1
is a cell surface proteoglycan protein involved in the control of cellular growth and differ-
entiation by activation of mitogenic signaling by heparin-binding growth factors. It has
been observed to be highly expressed in tissues from BC compared to healthy patients [88].
ADAM10, a transmembrane protease protein, is very abundant in high-grade tumors, and
these levels correlated with negative outcomes for the basal subtypes of BC patients [113].
Lastly, GLUT-1 is a solute carrier protein that facilitates the transport of glucose across the
plasma membranes. Its expression is correlated with high-grade BC cancer and increased
proliferative activity, and its absence significantly increased disease-free survival in BC
patients [114].

On the other hand, proteomic analyses from cell culture EVs have also provided
other potential biomarker candidates in BC, including 14-3-3 epsilon protein, β-actin,
annexin A1/5, heat shock protein 71, and galectin-binding protein 3 [89] (Table 1). In
addition, Del-1 has been reported as an early-stage BC EVs biomarker [115]. Del-1 was
first identified as an extracellular matrix protein having 3 N-terminal epidermal growth
factor-like domains and the discoidin I-like or factor V C domains, C1 and C2 [116]. The
striking decrease in Del-1 concentrations in plasma after surgery suggests that this protein
could be a useful surveillance biomarker to assess the response of breast cancer patients to
cancer therapies [115].

Proteomics have also contributed to identifying potential biomarkers in other types
of cancer, such as GPC-1, through showing increased serum EVs of pancreatic cancer
(PC) patients [90] (Table 1), as well as in plasma from colorectal cancer (CRC) patients [91]
(Table 1). All the studies dealing with the presence of GPC-1 in EVs confirm its potential
role as a clinical cancer biomarker. In addition, CK19, TAG72, and CA125 proteins were
significantly enriched in EVs derived from CRC cells, tumor interstitial fluid, and patients’
plasma [92] (Table 1). CA125 is an antigenic membrane protein of unknown function,
however, the release of soluble proteolytic fragments of CA125 into the extracellular space
appear to be associated with the conversion from benign to cancer cells [117]. In addition,
CA125 together with HE4 are candidate biomarkers for ovarian cancer. So far, the serum
EV CA125 and HE4 levels can significantly identify ovarian cancer at the early stage
from healthy subjects, benign ovarian disease patients, and other gastrointestinal cancer
patients [93,94].

In regard to CRC, protein profiling studies of individual EVs led to the identification
of CD147-positive EVs with high predictive value [95] (Table 1). CD147 is a glycoprotein
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released by tumor cells in a soluble form, or by EVs involved in progression, invasion, and
metastasis, suggesting it as a relevant tumor biomarker for cancer diagnosis [118].

Despite the advances in colon cancer (CC) diagnosis, clinical outcomes and survival
rate remain poor. Studies on EVs derived from HCT-116 and HT-29 CC cells and plasma
from CC patients showed high levels of tetraspanin 1 (TSPAN1) [96] (Table 1). TSPAN 1
is a member of the tetraspanin family, which may be involved in cancer progression (e.g.,
proliferation, cell migration, and motility) [96].

Moreover, annexins were increased in EVs derived from plasma of CC patients com-
pared to those from healthy controls (HCs), showing a sensitivity of 75.7% [97] (Table 1).
Annexin 2A (ANXA2) is a calcium-binding cytoskeletal protein expressed on the surface of
endothelial cells, macrophages, mononuclear cells, and various types of cancer cells [119].
Elevated ANXA2 expression correlates with cell migration and invasion [120].

Furthermore, high-performance analysis has identified differential proteomic profiles
in EVs from the serum of intrahepatic carcinoma (iCCA), hepatocellular carcinoma (HCC),
and primary sclerosing cholangitis (PSC) patients versus control donors. Reports demon-
strated that aminopeptidase N (AMPN, also known as CD13), pantetheinase (VNN1), and
polymeric immunoglobulin receptor (pIgR) showed good diagnostic capacity of CCA [98].
AMPN, ficolin-1 (FCN1), and neprilysin (NEP) showed good correlation with PSC com-
pared to the healthy control group [98] (Table 1). VNN1 pantetheinase is a protein anchored
to glycosylphosphatidylinositol (GPI) on the cell membrane, which participates in the
synthetic pathway of pantothenic acid (vitamin B5), acting as a key regulator of tissue toler-
ance to stress in various diseases [121]. pIgR seems to be involved in the promotion of cell
transformation and proliferation, providing new insights into the role of immunoglobulin
receptors [122].

Since PSC is a major risk factor of CCA development, serum EV proteins were com-
pared between CCA and PSC, and a selection of 10 overexpressed proteins in CCA were
identified, including fibrinogen gamma chain (FIBG), alpha-1-acid glycoprotein 1 (A1AG1),
and S100A8 proteins [98]. A1AG1 is a protein mainly expressed during the acute phase
of the inflammatory process, that can play an important role in the tumor microenviron-
ment, affecting immune modulation, drug resistance, and cancer progression [123], whereas
S100A8 protein (calgranulin A) belongs to the S100 multigenic family of calcium-modulated
proteins with roles in inflammation [124].

Discrimination between early-stage CCA (I-II) and PSC is possible through detection
of ficolin-2 (FCN-2) proteins, which are involved in cancer immunity, suppression of
EMT, and metastasis of HCC [125]. On this note, comparison of early-stage CCA (I-II)
with PSC showed that ficolin-2, inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4), and
FIBG were most abundant in early-stage CCA. Further, MUC1, EGFR, EpCAM, among
others, were abundant in EVs released from CCA human cell lines compared to normal
human cholangiocytes (NHC) [98] (Table 1). Other enriched proteins after tumor resection
found in serum EVs were EpCAM, asialoglycoprotein 1 receptor (ASGPR1), annexin V,
and tumor-associated microparticles (taMPs), showing sensitivity/specificity scores and
positive/negative predictive values (>78%), indicating their potential in diagnosis [99]
(Table 1). Hepatic ASGPR1 is a transmembrane molecule specifically expressed on the
sinusoidal and basolateral hepatocellular membranes, and not in other human tissue [126].
Furthermore, taMPs have recently emerged as novel vehicles for a horizontal crosstalk
between different cells, especially in the setting of inflammatory conditions [127].

Differential exosomal phosphoproteome analysis of invasive M213 and M213D5
CCA cells has shown its potential as a biomarker in cancer. Reduced exosomal fetuin-A
phosphorylation and high HSP90B phosphorylation has been detected in tissues from CCA
patients with a low TNM stage, compared to those with a single high-stage TNM [100]
(Table 1).

The analysis of EVs obtained from high- and low-grade metastatic HCC cell lines
discriminated CCA from other tumors, highlighting adenylate cyclase associated protein
1 (CAP1) as enriched in metastatic tumor cells when compared to non-tumor/primary
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cell lines [101] (Table 1). CAP1 is an actin monomer binding protein involved in the
reorganization of the actin filament essential for cell migration. Its overexpression in HCC is
closely related to tumor metastases [128], although its role needs to be further investigated.

EVs secreted in gastric cancer (GC) are also involved in tumorigenesis. A recent study
suggests that proteasome subunits PSMA3 and PSMA6 levels in patients with metastatic
GC (stage III/IV) were significantly higher in serum EVs than those in healthy controls
and patients with early-stage GC [102] (Table 1). PSMAs are major components of the
20S proteasome core complex with potential diagnostic utility [129]. In prostate cancer
(PC), there is a need to identify new markers, due to the fact that prostate specific antigen
(PSA), both in free form and in EVs derived from plasma of PC lacks specificity and
sensitivity [130], and therefore could lead to overdiagnosis [131]. In the search for new
biomarkers, it has been shown that levels of fatty acid binding protein 5 (FABP5) in urine-
derived EVs were higher in pathological groups, as well as the levels of granulin, AMBP,
CHMP4A, and others [103] (Table 1). FABP5 belongs to the family of intracellular lipid-
binding proteins, and is responsible for uptake and transport of fatty acid [132]. In PC
cell lines, FABP5 regulates energy metabolism via ERRα activation, suggesting that a new
FABP5-ERRα signaling axis plays an important role in the regulation of AMPK activity,
which is a cellular energy state sensor that directs metabolic adaptation to support cell
proliferation and survival [133]. Granulins, also known as granulin-epithelial precursors,
are a growth factor which regulates inflammation and tumorigenesis. They can promote
migration, invasion, and proliferation in PCa [134]. CHMP4A is a subunit of the charged
multivesicular body, ESCRT-III complex, which is involved in multivesicular body (MVBs)
formation and sorting of endosomal cargo proteins into MVBs [135].

Although urine is an excellent source of protein biomarkers for bladder cancers, there
is a high degree of variability in these samples. In this regard, the enrichment of urine
EVs could reduce the variability between samples, allowing us to identify functionally
relevant proteins. For instance, 1222 total proteins were detected with high confidence in
EVs derived from bladder cancer, validating some of them by Western blotting, such as
mucin-1 (MUC1), carcinoembryonic antigen (CEA), epidermal substrate of growth factor
receptor kinase 8-protein 2 (EPS8L2), and moesin, as proteins directly associated with
cancer [104] (Table 1). MUC1s are membrane glycoproteins that play important roles in cell
physiology, such as mediating anti-adhesive properties between cells and the extracellular
matrix (ECM). Its deregulated expression is associated with cancer progression [136].
CEA, also known as CD66, is expected to have potential value in the early diagnosis of
invasive urinary bladder cancer [137]. Eps8L2 belongs to the family of epidermal growth
factor receptor kinase substrate 8 (EPS8)-related proteins, which are involved in actin
remodeling in response to EGF [138]. Moesin is known to be associated with an aggressive
phenotype in several malignant tumors, showing predictive ability for early detection of
bladder urothelial carcinoma (BUC) invasion [139]. EGFR is a transmembrane receptor
whose function is to regulate both cell proliferation and apoptosis via signal transduction
pathways [140], which are highly related to lung cancer [141].

A large number of biomarkers is currently being investigated in lung cancer. Con-
sequently, it has been shown that EVs released by non-small-cell lung cancers (NSCLC)
patients’ plasma are also particularly enriched in MUC1 [105] (Table 1). Furthermore, EVs
isolated from lung cancer cells, lung biopsies, and plasma are enriched in EGFR, making
them the most powerful prognostic biomarker [106] (Table 1). Sandfeld-Paulsen and co-
workers also reported an enrichment in NY-ESO-1, phospholipase A-2-activating protein
(PLAP), and EpCam proteins. NY-ESO-1, also known as cancer-testis antigen (CTAs), is
regularly limited in its expression to germ and placental cells, but is re-expressed in tumor
cells. Similarly, NY-ESO-1 expression was found in NSCLC and has been associated with a
higher risk of relapse, poorer response to treatment, and shorter survival [142]. PLAP is
a member of the WD-repeat protein, G-protein-transducin superfamily, which mediates
eicosanoid generation and participates in inflammatory responses [143]. On the other
hand, EpCAM is a transmembrane glycoprotein that affects intercellular adhesion, and is
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overexpressed in various human epithelial carcinomas. It is involved in many important
functions relevant to tumor progression, including cell proliferation [17]. Other works have
shown that serum EVs can help distinguish patients with metastatic NSCLC from non-
metastatic NSCLC by monitoring lipopolysaccharide-binding protein (LBP) levels [107]
(Table 1). BPIFA1, CRNN, MUC5B, and IQGAP1 were also found highly abundant in
salivary exosomes of lung cancer patients [108] (Table 1). BPIFA1 is a protein specifically
expressed in the upper airways and nasopharyngeal regions. It was identified as a potential
marker for the micro-metastasis of non-small cell lung cancer (NSCLC) [144]. MUC5B is a
gel-forming mucin secreted from airway epithelial cells in the lung, associated with longer
survival in primary EGFR mutant NSCLC [145], and IQGAP is a scaffold protein that
may promote the regulation of cancer cell migration and metastasis [146]. Furthermore,
proteomic analyses of urinary exosomes of NSCLC patients highlighted exosomal leucine-
rich-alpha2-glycoprotein 1 (LRG1) as a candidate biomarker for non-invasive diagnosis,
playing a role in epithelial-mesenchymal transition (EMT) and angiogenesis [109] (Table 1).

Analyses of the EV proteome have also provided potential new biomarkers for glioblas-
toma cancer (GBC). Naryzhny and colleagues (2020) provided a list of potential biomarkers
by secretome profiling through LC-MS/MS, which included annexin A2, vimentin, and
tenascin-C, among others [110] (Table 1). Vimentin is an intermediate filament protein that
plays a central role in GBC progression [147], and tenascin-C is a non-filamentous protein
that mediates cell-cell and cell-matrix interactions, which affects negatively proliferation
and invasion in GBC [148].

Lastly, proteomic approaches have improved the knowledge of less known tumors
thanks to the specificity of the proteins found in EVs. In this context, EVs isolated from
serum of thyroid cancer lymph node metastases (LNM) patients had high amounts of
talin-1 (TLN1), integrin beta-2 (ITGB2), SRC, and CAPNS1, compared with thyroid cancer
without LNM [4]. TLN1 is a cytoskeletal protein involved in regulating the activity of
cell adhesion proteins by coupling them to F-actin [149], it is also involved in adhesion,
proliferation, survival, and tumor progression [150]. ITGB2 belongs to a family of cell
surface receptors that play a key role in cell adhesion, migration, proliferation, and survival
by forming physical interactions between the cell and the extracellular matrix [151]. SRC
kinase activity and protein levels are elevated in several cancers, and are correlated with
malignant progression [4]. Similarly, CAPNS1 belongs to a family of 15 calcium-dependent
intracellular thiol proteases, whose aberrant expression or activity is involved in several
diseases including cancer. Specifically, high calpain-1 levels were associated with papillary
thyroid cancer, but its role in regulation of the proliferation and migration needs further
investigation [4].

In esophageal squamous cell carcinoma (ESCC), GPC1 was identified as a novel
biomarker [111] (Table 1). Additionally, EVs isolated either from NPC C666-1 cells or
immortalized nasopharyngeal epithelial cells (NP69 and NP460) had large amounts of
pro-angiogenic proteins, including intercellular adhesion molecule-1 (ICAM-1), and a
variant isoform of CD44 (CD44v5), while the angio-suppressive protein thrombospondin-1
(TSP-1) was present at low levels in NPC C666-1 EVs [112] (Table 1). ICAM-1 is a member
of the immunoglobulin superfamily, and CD44v5 a transmembrane glycoprotein involved
in many biological activities, such as cell migration, tumor invasion, and metastasis [151].

4.2. Lipidome Profiling Analysis of EVs in Multiple Cancers

EVs represent an untapped source for the discovery of clinically relevant lipid biomark-
ers, which can be used in pre-clinical detection, as well as for following disease progression.
Knowing the lipid profile of EVs from various tumor cell types is an important aspect,
although a better understanding of how cancer cells evaluate their lipid resources to meet
the metabolic demands of high proliferation rates could enhance novel anticancer thera-
peutic strategies. There is growing evidence about the transfer of biologically active lipids
and lipid metabolites as one of the mechanisms used by cancer cells to alter the energy
pathways within the tumor microenvironment [152]. It is now known that EVs transfer
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lipids and lipid-related proteins to influence target cell function [153,154], making the study
of the EV lipidome essential for the identification of biomarkers for diagnostic purposes.

The lipidomic profiling of EVs isolated from cell cultures and biofluids includes dif-
ferences in lipid composition. Based on published studies, EVs are mainly made up of
membrane lipids, although small amounts of other lipids could be captured by the cytosol
during ILV formation. Therefore, the lipid composition of EVs should therefore reflect the
composition of a lipid bilayer. In fact, it has been shown that there is an asymmetrical distri-
bution of lipid classes in the two leaflets of the plasma membrane, where sphingolipids and
phosphatidylcholine (PC) are mainly present in the outer leaflet, while other lipid classes
are mainly found in the inner leaflet [155]. Recent advances in lipid analysis by LC-MS/MS
have identified lipid classes and lipid species that appear to be enriched in EVs. An impor-
tant lipidomic profile study of EVs derived from single cell types was realized by Skotland
and co-workers in ten exosome preparations, including cell-to-exosome enrichment factors
in eight of them, showing an enrichment of 2–3 times in cholesterol (CHOL), sphingomyelin
(SM), glycosphingolipids (GSLs), and phosphatidylserine (PS). Notably, the membranes of
most EVs show lower phosphatidylcholine (PC) and phosphatidylinositol (PI) content than
their cells of origin, but contain similar levels of phosphatidylethanolamine (PE) [156].

The synthesis of cholesterol, also known as the mevalonate pathway, is an important
pathway of lipid biosynthesis, since cholesterol is a major component of membranes in-
volved in controlling membrane fluidity and the formation of lipid rafts. Consequently,
altered intracellular cholesterol levels can greatly modulate membrane architecture, promot-
ing plasma membrane fluidity, and, therefore, contribute to cell migration and metastasis.
Considering this, the active lowering of cholesterol in an advanced stage of the disease
can have negative effects [157]. Conversely, the establishment of primary tumors is highly
dependent on growth-stimulating signaling pathways, promoted by cholesterol concentra-
tions on the membrane through the formation of lipid rafts. In fact, cholesterol-rich lipid
rafts facilitate the accumulation of tyrosine kinase receptors, such as HER2. In this case,
blocking cholesterol synthesis could inhibit the onset and proliferation of cancer in the
early stages of the disease [158]. In order to use cholesterol metabolism as a therapeutic
target in cancer, it is necessary first to understand why cancer cells depend on cholesterol
and how this affects the progression of the disease.

Glycosphingolipids (GSLs) are a subtype of glycolipids which mediate cell-cell in-
teractions and modulate signal transduction pathways. Aberrant expression of specific
GSLs and related enzymes is strongly associated with tumor formation and malignant
transformation [159]. There are several studies in literature about the expression of various
glycosphingolipids in specific tumors. For example, glycosphingolipids, such as GD3
and GD2, enhance the malignant properties of cancer cells, such as cell proliferation, cell
invasion, and migration [160]. In contrast, mono-sialyl gangliosides, such as GM1 and
GM2 often suppress malignant properties of cancerous cells [161]. The analysis of GSLs
does remain challenging due to their amphiphilic nature and inherent complexity.

Sphingomyelin (SM) is also a key component of lipid rafts involved in the regulation
of several signaling pathways [162]. It has been shown that low SM levels are associated
with the tumorigenic transformation [163]. However, the role of SM in cancer is yet to be
understood, since other studies have reported high levels of SM and different roles in can-
cer [164]. Considering the glycerophospholipids (GPLs) species, i.e., phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS) are abundant in mam-
malian cell membranes, there is growing evidence that these GPLs (particularly PC and PS)
might be potential biomarkers of cancers. Evidence supports that the overexpression of
PCs observed in cancer cells is mainly due to upregulation of choline kinase and activation
of phospholipase C specific to phosphatidylcholine, the latter activated in the cycles of
phosphatidylcholine induced by mitogens and oncogenes, with effects on signaling path-
ways, regulation of the cell cycle, and cell proliferation [165]. The phosphatidylinositol
(PI) resides on the cytosolic surface of cell membranes, and differential phosphorylation
generates distinct phosphoinositides, contributing to their signaling diversity, including
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cell growth and proliferation. The phosphoinositides have a distinct localization in the cell
through which they carry out their specific function localization (e.g., PI (4,5)P2 is enriched
at the plasma membrane, while PI(3)P in early endosomes). Aberrant phosphoinositide
signaling has been observed in cancers, suggesting its potential role as a biomarker [166].

A pioneering work quantified 22 classes of EV lipids derived from metastatic prostate
cancer cell lines, such as PC-3 cells, finding enrichment in CHOL, SM, glycosphingolipids,
and phosphatidylserine, indicating a particular lipid sorting in the exosome membrane
compared with the source cells by MS analysis [167] (Table 2). In contrast to healthy
cells, tumor cells expose the phosphatidylserine (PS) at the cell surface. An early event
in apoptosis is the appearance of PS on the cell surface, which reduces the inflammatory
response by alerting phagocytic cells to engulf the cell. Macrophages recognize PS on the
surface of apoptotic cells while viable cancer cells with high external PS inhibit phagocytosis
by displaying CD47 [168]. In addition, EVs derived from tumor cells might expose PS,
suggesting that the source of PS is mostly derived from them, thus constituting a diagnostic
biomarker for cancer [169].

Research done on six different prostate cell lines observed differences in the rela-
tive abundance of the classes of glycerophospholipids between cells and their EVs [170]
(Table 2). Glycerolipids comprise all glycerol-containing lipids; i.e., mono-, di- and tri-
substituted glycerols (MAG, DAG, and TAG, respectively), and are important constituents
of the EV membrane [171]. On the other hand, the EV lipidomes released from three
prostate cell lines, i.e., RWPE1 (non-tumorigenic), NB26 (tumorigenic), and PC-3 (metastatic),
have been recently published by Brzozowski et al. [74]. These authors have shown a rela-
tive enrichment of lipid species, fatty acids, glycerolipids, and prenolic lipids in EVs from
RWPE1, while sterol lipids, sphingolipids, and glycerophospholipids were more abundant
in EVs from NB26 and PC-3 cells. They also found that the average CHOL content of EVs
derived from PC cells was three times higher than EVs derived from RWPE-1 cells [74].

Table 2. Summary of the lipids and other metabolites identified in EVs with potential as biomarkers of different cancers.

Cancer Type Biomarker Sample Authors

Prostate Cancer
Glucoronate; increased creatinine, glucuronate,

pantothenic acid, 4-pyridoxic acid in urina; lysine,
kynurenine, threonine, tryptophan, cytidine in plasma

Urine and plasma-derived EVs [5]

Prostate Cancer Increased CHOL, sphingolipids and glycerophospholipids,
decreased glycerolipids and prenolic lipids

In vitro: PC-3, RWPE1, and NB26 cell
lines [74]

Prostate Cancer Increased glycerophospholipids and sphingolipids In vitro: PC-3, DU145, VCaP, and
RWPE1 cell lines [170]

Colorectal Cancer Increased glycerophospholipids, SM, CHOL, and PS In vitro: LIM1215 cell line [172]
Breast Cancer Increased levels of CHOL and SM, decreased levels of PC In vitro: D3H2LN and D3H1 cell lines [173]

Glioblastoma and
hepatocellular carcinoma

Increased SM and ceramides in glioblastoma than
hepatocellular carcinoma In vitro: Huh7 and U87 cell lines [174]

Ovarian Cancer Increased PS, PI, PE, and PG in HOSEPiC; Increased LPI,
LPG, LPC, and LPS in SKOV-3 In vitro: SKOV-3 and HOSEPiC cells [175]

Prostate Cancer Increased PS and lactosylceramide Urine-derived EVs [176]

Prostate Cancer DHEAS; acyl carnitines, citrate, and kynurenine Urine-derived EVs: PCa and BPH
patients [177]

Endometrial
adenocarcinoma

Cyclic alcohols, steroids, prenols, and amino acid
conjugates PC-1 cell line; plasma-derived EVs [178]

Pancreatic Cancer Alanylhistidine, 6-dimethylaminopurine, leucylproline,
and methionine sulfoxide, others Serum-derived EVs [179]

Glioblastoma Enrichment in glycerol, tryptophan, carnitine, and GSSG In vitro: U118, LN-18, and A172 cell
lines; normal human astrocytes [180]

Additionally, differences in the relative fraction of glycerophospholipids, sphin-
golipids, glycerolipids, and sterol lipids were identified in LIM1215 colorectal cancer cells,
and in their secreted EVs, respectively. Besides, SM, CHOL, and PS were more common
in EVs derived from the colorectal cancer cell line LIM1215 than in parental cells. These
authors identified a decrease in PC/PE ratios in EVs relative to LIM1215 parent cells [172]
(Table 1). Moreover, a lipid composition study of EVs and cells of their origin and between
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EVs derived from high and low metastasis triple negative breast cancer (TNBC) cell lines,
D3H2LN and D3H1, showed an increase in the levels of CHOL, SM, and a decrease in
the levels of PC in their EVs. In addition, EVs derived from D3H2LN were enriched in
unsaturated diacylglycerols (DGs) compared with EVs from D3H1 [173] (Table 2).

Moreover, studies performed on glioblastoma, hepatocellular carcinoma, and human
bone marrow-derived mesenchymal stem cells (MSCs) have shown high abundance of SM
and ceramides in EVs released by glioblastoma cells (U87), while opposite results were
reported for EVs secreted by hepatocellular carcinoma cells (Huh7). PS was only slightly
enriched in EVs released by all three cell lines, while the PC and PI content were higher in
cells than in EVs [174] (Table 2).

On another note, several lipid species present in EVs released from ovarian can-
cer cells (SKOV-3) differ when compared to those from ovarian surface epithelial cells
(HOSEPiC). In particular, EVs from HOSEPiC cells were more abundant in PS, PI, PE, and
phosphatidylglycerol (PG), while EVs secreted from SKOV-3 cells presented higher content
in lysophosphatidylinositol (LPI), lysophosphatidylserine (LPS), lysophosphatidylinositol
(LPG), lysophosphatidylcholine (LPC) [175] (Table 2). Lysophospholipids (LPLs) consist
of lyso-glycerophospholipids and lysosphingolipids, which are implicated in important
functional roles, e.g., through intracellular G protein-coupled receptor (GPCR)-mediated
signaling. Although a comprehensive understanding of LPL levels and their distribu-
tion patterns is lacking, several studies have revealed that LPLs are associated with the
development, progression, and metastasis of cancers, as in ovarian cancer [181].

On this note, analysis of the urine exosome lipid repertoire in patients with renal
carcinoma suggested that lysophospholipids represent the most present lipid class than in
healthy control cells [182]. Prostate cancer patients’ urine exosomes (PCa) revealed up to
nine differentially expressed lipid species, including lactosylceramide, with the highest
patient/control ratio [176] (Table 2). To date, only a few studies have investigated the lipid
composition of EVs in biofluids, due to difficulties in lipid isolation from these vesicles.
There are increasing updates on the EVs’ lipid composition, functionality, and potential
use as biomarkers.

4.3. Metabolome Profiling Analysis of EVs in Multiple Cancers

The discovery of metabolic biomarkers in EVs is an important goal for diagnosing
clinical relapses. A distinctive feature of cancer cells is their ability to perform metabolic
reprogramming necessary for their high energy requirements [183]. To meet the metabolic
needs associated with proliferation, a cancer cell must increase the import of nutrients
from the environment. Classically, cancer metabolism has focused on carbon metabolism,
including glycolysis and the tricarboxylic acid cycle (TCA cycle). Much is known about
the role of glucose as a source of energy for cancer growth; however, amino acids are
also important molecules in supporting cancer development. Glutamine is a non-essential
amino acid abundant in circulation, which plays an important role in addition to its
function as a constituent of proteins. It provides its two nitrogen atoms to synthesize
hexosamines, nucleotides, and other amino acids; guides the uptake of essential amino
acids; and is also a substrate for TCA, particularly under conditions of carbon diversion
to the glycolytic pathways. The level of glutamine in tumor tissues in vivo was found
to be significantly lower than in healthy surrounding tissues or plasma. Cancer cells
accumulate oncogenic alterations that convey a significant degree of independence to make
up for this lacking of glutamine. For instance, c-Myc hyperactivation results in altered
levels of downstream transcriptional targets involved in glutamine uptake and metabolism.
The lack of glutamine can induce apoptosis in a Myc-dependent manner [184]. On the
other hand, glutamine, glycine, and aspartate serve as carbon and nitrogen donors for
purine biosynthesis [185], whereas glycine, serine, and methionine provide one carbon unit
through the methionine-folate cycle for nitrogenous bases [186].

Metabolites are small molecular analytes present inside the cell, which can provide
real-time information on the biochemical events that occur at the time of sample collection,
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and, therefore, are indicative of the physiological state of the patient [187]. As a result,
important clinical information on disease progression can be obtained by monitoring
metabolic changes in the patient’s bio-fluids, such as blood, urine, saliva, and others, as
well as EVs derived from cell lines. Interestingly, during the formation of EVs, small
metabolites can be packed inside the vesicle or they can be produced as a result of the
activity of metabolic enzymes within the EVs [188].

It should be noted that there is a definitive crossover between EV metabolomics and
lipidomics, as the size of the biologically relevant lipids make them classified as metabolites.
Because their circulating levels are very low and difficult to detect, metabolites can only
be distinguished through use of highly sensitive identification techniques, such as mass
spectrometry (LC-MS/MS) and magnetic resonance spectroscopy.

Analyses of urine-derived EVs (uEVs) have highlighted specific metabolites, including
creatinine, glucuronate, pantothenic acid, 4-pyridoxic acid, and others. Metabolites specific
for plasma-derived EVs (pEVs) include lysine, kynurenine, threonine, tryptophan, cytidine.
Metabolites were found to differ in abundance between uEVs and pEVs. Interestingly, the
authors observed that EVs released in pre-prostatectomy present low levels of adenosine,
glucuronate, isobutyryl-L-carnitine, and D-ribose 5-phosphate, compared to EVs secreted
post-surgery, as well as in control and untreated samples. Specifically, they found greater
differences in glucuronate between treated and untreated cancer groups when compared
to a control group [5]. Another study observed a statistically significant difference in many
of the key metabolites in PCa patients, including acyl carnitines, citrate, and kynurenine
among benign prostate hyperplasia (BPH) samples. Importantly, they found significantly
elevated levels of the steroid hormone dehydroepiandrosterone sulphate (DHEAS) in uEVs
from PCa patients compared to BHP patients. There were also a few molecules differentially
expressed between two subgroups of PCa patients (stages 2 and 3), as acylcarnitine [189].

A proof-of-concept study to detect EVs metabolite biomarkers from plasma of endome-
trial adenocarcinoma (EAC) in patients versus control subjects revealed a clear separation
of metabolites. Furthermore, EVs characterized by TGF-β-treated human pancreatic cell
line (PANC 1) showed marked differences compared to the control group [177] (Table 2).
A metabolomic study of EVs derived from patient blood before and after chemotherapy
also detected the presence of different compounds, i.e., 6-dimethylaminopurine, leucyl
proline, alanyl-histidine, and methionine sulfoxide [178] (Table 2). EVs of GBM subtypes
were shown to contain significantly distinguishable metabolic content from astrocytoma
cells. Furthermore, a significant difference was found in the metabolic profile between
GBM-derived EVs and parental cells; with enrichment in glycerol, tryptophan, carnitine,
and oxidized glutathione (GSSG) [179] (Table 2).

Currently, few metabolome-oriented studies have addressed EVs under tumorigenic
conditions. These studies reflect the metabolic plasticity of cancer cells and their tendency to
escape dependence on canonical pathways through metabolic reprogramming. Clearly, new
and innovative combinatorial analysis strategies are needed to cover the entire spectrum
of the metabolome. Moreover, the method of cell culture can also impact the metabolite
composition of EVs, and may need to be taken into consideration when comparing results
from different studies [180] (Table 2).

4.4. miRNA Profiling Analysis of EVs in Multiple Cancers

Tumor-derived EV microRNAs (miRNAs) have received much attention as biomarker
candidates for non-invasive diagnostics, given their role in tumor progression and metas-
tasis. Analysis of serum exosomal miRNA expression profiles of CRC patients revealed
that miR-19a and miR-92a were significantly upregulated compared to HCs [190] (Table 3).
Moreover, let-7a, miR-1229, miR-1246, miR-150, miR-21, miR-223, and miR-23a were de-
tectable at significantly higher levels in colon cancer cell lines and serum samples from
CRC patients [191] (Table 3). A recent report demonstrated that miR-1246 and other
miRNA markers were highly enriched in EVs derived from pancreatic cancer patients [192]
(Table 3). In addition, miR-1246, miR-1290, miR-375 [193], miR-141 [194], and others [195]
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were detectable in EVs isolated from plasma and serum samples of patients with prostate
cancer, respectively. Furthermore, other works highlighted miR-21-5p and miR-92a-3p
as emerging diagnostic biomarkers for HCC [196] (Table 3). Analysis of plasma-derived
EVs from lung cancer patients identified miR-320, miR-126 [197], as well as let-7f, miR-146,
miR-203, miR-106a, and miR-20b [198].

It has been reported that EV miRNAs confer high accuracy in identifying BC; in
particular, a decreased expression of miR-142-5p and miR-150-5p were significantly asso-
ciated with more advanced tumor grades (grade III), while the decreased expression of
miR-142-5p and miR-320a was associated with a larger tumor size (<20 mm) [199] (Table 3).
Some significant miRNAs derived from EVs were also associated with the severity of
BC, including miR-939 implicated in drug resistance, miR-338, and others involved in
TME [200–202] (Table 3). miRNA profiling of EVs has also revealed an increased expression
of miR- 200 and miR-18, while a decreased expression of miR-100 and miR-125b has been
reported in different histotypes of ovarian carcinomas, as compared to normal ovarian
tissue [203]. Furthermore, Let-7 miRNA family members represent a diagnostic potency
marker to manage follicular nodules in the thyroid gland [204]. miR-423-5p, miR-484,
miR-142-5p, and miR-17-5p were discovered to be dysregulated in GC or implicated in GC
tumorigenesis/metastasis in EVs isolated from serum samples [205]. Lucero and coworkers
(2020) identified eight candidate miRNAs that may mediate EV-associated angiogenesis in
glioblastoma, including miR-148a and miR-9–5p [206]. Different studies involving miRNAs
associated with tumor progression and diagnostics are summarized in Table 3.

Table 3. Summary of the miRNAs identified in EVs with potential as biomarkers of different cancers.

Cancer Type Biomarker Sample Authors

Colorectal Cancer Increased miR-19a and miR-92a Serum-derived EVs [190]

Colorectal Cancer Increased let-7a, miR-1229, miR-1246, miR-150,
miR-21, 223, and miR-23a Serum-derived EVs [191]

Pancreatic Cancer Increased miR-1246, miR-4644, mir_3976, and
miR-4306 Plasma-derived EVs [192]

Prostate Cancer Increased miR-1246, miR-1290 and miR-375 Serum-derived EVs [193]
Prostate Cancer Increased levels of miR-141 Serum-derived EVs [194]
Prostate Cancer Increased miR-21-5p and let-7a-5p Plasma-derived EVs [195]

Hepatocellular Carcinoma
Lung cancer

Increased miR-21-5p, miR-92a-3p
Increased miR-320 and miR-126

Plasma-derived EVs
Plasma-derived EVs

[196]
[197]

Breast Cancer Decreased miR-142-5p and miR-150-5p Plasma-derived EVs [199]

Breast Cancer miR-200a, miR-200b, miR-200c, miR-429,
and miR-141

In vitro: 4T1, 4TO7, 67NR, and
MCF10CA cell lines. [200]

Breast Cancer miR-338-3p, miR-340-5p, and miR124-3p Serum-derived EVs [201,202]

Ovarian Cancer
Thyroid Cancer
Gastric Cancer

Decresead of miR-100 and miR-125b
Let-7 miRNA family serum-derived EVs

miR-423-5p, miR-484, miR-142-5p, and miR-17-5p
serum-derived EVs

In vitro: SKOV3, HO-8910 and
U937 cell lines.

Serum-derived EVs
Serum-derived EVs

[203]
[204]
[205]

Glioblastoma Increased miR-1246 In vitro: GBM8 neurospheres [207]

Glioblastoma
Glioblastoma

Increased miR-301a
Increased miR-21

In vitro: U87MG and U251 cell
lines

Serum-derived EVs

[208]
[209]

Several approaches are being used to create a miRNA profile to classify different cancer
histotypes, nonetheless, there is a deregulated expression of specific miRNAs. Some of
them have found them as regularly loaded in EVs and associated with cancer progression,
which could be used as biomarkers and in therapy design. However, the development of
new technology is required to advance in this aspect.

5. Future Challenges and Conclusions

Different reports have identified numerous potential EV-based biomarkers that can aid
in cancer diagnosis, disease monitoring, and development of targeted therapy. Currently,
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studies in proteomics, lipidomics, and metabolomics have advanced our knowledge of the
properties of EVs. However, limitations in sample quality, EV isolation methods, cargo
analysis, and interpretation of results may contribute to the failure of them as biomarkers
in achieving clinical utility.

One of the primary challenges in characterizing cancer-specific EVs in biofluids is
that samples also contain large amounts of EVs secreted by healthy cells, as well as other
biomolecules (e.g., albumin, lipoproteins). Methods of isolation and analysis have limited
sensitivity/specificity for detecting specific tumor-secreted EVs in biofluids because they
are based on a small sample size in which EVs are diluted. Therefore, it is necessary to
optimize isolation methods in vitro in order to distinguish specific EV subgroups to address
for specific clinical scenarios. In fact, the success of EV molecular profiling heavily relies on
the isolation and separation process. Consequently, developing efficient isolation methods
and enriching cancer-derived EVs or specific EV subpopulations from human biofluids are
urgent in order to further advance in this field.

In recent years, the field of microfluidics has allowed for the development of novel
exosome purification methods, starting from small sample quantities [210]. Microfluidic
platforms have been shown to sort exosomes with a high level of purity and sensitiv-
ity by reducing cost, volume of reagents consumed, and time invested in the procedure.
However, microfluidics platforms have the disadvantage of their manufacturing complex-
ity [211]. The first microfluidic platform used for the isolation of EVs relied on exosome
immunoaffinity and unlabeled detection. It quantified the levels of EpCAM and CD24
proteins measured in relation to CD63 (+) exosome counts, with a diagnostic accuracy of
97% in ovarian cancer ascitic fluids. Another important aspect of microfluidic platforms
is their potential use in the identification of specific subpopulations of EVs. Multiplex
microfluidics have enabled the selective and specific capture of IV HER2 (+) in serum from
breast cancer patients [212].

EVs hold great potential for disease diagnostics, which is why it is important to further
know their content and cell-targeting mechanisms. Further knowledge and classification
of the proteins, lipids, and metabolites of EVs will be useful in order to gain deeper insight
about their role in transmitting information between cells, as well as our understanding of
disease biogenesis and progression. Online databases have been created for the purpose of
cataloguing EV content. There, highly accessible websites are used to compare sequences,
and upload new ones [81–83].

Despite their promising utility as cancer biomarkers, the use of EVs in the clinical
setting is still far from use in everyday practice, due to difficulties in isolation through
standard analysis techniques.
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Abstract: The epithelial–mesenchymal trophic unit (EMTU) is a morphofunctional entity involved
in the maintenance of the homeostasis of airways as well as in the pathogenesis of several diseases,
including asthma and chronic obstructive pulmonary disease (COPD). The “muco-microbiotic layer”
(MML) is the innermost layer of airways made by microbiota elements (bacteria, viruses, archaea and
fungi) and the surrounding mucous matrix. The MML homeostasis is also crucial for maintaining the
healthy status of organs and its alteration is at the basis of airway disorders. Nanovesicles produced
by EMTU and MML elements are probably the most important tool of communication among the
different cell types, including inflammatory ones. How nanovesicles produced by EMTU and MML
may affect the airway integrity, leading to the onset of asthma and COPD, as well as their putative
use in therapy will be discussed here.

Keywords: asthma; chronic obstructive pulmonary disease; COPD; epithelial–mesenchymal trophic
unit; muco-microbiotic layer; nanovesicles; exosomes; outer membrane vesicles; microbiota

1. The Epithelial–Mesenchymal Trophic Unit and the Muco-Microbiotic Layer:
Definition, Composition and Functions

Along all the lower airways, except for specific portions, the innermost and proximal
layer to the lumen is composed of respiratory mucosa. From a strictly anatomical point
of view, in the respiratory mucosa, the outermost layer is made up of a pseudostratified
epithelium with mainly goblet and ciliated cells that lie on a basal membrane, below which
there is a connective tissue layer with various cells (including fibroblasts, myofibroblasts
and immune cells) of mesenchymal origin interspersed in an extracellular matrix (ECM).
However, from a morphofunctional point of view, the apical epithelial tissue and the
underlying connective tissue within the respiratory mucosa cannot be considered as single,
separate entities of their own. Indeed, at the end of the last century, the work of Plopper
and Evans focused on the close interconnection between epithelial and mesenchymal
cells, providing the basis for the creation of the “epithelial–mesenchymal trophic unit”
(EMTU) concept [1]. The role of the interactions between epithelial and mesenchymal
elements, although known for some decades at the time of the studies of Evans and Plopper,
had been exclusively relegated to airway organogenesis, erroneously assuming that this
interaction was limited to intrauterine life [2]. On the contrary, the several cellular and
non-cellular components of EMTU in the adult life of individuals are interconnected by
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a close communicative relationship that influences many other physiological and patho-
physiological aspects, such as cell differentiation, tissue homeostasis, organ remodeling,
reparative/regenerative processes, response to external/internal stress stimuli and partici-
pation in inflammation/autoimmunity. EMTU processes alterations even contribute to the
pathogenesis of some chronic diseases of the airways, e.g., chronic obstructive pulmonary
disease (COPD) and asthma [3–5].

Focusing exclusively on the structural components of EMTU, it must be emphasized
that, along with its cellular components, the ECM, synthesized mainly by fibroblasts,
also plays a very important role [6]. EMTU homeostasis is frequently influenced by
the differences in the lymphocyte population as well as by several soluble factors and
nanovesicles dispersed in the ECM that determine the outcome of reparative/regenerative
processes and the establishment of pathophysiological states [7,8]. Indeed, it has already
been demonstrated that variations in the composition of ECM are the basis of asthma and
COPD pathogenesis [9–11].

Furthermore, many microbes reside in the mucus constantly produced by goblet cells,
constituting the airways’ microbiota. Nowadays, we know that this is another fundamental
component for EMTU homeostasis. In the gastrointestinal tract, we already proposed the
term “muco-microbiotic layer” (MML)—made by microbiota elements (bacteria, viruses,
archaea and fungi) interspersed in a mucous matrix—to describe the innermost layer of the
intestinal wall. The MML homeostasis is crucial for maintaining the healthy status of these
organs and whose alteration is at the basis of gastrointestinal disorders [12]. An MML is
also present in airways and, as in the gastrointestinal tract, it takes part in the homeostasis
as well as in the pathogenesis of these organs. It is fundamental now to better characterize
the constitutive elements of this MML in terms not only of microorganisms that populate it
but also of nanovesicles (e.g., exosomes, microvesicles or outer membrane vesicles) that
participate in the crosstalk among cells.

We want to stress here that a crucial element for the interchange of information be-
tween EMTU and MML constituents is the trafficking mediated by nanovesicles produced
by both parts and called, respectively, exosomes and outer membrane vesicles (OMV). The
aim of this paper is to properly highlight the roles that these nanovesicles have in airway
homeostasis and disease pathophysiology, i.e., asthma and COPD.

2. Nanovesicles: Exosomes and Outer Membrane Vesicles

The paracrine communication system regulated by extracellular vesicles (EVs) and
exosomes plays a key role in the communication of the EMTU, in the maintenance of
tissue homeostasis of the airways as well as in many pathogenetic processes affecting
the apparatus [13]. The intimate interconnection that interfaces the epithelial layer to the
connective layer, synching them in their biological activities, is favored by the vesicular
system that traffics nucleic acids (miRNA, siRNA) [14], growth factors, tissue-specific
receptors as well as proteases [15].

As with Evans and Plopper’s EMTU studies, extracellular vesicles and exosomes have
long been erroneously considered as results of “garbage disposal” whose sole purpose
was to eliminate waste substances from cells [16,17]. They are actively secreted by all
eukaryotic and prokaryotic cells and are part of an articulated cell-to-cell communication
system, both in physiological and pathological conditions [18]. In recent decades, several
scientific works demonstrated the roles of EVs in a plethora of physiological processes. EVs
are involved in cellular homeostasis and signaling. They can act as carriers of an enormous
variety of molecules, and they express numerous signal proteins on their surface [19].

EVs are classified according to their size as (1) microvesicles (100–1000 nm in diameter);
(2) apoptotic blebs (1000–5000 nm in diameter); and (3) exosomes (diameter 20–150 nm) [20].

On one side, microvesicles and apoptotic blebs originate from the outward budding
of the cell membrane, unlike exosomes, which result from the invagination of endosomal
membranes [21]. The understanding of the different originative pathways and the sorting
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mechanisms spotlighting transport, cargo packing and vesicle exocytosis find practical
utility in the isolation studies of EVs for diagnostic and therapeutic purposes.

Therefore, the role of the proteins belonging to the endosomal sorting complex re-
quired for transport (ESCRT -0, -I, -II and -III), responsible for the control of the biogenetic
and cargo loading processes of the EVs, is crucial [22].

As previously mentioned, the load of the EVs is tissue-specific and related to the
function they can perform, i.e., EVs produced by tumor cells have a decisive impact
on paracrine signaling mechanisms in support of tumor growth [23–25]; however, under
physiological conditions, other EVs perform diametrically opposite roles, such as protection
from traumatic tissue events or promoting the tissue healing itself [26].

A determining example might be the EVs produced in the lung microenvironment [26].
In homeostasis conditions, a broad range of cell types, such as fibroblasts, epithelial cells
and endothelial cells, also actively secrete EVs: those EVs have been largely characterized,
showing that epithelial cells are the main characters on the production of EVs, enriched with
secretory and membrane-anchored mucins, which contribute to the mucociliary defense
and boosting of innate immune defenses [27].

Not only epithelial cells but also macrophages that are present in BAL fluid play
a pivotal role in the inflammatory modulation. It has been demonstrated that alveolar
macrophages secrete SOCS-1 and -3 within nanoparticles, which are uptaken by lung
epithelial cells. Both SOCS-1 and -3 are negative modulators of cytokine 1 and 3 biogenesis
(through the STAT pathway inhibition) [28]. In normal conditions, this can modulate the
inflammatory response, but at the same time, this negative modulation of IL-1 and -3
biogenesis seems to be lost in cigarette-smoking subjects, presenting a new model for the
control of inflammatory response during inflammation or stress tissue [28].

Thus, with the importance of pulmonary EVs in maintaining homeostasis being con-
firmed, it is not difficult to think how dysregulations in this sense are closely related to the
pathogenesis of various lung diseases [29]. In the following paragraphs, the relationships
between microvesicles and chronic diseases of the respiratory system will be analyzed.

3. Asthma and Nanovesicles in Asthma Pathogenesis

Asthma is a chronic respiratory disease that presents several phenotypes. The global
cases of asthma are estimated to be over 300 million by the World Health Organization
(WHO) [30]. Asthma is commonly considered a childhood-onset disease; however, adults
also can develop asthma later in life. Asthma is caused by both environmental factors such
as house dust mites (HDM), particulate matter (PM), cigarette smoke (CS) [31] and genetic
factors, among which allele 17q21 is the most studied [32]. Overall, the development of the
disease is defined by increased mucus production, thickening of the subepithelial reticular
basement membrane (RBM) of the lung mucosa, airway hyperresponsiveness and chronic
inflammation [Figure 1]. All these events determine airway remodeling, which leads to the
narrowing of the airways [31].

Recently, due to their high therapeutic potential, the emerging role of extracellular
vesicles has been investigated in association with asthma pathogenesis [33,34]. Within
the respiratory system, several cell types are involved in the release of EVs: for instance,
structural cells such as epithelial cells and fibroblasts [35,36], resident immune cells such as
dendritic cells (DCs) and alveolar macrophages (AMs) [28,37] as well as recruited immune
cells such as eosinophils [38]. The major producer of EVs within the lung are airway
epithelial cells [35]. On their membrane, epithelial cell-derived EVs expose several mucins
that can neutralize virus and bacteria [27]. Furthermore, it has been shown that EVs
produced by epithelial cells can trigger the proliferation of macrophages upon IL-13 release
by eosinophils, thereby promoting chronic inflammation [35].

A study by Bartel and colleagues [39] revealed the role in asthma pathogenesis of
miRNAs present in epithelial-derived EVs. miR-34a, miR-92b, and miR-210 in EVs can
potentially lead to Th2 responses and maturation of DCs in the early development of
asthma. Aberrant deposition of extracellular matrix contributes to the RMB thickening
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in asthma pathogenesis. On their surface, EVs secreted by fibroblasts expose fibronectin,
which can trigger invasion-associated signaling pathways [40]. An in vitro study showed
that exosomes produced by the fibroblasts of severe asthmatics contain a low level of
TGF2, which inhibits epithelial cells proliferation, contributing to the narrowing of the
airways [37]. In order to trigger an allergic response, allergens must be presented to T cells
by DCs. In humans, it has been shown how DC-derived exosomes can directly present
antigen to T cells [41].

In mice, exosomes, rather than microvesicles (MVs), overexpress allergens leading
to the activation of allergen-specific T cells [37]. These findings highlight an important
modulatory function of DC-derived exosomes in allergic responses. As epithelial cells,
macrophages are a major source of EVs that display multiple functions. Macrophage-
derived EVs can promote macrophage differentiation [42] via mRNA-223. During infec-
tions, both bacteria and macrophages release MVs, which have a strong proinflammatory
effect. At the same time, these MVs can also induce tolerance and promote bacterial shed-
ding [43]. EVs produced by macrophages can also activate toll-like receptors (TLRs) during
infection as they contain heat-shock protein 70 (HSP70), which mediates the activation of
nuclear factor kB (NFkB) [26].

 
Figure 1. Scheme of allergic asthma pathogenesis. Allergic asthma is triggered by inhaling allergens. (Allergens could have
different origins such as dust mites, pet dander, pollen or mold.) During the different phases and chronicization of the
pathology, the tissues undergo several modifications. Among these include hyperplasia, hypertrophy of mucous cells and
an increase of their secretions, continuity loss of the epithelium and variation in EV content. The extracellular vesicular
release appears incremented, modified and responsible for the alterations that occurred.

Eosinophils play a major role in allergic asthma exacerbations [31]. Besides the
release of potent Th2 cytokines, eosinophils release both MVs and exosomes [44]. Multiple
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effects of eosinophil-derived exosomes have been observed on epithelial cells and smooth
muscle cells (SMCs) [45]. In asthmatic patients, these exosomes interfere with epithelial
cells, wound healing and SMC proliferation. This novel research on extracellular vesicles,
microvesicles and exosomes indicate that future therapies must target these components in
the prevention of asthma pathogenesis.

4. Chronic Obstructive Pulmonary Disease and Nanovesicles in Its Pathogenesis

Patients with chronic obstructive pulmonary disease (COPD) face a progressive limita-
tion in airway function. The pathology has remarkable facets and different levels of severity.
Several forms of COPD have been studied and described, with a classification that reports
the distinct faceting of the pathology [46,47]. The establishment of this chronic disease
is due to multiple causes, although it is closely associated with the inhalation of tobacco
smoke and other environmental contaminants [48,49] [Figure 2]. Several mechanisms
behind COPD pathogenesis have been studied, but we are still a long way from solving the
puzzle in its entirety. The number of treatments on a personal basis developed in recent
years is constantly increasing, trying to counteract the effects of COPD [50–52]. Despite
the progress in therapies, the settled pathology is usually connected with a condition of
irreversibility. Therefore, it is even more strategic to understand any biological pathway
that participates in the disease onset and its maintenance.

The onset of COPD was recently found to be closely associated with the biological
airway senescence process [53]. An increase in the release of exosomes was found precisely
during senescence. A variation in the molecules contained within these extracellular
vesicles was observed [54]. The habits of a patient suffering from COPD can also greatly
influence pathology development by directly affecting the different EVs. For example,
cigarette smoke leads to a massive release of exosomes by mononucleated cells and, as a
consequence, IL-8 production by the respiratory epithelium increases. The result is the
construction of a microenvironment ideal for a widespread inflammatory state [55]. In
particular, Fujita’s group reported an increased expression of miR-210 within exosomes
released by bronchial epithelial cells in smokers [56]. The direct consequence of this miR-
210 overexpression is a variation in the number of myofibroblasts within the airways.
This variation is due to the suppression of the ATG7 pathway biologically implicated in
their autophagy phenomena. The efficiency of exosomes in transmitting long-distance
messages is, in this case, a double-edged sword. CS acts on epithelial cells by upregulating
CCN1 expression in exosomes. These exosomes are now able to spread inflammatory
states to other distant portions of the airways as well [57]. However, CCN1, as a result
of chronic exposure to cigarette smoke, is released directly into the bronchial fluids (in a
truncated isoform). Extracellular matrix degradation and increased cell death are a direct
consequence of this abnormal release of CCN1 outside exosomes [58]. The variation in
COPD status from stable to exacerbated is also associated with a variation in exosome
release. The variation in COPD status is also associated with a variation in exosome
release [59]. Exosomes with CD31, CD62E and CD144 were notably reduced in stable
patients than in patients with COPD exacerbation [60]. A further fascinating correlation
concerns the forced expiratory volume in 1 s (FEV) and the number of exosomes present in
sputum [61]. In recent years, the number of miRNAs with an assigned biomarker role for
COPD is constantly increasing. miR-203, miR-4455, miR4785, miR-218-5p, miR-29c and
miR-126 were analyzed by different research groups, and for each of them, a variation in
patients with COPD was found. This discovery makes the miRNAs potential biomarker
candidates for a more precise diagnosis and progression of COPD [62–65].

The interaction between the immune system and pathogens plays a key role in COPD
as in many other complex multi-factor pathologies. Recently, the focus has also been on the
EVs released by pathogenic bacteria and not only on bacteria per se. The set of extracellular
vesicles released by pathogens during infection is, today, one of the mechanisms used to
reveal different parameters (type of pathogen, state of infection, etc.) [66,67]. In COPD
subjects, analysis of EVs showed a different lung microbiome distinct from “standard”
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microbiomes usually present in healthy lung tissue [67]. Outer membrane vesicles (OMVs)
released by Gram-negative bacteria, for example, contain several molecules such as LPS,
invasion proteins, adhesion proteins, and immunomodulatory factors [68]. Augustyniak
et al. showed the potent proinflammatory effects of Moraxella catarrhalis OMVs in COPD.
Briefly, they demonstrated how OMVs promote an inflammatory state by activating neu-
trophil degranulation and modifying the activation of the hBD-2 promoter in epithelial
cells. An initial in vitro treatment was successfully carried out to counteract the interactions
of OMVs with neutrophils and epithelial cells. This treatment is a clear example of how
increasing knowledge in this specific area could, in the future, bring significant benefits to
those with COPD [69]. An additional level of complexity is given by respiratory viruses
that have evolved to use EVs as means of transport to spread inside the organism [70,71].
Even viruses, like bacteria, are a source of COPD exacerbation and it is crucial to monitor
any viral infections to limit the course of the disease. Recent work from Roffel and her team
demonstrated the role of miR-223 on the regulation of several gene expressions, providing a
further example of the therapeutic potential associated with the study of different EVs [72].

 
Figure 2. Scheme of COPD pathogenesis. Chronic external stimuli generate massive deregulation of lower airways. Chronic
external stimuli generate massive deregulation or lower airways. EVs mediate these tissue changes directly and indirectly.
Their production is also increased by the perennially present phlogistic status established with the progress of the pathology.
The immune cell component contributes greatly to the release of EVs that affect all cell populations of the respiratory
mucosa.

5. Microbiome Extracellular Vesicles and Chronic Respiratory Diseases

Human cells are not the only ones to produce microvesicles that affect the status
of the respiratory system. Above the respiratory mucosa is a mucous layer in which
all the microorganisms that make up the airway microbiota are settled [73]. The main
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communication pathway between the cells of our body and the microbiota is via EV [18].
Communication via EV guarantees an interaction between host and microbiome without
direct contact and in a bidirectional manner. This interaction is physiologically present
in a state of health, and its alteration can trigger pathogenetic processes [74]. Commensal
bacterial species that constitute our microbiome are not the only EV users, but also the
pathogenic infectious species could exploit this communication pathway [75]. Among
the most significant aspects affected by EVs is that of immunomodulation [76,77]. One
of the most studied interactions is between Pseudomonas aeruginosa and airway epithelial
cells. P. aeruginosa releases outer membrane vesicles (OMVs) in the mucus layer; OMVs
fuse with cellular membranes on the epithelial cells apical side and deliver a 23-nucleotide
tRNA (sRNA-52320). sRNA-2320 reduces IL-8 secretion and the migration of neutrophils
into the lungs and suppresses the immune response to bacterial infection by targeting
several genes in the LPS-stimulated MAPK signaling pathway [76,78,79]. In recent years,
specific interactions between microbiome EVs and chronic diseases have been shown. In
patients with asthma, Sphingomonas, Akkermansia, Methylophaga, Acidocella, and Marinobacter
were significantly more abundant. It is interesting to note how this notion was obtained
indirectly by analyzing the EVs released by these bacterial species. Thus, microvesicles
can be used for diagnostic purposes (in integration with other specific examinations) [80].
Urine-released microbial extracellular vesicles can be potential and novel biomarkers
for chronic respiratory diseases. The analysis of EVs is, in fact, also possible through an
investigation of the urine of patients [81]. By this analytic method, the different microbiome
composition of asthmatic patients has been detected. The diversity also appears to correlate
with IgE levels and eosinophil % [82]. These findings suggest that they may play important
roles in allergic-based airway diseases. The analysis and monitoring of COPD also benefit
EVs studies. Altered miRNA profiles in COPD have been discovered analyzing EVs.
Sundar et al. used different EV isolation and purification methods to characterize the
plasma-derived EV miRNAs from nonsmokers, smokers, and patients with COPD [83].
They analyzed plasma-derived EVs from smokers, nonsmokers and patients with COPD,
discovering how EVs vary in their dimensions, distribution, concentration and phenotypic
characteristics. They concluded that plasma-derived EV miRNAs are novel circulating
pulmonary disease biomarkers. miR-21 to miR-181a levels have been monitored by Xie
et al. In particular, heavy smokers without diagnosed COPD were taken into consideration.
The levels of the two miRNAs have a dichotomous pattern: the levels of miR-21 were
significantly higher in the COPD patients and asymptomatic heavy smokers than in the
healthy controls (HC), while miR-18a levels were significantly lower in the COPD patients
and asymptomatic heavy smokers than in the HC [84]. The ratio of these miRNA levels
could be used as a potential biomarker of early COPD pathogenesis.

6. Conclusions

Asthma and COPD are, in themselves, very complex and multi-factorial diseases.
These pathologies are characterized by airway inflammation, airflow reduction, and airway
remodeling. For years, the scientific community has been looking for a solution to this
complex puzzle without success. Probably, crucial pieces were missing before they could
get the entire picture: the EVs. This carrier is used to transport different molecules and
cellular material, not only by our tissues but even by any pathogens eventually present. This
review tried to highlight EVs’ importance as a biomarker and a potential therapeutic target
in two complex chronic airways pathologies: asthma and COPD. Therefore, an accurate
understanding of EVs’ roles in these pathologies could lead to a more precise diagnosis
and more effective treatments for patients. The contribution made by the microbiome
should not be underestimated. The bacterial populations usually present, the opportunistic
pathogens, and the possible infections are all able to condition the microenvironment of the
airways through the EVs. The possibility of having additional biomarkers available could
be essential to make an early diagnosis or analyze the state of progression of the pathologies.
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Finally, in the future, the analysis of EV pathways may provide new instruments to contrast
the development and progression of chronic respiratory diseases.
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Abstract: Essential oils from different plant species were found to contain different compounds
exhibiting anti-inflammatory effects with the potential to be a valid alternative to conventional
chemotherapy that is limited in long-term use due to its serious side effects. Generally, the first
mechanism by which an organism counteracts injurious stimuli is inflammation, which is considered
a part of the innate immune system. Periodontitis is an infectious and inflammatory disease caused
by a dysbiosis in the subgingival microbiome that triggers an exacerbated immune response of the
host. The immune–inflammatory component leads to the destruction of gingival and alveolar bone
tissue. The main anti-inflammation strategies negatively modulate the inflammatory pathways and
the involvement of inflammatory mediators by interfering with the gene’s expression or on the
activity of some enzymes and so affecting the release of proinflammatory cytokines. These effects are
a possible target from an effective and safe approach, suing plant-derived anti-inflammatory agents.
The aim of the present review is to summarize the current evidence about the effects of essentials
oils from derived from plants of the Lamiaceae family as complementary agents for the treatment of
subjects with periodontitis and their possible effect on the cardiovascular risk of these patients.

Keywords: periodontitis; inflammation; oils; volatile; heart disease risk factors

1. Periodontitis

Periodontal disease is classically defined as a chronic inflammatory lesion, and gingivi-
tis and periodontitis are the most common diseases derived from periodontium involve-
ment [1]. Periodontitis is a complex chronic inflammatory disease caused by Gram-negative
anaerobic bacteria located in the subgingival biofilm [2], which can induce the production
of inflammatory mediators, causing the destruction and loss of dental bone support [3].
Periodontitis is also described as an infectious disease which affects the tooth-supporting
tissues and leads a numerous clinical, microbiological and immunological symptoms,
associated with and, probably, induced by progressive interaction among infectious agents,
host immune responses, hazardous environmental exposure and genetic predisposition [4].

Anaerobic bacteria are considered as periodontal pathogens, and the following have
been highlighted: Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, Prevotella
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intermedia, Tannerella forsythia, Eikenella spp. and Capnocytophaga spp. However, it is
important to highlight that those bacteria are mandatory for the disease development
but are not enough and do not account for all cases of periodontitis [5]. The results of
one survey in the USA indicate that chronic periodontitis affects about 46% of the adult
population, with a higher prevalence among the elderly population [6]. This prevalence
refers to the cohort of young adults according to the World Health Organization (WHO),
aged 35 to 44 years. Interestingly, forms of periodontitis that occur at younger ages (be-
fore the age of 30 years), have other characteristics in addition to age and are known as
aggressive periodontitis, with the prevalence ranging from 0.2% in Caucasians to 2.6% in
Afro–Americans [7]. It is known that oral microbiome is in equilibrium between these
microorganisms and the host response, which has a crucial role in both health and dis-
ease development [8]. Unfavourable modifications in the composition of the microbiota
are known as dysbiosis [9], which is seen in both cases, periodontitis and CVD. In case
of periodontitis, antiseptics and antibiotics such as chlorhexidine or metronidazole are
delivered locally in addition to scaling and root planning procedures in order to eradicate
the subgingival microbes, therefore creating a healthy subgingival environment. However,
the evidence in the literature is still inconclusive [10], and future clinical trials with strict
methodological criteria that will allow a more precise evaluation of the efficacy of local
antimicrobials in the treatment of chronic periodontitis are required.

In the initial phase, there are no clinical signs; thus, the presence of inflammation
cannot be observed. However, when the lesion progresses, vasodilation occurs locally due
to the action of bacterial metabolic products, including cytokines [11]. Such initial lesion
continues to progress, and a leukocyte infiltrate (mostly lymphocytes and neutrophils) is
produced towards the site of inflammation. Crevicular fluid increase occurs, and clinical
signs of inflammation appear [12]. In the next phase, or established injury, an inflamma-
tory infiltrate, consisting of T and B lymphocytes, plasma cells and neutrophils, appears,
followed by an increase in collagenolytic activity and more collagen-producing fibroblasts.
This stage corresponds to moderate to severe gingivitis [12]. The final phase or advanced
lesion is distinguished by an unresolved process, fibrosis and an irreversible loss of bone
structure, characterized by clinical and histological patterns [2]. In addition, a dense inflam-
matory infiltrate in connective tissues and predominantly neutrophils in the epithelium
are noticed, while, on the other hand, an apical migration of plasma cells to the junctional
epithelium occurs to try to defend or keep the epithelial barrier intact, and, consequently,
there is a continuous loss of collagen and connective tissue. Finally, if the lesion extends
deep, the osteoclasts cause a resorption that affects the alveolar bone [1].

It should be highlighted that periodontitis is a multifactorial disease that requires
interdisciplinary treatment concepts and the selection of a therapy that affects the micro-
biological nature of the disease [13]. In this regard, the recently introduced classification
of periodontal diseases [14] aims to identify well-defined clinical entities using clear cri-
teria that are able to link diagnosis with prevention and treatment, thus moving towards
precision and individualized dentistry [15].

The interest in the application of natural products has been increased in the last
years [16]. Several natural products and herbs have suggested that they have better
properties and less side effects compared to chemical agents for irrigation. Furthermore,
the use of natural extracts and essential oils (EOs) as an irrigation agent for ultrasonic
instrumentation has shown to benefit slight adjunctive effect compared to chlorhexidine
or water [17]. Yet, the use of natural extract in subjects with a more severe degree of
periodontitis was associated with a greater improvement compared with controls [18].
Natural products in forms of oral spray have shown to be efficient against common oral
pathogens, but also safe, without significant cytotoxicity in an in vitro study [19]. Thus,
nutraceuticals might have the potential to prevent the infections and may be used as an
adjunctive treatment to conventional therapy, as they seem to have the same or even more
anti-inflammatory and antimicrobial effect without adding any chemicals. However, still
there is not enough scientific evidence on this topic [20,21].
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2. Cardiovascular Diseases

Cardiovascular diseases (CVDs) such as coronary heart disease, myocardial infarction,
and ischemic stroke are one of the main causes of death worldwide [22]. In 2012, CVDs
accounted for around 17.5 million deaths, representing almost a 31% of the worldwide
mortality [23]. Atherosclerosis represents one of the main underlying processes for CVDs.
It is defined as a condition characterized by formation of an atheroma plaque in the intima
layer of the arterial wall; it is composed by an accumulation of lipids, cells and extracellular
matrix [24]. High LDL-cholesterol (LDL-C) levels have been traditionally considered as
one of the major risk factors for coronary heart disease and, together with triglycerides, are
the main risk factors for atherosclerosis [25]. The current approaches for atherosclerosis
management focus on the prevention of plaque growth and its destabilization through risk
factor control (hypertension, lipid profile, diabetes, smoking, etc.), using lifestyle interven-
tions (diet, physical activity, smoking cessation, etc.) and pharmacological therapies [26].
Recent advances in the understanding of the atherosclerotic process revealed that choles-
terol and lipid deposition is not the only causative factor of this disease [27]. Systemic and
chronic inflammation plays critical roles in the initial phases, as well as atherosclerotic
plaque progression [26,28,29]. During atherosclerotic plaque formation, monocytes are
recruited from the blood flow to the arterial wall and differentiate into macrophages of in-
flammatory phenotype and lipid-containing foam cells. These cells drive the inflammatory
process and stimulate plaque maturation and thrombosis [30,31]. Interleukin 10 (IL-10) is
an immunoregulatory cytokine with reported anti-inflammatory properties [32]. IL-10 has
shown to play a protective role against atherogenesis by inhibiting several inflammatory
mediators from activated macrophages and dendritic cells [33–35]. Intramuscular injection
of IL-10-encoding plasmid DNA in IL10 knockout mice caused an increase in the cytokine
level and inhibited plaque formation by 60% [33]. These findings clearly suggest that IL-10
may be a promising therapeutic target for atherosclerosis management [27]. Inflamma-
tion plays a key role in atheroma plaque formation and progression [36]. Evidence has
suggested that higher levels of circulating C reactive protein (CRP) have a greater risk of
suffering an acute myocardial infarction or cerebrovascular event [37]. The main factors of
atheroma plaque vulnerability are the composition of the plaque core, the inflammatory
process and the formation of a fibrotic layer that covers the nuclei [38]. It has been reported
that inflammation of the atheroma plaque interferes with the formation of the fibrous cape,
causing apoptosis and degradation of the extracellular matrix by metalloproteinase activa-
tion and increasing the risk of plaque rupture and consequent thrombotic cardiovascular
events [38,39]. In those situations, alternative therapeutic approaches, such as the use of
dietary supplements and nutraceuticals, may be useful [40]. It is known that the main
causes of mortality of subjects with non-alcoholic fatty liver disease (NAFLD) are CVDs.
Although the available data are not numerous for a final conclusion and relatively few
nutraceuticals have been adequately studied for their effects on NAFLD, several nutraceuti-
cals have been shown to contribute to the improvement of lipid infiltration of the liver and
of the related anthropometric and/or biochemical parameters [41]. However, such their
positive effects are associated with well-chosen dose, supplementation for a medium-long
period and lifestyle changes. There are growing data in the literature demonstrating the
beneficial effects of nutraceuticals in metabolic diseases and showing significant impact on
different cardiometabolic risk factors (including inflammatory markers) and CVD risk [42].
However, more randomized trials as well as observational studies with specific CVD
endpoints are needed.

3. Periodontitis and Cardiovascular Risk

Numerous mechanisms have been proposed as links between periodontitis and
atherosclerotic CVD, but the most important include systemic inflammation, molecular
mimicry and direct plaque colonization by periodontal pathogens [38]. Several systematic
reviews and meta-analyses have reported an association between periodontal disease and
ischaemic heart disease [43–47]. Some authors have suggested that at clinical exploration
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level, periodontitis and CVD have a weak association, and that, actually, systemic bac-
terial exposure from periodontitis could be a more plausible risk factor. In this context,
Mustapha et al. [46] reported that periodontitis with increased markers of systemic bac-
terial exposure (periodontal bacterial burden, periodontitis-related specific serology and
CRP) was associated with a greater risk of coronary heart disease compared with subjects
without periodontitis [37]. It has also been shown that periodontitis patients present in-
creased levels of inflammatory markers (tumour necrosis factor (TNF), interleukin (IL)-1,
6 and 8) [48]. Short-term adaptive response to inflammation is essential for a correct injury
response and cell and tissue repair processes, while long-term consequences of a main-
tained inflammatory situation are often not beneficial [49]. It has also been reported that
low-grade and chronic inflammation are characteristic in cardiometabolic diseases such as
obesity, insulin resistance, type 2 diabetes and CVDs [50,51]. An atypical immune response
has been referred in these situations, described as metabolically triggered inflammation
or “metaflammation”, originated by metabolic surplus, which leads to the activation of
different inflammatory molecules and signalling pathways [50]. It is worth mentioning
that both metabolic and immune systems are regulated by the same cellular processes,
through several hormones, cytokines and bioactive lipids that have a role in the metabolic
and immune response. The activation of these “metaflammatory” pathways has been
related to extracellular mediators such as cytokines and lipids, especially saturated fatty
acids, and also by intracellular mediators such as endoplasmic reticulum stress and ele-
vated production of mitochondria-derived reactive oxygen species. Fatty acid-binding
proteins (FABPs), a family of lipid chaperones, have shown molecular and cellular links
with “metaflammation”, particularly in cases of cardiometabolic diseases such as obesity,
diabetes and atherosclerosis [49].

The most recent consensus document regarding association between periodontitis
and CVDs was the results from the joint workshop of the European Federation of Peri-
odontology (EFP) and the World Heart Federation (WHF) in February 2019 [52]. According
to its recommendations, periodontitis was considered as an established, novel CV risk
factor that influences the management of subjects suffering from CVD or at increased CVD.
The management of traditional CV risk factors, such as hypertension, is also required
in the presence of periodontitis, and a good periodontal health is of great relevance for
achieving CV health [53]. However, it remains to be determined if periodontal treatment in
subjects with hypertension would translate into a reduced CV risk. Again, inflammation
still appears to be one of the main links between CVD and periodontitis [52]. It should be
mentioned that the available evidence mainly comes from observational studies, assessing
major CV outcomes such as myocardial infarction, stroke, heart failure or CVD death, but
few studies have investigated preclinical markers of CVD in subjects with periodontitis.
Very interestingly, some studies suggested that healthy subjects with periodontitis may
present signs of early atherosclerosis, and thus, periodontitis may be considered as a risk
factor in case of CV events that cannot be fully explained by the presence of other com-
monly used CV risk factors [37,52]. Future studies are needed to better understand the
relationship between both diseases and to detect early stages of CVD or alterations in CV
structure and function linked to periodontitis. The last published randomized controlled
trials confirm a positive effect of periodontal treatment on surrogate CV measures, while
its effect on the incidence of CVD events (myocardial infarction and stroke) have not been
investigated in powered randomized controlled studies with adequate control of traditional
CV risk factors [54,55].

Interestingly, it has been proposed that botanical products may provide a new per-
spective in stem cell-based periodontal regeneration thanks to their angiogenic properties
that may be beneficial for bone formation and periodontal regeneration [56].

4. Plant-Derived Essential Oils

An essential oil (EO) is generally defined as a product obtained from a natural raw
material of plant origin, usually by steam distillation or by mechanical processes [57].
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These plant products are very complex natural mixtures of secondary volatile metabolites
produced by aromatic plants, where they represent chemical defences against herbivores
and pathogens such as bacteria, viruses and fungi [58]. They also exert a dual role in
attracting pollinating insects and in repelling the harmful ones [59]. In plants, essential
oils are synthesized by all tissues and are stored in secretory cells, epidermic cells or
glandular trichomes; consequently, they can be extracted from any plant organs such as
buds, stems, twigs, leaves, roots, wood, bark, flowers, fruits and seeds [59]. The particular
composition of each EO depends not only on the plant species or plant tissue from which
it is extracted but also on the climate, on the soil composition, on the vegetative cycle
stage or age and even on the time of the harvest [60]. Moreover, the chemical profile
is also affected by the extraction method carried out, thus highlighting the importance
of specific extraction techniques over the steam distillation, such as solvent extraction,
Soxhlet extraction, microwave-assisted hydro distillation, solvent flavour evaporation,
etc., in compliance with the plant material characteristics [61]. Their peculiar chemical
composition is mainly represented by various terpenoids and their oxygenated derivatives,
along with aldehydes and ketones, esters and alcohols [60]. Generally, they are colourless
volatile liquids soluble in organic solvents with a density lower than that of water. The
most commercial EOs are extracted from various aromatic plants growing in temperate
and warm regions of the Mediterranean and tropical areas, where they are historically
used in traditional medicine against a wide variety of pathological conditions due to their
numerous pharmacological activities including antimicrobial, antiviral, antioxidant and
anti-inflammatory effects [59].

Chronic inflammation and oxidative stress are associated with most of the common
chronic disorders and diseases [62,63]. It is known that the normal functions of biolog-
ical molecules (such as proteins, lipids and DNA) are destabilized by oxidative stress
sustained by free radicals (ROS, NRS), which also affects many inflammation-related sig-
nalling pathways, thus influencing the cellular and tissues homeostasis. On the other hand,
chronic inflammation is characterized by the production of proinflammatory cytokines
and chemokines, which leads to pain, redness and swelling of the involved tissue [64]. In
traditional medicine, EOs have been used for the treatment of inflammatory processes [65],
as they possess many beneficial properties due to the presence of several antioxidant
and anti-inflammation compounds such as terpenes, the main class of compounds, and
especially monoterpenes [61]. They are also present in numerous pharmaceutical prod-
ucts [66]. In recent studies, Citrus bergamia Risso and Poiteau juice (known as Bergamot) on
cardiometabolic risk in dyslipidemic subjects was shown to significantly reduce plasma
lipids and improve the atherogenic lipoproteins and subclinical atherosclerosis [67]. Other
recent studies with chlorogenic acid and luteolin-based supplement from artichoke ex-
tract showed an improvement of two early atherosclerotic markers, carotid intima-media
thickness and flow-mediated dilation, evidencing a clinical relevance, considering their
beneficial nutraceutical properties, on vascular function and remodelling, including a
beneficial cardiovascular and hepatoprotective effects [68].

It is widely known that EOs are recognized for their antimicrobial, antiviral and
antifungal activity, but recent studies have also demonstrated potent antioxidant, anti-
inflammatory and antidiabetic properties as well as cancer suppressor activity [69]. Thus,
the potential of EOs as effective and safe phytotherapeutic agents should not be underes-
timated, although their efficacy in oral health is well documented [70]. The antibacterial
activity of EOs as well as their isolated constituents and their potential applicability in
novel dental formulations have been summarized in a systematic review [71], emphasizing
the need for further nonclinical and clinical studies. Interestingly, in the last two decades,
EOs have been extensively tested for their beneficial properties against a broad spectrum
of bacterial species [72] that indicate their use in the files of dentistry and periodontal dis-
eases. All these beneficial actions increase an interest in future investigation of these plants,
including the field of periodontitis. Recent research suggests that oxygenated terpenoids
found in the EOs diffuse within the bacterial cell membrane, irreversibly damaging it
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and causing cell death. In this regard, recently Anusha D. et al. assessed the efficacy of
mouthwash containing EOs and curcumin (MEC) as an adjunct to nonsurgical periodon-
tal therapy on the disease activity of rheumatoid arthritis (RA) among RA subjects with
chronic periodontitis. They also investigated epigenetic modifications including chemical
alterations of DNA and associated proteins influencing the remodelling of the chromatin
and gene malfunctions, which may be related to both periodontitis and RA. The results
revealed that MEC as an adjunct to SRP as an effective approach in reducing the disease
activity of both RA and chronic periodontitis [73].

5. Essential Oils from Lamiaceae Family

Based on recent literature data, the Lamiaceae family seems to be one of the richest
sources of a wide variety of plants with biological and medical applications [74]. It is a large
group with a cosmopolitan distribution that includes 236 genera and about 7000 species
that occupy different natural ecosystems [75]. The most interesting members of this family
are a variety of aromatic spices traditionally harvested from spontaneous or cultivated
population for their culinary use and for their characteristic and unique EOs obtained
from them [76]. Numerous Lamiaceae species are native of the Mediterranean area and are
widely used in natural medicine, pharmacology, cosmetology and aromatherapy due to
the multiple therapeutic effects exerted by the components of their EOs [74]. The volatile
compounds most generally found as the main ingredients in EOs among plants of this
family are caryophyllene, linalool, limonene, β-pinene, 1,8-cineole, carvacrol, α-pinene,
p-cymene, γ-terpinene, thymol and terpineols [77]. Several EOs from the Lamiaceae species
are often present in toothpastes and mouthwashes as flavourings and fragrances, and
recently also as antibacterial, antifungal and anti-inflammatory agents [77].

It has been proposed that high doses of EOs are needed in order to exert pharma-
cological effects, but recent studies indicate that this matter can be avoided using the oil
formulated as nanoemulsions to improve its bioavailability [78]; thus, more investigations
are needed in the future to confirm this finding. Interestingly, in addition to antioxidant,
anti-inflammatory, antimicrobial, spasmolytic, antinociceptive, antitumor activity, some
EOs, such as those from Thymus vulgaris L. may enhances cognitive function, as shown
in animal models [79]. In a recent study, Carbone et al. developed nanostructured lipid
carriers (NLC) using EOs from Mediterranean species Rosmarinus officinalis L., Lavandula
x intermedia “Sumian”, Origanum vulgare L. subsp. Hirtum (Link) Ietswaart and Thymus
capitatus (L.) Hoffmanns. & Link (syn. Coridothymus capitatus (L.) Reichenb. fil., Thymbra
capitata (L.) Cav.) with the purpose of examining the antioxidant and anti-inflammatory
effects. Their results demonstrated that EOs in these NLC induced a significant and dose-
dependent anti-inflammatory effect in the following order from greater to less potency:
Lavandula L. > Rosmarinus L. ≥ Origanum L. It is worth noting that encapsulation of both
Lavandula and Rosmarinus EOs in the NLC did not modify the anti-inflammatory activity of
the EOs compared to the use of them as free compounds [80].

5.1. Lavandula x intermedia (Lavender)

The lavender EOs are generally composed mainly by camphor, terpinen-4-ol, linalool,
linalyl acetate, beta-ocimene and 1,8-cineole [81]. Immunomodulatory and anti-inflammatory
properties of compounds found in the lavender EOs have also been reported [82]. Many
inflammatory processes are associated with leukotriene production catalysed by lipoxy-
genase (LOX), which can use molecular oxygen or hydrogen peroxide as oxidants. L. x
intermedia EOs showed a moderate antioxidant activity, mainly attributed to the effect of
linalool and linalyl acetate. These findings supported the use of EOs of L. X intermedia as
natural ingredients useful for gastrointestinal disorders and for oxidative stress-related
diseases [83].
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5.2. Rosmarinus officinalis (Rosemary)

Characteristic EOs of Rosmarinus officinalis include 1,8-cineole, α-pinene, camphor,
bornyl acetate, borneol, camphene, α-terpineol, limonene, β-pinene, β-caryophyllene and
myrcene. In traditional medicine, it is used for the treatment of inflammation-related disor-
ders [84]. Yet, this plant exerts antioxidant activity and prevents inflammatory ROS-related
injury, stimulates smooth muscle relaxation and has low toxicity. Bustanji et al. performed
a study to identify the effects of rosemary in blood glucose and lipid profile. They re-
ported through an in vitro assay that rosemary extract (with the component gallic acid:
IC50 14.5 μg/mL) inhibited in a dose-dependent manner the activity of cyclic adenosine
monophosphate of gluconeogenic genes, cytosolic phosphoenol-pyruvate carboxykinase
and glucose-6-phosphatase. Rosemary extract showed hypoglycaemic and hypolipidemic
effects by activation of signalling pathways including AMP-activated protein kinase (which
induces glycolysis) and proliferator-activated receptor gamma (PPAR-γ). It upregulated
the expression of LDL-C receptor (responsible of the endocytosis of LDL-C from blood
plasma to liver hepatocytes), sirtuin-1 (increasing the oxidation of fatty acids) and PGC1α
(activates PPAR-γ) [85]. Neutrophils are rapidly mobilized, and they are one of the first
and main cells to arrive at the inflammation site. Oral treatment with R. officinalis aqueous
extract reduced the neutrophil influx, the release of cytokines and the oxidative stress on
inflamed exudates [86]. The study of Borges et al. [87] showed that all nanoemulsions
showed no toxicity and also showed the ability to potentiate the anti-inflammatory action
of essential oils by exerting immunomodulatory activity by inhibiting the production of
the proinflammatory mediator nitric oxide.

Plant extracts and their compounds have proven to be an alternative for treating
periodontal diseases, since rosemary has shown antibacterial and anti-inflammatory activi-
ties in toothpaste presentation, which reduced biofilm formation and improved gingival
bleeding [88]. Rasooli et al. also reported an in vivo reduction of biofilm by rosemary EO
and suggested its potential use as an anticaries agent [89]. Bernardes et al. also confirmed
this antimicrobial activity against oral bacteria in their study. These authors used common
bacterial species from the oral cavity (Streptococcus mutans, Streptococcus mitis, Streptococcus
sanguinis, Streptococcus salivarius, Streptococcus sobrinus and Enterococcus faecalis) in plank-
tonic form, and the greatest antimicrobial activity of rosemary EO was shown against
Streptococcus mitis [90]. The results of Smullen et al. have shown that rosemary and other
plant-derived extracts inhibited growth and adhesion of oral bacteria to glass, inhibited
both glucosyltransferase activity and glucan production by S. mutans and prevented plaque
formation in vitro and on bovine teeth [91].

5.3. Thymus capitatus (Thyme)

The main single constituents of EOs from Thymus genus are thymol, carvacrol, linalool,
a-terpineol, 1,8-cineole and borneol [92]. Iauk et al. [93] have investigated the hypogly-
caemic activity of T. capitatus (L.) Hoffsgg. & Link via the inhibition of α-amylase and
α-glucosidase, inhibitors that offer an attractive strategy to control postprandial hypergly-
caemia for type 2 diabetes management. Manconi et al. [94] had suggested that formula-
tions on Thymus capitatus EO in phospholipid vesicles might be used as an antibacterial–
antioxidant mouthwash for the treatment of oral cavity diseases. Finally, Valerio et al. [95]
indicated the potential use of thyme as biopreservative for bakery products due to its
antimicrobial properties. The antioxidant activity of the formulations was evaluated as a
protector of keratinocytes against the damage induced by hydrogen peroxide. They were
capable of favouring wound repair in keratinocytes. The antibacterial activity of the EO
was demonstrated against cariogenic Streptococcus mutans, Lactobacillus acidophilus and com-
mensal Streptococcus sanguinis [94]. Alvarez-Echazú et al. used thymol–chitosan hydrogels
to protect the dental biofilm from breakdown and treat inflammation [96]. Thymus zygis
has been studied more extensively from an immunological point of view. In a cellular
model with human macrophages the gene expression for IL-1β, TNFα and Il-6 were signif-
icantly reduced, and anti-inflammatory cytokines such as IL-10 dose-dependently highly
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increased [97]. Thymus zygis has also been tested in vitro as an antibacterial agent against
E. coli, S. enteritidis, S. essen and other bacterial species [98]. Interestingly, in addition to
antioxidant, anti-inflammatory, antimicrobial, spasmolytic, antinociceptive and antitumor
activity, some EOs, such as those from Thymus vulgaris L. may enhances cognitive function,
as shown in animal models [79].

5.4. Selected Compounds as Essential Oils from Lamiaceae Family

The following table presents a summary of the main compounds of EOs from the
Lamiaceae family and their effects on inflammatory processes (Table 1).

Table 1. Anti-inflammatory effects of selected compounds of Essential Oils from Lamiaceae family.

Compound
Experimental

Model
Effects References

Terpineols
in vitro
in vitro
in vivo

↓ inflammatory mediators
↓inflammatory cytokines

↓ inflammation

Hart et al. 2000 [99]
Nogueira et al. 2014 [100]

Zhang et al. 2018 [101]

Linalool in vitro
in vivo

↓ inflammatory mediators
↓ acute lung inflammation

Huo et al. 2013 [102]
Ma et al. 2015 [103]

Limonene
in vitro
in vitro
in vitro

↓ inflammatory mediators
↓ inflammatory mediators
↓ inflammatory mediators

Kummer et al. 2013 [104]
Yoon et al. 2010 [105]

Rufino et al. 2015 [106]

Carvacrol

in vivo
in vitro/in vivo

in vitro
in vitro

↓ inflammation, antibacterial
↓ inflammatory mediators
↓ inflammatory mediators
↓ inflammatory mediators

Botelho et al. 2008 [107]
Guimaraes et al. 2012 [108]

Hotta et al. 2010 [109]
Landa et al. 2009 [110]

Eucalyptol

in vivo
in vitro
in vitro
in vitro
in vitro

↓ inflammation
↓ inflammatory mediators
↓ inflammatory mediators
↓ inflammatory mediators
↓ inflammatory mediators

Yalçin et al. 2007 [111]
Bastos et al. 2011 [112]

Kennedy-Feitosa et al. 2016 [113]
Juergens et al. 2004 [114]

Kim et al. 2015 [115]

Tymol

in vitro
in vitro
in vitro
in vitro

↓ inflammatory mediators
↓ inflammatory mediators
↓ inflammatory mediators
↓ inflammatory mediators

Chauhan et al. 2014 [116]
Vigo et al. 2004 [117]

Marsik et al. 2005 [118]
Liang et al. 2014 [119]

↓: Decrease of levels.

Terpineols are isomers of monocyclic monoterpene alcohol naturally present in dif-
ferent plants, among which the most common are α-terpineol and terpinen-4-ol [120]
(Figure 1). In particular, the latter has been shown in vitro to suppress inflammatory me-
diator production by activation of monocytes [99] and to inhibit inflammatory cytokine
generation in LPS-stimulated human macrophages [100] but also in animal models to atten-
uate inflammation in dextran sulphate sodium-induced colitis [121], prevent LPS-induced
acute lung injury by decreasing LPS-induced NF-κB activation and trigger peroxisome
PPAR-γ [122] (Figure 2).

Linalool (3,7-dimethyl-1,6-octadien-3-ol) is an acyclic monoterpene found in EOs of
hundreds of plants widely spread worldwide and principally in Lamiaceae family [74]
(Figure 3A). Several in vitro and in vivo studies demonstrated different anti-inflammatory
effects of this monoterpene also interfering with the mediators of the inflammation path-
ways. In detail, in RAW 264.6 monocyte/macrophage-like cells linalool decreased the
generation of lipopolysaccharide (LPS)-induced TNF-α and IL-6 and inhibited the acti-
vation of the nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK)
pathways [102]. In addition, in animal models, it has been shown that linalool attenuated
acute lung inflammation by reducing TNF-α, IL-6, IL-8, IL-1β and monocyte chemoattrac-
tant protein-1 (MCP-1) production [103], further supporting linalool as a promising tool to
treat inflammatory related diseases.
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Figure 1. General Scheme of the effect of the main EOs derived from Lamiaceae family on the periodontium.

Figure 2. Selected compounds from Essential Oils from Lamiaceae family. Terpineols: α- terpineol (A), β- terpineol (B),
γ-terpineol (C), and terpinen-4-ol (D).
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Figure 3. Selected compounds from Essential Oils from Lamiaceae family. Linalool (A), Limonene (B),
Carvacrol (C), Eucalyptol (D), Thymol (E).

Limonene (1-Methyl-4-(prop-1-en-2-yl)cyclohex-1-ene) is a cyclic monoterpene and
one of the most common terpenes in nature as well as the main constituent of citrus
Eos (Figure 3B). Its anti-inflammatory effects are principally linked to the modulation
of cytokines and the interference with the inflammatory-related pathways, as demon-
strated by in vitro and in vivo assays. Limonene decreases leukocytes infiltration and
neutrophils migration, as well as the levels of TNF-α in cell derived from the peritoneal
cavity and in the peritoneal exudate of zymosan-induced peritonitis BALB/C mice [104].
In LPS inflammation-induced RAW 264.7 macrophages, limonene reduced in a dose-
dependent manner the levels of proinflammatory cytokines TNF-α, IL-6 and IL-1β, to-
gether with the expression of inducible nitric oxide synthase (iNOS), cyclooxygenase (COX)
and prostaglandin E2 (PGE2) [105]. Similarly, in vitro model of osteoarthritis with IL-1β-
stimulated human chondrocytes, limonene negatively modulated nitric oxide (NO) pro-
duction by decreasing iNOS, matrix metalloproteinase (MMP)-1 and MMP-13expression,
besides NF-κB and p38 activation [106].

Carvacrol (5-isopropyl-2-methylphenol) is a cyclic monoterpene mainly present in
the EO of plants from Lamiaceae family (Figure 3C). In an experimental rat model of
periodontal disease, carvacrol maintained alveolar bone resorption and decreased tissue
lesion at histopathology, with preservation of the gingival tissue also demonstrating anti-
inflammatory and antibacterial activities [107]. In addition, in vitro in murine macrophages
carvacrol (1, 10, and 100 μg/mL) reduced the LPS-induced nitrite production as well as
in vivo in a model of carrageenan-induced pleurisy with a pretreatment 50 or 100 mg/kg,
i.e., carvacrol reduced the levels of TNF-α and suppressed leukocytes recruitment in pleural
lavage [108]. In human macrophage-like U937 cells, carvacrol suppressed LPS-induced
COX-2 expression, activating PPARγ, indicating its anti-inflammatory properties [109] and
having no selectivity for both COX-1 and COX-2 enzyme isoforms [110]. Furthermore, it has
been shown that carvacrol induces Nav blockade in DRG neurons [123,124], and Gonçalves
et al. also reported significant analgesic activity and dose-dependency of T. capitatus EO.
It is suggest that it is the main active molecule behind the antinociceptive effects of T.
capitatus through peripheral nervous excitability blockade [125]. Other study showed that
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carvacrol and thymol have the most potent antimicrobial activity against Escherichia coli, Sta.
aureus, Str. epidermidis, Enterococcus faecalis, Yersinia enterocolitica, Candida albicans, Bacillus
cereus, Listeria monocytogenes, Salmonella typhimurium and Saccharomyces cerevisiae, with the
exception of Pseudomonas aeruginosa [126]. Taking into account that T. capitatus fractions
are characterized by the presence of carvacrol as dominant constituent, the antibacterial
properties may be attributed to this oxygenated monoterpene.

Thymol (2-isopropyl-5-methylphenol), a monoterpene phenol, is a typical compound
in EOs from thyme species (Figure 3E). Thymol also ameliorates inflammation in vitro
in LPS-induced inflammation in murine macrophage cells [116] as well as in LPS- and
interferon (IFN)-γ-induced macrophage inflammation, besides inhibition of the iNO RNA
expression in J774A.1 cells [117]. Thymol may also modify prostaglandin catalysed biosyn-
thesis by the inhibition of COX-1 and COX-2 isoforms [118]. Moreover, in mouse mammary
epithelial cells, LPS-induced inflammatory response was decreased after thymol treatment
(40 μg/mL) by the downregulation of MAPK and NF-κB signalling pathways [119]. Re-
cently, Perrino et al. [127] have reported a high bioactivity also found in endemic wild
species as spinulosus Ten., indicating its potential use in organic agriculture, since thymol
may also serve as natural agent against phytopathogenic microorganisms.

Eucalyptol or 1,8-cineole (1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane) is a bicyclic monoter-
pene isolated from EOs from numerous plants [111] (Figure 3D). Its anti-inflammatory
properties have also been investigated in human and animal models of respiratory dis-
eases such as asthma, Chronic Obstructive Pulmonary Disease and bronchitis [112,113,128].
In vitro studies on LPS-induced human lymphocytes and monocytes showed a reduced
expression of cytokines including TNFα, IL-6 and IL-1β accompanied with a decrease in
NFκB activated form [114,115].

6. Conclusions

The available published evidence provides substantial data to consider several species
of the Lamiaceae family (Rosmarinus officinalis, Lavandula x intermedia, Thymus capitatus) as
potential agents for the treatment of inflammatory diseases. The studies reviewed support
the use of EOs of these plants against inflammation-related diseases, and the mechanisms
described here provided pathways that explain these anti-inflammatory effects. Further-
more, the wide variety of species of the Lamiaceae family should be considered. Different
chemotypes can be found, even within the same species, depending on the region and the
environment in which the species have been grown. These factors could affect the percent-
age of EOs. The phenological phase of the same individual can also change the chemical
composition and therefore the EOs obtained from it. Several nutraceutical products based
on EOs as an adjuvant therapeutic agent for periodontal treatment might have some addi-
tional beneficial effect on periodontitis variables, preventing progression of disease when
used as an irrigation solution and/or mouthwash. The utilization of such agents may
reduce the intake of the drugs and consequently minimize the risk of a possible appearance
of drug resistance as well as other risk factors. The plant extracts may act beneficially on
periodontitis possibly through the known anti-inflammatory effects of each compound that
remain to be clarified by future studies. Therefore, EOs from the Lamiaceae family can be
considered as potential therapeutic agents for the complementary treatment periodontitis,
as well as for other immune-inflammatory diseases. The potential applications role of each
specific EO needs to be further studied to allow a full understanding of the spectrum of
potential applications.
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Abstract: The aim was to explore the body of literature focusing on protective treatments against
endothelial glycocalyx degradation in surgery. A comprehensive systematic review of relevant articles
was conducted across databases. Inclusion criteria: (1) treatments for the protection of the endothelial
glycocalyx in surgery; (2) syndecan-1 used as a biomarker for endothelial glycocalyx degradation.
Outcomes analysed: (1) mean difference of syndecan-1 (2) correlation between glycocalyx degradation
and inflammation; (3) correlation between glycocalyx degradation and extravasation. A meta-
analysis was used to present mean differences and 95% confidence intervals. Seven articles with eight
randomised controlled trials were included. The greatest change from baseline values in syndecan-1
concentrations was generally from the first timepoint measured post-operatively. Interventions
looked to either dampen the inflammatory response or fluid therapy. Methylprednisolone had
the highest mean difference in plasma syndecan-1 concentrations. Ulinastatin showed correlations
between alleviation of degradation and preserving vascular permeability. In this systematic review of
385 patients, those treated were more likely than those treated with placebo to exhibit less shedding
of the endothelial glycocalyx. Methylprednisolone has been shown to specifically target the transient
increase of glycocalyx degradation immediately post-operation and has displayed anti-inflammatory
effects. We have proposed suggestions for improved uniformity and enhanced confidence for future
randomised controlled trials.

Keywords: endothelial glycocalyx; inflammatory response; fluid loading; surgery; post-operative;
albumin extravasation

1. Introduction

The vascular endothelium plays several important roles including haemostatic balance,
endothelial integrity, and blood flow regulation [1]. It comprises a single layer of endothelial
cells, lining every blood vessel in the body and is understood to be 4000–7000 m2 [2]. These
cells play a vital role as a semipermeable membrane to allow the exchange of nutrients
and the removal of waste to and from the blood. A key structure involved in these actions
is the endothelial glycocalyx (EG), which coats cells’ extracellular matrix. EG thickness
ranges from 0.2 μm in capillaries to 4.5 μm in the carotid artery [3]. The glycocalyx enables
changes by a process known as mechanotransduction.

Mechanotransduction is the mechanism by which external mechanical stimuli are
converted into cellular responses through signalling pathways [4]. The apical surface of
the glycocalyx consists of glycosaminoglycans (GAGs); those commonly associated with
the vasculature are heparan sulphate (HS), chondroitin sulphate (CS) and hyaluronic acid
(HA) [5]. Additionally present are syndecans, which provide sites on the apical surface to
highly regulate proteolytic cleavage. The best conceptual theory for glycocalyx to detect
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changes in blood flow was described by Squire [6] as the “wind in the trees”. The wind
(fluid flow) is sensed by the branches (GAGs) of which the drag force is transmitted through
the trees/forest (glycocalyx) and stimulates a response. Twenty-four-hour exposure of
fluid shear-stress (FSS) in an in vitro model of EG has been shown to enhance synthesis
and distribution of the prevalent components (HS, CS, and HA) of the glycocalyx with
nearly normal uniform spatial distribution, similar to baseline levels compared to only
30 min of exposure [7].

Surgery is associated with EG degradation [8]. A suggested mechanism for this
is that the thickness of the glycocalyx, and thus the surface layer, is reduced by is-
chaemia/reperfusion [9]. This increases capillary permeability and, thereby, contributes to
tissue oedema (Figure 1) [10]. EG degradation is known to disrupt the equilibrium between
pro-inflammatory cytokines and adhesion molecules, and vasodilators and vasoconstric-
tors, leading to endothelial dysfunction [11]. Glycocalyx components are released, such as
syndecan-1 and heparan sulphate, during surgery. However, the steps in which diseases,
trauma, and surgery thin the EG are not well understood. Johansson et al. [12] undertook
a prospective 75-patient double-blind cohort study and found trauma patients to have
raised plasma syndecan-1 levels associated with 16 other markers for inflammation, and
tissue and endothelial cell damage. Patients with significant EG degradation were shown
to have a three-fold increase in mortality compared to those with lower syndecan-1 levels.
A mechanism to explain the strong association between EG degradation and patients with
trauma is through the extensive activation of the inflammatory and coagulation pathways.
Protection against EG degradation could help treat against known diseases to shed major
EG constituents, such as diabetes and hyperglycaemia, atherosclerosis and chronic kidney
disease [13].

Figure 1. EG structure during health (left) and degradation (right). Disease causes thinning of the glycocalyx. Glycocalyx
constituents are released into the plasma. An inflammatory response is produced with the recruitment of leucocytes and the
loss of fluid.

Recent studies have looked into pharmacological interventions to prevent EG degra-
dation during surgery. With the limited studies, interventions have looked into two
therapeutic routes: (1) dampening the inflammatory response and (2) fluid-therapy. (1)
The EG plays an important role in the post-injury inflammatory response [14]. An increase
in C-reactive protein (CRP) has been associated with a decreased thickness of the EG and
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impaired vasoreactivity [15]. (2) Infused fluid therapy has been associated with impaired
microcirculation, resulting in tissue oedema. Moreover, fluid infusion could cause EG
degradation and further fluid loss into the lymphatic system through albumin and other
plasma proteins moving across the vascular wall [16].

This systematic review and meta-analysis looks to examine the body of literature into
protective treatments for EG degradation in surgery from most of the published clinical
trials. The aim is to identify trends in treatments which may address the mechanism for
which surgery causes EG degradation.

2. Materials and Methods

2.1. Search Strategy

A comprehensive review of the literature was conducted in May 2020, using databases,
such as Cochrane Library of Systematic Reviews, Cochrane Central Register of Clinical
Trials (CENTRAL), MEDLINE, PubMed, and Clinical Trials.org. Article selection was
limited to publications in the English Language between 1 January 1950 and 20 May
2020. Search terms used were a combination of the following: “endothelial”, “glycocalyx”,
and “degradation”. Reference lists of the selected articles and other related studies were
assessed for eligibility. Cross-referencing from identified articles and conference abstracts
were also performed. Clinical trials which are currently in progress with no data available
were not included.

2.2. Inclusion Criteria

One researcher (H.K.) performed the review process for inclusion in the systematic
review. Specific inclusion criteria mandated systematic reviews and clinical trials that were
from retrospective or prospective investigations which met the following criteria; (1) papers
published in the English Language; (2) clinical investigations into protective treatments for
EG; (3) syndecan-1 used as a biomarker for EG degradation (specific marker for significant
degradation as opposed to HS for minor disturbances); (4) clinical investigations in which
patients were followed from pre-operative/induction of anaesthesia to the end of surgical
treatment [17].

2.3. Exclusion Criteria

From the search strategy, 987 studies were selected. The first screen excluded articles
if they had not conducted investigations on surgical patients. A further screen excluded
articles that investigated combined treatments and those in which more than one substance
was administered during surgery.

After exclusion, 112 articles formed the inclusion of the initial review. Following this,
an independent abstract review was conducted by the same author for the title review.
Three were removed as they investigated the role of the EG within surgery without the use
of an intervention. One assessed the microperfusion abilities of endothelial cells following
surgery. Twenty-nine articles investigated the effects of surgery (cardiothoracic, abdominal,
hysterectomy, etc.) on the EG and whether surgery is a stimulatory factor for EG degrada-
tion. Twelve articles looked into protective biological factors and signalling pathways of
the body that are used to protect against EG degradation in surgery. Twenty-one articles
were trials conducted on animals/in-vitro models. Twenty-nine articles investigated the
effects of different surgical procedures had on the structural integrity of the EG. Six articles
were related to the effects that degradation of the EG had on other systems.

The final screen of 11 articles in their entirety was completed by the same researcher
(Khan, H) to ensure adequate data content for inclusion in the systematic review. One
had been centred on post-operative interventions which focuses more into regenera-
tion/recovery of the EG [18]. Three articles were excluded as they were clinical trials
still undergoing with no preliminary results [19–21].

After the full text review, the final search included 7 articles that met the inclusion
criteria and thus were used for analysis and data were extracted (Brettner et al. [22];
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Kim et al. [23]; Lindberg-Larsen et al. [24]; Mennander et al. [25]; Nemme et al. [26];
Pesonen et al. [27]; Wang et al. [28]). The search strategy has been depicted in Figure 2.

Figure 2. PRISMA flow chart of search strategy to identify pivotal publications of protective treatments against EG
degradation in surgery for meta-analysis.

2.4. Data Extraction

Data were extracted and then reviewed, and all reported results were summarised to
include comparable and clinically relevant outcomes. The following data were extracted
from each clinical trial and used for descriptive comparison; author, year, study design,
sample size, surgery, type of treatment, time points for administration of treatment (and/or
placebo), biomarkers used to measure endothelial cell glycocalyx degradation, time points
used for biomarker measurements (Table 1), and details regarding degree of endothelial
cell glycocalyx degradation and post-surgical complications (Table 2).

2.5. Statistical Analyses

Using GraphPad Prism version 8, a line graph was produced to assess the change
in plasma syndecan-1 concentrations in the control groups of the included articles. This
enabled identification of the timepoints at which to expect interventions to target. This
analysis formed the basis of a forest plot. Some articles provided checkpoints in surgery
for when blood samples were taken rather than averaged time-points of each sample. The
provided averaged times for each stage in surgery were converted to averaged timepoints
when blood samples were taken. Meta-analysis was conducted using RevMan 5.4 from
Cochrane Review to derive pooled effect estimates as a mean difference associated with 95%
confidence intervals. The effect on the analysis of within and between study heterogeneity
was quantified by calculating I2. Overall, 4 studies with 5 randomised controlled trials
were included for the forest plot.
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3. Results

3.1. Description of Included Studies

The articles included were published in 2012–2019. Sample sizes varied from 16 pa-
tients [25] to 120 patients [23]. From the remaining 6 articles, patients’ median age ranged
from 7 months [27] to 67.8 years-old [21]. One article did not provide any informa-
tion for patient average age [25]. Four articles did not include a range for the patients’
ages [23,24,27,28] but a standard deviation. From the remaining 2 articles that included
patient’s age range, the range was from 1 month to 72 years-old.

Two articles described two treatments using different sample groups with no control
group [23,25]. The remaining 5 articles investigated their treatment using two patient
groups (control vs. intervention). One article conducted two separate randomised, prospec-
tive clinical trials by testing the intervention on two different patient cohorts based on
age and surgical procedure [27]. All articles had delivered their drug following the ad-
ministration of anaesthesia. Of the articles to investigate protective interventions for EG
degradation, 4 looked into CPB [22–24,26], 1 into abdominal hysterectomy [26], 1 in knee
replacement surgery [24] and 1 in pulmonary lobe resection [28].

3.2. Outcomes and Results

When analysing the included articles of our systematic review, the focus was on (1) the
comparison between control and intervention groups to reduce levels of EG degradation
in surgery; (2) correlations between glycocalyx degradation and an inflammatory response;
and (3) correlation between glycocalyx degradation and extravasation. For each study, we
assessed biomarkers for glycocalyx degradation (syndecan-1, and those that measured HS),
as well as those that measured inflammatory markers and capillary leakage.

Four studies investigated the protective treatments against degradation of the EG
in CPB [22,23,25,27]. Only 2 studies [25,27] showed a significant lowering of plasma
syndecan-1, which in both cases occurred during surgery. The Mennander [25] study,
which investigated the effects of diazoxide, found similar changes in hyaluronan (p < 0.04
and p < 0.04 respectively). The Brettner study [22] investigated the effects of hydro-
cortisone. There were no significant differences in plasma syndecan-1 levels between
intervention and control groups. However, they did establish significant lowering of
HS levels intra-operatively. The Kim study [23] differed from the other clinical trials by
comparing two interventions; hydroxyl starch (HES) vs. crystalloid. It has also differed
from the other studies as patients had undergone off-pump CPB, which is of clinical sig-
nificance as studies have shown differences in plasma syndecan-1 and plasma heparan
sulphate concentrations between surgeries [29]. Following infusion of 20 mL/kg of the
study fluids, median syndecan-1 levels were higher in the HES group than the crystalloid
group [(79.7 (46.6–176.6) vs. 62.7 (30.1–103)]. However, overall peri-operative changes in
syndecan-1 were not significantly different between the groups.

Of the 4 selected articles, the Brettner study [22] was the only to investigate the
inflammatory response in addition to glycocalyx degradation. There was significant
lowering of CRP levels on days 1, 2 and 3 post-operatively in the hydrocortisone group (p
is 0.014, 0.012 and 0.022 respectively). Interleukin-6 (IL-6) was significantly lower in the
intervention group to the control group (p < 0.05).

One study [27] used urinary trypsin inhibitor (UTI) to treat EG degradation in video-
assisted thoracoscopy (VATS) lobectomy. There were no significant differences in baseline
values of syndecan-1, HS, HGB and serum albumin levels in the control and UTI group.
However, syndecan-1 levels were elevated at T1 in the control group (3.77 ± 3.15 versus
4.28 ± 3.30, p = 0.022), whereas the UTI group showed no significant increase at T1
(3.98 ± 3.04 versus 4.24 ± 3.12, p = 0.160). There were no obvious changes in HS levels
between groups.

One study looked into the effects of pre-operative methylprednisolone treatment in
total knee arthroplasty [24]. Syndecan-1 concentrations remained stable in the control
group with a statistically significant drop from baseline to 24-h post-operative (14.1 ± 1.4
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versus 12.4 ± 12.4, p = 0.001). Vascular endothelial growth factor (VEGF) increased in both
groups with only a transient increase in the methylprednisolone group (T0->T6: 42.4 (2.5) to
54.8 (4.1), p = 0.008 versus 37.7 (2.5) to 47.7 (4.9), p = 0.019). Soluble thrombomodulin (sTE)
increased in both groups but only transiently in the methylprednisolone group (T0->T6:
5.0 (0.2) to 5.4 (0.3), p = 0.008 versus 5.0 (0.2) to 5.2 (0.4), p = 0.022). CRP increased in
both groups but less so in the methylprednisolone group (T0->T24: 4.5 (1.1) to 36.6 (3.6)
versus 6.9 (2.2) to 74.4 (5.0)). Overall, effects of methylprednisolone were more pronounced
at higher base values in sTM, sE-Selectin and VEGF (p =0.012, p = 0.009 and p < 0.001,
respectively) but this was not the case for syndecan-1.

One study looked into the effects of ringer’s lactate (a form of fluid therapy) to prevent
EG degradation in abdominal hysterectomy [26]. This article differs from other included
studies, as the two groups were based on different anaesthetic medications (propofol or
sevoflurane), with no control group. Plasma syndecan-1 and HS levels showed minimal
variations during surgery but significantly increased 2-h post-operatively (p < 0.05 and
p < 0.001, respectively, between 90 min and 2 h, compared using Wilcoxon’s matched-pair
test). Plasma concentrations for brain natriuretic peptide (BNP) showed small changes but
no significant differences between groups.

There was a common significant increase in plasma syndecan-1 concentrations be-
tween baseline values and the first time-point post-operation. Data from the articles plotted
(Figure 3) showed similar baseline values compared with their corresponding intervention
group. Hence, we used the first timepoint post-operation from each article as the basis
for the forest plot (Figure 4). Patients receiving diazoxide in CPB, methylprednisolone
in CPB for neonates, methylprednisolone in VSD trial, methylprednisolone in total-knee
arthroplasty, UTI in VATS lobectomy, had pooled mean differences of −1.4 (95% CI: −3.67,
0.87), −83.1 (95% CI: −150.4, −15.8), −59.0 (95% CI: −96.97, −21.03), −10 (95% CI: −20.79,
0.79) and −0.1 (95% CI: −9.0, −9.80), respectively.

Figure 3. Changes in plasma syndecan-1 concentration in the control groups of the included articles. Values lower than
x = 0 represent blood samples taken pre-operative. Values within the grey region are samples recorded intra-operatively.

211



Appl. Sci. 2021, 11, 6994

F
ig

u
re

4
.

Fo
re

st
pl

ot
of

th
e

m
ea

n
di

ff
er

en
ce

of
pl

as
m

a
sy

nd
ec

an
-1

co
nc

en
tr

at
io

n
ch

an
ge

s
fo

r
tr

ea
tm

en
ts

to
pr

ot
ec

ta
ga

in
st

EG
de

gr
ad

at
io

n
in

su
rg

er
y.

212



Appl. Sci. 2021, 11, 6994

4. Discussion

To the authors’ knowledge, there has been no systematic review to investigate treat-
ments to protect against EG degradation in surgery. In our study, the greatest change
in plasma syndecan-1 concentrations from baseline values, was generally found at the
first timepoint measured post-operatively. Syndecan-1 is a marker for greater trauma of
EG shedding, so more time may be required for this extent of damage to occur and to
be detected. The transient increase can be explained by the proteolytic degradation of
the glycocalyx with subsequent rapid clearance, especially via the kidneys [30]. A slow
systemic degradation could be explained by a general activation of leucocytes and platelets
with an associated release of enzymes that shed the glycocalyx [31]

Pooled data from 196 patients in 5 randomised controlled trials for protective treat-
ments against EG degradation in surgery indicated that patients treated with experimental
drugs were more likely to respond than those treated with placebo, with a pooled mean
difference of −8.94 (95% CI: −19.60, 1.61). Randomised controlled trials using methylpred-
nisolone were shown to have the greatest effect to inhibit elevation of syndecan-1 levels.
This may be important as it provides evidence for the development of personalised inter-
ventions, targeting patients in selected groups with altered risk profiles, for example, using
bolus I.V. methylprednisolone in patients with high baseline values of endothelial activa-
tion and damage. Lindberg-Larsen study [24] found that the effect of methylprednisolone
on syndecan-1, sTM and VEGF concentrations was dependant on the time of sampling,
with these outcomes increasing with time. Pesonen study [27] showed similar changes in
which methylprednisolone failed to inhibit the increase of syndecan-1 shedding at the early
time-points, yet showed significant lowering of syndecan-1 levels to its corresponding
control group for later time-points. A combination of the previous work on interleukins by
Keski-Nisula [32] and these present syndecan-1 results suggest that methylprednisolone
probably mediates the conservation of glycocalyx by an anti-inflammatory action. This is
operative at the time-points when interleukin production is regulated via de novo protein
synthesis due to glucocorticoid receptor activation. Of the three randomised clinical trials,
with only one of them to have their upper-confidence interval to go beyond the line of no
effect by 0.79 ng/mL, future work on methylprednisolone could be promising to protect
the EG in surgery.

Brettner [22] showed hydrocortisone to reduce minor disturbances and not significant
degradation of the EG. This shows that mechanistic pathways involved with shedding of
heparan sulphate side-chains evoked by the combined stimuli of surgery were more suscep-
tible to inhibition by hydrocortisone than the one leading to cleavage of the transmembrane
core protein, syndecan-1. Whilst inflammatory markers (IL-6 and CRP) had shown signifi-
cantly higher levels in the control group to the hydrocortisone group post-operatively, it
had no relevant influence on inflammatory clinical parameters. As highlighted previously,
the Lindberg-Larsen study [24] showed the effect of methylprednisolone on syndecan-1,
sTM and VEGF concentrations was dependant on the time of sampling, with these out-
comes increasing with time. However, this study showed no correlation with changes in
CRP and any of the EG degradation markers. Analysis of the Nemme study [26] was chal-
lenging with no control group, however, there were no marked changes in BNP, syndecan-1,
heparan sulphate and CRP between the two groups. There was no correlation between
inflammatory markers (BNP and CRP) and glycocalyx shedding products.

The following results from the three articles differed from their previous research.
Experimental studies had shown hydrocortisone to provide EG protective properties, most
probably due to the stabilisation of mast cells, and, therefore, the amelioration of histamine,
cytokines, lysases and protease production [9,33,34]. Stress doses of hydrocortisone ad-
ministered before cardiac surgery in high risk patients attenuated systemic inflammation
and improved early outcomes [35]. Glucocorticoids, such as methylprednisolone, have
been shown in animal studies to reduce oedema formation and shedding of the glycocalyx
by reducing the systemic inflammatory response in surgery [36]. Nemme [26] was unable
to replicate the typical acute increase in BNPs seen previously experimentally [37,38] and
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post-operatively [39]. The included articles did not investigate the association between the
degradation of the EG and cytokine production. Further surgical studies should look to
understand the association and mechanism between EG shedding and cytokines’ influence
on endothelial permeability.

A common problem found in each randomised controlled trial was minimal shedding.
The two reasons in which minimal shedding could have occurred are (1) the small patient
sample and (2) the low operative stress in each clinical trial. Johansson study [12] showed
that patients undergoing surgery from significant trauma had elevated syndecan-1 concen-
trations associated with raised inflammatory markers. This could highlight that significant
EG degradation is needed to stimulate an inflammatory response, and hence, allow the
action of anti-inflammatory medication to protect and treat against the symptoms.

Wang et al. [28] found a significantly greater decrease in plasma albumin compared
with HGB at POD1, suggesting that serum albumin was not only lost as a result of blood
loss but also by extravasation and attributed this to increased vascular permeability. Fur-
thermore, serum albumin levels were significantly lower at POD1 in the control group
compared to the UTI group, yet HGB levels were similar in both groups. This suggests that
serum albumin leakage was reduced as a result of a decrease in microvascular permeability
in the UTI group. With the UTI group showing no significant increase in syndecan-1,
not only does this provide evidence of association between alleviation of degradation
and preserving vascular permeability, it also suggests the development of personalised
interventions against oedema formation as a result of surgery. With these findings, it
may suggest a mechanism whereby UTI acts to protects the vascular endothelial barrier
function during surgery, and therefore reduce tissue oedema. The Nemme study [26], also
used the latter approach to investigate fluid maintenance in surgery to protect against EG
degradation. A comparison between variables could only be made from the first hour
post-infusion, which suggested intravascular albumin leakage out of the bloodstream at a
normal rate. However, the data did not support previous work that suggested significant
capillary leakage of albumin in response to hypervolemia [40].

Whilst this analysis provides useful information for clinicians for future work, the
following limitations should be noted. As with all meta-analyses, the precision of pooled
effect estimates is dependent on the sample size. Therefore, of all the included articles
which had small sample sizes, greater patient cohorts are needed to be truly representative
of the clinical outcomes experienced in the population. We have seen the contradictory
evidence of EG degradation in surgery, yet it is well-understood that greater operative-
stress does have an impact on endothelial integrity. Where there was a lack of ability
to disrupt EG structure, this produced varying degrees of inflammatory responses and
albumin leakage. Correlation between EG degradation and inflammatory markers as well
as pronounced extravasation were difficult to analyse. Included articles did not investigate
the source of EG degradation products produced during surgical operations. Overall, the
included trials showed no significant difference in clinical signs and symptoms between
intervention and control groups, differing to the work of Johansson et al. [12].

Despite the relative similarity of the study design of the randomised controlled trials
(RCTs) included in the systematic review, there are always some levels of inconsistency due
to variability in factors, such as treatment duration, outcomes assessed, patient age, severity
of illness for need of surgery and co-morbid conditions. This is of clinical significance
as plasma concentration of syndecan-1 and hyaluronic acid can vary dependant on the
kidney’s ability to excrete them [41]. These facts have not been reported consistently and
cannot be assessed in this study. Finally, the authors were unable to find universal dosing
strategies identified from official bodies for guidelines to treat EG degradation in surgery.
Therefore, the dosing strategies in the RCTs were variable.

With the relatively-high level of heterogeneity indicated by I2, these limitations high-
light a real need for a set design for clinical trials to cohesively investigate protective
treatments against EG degradation in surgery. Guidelines and reporting standards should
be used to increase uniformity and reduced heterogeneity between RCTs, therefore max-
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imising confidence, validity and comparative analysis for subsequent systematic reviews.
Following is a list of suggestions for future RCTs on this topic;

• Study design: trials should be a placebo-controlled, double-blind, and a parallel design,
with treatment administered pre-operatively or following the induction of anaesthesia
but before the start of the surgical procedure. Time-points should be assessed at all
stages of the surgical operation (pre-operative, intra-operative and post-operative) to
assess trends in which the treatments affect the production of glycocalyx products.

• Patient population: RCTs should evaluate the work of Johansson study [12] to assess
EG degradation in patients with greater operative stress. Mean age, concomitant
medication, incidence and common co-morbidities should be collected and reported
for each treatment group.

• Clinical outcomes: syndecan-1 and heparan sulphate should be used as primary
markers to measure the degree of EG degradation. In addition, inflammatory markers
(CRP, white blood cells) as well as capillary leakage of albumin (HGB and albumin)
should be measured and correlated to identify relationships with glycocalyx shedding.
Future work should use either Hedin and Hahn [42] or Hasselgren [43] technique to
measure capillary leakage.

5. Conclusions

Whilst the effects of surgery are known to cause shedding of the EG, clinical surgical
research into protective treatments for this structure are still in the early stages. The aim of
this systematic review was to investigate treatments listed on large clinical databases to
protect against EG degradation in surgery. Reviewing the pooled data from 385 patients
in 8 RCTs, interventions looked to target (1) dampening the inflammatory response or (2)
fluid maintenance during surgery. From these initial studies, we have seen some promising
results. Methylprednisolone is shown to target the transient increase of syndecan-1 levels
immediately after surgery. There is evidence that UTI can reduce the degradation of the EG
with a reduction of albumin extravasation. Building from the initial findings of the included
studies in this systematic review, and following the proposed suggestions for study design,
the hope is that future RCTs will improve uniformity and maximise confidence for finding
protective treatments for the EG in surgery.
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