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ABSTRACT: Lipid nanovectors (LNVs) represent potent and versatile tools in the field of drug
delivery for a wide range of medical applications including cancer therapy and vaccines. With this
Technical Note, we introduce a novel “portable”, easy-to-use, and low-cost strategy for double use:
(1) it allows one to both quantify the amount of cargo in LNV formulation and (2) classify the
nature of formulation with the aim of chemometrics. In particular, an electrochemical strip, based
on a screen-printed electrode, was exploited to detect methylene blue (MB) as the model cargo
encapsulated in various liposomes (used as model LNV). The experimental setup, including release
of the MB content and its electrochemical quantification were optimized through a multivariate
design of experiment (DoE), obtaining a satisfactory 88—95% accuracy in comparison to standard
methods. In addition, the use of principal component analysis-linear discriminant analysis (PCA-
LDA) highlighted the satisfactory differentiation of liposomes. The combination of portable
electroanalysis and multivariate analysis is a potent tool for enhancing quality control in the field of
pharmaceutical technologies, and also in the field of diagnostics, this approach might be useful for
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application toward naturally occurring lipid nanoparticles, i.e., exosomes.

B INTRODUCTION

Lipid nanovectors (LNVs), including liposomes and lipid
nanoparticles, have emerged as revolutionary players in the
field of drug delivery,' presenting a versatile and efficient
platform that addresses critical challenges associated with
traditional therapeutic approaches.”® Given the versatility in
encapsulating a broad spectrum of both hydrophobic and
hydrophilic pharmaceutical compounds, LNV formulations are
under the spotlight for a wide range of medical applications,
including cancer therapy,* gene therapy,” and vaccines® due to
higher biocompatibility and pharmacokinetics ability. The
encapsulation of therapeutic agents also facilitates targeted and
controlled delivery, contributing to the optimization of
therapeutic outcomes.””” Drugs loaded into liposomes become
bioavailable only when they are released. Therefore, to achieve
optimal therapeutic activity, it is necessary to effectively
encapsulate, monitor, and modify the rate of drug release from
liposomes. On the other hand, the high loading into the LNV
is mandatory to administer a limited dose of the formulation.

In the evaluation phase of a pharmaceutical formulation, a
systematic and methodical approach is essential to evaluate
parameters such as encapsulation efficacy, stability,10 and
safety, due to decision-making processes regarding further
optimization, scale-up, and potential clinical applications."' ="
Quantifying the loaded cargo is a multifaceted process that
involves various analytical methods,'”*™'® including High-
Performance Liquid Chromatography (HPLC), UV—vis spec-
troscopy, and mass spectrometry. All of these methods allow

© 2024 American Chemical Society

7 ACS Publications

analysts to assess the encapsulation efficiency, ensuring that
liposomes carry the intended amount of therapeutic
cargo.'”"*" However, despite all of the available analytical
approaches, the evaluation of the liposome encapsulation
efficacy is routinely performed at the end of the whole process.
In order to avoid both laborious procedures and time/reagent
loss (in the case of synthetic issues during their production),
the development of facile and low-cost analytical procedures,
as represented by portable analytical methods, i.e., sensors and
biosensors, might represent a valuable alternative:”' these
might be consistent with a fast monitoring of liposomes’
quality during synthesis, also improving scalability and the
quality of encapsulation: electrochemical sensors and bio-
sensors, via screen-printed electrode (SPEs), might represent
valid candidates as demonstrated by their application in various
fields of biomedicine.””~** The most valuable features of SPEs
are represented by their cost-effectiveness, disposability,
portability, and easy customization.”® To date, the adoption
of SPEs associated with liposomes has been majorly applied for
developing sensing architectures as reported in the literature.
For instance, a liposome composed mainly of dipalmitoyl-
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phosphatidylcholine (DPPC), dipalmitoylphosphatidylglycerol
(DPPG), and cholesterol was filled with ferrocene carboxylic
acid and used as an electrochemical label for the development
of an immunoassay for the detection of carcinoembryonic
antigen in saliva: in this case, after the antibody—antigen
recognition was obtained, the liposome was dissolved in a
methanol-triton X-100 mixture and then analyzed with
voltammetry experiments.”® A similar liposomal architecture,
loaded with methylene blue, was also exploited as an
electrochemical label in the development of an electrochemical
immunosensor for progesterone detection: in this case, the
released electrochemical mediator was measured after lip-
osomes were vacuum-dried.”” Another work exploited the role
of a methylene blue-loaded liposome as an electrochemical
label to detect enzyme phospholipase A2. The release of the
electrochemical mediator, and its following detection, was
activated by the presence of the target enzyme and its ability to
hydrolyze the phospholipid of the liposomes.”® The same
approach based on the use of liposomes as the electrochemical
labels has also been reported for the development of other
sensing architectures.”” However, all these works exploit the
use of liposomes as electrochemical labels to transduce
recognition events, e.g., antibody—antigen, enzyme—substrate,
nucleic acid hybridization, while the aim of this Technical
Note is to highlight the development of an electrochemical
approach to quantify and characterize the efficacy of cargo
encapsulation. In order to provide an efficient tool for quality
control, three lipid nanovectors containing cholesterol and
distearoylphosphatidylcholine (DSPC), DPPC, and hydro-
genated soybean phosphatidylcholine (HSPC) have been
loaded with methylene blue and subsequently analytically
characterized, including the use of a multivariate design of
experiment (DoE) to optimize methylene blue (MB) detection
and principal component analysis-linear discriminant analysis
(PCA-LDA) to characterize and classify each liposome
formulation. This work presents the proof-of-concept
application of an electrochemical device in the LNV field,
representing a starting point for supporting application in the
pharmaceutical quality control process.

B EXPERIMENTAL SECTION

Reagents. Cholesterol (Chol), methylene blue (MB), and
Triton X-100 was provided by Sigma-Aldrich (St. Louis, MO,
USA). The lipids distearoylphosphatidylcholine (DSPC),
dipalmitoylphosphatidylcholine (DPPC), and hydrogenated
soybean phosphatidylcholine (HSPC) were produced by
Lipoid GmbH (Ludwigshafen, Germany). Methanol and
other solvents were obtained from Exacta Optech (Italy).

Liposome Preparation and Quantification of Encap-
sulated MB. MB-loaded liposomes were prepared by
hydration of a lipid film followed by extrusion.’””' In the
first step, different lipids were dissolved in a chloroform/
methanol solution (2:1 v/v) and mixed in a 50 mL glass flask.
The thin film was obtained by a rotary evaporator (Laborota
4010 digital, Heidolph, Schwabach, Germany) and then
hydrated with a methylene blue aqueous solution (0.5 mM)
for 1 h. Depending on the lipid composition, different
hydration temperatures were used. The liposome suspension
was then extruded by a thermobarrel extruder system
(Northern Lipids Inc, Vancouver, BC, Canada) repeatedly
passing the suspension under nitrogen through polycarbonate
membranes with decreasing porosity (0.4 and 02 pm;
NucleoporeTrack, Whatman, Brentford, UK). Methylene

blue-loaded liposomes were dialyzed in water to remove the
nonencapsulated methylene blue. The liposome formulation
was stored at 4 °C. All formulations developed are reported in
Table S1, Supporting Information. Blank liposomes were also
prepared and used as a control. All the physical-chemical
characterizations of the liposome formulations are reported in
the Supporting Information file (Figures S1 and S2). To
measure the amount of MB encapsulated in the formulation,
liposomes were dissolved in methanol (1:100 v/v), and
samples were centrifuged for 20 min at 13000 rpm and 25
°C using a laboratory centrifuge D1524R (DLAB Scientific
Co., Ltd., China). Supernatants were then spectrophotometri-
cally analyzed at 653 nm.

Electrochemical Measurements on Electrochemical
Strips. The electrochemical measurements were carried out
with a commercial carbon SPE (DropSens 110, Metrohm,
Italy) and uStat portable potentiostat (Metrohm). Cyclic
voltammetry was first performed to understand the potential of
MB released from different formulations, and for this purpose,
the large range was tested (—0.9 to 0.9 V) with an “Estep” of
0.02 V and scan rate of 0.05 V/s. All measurements were
performed in the presence of potassium chloride (KCl) as the
supporting electrolyte at a concentration of 0.1 M. A DSPC
was used as a model formulation, and the faradaic peak was
recorded at range of ca. —0.3 V. The measurements were
performed in linear sweep voltammetry (LSV) mode from
—0.5 to 0 V. The parameters in terms of lysis protocol and
time of measurement acquisition are reported in another
subparagraph. DPPC, DSPC, and DPPC were tested in LSV
mode. For each formulation, the calibration curves were
acquired by using the same formulations of blank (without MB
enclosed) spiked with MB at increasing concentration ranges
from 2 to 12 ug/mL in the presence of Triton X-100 1% and
KCI 0.1 M following the optimized condition of DoE results.
The same method was performed for MB quantification
encapsulated in different formulations. The data from the
electrochemical experiments were acquired with DropView
8400 Software and analyzed with CAT software.’”

MB Release and Electrochemical Optimization with
DoE. To evaluate the correct experimental procedure involving
both the lysis of the liposomes and the measurement of the
released MB, we used the DoE. In particular, we investigated
the main variables such as the temperature at which the lipid to
carry out the melting point occurs lipids, the concentration of
the surfactant used to facilitate the opening of the bilayer, the
incubation time, and the deposition time of the drop on the
electrode. A D-Optimal design model was used, described in
the following equation:

¥ = by + by + byx, + byxshxy + bypxg, + bigxgg
+ biyxyy + bygxoy + byyxyy + by,

In detail, we investigated three different temperatures such
as 50, 60, and 70 °C for three different incubation times 15
min, 30 min, and 1 h in the absence and presence of triton X-
100 at two different concentrations of 1% and 2%. To establish
an electrochemical measurement that considers the surface
interaction of the working electrode, we tested the interaction
time of the liposome drop in a time range from 5 to 20 min.

MB Quantification and PCA-LDA for Classification of
Different Types of Formulation. To measure the content of
MB loaded within each formulation, the samples were
incubated with 1% of Triton X-100 for 1 h at 60 °C for
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complete lysis. A 50 4L drop was spotted on the carbon surface
of the SPE, stabilizing the interaction of the released MB with
the working electrode for 20 min, and the electrochemical
measurements were carried out with SPEs in linear sweep
voltammetry (LSV). To discriminate the lipid nanoparticles,
the voltammograms of each formulation were tested by
carrying out cross-validation tests with the application of
PCA-LDA via the software CAT. Figure 1 shows the whole
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Figure 1. Workflow of the whole experimental setup.

workflow which includes: MB encapsulation, DoE optimiza-
tion of liposomes’ lysis and MB electrochemical detection at
the printed strip, and PCA-LDA classification of the liposomes’
formulation.

B RESULTS AND DISCUSSION

Optimization of the Experimental Setup. In order to
obtain the optimal experimental conditions to both open the
liposomes and detect the contained MB at the screen-printed
electrode, the DSPC-based liposomes were used as the model
formulations. In particular, due to the diverse parameters to be
evaluated, a design of experiment (DoE) has been taken into
account. In fact, the adoption of a multivariate strategy has
allowed us to consider all the contributions and the
interactions among parameters of different natures and also
to obtain an optimization with the use of a lower number of
experiments. In particular, the following parameters have been
considered: incubation time, triton X-100, temperature, and
drop time. Briefly, incubation time was consistent with the
time of contact between liposomes and triton X-100; triton X-
100 was the concentration of the surfactant. Temperature was
the heating temperature, and drop time was consistent with the
time to leave the drop onto the electrode prior to be
electrochemically analyzed. In addition, thanks to the DoE, D-
Optimal and also the first-order interaction among the various
parameters were taken into consideration, e.g., triton X-100-
temperature, drop time-incubation time, etc. As above-
mentioned, all the experiments were carried out through the
use of LSV to detect the amount of released MB: as shown in
Figure 2, the contribution of each parameter was evaluated on
the electrochemical response.

The DoE allowed researchers to study the effect of all the
experimental parameters with the performance of 57 experi-
ments instead of 108 as estimated by performing a one variable
at a time (OVAT) approach.’”** At the levels, three
temperatures were evaluated 50, 60, and 70 °C, three
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Figure 2. DoE results obtained from the analysis of electrochemical
experiments. Histogram represents the weight intensity detected in
the evaluation of the experimental variables (a—j) which are (a)
incubation time, (b) triton X-100 concentration, (c) drop time on the
strip, and (d) temperatures. The first-order interaction of parameters
is reported as (e) incubation time-triton X-100 concentration, (f)
incubation time-drop time, (g) incubation time-temperature, (h)
triton X-100-drop time, (i) triton X-100-temperature, and (j) drop
time-temperature. In the inset, a 3D graph shows the response surface
between the variables that show the highest contribution in the sensor
development, incubation time, and drop time. The z-axis represents
the intensity of the sensor response in terms of A, predicted by the
model at each point in the experimental domain.

incubation times of 15, 30, and 60 min, and three levels per
triton X-100 0, 1%, and 2%, and to improve the electro-
chemical readout, a drop time from S5 to 20 min was
considered. Three replicates were performed for each
condition with a total of 19 combination groups tested. As a
result of these experiments, Figure 2 reports the “weight” of the
variable and a combination of these in the SPE measurements.
The main parameters that showed the greatest influence on
voltammetric measurements were the drop time and the
incubation time of the formulation to release all the o
contained. With regard to the drop time, meaning the time of
contact between the lysed liposomes with the electrode, it
appeared to have the highest influence. This behavior could be
ascribable to the adsorption of MB on the carbon-based
working electrode, as also reported in the literature.”* The
incubation time was also characterized by a higher intensity
with respect to other parameters: how the prolonged
interaction with the surfactant might facilitate the release of
MB is reasonable. In addition, the coefficient of variation (CV)
was calculated as the percentage value of the ratio between the
standard deviation and the mean peak oxidation current
obtained from three different replicates performed for each
tested condition. Figure S3 in the Supporting Information
shows the CV% results for the different LNVs, always lower
than 3% (five replicates).

Release of Liposomal Cargo and Electrochemical
Quantification. Following the optimization study that was
carried out, the electrochemical quantification of the released
liposomal cargo, i.e., methylene blue, was performed on three
formulations, namely, DSPC, DPPC, and HSPC, using the
following experimental parameters: triton X-100 1%, temper-
ature 60 °C, incubation time 1 h, and drop time of 20 min. We
optimized these parameters on the basis of the results obtained
from the DoE experiment, with some modifications. All the
electrochemical measurements were performed on a carbon-
based screen-printed electrode in the presence of KCI 0.1 M,
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and the calibration and formulation voltammogram are
reported in Figure 3.
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Figure 3. Voltammetric curves obtained with LSV and the
corresponding calibration curve from 2 to 12 ug/mL of methylene
blue (green curves). LSV curve before (black curve) and after the lysis
procedure (red curve) for (A) DSPC, (B) DPPC, and, (C) HSPC
liposomal formulation, respectively.

For all of the formulations that have been considered, MB-
spiked blank liposomes (in the range between 2 and 12 ug/
mL) have been electrochemically analyzed. This step was
necessary to evaluate the sensitivity toward MB in the various
formulations: in particular, very satisfactory correlations were
obtained as described by the following calibration curves,
namely, y = 0.32x + 0.47 (R* = 0.99), y = 0.42x + 0.62 (R* =
0.99), and y = 0.38x + 0.63 (R* = 0.99), respectively, for
DSPC, DPPC, and HSPC. The maximum oxidation peak was
recorded at —0.3 V for all of formulations tested. As shown in
the upper inset of Figure 3A—C, it is obvious how the signal
due to the oxidation of MB appeared when the MB-containing
liposomes were lysed following the optimized procedures. In
particular, the content of MB was quantified, and the accuracy
was obtained by comparing the electrochemical results with
the spectrophotometric one at 653 nm. The quantification
measurements showed loadings of 5.7, 5.2, and 5.2 in ug/mL,
respectively, for DSPC, DPPC, and HSPC compared to the
standard method, which revealed loadings of 5.4, 4.7, and 4.6,
respectively. What should be noted is that the nominal loading
was supposed to be 6 pg/mL, and the reported results
highlight the importance of developing quick analytical
methods to evaluate the “real” concentration of cargo that is
delivered for specific treatments. Our method demonstrated an
average accuracy of 95%, 90%, and 88%, respectively, for
DSPC, DPPC, and HSPC.

Multivariate-Driven Discrimination of Formulations.
Although the quantification of the cargo contained in the
liposome formulations demonstrated the feasibility of the

proposed method, a multivariate analysis technique was
applied to identify the formulations by analyzing the
voltammogram shapes. In particular, a multivariate statistical
technique, namely, principal component analysis-linear dis-
criminant analysis (PCA-LDA), was used to analyze three
different data sets of the voltammogram for a total of 60
measurements, with the aim of constructing a discrimination
model by using sets of measurements from the three data sets,
i.e, DSPC, DPPC, and HSPC, as shown in Figure 4.
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Figure 4. Score plot of the three formulations analyzed and separated
with the use of PCA-LDA, including HSPC (green dots), DPPC
(black dots), and DSPC (red dots). The inset shows histograms
relative to the evaluation of (a) accuracy, (b) specificity, and (c)
selectivity.

The PCA-LDA was applied to 60 recorded voltammograms,
and the prediction capability was assessed with a cross-
validation method. As reported in the literature, the PCA-LDA
model is characterized by a high accuracy and specificity in the
classification of signals.”> The score plot reported in Figure 4 is
built in the domain of the principal components PC1 and PC2,
which carried ca. 98% of all the voltammogram variation found
in the whole data set. In particular, the clusters shown in the
score plot highlighted the satisfactory differentiations of HSPC
and the other two formulations, highlighting two principal
patterns based on the shape of the voltammograms with no
overlapping score values. In particular, HSPC and the couple
DPPC/DSPC are well separated along the PC1, and in fact,
HSPC is mainly characterized by negative PC1 score values,
while DPPC and DSPC have mainly positive PC1 score values.
In particular, the histograms reported in the inset of Figure 4,
representing the percentages associated with accuracy,
specificity, and selectivity in discriminating voltammograms
of the three different compositions, demonstrated a satisfactory
total result of ca. 90% prediction accuracy across the three
tested formulations.

B CONCLUSION

In this Technical Note, for the first time, we present a portable
electrochemical platform to be applied for improving quality
control during encapsulation of lipid nanoparticles for drug
delivery application. A double use of this tool is recognized:
the possibility to quantify the cargo and the effectiveness in
defining the quality of vectors with the adoption of
chemometrics. Although the exploitation of lipid nanoparticles
for delivering drugs and vaccines has increased in recent years,
the evaluation of the encapsulation efficacy is still carried out
with the use of analytical techniques characterized with
multiple tasks and specialized equipment, i.e., chromatography,
spectrophotometry, etc. The design, characterization, and
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application of a low-cost and easy-to-use protocol, based on
the adoption of screen-printed electrodes, have highlighted the
possibility to quantify the efficacy of cargo encapsulation
within liposomes. As a model redox substance, methylene blue
was encapsulated into liposomes, and the proposed electro-
chemical method yielded an accuracy higher than 90% in
comparison with the spectrophotometric determination used
as the gold standard. Furthermore, the coefficient of variation
obtained is less than 3% in the quantification of the
encapsulated analyte in the three lipid formulations. Moreover,
the use of multivariate analysis, i.e., principal component
analysis coupled to linear discriminant analysis, demonstrated
the possibility in differentiating three formulations loaded with
methylene blue with varying lipid composition. The classi-
fication was possible as the voltammetric curves for each
formulation were characterized by different shapes, thus
confirming the electrochemical detection as a powerful tool
for their discrimination and as a proof of concept for
automated analysis. The development of this method
represents a valuable tool for quality control in pharmaceutical
technology applications. It is important to note that each lipid
formulation varies in its liposomal composition and encapsu-
lated content. Therefore, it is crucial to test the method for
each variable present and also employ reference techniques for
validation.

This study paves the way for a versatile tool in the field of
drug delivery for many reasons: (i) it might be adopted while
cargo are encapsulated into liposomes to evaluate the
efficiency, by quantifying the real cargo concentration without
the use of sophisticated techniques, and in real-time, (ii) in
combination with multivariate analysis, the electrochemical
detection at the screen-printed electrodes is capable of
providing a classification to differentiate liposomes on the
basis of the voltammetric curves’ profile, and (iii) the same
architecture might be used in the future for diagnostics, e.g,
the quantification of biomarkers within circulating extracellular
vesicles associated with cancer or other diseases, the differ-
entiation among healthy and unhealthy patients.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01997.

Table S1, Figure S1, and Figure S2 focused on the
characterization of lipid nanovectors; Figure S3,
information about coefficient variation calculation
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Stefano Cinti — Department of Pharmacy, University of
Naples Federico II, 80131 Naples, Italy; © orcid.org/0000-
0002-8274-7452; Email: stefano.cinti@unina.it

Authors
Sabrina Romano — Department of Pharmacy, University of
Naples Federico II, 80131 Naples, Italy
Alessia Angelillo — Department of Pharmacy, University of
Naples Federico II, 80131 Naples, Italy
Wanda Cimmino — Department of Pharmacy, University of
Naples Federico II, 80131 Naples, Italy

Nunzia Iaccarino — Department of Pharmacy, University of
Naples Federico II, 80131 Naples, Italy

Valeria Nele — Department of Pharmacy, University of Naples
Federico 1I, 80131 Naples, Italy; ® orcid.org/0000-0002-
7263-7209

Virginia Campani — Department of Life Health Sciences and
Health Professions, Link Campus University, Rome 00165,
Italy; ® orcid.org/0000-0002-9339-922X

Giuseppe De Rosa — Department of Pharmacy, University of
Naples Federico II, 80131 Naples, Italy; ® orcid.org/0000-
0002-1210-1269

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.4c01997

Author Contributions

SR. and AA. contributed equally. Conceptualization: S.R,,
V.C, G.DR, S.C; Methodology: SR, A.A, V.N,; Visual-
ization: S.R,, A.A,, W.C,, N.L; Supervision: V.C,, GD.R, §.C;
Writing original draft: S.R.,, V.N,, V.C,, G.D.R,, S.C.; Writing
review and editing: S.R, W.C,, N.L, V.C,, GD.R, S.C.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge the grant CN00000041 “National Center for
Gene Therapy and Drugs based on RNA Technology”
(concession number 1035 of 17 June 2022-PNRR MUR -
M4C2 - Investment 1.4 Call “National Centers”, financed by
EU- NextGenerationEU), project code (CUP
E63C22000940007). S.C. acknowledges AIRC under MFAG
2022—ID. 27586 project—P.I. S.C. S.R. acknowledges AIRC
for funding her postdoctoral Fellowship. V.N. was supported
by Fondazione Umberto Veronesi [grant number 5184].

B REFERENCES

(1) Hsu, C. Y.; Rheima, A. M.; Kadhim, M. M,; et al. S Afr J. Chem.
Eng. 2023, 46, 233—270.

(2) Meng, Y.; Niu, X;; Li, G. Curr. Drug Delivery 2023, 20 (1), 41—
S6.

(3) Wang, S.; Chen, Y.; Guo, J.; Huang, Q. Int. ]. Mol. Sci. 2023, 24
(3), 2643.

(4) Fulton, M. D.; Najahi-Missaoui, W. Int. J. Mol. Sci. 2023, 24 (7),
6618.

(5) Son, J. S; Chow, R; Kim, H,; et al. Reproductive Biology and
Endocrinology. 2023, 21 (1), 75.

(6) Tretiakova, D. S.; Vodovozova, E. L. Biochem. (Moscow), Suppl.
Ser. A: Membr. Cell Biol. 2022, 16, 1-20.

(7) Garg, T. K; Goyal, A. Drug Deliv Lett. 2014, 4 (1), 62—71.

(8) Taylor, K. M. G.; Newton, J. M. Thorax. 1992, 47 (4), 257.

(9) Furlani, F,; Rossi, A.; Grimaudo, M. A,; et al. Int. J. Mol. Sci.
2022, 23 (2), 894.

(10) Sainaga Jyothi, V. G. S.; Bulusu, R.; Venkata Krishna Rao, B.;
et al. Int. J. Pharm. 2022, 624, 122022.

(11) Vemuri, S.; Rhodes, C. T. Pharm. Acta Helv. 1995, 70 (2), 95—
111.

(12) Nsairat, H.; Khater, D.; Sayed, U.; Odeh, F.; Al Bawab, A
Alshaer, W. Heliyon. 2022, 8 (5), No. e09394.

(13) Sriwidodo; Umar, A. K,; Wathoni, N.; Zothantluanga, J. H.;
Das, S.; Luckanagul, J. A. Heliyon. 2022, 8 (2), No. e08934.

(14) Fan, Y,; Marioli, M.; Zhang, K. J. Pharm. Biomed Anal. 2021,
192, 113642.

(15) Ge, X.; Wei, M.; He, S.; Yuan, W. E. Pharmaceutics. 2019, 11
(2), ss.

(16) Machluf, M; Regev, O.; Peled, Y,; Kost, J.; Cohen, S. J.
Controlled Release 1997, 43 (1), 35—45.

https://doi.org/10.1021/acs.analchem.4c01997
Anal. Chem. 2024, 96, 11651—11656


https://pubs.acs.org/doi/10.1021/acs.analchem.4c01997?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c01997/suppl_file/ac4c01997_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Cinti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8274-7452
https://orcid.org/0000-0002-8274-7452
mailto:stefano.cinti@unina.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabrina+Romano%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessia+Angelillo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanda+Cimmino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nunzia+Iaccarino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valeria+Nele"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7263-7209
https://orcid.org/0000-0002-7263-7209
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virginia+Campani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9339-922X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+De+Rosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1210-1269
https://orcid.org/0000-0002-1210-1269
https://pubs.acs.org/doi/10.1021/acs.analchem.4c01997?ref=pdf
https://doi.org/10.1016/j.sajce.2023.08.009
https://doi.org/10.1016/j.sajce.2023.08.009
https://doi.org/10.2174/1567201819666220324093821
https://doi.org/10.2174/1567201819666220324093821
https://doi.org/10.3390/ijms24032643
https://doi.org/10.3390/ijms24032643
https://doi.org/10.3390/ijms24076615
https://doi.org/10.3390/ijms24076615
https://doi.org/10.1186/s12958-023-01125-2
https://doi.org/10.1186/s12958-023-01125-2
https://doi.org/10.2174/22103031113036660015
https://doi.org/10.1136/thx.47.4.257
https://doi.org/10.3390/ijms23020894
https://doi.org/10.3390/ijms23020894
https://doi.org/10.1016/j.ijpharm.2022.122022
https://doi.org/10.1016/0031-6865(95)00010-7
https://doi.org/10.1016/0031-6865(95)00010-7
https://doi.org/10.1016/j.heliyon.2022.e09394
https://doi.org/10.1016/j.heliyon.2022.e08934
https://doi.org/10.1016/j.jpba.2020.113642
https://doi.org/10.1016/j.jpba.2020.113642
https://doi.org/10.3390/pharmaceutics11020055
https://doi.org/10.3390/pharmaceutics11020055
https://doi.org/10.1016/S0168-3659(96)01466-6
https://doi.org/10.1016/S0168-3659(96)01466-6
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c01997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry pubs.acs.org/ac Technical Note

(17) Petrini, M.; Lokerse, W. J. M.; Mach, A.; Hossann, M.; Merkel,
O. M,; Lindner, L. H. Int. ]. Nanomedicine. 2021, 16, 4045—4061.

(18) Bian, J.; Girotti, J.; Fan, Y.; et al. J. Chromatogr A 2022, 1662,
462688.

(19) Liu, Y.; Castro Bravo, K. M.; Liu, J. Nanoscale Horiz. 2021, 6
(2), 78—94.

(20) Sheoran, R;; Khokra, S. L.; Chawla, V.; Dureja, H. Recent Pat
Nanotechnol. 2019, 13 (1), 17-27.

(21) Sheybanifard, M.; Guerzoni, L. P. B.; Omidinia-Anarkoli, A.;
et al. Lab Chip. 2022, 23 (1), 182—194.

(22) Cimmino, W.; Migliorelli, D.; Singh, S.; Miglione, A.; Generelli,
S.; Cinti, S. Anal Bioanal Chem. 2023, 415 (18), 4511—4520.

(23) Singh, S.; Podder, P. S.; Russo, M.; Henry, C.; Cinti, S. Lab
Chip 2022, 23 (1), 44—61.

(24) Miglione, A.; Raucci, A.; Amato, J.; et al. Anal. Chem. 2022, 94
(45), 15558—15563.

(25) Singh, S.; Wang, J; Cinti, S. ECS Sensors Plus. 2022, 1 (2),
023401.

(26) Viswanathan, S.; Rani, C.; Vijay Anand, A.; Ho, J an A Biosens
Bioelectron. 2009, 24 (7), 1984—1989.

(27) Tien, C. Y.; Jou, A. F,j; Fan, N. C; Chuang, M. C,; Ho, J. A. A.
Electroanalysis. 2013, 25 (4), 1017—1022.

(28) Zhang, Y.; Ai, J.; Dong, Y.; et al. Biosens Bioelectron. 2019, 126,
255-260.

(29) Voccia, D.; Bettazzi, F.; Fratini, E.; Berti, D.; Palchetti, I. Anal
Bioanal Chem. 2016, 408 (26), 7271-7281.

(30) Campani, V.; Scotti, L.; Silvestri, T.; Biondi, M.; De Rosa, G. J.
Mater. Sci. Mater. Med. 2020, 31 (2), 1-8.

(31) Nele, V.; D’Aria, F.; Campani, V.; et al. ]. Liposome Res. 2024,
34 (1), 88—96.

(32) Leardi, R; Melzi, C; Polotti M. CAT (Chemometric Agile
Tool), freely downloadable from http://gruppochemiometria.it/index.
php/software.

(33) Leardi, R. Anal. Chim. Acta 2009, 652 (1-2), 161—172.

(34) Tortorella, S.; Cinti, S. Anal. Chem. 2021, 93 (5), 2713—2722.

(35) Lasalvia, M.; Capozzi, V.; Perna, G. Appl. Sci. 2022, 12 (11),
5345S.

11656 https://doi.org/10.1021/acs.analchem.4c01997
Anal. Chem. 2024, 96, 11651—11656


https://doi.org/10.2147/IJN.S305106
https://doi.org/10.1016/j.chroma.2021.462688
https://doi.org/10.1016/j.chroma.2021.462688
https://doi.org/10.1039/D0NH00605J
https://doi.org/10.1039/D0NH00605J
https://doi.org/10.2174/1872210513666181127110413
https://doi.org/10.2174/1872210513666181127110413
https://doi.org/10.1039/D2LC00463A
https://doi.org/10.1007/s00216-023-04659-x
https://doi.org/10.1039/D2LC00666A
https://doi.org/10.1039/D2LC00666A
https://doi.org/10.1021/acs.analchem.2c03542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/2754-2726/ac70e2
https://doi.org/10.1149/2754-2726/ac70e2
https://doi.org/10.1016/j.bios.2008.10.006
https://doi.org/10.1016/j.bios.2008.10.006
https://doi.org/10.1002/elan.201200563
https://doi.org/10.1016/j.bios.2018.11.004
https://doi.org/10.1016/j.bios.2018.11.004
https://doi.org/10.1007/s00216-016-9593-x
https://doi.org/10.1007/s00216-016-9593-x
https://doi.org/10.1007/s10856-019-6351-6
https://doi.org/10.1007/s10856-019-6351-6
https://doi.org/10.1080/08982104.2023.2224449
https://doi.org/10.1080/08982104.2023.2224449
http://gruppochemiometria.it/index.php/software
http://gruppochemiometria.it/index.php/software
https://doi.org/10.1016/j.aca.2009.06.015
https://doi.org/10.1021/acs.analchem.0c04151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/app12115345
https://doi.org/10.3390/app12115345
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c01997?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

