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Abstract: In this work we investigated the synthesis and the characterization of electrospun poly-
acrylonitrile (PAN) and polymethyl methacrylate (PMMA) stabilized in air, made in a 5:1 ratio, used
as sorbent for the solid-phase extraction of fluoroquinolones in plasma samples and the following
quantification in UHPLC-PDA. Preliminary analyses of viscosity were carried out on the polymer
solution to be sure about the electrospinability. Characterizations were performed on the electrospun
membrane to evaluate the morphology (SEM scanning electron microscopy and AFM atomic force
microscopy), the thermal degradation behavior (TGA thermogravimetric analysis), the porosity and
the surface area (BET, Brunauer Emmett Teller), and the quantitative and qualitative distribution of
atomic structures (FTIR infrared analysis in Fourier transform and EDX Energy Dispersive X-ray
analysis). A solid-phase extraction method was developed by studying parameters such as the
amount of sorbent and the pH of the sample. Finally, a UHPLC-PDA method for the analysis of
fluoroquinolones was developed and validated in accordance with the guidelines and successfully
applied. The use of the prepared sorbent combined with UHPLC-PDA has allowed the development
of a method whose strengths are its speed, accuracy, sensitivity, and high recoveries.

Keywords: electrospun sorbent; solid-phase extraction; fluoroquinolones; UHPLC-PDA; method
development; electrospinning

1. Introduction

Fluoroquinolones (FLQs) were obtained starting from quinolones by adding a fluo-
rine atom in position 6 and a piperazine in position 7, giving the compound a different
spectrum of activity [1]. These compounds target two enzymes, bacterial gyrase and DNA
topoisomerase 1V, and by binding to them, they inhibit the resealing of bacterial DNA,
interfering with the processes of DNA repair and replication and transcription, leading to
the death of the bacterial cell. Several studies showed that the broad-spectrum bactericidal
action of fluoroquinolones is concentration-dependent [2].

Furthermore, the most important predictor of clinical cure has been shown to be the
relationship between the ratio of the 24 h area under the concentration—time curve and
MIC [3]. Consequently, adequate monitoring of fluoroquinolone plasma concentrations is
important to prevent bacterial resistance. Finally, to facilitate routine clinical practice, it is
essential to use sample preparation techniques that are quick, simple, and adequate [4].

Sample preparation in a chemical analysis is the most time-consuming procedure.
The final aim of sample preparation is to improve sensitivity and reproducibility and
finally to bring analytes from a solid or liquid matrix into a suitable solvent with the
instrumentation [5,6].
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In the last two decades, sorbent-based extraction techniques and their miniaturization
have gradually found more and more application, replacing liquid-liquid extraction in the
analyses of xenobiotics from biological, environmental, and food matrices [7,8].

Solid-phase extraction (SPE) is a widely used sample preparation technique with
principles similar to those of high-performance liquid chromatography [9].

A typical disposable SPE cartridge is usually made of medical-grade polypropylene
equipped with a Luer tip to direct the effluent into a small container or vial if a needle
is affixed. The frits that hold the particle bed in the cartridge are made of polyethylene,
PTFE, or stainless steel with a porosity of 10-20 um, and therefore they offer little flow
resistance [10].

An ideal sorbent has several characteristics, such as low cost, easy preparation, and
high selectivity. Furthermore, it must guarantee a high adsorption capacity due to the
competition between analytes and interferents in the interaction with the sorbent. The
parameters affecting the extraction procedure are influenced by the chemical structure and
type of absorbent, the adsorption, the separation procedure, and the elution solvent [11].

In the last ten years, micro-extraction techniques or, alternatively, the application
of new materials to already existing sample preparation techniques have increasingly
attracted the attention of the scientific community [12].

Particularly, in the field of adsorbents, electrospun fibers have had a great impact
due to their unique physicochemical and mechanical properties and their huge chemically
active surfaces [13,14]. The electrospinning technique allows the production of ultrathin
fibers with controlled diameter, size, morphology, and composition, charging the polymer
solutions and directing them towards a collection manifold in a very homogeneous way.
Briefly, in this technique, an electrical jet of spinning solution is produced by applying a
high voltage between a needle and a collector. The micro-nanofiber is obtained when the
repulsion of the surface charge of the solution exceeds its surface tension [15].

Based on their morphology, nanofibers can be classified as core-shell, hollow, and
porous materials. Electrospun nanofibers have extraordinary characteristics such as a high
functionalizable surface area, a high mechanical performance, a high porosity, and a good
permeability to gases and liquids, all excellent elements that make them perfect candidates
to be an SPE absorbent [16].

Through electrospinning it was possible to use different types of materials, in particular
polymers, thanks to the ease and handling of the processing, taken individually or in
combination [17].

PAN was one of the most synthetic polymers used in electrospinning due to its
excellent mechanical properties, ease of being transformed into fibers, high melting point,
non-toxicity, and high chemical stability [18]. This polymer was often mixed with other
materials to improve their general performance. In particular, it was used to realize mixtures
or composites [19]. PMMA was one polymer often used in association with PAN [20]. Both
were immiscible with each other despite being soluble in the same solvent, and this peculiar
property had been the subject of various studies, as it allowed the obtention of materials
with unique characteristics. Different behaviors of this association were investigated, and
some important differences were found, starting from the quantitative ratio used. In
general, the arrangement they assumed during the electrospinning process was observed
where the PMMA, being heavier, tended to remain compact in the internal part of the fiber,
while the PAN, lighter, remained in the external part, covering the whole.

This organization meant that the two polymers, driven by the volumetric pump,
remained present as the only continuous structures throughout the process up to the
deposit on the collector. The variation of their proportions in the mixture, as well as the
solubilization times, the molecular weight, and the average length of the polymers, ensured
a great variety of products, characterized by different morphologies and dimensions of the
fibers and more or less homogeneous distributions of the same polymers. It was possible to
observe how these modifications could create problems during the electrospinning process
and produce poor materials for electrospinning. PMMA increased the viscosity of the
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polymer solution and became the decisive phase for the creation of the right blend to be
electrospun. Furthermore, if in incorrect quantities or in excess, it gave rise to agglomerates
and products filled with drops or jets.

PAN and PMMA mixtures in a different ratio were often made as a reaction interme-
diate for making porous carbon or functionalized material after optimized treatment in
various gaseous environments. These two polymers showed different behaviors in different
temperatures and the ability to exploit this difference in calcination, lower for PMMA and
higher for PAN; in this way, it was possible to obtain a material with variable porosity.

During the pre-oxidation phase, in addition to the structural modification of the
PMMA, which mainly degraded into CO,, there was a structural modification of the PAN
which, in an organized manner, began to modify its chemical structure, assuming different
conformations. This phase therefore becomes of fundamental importance because we have
the first important changes to the sample [21-28].

The reported study focused on the synthesis and characterization of electrospun
nanofibers as sorbents for use in the solid-phase extraction of fluoroquinolones and their
determination by UHPLC-PDA in human plasma.

In particular, the membrane was obtained starting from a quantity of polymer in a
5:1 ratio of PAN and PMMA stabilized in air at a temperature of 280 °C for about 1 h.

The variables affecting the SPE, such as the amount of adsorbent material, the ad-
sorption time, the ionic strength, the desorption solvent, and the pH of the sample, were
investigated. The results show that electrospun nanofibers are very promising and well-
performing materials to be used as sorbent. Finally, the possibility of synthesizing fibers of
different nature by changing the electrospinning conditions and the polymers used opens a
new scenario in the field of adsorbent materials for SPE.

2. Materials and Methods
2.1. Chemicals and Materials

Polyacrylonitrile (PAN, average Mw 150,000), Poly (methyl methacrylate) (PMMA,
average Mw 120,000), and Dimethylformamide anhydrous (DMF, 99.8%) were purchased
from Sigma-Aldrich. Ciprofloxacin, levofloxacin, lomefloxacin, sparfloxacin, sarafloxacin,
gatifloxacin, enrofloxacin, danofloxacin, and ulifloxacin, used as the internal standard
(LS.), were purchased from Santa Crux Biotechnologies (Dallas, TX, USA). All the analytes
had purities better than 98%. Acetonitrile (ACN), methanol (MeOH), hydrochloric acid,
triethylamine, and ammonium acetate were provided from Carlo Erba Reagents (Milan,
Italy). Ultrapure water was obtained by using a Milli-Q system from Millipore (Bedford,
MA, USA). All chemicals used in this work were of the reagent grade.

2.2. Apparatus and UHPLC Conditions

An ultra-high-performance liquid chromatography system (ACQUITY H-Class), equipped
with an Acquity UPLC sample manager, a quaternary pump, a column heater, a degassing
system, and a photodiode array detector (Waters 2996), was used for the FLQ separation
and quantification. Chromatgraphic separation was achieved using a CORTECS C18 column
(75 x 2.1 mm, 2.7 um) protected by a precolumn (5 x 2.1 mm). The mobile phase consisted
of 10 mM ammonium acetate (phase A) adjusted at pH 4.0 with acetic acid and a mixture
of acetonitrile/methanol (80/20 v/v, phase B); both phases were added with 0.1% v/v of
triethylamine. Gradient elution was used for the separation of FLQs. The percentage of phase B
started from 5% and became 20% in 5 min, then returned to 5% in 0.5 min followed by 1.5 min
of column re-equilibration. The flow rate was 0.7 mL/min. Total run time was 7 min. Empower
3.0 (Waters) was used for data collection and for setting up the analysis. Each analyte was
determined at its maximum wavelength.

A centrifuge Eppendorf model 5804 R from Eppendorf (Austria) was used for cen-
trifuging the samples. A XS104 Mettler Toledo analytical balance was used to weigh the
analytes for the preparation of stock solution and calibration standard.
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A syringe pump for infusion model KDSscientific200CE and an electric potential
generator model Spellman CZE1000R were used for electrospinning the polymeric so-
lutions. A ball mill model PM1000 was to reduce the membranes into very small and
homogeneous fragments.

2.3. Preparation of Standard Solutions and Real Samples

The stock solutions of FLQs were prepared independently from the QC samples.
A total of 20 mg of each reference powder was weighed then transferred into a 10 mL
volumetric flask and dissolved with methanol. Working solution of FLQs were obtained
by further dilution of stock solutions. A blank human plasma sample (drug-free) was
purchased from Sigma-Aldrich. Blood samples, usually taken in the morning from patients
at “S.S. Annunziata” Hospital (Chieti, Italy) at the same time as routine TDM samples for
plasma, were stored in glass tubes containing EDTA as an anticoagulant. The plasma was
obtained by centrifugation at 1300 rpm for 10 min and stored at —20 °C.

2.4. Preparation of PAN Electrospun Nanofibers

After acquiring a straw-yellow color, the solution was left at room temperature for
30 min and then electrospun using a home-made electrospinning system already described
in a previous work [29]. PAN and PMMA were dispersed in a 5:1 ratio in DMF and
magnetic stirred for 20 h at 60 °C and then for 1 h at room temperature. The solution was
fed through the needle of a glass syringe (18 gauge) by a syringe pump for infusion at a
constant flow rate of 0.70-0.80 mL h~! applying a DC voltage between 13 and 16 kV. The
distance between the needle and the collector (10 x 10 cm stainless steel covered with
aluminium foil) was 18 cm. The temperature and the relative humidity were 28 °C and
36%, respectively. The polarity of the electric field was set and directed from positive to
negative charge. The electrospun membranes were stabilized in air at 280 °C for 1 h. Finally,
the electrospun polymers were ground (to simplify the packing step in SPE cartridges)
for 45 min at 250 rpm alternating 5 min of pause after 5 min of stirring using a ball mill
(model PM1000, Retsch GmbH, Haan, Germany) to reduce the membranes into small and
homogeneous fragments.

2.5. Solid-Phase Extraction Procedure

The SPE cartridges were previously emptied and packed with 45 mg of sorbent.
Cartridges were conditioned with 2 x 1 mL of methanol followed by 2 x 1 mL of sodium
acetate buffer 10 mM (pH 5). Samples or blank plasma spiked with FLQs were loaded onto
conditioned cartridges using Visiprep 12 solid-phase Extraction Vacuum Manifold. After
the loading step, samples were washed with 1 mL sodium acetate buffer 10 mM (pH 5)
to eliminate the interferents and eluted with 1 mL of methanol, which was subsequently
evaporated to dryness under a nitrogen stream using a drying attachment apparatus at
room temperature and re-constituted with 100 pL of a mixture of water and methanol
(50/50 v/v). The solution was further filtered on Phenex-PTFE (4 mm, 0.45 um) filters, and
finally, 5 uL was injected into the UHPLC system.

2.6. Characterization

Rheological analysis (viscosity profile) of the PAN-PMMA blend was evaluated using a
Rheometer MCR 102 (Anton Paar, Graz, Austria). The flow curve was generated increasing
the shear rate () linearly and stepwise between 0.1 and 100 s~!. The resulting flow curve
was fitted with a Herschel-Bulkley regression model.

The surface morphology of the PAN-PMMA electrospun fibers was observed by using
a MultiMode 8 AFM microscope with Nanoscope V controller (Bruker, Billerica, MA, USA).
The sample was scanned by the silicon ScanAsyst-Air probe (triangular geometry, cantilever
resonance frequency 70 KHz and nominal spring constant 0.4 N/m) at a 0.535 Hz scan rate
with ScanAsyst auto control. Images of 512 x 512 pixels were collected with scan sizes of
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10 pm x 10 um and were elaborated with NanoScope Analysis 1.8 software to analyze the
surface roughness and the fiber diameter.

To complete the morphological study, SEM images were acquired using the Phenom
XL Desktop apparatus, obtained in backscatter mode at 1 Pa high vacuum with an optical
magnification of 1000x, 2500 x and 20,000 %, respectively, and an acceleration voltage of
15 KV. The Phenom ProSuite software was used for the elemental analysis, the atomic
distribution, and the size measurement information. The Electron Microscopy Sciences
SEM K550 was used to sputter each sample with a thin layer of gold.

Fourier transform infrared (FTIR) spectra were acquired in triplicate using a Shimadzu
IRAffinity-1S FTIR spectrophotometer in a range from 3250 to 450 cm~!. LabSolution IR
version 2.27 was the software used for the spectra manipulation.

A PerkinElmer STA6000 with Pyris software was used for the thermogravimetric
analyses. Each sample was heated in an atmosphere environment with a flow of 20 mL/min
at a rate of 10 °C/min to 950 °C with a final isotherm of 15 min.

Brunauer Emmett Teller (BET) analyses were acquired across nitrogen adsorption
isotherms at 77 k using the Micromeritics ASAP 2020 Plus Adsorption Analyzer. For each
analysis, the sample was degassed at a temperature of 120 °C for 12 h under ultra-high
vacuum. Relative pressure points P/P0 in the range 0.0001-0.01 were included to evaluate
the extent of possible microporosity, and the BET surface area was calculated over the
nominal pressure range between 0.05-0.25. The BJH model was used to calculate the pore
size and volume distribution up to 200 nm.

3. Results and Discussion
3.1. Characterization of Electrospun Nanofibers

A 5:1 ratio of PAN:PMMA was used to prepare the polymer blend to be electrospun.
Its viscosity was measured to evaluate possible electrospinability [28]. Figure 1 shows the
graphical representation of the main steps of the work.

0:) o? \, Electrospun
A _ ~ activated

SR L
PAN PMMA Noe?
electrospinning

SPE Separation

Fluoroquinolones
Extraction | . HPLC

<= Analisys

Figure 1. Graphical representation of the main steps of sample preparation.

The two mixed polymers were distributed in an organized manner within the same
solution, presenting a certain viscosity value and a straw-yellow color. This blend solution
demonstrates a Newtonian behavior. Figure 2 highlights the relation between the shear
stress (T) and viscosity (1) at various shear rates (7). The resulting curves are typical of
“liquid-like” materials showing a constant 1 and a T that increases in the range of the
considered 7. These results reveal that, at a constant temperature, the 1 is independent
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from the applied velocity gradient. The Herschel-Bulkley model, guaranteeing the best
fitting, was proposed to predict the 1, the result of which was 44.77 mPa-s [30].

100 -6
—— Shear Stress (1)
80 —+— Viscosity (1)
— -4
2‘: 60 o
£ - g
= 407
-2
20
0 T T 0
0 20 40 60 80 100

vi(s?)
Figure 2. Newtonian flow of PAN-PMMA blend solution.

The morphology of the PAN-PMMA 5:1 ratio electrospun fibers was further studied
by AFM, analyzing the sample without any surface coating. In Figure 3 are shown the AFM
height channels of fibers in 2D and 3D representations. The analyzed sample revealed a
randomly oriented three-dimensional structure with homogeneous cylinder-like fiber ge-
ometry. The PAN-PMMA average fiber diameter, calculated by cross-section measurements
taken from different sample images, was 328 £ 55 nm. The average image roughness (Ra)
and the root mean square of the surface roughness (Rq) were found to be 556 + 15 nm and
680 £ 16 nm, respectively, considering that the fibers covered 93% of the image surface area.

\ > s,

Height 2.0 ym

Figure 3. AFM images of 2D and 3D surface topography of PAN-PMMA electrospun fibers.

In Figure 4, the SEM images are shown. The dimensions of the fibers and their random
and homogeneous distribution were confirmed. Magnifications were made to 1000,
2500, and 20,000 x, respectively, to better evaluate the random distribution of the fibers
and the possible roughness of the single filament. It was possible to observe how there were
no fused portions and how each fiber maintained its own constant and homogeneous shape
along its entire length. A small layer of gold had to be deposited to increase resolution and
avoid overheating of the sample.



Separations 2023, 10, 104

7 of 16

A AUC IR

o

&-&?”

i".

RO
w

RS TN T
N \;“‘0 \\\,‘\‘» 0
e\ 4

o WO - T B
¥ ! NN ’\‘.f\:“:,‘ ;
3 \‘\\“ / \& \t\.‘.

EAN :b‘Q‘\\\\."é\’\‘w\.:s;_ N7

e
57 4
G
e

P,

o
P i
A X
725

o/

NP

7] . B4
Y AR [ 4\V, (27 4

P — ’\?&‘) ﬁ\'é\\"' [
e..‘i@&.&m s N U0R

Figure 4. SEM images of PAN-PMMA fibers at magnifications of 1000, 2500, and 20,000 x, respectively.

Through the Phenom ProSuite software, it was possible to observe the distribution
of the various atoms in the material. In Figure 5, it is possible to observe a sample where
the carbon atoms, colored in red, the nitrogen, colored in green, and the oxygen, colored in
purple, were present in a very homogeneous way.

Figure 5. SEM-EDX images of PAN-PMMA fibers. The distribution of carbon atoms (in red), nitrogen
(in green), and oxygen (in purple) is shown.

In Figure 6 showing the FTIR spectra, the distinct presence of the two polymers used
was confirmed. In particular, two characteristic peaks were observed, the first relating to
the absorption band of the carbonyl stretching at 1730 cm ! and the second to the stretching
of the acrylonitrile unit assigned to the -C=N bond at 2243 cm ™!, typical of PMMA and
PAN, respectively.

100
=
R 98-
L
@)
P
e
= 96
=
:
-
94
92

3200 28I00 24IOO 20I00 1 6I00 1 2I00 B(I)O 4(I)0
WAVENUMBER (1/cm)

Figure 6. FTIR analysis of PAN-PMMA electrospun membrane.
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The peaks relating to PAN are more clearly observable as this was present in greater
quantities than PMMA. Indeed, the peak of greatest intensity was correlated to that of
PAN [31,32].

It was also possible to observe the peaks relating to the stretching, bending, and twist-
ing of the CH, bond at 2924 and 2854 cm ! and at 1452 cm~! and 1247 cm ™!, respectively.

From Figure 7, it is possible to observe the thermal degradation of the PAN-PMMA
electrospun membrane. There was an initial weight loss at about 100 °C due to water loss.
A slow stabilization of the entire sample followed up to a temperature of 300 °C, where the
PMMA began to decompose, losing part of its characterizing groups, such as CO,, and the
PAN began the cyclization of the nitrile groups and the dehydrogenation [33-35].

i - 14
100 ¥d
I
90 - r
- 10
& 80+ I
ﬁ _’B
=3 <
= 704 s B
R=2
a»
= 60+ 4
50 - -2
407 Lo

0 150 300 450 GO0 750 200
Temperature (°C)
Figure 7. TGA and DTA analysis of PAN-PMMA electrospun membrane.

From 300 °C to 450 °C, the degradation kinetics were fast due to the complete degra-
dation of PMMA. Above 450 °C, the degradation kinetics were slower and peculiarly
correlated to the dehydrogenation and denitrogenation of PAN. The residue that is ob-
tained by calcining up to a temperature of 950 °C resulted in a porous carbon with a yield
of about 40%.

BET analyses showed a very high surface area and porosity, as reported in Figure 8.
Furthermore, the data obtained from the t-Plot of the external surface and from the BJH Ab-
sorption/Desorption described the presence of a good homogeneity of the whole structure.
Of importance was the nanometric size of the pores, well-distributed and easily accessible
over the entire surface. There were observed Type-4-like nitrogen adsorption—desorption
isotherms with an apparent hysteresis between the two curves. The shape of the isotherms’
adsorption indicated a small content of micropores and a significant content of mesopores,
confirmed by the presence of the hysteresis loop. With the BJH method it was possible to
observe in Figure 7 the presence of small pores with values between 1.7 and 25 nm. The
apparent surface areas calculated in a range from 0.05 to 0.25 of relative pressure (P/P0)
were 659.16 m? g~ ! (Figure 8b). The points were fitted using a first-degree linear equation:

y=a+bxx

with an intercept of 0.00241 = 3.90523 x 107, a slope of 0.0042 + 2.92391x 107, and a
Adj. R-Square of 0.99961.
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Figure 8. (a) Isotherms of nitrogen adsorption at 77 K (logarithmic plot in the inset); (b) BET surface
area plot; (c) pore size distribution (BJH model).

3.2. Optimization of the Extraction Procedure

The variables which influence the solid-phase extraction of FLQs in human plasma
were evaluated by studying the effect of one variable at a time and using recovery as
a response. Recovery was evaluated comparing the analyte to LS. ratios in extracted
spiked plasma sample to extracted blank plasma sample spiked post-extraction at the same
concentration. Standard solutions containing FLQs at the concentration of 1 pg/mL were
used for those experiments. In this study, the parameters affecting the adsorption (amount
of sorbent and pH of the sample) and the desorption (type of eluent and its volume) were
investigated.

3.2.1. Effect of the pH

The sample pH is a fundamental parameter for the success of the extraction. In this
study, to evaluate and optimize the sample pH during the loading step, experiments were
performed at different sample pH (2.5-10). As reported in Figure 9, an increase in the
recovery was obtained starting from pH 2.5 to pH 5, while a decrease in recovery is obtained
using solutions at pH 7.5 and 10. As further proof of the adsorption of the analytes on the
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cartridge, the eluate obtained in the loading step was analyzed in UHPLC-PDA. No signals
attributable to FLQs were observed using a pH 5 solution, while signals of several FLQs
were observed when other pH values were used.

N[

pH =2.5 pH=7.5 pH = 10
mLEVO mCIPRO mLOME =SPAR mSARA mGATI mDANO mENRO
Sample pH

100

9

w

9

o

8

15

8

o

7

(%)

7

Recovery %
o

6

5]

6

o

5

[y

5

o

Figure 9. Effect of sample pH (x-axis) on the recovery (y-axis) of FLQs.

3.2.2. Effect of PAN-PMMA Nanofiber Amount and Sample Volume

The amount of PAN-PMMA nanofiber was investigated to maximize extraction ef-
ficiency in the range of 15-90 mg. The extraction efficiency increases as the quantity of
PAN-PMMA nanofiber increases up to 45 mg, after which it remains almost constant, as
shown in Figure 10. Consequently, 45 mg was chosen as the quantity of sorbent to be used
for further experiments, since 45 mg of sorbent are sufficient for the complete adsorption
of FLQs. This is due to the chemical and physical characteristics of the nanofibers which
allow the obtention, compared with other sorbents, of identical or better results using a
smaller quantity of sorbent. It is obvious that increasing the quantity of sorbent would in-
crease the accessible sites for the adsorption of the analytes; however, difficulties would be
encountered in the elution step, as the desorption ability of the eluent could be insufficient
for the complete elution of the analytes.

The sample volume to be used was tested by extracting different volumes (1 to 10 mL)
of blank plasma spiked with FLQs and keeping their masses constant in all cases. From
the results obtained, it was noted that by increasing the sample volume from 1 to 3 mL,
it is possible to obtain a slight increase in recoveries, while volumes greater than 3 mL
drastically reduce recoveries.

This result can be explained by the fact that human plasma is a matrix containing
many interferents that could compete with the analytes, causing the saturation of the active
sites present on the surface of the sorbent.
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Figure 10. Effect of sorbent amount on the recovery.

3.2.3. Effect of Washing Solution

To evaluate the effects of the washing solution on analyte retention and to minimize its
loss in the washing step, different washing solutions were tested. The first solution tested
was ultrapure water alone and a solution containing water and methanol (90:10 v/v). It was
observed that the water alone allows sufficient removal, but at the same time, it involves
a small loss in the recoveries, while the solution containing water and methanol allowed
the obtention of an excellent cleaning of the extract from the interferents, but at the same
time provided an unsatisfactory recovery. Finally, taking into account the results reported
in Figure 8, a sodium acetate buffer at pH 5 was tested as a washing solvent, obtaining as
a result a clean chromatogram and no loss of analytes. The use of a buffered solution of
sodium acetate at pH 5 and methanol (90:10 v/v) resulted in decreased recoveries of FLQs.
For this reason, 1 mL of sodium acetate buffer pH 5 was used as washing solution.

3.2.4. Effect of Elution Solvent Type and Volume

To evaluate the most suitable solvent for the elution of FLQs from SPE cartridges,
several organic solvents were tested, including methanol, acetonitrile, and isopropanol.
Among these solvents, the best performances were obtained using methanol. Furthermore,
the volumes of methanol to be used to ensure the complete elution of the FLQs were
evaluated in the range of 250-1500 pL. The results obtained showed 1000 pL to be sufficient
and to guarantee a high reproducibility. Volumes lower than 1000 uL are insufficient for
the complete elution of all FLQs and lead to poor reproducibility, while higher volumes
lead to no benefit. For these reasons, 1000 uL of methanol was used for the elution of the
FLQs for the proposed method.

3.3. Analytical Performance of the Proposed SPE Method

The proposed method was validated according to the FDA guidelines [36]. Selectivity
of the method was tested by extracting six different sources of blank matrix. Chromato-
graphic analysis of the blank matrices showed no interference between the endogenous
compounds and the analytes at their retention times, as reported in Figure 11.
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Figure 11. UHPLC chromatograms of blank plasma extracted (a), blank plasma spiked with LS. ex-
tracted (b), blank plasma spiked with levofloxacin (1), lomefloxacin (2), enrofloxacin (3), ciprofloxacin
(4), gatifloxacin (5), sparfloxacin (6), sarafloxacin (7), and danofloxacin (8), and the LS. extracted (c).

Furthermore, the analytes were well resolved. A calibration curve for each FLQ was
constructed in the range of 10-0.005 ug/mL using a least squares linear regression. A
calibration curve was constructed for each FLQ in the range 10-0.005 ug/mL using a
linear least squares regression, with concentration as the independent variable and the
analyte/internal standard peaks area ratio as the dependent variable. Statistical analysis of
concentration/response relationships demonstrated that a linear correlation was the best
model, with a mean correlation coefficient (r2) > 0.9993. Signal-to-noise ratios of 1:3 and
1:10 were used to evaluate limits of detection (LOD) and quantification (LOQ), respectively.
For the proposed method, LOQs were 0.005 and LODs 0.001 pg/mL, respectively, for
all the FLQs investigated. Precision and accuracy were assessed by the analysis of three
batches of quality control samples (QCs) at three concentrations in triplicate and for five
consecutive days (1 = 5), as shown in Table 1. These results satisfy the limits imposed by the
guidelines, because for the proposed SPE-UHPLC-PDA method, the precision, expressed as
relative standard deviation percentage (RSD%), is below 5.2% and the accuracy, expressed
as BIAS%, is between —6.2% and 3.8%. Recovery was evaluated spiking blank samples
with FLQs and comparing the ratio of spiked blank extract to standard solution at the same
concentration. Moreover, as further proof of the adsorption, after the loading phase in
SPE, the eluate was analyzed to verify the absence of FLQs and demonstrate the effective
adsorption of the analytes on the sorbent.

Table 1. Precision and accuracy of the proposed SPE-UHPLC-PDA method.

Analyte Concentration Precision Accuracy
Intra-Day Inter-Day Intra-Day Inter-Day

LLOQ 4.9 5.1 +5.1 +6.3

Levofl . QCL 3.5 3.8 +4.9 +5.5
evorioxacm QCM 47 5.0 —2.0 —4.7
QCH 2.3 1.9 -11 -3.2

LLOQ 4.9 5.0 -19 -32

Ciprofloxacin QCL 3.1 3.9 +1.5 +1.9

QCM 4.1 44 —4.0 -53
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Table 1. Cont.

Analyte Concentration Precision Accuracy
Intra-Day Inter-Day Intra-Day Inter-Day

QCH 44 3.9 +5.3 +6.0
LLOQ 5.0 49 +7.0 +7.4
L q . QCL 1.2 3.0 —6.4 —6.8
ometioxacin QCM 2.3 3.0 —5.9 ~5.9
QCH 2.2 2.2 +3.1 +3.2
LLOQ 4.8 5.0 +5.9 +6.9
Enrofl . QCL 2.2 2.5 +0.7 +2.1
nrotioxacin QCM 1.8 24 +0.2 +1.0
QCH 3.1 2.3 —4.2 —55
LLOQ 5.0 49 —-0.9 —-1.5
Sparfloxacin QCL 2.6 2.7 +3.1 +3.6
p QCM 0.9 17 +6.5 +6.1
QCH 1.1 2.0 -32 -33
LLOQ 4.7 3.3 —4.4 -5.9
Sarafl . QCL 3.1 3.9 +3.2 +3.6
aratioxacin QCM 2.3 3.1 +1.1 +1.9
QCH 1.5 4.0 +4.2 +4.0
LLOQ 4.0 5.1 —-3.1 —3.4
Gatifl . QCL 2.2 4.0 +2.7 +3.6
atifloxacin QCM 24 3.3 +4.8 +5.9
QCH 1.4 3.0 +6.5 +6.0
LLOQ 3.9 3.5 —6.1 —54
D f . QCL 3.0 4,9 —5.4 —6.0
anotioxacin QCM 15 3.1 +2.6 +3.1
QCH 2.0 4.0 +0.3 +0.9

3.4. Comparison with Existing Method in Literature

Fluoroquinolones are analytes that have been extensively researched; as a result,
there are numerous methods today for their determination and quantification. Among
sample preparation methods used, the most used are those involving interaction with
a sorbent; this is because solid-phase extraction or sorbent-based methods offer greater
reproducibility and because in recent years, more and more new materials capable of
offering performances clearly superior to those offered by traditional solvents in the LLE
have been developed. Different methods for the determination of fluoroquinolones from
different matrices are reported in Table 2. The prepared electrospun material, used as
an adsorbent material in SPE cartridges, was compared with the methods reported in
the literature. From the comparison it is evident that the proposed method has limits of
quantification comparable or even higher than the methods reported. In addition, ultra-
high-performance liquid chromatography offers the possibility of significantly reducing
analysis times. Accordingly, the proposed solid-phase extraction method based on using
electrospun materials as sorbents can be used in the determination of fluoroquinolones.

Table 2. Comparison of the proposed method with methods present in literature.

Range Mean LOQ

Analyte Matrix Sample Preparation Instrumentation (ug/mL) Recovery  (ug/mL) Ref.
CIP, MOX 28, Human b
LEV, ULI plasma MEPS HPLC-PDA 0.1-10 na. 0.1 [37]
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Table 2. Cont.
. . . Range Mean LOQ
Analyte Matrix Sample Preparation Instrumentation (ug/mL) Recovery  (ug/mL) Ref.
OFL ¢, CIP Human HF-LPME 4 HPLC-UV 0.01-5 30% 0.01 [38]
plasma
MAR €, LOM,
DIF 8, NOR b, Milk dMSPE f HPLC-PDA 0.01-20 94.7% 0.01 [39]
CIP, ENR
CIP, ENR, SAR,  Water, Egg, - 0
DIE, DAN Milk SPE UHPLC-FLD 0.005-10 101.9% 0.005 [40]
OFL, ENR, DAN Milk dMSPE HPLC-UV 0.05-1.0 80.1% 0.05 [41]
FLE !, GAT . '
’ 7 ] — % .

LOM. NOR Milk dMSPE CEJ-UV 0.03-1.0 102.1% 0.03 [42]
CIP, LEV, LOM, Human Thi
SPA, SAR, GAT, lgsn?a SPE UHPLC-PDA 0.005-10 98.9% 0.005 Wori

ENR, DAN p

a. moxifloxacin; ?: Micro-extraction by packed sorbent; : Ofloxacin; d. Hollow-fiber liquid-phase micro-extraction;
?: Marbofloxacin; f: dispersive magnetic solid phase extraction; 8: Difloxacin; h.Norfloxacin; i: Fleroxacin;
): Capillary electrophoresis.

4. Conclusions

In this study, electrospun PAN PMMA membranes optimized in a 5:1 ratio were stud-
ied and characterized for the realization of sorbents for the extraction of fluoroquinolones in
plasma samples. The proposed method has its strengths in its simplicity and in its excellent
performances, if compared with other methods already present in the literature. Figure 11
shows the graphical representation of the main phases of the work. The combination
obtained allowed a good distribution of the two polymers, with PMMA present only in
the innermost part of the fiber, which followed one another along its entire length without
forming aggregates, which would have disturbed the electrospinning process and PAN in
the outermost part. From the characterization carried out, the material appeared uniform
and free of beads. Furthermore, the surface area was very large and allowed the separa-
tion of many possible areas of interaction with the samples. Activation of the membrane
through the pre-oxidation step allowed for greater sample stability and an arrangement of
molecular structures containing carbonyl and nitrile groups capable of establishing optimal
interactions with any analyte to be observed. Unfortunately, this system did not overcome
all the limits present with the methods currently in use, but it had the advantage of being
cheap and simple. Even in small quantities of a few milligrams, it has proved to perform
well in various working conditions.
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