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Phenolic acids, widely present in plants, plant-based foods, and human metabolites, are well known for their
potent antioxidant properties, which are mainly attributed to their phenolic hydroxyl groups. The number
and position of these hydroxyl groups, together with methoxy and carboxylic acid groups significantly
influence their antioxidant capacity. In this study, five different phenolic acids were studied: chlorogenic
acid, caffeic acid, 2,3-dihydroxybenzoic acid, ferulic acid and trans-cinnamic acid. They were analyzed
by solid phase extraction and high-performance liquid chromatography hyphenated to ultraviolet
detection. Different polymers for solid phase extraction were synthesized using ultraviolet photoinitiation
with ethylene glycol dimethacrylate and thermal initiation with divinylbenzene as crosslinkers. The
monomer utilized in this process was 2-isopropenyl-2-oxazoline, which exhibited analogous properties
to the commonly known monomers employed in the polymerization process for commercially available
solid phase extraction cartridges. The most effective polymer was optimized and applied to two different
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Introduction

Phenolic acids are a class of bioactive compounds known for
their significant antioxidant properties and their role in
managing oxidative stress-related damage."* These compounds
have been the focus of extensive research due to their health
benefits, especially in terms of preventing free radical-induced
body damage and reducing the risk of cognitive decline and
chronic diseases, including diabetes, cancer and cardiovascular
disorders.>?

Recent studies have revealed the potential of specific
phenolic compounds for neuroprotective and anti-
inflammatory applications, as well as their antioxidant proper-
ties. Phenolic acids' diverse benefits have led to their commer-
cial utilization in the health, cosmetic and pharmaceutical
industries, where they are frequently incorporated into dietary
supplements, skincare products and food, further demon-
strating their importance.®’

Nonetheless, despite their broad applications, efficient
extraction from complex natural matrices remains challenging.
This difficulty stems from their natural variability, the presence
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types of honey, demonstrating its ability to extract phenolic acids from matrix compounds.

of interfering compounds and the limited selectivity of
conventional extraction methods.**°

As a result, new approaches must be developed or existing
techniques refined to optimize extraction efficiency, selectivity
and reproducibility. Solid phase extraction (SPE) is a widely
used technique for isolating phenolic acids, due to its advan-
tages, such as increased analyte concentration and reduced
solvent consumption.****

SPE has gained significant attention in recent years due to its
versatility, efficiency and adaptability across a wide range of
analytical contexts. Emerging materials, such as molecularly
imprinted polymers (MIPs),"*** mesoporous silica,'® carbon-
based nanomaterials’” and metal-organic frameworks
(MOFs)" have expanded the applicability of SPE by offering
improved selectivity, higher surface area and enhanced binding
capacity.

In line with the ongoing development of advanced functional
SPE materials, 2-isopropenyl-2-oxazoline (iPOX) has emerged as
a highly versatile monomer that undergoes ring-opening
isomerization to yield well-defined polymers suitable for
analytical applications. Its polymerization can proceed via both
ionic and covalent pathways,'® and the resulting polymers can
undergo efficient post-polymerization modification with
nucleophiles such as carboxylic acids and thiols.* Poly(iPOX)
coatings exhibit resistance to non-specific protein adsorption,
rendering them suitable for biomedical devices and sensors.*
Collectively, these characteristics establish iPOX as a robust

This journal is © The Royal Society of Chemistry 2025
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platform for designing functional polymers with extensive
biomedical relevance.

Moreover, the choice of crosslinker in the polymerization of
the stationary phase for SPE cartridges plays a critical role in
defining the physicochemical properties of the resulting
sorbent. Different crosslinkers offer unique structural and
chemical characteristics that help address specific challenges in
SPE, such as selectivity and capacity. Since the sorbent directly
influences the retention behavior of the target analytes, opti-
mizing the type and ratio of crosslinker is essential for
enhancing extraction performance.”® Additionally, the ratio
between the crosslinker and the porogen significantly impacts
the polymer's surface morphology, including its porosity and
surface area. These parameters in turn affect the adsorption
efficiency and extraction capacity of the polymer.”> A well-
balanced porogen-crosslinker system is therefore important
for producing sorbents with high selectivity, reproducibility and
durability under different extraction conditions.

It has been demonstrated that (ethylene glycol di-
methacrylate) EGDMA functions as an effective di-functional
crosslinker in polymerization processes, forming moderately
crosslinked networks. Its relatively hydrophilic nature enhances
swelling in aqueous matrices and allows milder elution,
a property that can be advantageous for aqueous SPE applica-
tions.”*** In addition, the crosslinking ability of EGDMA facili-
tates the formation of well-defined binding sites that can
selectively interact with target molecules such as phenolic acids,
making it highly suitable for applications requiring specificity,
such as molecular imprinting.>*?¢ Collectively, these properties
highlight the versatility and effectiveness of EGDMA as a cross-
linker in polymerization processes.

In contrast, DVB is a widely used aromatic crosslinker in
commercial SPE sorbents such as Oasis® HLB. It forms highly
rigid, hydrophobic networks with a large surface area, providing
strong retention, mechanical stability, and chemical resistance,
making it ideal for non-polar and moderately polar analytes.””
However, its pronounced hydrophobicity may reduce perfor-
mance with highly polar analytes unless the polymer is co-
functionalized or combined with hydrophilic monomers. DVB
has been demonstrated to act as an effective crosslinker for
polymers utilized in SPE of phenolic acids.”® Furthermore, DVB
contributes to maintaining the polymer's structural integrity
and porosity, even in the presence of polar or acidic solutions.*
The rigid DVB-crosslinked network preserves well-defined
functional cavities when functional monomers are incorpo-
rated, enabling selective interactions with phenolic acids
through hydrogen bonding and m-7 interactions.** Careful
optimization of DVB content is therefore crucial to balance
rigidity and binding specificity, ensuring efficient sorption of
phenolic acids.*** Additionally, the excellent thermal and
chemical stability of DVB-crosslinked polymers ensures repro-
ducibility and long-term usability of the SPE sorbent over
multiple extraction cycles and under both aqueous and organic
solvent conditions.** However, the pronounced hydrophobicity
of DVB may reduce performance with highly polar analytes
unless the polymer is co-functionalized or combined with
hydrophilic monomers.

This journal is © The Royal Society of Chemistry 2025
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Trimethylolpropane trimethacrylate (TRIM) has been shown
to possess a higher functionality in comparison to EGDMA,
resulting in enhanced imprinting and higher binding capac-
ities.?®*** TRIM is relatively hydrophobic, which can result in
stronger analyte retention, making it superior to EGDMA for
high-capacity sorbents. However, this can also make elution
more challenging, requiring stronger solvents.>* In contrast,
hydrophilic crosslinkers such as methylenebisacrylamide
(MBA), ethylene bisacrylamide (EBA), and bis-acryloylpiperazine
(BAP) are frequently employed in hydrogel-based or protein-
targeted MIPs. These crosslinkers provide excellent water
compatibility, high swelling, and suitable networks for bi-
omacromolecule binding.*

When it comes to complex biological samples, conventional
SPE materials may suffer from non-selective interactions with
matrix components resulting in diminished extraction yields
and lower analytical accuracy.

To conquer these limitations, this research focuses on the
development and optimization of a polymer sorbent for the
efficient SPE of phenolic acids. In this study polymers were
synthesized using ultraviolet (UV) photoinitiation and thermal
initiation polymerization techniques, incorporating cross-
linkers such as EGDMA and divinylbenzene (DVB), as well as
a porogen solution to improve the stability and porosity of the
resulting polymers. This was important to improve the poly-
mers' binding selectivity towards phenolic acid molecules,
which leads to better extraction performance.

As a proof of concept, honey was selected as a real-world
sample to evaluate the performance of the synthesized and
optimized polymer. Honey is well known for its composition,
which includes bioactive compounds, especially phenolic acids,
which contribute to its antioxidant capacity.***”

By optimizing the polymer composition and extraction
parameters, this research contributes to the advancement of
analytical techniques for natural product analysis and has
potential applications in pharmaceutical and environmental
research, where efficient isolation of bioactive compounds is
important.

Materials and methods

Chlorogenic acid (Chlor A, =95.0%), caffeic acid (Caff A,
=98.0%), 2,3-dihydroxybenzoic acid (DHB, 99%), trans-cin-
namic  acid (Cin A, =99.0%), 2,2-dimethoxy-2-
phenylacetophenone (99%), 2-isopropenyl-2-oxazoline (iPOX,
98%), ethylene glycol dimethacrylate (EGDMA, 98%), N-m-
ethylformamide (99%), as well as basic, activated aluminum
oxide (Al,O3, approx. 150 mesh, standard grade) were purchased
from Sigma-Aldrich (St. Louis, MI, USA), an affiliate of Merck
(Darmstadt, Germany). 1-Decanol (97%), divinylbenzene (DVB),
a,d-azoisobutyronitrile (AIBN, =98.0%), were purchased from
Merck (Darmstadt, Germany). Acetic acid (AA, 100%), formic
acid (FA, 98%) and hydrochloric acid (HCI, fuming, 37%) were
obtained from ROTIPURAN®, an affiliate from Carl Roth®
GmbH + Co. KG (Karlsruhe, Germany). Trans-ferulic acid (Fer A,
=99.0%) was purchased from Rotichrom®, another affiliate
from Carl Roth® GmbH + Co. KG (Karlsruhe, Germany).
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Methanol (MeOH) was obtained from Thermo Fisher Scientific
(Waltham, MA, USA).

The empty SPE cartridges (1 mL) and their matching poly-
ethylene (PE) frits with 20 um porosity were obtained from
Supelco® (Bellefonte, PA, USA). The pre-packed Oasis® HLB
cartridges (1 cc, 30 mg sorbent, 30 um) were purchased from
Waters™ (Milford, MA, USA). The pre-packed Strata™-X
cartridges (33 um Polymeric Reversed Phase, 30 mg/1 mL,
Tubes) were from Phenomenex (Torrance, CA, USA). Water was
obtained from a Milli-Q water purification system from Merck
Millipore (Burlington, MA, USA).

The honey sample from Roéthis (Vorarlberg, Austria) was
acquired from the beekeeper A. Nigsch from the year 2023. The
liquid blossom honey was obtained from the brand “JedenTag”,
which is a mixture of honey from EU-countries and non-EU-
countries.

The phenolic acid standard solution mixture used for the
comparison of the recovery rates of the different SPE types,
contained 100 mg L ™" of each analyte, including Chlor A, Caff A,
DHB, Fer A and Cin A in 4% MeOH in water. These solutions
were stored at 4 °C. Different concentrations of the phenolic
acid standard solution mixtures were created, ranging from
0.1 mg L™ to 200 mg L™ .

The DVB was extracted three times with 10 (w/v) NaOH
solution and distilled under vacuum. The EGDMA and the iPOX
were extracted with activated basic Al,O; to remove inhibitors
prior to its use.

Instrumentation and chromatographic separation

The polymerization with UV light was executed by exposing the
mixture to an UV lamp operating at 8 W and 254 nm (CX-2000 UV
Crosslinker, UVP Upland, CA, USA) for 30 minutes. The thermal
polymerization was performed by using the C12 CS water bath by
Lauda scientific (Lauda-K6nigshofen, Germany) at 70 °C for 19
hours and 30 minutes. Centrifugation was carried out by
a Hermle Universal Centrifuge (Wehingen, Germany) to sedi-
ment the residue from the dissolved honey samples at the
bottom of the tube. The standard solutions and honey samples
were dissolved using a VWR Ultrasonic Cleaner USC-TH. The
removal of the inhibitors present in the polymerization solutions
was achieved through the utilization of activated Al,O; using an
Eppendorf thermomixer (Hamburg, Germany).

The scanning electron microscope (SEM) measurements
were performed on a Tescan Clara Ultra High Resolution (UHR)
system with a field emission gun (FEG). Before the measure-
ments, the samples were coated with a 7 nm layer of platinum.
The topography images were captured with an acceleration
voltage of 10 keV using an Everhart-Thornley detector, which
detects secondary electrons.

Energy dispersive X-ray spectroscopy (EDX) was performed
using an Oxford Ultim Extreme detector with an acceleration
voltage of 10 keV. The error in the percentage values is £2% of
the given value.

The attenuated total reflection (ATR) measurements were
performed using a PerkinElmer Spectrum 400 FT-IR/FT-NIR
device.
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The HPLC measurements were conducted using an Agilent
1100 Series system equipped with a G1314A VWD detector. The
stationary phase was a YMC-Pack Pro C18 RS column (150 x
4.6 mm L.D., S-5 pm, 8 nm pore size) maintained at 40 °C. A 5 uL
injection volume was used, with the autosampler temperature
set to 10 °C. The mobile phase comprised eluent A (water with
0.1% formic acid) and eluent B (methanol with 0.1% formic
acid). The flow rate was set to 0.650 mL min~". The following
gradient was performed when using the method for the
phenolic acids: 0 min/10% B, 16 min/70% B, 16.01 min/99% B,
18 min/99% B, 18.01 min/10% B, 22 min/10% B. When using
the method for ferulic acid, the following gradient was per-
formed: 0 min/10% B, 16 min/70% B, 16.01 min/99%, 18 min/
10% B, 19 min/10% B.

Method validation

The HPLC-VWD method and SPE measurements were validated
in accordance with the guidelines set by the “Society of Toxi-
cological and Forensic Chemistry” (GTFCh) and the DIN 32645
standard.*®* A linear regression model was used to assess the
HPLC method's linearity and precision. Additionally, the
stability of both the HPLC autosampler and the standard solu-
tions was monitored. The limit of detection (LOD) and limit of
quantification (LOQ) were also determined.

Linearity of calibration

Throughout this study, external calibrations were performed to
ensure the accuracy of the HPLC measurements. The calibra-
tion concentrations were adapted to match the analyte
concentrations being analyzed. To prove the linearity of cali-
bration, a dilution series from 25 mg L' to 200 mg L' was
prepared by diluting a 200 mg per L phenolic acid standard
solution mixture. Each standard concentration was measured
in triplicate.

Recovery rate

To prove the effectiveness of the SPE method, the synthesized
and optimized polymer, along with the Oasis® HLB cartridge
and the Strata™-X cartridge were analyzed. After performing
the SPE protocols, the resulting recoveries were compared to
examine the adsorption efficiency of the produced polymer.

Reusability of the cartridges

The adsorption quality was evaluated by comparing the
performance of the synthesized polymer to that of the Oasis®
HLB and Strata™-X cartridges. The SPE procedures were carried
out and repeated four times for each cartridge. The resulting
recoveries for each cartridge were then compared.

Stability test

To verify the stability of both the HPLC autosampler and the
standard solutions, a 24-hour stability test was performed. Two
100 mg per L phenolic acid mixture solutions were measured
every hour over a 24-hour period. The resulting peak areas were
compared by normalizing the initial measurement to 100%. All

This journal is © The Royal Society of Chemistry 2025
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subsequent results were then calculated relative to this base-
line, with the first measurement serving as the reference point
for accuracy.

Determination of LOD and LOQ

To determine the LOD and LOQ a dilution series, reaching from
25 mg L' to 200 mg L~ was prepared by diluting a 200 mg
per L phenolic acid standard solution mixture, resulting in five
distinct calibration curves. Each standard concentration was
measured in triplicate to ensure reliability. The LOD (Xiop)
values were calculated according to DIN 32645, whereas the
LOQ (Xioq) values were derived using a rapid estimation
approach based on the simplified calibration method, as
described by eqn (1) and (2).*®

Xiop = Sy trp- 1+1+ * (1)
Lop = Svlepy 7+ o S (%)
11 X
Xioo =38 tipy|—+—F—" 2
LoQ = 3-8y lrp \/N+m+2(x,~—x)2 (2)

sy is the residual standard deviation of y around the regression
line, ¢ p presents the student factor for 95%, one sided for LOD
and two sided for LOQ, N demonstrates the measurement
points included in the linear regression model and m displays
the number of sample measurements. Furthermore, x; presents
the corresponding x-value of the regression line, while X
demonstrates the mean value of the x-values of the regression
line, with =(x; — ¥)* being the sum of squared deviations from x.

Thermally initiated polymerization

For the thermally initiated polymerization, iPOX and DVB were
combined in an amber glass flask in a 1:1 ratio. Before use,
iPOX was treated with basic activated Al,0; (75 mg per 1.5 mL of
untreated solution) and incubated for 15 minutes. Afterwards,

N
(o »\/(CHQ

CH3

~CH,
HoC .

2-isopropenyl-2-oxazoline divinylbenzene

(l{l CHs; o}
CH,
(0] CH
O)\( Hzc)‘\[( \/\o)kf 2
+ +
CH, o) CHs

2-isopropenyl-2-oxazolin ethylene glycol dimethacrylate

Fig. 1
of 1-decanol and N-methylformamide, resulting in a monolithic polym
isopropenyl-2-oxazoline, ethylene glycol dimethacrylate and a poroge
a monolithic polymer.
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a porogen mixture consisting of 1-decanol and N-methyl-
formamide in a 2:1 ratio was added to the solution. Next, the
initiator AIBN (2 w%) was added into the mixture and the
solution was placed in an ultrasonic bath to ensure complete
dissolution of the initiator. After degassing the solution with
argon for 10 minutes, the glass flask was placed in a water bath
at 70 °C for 19 hours and 30 minutes (reaction scheme: Fig. 1).

Once the polymerization was completed, the polymer was
removed from the glass flask by breaking it. The monolithic
polymer was then ground in a mortar and thoroughly washed
with water, ACN and MeOH. After drying overnight, it was
sieved to achieve a particle size range of 50 to 500 pm.

UV photoinitiated polymerization

For the UV photoinitiated polymerization, two glass plates were
prepared by rinsing them with acetone and water. Afterwards,
iPOX and EGDMA were combined at a 1:1 ratio. Before use,
both solutions were treated with basic activated Al,O; (75 mg
per 1.5 mL of untreated solution) and incubated for 15 minutes.
Next, a porogen mixture of 1-decanol and N-methylformamide
in a 2:1 ratio was added to the solution mixture. Then, the
initiator 2,2-dimethoxy-2-phenylacetophenone (2 w%) was
added to the polymer solution. The mixture was then placed in
an ultrasonic bath to ensure complete dissolution of the initi-
ator. The polymer solution was then injected between two glass
plates, which were fixed in place using two separators posi-
tioned along the edges and four clamps securing the glass
plates. The polymer solution was exposed to a UV light for 30
minutes at 8 W and 254 nm (Fig. 1).

After the polymerization process, the polymer was removed
from the glass plates by scraping it off. The resulting monolithic
polymer was then thoroughly washed with water, ACN and
MeOH. The polymer was dried overnight and then sieved to
obtain a particle size range of 50 to 500 pm.

porogen mixture

A
(1-decanolN-methyiformamid, 2:1)  ___(/0°C- 19 3omin)

\__/

H

3

porogen mixture - U\/30
(1-decanoliN-methylformamid, 2:1)  —_(2>41m, 30 min) _

(top) Depiction of the thermally initiated polymerization of 2-isopropenyl-2-oxazoline, divinylbenzene and a porogen mixture consisting

er. (bottom) Depiction of the UV photoinitiated polymerization using 2-
n mixture consisting of 1-decanol and N-methylformamide, resulting in

Anal. Methods, 2025, 17, 8634-8645 | 8637


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ay00885a

Open Access Article. Published on 20 October 2025. Downloaded on 4/4/2026 5:27:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analytical Methods

Porogen and crosslinker ratio

Various ratios of porogen and crosslinker of the thermally and
UV initiated polymers have been investigated ranging from 50
to 80 percent of porogen and 50 to 20 percent of crosslinker
(Tables S1 and S2).

Cartridge preparation

To perform an SPE, 30 mg of polymer was loaded into a pre-
fitted 1 mL polypropylene (PP) cartridge. A polyethylene (PE)
frit with a porosity of 20 um was then placed on top of the
polymer. The cartridge was packed under approximately 9 to 10
kg of pressure to ensure proper preparation for the subsequent
SPE procedures.

SPE protocol for phenolic acids

For the extraction of phenolic acids using the synthesized poly-
mers, a five-step SPE protocol was established. The protocol
consists of conditioning, equilibration, sample loading, washing
and analyte elution. The flow rate for the SPE procedure was
maintained at 3-4 seconds per drop. The conditioning step was
performed using 0.5 mL of MeOH, followed by equilibration with
0.5 mL of 4% MeOH in water. Then, 1 mL of a 100 mg per L
solution containing the previously mentioned five phenolic acids
was loaded onto the cartridge. After washing with 1 mL of 10%
MeOH in water, the analyte was eluted in two steps using 1 mL of
MeOH : water (1:1, 2% FA) per step. The collected eluates were
then directly injected into the HPLC system for analysis.

For the honey samples, a modified SPE protocol was adapt-
ed, from a previously published method to evaluate the effec-
tiveness of the synthesized polymers with real-world samples at
a flow rate of 3-4 seconds per drop.*®

The conditioning and equilibration steps were performed
using 1 mL of MeOH followed by 1 mL of water (pH 2, adjusted
with concentrated HCl). The polymer was then loaded with
1 mL of a honey solution, prepared by dissolving 30 g of honey
in 120 mL of water (pH 2, adjusted with concentrated HCI). The
washing step was carried out with 1 mL of water (pH 2, adjusted
with concentrated HCI) to remove sugars and other polar
components that were not retained by the sorbent. The analyte
elution was performed in one step using 1 mL of a FA: MeOH
(1:9) solution. The elution solution was then evaporated and re-
dissolved in 0.5 mL of MeOH (2% AA) to concentrate the
sample. The concentrated solution was subsequently filtered
through a 0.20 pm PTFE-filter before being injected into the
HPLC system.*”

To compare the performance of the synthesized polymers in
SPE, commercially available cartridges were used. These
included 30 mg Oasis® HLB 1 cc (hydrophilic-lipophilic
balance) cartridges with 30 pm sorbent and 30 mg Strata™-X
cartridges with 33 um sorbent. The SPE protocols for these
commercially available cartridges were strictly adhered during
the extraction process to ensure consistency in the evaluation of
their performance against the synthesized polymers. Detailed
protocols for the Oasis® HLB and Strata™-X cartridges are
provided in the Table S3 (SI).
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Optimization of the elution solution

The elution was optimized by testing two different elution
solutions and comparing their effectiveness for SPE with the
synthesized polymers. The first elution solution, consisting of
MeOH : ACN :water (1:1:1) with 2% FA, was initially used.
However, after evaluating the recoveries, a second composition
was introduced, which yielded more satisfactory results. The
optimal elution solution, as previously mentioned, was
MeOH:water (1:1) with 2% FA. The recovery-results for the
different elution solutions are shown in Fig. S1 (SI).

Optimization of the particle size

An attempt was made to use smaller polymer particle sizes,
ranging from 25 to 50 um, for the SPEs. The polymer was
synthesized as previously described, with the only variation
being sieved to achieve smaller particle sizes. However, due to
excessive back pressure and unacceptably high flow rate during
the SPE process, the larger particle size range of 50 to 500 um
was ultimately retained.

Dynamic loading capacity study

A dynamic loading capacity study was conducted to assess the
capacity of the polymers and to compare the performance of the
various synthesized polymers which differed in porogen and
crosslinker ratios. Therefore, a cartridge was prepared using the
previously described protocol, employing the synthesized poly-
mers with varying porogen and crosslinker ratios. The polymer
was then conditioned and equilibrated with 0.5 mL of MeOH
and 0.5 mL of 4% MeOH in water. Solutions ranging from 50 to
200 mg L™ " of a Fer A-solution were added in 1 mL increments
for up to 60 cycles on the various cartridges. After each loading
step, the residues were collected and analyzed using HPLC. The
eluate concentrations were plotted to compare the performance
of the different polymers.

To calculate the dynamic loading capacity, a Boltzmann
model was fitted to the data, resulting in the following eqn (3).**

A — A
Y:A2+17xfx20 3)
1 +e dx

Y represents the Fer A concentration in the effluent. A; and A,
are regression parameters and demonstrate the minimum and
maximum value of Y. Furthermore, dx as another regression
parameter depicts the slope factor. The volume loaded onto the
SPE bed is defined by x. The inflexion point x, corresponds to
the retention volume Vg.

With eqn (3) the column's capacity can be calculated,
including the breakthrough volume V3 and the hold-up volume
Vm, which can be determined using eqn (4) and (5):*

oo @A) ) g
Var = Xo 4 (dx)-In {99 ~100 j—j (5)

This journal is © The Royal Society of Chemistry 2025
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As already mentioned, the retention volume Vy corresponds
to the inflexion point x,, where the solute is in equilibrium
between being absorbed onto the sorbent and eluted from it (Vx
= X,). With eqn (6) and (7) the number of theoretical plates N
and the retention factor k can be calculated. The dynamic
capacity Qg is determined by eqn (8).**

4172
N = TARA 7Vl;/R)2 (6)
k=t 7)
0y = 1 ©

¢ demonstrates the concentration of Fer A loaded onto the
cartridge during the loading process, while m represents the
mass of the polymer loaded in the cartridge.

Results and discussion

A 2-isopropenyl-2-oxazoline-based polymer was synthesized and
optimized for the SPE of phenolic acids, followed by charac-
terization and analysis using various instruments. To ensure
the accuracy and reliability of the obtained data, all SPE
experiments and HPLC measurements were conducted in trip-
licate providing a robust basis for the evaluation of the poly-
mer's performance.

EGDMA or DVB?

As mentioned previously, both thermally and UV initiated
polymers with different porogen and crosslinker ratios (50 : 50,
60:40, 70:30, 80:20) were synthesized and their adsorption
properties were compared. After synthesis, initial differences
were observed, with the 80 :20 ratio polymers proving difficult
to work with. These polymers were too viscous to handle
properly, adhering to all used utensils, which made it impos-
sible to load them into the cartridge. Consequently, the 80:20
ratio polymers were discontinued, and further experiments
focused on the 50:50, 60:40, and 70:30 ratios. Three SPEs
were conducted for each porogen-crosslinker ratio (50 : 50, 60 :

View Article Online
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40, 70:30) for both UV and thermally initiated polymers. The
SPE process for the synthesized polymers was already
mentioned in “SPE protocol for phenolic acids” in the “Mate-
rials and methods” part of this paper. However, it should be
noted that, at this stage, the polymers were only compressed
with 3 to 4 kg of pressure. While this did not affect their
comparability, it did prevent them from achieving a 100%
adsorption rate. This limitation was later addressed by
increasing the compression pressure to 9 to 10 kg, which
allowed for more efficient packing and improved adsorption
performance.

When comparing the three porogen crosslinker ratios in
terms of recovery and relative standard deviation (RSD) values
across the loading, washing and elution steps, the UV-initiated
polymer exhibited the best performance. In contrast, the ther-
mally initiated polymers demonstrated the highest efficiency at
a 70: 30 ratio, followed closely by the 60 : 40 formulation. These
findings suggest that the optimal porogen-crosslinker ratio
depends on the initiation method, influencing the polymer's
structural properties and adsorption efficiency.

However, this study also concluded that these UV-initiated
polymers are not suitable for the SPE of phenolic acids, as
none achieved 100% adsorption, as evidenced by residual
recoveries in the washing and loading steps. This outcome may
be attributed to the crosslinker EGDMA, which has a high
polarity and lacks the ability to form 7-m stacking interactions.
In contrast, thermally initiated polymers were able to reach full
adsorption. Since the performance of DVB polymers at 60 : 40
and 70:30 was comparable, no definitive conclusion could be
drawn regarding the optimal ratio.

The recovery values of the analyte elution and their corre-
sponding RSD values are presented in Table 1. A detailed
comparison of the UV- and thermally initiated polymers is
provided in the Fig S2-S4 (SI), where bar charts offer a visual
representation for easier interpretation of the results.
Regarding the choice between EGDMA and DVB, DVB was
selected as the preferred crosslinker due to its superior perfor-
mance in SPE. As expected, DVBs aromatic structure facilitates
-7 stacking interactions with the aromatic rings of phenolic
compounds, which significantly enhances retention and selec-
tivity, resulting in higher recoveries. These non-covalent

Table 1 A depiction of the recoveries (RE) and relative standard deviation (RSD) values of the analyte elution (E) after SPE of the 50 : 50, 60 : 40
and 70 : 30 UV photoinitiated (EGDMA) and thermally initiated (DVB) polymers. To determine recovery rates, 1 mL of a 100 mg per L phenolic acid
mixture was loaded onto each SPE cartridge, and the eluate was collected at a flow rate of 3—4 s per drop. The procedure was repeated three
times for each polymer formulation (50 : 50, 60 : 40, and 70 : 30 DVB/EGDMA), using three independently packed cartridges per run

50:50 polymer 60 : 40 polymer

70:30 polymer

EGDMA DVB EGDMA DVB EGDMA DVB
Analytes REE/% RSD/% REE/% RSDE/% REE/% RSDE/% REE/% RSDE/% REE/% RSDE/% REE/% RSDE/%
Chlor A 72.04 22.68 103.29 12.24 86.99 11.51 94.81 4.38 84.48 29.74 96.81 1.02
Caff A 84.31 23.53 104.03 10.38 97.94 7.71 96.94 4.89 96.99 27.78 99.28 2.00
DHB 60.47 27.91 70.65 4.86 71.58 0.11 69.32 6.92 69.01 17.53 73.70 0.51
Fer A 84.15 22.54 107.30 14.45 97.72 9.51 97.45 3.40 97.51 29.46 99.22 1.69
Cin A 90.21 21.48 113.03 9.76 102.14 8.71 110.39 1.34 102.10 28.55 108.22 2.70
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interactions contribute to the high recovery rates observed in
SPE, as the DVB-based polymer matrices can effectively
“capture” phenolic acids through complementary by the poly-
mer network. This combination of rigid crosslinked structure
and m-7 interactions makes DVB particularly effective for SPE
applications targeting aromatic analytes such as phenolic acids,
which has been backed up by various studies.*>**

Dynamic loading capacity

To further investigate the different thermally initiated poly-
mers, a dynamic loading capacity study was conducted.
Initially, a 100 mg per L Fer A solution was used in incremental
loading steps to compare the three polymer formulations. The
varying slopes of the functions in the resulting graph indicated
that the polymers with 60 : 40 and 70 : 30 ratios were optimal, as
both achieved 100% adsorption of Fer A in the first loading step.
The 70: 30 ratio maintained full adsorption even in the second
step, whereas the 50:50 polymer exhibited a much shallower
slope indicating slower adsorption kinetics. In contrast, the 60 :
40 and 70:30 polymers displayed steeper slopes, suggesting
faster and more efficient adsorption. These characteristics
make them more promising candidates for further investiga-
tions into adsorption capacity (Fig. S5).

A direct comparison between the 60 : 40 and 70 : 30 polymers
using a 100 mg per L Fer A solution over 30 loading steps
revealed nearly identical adsorption trends (Fig. S6). However,
since the 70:30 thermally initiated polymer exhibited smaller
standard deviations, an additional dynamic loading study was
conducted with this polymer to determine its saturation point.

Saturation was reached after 60 loading steps using a 100 mg
per L Fer A solution. The peak areas were converted into
concentrations using external calibration, and the dynamic
loading capacity was determined by fitting the data to a Boltz-
mann model (Fig. S7). The final calculations revealed a dynamic
loading capacity of 31.61 mg g~ ', which is ten times higher than
the value reported for a 30 mg Oasis® HLB 1 cc cartridge in the
literature.**

Optimization of the elution solution

Upon evaluating the recovery rates of the phenolic acids during
the SPE process, particularly the suboptimal recovery of DHB,
a new elution solution was investigated. The second elution
solution, consisting of MeOH:water (1:1) with 2% FA,
demonstrated superior effectiveness in enhancing the recovery
of DHB compared to the first elution solution (MeOH : ACN :
water, 1:1: 1 with 2% FA). Although ACN is typically considered
to have a higher elution strength, the enhanced performance of
the MeOH-based solution can be attributed to several key
factors. Methanol (MeOH), with its higher polarity compared to
ACN, promotes stronger interactions with DHB, a highly polar
analyte. Additionally, as a protic solvent, MeOH is capable of
forming hydrogen bonds with DHB, which facilitates its
desorption from the polymer surface. In contrast, ACN, being
an aprotic solvent, lacks the ability to form such interactions,
thereby resulting in reduced desorption efficiency for DHB.
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Using the previous elution solution (MeOH : ACN : water, 1:
1:1 with 2% FA) in the SPE protocol, the following recoveries
were obtained (7 = 3): Chlor A: 105.53 £ 2.52%, Caff A: 103.03 =
3.09%, DHB: 90.20 + 2.63%, Fer A: 108.46 + 2.23% and Cin A:
105.00 + 2.36%. However, when the new elution solution
(MeOH : water, 1:1 with 2% FA) was applied, improved recov-
eries were observed, particularly for DHB: Chlor A: 105.88 £+
1.96%, Caff A: 104.74 £+ 4.00%, DHB: 104.49 + 3.05%, Fer A:
110.44 + 3.02% and Cin A: 108.68 + 2.62%. For all SPE exper-
iments, 1 mL of a 100 mg per L phenolic acid mixture was
loaded, and each measurement was performed in triplicate. The
recovery-results for the different elution solutions are shown in
Fig. S1 (SI).

Method validation

The HPLC method was successfully validated by assessing the
linearity of the calibration curve, evaluating sample stability,
and determining the limits of detection (LOD) and quantifica-
tion (LOQ).

For the linearity of calibration, concentrations ranging from
25 to 200 mg L~ were tested, demonstrating a linear relation-
ship within the examined concentration range, with correlation
coefficients (R*) between 0.9998 and 0.9999. The maximum RSD
value observed was 0.239%, while the minimum RSD value was
0.150%. The detailed data for the linearity of calibration are
provided in Table S4 (SI).

After performing a 24-hour stability test on two standard
solutions of a 100 mg per L phenolic acid mixture, it was
concluded that both the HPLC system's autosampler and the
phenolic acid mixture exhibited excellent stability. This was
evidenced by the consistent values across all measurements
(Fig. S8). The RSD values remained low, indicating minimal
variation over time (Table S5). Therefore, measurements can be
reliably conducted over a 24-hour period without significant
fluctuations.

The LOD and LOQ were determined by using an external
calibration with concentrations ranging from 25 to 200 mg L.
The calculated LOD, as low as 0.5 mg L', and LOQ, down to
2 mg L', demonstrate the high sensitivity and reliability of the
analytical method. The low LOD ensures that each analyte can
be easily identified, while the LOQ allows for accurate quanti-
fication of analyte concentrations as low as 2 mg L™". Conse-
quently, the HPLC-UV method is highly suitable for precise and
reproducible measurements. The calculated LOD and LOQ
values for the five analyzed analytes are provided in Table S6

(SD).

Recovery studies

To assess the recoveries from the SPEs conducted with a 100 mg
per L phenolic acid mixture, the synthesized and optimized
polymer, along with the Oasis® HLB and Strata™-X cartridges
were evaluated in triplicate. An external calibration curve was
constructed using concentrations ranging from 25 to
200 mg L', enabling the calculation of recovery efficiencies
(RE) and relative standard deviation (RSD) values.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Illustration of the recoveries (RE) and their corresponding

relative standard deviation (RSD) values from the three stationary
phases used for SPE. The SPE process was performed in triplicate, with
average recoveries (RE) and corresponding relative standard deviations
(RSD) represented as bars. Each replicate corresponds to an inde-
pendent measurement of SPE recovery under identical experimental
conditions.

Recoveries (RE) were determined by quantifying each ana-
lyte's concentration from its peak area using an external cali-
bration curve. RE (%) was calculated as the ratio of the
measured concentration to the theoretical concentration,
multiplied by 100. The relative standard deviation (RSD, %) of
the recoveries was calculated as the standard deviation divided
by the mean recovery, multiplied by 100. The SPE recovery study
revealed that all three stationary phases — Oasis® HLB, Strata™-
X and the synthesized and optimized polymer - demonstrated
excellent performance, with recoveries around 100%. The
highest recoveries were observed for Strata™-X (up to 116%),
while the synthesized polymer achieved recoveries of up to
110%. These results confirm the effectiveness of the synthesized

Reusability of the Polymer

Reusability of Oasis HLB
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polymer as a stationary phase for phenolic acid extraction
(Fig. 2).

The RSD values provide further validation of the reliability of
the SPE process across all investigated sorbents. While the
Strata™-X cartridge exhibited the lowest standard deviation,
the polymer phase demonstrated slightly higher variability,
particularly for Caff A, likely due to inconsistencies in manual
cartridge preparation. Despite this, all RSD values remained
below 3%, except for Caff A in the polymer SPE, where the value
marginally exceeded this threshold.

These findings support the conclusion that the optimized
polymer is a reliable and effective stationary phase for the SPE
of phenolic acids (Table S7).

Polymer reusability

The reusability of the polymer for multiple SPE cycles was
evaluated using a 100 mg L' mixture of the five previously
mentioned phenolic acids. Following the established protocol
for the optimized polymer and the existing SPE protocols for
Oasis® and Strata™-X, five consecutive SPE cycles were per-
formed. The recoveries and standard deviations for each
stationary phase were determined. To ensure reliability, the
study was repeated three times. The obtained values are pre-
sented in Fig. 3 for easier comparison.

Recoveries were determined and calculated as described in
the “Recovery studies” section of this manuscript.

The results from five consecutive SPE cycles demonstrated
that the polymer maintained high recovery rates and low stan-
dard deviations across all analytes, surpassing the performance
of the commercial materials. Strata™-X showed variability and
became unreliable after the third cycle, while Oasis® HLB
maintained consistent performance through the third cycle but
showed increased deviations in the fourth. In contrast, the
optimized polymer exhibited superior stability and reusability,
making it a more effective material for extended SPE cycles.

Reusability of Strata X

140 [ RO R1 R2 R3[ R4 140 4 RO

R1 R2

R3[ |R4| 140 4 [ RO R1 R2 R3 R4
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Fig. 3 Representation of the recovery values and corresponding standard deviations from the reusability study for the optimized polymer (left),
the Oasis® HLB cartridge, and the Strata™-X cartridge. Rq indicates the first SPE cycle, Ry the second cycle, and so forth. The SPE process was
performed five times using the same cartridges, with average recoveries (RE) and corresponding relative standard deviations (RSDs) shown as
bars. Each replicate represents an independent measurement of SPE recovery under identical experimental conditions.
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These findings highlight the polymer's potential for sustained
performance in repeated analytical procedures.

Real-life sample study

To assess the effectiveness of the polymers in SPE, honey,
a natural source of phenolic acids, was used as a real-world
sample. Two different types of honey were analyzed following
the SPE methods outlined before. The collected flow-through
was subsequently analyzed by HPLC-UV using the established
method. For comparative purposes, Oasis® HLB was also
utilized as the stationary phase in parallel with the optimized
polymer. To ensure reproducibility and reliability, the experi-
ment was conducted in triplicate.

Determination of phenolic acids in “JedenTag”-honey

One of the analyzed samples, “JedenTag”-honey, was found to
contain Fer A, a compound which is known for its antioxidant,
anti-inflammatory, antimicrobial and anticancer properties.
Given its importance in traditional medicine, the study aimed
to determine the actual concentration of the Fer A in the
sample. HPLC analysis confirmed its presence, and SPE was
performed using both the optimized polymer and a commer-
cially available Oasis® HLB cartridge for comparative studies.
External calibration resulted in an average Fer A concentration
of 9.72 + 0.04 ppm (0.972 mg per 100 g of honey), based on
three different measurements (9.73 ppm, 9.74 ppm, 9.67 ppm)
that had been conducted. This average value is moderately
higher than the typical range of Fer A concentrations in honey
(0.02 to 0.82 mg per 100 g).** The SPE recoveries exceeded 90%
for both materials, demonstrating the efficiency of the polymers
(polymer: RE: 99.42%, RSD: 1.61% and Oasis® HLB: RE:
107.45%, RSD: 2.56%). Since “JedenTag” honey is sourced from
multiple regions, including Argentina, Brazil, Hungary and
Greece, determining the exact floral origin of the phenolic acids
was challenging. However, comparison of the HPLC chro-
matograms reveals that the concentration process was effective,
as evidenced by a peak area that was twice as large after SPE
compared to before (Fig. 4).
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Determination of phenolic acids in honey from Réthis (2023)

A honey sample collected in 2023 from Roéthis (Vorarlberg,
Austria) was analyzed, revealing the presence of Fer A, one of the
five phenolic acids previously examined. Due to the close
proximity of the chromatographic peaks, the identification of
Fer A presented initial challenges. However, the application of
SPE significantly improved peak resolution, thereby enabling
precise quantification and reliable recovery calculations (Fig. 4).

To further evaluate the effectiveness of the synthesized
polymer, a commercially available Oasis® HLB cartridge was
also tested for comparison. HPLC-UV analysis of the concen-
trated samples revealed that the separation was successful,
confirming the SPE methods efficiency. Recovery rates
exceeding 90% were achieved for both the polymer (RE:
107.80%, RSD: 0.90%) and Oasis® HLB (RE: 125.66%, RSD:
2.89%) demonstrating excellent performance. The average Fer A
concentration in the Rothis honey sample was determined to be
1.79 £ 0.01 ppm (0.179 mg per 100 g honey), based on three
different measurements (1.79 ppm, 1.80 ppm, 1.79 ppm) that
had been conducted. Although this value is on the lower end, it
falls within the established range of 0.02-0.82 mg per 100 g
typically found in honey.*

Characterization of the polymer

Various techniques were utilized to characterize the thermally
initiated polymers synthesized 50 : 50, 60 : 40, and 70 : 30 ratios.
Attenuated total reflectance (ATR) spectroscopy confirmed the
successful integration of both the monomer and crosslinker
into the polymer network. Additionally, scanning electron
microscopy (SEM) combined with energy-dispersive X-ray
spectroscopy (EDXS) was employed to analyze the pore size
distribution and elemental composition of the different
polymers.

ATR measurements

The resulting ATR spectra, along with their corresponding data
tables, are provided in Table S8 and Fig. S9 to S13 (SI).
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Fig.4 Demonstration of the found ferulic acid in the honey samples (left: “JedenTag’-honey, right: honey 2023) before the SPE process (above)

and after the SPE process (below) (n = 3).
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The ATR spectra reveal that all the polymers share a consis-
tent composition, a result that was later confirmed by EDXS
measurements. Specific bands associated with the monomer
and the crosslinker were clearly identified. Notably, bands
present in both the crosslinker, and the polymer were detected
at 800 cm™ " (olefinic, (=C-H)) and 910 cm’ (olefinic, 6(=C-
H)). Additionally, bands common to both the monomer and the
polymer appeared at 1100 cm ™" (amine, §(C-N)), 1200 ¢cm
(ether, »(-C-O-C)) and 1650 cm " (olefinic, »(-C=C)).

SEM and EDXS measurements

SEM and EDXS measurements were conducted to examine the
pore structure and elemental composition of the thermally
synthesized polymers with 50:50, 60:40, 70 : 30 monomer-to-
crosslinker ratios. The corresponding images and data are
presented in Fig. S14 (SI). However, since the results for all
thermally synthesized polymers were comparable, only the
polymer with the 70: 30 porogen-to-crosslinker ratio is shown.
The synthesized 70:30 polymer exhibited pore sizes ranging
from 55 nm to 75 nm with uniform distribution and circular
agglomerates, indicating a well-controlled synthesis process.
The elemental composition of around 92.8% C, 4.5% N and
2.6% O confirmed the successful incorporation of the iPOX
monomer, as evidenced by the presence of the nitrogen. The
detected Si and Pt peaks were attributed to the silicon wafer
substrate and the platinum coating used for SEM analysis.

For the 60: 40 polymer, the pore size ranged from 30 nm to
50 nm exhibiting circular agglomerates and a homogeneous
structure, further indicating effective synthesis. The elemental
composition was around 92.2% C, 4.8% N and 2.9% O, closely
resembling that of the 70:30 polymer, confirming the
successful incorporation of the iPOX monomer. Again, Si and Pt
were observed due to the silicon wafer substrate and platinum
coating.

For the 50:50 polymer, the average pore size ranged from
50 nm to 95 nm, exhibiting a homogeneous structure with
circular agglomerates. Elemental analysis revealed around
91.5% C, 5.6% N and 2.7% O, with the presence of nitrogen
confirming the successful incorporation of iPOX. The Si and Pt
peaks were again due to the substrate and coating.

In summary, EDXS and SEM analyses revealed a consistent
composition across all three polymers, with carbon, nitrogen,
and oxygen contents aligning with the expected incorporation
of the iPOX monomer. The nitrogen content in particular served
as direct evidence of successful monomer integration into the
polymer matrix. Additionally, the detection of Si and Pt signals
was attributed to the silicon wafer substrate and platinum
coating used during SEM analysis. These findings collectively
validate the effectiveness of the thermal polymerization method
in producing well-defined polymer structures with predictable
elemental compositions.

Conclusion

In conclusion, the thermally synthesized 70:30 polymer
demonstrated superior performance in the SPE of phenolic

This journal is © The Royal Society of Chemistry 2025
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acids, achieving a high dynamic loading capacity of around
31.61 mg g~ '. This capacity significantly surpasses that of the
commercially available Oasis® HLB cartridge, highlighting the
polymer's enhanced adsorption efficiency. The polymer's
effectiveness was further demonstrated through recovery tests,
which showed comparable results to widely used commercial
alternatives such as, Oasis® HLB and Strata™-X, along with
remarkable reusability over multiple extraction cycles. Even
when applied to real-life samples the polymer maintained high
efficiency in extracting phenolic acids, reinforcing its practical
applicability in complex sample matrices.

Comprehensive characterization through ATR spectroscopy,
SEM, and EDXS confirmed the successful incorporation of both
the monomer and crosslinker into the polymer matrix, vali-
dating the controlled synthesis process and the polymer's
structural integrity. The uniform pore structure and consistent
elemental composition further support the reliability and
reproducibility of the developed material.

While the polymer demonstrated excellent efficiency in SPE
applications, further optimizations could be explored to
enhance its performance. Future studies could investigate
variations in crosslinker-to-monomer ratios to fine-tune
porosity, surface area, and selectivity. Additionally, testing the
polymer with a broader range of analytes and different sample
conditions could further validate its versatility and expand its
application potential.

Overall, the synthesized polymer represents a promising
alternative to conventional SPE cartridges, combining high
extraction efficiency, excellent reusability, and cost-
effectiveness. Its superior performance in both controlled and
real-life sample conditions positions it as a viable candidate for
routine analytical and preparative extractions of phenolic acids
and potentially other target compounds in environmental, food,
and pharmaceutical analyses.
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