Open Access Article. Published on 20 February 2026. Downloaded on 4/4/2026 3:08:14 PM.

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

(cc)

Analytical
Methods

ROYAL SOCIETY

»
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: Anal. Methods, 2026, 18,
2066

[laria Porello,
Alessandro Sacchetti

Microwave-assisted hydrolysis for the
physicochemical characterization of functional
methacrylic polymers and their bioconjugates

@ Paola Nastri,? Marta Bozzi,? Filippo Moncalvo,? Philippe Gonzalez,®
@ and Francesco Cellesi

*a

This study presents a microwave-assisted hydrolysis (MAH) method for accurately determining the molar

mass of functional methacrylic polymers and their protein conjugates synthesized via controlled/living

polymerization by a grafting from approach. By cleaving ester side chains, MAH converts polymers into
linear poly(methacrylic acid) (PMAA), enabling precise molar mass analysis through aqueous size-

exclusion chromatography (ASEC). The method is applied to polyglycerol methacrylate (PGMA),
polyethylene glycol methacrylate (P(PEGMA)), and lysozyme—PGMA conjugates, with hydrolysis kinetics
evaluated under both conventional and microwave heating. Notably, P(PEGMA) exhibits strong resistance
to base-catalyzed hydrolysis due to PEG stabilization; however, microwave irradiation significantly

improves conversion, achieving results infeasible with standard heating. Characterization by *H-NMR,
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FTIR, and SEC confirms successful hydrolysis and accurate molar mass determination. Calibration using

PGMA standards further enhances analytical reliability. The MAH-ASEC approach proves robust, scalable,
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1. Introduction

Microwave-assisted hydrolysis (MAH) is an emerging technique
that enhances the efficiency of traditional hydrolysis by using
microwave irradiation to accelerate reaction rate.'” This
approach enables rapid and uniform heating, significantly
reducing both reaction time and energy consumption
compared to conventional methods.?® It is particularly effective
in breaking down complex biomolecules such as lignocellulosic
biomass,'>"* proteins,’*** polysaccharides like starch and
chitin'*** and synthetic polymers.'® With increasing interest in
green chemistry and sustainable technologies, MAH has found
broad application in areas such as biofuel production,”'®
plastic recycling,"”*® and pharmaceutical analysis.”** Key
advantages of this method include drastically shortened reac-
tion times (from hours to minutes), high energy efficiency,
lower reagent usage, and the potential for improved yields and
selectivity.” MAH can be carried out in three main forms: acid
hydrolysis, using strong acids like hydrochloric or sulfuric acid;
alkaline hydrolysis, involving bases such as sodium or potas-
sium hydroxide; and enzymatic hydrolysis, which may be
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and broadly applicable, offering a valuable tool for the physicochemical characterization of complex
polymeric conjugate systems, particularly in biomedical and materials science contexts.

combined with microwave treatment, although enzymes can be
sensitive to high temperatures.>

Based on these characteristics, MAH can also be employed to
optimize or control the hydrolysis of advanced polymeric
materials, enabling fast, accurate and reliable physicochemical
characterization of the macromolecular chains.**** This is
particularly relevant for macromolecules synthesized via graft-
ing from approach onto nanoparticles or biosurfaces, cross-
linked, or conjugated to large biomolecules such as proteins
and nucleic acids in the biomedical field.*** In such cases,
detachment from their grafting or conjugation partners is often
necessary prior to effective analysis and characterization.**** In
the field of polymer-protein conjugate, a method was recently
proposed to fully hydrolyse both the side groups of the mono-
meric units and protein components under strong acidic or
basic conditions, allowing isolation of the polymer backbone
for molar mass characterization.***%

Current analytical strategies for the characterization of
engineered polymers such as grafted polymers and polymers
with complex self-assembly behavior in solution, often rely on
techniques that do not yield accurate or reliable information
regarding the real physicochemical properties, in particular the
molar mass distribution. The most commonly employed
methods for molar mass determination include size exclusion
chromatography (SEC), matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS),
analytical  ultracentrifugation = (AUC), and field-flow

This journal is © The Royal Society of Chemistry 2026
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fractionation (FFF).**** SEC remains the most widely used
technique due to its broad applicability, ease of use, and
accessibility.>*®* However, determining the molecular weight
distribution of polymers grafted to a surface is challenging, as
their covalently anchored chains cannot be directly analysed by
SEC unless they are first detached from the surface. Moreover,
SEC can yield inaccurate results when these polymers do not
behave as ideal linear coils; the presence of a protein conjugate,
self-assembly, folding, or strong intermolecular interactions
can distort hydrodynamic volume measurements.*****

To address these limitations, one effective approach involves
cleave the polymer grafting groups and its side functional
groups, thereby isolating the linear polymeric backbone, which
can be further analysed through SEC.** This approach is
possible when the polymer backbone is stable over hydrolysis,
for instance in case of polyolephines, polymethacrylates and
polyacrylates. In particular, polymethacrylates and polyacrylates
have recently been used in a variety of different biomedical
applications as a conjugated, grafted, self-assembled macro-
molecules, which represent the primary focus of this
work.>*?52947:48 - At the same time, (meth)acrylic polymers
encompass a broad diversity of architectures, functionalities,
and processing strategies reported in the literature, including
stimuli-responsive materials with tuneable surface properties
and multifunctional polymers developed for advanced adhesive
and optoelectronic applications.***® In fact, their versatile
synthesis via controlled living polymerization techniques such
as atom transfer radical polymerization (ATRP),*"** reversible
addition-fragmentation chain-transfer (RAFT)
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polymerization®®” or nitroxide-mediated polymerization
(NMP),***° have been extensively explored for obtaining poly-
mers exhibiting a narrow molecular weight distribution along
with well-defined architectures.>*-%

In particular, these reversible-deactivation radical polymer-
izations (RDRP) have allowed extensive research on the use of
grafted methacrylic polymers such as poly(ethylene glycol
methacrylate) (P(PEGMA)) and poly(glycerol monomethacrylate)
(PGMA), for biomedical applications.?®**3*3>61.66-7% Their non-
toxic nature, hydrophilicity and resistance to protein adsorp-
tion make them ideal for drug delivery, tissue engineering, and
surface modification of biomaterials, enhancing bi-
ofunctionality, stability, and immune compatibility in medical
environments.>®3*3%67-6%71-74 Ag in many other (meth)acrylic
monomers and in the initiators used in these controlled living
polymerizations, PGMA and PPEGMA present ester bonds with
their functional groups which can be cleaved by
hydrolysis‘34,35,66,75779

In light of these considerations, this work focuses on
developing an effective methodology for characterizing the
molar mass of functional polymers synthesized via controlled
living polymerization. The approach involves hydrolyzing the
ester bonds in their side chains using MAH, thereby yielding
linear methacrylate backbones with carboxylic acid on each
monomeric unit, namely poly(methacrylic acid) (PMAA), suit-
able for subsequent analysis (Fig. 1). Once the molar mass
distribution of PMAA is characterized by aqueous SEC, the
degree of polymerization, and therefore the molar mass of the
polymer prior to hydrolysis, can be easily calculated. The study
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polymers hydrolysis via MAH and aqueous SEC characterization.
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aimed to optimize the reaction conditions for efficient base-
catalyzed hydrolysis, conducted using a microwave synthe-
sizer. To evaluate the hydrolysis kinetics, PGMA was compared
with the more sterically hindered P(PEGMA). Two hydrolysis
setups were investigated: one using conventional conductive
heating (e.g., a silicone oil bath), and the other employing
microwave-assisted hydrolysis, the latter expected to accelerate
the reaction and improve conversion.

The PGMA and PPEGMA homopolymers investigated in this
study were synthesized from a commercial initiator via Activator
Generated by Electron Transfer (AGET) ATRP in aqueous
solution.*®*#** Given the potential of PGMA to form stable
polymer—-protein bioconjugates, PGMA polymerization was also
carried out on functionalized lysozyme, selected as a model
protein macroinitiator based on our previous work.*»** The bi-
oconjugate was prepared by covalently attaching an aldehyde-
bearing ATRP initiator to the N-terminus of lysozyme via
reductive amination, targeting a site distal to the active domain
to preserve enzymatic activity.**** The resulting PGMA-lyso-
zyme conjugate was then subjected to hydrolysis under the
optimized conditions previously established for the corre-
sponding homopolymers, enabling characterization of the
methacrylate-based polymer.**** To improve the accuracy of
molecular weight determination, a series of PGMA samples with
varying chain lengths was employed for calibrating the aqueous
SEC analysis, reducing the systematic errors typically associated
with standard calibrations commercial
calibrants.**%”%8

Here, MAH is introduced as an integral step of an analytical
workflow rather than as a synthetic tool. Polymer-derived
internal calibrants are first generated from polymers with
known molar mass and subsequently applied to the character-
ization of structurally related functional polymers and bi-
oconjugates with unknown molar mass, overcoming intrinsic
limitations of conventional SEC calibration arising from
differences in polymer chemistry, charge density, and hydro-
dynamic volume.

using polymer

2. Experimental

2.1. Materials

2-Hydroxyethyl 2-bromoisobutyrate 95% (OH-EBIB), Poly
(ethylene glycol) methyl ether methacrylate M, = 500 Da
(PEGMA), Lysozyme from hen egg white protein =90%,
=40.000 units per mg protein lyophilized powder (LYS), cop-
per(u) bromide 99% (CuBr,), copper(u) chloride 97.0% (CuCl,),
t-ascorbic acid crystalline = 99.0% (AA), 2-methylpyridine
borane complex 95%, lithium bromide 99% anhydrous (LiBr),
sodium chloride = 99.8% (NaCl), sodium hydroxide = 98.0%
anhydrous pellets (NaOH), sodium dihydrogen phosphate =
98.0% anhydrous (NaH,PO,), sodium phosphate dibasic =
99.0% (Na,HPO,), dimethyl sulfoxide = 99.7% (DMSO),
hydrochloric acid 37% (HCI), were all purchased from Sigma-
Aldrich (Merck, Italy). Deuterium oxide 100% (D,O) was
purchased from Eurisotop (Cambridge Isotope Laboratories,
France). N,N-dimethylacetamide HPLC grade 99.5% (DMAc)
was purchased from ThermoFisher Scientific (Italy). Glycerol
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mono methacrylate M,, = 176.2 Da (GMA) was purchased from
Polysciences (Germany). Tris (2-pyridylmethyl) amine 98%
(TPMA) was purchased from Tokyo Chemical Industry (Bel-
gium). All chemicals were used without further purification
unless otherwise indicated. Deionized water (18.2 MQ) was
obtained from Millipore Milli-Q purification unit (Merck
Millipore).

2.2. Polymers characterization

Monomers conversion (xargp) and hydrolysis outcomes (x-
Hypro), together with polymer degree of polymerization (DP)
were determined by 'H-NMR analysis, dissolving crude and
purified polymers in D,0. "H-NMR spectra were recorded at 298
K on a Bruker Avance 400 MHz instrument (16 scans, standard
1D proton experiment). Chemical shifts (6) are reported in ppm
downfield from the deuterated solvent used as internal
standard.

The number-average molar mass (M,skc) and dispersity
(Psec = M, sec/My sec) values of the synthesized polymers were
evaluated using a Jasco® LC-2000Plus size exclusion chroma-
tography (SEC) instrument equipped with a refractive index
detector (RI-2031Plus, Jasco), a CO-2060 plus oven column,
a PU-2080 pump, a Jasco AS-2055Plus autosampler, 3 x GRAM
columns (300 x 8 mm, 10 um) and 1 x GRAM column guard (50
x 8 mm, 10 um) using DMAc (30 mM LiBr) as eluent. The
machinery was calibrated via polystyrene standards (calibration
kits by RESTEK and Sigma-Fluka). Samples of purified polymer
were dissolved in DMAc at a concentration of 4 mg mL™",
filtered through Corning® syringe filters (Nylon membrane,
pore size 0.45 um, Merck Millipore) and injected at a flow rate of
1 mL min~" at 35 °C (injection volume = 30 pL).

The hydrolyzed polymers were analyzed via aqueous SEC
(ASEC) conducted on a Shimadzu Nexera LC system equipped
with a LC-40D pump (Shimadzu), a DGU-403 degassing unit
(Shimadzu), a SIL-40 autosampler (Shimadzu), a CTO-40C
column oven (Shimadzu), 1 x Agilent PL aquagel-OH guard
column (50 x 7.5 mm, 8 pm), 2 x Agilent PL aquagel Mixed-M
column (300 x 7.5 mm, 8 pm), a RID-20A refractive index
detector. The mobile phase was composed of 0.2 M NaNOj3,
0.1 M NaH,PO, (pH 7), and 200 ppm NaNj;. The flow rate was set
at 1 mL min " (injection volume = 100 pL at a concentration of
5 mg mL'). The number-average and weight-average molar
masses (M asec and M, asec, respectively) and the dispersity
(Pasec) were expressed according to calibration using poly(-
ethylene glycol) (PEG) standards.

Samples of both native and hydrolyzed polymers where
additionally analyzed via Fourier Transform Infrared (FTIR)
spectroscopy using a Varian 640-IR spectroscope with ATR-50i
accessories and a diamond window. FTIR spectra were
collected in ATR mode over the range 4000-600 cm ', with
a resolution of 4 cm ™" and averaging 32 scans per spectrum.

2.3. Synthesis of PGMA,, from commercial initiator

100 mL of PBS 100 mM were inserted in a two-necks round
bottom flask, 3 cycles of vacuum/N, of 5 min each were per-
formed followed by 15 min of N, purge. All reactants were used

This journal is © The Royal Society of Chemistry 2026
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in the molar ratios reported below, expressed as equivalents
with respect to the ATRP initiator. GMA monomer (200 mg,
1.25 mmol, m eq., where m = 20, 50, 80, 125) was inserted in
a Schlenk vial and 3 vacuum/N, cycles of 5 min each were per-
formed. 7.6 mL of degassed PBS 100 mM were added to the
Schlenk vial, and the reaction mixture was left under contin-
uous flow of N,. Considering as general case the polymerization
where m = 125, the catalyst CuCl, (0.1012 mg, 0.00075 mmol,
0.075 eq.) and the ligand TPMA (1.7477 mg, 0.006 mmol, 0.6 eq.)
were added to the reaction mixture from a stock solution in PBS
100 mM ([CuCl,] = 25 mM, [TPMA] = 200 mM). The initiator
OH-EBIB (4.2 mg, 0.02 mmol, 1 eq.) was added to the Schlenk
flask by withdrawing an aliquot from a previously prepared
stock solution in DMSO ([OH-EBIB] = 85 mg mL™'). A stock
solution of AA was prepared in a two-necks round bottom flask
by firstly introducing dry AA (degassed with 3 vacuum/N,
cycles), then adding degassed PBS 100 mM ([AA] = 5.28 mg
mL™"). An aliquot of AA stock solution (1.3526 mg,
0.00768 mmol, 0.384 eq.) was inserted in the Schlenk vial to
start the polymerization. The reaction mixture was stirred at
30 °C for 18 h. The product was purified via dialysis against
deionized water for 48 h (regenerated cellulose 3 kDa MWCO
membranes, Spectra/Por®) and then freeze-dried. Yield > 90%.
"H-NMR (400 MHz, D,0), 6 (ppm): 0.6-1.2 (m, 3H, CH;COO),
1.96 (s, 2H, CH,CCHj), 3.65 (m, 2H, CHCH,OH), 3.99 (m, H,
OCH,CH), 4-4.15 (m, 2H, COOCH,).

2.4. Synthesis of P(PEGMA),, from commercial initiator

100 mL of PBS 100 mM were inserted in a two-necks round
bottom flask, 3 cycles of vacuum/N, of 5 min each were per-
formed followed by 15 min of N, purge. All reactants were used
in the molar ratios reported below, expressed as equivalents
with respect to the ATRP initiator. PEGMA monomer (2.5 g,
5 mmol, n eq., where n = 250) was inserted in a Schlenk vial and
3 vacuum/N, cycles of 5 min each were performed. 15.2 mL of
degassed PBS 100 mM were added to the Schlenk vial, and the
reaction mixture was left under continuous flow of N,. The
catalyst CuBr, (0.335 mg, 0.0015 mmol, 0.075 eq.) and the
ligand TPMA (3.4843 mg, 0.012 mmol, 0.6 eq.) were added to the
reaction mixture from a stock solution in PBS 100 mM ([CuBr,]
= 25 mM, [TPMA] = 200 mM). The initiator OH-EBIB (4.2 mg,
0.02 mmol, 1 eq.) was added to the Schlenk flask by with-
drawing an aliquot from a previously prepared stock solution in
DMSO ([OH-EBIB] = 85 mg mL ™). A stock solution of AA was
prepared in a two-necks round bottom flask by firstly intro-
ducing dry AA (degassed with 3 vacuum/N, cycles), then adding
degassed PBS 100 mM ([AA] = 5.28 mg mL ). An aliquot of AA
was withdrawn from the degassed stock solution (1.3526 mg,
0.00768 mmol, 0.384 eq.) to start the polymerization. The
reaction mixture was stirred at 30 °C for 18 h. The product was
purified via dialysis against deionized water for 48 h (regene-
rated cellulose 3 kDa MWCO membranes, Spectra/Por®) fol-
lowed by freeze-drying. Yield > 90%. "H-NMR (400 MHz, D,0),
6 (ppm): 0.6-1.2 (m, 3H, CH,CCHj), 1.96 (s, 2H, CH,CCHj), 3.45
(m, 3H, CH;CH,), 3.6-3.9 (m, 54H, (CH,CH,OCHy,)), 3.9-4.4 (m,
2H, CH,0).

This journal is © The Royal Society of Chemistry 2026
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2.5. Hydrolysis of PGMA,,

20 mg of PGMA,, lyophilized polymer were placed in a round
glass vial. Then, 2 mL of 3 M NaOH solution were added, and
the vial was sealed with a crimped cap to maintain pressure
during heating, preventing the solution from reaching its
boiling point. The reaction mixture was stirred (400 rpm) in an
oil bath heating system at 120 °C for 30 min, 1 h, 2 h, 4 h, 6 or
18 h to study the reaction progression over time. The resulting
product was neutralized with HCl 3 M and dialyzed against
deionized water for 48 h (regenerated cellulose 3.5 kDa MWCO
membranes, Spectra/Por®). The content of the dialysis bag was
filtered with filter paper and the recovered liquid was lyophi-
lized. Yield 70%.

2.6. Hydrolysis of P(PEGMA),,

60 mg of P(PEGMA), lyophilized polymer were inserted in
a rounded glass vial. Then, 2 mL of NaOH 3 M or NaOH 6 M
solution were added, and the vial was sealed with a crimped cap
to maintain pressure during heating, preventing the solution
from reaching its boiling point. The reaction mixture was stir-
red (400 rpm) in an oil bath heating system at 120 °C for 30 min,
1h,2h,4h, 6 or 18 h to study the reaction progression over
time. The resulting product was neutralized with HCl 3 M and
dialyzed against deionized water for 48 h (regenerated cellulose
3.5 kDa MWCO membranes, Spectra/Por®). The content of the
dialysis bag was filtered with filter paper and the recovered
liquid was lyophilized. Yield 70%.

2.7. Microwave-assisted hydrolysis of PGMA,,

20 mg of PGMA,,, or LYS-PGMA,, lyophilized polymer were
inserted in a microwave reaction glass vial (Biotage®), then
2 mL of NaOH 3 M solution were added prior to close the vial
with a crimped cap. The solution was pre-stirred for 5 min and
then warmed up inside a robot-equipped Biotage® Initiator +
Microwave Synthesizer (Biotage®, Sweden AB) until reaching
120 °C (400 W). The reaction mixture was maintained under
constant microwave irradiation and stirred for 5 min, 10 min,
15 min, 30 min, 1 h, 2 h or 3 h to study the reaction progression
over time. At the end of the reaction, pressurized air was
introduced inside the microwave cavity to rapidly cool the
reaction mixture. The resulting product was neutralized with
HCI 3 M and dialyzed against deionized water for (regenerated
cellulose 3.5 kDa MWCO membranes, Spectra/Por®). The
content of the dialysis bag was filtered with filter paper and the
recovered liquid was lyophilized. Yield 70%.

2.8. Microwave-assisted hydrolysis of P(PEGMA),,

60 mg of P(PEGMA), or LYS-P(PEGMA), lyophilized polymer
were inserted in a microwave reaction glass vial (Biotage®), then
2 mL of NaOH 6 M solution were added prior to close the vial
with a crimped cap. The solution was pre-stirred for 5 min and
then warmed up inside a robot-equipped Biotage® Initiator +
Microwave Synthesizer (Biotage®, Sweden AB) until reaching
120 °C (400 W). The reaction mixture was maintained under
constant microwave irradiation and stirred for 30 min, 1 h, 2 h,
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4 h, 6 h, 8 h, 14 h to study the reaction progression over time. At
the end of the reaction, pressurized air was introduced inside
the microwave cavity to rapidly cool the reaction mixture. The
resulting product was neutralized with HCI 3 M and dialyzed
against deionized water for 48 h (regenerated cellulose 3.5 kDa
MWCO membranes, Spectra/Por®). The content of the dialysis
bag was filtered with filter paper and the recovered liquid was
lyophilized. Yield 70%.

3. Results and discussion

3.1. Polymer design and characterization

PGMA,, and P(PEGMA),, polymers were synthesized via AGET
ATRP conducted in aqueous solution (100 mM PBS), employing
CuBr, or CuCl, as catalysts, TPMA as ligand, and ascorbic acid
as the catalyst activator. The reactions were first performed with
a commercial initiator (OH-EBiB) and later with functionalized
hen egg white lysozyme (LYS-A1) as a model protein. The
protein was chemically modified via reductive amination to
functionalize its N-terminus with a bromine-containing group
(Fig. 1) capable of serving as an ATRP initiator for the synthesis
of the desired polymer. Detailed procedures for the modifica-
tion and characterization are provided in previous publica-
tions.**** The reaction scheme followed for the synthesis of the
two polymers is shown in Fig. S1 (SI). Both PGMA,, and
P(PEGMA),, ATRP reached high conversions (x = 90% after 8 h),
as confirmed by '"H-NMR (Table 1).

For the synthesis of PGMA,,, a theoretical degree of poly-
merization (DPgy,) of 125 units was initially chosen, while
P(PEGMA),, was polymerized with a DPy, of 250 units. The
resulting polymers were employed to study the hydrolysis
kinetics using both microwave and conventional heating
methods. PGMA,, samples with variable lengths (DP, = 80, 50,
20) were then produced in order to highlight how their different
molecular weights were reflected in the SEC analysis of the
corresponding hydrolyzed polymers. Polymerizations were
subsequently adapted to employ LYS-A1 as the initiator where
a target DPy;, of 125 and 250 units was selected for the synthesis
of LYS-PGMA,,,. The synthetic procedure and reaction compo-
nents remained unchanged from those optimized using the
commercial initiator. The list of the studied macromolecules
and their characterization data are summarized in Table 1.
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Fig. 2 (a) Base-catalyzed hydrolysis reaction of PGMA,,, esters bonds
leading to the formation of PMAA,, and glycerol. *H-NMR spectrum
progression recorded: (b) before PGMAy;, hydrolysis, (c) after hydro-
lysis but prior to purification, and (d) after purification. The disap-
pearance of signals corresponding to free glycerol in spectrum (d)
confirms its successful detachment from the polymer backbone.

3.2. Hydrolysis of PGMA,, homopolymer

Polymers with a methacrylic backbone typically undergo ester
bond hydrolysis via a base-catalyzed reaction in aqueous solu-
tion at elevated temperatures. Basic conditions were preferred
to ensure the solubility of PMAA formed during hydrolysis. This
study investigated the kinetic profile of the hydrolysis of
PGMA,;, (DPy, = 125, DPyyr = 112, as reported in Table 1)
conducted in a 3 M NaOH solution at 120 °C, utilizing both
a microwave synthesizer and a conventional heating method,
such as oil bath heating system with a thermocouple for
temperature control.

To identify the minimum time required for complete
hydrolysis, various reaction durations were tested for both

Table 1 Summary of properties of PGMA,,, and P(PEGMA),, polymers obtained from commercial initiator and LYS-ALl. DPy, indicate the target
degree of polymerization while DPyur represent the one actually achieved based on polymerization conversion calculated by *H-NMR (xatre).
Number average molecular weight (M,, xmr @nd M, sec) were obtained via *H-NMR and standard organic SEC analysis respectively, while the

dispersity Dsgc was evaluated via organic SEC. LYS-A1 M,, = 14.57 kDa

Polymer DPy, [] DPyur [-] Xarre [%] M, nmr [kDa] M, sec [kDa] Bsec [-]
PGMA,, 125 112 90 18.1 22.1 1.3
PGMA,¢ 80 79 99 12.9 14.9 1.3
PGMA,¢ 50 46 92 7.6 9.3 1.2
PGMA 5 20 18 90 3.1 4.1 1.2
P(PEGMA),,5 250 245 98 122.7 147.3 1.3
LYS-PGMA, o 125 109 87 32.9 — —
LYS-PGMA, ;5 250 175 70 42.6 — —
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methods. After each reaction, the resulting mixture was
neutralized with HCI and dialyzed against deionized water, to
remove salts formed during the neutralization and any residual
glycerol, then analyzed by "H-NMR to determine the degree of
conversion. As illustrated in Fig. 2a, the typicla hydrolysis
mechanism of PGMA,, led to the formation of linear poly(-
methacrylic acid) (PMAA,,,) and glycerol. Accordingly, the output
of the various reactions was quantified by calculating the ratio
of the peak area ("H-NMR spectrum recorded in D,0) corre-
sponding to glycerol bound to the backbone, measured prior to
the hydrolysis reaction (denoted by labels ‘B’, ‘C’ and ‘D’ in
Fig. 2b), and the area of the same peak after hydrolysis. This
methodology enabled the determination of the percentage of
glycerol detached from the main backbone as a result of the
hydrolytic process.

By comparing the "H-NMR spectrum of the sample obtained
after hydrolysis (prior to purification) (Fig. 2c) with that of the
native PGMA,,, polymer, peaks associated with glycerol are still
observed. In the spectrum recorded after purification (Fig. 2d),
the free glycerol is absent, as evidenced by the lack of signals in
the 3.4-4.2 ppm region, leaving only the peaks corresponding to
the linear PMAA chain. Fig. 3a illustrates the kinetic profiles of
the hydrolysis reactions conducted using both microwave irra-
diation and conventional oil bath heating. The data clearly
demonstrate that the microwave-assisted process is signifi-
cantly faster and more efficient, achieving complete hydrolysis
of the treated polymer within just 1 hour. In contrast, the same
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D,0 PGMA
] 8

—_/} M X.::ii )
I NG
G

X=75%
15 min
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Fig. 3 (a) Kinetic profile of the hydrolysis reaction of PGMAy;, con-
ducted under microwave irradiation and in an oil bath, expressed as
conversion versus reaction time. Error bars represent the standard
deviation calculated from three independent experiments. (b)
Sequence of H-NMR spectra recorded before the hydrolysis of
PGMA;1, by means of a microwave reactor and after various reaction
time points. Letters (A—D) refers to PGMA protons and corresponding
'H-NMR peaks as reported in the structure shown in Fig. 2.
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result was obtained only after 6 hours when using a standard oil
bath. This outcome confirms that microwave irradiation has
a pronounced effect in accelerating the process, even when the
same basic conditions, concentrations, and temperature are
used. The increased efficiency of microwave heating can be
attributed to the uniform and rapid energy distribution
provided, leading to faster molecular interactions and more
efficient energy transfer to the system.

This results in a significantly shortened reaction time
compared to conventional heating methods, where heat trans-
fer is slower and less uniform.

To support these considerations, Fig. 3b and S2 (SI) present
the sequences of "H-NMR spectra acquired prior to the hydro-
lysis of PGMA;;, and at various time intervals during the
hydrolysis reactions, conducted using both microwave irradia-
tion and oil bath heating, respectively. From the series of
spectra, it is evident that the signals in the 3.4-4.4 ppm region
(corresponding to the glycerol moieties bound to the polymer
backbone - labels ‘B’, ‘C’, ‘D’) decrease significantly more
rapidly over the course of the reaction when microwave irradi-
ation is employed, compared to conventional conductive
heating.

In parallel, Fig. 4 compares the FTIR spectra of the non-
hydrolyzed PGMA;;, polymer and the products obtained from
reactions of variable durations (15 min and 1 h) using the
microwave-assisted heating system. Methylene and methyl
stretching in the region between 2800 and 3000 cm ' were
observed in the non-hydrolyzed spectrum, corresponding to
native PGMA aliphatic group frequencies. Characteristic peaks
related to C-O-C esters at 1700 cm ™' were identified as well.

On the contrary, the spectrum of the hydrolyzed polymer
shows significantly less prominent aliphatic chain signals (CH,
and CH; around 2900 cm ') and a progressive disappearance of
the ester-related peak (around 1700 cm™ "), in favor of the C=0

Non-hydrolized (A
PGMA il U W !

Microwave-assisted
hydrolysis |

t=15 min
X=75%

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [1/cm]

Fig. 4 FTIR spectrum progression recorded before PGMA;, hydro-
lysis (light blue), after 15 min-hydrolysis leading to 75% of conversion
(dark green) and after 1 h of hydrolysis (light green) achieving 100% of
conversion employing a microwave synthesizer.
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carbonyl stretching of carboxylates at around 1550 cm™ 3>
clearly indicates the increasing hydrolysis conversion with
complete cleavage already achieved at 1 h. The FTIR spectra
comparing the non-hydrolyzed PGMA;;, with the hydrolyzed
polymer obtained via an oil-bath-based heating procedure are
shown in Fig. S3 of the SI.

Both sets of analyses reported in Fig. 3 and in Fig. 4
demonstrate a clear time-dependent progression of the reac-
tion. Notably, each reaction corresponding to different time
points was performed in triplicate for both heating methods,
ensuring the reliability and consistency of the findings.

3.3. Hydrolysis of LYS-PGMA,, conjugate

In light of the successful hydrolysis results achieved for
PGMA,,, employing both a microwave synthesizer and an oil
bath-based heating system, previously optimized conditions
were pursued to achieve the hydrolysis of LYS-PGMA,, conjugate
(DPy, = 125, DPyvr = 109, as reported in Table 1). Firstly, the
heating oil bath protocol was tested to verify its effectiveness,
successively the reaction was translated to microwave-assisted
protocol. The reaction product was analyzed through "H-NMR
spectroscopy, which confirmed the same chemical shifts as
those previously illustrated for hydrolyzed PGMA,,, attributed
to the successful hydrolysis of the conjugate. Fig. 5 highlight the
FTIR spectra of the non-hydrolyzed PGMA,,, polymer and the
non-hydrolyzed LYS-PGMA,qy conjugate with the one of LYS-
PGMA (o after 1 h of hydrolysis in a microwave-assisted heating
system. Methylene and methyl stretching in the region between
2800 and 3000 cm ', together with C-O-C esters peaks at
1700 cm ™~ ' were observed in the non-hydrolyzed spectra of both
PGMA,;, and LYS-PGMA, 4. On the contrary, within the spec-
trum of the hydrolyzed polymer significantly less prominent

PGMA-LYS !

Microwave-assisted
hydrolysis

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [1/cm]

Fig. 5 Comparison of FTIR spectrum of PGMA;;, polymer from
commercial initiator (light blue), LYS-PGMA;q9 conjugate (red), and
LYS-PGMAos after 1 h of hydrolysis leading to 100% of conversion
(light green) employing a microwave synthesizer.
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aliphatic chain (CH, and CH; around 2900 cm ') and the
disappearance of the ester related peak (around 1700 cm™),3>°°
confirmed that LYS-PGMA, oo was successfully hydrolyzed in 1 h.

3.4. Hydrolysis of P(PEGMA),, homopolymer

In parallel with the experiments conducted using PGMA,,,
hydrolysis tests were also performed on P(PEGMA), polymer
(DPy, = 250, DPxyvir = 245, as reported in Table 1). The general
mechanism of hydrolysis of P(PEGMA),, leads to the formation
of linear PMAA,, and poly(ethylene glycol) methyl ether (PEG),
resulting from the cleavage of the P(PEGMA) ester bonds, as
depicted in Fig. 6a.

Preliminary experiments, involving hydrolysis of the polymer
in an oil bath with a 3 M aqueous NaOH solution at 120 °C
(same reaction condition employed for PGMA hydrolysis), yiel-
ded unsatisfactory results after 18 hours of reaction (conversion
< 10%, data not shown). The enhanced stability of P(PEGMA)
against hydrolysis may be due to the steric hindrance of PEG
side chain, together with its tendency to dehydrate at temper-
atures higher than its lower critical solubility temperature
(LCST) above 85-90 °C.***»*> Consequently, subsequent inves-
tigations were conducted by increasing the molarity of the
NaOH solution, raising the concentration to 6 M. Subsequent
studies examined the kinetic profile of P(PEGMA),,s hydrolysis

a
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120°C c c
P(PEGMA), s

PMAA,

c

D

A
Non hydrolized
P(PEGMA)
_Jw b x=16%

JLJJLL_,\J;
JLJ"U@_,E/;

JLJJM
I N

8 3 8

X=27%
2h

X=50%
4h

X=68%
6h

X=86%
8h

30 28
foom)

Fig. 6 (a) Base-catalyzed hydrolysis reaction of P(PEGMA),45 esters
bonds leading to the formation of PMAA,45 and PEG. (b) Sequence of
"H-NMR spectra recorded before the hydrolysis of P(PEGMA),4s by
means of a microwave reactor and after various reaction time points.
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in a 6 M NaOH solution at 120 °C, utilizing both a microwave
synthesizer and a conventional oil bath, corresponding to the
setups previously described.

Various reaction times were evaluated for both methods.
Following each reaction, the resulting mixture was neutralized
with HCI, dialyzed against deionized water to eliminate salts
and the free PEG as by-product, and then analyzed by '"H-NMR
to assess the degree of conversion. The reaction outcome was
quantified by calculating the ratio of the peak area (from the "H-
NMR spectrum recorded in D,0) corresponding to the PEG side
chains attached to the backbone, measured before the hydro-
lysis reaction (denoted by labels ‘B’ and ‘C’ in Fig. 6), to the area
of the same peak after hydrolysis. This approach allowed for the
determination of the percentage of PEG detached from the
main backbone as a result of the hydrolysis process. To confirm
that the reaction led to the cleavage of the ester bond linking the
PEG side chain to the PMAA backbone, the presence of the peak
corresponding to the terminal methyl group of the PEG side
chain (‘D’, ¢ = 3.5 ppm) was monitored. This ensured that
cleavage did not occur in correspondence of the ether bonds of
the ethylene glycol units. From the spectra depicted in Fig. 6b, it
can be seen that, in the case of microwave irradiation, as the
reaction time increased, the area of the peak corresponding to
the methylene group of the PEG side chain attached to the
backbone (3.2-4.4 ppm region) progressively decreased, reach-
ing approximately 13% of its initial value. Meanwhile, the peak
corresponding to the terminal methyl group of PEG remained
proportionally coherent with respect to the other peaks (within
the limits of integration error due to the processing of the 'H-
NMR spectra). Hence, it was evident that prolonged reaction
times could increase the number of ester groups effectively
cleaved. A similar trend was observed in the progression of
spectra recorded for the reactions conducted in the oil bath
(Fig. S4); however, in this case, the decrease in the area of peaks
labeled as ‘B’, ‘C’ and ‘D’ is limited to a maximum of 20%.

Fig. 7 presents the kinetic profiles of P(PEGMA),,5 hydrolysis
reactions conducted using both microwave irradiation and
conventional oil bath heating. In both cases, it was not possible
to achieve 100% hydrolysis; however, the best performance was
clearly observed in the microwave-assisted process, which
allowed approximately an average of 87% hydrolysis to be ach-
ieved within 8 hours. Despite attempts to increase the reaction
time, after 14 hours the process reached a plateau, beyond
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Fig. 7 Kinetic profile of the hydrolysis reaction of P(PEGMA),45 con-
ducted under microwave irradiation and in an oil bath, expressed as
conversion versus reaction time. Error bars represent the standard
deviation calculated from three independent experiments.
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which no further improvements in performance were observed.
In contrast, with standard heating, it was not possible to exceed
20% hydrolysis even after extending the reaction time to 18
hours. These results confirm that, at equal temperature and
base concentration, microwave irradiation proves to be more
effective than the oil bath method in favoring the hydrolysis
process.

The incomplete hydrolysis of P(PEGMA), even under pro-
longed microwave irradiation, is consistent with previous
observations and can be rationalized by a combination of
structural and physicochemical factors that limit the hydro-
lysability of this polymer. The steric shielding provided by the
PEG side chains is expected to progressively hinder hydroxide
access to ester groups along the backbone as hydrolysis
proceeds. In addition, at temperatures above the LCST of PEG-
based polymers, partial dehydration and chain collapse may
occur, promoting local densification or aggregation that further
limits reagent diffusion. Such effects are likely exacerbated as
the fraction of residual PEG side chains decreases, leading to
a heterogeneous reaction environment and a plateau in
conversion. Finally, variations in local microenvironment along
the polymer chain may result in ester groups with different
effective reactivities, making complete hydrolysis kinetically
inaccessible under the investigated conditions.

In agreement with these findings, Fig. 8 compare the results
obtained from FTIR spectroscopy of the non-hydrolyzed poly-
mer and the products obtained from reactions of varying
durations, from samples derived from both the microwave-
assisted hydrolysis reaction (Fig. 8a) and the standard heating
system (Fig. 8b). For the microwave-assisted reaction, carbonyl
stretching peaks related to ester hydrolysis were observed
around 1500 cm ™' for both the 4-hour and 8-hour samples.
However, a significantly less intense ester-related signal around
1700 cm ™" was detected for the 8-hour reaction, indicating the
breakdown of ester bonds over time. IR analysis thus confirmed
the results obtained from NMR spectroscopy, validating the
beneficial effects of prolonged reaction times. Concerning
reactions conducted in oil bath, the spectrum of the non-
hydrolyzed polymer exhibited CH, and CHj; stretching vibra-
tions around 2800-3000 cm ™', which are characteristic of the
methylene and methyl group frequencies of P(PEGMA).
Furthermore, C-O-C stretching peaks, indicative of ester
groups, were still observable around 1700 cm™*. In line with the
NMR data, the hydrolyzed product showed minimal changes
compared to the native polymer.

3.5. Polymers characterization via SEC

As noted in Section 3.1, PGMA,, samples with different molec-
ular weights were synthesized (Table 1), including the one
(PGMA;1,) which was used to study hydrolysis kinetics under
both microwave and conventional heating. These polymers
were employed as calibration standards for determining the
molecular weights of the hydrolyzed polymers under investi-
gation. The native polymers were initially characterized using
a SEC system working with DMAc as eluent. The analysis
confirmed that the polymers exhibited the expected molecular
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Fig. 8 FTIR spectrum progression recorded: (a) before P(PEGMA),45
hydrolysis (light blue), after 4 h-hydrolysis in microwave leading to 51%
of conversion (dark green) and after 8 h of hydrolysis (light green)
achieving 87% of conversion; (b) before P(PEGMA),45 hydrolysis (light
blue) and after 18 h-hydrolysis using an oil bath-based heating system
leading to 21% of conversion (dark green).

weights and narrow dispersity (Dsgc < 1.3), consistent with the
controlled polymerization characteristics of ATRP. Their char-
acterization data are reported in Table 1. Minor discrepancies
between molecular weights determined by SEC and those
calculated from "H-NMR are attributed to inherent limitations
of the SEC system and the use of polystyrene calibration stan-
dards. Nevertheless, the deviation did not exceed a factor of 1.2.
The chromatograms obtained from SEC analysis in DMAc for
the four PGMA samples used as standards are shown in Fig. 9a.
As expected, an increase in molecular weight corresponds to
a decrease in retention time, clearly illustrating the inverse
relationship between these two variables in the employed
chromatographic system. This series of PGMA,, samples was
hydrolyzed using the optimized MAH protocol described in
Section 3.2, employing microwave heating for 1 hour (the
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Fig. 9 (a) Normalized SEC chromatograms of four PGMA,,, samples
with effective DP (DPymr) ranging from 18 to 112 GMA units. Analyses
were performed in DMAc at a flow rate of 1.0 mL min~2. (b) Normalized
ASEC chromatograms of hydrolyzed PGMA,, (m = 18, 46, 76, 112)
resulting in PMAA,,,. Analyses were performed in a phosphate-buffered
NaNOs solution (pH 7) at a flow rate of 1.0 mL min~%. (c) Correlation
between the ASEC retention time of hydrolyzed PGMA,,, (m = 18, 46,
76, 112) (light blue), LYS-PGMAq9 (red) and P(PEGMA),45 (blue)
samples and the logarithm of the PMAA expected molecular weight
(circles) and degree of polymerization (squares) after hydrolysis based
on *H-NMR analysis of the synthesized polymers.

minimum time required to achieve complete hydrolysis). The
resulting polymers were analyzed by aqueous SEC (ASEC)
employing a phosphate-buffered NaNOj; solution (pH 7) as the
mobile phase. From the ASEC chromatograms (Fig. 9b), the
retention times corresponding to each sample were derived.
Fig. 9c correlates the logarithm of the expected molecular
weight (as well as of the DP) of the hydrolyzed PGMA,, polymers
(based on "H-NMR analysis of the corresponding unhydrolyzed
samples) with their actual retention times recorded by ASEC. As
expected, a linear relationship was observed, consistent with
a typical SEC calibration curve. Similarly, the hydrolyzed LYS-
PGMA, (¢ conjugates (obtained via 1 h MAH in 3 M NaOH) and
the P(PEGMA),,s polymer hydrolyzed to approximately 90%
(after 14 hours under microwave heating in 6 M NaOH solution)

This journal is © The Royal Society of Chemistry 2026
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Table 2 Molar mass characterization of linear polymers and lysozyme-conjugated polymers, obtained by MAH followed by ASEC. DPymg and
Mp.nmr (degree of polymerization and number average molecular weight) were calculated from ATRP monomer conversion determined by *H-
NMR. DPnypro and M, asec were obtained by ASEC. The dispersity Dasec was obtained by ASEC and it is referred to the hydrolysed polymers

Polymer DPymr [-] DPuypro [-] M, nmr [kDa] M, asec [kDa] Bysec [-]
PGMA, 1, 112 108 18.1 17.5 1.3
P(PEGMA)MS 245 196 122.7 98.2 1.3
LYS-PGMA, 4o 109 109 17.6 17.4 1.3
LYS-PGMA, 5 175 169 28.2 27.0 1.4

were also analyzed by ASEC. The retention times obtained for
these samples exhibited the same linear correlation with the
log(DPxmr) and 1og(M,, uypro nmr)s @s previously observed for
the PGMA,,, sample series. Notably, in Fig. 9c the red and blue
points, corresponding to the LYS-PGMA; 4o and P(PEGMA),45
samples respectively, fall precisely on the same trendline
defined by the PGMA,, series. These results demonstrate that
hydrolyzed polymers with a predetermined degree of polymer-
ization can serve as effective calibrants for determining the
molar mass of both free and conjugated polymer samples after
hydrolysis.

This approach is supported by the fact that, regardless of the
initiator or monomer used, the hydrolysis of this polymer family
consistently yields PMAA, which is isolated in its solid sodium
salt form prior to dissolution and analysis by SEC. Since the
degree of ionization of PMAA, which directly influences its
hydrodynamic volume, can vary depending on factors such as
the initial number of sodium carboxylate groups, pH, and ionic
strength, the use of standard hydrophilic calibration polymers
(such as PEG) may not be appropriate. These standards often
differ significantly in hydrodynamic behaviour from the
hydrolyzed polymers, potentially leading to inaccuracies in
molar mass determination.

Once the MAH method and ASEC analysis were established,
molar mass characterization was performed for PGMA;;, and
P(PEGMA),,5 (previously employed for establishing hydrolisis
kinetics, Section 3.2 and 3.4, respectively), and two lysozyme-
PGMA,, conjugates: LYS-PGMA, oy, already used for prooving
hydrolisis feasibilty on biological conjugates (Section 3.3), and
an additional congiugate LYS-PGMA;,5 (Table 2). The average
degree of polymerization and number-average molecular weight
determined by this MAH-ASEC method were consistent with
values estimated via 'H-NMR (based on ATRP monomer
conversion). The differences were within 5% for PGMA,, and
around 20% for P(PEGMA),, the latter slightly higher, likely due
to incomplete hydrolysis of PEG side chains, estimated at
around 90%.

4. Conclusions

This work demonstrated the successful development of a robust
and efficient methodology for determining the molar mass of
functional polymers synthesized via controlled/living polymer-
ization. By applying MAH to selectively cleave ester side chains,
the polymers were converted into linear PMAA, enabling accu-
rate molar mass characterization via ASEC. The study

This journal is © The Royal Society of Chemistry 2026

systematically optimized the hydrolysis conditions, showing
that microwave heating significantly enhances reaction effi-
ciency and conversion compared to conventional methods. This
approach proved effective across a range of samples, including
homopolymers such as PGMA and P(PEGMA), as well as their
protein—polymer conjugates synthesized using ATRP, confirm-
ing its broad applicability. A comprehensive evaluation of
hydrolysis kinetics under both conventional and microwave-
assisted conditions confirmed that microwave heating greatly
accelerates the process without compromising the integrity of
the polymer backbone. Notably, P(PEGMA) hydrolysis was
significantly more challenging than that of PGMA due to the
stabilizing effect of its PEG side chains. While conventional
heating yielded limited conversion even over extended times,
microwave-assisted heating dramatically enhanced efficiency,
making an otherwise impractical process feasible. The resulting
polymers were thoroughly characterized using "H-NMR, FTIR,
and SEC, establishing reliable correlations between molecular
weight and retention time. Overall, the MAH-ASEC method
provides a powerful, scalable strategy for precise molar mass
determination, particularly in complex or protein-conjugated
architectures, with high reproducibility and analytical clarity.
Moreover, this approach offers a versatile platform for tuning
polymer properties in biomedical and materials science
applications.
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