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Biodegradable polyester copolymers: synthesis
based on the Biginelli reaction, characterization,
and evaluation of their application propertiesy
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The Biginelli reaction, a three-component cyclocondensation reaction, is an important member of the
multicomponent reaction (MCR) family. In this study, we conducted end-group modifications on
a variety of biodegradable polyesters, including poly(1,4-butylene adipate) (PBA), poly(e-caprolactone)
(PCL), polylactic acid (PLA), and poly(p-dioxanone) (PPDO), based on the precursor polyethylene glycol
(PEG). By combining two polymers through the Biginelli multi-component reaction, four new
biodegradable polyester copolymers, namely DHPM-PBA, DHPM-PCL, DHPM-PLA, and DHPM-PPDO,
were formed. These Biginelli reactions demonstrated exceptional completeness, validating the efficiency
of the synthesis strategy. Although the introduction of various polyesters lead to different properties,
such as crystallinity and cytotoxicity, the newly synthesized 3,4-dihydro-2(H)-pyrimidinone compounds

(DHPMs) exhibit enhanced hydrophilicity and can self-assemble in water and N,N-dimethylformamide
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Accepted 11th May 2024 (DMF) solution to form micelles with a controllable size. Furthermore, DHPM-PPDO promotes cellular

growth and has potential applications in wound healing and tissue engineering. In conclusion, this

DOI: 10.1039/d4ra02002b method demonstrates great universality and methodological significance and offers insights into the
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Introduction

In recent years, research on biodegradable polymer materials
has gained popularity, and they have been widely utilized in
various biomedical fields.’® The applications include in vivo
implantable materials,*® drug delivery systems,”® wound
dressings,'*** and burn dressings. Among the polymer mate-
rials, aliphatic polyesters, for example, polyglycolic acid (PGA),
polyhydroxyalkanoates (PHA), PBA, PCL, PLA, and PPDO, have
become the preferred biomaterials owing to their excellent
biocompatibility and biodegradability.****

However, in practical applications, it is challenging for
a single material to satisfy multifaceted requirements. For
example, PCL exhibits excellent biocompatibility, hemo-
compatibility, and drug permeability and has been approved by
the Food and Drug Administration (FDA) for use in the human
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medical applications of polyethylene glycol.

body.'**® However, its hydrophobic character significantly
hampers its application within the pharmaceutical sector.
Similarly, other polymers such as PLA, PPDO, and PBA also have
restricted applicability owing to their inherent hydropho-
bicity.*>*® To satisfy the requirements of practical applications,
hydrophilic chain segments are customarily integrated into
molecular chains. A prototypical example is PEG, a versatile
hydrophilic polymer renowned for its biological attributes such
as non-toxicity, non-immunogenicity, and non-
thrombogenicity, which collectively contribute to its minimal
risk of rejection within biological environments.**">*
Amphiphilic block copolymers are synthesized by connect-
ing hydrophobic and hydrophilic chain segments. These
copolymers hold considerable promise, finding utility in the
fabrication of nanoparticles, micelles, and nanogels.>**** In
2022, Su et al. fabricated a composite bone scaffold integrating
CuS, PEG, and PCL. The PCL moiety functioned as a robust
structural backbone, providing the required mechanical
strength necessary for load-bearing applications. Concurrently,
the hydrophilic PEG segment played a critical role in enhancing
the scaffold's interface compatibility with bone tissue, thereby
promoting enhanced cellular adhesion and proliferation.*® In
2014, He et al. demonstrated that PEG-PLGA micelles, owing to
their distinctively low critical micelle concentration (CMC)
attributes and diminutive particle dimensions, exhibited
enhanced colloidal stability. This feature not only prolonged the
circulation lifetime within living organisms but also facilitated
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the realization of a controlled, sustained, and gradual drug
release profile, thereby optimizing therapeutic outcomes.*

The Biginelli reaction is a type of MCR. The reaction involves
a three-component cyclocondensation using aldehydes, 1,3-
diketones, and urea as building blocks. It is valuable for
synthesizing DHPM compounds in a single reaction vessel. The
Biginelli reaction continues to be of interest due to its potential
applications in organic synthesis and the pharmaceutical
industry. Like other multicomponent reactions, the Biginelli
reaction is a powerful method for synthesizing a wide variety of
compounds due to its simplicity, efficiency, scalability, and low
cost.**** Tao Lei et al. synthesized a polymeric antioxidant with
a ferrocene moiety by achieving high yields of ferrocene
monomers through a stabilized three-component Biginelli
reaction.* Tao Lei et al. have conveniently synthesized a series
of monomers containing functional groups with potential
anticancer activity through the Biginelli reaction. The mono-
mers were screened using a convenient free radical copoly-
merization process to produce water-soluble polymers, which
could effectively inhibit mitosis in various types of cancer
cells.*® The Biginelli reaction can also be used to synthesize
various functional polymers, such as condensation polymers,
hyperbranched polymers, and dendrimer macromers.***°

In this study, a series of biodegradable materials with conve-
nient and stable reactions were synthesized using the Biginelli
reaction. First, four functionalized segments, namely, PBA, PCL,
PLA, and PPDO, were synthesized. Subsequently, PEG was
esterified with tert-butylacetoacetate (+-BAA) to obtain PEG-AA.
The functionalized chain segments were ester exchanged with
4-formylbenzoic acid to obtain PBA-Bz, PCL-Bz, PLA-Bz, and
PPDO-Bz. Leveraging the Biginelli reaction mechanism, these
tailored chain segments were further manipulated to fabricate
DHPMs, culminating in the creation of a novel class of polyester-
based copolymers that exhibit exceptional biocompatibility and
biodegradability profiles. The resulting materials were denoted
as DHPM-PBA, DHPM-PCL, DHPM-PLA, and DHPM-PPDO. The
comprehensive characterization of these copolymers encom-
passed the assessment of their crystallinity, thermal properties,
hydrophilicity, biodegradability, and biocompatibility.

Experimental

Materials

Polyethylene Glycol-4000, p-dioxanone (PDO), lactide (LA), e-
caprolactone (e-CL), adipic acid, 4-dimethylaminopyridine
(DMAP), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(hydrochloride) (EDC), and 1,4-butanediol (BDO) were
procured from Shanghai Aladdin Biochemical Technology Co.,
Ltd in Shanghai, China. Tert-butylacetoacetate (t-BAA), 4-for-
mylbenzoic acid, and urea were obtained from Sinopharm
Chemical Reagent Co., Ltd. All other chemicals were of analyt-
ical grade and used without additional purification.

Synthesis of PEG-AA

5 g of PEG-4000 and an excess of -BAA were completely dis-
solved in DMF at 100 °C. To ensure consistent Biginelli reaction
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products, the reaction duration was extended to 48 h to facili-
tate the majority of PEG chain segments undergoing bipartite
functionalization. The crude product was subsequently precip-
itated using chilled anhydrous ether and vacuum-dried.

Synthesis of functionalized segments

The synthesis of PPDO with a molecular weight of 2000 was
based on the literature.*” 5 g of PDO WAS mixed with BDO
(0.217 mL, 2.44 mmol) in a flask. Thereafter, 1 mL of 0.019 M
stannous octoate solution in toluene was syringe-injected under
an argon atmosphere, followed by evacuation with a vacuum
pump to eliminate toluene from the system. The reaction pro-
ceeded at 80 °C for 72 hours. Upon completion, the product was
precipitated in methanol and vacuum-dried. PLA and PCL were
synthesized in a manner similar to PPDO.*»** PBA with
a molecular weight of 2000 was synthesized following the
procedures outlined in the literature.*

PPDO (Mn = 2000), 4-formylbenzoic acid, DMAP, and EDC
were completely dissolved in trichloromethane at room
temperature. The system was activated by stirring in an ice-
water bath for 30 minutes under an argon atmosphere. The
reaction was conducted at room temperature for 48 hours.
Following this, extraction was performed with an equal volume
of saturated brine solution. The transparent lower layer was
collected, and the product was precipitated using methanol
before being vacuum-dried to yield PPDO-Bz. PBA-Bz, PCL-Bz,
and PLA-Bz were synthesized adopting the same methodology.

Synthesis of DHPMs

PEG-AA (1.76 g, 0.44 mmol) and PPDO-Bz (0.8 g, 0.4 mmol) were
dissolved in 15 mL of glacial acetic acid at 100 °C together with
urea and anhydrous MgCl,. Under an argon atmosphere, the
blend was stirred continuously for 48 hours. Upon completion,
the product was subjected to dialysis against deionized water
(14 000 Da) for three days, followed by freeze-drying, yielding
the yellow DHPM-PPDO powder. DHPM-PBA, DHPM-PCL, and
DHPM-PLA were synthesized applying the identical procedure.

Characterization

The proton nuclear magnetic resonance (NMR) spectra were
recorded using a Bruker Avance-400 NMR spectrometer. The
sample was dissolved in deuterated chloroform (CDCl;) or
deuterium oxide (D,O) as needed, with tetramethylsilane
serving as the internal standard for the solvent. The infrared
spectra of the samples were measured using a Nicolet 6700
Fourier transform infrared (FT-IR) spectrometer. The
measurement range was 4000-400 ¢cm ', and testing and
analysis were conducted. The molecular weight and molecular
weight distribution (PDI) of the DHPM copolymer were
measured using a Waters 1525 and Agilent PL-GPC220 gel
chromatograph. Tetrahydrofuran was used as the eluent at
a flow rate of 1 mL min ™" at 35 °C, and polystyrene was used as
the standard sample. The changes in the crystallization prop-
erties of the products at each stage before and after copoly-
merization were observed using a Japanese Ultima IV series
composite X-ray diffractometer. The samples were dried at 25 °©
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C, and X-ray diffraction patterns were obtained using Cu-Ka
radiation generated at 40 kV and 40 mA. The scanning speed
was 2° min~', and the diffraction angle range (26) was 3-50°.
Elemental analysis data of the final product DHPMs were ob-
tained using an elemental analyzer called UNICUBE. The poly-
mer's hydrodynamic size was determined using dynamic light
scattering (DLS). The preparation process was as follows: the
DHPMs were dissolved in deionized water to create a solution
with a concentration of 1 mg mL~". The solution was then
sonicated for 10 minutes using an ultrasonic bath before being
filtered through a 0.22 um aqueous filter. The prepared solution
was diluted as necessary for use in subsequent experiments.
The micelle morphology was observed and recorded using
a JEM1200 transmission electron microscope operated at 80 kV.
The process of sampling with the electron microscope was as
follows: the micelle solution, prepared as described above, was
deposited onto a copper grid and then dried in a vacuum oven.
The thermal stability of the polymers at each stage was deter-
mined using the TA Instruments Q5000IR thermal analyzer.
Under a nitrogen flow of 20 mL min ", the samples were heated
from room temperature to 800 °C at a rate of 20 °C min*, and
the data were recorded by a computer. An L-700 differential
scanning calorimeter (Mettler Toledo, Switzerland) was utilized
to examine the non-isothermal crystallization behavior of each
polymer. The temperature increased from room temperature to
a specific level at a rate of 10 °C min ™" in a nitrogen atmosphere
with a gas flow rate of 50 mL min~ " and then remained constant
for 5 minutes to eliminate any thermal history. The temperature
was then lowered to —20 °C at a cooling rate of 10 °C min~*. The
temperature was then increased to the specified level at a rate of
10 °C min™', and the non-isothermal differential scanning
calorimetry (DSC) curve of the sample was recorded. The DHPM
product was sequentially washed with anhydrous ethanol,
dried, gold-sprayed on small sections, and finally subjected to
scanning electron microscopy (ZEISS GeminiSEM 300) for
morphological assessment. The water contact angle of DHPM
products was measured using a Dataphysics OCA30 contact
angle analyzer from Germany. The films were prepared using
the solution casting method by dissolving 50 mg of DHPM
product in 2 mL of tetrahydrofuran (THF). The solution was
then dropped onto a horizontal glass plate and left in a fume
hood for 1 hour to obtain the DHPM product film. Afterward, 2
pL of water was deposited at three different positions on the
film, and the contact angle was measured and averaged. In the
biodegradability testing, first, a Tris—-HCI solution was prepared
by weighing 12.11 g of Tris and placing it in a 100 mL beaker.
Approximately 80 mL of deionized water was added and stirred
until completely dissolved. Then, approximately 6 mL of
concentrated hydrochloric acid (HCl) was added to adjust the
pH to 7.6, and the solution was finally diluted to 100 mL. It is
important to note that the pH of the Tris-HCI solution varies
significantly with temperature. For every 1 °C increase in
temperature, the pH of the solution decreases by 0.03 units.
Therefore, the solution was prepared in a 37 °C water bath to
maintain the necessary temperature sensitivity. Subsequently,
500 mg of DHPM product was placed in a glass vial, and 10 mL
of Tris-HCI solution containing proteinase K (1 mg mL ") was
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added for degradation at 37 °C. After seven days, the solution
was filtered, washed with deionized water, freeze-dried,
weighed, and then the aforementioned steps were repeated.
(The products are insoluble in water, and any losses are negli-
gible.) The cytotoxicity was evaluated using the CCK-8 method.
Human normal bladder epithelial cells (SV-HUC-1) were ob-
tained, and the cell suspension was adjusted to a concentration
of approximately 1 x 10> cells per mL. Subsequently, 100 uL of
the cell suspension was added to each well of a 96-well culture
plate. The plates were incubated in a 5% CO, environment at
37 °C for approximately 24 hours. The supernatant was then
removed from the wells, and the polymer solutions were diluted
with serum-free medium to concentrations of 0, 50, 100, and
200 pg mL~". Six replicate wells were prepared for each
concentration, and 100 pL of polymer solution was added to
each well. The cell plates were incubated in the CO, incubator
for 24, 48, or 72 hours. Afterward, the liquid above the sediment
was removed, and the cells were washed with a PBS solution. To
each well, 10 uL of CCK-8 solution and 90 uL of serum-free
medium were added and incubated for 2 hours. The absor-
bance (OD) value at 450 nm was measured for each well using
an enzyme assay. The cell viability was determined using the
following formula:

Cell Vlablhty ((VO) = (ODsamples - ODvoid)/(ODcompare - ODvoid) X
100.

Results and discussion
Synthesis and characterization

The PEG segment was synthesized from PEG and tert-butyl
acetoacetate through an esterification reaction. PBA-Bz, PCL-Bz,
and PLA-Bz functionalized segments were synthesized through
the transesterification reaction of PPDO, PBA, PCL, and PLA
with 4-formylbenzoic acid. 'H NMR (Fig. S1 in the ESI{) spectra
revealed that the peaks at 2.30 ppm and 3.51 ppm in the 'H
NMR spectra of the PEG segment were attributed to the methyl
and methylene groups in the acetoacetyl group. The peaks at
7.98 ppm and 8.20 ppm in the '"H NMR spectra of functionalized
segments were assigned to the aromatic hydrogen (Ar-H)
groups. The peaks at 1710 cm™ " and 1740 cm ™" in the FT-IR
spectrum (Fig. S3(a and b)}) were observed for PEG-AA, and
these were attributed to the acetoacetate groups. The peaks at
750 cm ™' in the FT-IR spectrum were observed in functionalized
segments and were attributed to the benzene ring. To assure
homogeneity in the Biginelli reaction products, the reaction
duration was extended to 48 hours, thereby ensuring majority
completion of the bifunctionalization process on the chain
ends. The integral transformation analysis in 'H NMR (For
example, PCL-Bz : Ig 19: 7 9 : I1.00 = 1:1.01: 8.83) confirmed the
successful achievement of over 95% end-group bifunctionali-
zation for the polymer chain segments. These results demon-
strate the successful preparation of PEG and functionalized
segment polymers.

The synthetic pathway for the Biginelli reaction is illustrated
in Fig. 1(a). The reactants for the Biginelli reaction include PEG-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) PEG-based Biginelli reaction. (b) Mechanism of the Biginelli

Reaction. (c) Schematic of synthesis of DHPMs products.

AA, functional polymers, ureas, anhydrous magnesium chloride,
and acetic acid, while the resulting products are DHPMs. Fig. 1(b)
illustrates the reaction mechanism, wherein the acid-catalyzed
condensation of urea and an aromatic aldehyde yields an acetal
amine, which promptly dehydrates to form an N-imide cation.
Simultaneously, an amino acid also dehydrates to form an N-
imide intermediate. The ensuing step involves the insertion of
a B-keto ester, triggering an enol-mediated attack on the imide
cation, thereby forming an open-chain acyl urea. Ultimately, acid-
catalyzed intramolecular dehydration and condensation lead to
the synthesis of a hexahydropyridine derivative.

The '"H NMR spectra in Fig. S2t indicate that the peak at
2.30 ppm, corresponding to the original methyl group in the
acetoacetic acid, disappears once the reaction is completed. In
the newly formed DHPMs, the peaks at 10.10 and 8.18 ppm
corresponding to the -N-H- group in the DHPM ring, and a peak
at 2.40 ppm representing the methyl group, were observed. The
FT-IR spectrum of the final product is depicted in Fig. S3(c).t The
presence of the peak at 3240 cm™ " in the product is attributed to
the -N-H- group on the DHPM ring. These changes indicate the
disappearance of the acetoacetic acid group and the success of
the Biginelli reaction. The integral transformation analysis in 'H
NMR, elemental analysis (Table S1t), and GPC trace (Fig. S47)
substantiate the successful synthesis of the four DHPM materials
with molecular weights of nearly 25 kDa.

Compatibility studies of chain segments

From the XRD curves depicted in Fig. 2(a), it is evident that all
the products exhibit distinct diffraction peaks. But PLA shows
no discernible diffraction peaks due to its low crystallization
ability. The DHPMs exhibit diffraction peaks corresponding to
their PEG and functionalized segment. The degree of crystal-
linity is calculated as 72.60% for DHPM-PBA, 55.31% for
DHPM-PCL, 34.82% for DHPM-PLA, and 58.19% for DHPM-
PPDO. These results partially demonstrate the good compati-
bility between PEG and the functionalized segment.

The DSC curves for all the samples are presented in Fig. 2.
Non-isothermal crystallization parameters are shown in Table
S2.} Fig. 2(b and c) display the heating curves of all samples at
a rate of 10 °C min . It can be observed that PPDO exhibits an
exothermic peak of crystallization at 17.5 °C. PBA and PCL
exhibit two melting peaks, which were not evident during the
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Fig.2 (a) XRD curves, (b and c) DSC heating curves, and (d and e) DTG
curves of PEG, PBA, PCL, PPDO, PLA, DHPM-PBA, DHPM-PCL,
DHPM-PLA, and DHPM-PPDO. (f) SEM images of DHPM-PBA,
DHPM-PCL, DHPM-PLA, and DHPM—-PPDO.

initial heating process. The gradual warming process may cause
previously formed crystals to partially melt, and the unmelted
portion can serve as a nucleation point for the recrystallization
of the melt. This situation results in the formation of two
melting peaks, with the recrystallized melt melting at higher
temperatures. PLA exhibits a glass transition at 37.84 °C, but no
glass transition was observed in the subsequent DHPM-PLA.
This phenomenon arises from the block copolymer nature of
DHPMs, with the T, of such a material being governed by the
segment with the lowest T, among its constituent polymer
chains. Considering that PEG-4000, a key component in
DHPMs, exhibits an extremely low T, (—60 °C), falling outside
the scope of standard testing methodologies, no definitive T,
could be discerned for DHPMs within the constraints of
conventional assays. The T, of PCL, PPDO, and PBA is —60 °C,
—30 °C, and —42 °C, respectively.**

Moreover, during heating, DHPMs exhibit convergent
melting peaks at 48 °C, indicative of the substantial influence of
PEG on the functionalized segments. The melting temperatures
(Trn) show varying degrees of decline, a characteristic of block
copolymers, thus corroborating the favorable compatibility
between PEG and the functional polymer chains.

The TGA curves for all the samples are presented in Fig. 2.
The thermal performance data are shown in Table S3.t In
Fig. 2(d), it can be observed that PPDO exhibits relatively poor
thermal stability, followed by PLA, while PCL, PBA, and PEG
demonstrate similar performances. Besides, the TGA curves of
PBA reveal two distinct degradation phases, wherein the initial
decomposition stage terminates at 262.6 °C, accompanied by
a mass loss of 9.83%. This early degradation is attributed to the
reduced thermal stability of the butanediol units, leading to
their premature disintegration at relatively low temperatures.
Owing to the higher content of butanediol units compared to
other polymers, PBA manifests a dual-stage degradation
pattern. The molecular weight of PLA may not be controlled
sufficiently, resulting in the presence of the small molecular
weight PLA that decomposes first.

Following the Biginelli reaction, the thermal decomposition
properties of the DHPMs were analyzed. From Fig. 2(e), the
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temperatures at which the weight loss was 5% (Tsq), the
temperature of maximum thermal decomposition (T.x), and
the temperature at which the weight loss was 95% (Tos,) Of the
DHPMs tend to increase overall. Additionally, the DTG curves of
the four DHPMs tend to converge, indicating that the inclusion
of the PEG segment improves the thermal decomposition
properties of the DHPMs.

SEM images serve as a powerful tool for investigating and
characterizing the self-assembly behaviors and microstructural
attributes of block copolymers. Owing to their unique molecular
architectures, these materials typically self-assemble into
a range of periodic nanostructures or microphase-separated
morphologies in either solution or the melt phase. Such struc-
tural nuances are indeed discernible in the SEM images.
Powder DHPM products were gold-sputtered and their
morphology was observed by scanning electron microscopy. As
illustrated in Fig. 2(f), the SEM image of DHPMs manifests
periodic, island-like structures, indicative of a uniform micro-
structure. This visualization is instrumental in unraveling the
intricate self-assembly processes and deciphering the material's
intrinsic properties.

The Biginelli reaction combines PEG with PBA, PCL, PLA,
and PPDO to form PEG-based block copolymers. By character-
izing the crystalline and thermal properties of the DHPMs, we
discovered that they exhibit combined crystalline diffraction
peaks from the respective PEG and functionalized segments.
Notably, five initially distinct materials with differing melting
points were converted into DHPMs, displaying similar melting
temperatures and unified thermal profiles, suggesting the
effective merging of the disparate thermal stability. It can be
concluded that PEG and the functionalized segments of the
DHPMs exhibit better compatibility.

Micelle size regulation and morphology characterization

To elucidate the morphology of DHPMs, they were solubilized
in a 1:1 water/DMF cosolvent system. Upon solvent evapora-
tion, they were observed using TEM. Observations showed
a dark central core, attributed to the compact, hydrophobic
nature of the functionalized polymer, enveloped by a less dense,
brighter shell composed of hydrophilic PEG chains. This
biphasic pattern indicates efficient surface coverage by PEG
segments, stabilizing an aqueous interface, while the functional
polymers concentrate in the micellar core.

This finding led to the study of adjusting the micelle sizes.
5 mg, 10 mg, 15 mg, and 20 mg of the DHPMs were dissolved in
2 mL of DMF. During vigorously stirring, 5 mL of deionized
water was injected into the solution at a rate of 5 mL h™" by
a microsyringe pump. Next, deionized water was used for dial-
ysis to obtain micelle samples with different concentrations. As
shown in Fig. 3(I), analyzing the TEM images from left to right
distinctly illustrates the dose-dependent increase in micelle
dimensions. The observed size variation corresponds well with
the DLS outcomes in Fig. 3(II), reinforcing the precision and
reliability of our micelle size control strategy. Consequently, we
have effectively achieved tunable sizing in the design of func-
tional polymer assemblies.

17444 | RSC Adv, 2024, 14, 17440-17447

View Article Online

Paper
I @) (@2) @) & b4
DHPM-PBA . )
® hd »
50 nm 100nm ' 200nm . 500 nm
1) ©2) (04) ;
DHPM-PCL { l*‘ -
F .

-
'(c1) (c2) s @ (?) (c4)
DHPM-PLA L
. o .
-
¢ . -
@ . @ (@) (d4)
DHPM-PPDO : . '
B ®
..
Bt :
B H LRI » .
FOE e é L
& € L
(]
400} —— DHPM-PBA
@ DHPM-PCL e
=5 +— DHPM-PLA A
E 300 DHPM-PPDO W
£ i @
S Z
a 100 /7:/
e
=
3 10 15 20
Addition (mg)

Fig. 3 (I) TEM of micelles (a) DHPM-PBA, (b) DHPM—-PCL, (c) DHPM-
PLA, and (d) DHPM—-PPDO. (Il) Size regulation of micelles.

Biocompatibility testing

Water contact angle is a critical parameter for medical appli-
cations and reflects the material's interaction with water;
excessive hydrophobicity can severely restrict its usability. As
shown in Fig. 4(a), PEG's main chain hosts abundant ether
linkages, oxygen atoms readily engage in strong hydrogen
bonding with the hydrogen atoms of water molecules, as evi-
denced by a low contact angle of 32.3°, allowing the rapid
dispersion of water droplets upon contact. In contrast, the four
functionalized chain segments displayed poor hydrophilicity.
After undergoing the Biginelli reaction, the water contact angles
of DHPMs were modulated to converge at a similar level, sug-
gesting an optimization of the hydrophilic-hydrophobic
balance. Importantly, the incorporation of PEG significantly
enhanced the overall hydrophilicity of the DHPM constructs.
This outcome demonstrates that the DHPM products have
undergone successful surface property tuning without
compromising the intrinsic characteristics of the functionalized
polymers.

The degradation properties of polymeric materials are also
important indicators for medical purposes. In this study, we
investigated the enzymatic degradation of DHPMs using
proteinase K, an enzyme known to accelerate the degradation of
both PEG and PLA.*>** As depicted in Fig. 4(b), DHPM-PCL,
DHPM-PLA, and DHPM-PPDO demonstrate similar degrada-
tion capabilities. The degradation rate of DHPM-PPDO initially
seemed slow, followed by a rapid increase. This behavior may be
attributed to the hydrolysis of the ester bond in the PPDO.
However, the molecular weight of the fractured products was
not small enough to be soluble in the degradation solution,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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leading to an initially inconspicuous loss of mass. The degra-
dation rate notably accelerated in the third week, attributed to
an enhanced autocatalytic effect, which expedited the hydrolytic
cleavage of the ester bond. Among the four DHPMs, DHPM-PBA
exhibited a notably slower mass loss rate, potentially stemming
from its relatively low hydrophilicity, which hampers hydrolytic
degradation. Moreover, the elevated crystallinity and the pres-
ence of a crystalline phase in DHPM-PBA further impede the
hydrolysis process.

The cytotoxicity test is a crucial method for evaluating the
biocompatibility of a material. As depicted in Fig. 4(c-f), the cell
survival rate of DHPM-PBA is significantly lower than that of the
other DHPMs, at approximately 55%. This suggests that DHPM-
PBA has good biodegradability but lacks biocompatibility; we
postulate that this toxicity may arise from the persistence of low
molecular weight PBA oligomers within the system, as evi-
denced by the shoulder peak discernible on the right, low
molecular weight flank of the GPC plot featured in Fig. S6.f
Their enhanced water solubility appears to facilitate intracel-
lular circulation, potentially culminating in deleterious effects
on the cells. The cell survival rates of DHPM-PCL and DHPM-
PLA are close to 95%, indicating that both materials exhibit
excellent biocompatibility. The results of DHPM-PPDO are
quite surprising. In a serum-free medium, the cell viability
surpassed 100% across all tested concentrations, reaching up to
120% at the highest dose and consistently increased with both
rising solution concentrations and extended incubation
periods. This implies that DHPM-PPDO solutions actively
stimulate the proliferation of human bladder epithelial cells,
thereby supporting tissue regeneration. Li Yuling et al.,** Shi
Feng et al.,”> and Wang Guannan et al.,*® independently re-
ported that both PEG and PPDO exhibit low cytotoxic effects;

© 2024 The Author(s). Published by the Royal Society of Chemistry
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however, neither of these materials was observed to actively
stimulate cell proliferation. The distinct properties observed in
DHPMs may arise from the unique structural configuration
introduced by the Biginelli reaction. Given this pro-growth
property, DHPM-PPDO holds promise for applications in
medical dressing development, tissue engineering constructs,
and human implant materials.

The collective evidence from the triad of methods estab-
lishes that DHPM-PCL, DHPM-PLA, and DHPM-PPDO exhibit
outstanding biodegradation profiles and biocompatibility
traits, pointing towards their eligibility for potential deploy-
ment in medical tissue engineering and as constituents of
human implant materials.

Conclusions

In summary, a simple method for synthesizing DHPM deriva-
tives using polyethylene glycol acetoacetate is proposed. Firstly,
PEG-AA was synthesized as a precursor through the modifica-
tion of polyethylene glycol. PBA, PCL, PLA, and PPDO, which are
also biodegradable polyesters, were chosen, altered, and then
synthesized through the Biginelli reaction. Four different
DHPMs were synthesized and confirmed using 'H NMR and FT-
IR spectroscopy. The introduction of various functionalized
segments in the polymers changed the properties of the
DHPMSs. On the one hand, the DHPMs exhibit some common
changes, such as improved hydrophilicity and thermal proper-
ties. Besides, they also exhibit the crystallographic diffraction
peaks of the respective polymers and possess great crystalline
properties. Furthermore, the DHPMs can self-assemble in water
and DMF solution to form micelles, and the sizes of the micelles
can be effectively adjusted by controlling the input amount. On
the other hand, the various functionalized segments in poly-
mers confer distinct properties to the DHPMs. Some of the
DHPMs exhibit excellent biocompatibility and can promote cell
growth, making them suitable for use in wound healing and
tissue engineering. The outcomes show that by upholding the
initial structural integrity, the drawbacks detrimental to
medical use have been refined, allowing the material to
conform to more sophisticated application settings. This
universally applicable synthesis technique signifies a pivotal
methodological advance, presenting a fresh avenue for broad-
ening the biomedical scope of biodegradable polyesters.
DHPMs typically exhibit anti-cancer and anti-UV characteris-
tics, warranting further investigation into their effects on
cancerous cells and antioxidant capacities.
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