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Dual stimuli-responsive biocompatible fluorescent
hyperbranched poly(p-aminoester) for the
detection of physiological temperature and pH
and controlled delivery

Soumen Ghosh, Aayush Anand and Subrata Chattopadhyay ‘= *

The sustainable synthesis of biocompatible multi-stimuli-responsive fluorescent hyperbranched polymers is
an important and challenging research topic. Herein, we report the synthesis of temperature- and pH-
responsive fluorescent hyperbranched poly(B-aminoester). The hyperbranched polymer structure was
thoroughly analyzed via NMR, IR, DLS and TEM analyses, and the degree of branching was found to be 75%.
Thermal analysis revealed that the polymers are thermally stable up to 180 °C and have a glass transition
temperature of around —5 °C. At pH 7, the cloud point temperature (T.,) was determined to be 36 °C,
which is extremely close to the physiological temperature of the human body; this temperature further
depends on the pH of the medium. The fluorescence intensity shows a linear dependence on temperature
and pH, supporting its potential as a temperature and pH sensor. Drug release studies demonstrate the
potential of the hyperbranched polymer for controlled drug delivery, showing the most sustained release
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1. Introduction

Smart polymers are well known for their stimuli-responsive
properties, which arise as a result of reversible conformational
or phase changes in response to various stimuli, such as
temperature, pH, light, and ions, among others."” Among
the various stimuli-responsive polymers, thermoresponsive
polymers are the most well studied due to their numerous
applications, which include drug delivery, sensing, tissue engi-
neering, etc.®"> These polymers show either lower critical
solution temperature (LCST) or upper critical solution tempera-
ture (UCST) behavior.*”*** Following the first report of a
thermoresponsive polymer exhibiting LCST behaviour by Free-
man and Rowlinson in 1960,'° several such polymers were
designed and further extended to develop dual- or multi-
stimuli-responsive materials.’”*° The most well-studied ther-
moresponsive polymer to date is poly(N-isopropylacrylamide),
which shows typical LCST behaviour at ~32 °C.*° The thermo-
sensitive properties of PNIPAM can be attributed to its well-
known coil-to-globule transition around its LCST.">" Below the
LCST, the hydrophilic amide groups form hydrogen bonds with
water, while above the LCST, significant dissociation of these
hydrogen bonds occurs, and increased hydrophobic interaction
of the isopropyl groups results in macromolecular aggregation,
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under physiological conditions (36 °C and pH 7).

leading to the formation of globular structures.! This makes
NIPAM an attractive monomer to prepare diverse thermo-
responsive polymer architectures. Recent examples include
poly(NIPAM)-based linear block copolymers,>>** hyper-
branched and star polymers®*2° and several polymer networks
including hydrogels.>”*® Here, by introducing a specific ratio of
additional comonomers, the resultant thermoresponsive prop-
erties of the final polymer can be tuned. Alternatively, thermo-
responsive poly(acrylamide) derivatives (PAMs), poly(2-alkyl-2-
oxazoline)s (PAOxs) and poly(N-vinylalkylamide) have also been
reported, in which the amide groups within the backbone
contribute to the temperature response.>*! A very few exam-
ples of thermoresponsive polymers without any amide groups
are also known, in which a suitable hydrophilic/hydrophobic
balance results in thermoresponsive properties in PEG- and
PEI-based copolymers.**** Other degradable polymers, such as
polyesters, do not inherently show temperature-responsive
behaviour.>® Efforts have been made to introduce the amide
groups within the backbone or side chains to develop
temperature-responsive polyester-based copolymers (termed
as N-acylated PAEs).***® However, to the best of our knowledge,
hyperbranched fluorescent polyester-based temperature- and
pH-responsive copolymers have rarely been reported.*”

In the current work, we aimed to synthesize temperature-
and pH-responsive hyperbranched fluorescent poly(B-amino-
ester) (existing in solution as ultrasmall molecular nano-
particles, diameter ~10 nm), which is potentially useful for a
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range of applications such as temperature and pH sensing and
drug delivery. Although N-alkylated poly(B-aminoester)s are
well studied, they are rarely known to be temperature
responsive.>*® In the literature, thermoresponsive hyper-
branched polymers are less reported compared to their linear
analogues. Among the existing reports in the literature,
three notable approaches to prepare thermoresponsive hyper-
branched polymers/nanomaterials (where the main backbone
does not contain PNIPAM) can be found. The first approach
involves linking temperature-responsive functionalities (such
as amides/NIPAM) or polymers with the surface or branch ends
of the hyperbranched polymers, with the temperature-
responsive unit dictating the overall response.>***%*° The
second and third approaches both involve maintaining the
overall hydrophobic and hydrophilic balance. In the second
approach, thermoresponsive hyperbranched polymers are pre-
pared by introducing hydrophobic and (or) hydrophilic moi-
eties within the polymer via post-polymerization modifications
(by both chemical and supramolecular linking) and maintain-
ing their suitable balance.***"**> The third approach deals with
developing backbone-responsive hyperbranched polymers, in
which the hydrophobic/hydrophilic balance of the polymer
backbone is defined by the monomers and gives rise to
the thermoresponsive properties (similar to PNIPAMs).****
Our current work utilizes the third approach; a hyperbranched
poly(B-aminoester) is prepared by reacting hydrophobic 1,4-
butanediol diacrylate with hydrophilic tris-(2-aminoethyl-
amine) (TREN). The phase-transition temperature of the poly-
mer is found to be 36 °C at pH 7 in water, which is one of the
closest to the physiological temperature and pH. Moreover,
such hyperbranched poly(B-aminoester)s are known to have
nonconventional fluorescence properties. These fluorescence
properties are attributed to the presence of electron-rich het-
eroatom functionalities (amines and esters) and their hyper-
branched backbone, which promotes electron delocalization
via through-space conjugation (TSC).*> Therefore, a tempera-
ture- and pH-responsive phase transition is expected to influ-
ence its emission properties, and the linear correlations
between fluorescence, pH and temperature make it useful as
a molecular/nano thermometer. Further, the hyperbranched
geometry and temperature/pH-responsive properties enable
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controlled delivery of encapsulated molecules under physio-
logical conditions.

2. Results and discussion

2.1. Synthesis and characterization of hyperbranched
poly(B-aminoester)

The hyperbranched poly(B-aminoester) PAE-TREN was synthe-
sized via aza-Michael polyaddition reaction between 1,4-
butanedioldiacrylate and tris-(2-aminoethylamine) (TREN) at
room temperature in water, as presented in Scheme 1 and
Table S1. After significant growth, the polymerization was
quenched by high dilution, leading to the hydrolysis of the
terminal acrylic ester end groups as revealed by "HNMR, FTIR
and zeta-potential analysis. The occurrence of hydrolysis was
supported by "H NMR (Fig. S1), as the terminal acrylate
functionalities of the growing hyperbranched polymer disap-
pear after dilution. Additionally, the linear/branched chain
ratio slightly increased due to hydrolysis of a few branch ends.

The purified polymer was characterized by NMR and FTIR
spectroscopy (Fig. 1). The presence of -OCH,- methoxy protons
for both the dendritic and linear units of PAE-TREN are
observed at 3.5 ppm and 4.2 ppm. Two separate peaks for the
methylene protons of the -CH,- group next to the ~OCH,~
groups of both the dendritic and linear unit appear at 1.5 ppm
and at 1.7 ppm, respectively. A combined analysis of 'H, '*C
(Fig. 1A and Fig. S2) and HSQC NMR (Fig. S3) revealed that the
peaks at 33.1 ppm and 43.5 ppm in the *CNMR spectrum
(Fig. S2) are related to the peaks at 2.3 ppm and 2.7 ppm in the
"HNMR spectrum, which are attributed to the ~CH,~ protons
(marked as ¢’ and c) present in between the two consecutive
amines (contributed from the TREN monomer) of the linear
and dendritic units, respectively. Additionally, the peaks at
61.1 ppm and 64.9 ppm in the *C NMR spectrum are related
to the peaks at 3.5 ppm and 4.2 ppm in the "THNMR spectrum,
which are attributed to the -OCH,- protons present in the linear
and dendritic units, respectively. The neighboring -CH,- groups,
which appear at 1.5 ppm and at 1.7 ppm in the "HNMR spectrum,
are correlated with the ">*CNMR peaks at 25 and 27 ppm. All the
backbone peaks are assigned in Fig. 1A and Fig. S2. Hence, the
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Scheme 1 Schematic depiction of the synthesis of PAE-TREN.
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Fig. 1 (A) *H-NMR spectrum of PAE-TREN in D,O. (B) FTIR spectrum of PAE-TREN.

presence of the characteristic peaks of the dendritic and linear
units was well proven by a combination of 'H, "*C and HSQC
NMR spectroscopy (Fig. 1A, Fig. S2, and Fig. S3).

The degree of branching (DB) of the hyperbranched
poly(B-aminoester) PAE-TREN was calculated from the "THNMR
spectrum using the equation DB = 2D/2D + L, where D and
L represent the dendritic and linear connectivity, respectively,
as established in the literature.’® The degree of branching for
PAE-TREN was calculated to be 75%, confirming its hyper-
branched structure.

The structure of PAE-TREN was further analyzed using FTIR
spectroscopy (Fig. 1B). The absorption band at 1728 cm™*
corresponds to the presence of the -C—O (ester) func-
tionality within the backbone. The broad absorption band

This journal is © The Royal Society of Chemistry 2025

at >3100 cm ' signifies the presence of the -N-H bond in

the PAE-TREN structure. The typical asymmetric stretching
band of the C-N bond is distinguished at 1170 cm ™. Addition-
ally, two bands are noted at 1568 cm ™" and at 1394 cm ™', which
are characteristic of the carboxylate moiety and correspond to
the asymmetric and symmetric stretching of COO™ (terminal/
branch end), respectively.*” The presence of the carboxylate ion
was further confirmed via zeta-potential analysis of PAE-TREN
under a range of pH values (Fig. S4 and Table S2). The negative
zeta-potential values at higher pH indicate the presence of
carboxylate anions generated due to the deprotonation of
the carboxylic acid group, which predominates over the proto-
nation of amine groups. On the contrary, under acidic condi-
tions, the protonation of amine groups dominates over the
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Fig. 2 (A) DLS CONTIN plot of PAE-TREN in water with 0.1 M NaCl. (B) TEM micrograph of PAE-TREN. (C) Average size distribution of PAE-TREN

obtained from the TEM micrograph.

deprotonation of terminal acid groups, resulting in positive
zeta potentials. The isoelectric point of the zwitterionic polymer
was calculated via pH-dependent zeta-potential analysis and
found to be ~7 (Fig. S5). The SEC chromatogram reveals a
bimodal molecular weight distribution with peak average mole-
cular weights of ~7000 Da and 15000 Da (overall average
molecular weight: ~8800 Da), which is atypical of step-
growth polymers (Fig. S6).

The morphology of the hyperbranched polymer in solution
was studied using DLS and TEM analysis. The DLS CONTIN

plot suggests that the number average diameter of PAE-TREN is
~10 nm (Fig. 2A). The TEM micrograph also supported this
finding, as the average diameter was calculated to be 8 nm
(Fig. 2B and C). These findings indicate that the hyperbranched
polymer exists as ultrasmall molecular nanoparticles in
solution.

The thermal properties of the polymer were studied
using differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA). The measured glass transition tempera-
ture (T,) of PAE-TREN determined from differential scanning
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Fig. 3 Thermal characterizations. (A) DSC thermograph and (B) TGA of PAE-TREN.
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calorimetry (DSC) was —5.0 °C (Fig. 3A). The TGA thermogram
of PAE-TREN exhibits multistep thermal degradation, with
thermal stability up to 182 °C (Tys). Such multistep degradation
is characteristic of the thermal degradation of poly(p-
aminoester) backbones, in which the ester groups and the rest
of the backbone undergo stepwise degradation (Fig. 3B).**

2.2. Temperature- and pH-responsive properties

The stimulus response behavior of the hyperbranched poly(B-
aminoester) PAE-TREN was studied in detail. To test its
temperature-dependent phase-transition behavior, the cloud
point temperature (7.,) of PAE-TREN was measured using UV-
vis spectroscopy. Upon gradually increasing the temperature
from 5 °C to 70 °C, a distinct phase transition was noted within
the concentration range between 0.2 wt% to 1 wt%, with
the transmittance (%) dropping sharply from ~80% at 25 °C
to <5% at 50 °C and the resulting solution turning
cloudy (Fig. 4A, B and E). The T, was found to be 36 °C for
1 wt% polymer solution. To examine the reversibility of the
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thermo-responsiveness, the polymer solution was subjected to
four consecutive heating—cooling cycles below and above the
cloud point temperature at pH 7.0. The changes in the fluores-
cence intensity were recorded (Fig. S7), and the results clearly
indicated that the polymer exhibits excellent reversible phase
transition behavior for up to four complete cycles. These
findings confirm the dynamic and reversible nature of the
thermoresponsive property. Additionally, we also performed
heating/cooling/heating cycles to examine the reversibility
and possible hysteresis effect (Fig. S8). The cloud point tem-
perature (T.,) remained comparable (36 °C and 35 °C) during
the first heating and second heating.

The presence of multiple tertiary amines in the PAE-TREN
backbone enables protonation and makes it a pH-responsive
polymer. To further understand the effect of pH on the critical
temperature (T.p), six solutions with varying pH values of
pH 4.5, pH 5.5, pH 7.0, pH 8.1, pH 9.0 and pH 10.0 were tested
(Fig. 4C). As the pH was increased from 7 to 9.0, the T, of PAE-
TREN steadily increased. The recorded T, values were 36 °C,
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(A) Temperature-dependent phase transition of PAE-TREN in solution at different concentrations (0.2 wt%, 0.3 wt%, 0.5 wt% and 1 wt%),

(B) variation of the T, of PAE-TREN in solution (pH 7) at different concentrations. (C) Temperature-dependent phase transition of PAE-TREN (1 wt%) at
different pH values (pH 4.5, pH 5.5, pH 7.0, pH 8.1, pH 9.0 and pH 10.0) (D) T, of PAE-TREN at different pH values. (E) Optical photograph of PAE-TREN in

water below and above its Tc,, (36 °C) at a concentration of 1 wt%.
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Fig. 5 (A) NOESY spectrum of PAE-TREN in DO at 20 °C (below its T, of
~ 36 °C) at a concentration of 1 wt%. (B) NOESY spectrum of PAE-TREN in
D,0 at 60 °C (above its T, of ~36 °C) at a concentration of 1 wt%.

53 °C, and 64 °C at pH 7.0, 8.1, and 9.0, respectively (Fig. 4D).
No phase transition was observed for PAE-TREN at lower pH
(4.5 and 5.5) due to higher protonation of the amine groups,
resulting in a highly hydrophilic backbone. Similarly, at pH
10.0, the formation of carboxylate ions at the terminal side of
the hyperbranched polymer resulted in similar effects. The
phase transition below and above T, indicates that PAE-
TREN is more swollen (soluble) and forms a homogeneous
solution in water through the formation of hydrogen bonds
below T.,, while above this temperature, the hydrogen bonds
break and hydrophobic interactions increase, leading to further
aggregation due to hydrophobic association driven by ester
moieties within the backbone. The hydrophobic-association-
driven phase separation below and above T, was further
affirmed using nuclear overhauser effect spectroscopy (NOESY),

Soft Matter
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which is an established method for proving molecular interac-
tions and revealing phase transition behavior.”” NOESY
spectra of PAE-TREN were recorded both below (Fig. 5A) and
above T, (Fig. 5B) for comparative study. The spectrum below
Tcp (at 36 °C) did not exhibit any cross-peaks, which supported
the absence of significant intra/intermolecular interactions.
The presence of cross-peaks corresponding to hydrophobic
interactions of ester moieties was observed above T, (at
60 °C) at 3.5 ppm and at 4.2 ppm (characteristic peaks of
-O0OCCH,CH,CH,CH,COO-) indicating local conformational
crowding, suggesting hydrophobic association through mole-
cular interaction and supporting the proposed origin of the
temperature-responsive properties of PAE-TREN. It is impor-
tant to note here that the choice of monomers such as
1,4-butanedioldiacrylate and tris-(2-aminoethylamine) (TREN)
is crucial to the overall hydrophobic/hydrophilic balance
and the formation of the temperature-responsive polymer. Replac-
ing TREN with other monomers such as 1,4-butanediamine
results in non-temperature-responsive polymers (results not
included here). The dual-stimulus-responsive properties of
hyperbranched PAE-TREN are compared with those of reported
polymeric systems in Table S3.

2.3. Stimulus-defined photophysical properties for
temperature and pH sensing

The absorption and fluorescence spectroscopy techniques were
used to study the photophysical properties of the poly(p-
aminoester) PAE-TREN. The absorption and excitation/emis-
sion spectra for PAE-TREN are presented in Fig. 6A. The current
poly(B-aminoester) demonstrates an excitation peak at 360 nm
and an absorption peak at 350 nm. Upon excitation at 360 nm,
PAE-TREN exhibits maximum fluorescence intensity at 433 nm.
The CIE 1931 chromaticity diagram of PAE-TREN shows the
appearance of a blue color with (X, Y) coordinates of (0.15, 0.06)
(Fig. 6B). Additionally, the quantum yield of PAE-TREN was
calculated relative to quinine sulfate and found to be 16.0%,
which is comparable to or better than those of other reported
dendrimer-based fluorescent materials (Table S4). The noncon-
ventional fluorescence properties of this non-conjugated hyper-
branched poly(B-aminoester) can be attributed to the presence
of electron-rich heteroatom functionalities, such as amines
and esters, as well as the hyperbranched backbone, which
promotes electron delocalization via through-space conjuga-
tion (TSC).*>"°

Further studies were carried out to understand how the
stimuli-responsive associative behavior influenced the photo-
physical properties, which would enable the detection of tem-
perature and pH.

Temperature and pH are two crucial physiological para-
meters. In abnormal cells, the intracellular temperature is
higher than 37 °C and may be >40 °C, and the pH is lower
than 7.4, lying within the range of 5.5 to 6.8.>'>® Therefore,
determining these parameters is important to identify abnor-
mal cells. The fluorescence emission of PAE-TREN in aqueous
solution was studied by increasing the temperature from
10 °C to 70 °C (Fig. 7A). Fig. 7B illustrates the continuous linear

This journal is © The Royal Society of Chemistry 2025
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decrease in fluorescence intensity observed within the physio-
logical temperature range (30 °C to 42 °C). This occurs mainly
because at higher temperatures, increased hydrophobic asso-
ciation (as demonstrated earlier) results in changes in the
microenvironment, which likely disturb the existing through-
space conjugation and facilitate increased non-radiative decay
processes. To support the occurrence of non-radiative decay at
higher temperature, fluorescence lifetime analysis was per-
formed at a higher and lower temperature and revealed a small,
but significant, decrease in the fluorescence lifetime at higher
temperature, which was mainly attributed to increased non-
radiative decay (Fig. S9A).

Similarly, the fluorescence emission of PAE-TREN was stu-
died by increasing the pH from 5.2 to 8.3 (Fig. 7C). Fig. 7D
exhibits a two-step linear decrease in fluorescence intensity,
with different slopes below (from 5.5 to 6.8) and above (from 6.8
to 8.3) its isoelectric point (~7). The two different slopes are
mainly due to the two different functional natures of the
polymer, i.e., above its isoelectric point, it acts as a cationic
system, while below its isoelectric point, it acts as an anionic
system. The increase in fluorescence intensity with decreasing
pH can be attributed to the fact that protonation leads to a
change in molecular geometry and electronic distribution,
which may improve through-space conjugation. Lifetime ana-
lysis revealed a slightly longer lifetime at lower pH, which
indicates decreased radiative decay and higher fluorescence
intensity (Fig. S9B).

Overall, these findings demonstrate that PAE-TREN exhibits
perfect linearity with both temperature as well as pH via a
decrease in the fluorescence intensity of PAE-TREN. Hence,
PAE-TREN can be used as a fluorescent nanoprobe for deter-
mining physiological temperature and pH.

To confirm the long-time hydrolytic stability of the polymer
structure and its stimuli-dependent photophysical properties in
solution, time-dependent analysis was performed for 380 h over
15 days. FTIR spectral analysis at different time intervals
affirmed that the chemical structure of the polymer remained
intact in solution without any chemical change/degradation
(Fig. S10). In addition to this, DLS study of PAE-TREN over time
(for ~380 h) at pH values of 5.5, 7.0 and 9.0 (temperature 37 °C)

This journal is © The Royal Society of Chemistry 2025
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(A) Excitation and emission spectra of PAE-TREN (0.1 wt%) with slit 2. (B) CIE 1931 chromaticity diagram of PAE-TREN (0.1 wt%) with slit 2.

confirmed the stability of PAE-TREN. At pH 5.5, the size of PAE-
TREN was ~ 32.0 nm, while its size was ~12.0 nm and ~5 nm
at pH 7.0 and 9.0 through 380 h (Fig. S11-S13). Additionally, to
understand the retention of the photophysical properties of
PAE-TREN, kinetic studies via fluorescence intensity measure-
ment over ~ 380 h were performed at pH 5.5, pH 7.0 and pH 9.0
(Fig. S14). No significant decrease in the fluorescence intensity
was observed. This indicates that PAE-TREN is sufficiently
stable under acidic and basic conditions. These outcomes
confirm the excellent hydrolytic stability of PAE-TREN at pH 5.5,
PH 7.0 and pH 9.0 for a significantly long time.

2.4. Controlled drug delivery using the poly(f-aminoester)

Typically, dendrimers and hyperbranched polymers are used
for drug encapsulation and delivery. The hyperbranched mole-
cular architecture and stimuli-responsive properties of PAE-
TREN inspired us to investigate its potential for controlled drug
delivery. For an in vitro study, methylene blue was used as a
model drug®®® due to its affordability, easy detection by
standard UV-vis spectroscopy, low toxicity, ability to cross the
blood-brain barrier,**™° and its potential application in var-
ious neurological conditions, making it one of the WHO-listed
essential medicines.®® The hyperbranched geometry of the
poly(B-aminoester) PAE-TREN facilitated the incorporation of
methylene blue (as a model drug) into the hyperbranched PAE-
TREN backbone in acetone at room temperature. In this type of
encapsulation approach, drug molecules are generally loaded
within the intramolecular cavities of the hyperbranched poly-
mer chains.®® Thereby, the pH- and temperature-responsive
changes within the intramolecular cavities are expected to
influence the drug release. Its encapsulation efficiency was
quantified and found to be very high, with a calculated drug
loading efficiency of 99%.

The controlled release behavior of the encapsulated methy-
lene blue (MB) was analyzed using UV-visible spectroscopy. pH-
dependent release studies were conducted in buffer solutions
with pH values of 5.5, 7.0 and 9.0 to evaluate the influence of
pH at a constant temperature of 37 °C (Fig. 8A). For the
poly(B-aminoester) PAE-TREN, MB release was slightly faster
at pH 9.0 compared to pH 7.0 and then pH 5.5 during the initial

Soft Matter


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00635j

Open Access Article. Published on 05 Pundungwane 2025. Downloaded on 2025-12-08 02:52:30.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
540k
~520k
~§‘500k
3 2180k
3 g 460k
5o |Slope = 8.4x103
] 4, 2032 34 36 38,40 42
§§ Temperature(°C)
i/ 3 3
2 3
3
,"i’ ¢ ?
0l — . . - 200k r————a———————
400 450 500 550 10 2_|(_) 30 4t0 50C 60 70
emperature (°
C) 400k Wavelength (nm) D) p (°C)
350k{ 4
5300k - —~300kq \ M
S aosok| . \\
il O o \ 8
2200k - > WY
@ £200k{ 2N ¢
g e A
£100k- 2150kt N
— c 4 §(§;‘ -
sk e
’ 4 ~
L ; ; — ¥ 50k l——————e—————
400 460 500 &80 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
Wavelength (nm) - Y pH
350k 1 : T
3°00K :
L 250k e
2
‘0 200Kk 1
[ =
..g 150K+ R2=0.98
100k gok] Slope = 2.25x104
5.2 5456586.06.26.46.66.8 64 68 72 76 80 84
pH H
P
Fig. 7 (A) Fluorescence emission spectra of PAE-TREN (1 wt%) at temperatures from 5 °C to 70 °C. (B) Variation of fluorescence intensity with respect to

temperature from 5 °C to 70 °C. (C) Fluorescence emission spectra of PAE-TREN (1 wt%) at pH values from 5.2 to pH 8.3. (D) Variation of fluorescence
intensity with respect to the pH from pH 5.2 to pH 8.3, along with expansions of the plots showing their linearity below and above pH 6.8.

24 h. A slow release of MB was observed at pH 5.5 for
approximately 30 h. However, PAE-TREN showed approximately
75% MB release at pH 7.0. Similarly, the influence of the
temperature on the methylene blue (MB) release behavior of
PAE-TREN was analyzed using UV-visible spectroscopy. Release
kinetics were studied at three different temperatures, namely,
25 °C, 37 °C and 60 °C, to evaluate the influence of temperature;
the pH was maintained at 7.0 (Fig. 8B). For the poly-
(B-aminoester) PAE-TREN, an initial burst of MB release was
observed at both 25 °C and 60 °C. Conversely, a sustained MB
release was observed at 37 °C during the initial 20 h compared
to the other temperatures. Overall, the most sustained and
efficient drug release was observed under physiological condi-
tions at a temperature of 37 °C and pH 7. This stimulus-
responsive delivery of such systems can be explained, as below

Soft Matter

the LCST, the intramolecular cavities of the hyperbranched
polymer chains do not undergo any change, making the drug
release less efficient. Above the LCST, the hyperbranched poly-
mer nanoparticles collapse, leading to a significant reduction
in intramolecular cavity size and, consequently, a burst release
of the drug is observed. At the phase-transition temperature,
however, an optimal balance between these effects enables the
most sustained release.

To support this explanation, we performed DLS measure-
ments of MB-loaded PAE-TREN at three different temperatures
(25 °C, 37 °C and 60 °C). At 25 °C, the size of the MB-loaded
PAE-TREN is 32 nm, while it is 15 nm and 3 nm at 37 °C and
60 °C, respectively (Fig. S15). These results strongly support
the conclusion that the release kinetics are governed by the
temperature-dependent cavity size of the polymer. Above the

This journal is © The Royal Society of Chemistry 2025
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CPT (cloud point temperature), the collapse reduces free
volume and expels entrapped drug molecules, leading to burst
release. Below the CPT, the swollen state provides larger
cavities that retain the drug more effectively.

Additionally, at pH 9, the size of MB-loaded poly(B-
aminoester) is 7 nm, while it is 15 nm and 38 nm at pH 7
and 5.5, respectively (Fig. S16). At pH 9, the polymer structure is

100+

Cell viability (%)
S N o)
S o o

N
o

6.25 12.5 25.0 50.0 100.0
Concentration (pg/ml)

Control

Fig. 9 L1929 cell viability after 24 h of incubation with PAE-TREN with
increasing concentration: 6.25 pg mL™%, 12.5 ug mL™, 25.0 ug mL™?,
50.0 pg mL™* and 100.0 pg mL™%.

This journal is © The Royal Society of Chemistry 2025

highly compact due to the deprotonation of tertiary amines.
This collapse reduces the internal cavity volume, which leads to
rapid removal of physically entrapped MB at the alkaline pH of
9 (burst release). At lower pH values, the polymer is more
swollen with larger cavities, allowing MB molecules to be
retained longer through a combination of steric confinement
and weak interactions.

2.5. Cytotoxicity test

To evaluate the biocompatibility of the poly(B-aminoester)
PAE-TREN for practical use, an MTT assay was conducted
using L929 cells (mouse fibroblast cells). The hyperbranched
poly(B-aminoester) is biocompatible at a concentration of
100 ug mL ™', with a cell viability above 75%. At lower concen-
trations, the polymer shows negligible cytotoxicity; specifically,
up to 12.5 ug mL™", >90% cell viability was observed (Fig. 9).
Additionally, the LCs, value of PAE-TREN was determined to be
304.446 pg mL ™. Overall, these findings suggest that the newly
synthesized PAE-TREN is biocompatible for potential future
in vivo applications.

3. Conclusions

In summary, we developed a sustainable one pot synthetic
strategy to prepare the hyperbranched B-polyaminoester
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PAE-TREN containing zwitterionic branch ends (amine and
acid groups) using aza-Michael polyaddition reactions between
1,4-butanedioldiacrylate and tris-(2-aminoethylamine) (TREN)
in water at room temperature. The molecular structure of the
polymer was characterized using NMR and FTIR, which
revealed a hyperbranched architecture with a calculated degree
of branching of 75%. DLS and TEM reveal that in solution, the
polymer exists as ultrasmall nanoparticles with an average
hydrodynamic diameter of ~10 nm. Thermal analysis using
TGA and DSC confirms that the polymer is stable up to 182 °C
(T4s) and has a glass transition temperature of —5 °C. The
isoelectric point of the polymer was determined to be pH ~7.
The polymer exhibits pH-dependent thermoresponsive proper-
ties with a cloud point temperature (T,) of 36 °C at pH ~ 7. The
temperature-responsive associative behavior of the polymer can
be ascribed to the hydrophobic association of the ester seg-
ments at higher temperatures, as supported by NOESY NMR
analysis. The polymer exhibits blue emission with a quantum
yield of 16%. Further, the temperature- and pH-dependent
associative behaviors of the polymer influence its photophysi-
cal properties, with linear relations being observed, thus
enabling its effective use as a nanosensor to measure physio-
logical temperature and pH. A model in vitro drug release study
supports its effective use in the context of sustained and
controlled delivery up to 20 h under physiological temperature
and pH (37 °C and pH ~ 7). MTT assay reveals that the polymer
is biocompatible for practical applications.
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