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Abstract: The release of drugs from core/shell nanoparticles (NPs) is a crucial factor in ensuring high
reproducibility, stability, and quality control. It serves as the scientific basis for the development of
nanocarriers. Several factors, such as composition, composition ratio, ingredient interactions, and preparation
methods, influence the drug release from these carrier systems. The objective of our study was to investigate
and discuss the relationship between modifications of core/shell NPs as multifunctional drug delivery systems
and the properties and kinetics of drug release using an in vitro drug release model. In this paper, we prepared
four core/shell NPs consisting of a superparamagnetic iron oxide NPs (Fe3sOs) core encapsulated by a
biocompatible thermo-responsive copolymer, poly(2-(2-methoxy) ethyl methacrylate-oligo (ethylene glycol)
methacrylate) or PIMEO2MAXx-OEGMA100-x) (where x and 100-x represent the molar fractions of MEO2MA and
OEGMA, respectively), and loaded with doxorubicin (DOX). Colloidal behavior measurements in water and
PBS as a function of temperature showed an optimization of the lower critical solution temperature (LCST)
depending on the molar fractions of MEO:2MA and OEGMA used to form each NPs. In vitro studies of
doxorubicin release as a function of temperature demonstrated a high control of release based on the LCST. A
temperature of approximately 45°C for 60 h was sufficient to release 100 % of the DOX loaded in the NPs for
each sample. In conclusion, external stimuli can be used to modulate the drug release behavior. Core/shell NPs
hold great promise as a technique for multifunctional drug delivery systems.

Keywords: drug delivery; copolymer; LCST

1. Introduction

Cancer remains a significant global health challenge, with millions of lives affected by its
devastating impact [1], [2]. Conventional cancer therapies, such as chemotherapy, radiation, and
surgery, often suffer from limitations including systemic toxicity, drug resistance, and limited
selectivity towards cancer cells [3]. Over the past decades, nanotechnology has emerged as a
promising field for the development of novel therapeutic approaches to overcome these challenges.

Core/shell nanoparticles (NPs), with their unique physicochemical properties and versatile
surface characteristics, have gained significant attention as potential vehicles for targeted drug
delivery and cancer treatment [4]. These nanoscale carriers can be engineered to encapsulate and
deliver therapeutic agents specifically to tumor sites, while minimizing off-target effects on healthy
tissues [5]. Moreover, their tunable properties enable controlled release of drugs, leading to enhanced
efficacy and reduced side effects. Furthermore, prolonged drug release aims to improve therapeutic
efficacy, reduce administration frequency, preserve drug stability, and enhance bioavailability [5].
These advantages collectively contribute to the optimization of medical treatments, resulting in more
effective outcomes and improved quality of life for patients. Core/shellNPs, particularly thermo-
sensitive NPs, have attracted growing interest as promising platforms for controlled release of active
pharmaceutical ingredients [6], [7]. These systems are designed with a core containing the active
ingredient and a temperature-sensitive shell that can modulate the release of the active ingredient in
response to thermal stimuli. Several recent studies have explored the use of thermo-sensitive
core/shell NPs for controlled release of active pharmaceutical ingredients. For example, in a study
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published by Sonal Deshpande et al. [6], core-shell NPscomposed of a gold core and a poly(N-
isopropylacrylamide) (PNIPAM) shell were used for controlled release of doxorubicin. Three
different compositions of polymeric shells, consisting of pure pNIPAm and p(NIPAm-co-NIPMAm)
with a NIPAm/N-(isopropylmethacrylamide) (NIPMAm) ratio of 1:1 (pNIPMAm50) and 1:3
(pPNIPMAmMm?75), were synthesized. The researchers found that the polymer coating did not affect the
heating efficiency of gold NPs by RF and enabled temperature-dependent release of doxorubicin,
allowing for controlled release by adjusting the temperature. Similarly, in a study conducted by Ji
Liu et al.[7], core-corona gold/poly(vinyl alcohol)-b-poly(N-vinylcaprolactam) NPs (gold@PVOH-b-
PNVCL NPs) were synthesized by reducing a gold salt in an aqueous solution containing polymers.
The gold@PVOH-b-PNVCL NPs exhibited temperature responsiveness and colloidal stability above
their lower critical solution temperature (LCST). They were successfully loaded with Nadolol®, and
the drug release was studied at different temperatures. PVOH-b-PNVCL copolymers with a slightly
higher LCST than the biological temperature (37°C) showed slower release at 37°C but faster release
at slightly higher temperatures. These results support the use of these thermo-responsive
gold@PVOH-b-PNVCL NPs for drug delivery and controlled release. Furthermore, a study by Cao
Yang et al. [8], explored the use of thermo-responsive Mn-Znferrite/poly(N,N'-isopropylacrylamide-
co-N-hydroxymethylacrylamide core/shell nanocomposites for drug delivery systems. The thermo-
responsive properties of the nanocomposites were studied, showing a significant response to
temperature changes. Drug release tests revealed controlled release of the active ingredient,
demonstrating the potential of these nanocomposites as drug delivery systems. These studies
highlight the increasing importance of using thermo-sensitive core/shell NPsfor controlled release of
active ingredients. These systems offer advantages such as precise spatio-temporal control of release,
improved bioavailability of active ingredients, and reduction of undesirable side effects [8].

Thermo-responsive copolymers have indeed garnered significant interest in the field of drug
delivery due to their ability to undergo phase transitions in response to temperature changes [9].
Among these copolymers, the combination of 2-(2-methoxy) ethyl methacrylate (MEO2MA) and oligo
(ethylene glycol) methacrylate (OEGMA) has demonstrated remarkable thermo-responsive
properties [10], [11]. The preparation of thermo-sensitive copolymers based on MEO:MA and
OEGMA involves copolymerization of the two monomers [12]. This unique combination allows for
the formation of copolymers that undergo a reversible hydrophilic-to-hydrophobic transition upon
reaching the LCST [14]. The LCST of MEO:MA/OEGMA copolymers can be tailored by adjusting the
ratio of the two monomers [15]. Higher proportions of OEGMA result in a higher LCST, while higher
proportions of MEO:MA lead to a lower LCST [15]. This tunability allows the design of copolymers
with LCSTs in the physiological temperature range, making them suitable for biomedical
applications [16]. The preparation of MEO:MA/OEGMA copolymers typically involves free radical
polymerization techniques such as solution polymerization, emulsion polymerization, or reversible
addition-fragmentation chain transfer (RAFT) polymerization [11]. These methods offer control over
the copolymer composition and molecular weight, allowing for the customization of copolymer
properties. The grafting of these MEO:MA/OEGMA copolymers onto superparamagnetic iron oxide
NPs provides a versatile platform for drug delivery, combining the advantages of the magnetic
properties of the NPs and the thermo-responsive behavior of the copolymers [17]. This approach
allows the precise control of drug release and can be used to specifically target areas of interest in
the body, improving therapy efficacy and reducing undesirable side effects [18].

In this study, we developed core/shell NPs combining thermo-sensitive polymer brushes coated
on a superparamagnetic iron oxide core for DOX loading and controlled release. The system consists
of a FessOs NPs core coated with a copolymer P(MEO:MAx~-OEGMA10wx) (Where x and 100-x
represent the molar fractions of 2-(2-methoxy) ethyl methacrylate [MEO2MA] and oligo (ethylene
glycol) methacrylate [OEGMA], respectively) loaded with DOX, an anticancer drug. These NPs will
be referred to as FessOs@P(MEO:MAx-OEGMA100«) NPs in this manuscript. The thermo-sensitive
polymer was designed to have a LCST between 30 and 50 °C in PBS. The physicochemical
characterizations of these FessO1@P(MEO2MA-OEGMA100«) NPs have been published in previous
reviews [18]. Here, we investigated the variation of the MEO:2MA and OEGMA monomer ratios to
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form copolymers on the surface of FessOs NPs and their effects on both LCST and controlled release
of DOX as a function of temperature and time. The results show that the Fes-sOs@P(MEO:MAx-
OEGMAu100x) NPs exhibited a DOX release profile dependent on their LCST, with sustained release
over a period of 3 days. We believe that these NPs hold promise for future use in cancer therapy. The
results provide insight into the exciting developments of nanoparticle-based drug delivery systems
for cancer treatment. By understanding the underlying principles of their preparation and potential
applications, we can pave the way for the development of more effective and targeted therapeutic
approaches, ultimately leading to better outcomes for cancer patients.

2. Materials and Methods

Materials

The synthesis of citrate-stabilized FessOs magnetic NPs was carried out using ferric chloride
hexahydrate (Lancaster, 98%), ferrous sulfate heptahydrate (Merck, 99.5%), ammonia (NH3, 28%),
and sodium citrate (99.8%), purchased from Sigma-Aldrich. The polymerization initiators used were
(chloromethyl) phenylethyl) trimethoxysilane (CMPETMS) (Gelest, >95%), tetramethylammonium
hydroxide pentahydrate (TMAH) (99.8%), and toluene (laboratory reagent, >99.3%). For the surface-
initiated polymerization of methacrylate, we used 2-(2-methoxy) ethyl P(MEO:MAx-OEGMA100-x)
(MEO:2MA) (98%), oligo (ethylene glycol) (OEGMA) (98%), N, N-dimethylformamide (DMF)
(>99.8%), dimethyl sulfoxide (DMSO) (>99.8%), and Milli-Q water from Sigma-Aldrich.

Synthesis of superparamagnetic Fes.sOs NPs

The synthesis of superparamagnetic Fes-sOs NPs (SPIONs) was carried out by co-precipitation
[19]. A mixture of FeCls-6H20 (6 mmol; 1.622 g) and FeSO+7H20 (5 mmol; 1.39 g) was dissolved in 40
mL of water in a three-neck flask. Then, 5 mL of a 28% (v/v) aqueous ammonia solution was added
to the mixture, and the final solution was heated to 90 °C under magnetic stirring and an argon
atmosphere. Subsequently, 4.4 g (14.9 mmol) of sodium citrate in 15 mL of water were added
dropwise until a black solution was obtained. The reaction mixture was stirred for 30 min at 90°C.
The SPIONs were finally recovered by magnetic separation, washed several times with ethanol, and
redispersed in 100 mL of water.

Synthesis of CMPETMS-Coated Fes-s01 MNPs (Fes-s04@ Silane).

The SPIONs were dispersed in 10 mL of toluene under argon atmosphere. CMPETMS (0.2 mmol,
49.1 pL) was injected, and the mixture was stirred for 2 minutes. Then, 1 mL of an ethanolic solution
of tetramethylammonium hydroxide pentahydrate (TMAOH) (36.25 mg) was added, and the mixture
was stirred under argon for 15 minutes at 50°C. The mixture was subsequently cooled to room
temperature, and the SPIONs were separated by centrifugation. The silanized SPIONs were
dispersed in 10 mL of toluene, and 2 mL of an ethanolic solution of TMAOH (36.25 mg) were injected.
The reaction was carried out under argon for 30 minutes at 50°C under magnetic stirring. The mixture
was then cooled in a water bath, and the SPIONSs were separated by centrifugation and washed twice
with toluene.

Synthesis of Fes-s0:@P(MEO:2MAx—~OEGM A 100-x)

The growth of PIMEO:MA-OEGMA100~) from the surface SPIONs was carried out using an
adapted protocol described by Alem et al. [12]. In summary, in a 100 mL Schlenk flask, 50 mg of Fes.
30u@silane MNP was dispersed in 10 mL of a DMF/DMSO mixture (10:90, v/v). Four samples
containing different monomer percentages (MEOGA and OGMA) were added for the synthesis of
FessQu@silane (Table 1). Once the MNPs were completely dispersed, 200 mL of a stored solution of
CuBr2/TPMA (0.884 mmol CuBr2, 4.3 mmol TPMA) in DMSO were added to the mixture. The reaction
mixture was stirred and heated at 65°C. Then, 250 mL of a hydrazine mother solution in DMSO (7.1
mg mL") were added, and the mixture was stirred for 2 h 65°C under an argon atmosphere. At the
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end of the polymerization, the mixture was dropwise added to hot Milli-Q water to precipitate the
insoluble components. The materials were purified by redispersing the core/shell NPs in cold water,
followed by centrifugation of the heated solution.

Table 1. Volumetric ratio of different prepared samples.

Samples MEO:MA OEGMA
Fes-504@P(MEO2M Aso-OEGM Az0) 1.550 mL 0.571 mL
1.450 mL 0.714 mL

Fe3-:04@P(MEO:2MA7-OEGMA»25)
Fes-:0s@P(MEO2MAs0-OEGM Aso) 1mL 1mL
Fe3-:04@P(MEO:2MA40-OEGM Aco)

1.140 mL 1.160 mL

Drug Conjugation to MNCs

Conjugation of DOX with MNPs was accomplished by forming hydrogen bonds with the ether-
oxide groups of the P(MEO:MA-OEGMA) copolymer. DOX and MNCs were combined in DMEM
(pH = 7.4) and gently agitated in the dark at room temperature for 24 hours, facilitating the
conjugation of DOX through the imine linkage. The resulting DOX-loaded MNCs (DOX-MNCs) were
separated magnetically and thoroughly washed with DMEM until no DOX was detected in the
supernatant (at least 10 washing cycles). The concentration of released DOX over time was
determined by measuring the absorbance at 480 nm of the remaining free DOX in solution. The drug
loading content (DLC), drug loading efficiency (DLE), and percentage of drug released (%) were then
calculated using Equations 1-3.

DLC (Wt%) — amount of DOX in the MNPs X 100% (1)

amount of MNPs

DLE (Wt%) _ amount of DOX in the MNPs X 100% (2)

total amount of feeding drug

mass of drug released

percentage of drug released = X100% (3)

mass of drug loaded

DOX Release Kinetics Analysis

To understand the drug release mechanism and rate, we applied several kinetic models to the
obtained data. The models used for our system included the zero-order, first-order, Higuchi, and
Korsmeyer-Peppas release models. By fitting the data to these models, we aimed to determine the
most relevant model that describes the drug release behavior [20], [21].

The release kinetics of the zero-order model is influenced by the concentration of the drug and
can be mathematically described as follows:

Mt= M0+ kot (4)

In this Equation 41), M represents the amount of drug dissolved at time t, Mo represents the
initial amount of drug in the solution (with Mo = 0 in our case), and Ko represents the zero-order
release constant, which is expressed in units of concentration per time.

Moving on to the first-order kinetic release, it is also concentration-dependent and can be
mathematically expressed as follows:

M = Mq[1 - exp(—k;.1)] ®)

where Mo is the initial concentration of a drug, Ku is the first-order rate constant, and t is the
time.

The Higuchi model is used to describe the release of a drug from solid matrices and is expressed
as follows:
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where M: represents the amount of drug released at time t, Ku is the Higuchi rate constant, and
t is the time. The Higuchi model provides insights into the release behavior of drugs from solid
matrices by relating the square root of time to the amount of drug released.

The Korsmeyer-Peppas model is a simplified relationship used to describe the release of a drug
from a polymeric matrix. It is expressed as follows:

M;/M,, = Ky, + t, (7)

where Mi/M- represents the fraction of drug released at time t, Kxp is the Korsmeyer-Peppas
release rate constant, n is the release exponent, and t is the time. This model allows for the
characterization of the drug release mechanism and provides insights into the release kinetics from
polymeric matrices.

3. Results

3.1. Colloidal behavior of nano-objects in physiological environments.

To study the influence of the environment and temperature on the colloidal properties of the
copolymers in the Fes-s0s@P(MEO:2MAx-OEGMA100-x) nanostructures, DLS analyses were performed
on these nanostructures in an aqueous environment and in the physiological medium. The evolution
of the hydrodynamic diameter of all samples for temperatures ranging from 25 to 50°C is shown in
Figure 1. Indeed, at low temperatures below the LCST, the MNPs do not exhibit any significant
change in the average diameter. As the temperature increases, the average diameter of the MNPs
abruptly increases to reach a stable value beyond which no significant further changes are observed.
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Figure 1. Evolution of the diameter of the Fes-sO4@P(MEO2MAx-OEGMA100-x) NPs with temperature
in (a) water and (b) PBS.

Below the LCST, the hydrodynamic diameter is smaller because the core/shell MNPs have been
dispersed in the aqueous medium owing to polymer chains being swollen by the solvent through
hydrogen bonding between the polar groups of the copolymer and water. Above the LCST, the
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organization of MNPs in the aqueous medium changes from dispersion to aggregation, as illustrated
in Figure 1. This process occurs because when the temperature exceeds the LCST, the hydrogen bonds
between water molecules are broken, causing polymer chains to precipitate onto the surface of the
MNPs, making the surface hydrophobic. This leads to the aggregation of MNPs in the aqueous
medium and consequently the broadening of the peaks observed in DLS. The LCST values of Fes-
:04@P(MEO2MAx-OEGMAu100-x) NPs are shown in Table 2.

Table 2. LCST values of Fe3s:O4@P(MEO2MAx-OEGMAu100-x) NPs in water and in the PBS, determined

by DLS.
Samples LCST in water (°C) LCST in PBS (°C)
Fes504@P(MEO2M Aso-OEGM A20) 32 30

38 36
Fes-:04@P(MEO:2MA7-OEGM A»s)
Fe350:s@P(MEO:2M Aso-OEGMAso) 45 43
Fe3-:04@P(MEO:2MA40-OEGMA«o)
48 44
Furthermore, to investigate the reversibility (dispersion and aggregation) of our systems with
temperature, we performed successive cycles of heating (T > LCST) and cooling (T < LCST). The
results are presented in Figure SI 1, which shows the evolution of the hydrodynamic diameter as a
function of temperature and confirms that the processes are fully reversible. At 25°C (below the LCST
of Fe3s0s@P(MEO:2MAx-OEGMA100-x) NPs), the hydrodynamic diameter is small as the NPs are well
dispersed in the medium. However, at 50°C (a temperature above the LCST of approximately 38 +
7°C for these MNPs), the hydrodynamic diameter increases due to MNPs aggregation.

3.2. Release of DOX as a function of temperature.

The core/shell MNPs developed in this study were loaded with DOX in the copolymer chains
through supramolecular interactions. Van der Waals dipole-dipole interactions can also be
considered, but the main interactions that enable DOX penetration into these samples are hydrogen
bonding interactions, as previously confirmed in our published works. Indeed, we favored
supramolecular interactions to encapsulate DOX and develop a system that can rapidly release the
drug with only a slight temperature increase. While the copolymer chains are swollen below the
LCST due to hydrogen bonding with water molecules, DOX can diffuse into the copolymer shell and
be blocked by hydrogen bonding interactions. Once the LCST is reached, the copolymer chains
undergo a hydrophilic/hydrophobic transition and their collapse onto the surface of FessOs NPs
allows for the release of DOX. We chose to perform short-duration experiments (5 minutes) to
demonstrate the effect of temperature on our core/shell MNPs. The cumulative release of DOX as a
function of temperature for Fes+Os@P(MEO:2MAx-OEGMA100x) NPs in water and PBS is depicted in
Figure 2.

Surprisingly, there is almost negligible release of DOX for the four samples below the LCST
(Figure 2). As the temperature increases, we observe a change in the slope of the curves as soon as
the LCST is reached. Significant release occurs at 32, 38, 45, and 48°C, respectively, for Fes.
s04@P(MEO2MAs-OEGMA2) NPs, Fes-:04s@P(MEO2MA7-OEGMA2) NPs, Fes-sOs@P(MEO2MAso-
OEGMAs0) NPs, and Fe3-s0:@P(MEO2MA4-OEGMA«) NPs in water, and at 30, 36, 43, and 44°C in
PBS. These temperatures correspond to the LCST values of the samples in water and PBS,
respectively.
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Figure 2. Cumulation curves of Fes-sOs@P(MEO2MAx-OEGMAu100-x) NPs in water and PBS.

3.3. Release profile and mechanism of DOX over time.

Based on the results from the first part, we selected two samples that exhibited an LCST higher
than the physiological temperature (37°C) to study the doxorubicin release kinetics at temperatures
below and above the LCST in PBS. At a temperature lower than the LCST in PBS, the initial
cumulative release proportion of DOX from Fess0:@P(MEO:MA«-OEGMAs«) NPs was
approximately 18 % up to 60 h (Figure 3). The DOX release rate from Fes3-sOs@P(MEO2MAso-
OEGMAs0) NPs reached a maximum of 21 % after 60 h at 37°C. At a temperature above the LCST in
PBS, a linear release of DOX was observed over time, reaching up to 100 % after 60 h for both Fes-
3041@P(MEO2MA4-OEGMA) NPs and FessOs@P(MEO:2MAs-OEGMAs0) NPs (Figure 4). This linear
DOX release behavior is induced by the hydrophilic/hydrophobic transition of P(MEO:MAx-
OEGMAu100-x) observed after the LCST (Table 2). Additionally, initial releases of 21 % and 24 % were
observed at 45°C, respectively, for Fes-sOs@P(MEO:2MA4-OEGMAe) NPs and Fes-sOs@P(MEO:2M Aso-
OEGMAs0) NPs. This can be explained by the fact that the chosen temperature was higher than the
LCST of the copolymers.
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Figure 3. Release of DOX from Fes-:01@P(MEO:2MAx-OEGMAu100x) NPs in a PBS.
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The parameters (K1, Kn, Kip, and n) of the previously described mathematical models for the
release of DOX are presented in Table 3, along with the correlation values (R?). The kinetic models of
Higuchi and Korsmeyer-Peppas do not fit well with the experimental data, as indicated by the low
R? values, while the first-order and zero-order kinetic models appear to be the most suitable for
describing releases at temperatures below and above the LCST.

Table 3. Kinetics of DOX release from the Fes-s0s@P(MEO2MAx-OEGM Au100-x) NPs.

doi:10.20944/preprints202310.0922.v1

Zero Order First Order Higushi Korsmeyer-Peppas
Samples TCC) Ko R? K, R? Ki R? Kip R? n
Fes-s04@P(MEO2M A10-OEGM Aco) 37 1.215 0.935 0.686 0.979 1.101 0.820 0.491 0.831 0.375
Fes-s01@P(MEO:2M As0-OEGM Aso) 37 1.123  0.958 0.319 0.983 1.009 0.892 0.849 0.826 0.266
Fess04@P(MEO:2MA10-OEGM Aco) 45 1.310 0.998 0.309 0.870 1.122  0.783 0.792 0.809 0.230
Fess04@P(MEO:2M As0-OEGM Aso) 45 1.274 0.996 0.224 0.890 1.072  0.799 0.656 0.841 0.288
The equations associated with each of the MNPs are as follows:
For Fess0s@P(MEO2MA4-OEGMAs0)-DOX at 45°C:
Ci576, (%) = 24464 + 1.310 ¢ 8)
For Fes-sO0s@P(MEO:2MAs-OEGMA50)-DOX at 45°C:
C257%y (%) = 29.200 + 1.274 ¢ )
For Fes-s0s@P(MEO2MA40-OEGM A0)-DOX at 37°C:
C33760 (%) = 24419 — 896.037 /(1 + exp (“oor)) (10)
For Fes-sOs@P(MEO2MAs-OEGMA50)-DOX at 37°C:
€750 (%) = 35.432 — 1203.334 /(1 + exp (St (11)

Where C),$ (%) represents the percentage of cumulative DOX release, with x the temperature
at which the kinetics were monitored, y the ratio of MEO:MA, and z the ratio of OEGMA.

The DLC (%) and DLE (%) of the nano-systems reach 6.5 % and 60 % respectively for Fes.
:0s@P(MEO:2MA40-OEGMAe«) NPs. We obtain similar values for the Fes:sOs@P(MEO2MAso-
OEGMA-s0) NPs system, with a DLC of 6.2 % and a DLE of 55 % (all results were obtained from UV
curves and data presented in Figures SI 2).

4. Discussion

Copolymer-based NPs offer numerous advantages as drug delivery systems [22]. They can be
designed to enhance drug solubility, prolong its half-life in the body, and specifically target cancer
cells [23]. In this study, the copolymer used was composed of MEO:2MA and OEGMA. These two
monomers impart specific properties to the final copolymer[18]. The composition of the copolymer
can influence both the LCST and the drug loading capacity and release rate of doxorubicin [15].
Indeed, the results of the evolution of the hydrodynamic diameter of FessOs@P(MEO:MAXx-
OEGMAu100-x) NPs as a function of temperature confirm the influence of the number of ether-oxide
groups on the LCST value. Previous studies have shown that as the number of ether-oxide groups in
the monomer units of the copolymers increases, the LCST is shifted towards higher temperatures
[18], [25]. For instance, studies conducted by Qian Li et al. [26] and Yanfei Hua et al. [27] examined
MEO:MA and OEGMA copolymers and demonstrated that the LCST increased with an increase in
the OEGMA content in the copolymer. Specifically, they observed that copolymers containing a
higher amount of OEGMA exhibited a higher LCST compared to those with a lower amount of
OEGMA. We have shown that increasing the amounts of OEGMA in the samples leads to a shift in
the LCST towards higher temperatures, all the results are gathered in Table 2. For example, the
sample containing 20 % OEGMA exhibits an LCST of 33°C in water, while the sample with 60 %
OEGMA reaches an LCST of 48°C. This confirms that increasing the number of ether-oxide groups
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results in an increase in the temperature at which the copolymers undergo separation and
aggregation. Additionally, the FessOs@P(MEO:2MAx-OEGMA100x) NPs demonstrate a significant
change in LCST in water and PBS, leading to notable aggregation. This indicates that these MNPs are
temperature-sensitive and can undergo a transition of separation and aggregation depending on the
environmental conditions [15]. Furthermore, kosmotropic anions have a polarizing effect that
weakens the hydrogen bonding between water molecules and ether groups present in the
P(MEO:MAXx-OEGMA100-x) copolymers [20], [28]. As a consequence, this leads to a decrease in the
LCST in physiological environments [20]. Furthermore, we demonstrated that at a temperature below
the LCST for Fes-s0s@P(MEO2MAx-OEGMA100-x) NPs, the hydrodynamic diameter is small because
the NPs are well dispersed in the medium. This means that the MNPs remain in their individual form
and do not aggregate at this temperature. This is due to the interaction between the ether-oxide
groups present in the copolymer and the surrounding medium, which keeps the NPs dispersed.
However, at a temperature of 50°C (above the LCST), the hydrodynamic diameter increases due to
nanoparticle aggregation. At this temperature, the copolymer undergoes a phase transition and
becomes insoluble in the medium, leading to nanoparticle aggregation. The interaction between the
ether-oxide groups is disrupted, and the NPs cluster together to form larger aggregates. When the
temperature is lowered again, the copolymer rehydrates and regains its nanoparticle dispersing
capability. During the cooling process, the ether-oxide groups re-establish their interaction with the
surrounding medium, allowing for nanoparticle dispersion. This behavior is consistent with the high
hydration capacity of ethylene glycol and the groups present in the P(MEO:MAx-OEGMA100-x)
copolymer at temperatures below the LCST. The composition of copolymers based on MEO2MA and
OEGMA has a significant impact on the control of DOX release. For instance, NPs Fes
304@P(MEO2MA4-OEGMA«0) NPs and re3-s04@P(MEO2MAs-OEGMAs0) NPs, which contain a higher
amount of OEGMA, exhibit a narrower temperature range between the beginning of drug release
and complete release compared to NPs with a lower amount of OEGMA (Fe3-s0s@P(MEO2MA7s-
OEGMA15) NPs and Fes-:04@P(MEO2MAs0-OEGMA20) NPs). However, only approximately 55 + 3%
and 57 + 4% of the total amount of DOX were released within a very short time period of about 10
minutes for FessO:@P(MEO:2MA4-OEGMA«) NPs and FessO:@P(MEO2MAs50-OEGMAs0) NPs, and
around 50 + 4% and 52 + 5% for Fes+Os@P(MEO2MA75-OEGMA2) NPs and FessO:@P(MEO2M Aso-
OEGMA2) NPs, respectively. These results indicate rapid diffusion of DOX out of the copolymer
with a higher amount of OEGMA but also the need for a longer duration to achieve complete release
of the active compound. Furthermore, the release kinetics of FessOs@P(MEO2MA40-OEGMAe0) NPs
and Fess0s@P(MEO:2MAs-OEGMAs0) NPs demonstrated a linear release profile at a temperature of
approximately 45°C (above the LCST of both samples), with a significant difference in the slope.
Specifically, the slope was approximately 1.311 for Fes-sOs@P(MEO2MA4-OEGMA«0) NPs and 1.211
for Fess0s@P(MEO:2MAs-OEGMAs0) NPs, indicating a slower release for the sample with 60%
MEO:MA compared to the sample with 50% MEO:MA. Additionally, the influence of copolymer
composition was also observed in the values of DLC and DLE, where significant differences were
observed between the two samples with 60 % MEO:MA and the sample with 50 % MEO:MA.
Furthermore, for the Fes-sOs@P(MEO2MA4-OEGMA«0) NPs NPs, we obtain a DLC of 6.5 %, indicating
that 6.5% of the total mass of the NPs consists of DOX. This suggests that the NPs can load a
significant amount of DOX. Additionally, the DLE reaches 60%, meaning that 60% of the DOX present
in the system is efficiently encapsulated within theNPs. This demonstrates a good encapsulation
capacity of DOX by the FessOs@P(MEO:MA4«w-OEGMAe) NPs copolymer, which is essential for
ensuring controlled release and optimal therapeutic efficacy. For the Fes-sOs@P(MEO:2MAs-OEGM Aso)
NPs, the DLC and DLE values are slightly lower. The DLC is equal to 6.2 %, indicating that the
amount of DOX loaded into the NPs is slightly reduced compared to the previous sample. The DLE
is equal to 55 %, meaning that 55 % of the DOX is efficiently encapsulated within theNPs. Although
slightly lower, these values remain significant and indicate a substantial loading and encapsulation
capacity for the FessOs@P(MEO2MAs-OEGMAs0) NPs. Comparing the two samples, we observe that
the composition of the copolymer based on MEO:2MA and OEGMA slightly influences the DLC and
DLE values. The Fe3-s0:@P(MEO2MA4-OEGMA«) NPs exhibit a slightly higher DLC, suggesting a

doi:10.20944/preprints202310.0922.v1
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slightly higher loading capacity for DOX compared to the FessOs@P(MEO:MAs-OEGMAs0) NPs
system. Similarly, the DLE is also slightly higher for the FessOs@P(MEO:MA4«-OEGMAe) NPs,
indicating a better encapsulation efficiency of DOX. However, both systems show significant DLC
and DLE values, confirming their ability to effectively load and encapsulate DOX. The DLC value is
close to those reported in the literature for nano-objects with a similar structure [29], [30]. The DLC
(%) and DLE (%) values for our MNPs and some vectors from the literature are presented in Table 4.
A study by Nidhi Andhariya et al. [31] explored a thermo-sensitive core/shell NPs composed of iron
oxide NPs (FesOs) and a polymer (polyethylene oxide - poly D, L lactide-co-glycolide - polyethylene
oxide (PEO-PLGA-PEQ)). These nano-objects showed DLC values around 8.1% and a DLE value of
approximately 89% [31]. The teams of Binh T Mai et al. [32] and Aziliz Hervault et al. [28]
demonstrated that with the same core/shell structure, they obtained DLC and DLE values around
our values (Table 4).

Table 4. Comparison of DLC and DLE values of the nano-objects described in this work and other
described in the literature.

Samples DLC (%) DLE (%)
Fe3s0:@P(MEO2M A 40-OEGM Aco) 6.5 60
Fes-504@P(MEO:2M Aso-OEGM Aso) 6.2 55

Fe3-:04@P(DEGMA-co-PEGMA-b-[TMSPMA-co-VBA]) 7.6 [26] 82.3 [26]
Fes:0s@P(DEGMEA-co-OEGMEMA) 3.29 [29] -

Fes04s@PEO-PLGA-PEO 7.2 [28] 23.1[28]

DOX-MNPs 8.1[31] 90 [31]
DOX-AF-PNIPAM- FesOq4 23 [32] 74.4 [32]

In summary, the composition of copolymers based on MEO:MA and OEGMA plays a crucial
role in controlling the release of DOX. A higher amount of OEGMA can influence the temperature
range of release, release kinetics, as well as the loading and efficiency parameters of DOX release.
These findings underscore the importance of optimizing copolymer composition to achieve
controlled release.

5. Conclusions

The core/shell NPs Fes.sOs@P(MEO:2MAx-OEGMA100-x) were synthesized using the ATRP SI-
ARGET method, where the PIMEO2MA-OEGMAu100~) copolymers are grown on the surface. These
core/shell NPs exhibit a thermo-sensitive behavior that can be controlled by adjusting the molar ratio
of the MEO:MA and OEGMA monomers. Their thermal response, characterized by the LCST,
showed lower values in PBS compared to water. In vitro studies on the release of DOX from these
core/shell NPs revealed that the control and release rate strongly depend on the molar ratio used to
form the copolymers. We demonstrated that a higher amount of MEO:MA can result in prolonged
release as well as higher values of DLC and DLE. These findings provide a promising pathway for
the design of novel therapeutic tools against cancer.
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