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Abstract: Surface modification of drug-loaded particles with polyethylene glycol (PEG) chains is a
powerful tool that promotes better transport of therapeutic agents, provides stability, and avoids
their detection by the immune system. In this study, we used a new approach to synthesize a
biodegradable poly(ester amide) (PEA) and PEGylating surfactant. These were employed to fabricate
micro/nanoparticles with a core–shell structure. Nanoparticle (NP)-protein interactions and self-
assembling were subsequently studied by synchrotron radiation-based FTIR microspectroscopy
(SR-FTIRM) and transmission electron microscopy (TEM) techniques. The core–shell structure was
identified using IR absorption bands of characteristic chemical groups. Specifically, the stretching
absorption band of the secondary amino group (3300 cm−1) allowed us to identify the poly(ester
amide) core, while the band at 1105 cm−1 (C-O-C vibration) was useful to demonstrate the shell
structure based on PEG chains. By integration of absorption bands, a 2D intensity map of the particle
was built to show a core–shell structure, which was further supported by TEM images.

Keywords: poly(ester amide); polyethylene glycol; nanoparticles; microspectroscopy; protein
adsorption; electron microscopy

1. Introduction

The use of Nanoparticles (NPs) has become very active in recent years due to their
unique properties and potential applications in various fields of medicine. NPs can be
made from multiple materials, such as metals, polymers, lipids, and quantum dots [1–3],
that offer the ability to modify their properties for specific applications. Typically, drug
carrier particles need to meet specific requirements to be effective for various treatments.
Stability is one of the most important factors, primarily affected by the zeta potential which
plays a pivotal role during drug delivery processes, zeta potential can significantly affect
the behavior and performance of particles in terms of association with biological tissues,
and therapeutic effectiveness; generally, positively charged NPs exhibit better interaction
with the negatively charged cell membrane, hence, they are often used in gene delivery
allowing high DNA binding. Biocompatibility is another crucial aspect as particles should
not cause harmful side effects and prevent undesirable immune reactions or damage to
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healthy cells. Finally, drug carrier particles must be capable of providing a sustained release
and preferably targeting specific cells or tissues.

Drug encapsulation inside particles is an effective tool for creating delivery systems
that offer several advantages over traditional methods. Particles can protect drugs from en-
zymatic degradation, extend blood circulation time in the body, and increase drug bioavail-
ability. NP drug delivery has shown promising results in the treatment of various diseases,
including cardiovascular disease [4], ocular [5,6], and neurological disorders [7]. NPs are
actively used as delivery systems for anticancer [8] and anti-inflammatory drugs [9,10].
However, when nanosystems are in a physiological environment, a hard or soft “corona”
can be formed as a consequence of the rapid adsorption of biomolecules such as pro-
teins (opsonins) and lipids on their surface [11]; therefore, it can change the size, surface
chemistry, solubility, surface charge, and finally, aggregation can take place, and hence
biodistribution, cellular uptake, and macrophage capture of NPs [12]. In general, particles
coated with hydrophilic polymers show improved circulation properties and decreased
macrophage recognition. Various hydrophilic polymers, mostly polyethylene glycol (PEG)
and poly(vinyl alcohol), have been studied for drug delivery purposes. Particles decorated
with a PEG cloud adsorb less protein from the biological environment and have a longer
circulation in the blood [13]; PEG is a biocompatible and non-cytotoxic polymer that is often
used to “protect” drug-carrying vehicles and prevent their rapid metabolism. The PEG
stealth effect is particularly effective for improving the stability and the circulation time
generally required for liposomes [13,14]. Particles coated with heterobifunctional PEG are
often used in various targeted drug delivery therapies, these PEG linkers allow chemical
modification or conjugation of the distal group employing various antibodies or proteins,
which increases the ability of particles to deliver a cytotoxic drug into the target cells [15].

Stealth Effect and PEGylation Strategies

The stealth effect of PEG and drug carrier protection from opsonins highly depend
on the polymer arrangements; hence, PEG can lead to mushroom and brush structures
depending on the density of the polymer chains and the interactions with the substrate [16].
It is known that PEG increases the water solubility of encapsulated drugs [17], enhances
particle hydrophilicity, and favors cellular internalization [18]. It was shown that PEG-NP
accumulation in different organs is independent of the molecular weight of PEG [19];
however, it was demonstrated that PEG molecular weights larger than 2KD are required
for an effective stealth effect [20]. In the same way, authors indicate threshold limits in
terms of PEG molecular weight, beyond which an increase in molecular weight does not
cause a significant change in protein adsorption [21,22].

The coating strategies of particle surfaces with PEG can be accomplished through
different routes, including physical adsorption, covalent attachment, or self-assembly
techniques. The selection of the most appropriate method depends on factors such as the
particle composition, desired stability, and the specific application. Physical adsorption is
the simplest approach since it can be attained through the incubation of particles in a PEG
solution [23]. Weak interactions are established and consequently, it is expected to have
low stability and a potential PEG detachment over time. Covalent attachment entails the
chemical coupling of PEG molecules with surface-addressed functional groups present on
the particle surface. This could be accomplished by attaching reactive PEG derivatives (i.e.,
PEG with terminal functional groups like amino and thiol) to reactive sites on the particle
surface. Covalent attachment provides powerful and more stable bonding compared to
physical attachment. Self-assembly techniques exploit amphiphilic PEG derivatives (e.g.,
PEG-cholesterol [24], PEG-phospholipids [25,26], or PEG-block copolymers [27] which can
quickly assemble on the particle surface and form a stable amphipathic structure. These
self-assembled structures can provide enhanced stability and control over the PEG density
on the particle surface.

Several techniques are available to study the structure of the particles, such as scanning
electron microscopy, atomic force microscopy, and transmission electron microscopy (TEM);
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however, few of them show the particle structure using synchrotron radiation-based FTIR
microspectroscopy (SR-FTIRM). An important advantage of this technique is that it is a
non-destructive method and can be used to analyze samples without a complex sample
preparation. This method can be particularly useful for studying biological tissues or other
complex samples that are difficult to prepare or handle. A synchrotron radiation-based
infrared source has approximately a thousand times greater power than the traditional IR
source, offering enhanced sample spatial resolution and spectral quality. SR-FTIRM has
been successfully used for cancer diagnosis, revealing biological markers of cancer such as
the RNA/DNA ratio during carcinogenesis [28]. It was employed for predicting prostate
cancer and has a great potential to differentiate localized and aggressive cancer tissues [29].
SR-FTIRM can also be exploited as a powerful tool in the diagnosis of various bacterial
and fungal diseases showing priority over traditional methods that require long-term
measurements for analysis [30].

In the current study, we investigated and confirmed the core–shell structure of new
PEG-coated polymeric particles based on biodegradable polymers using TEM and SR-
FTIR. Specifically, for the core of the particle selected a pseudo-protein (PP) biodegradable
poly(ester amide) (PEA) labeled as 8L6 and composed of sebacic acid (8), L-leucine (L), and
1,6-hexanediol (6). The polymer was synthesized using an interfacial polycondensation
(IP) which is by far a faster and cost-effective method when compared with the solution
active polymerization (SAP) performed previously [31]. Moreover, IP results in polymers
with higher purity and those that are free of low-molecular-weight organic by-products.
One of the main advantages of the amino acid-based PEAs as biodegradable biomaterials
over typical polyesters (PE) (such as poly-α-hydroxy acids polyglycolide, polylactide,
polycaprolactone, and their copolymers) is the existence of amide groups in the polymer
backbone that provides better tissue compatibility since these polymers break down into
naturally occurring amino acids; the resulting degradation products are likely to have
minimal systemic toxicity. An important feature of polyester degradation is the production
of acidic by-products during its hydrolytic breakdown which can trigger an inflammatory
response. (e.g., biodegradation of poly-α-hydroxy acids produce large amounts of acidic
products like glycolic and lactic acids that have low pKa, i.e., 3.83 and 3.86, respectively).
Additional advantages of PEAs are synthesis under normal atmospheric conditions via
interfacial polycondensation at moderate temperatures (cf.—PEs are synthesized via ring
opening polymerization at high temperatures in melt without access to moisture), the wide
range of desirable material properties, longer shelf life, etc.

An unsaturated poly(ester amide) derived also from L-leucine to improve compatibil-
ity with the core and fumaric acid to allow the attachment of PEG was also synthesized
via IP.

2. Results
2.1. Characterization of Saturated and Unsaturated PEAs

Poly(ester amide) 8L6 was obtained with a 90% yield from the polycondensation
reaction (Scheme 1) based on the use of the diacyl chloride and L6 monomers; it was
synthesized with a higher purity compared with the previously reported synthesis based
on the p-nitrophenol active ester of the dicarboxylic acid [31]. Important bis-nucleophilic
monomers for building PPs are made of widely accessible, cost-effective materials such as
amino acids (AAs), diols, and p-toluenesulfonic acid. The process of monomer preparation
as stable di-p-toluenesulfonic acid salts (TDADEs) is quite easy and economical, which
includes direct condensation of two moles of α-amino acids with one mole of diols in
the presence of two moles of p-toluenesulfonic acid. High yields are achieved during the
synthesis of the TDADEs, monomers are purified by recrystallization from water, and
show high stability during storage. A weight average molecular weight of 40,500 g/mol
and a low polydispersity index (1.72) were determined from GPC analysis (Table 1 and
Figure 1); polycondensation gave rise to similar molecular weights using sebacoyl dichlo-
ride instead of di-p-nitrophenyl sebacate (Mw = 40,500 g/mol). FTIR and NMR spectra (see
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supplemental information) were fully consistent with the chemical structure. Characteristic
FTIR absorption bands of ester (C=O stretching at 1736 cm−1), amide (amides A, B, I, and II
at 3300, 3080, 1635, and 1538 cm−1, respectively), and aliphatic (asymmetric and symmetric
CH2 stretching and CH3 stretching at 2917, 2850 and 2955 cm−1, respectively) groups were
detected. The broad band centered at 3500 cm−1 demonstrated the capability to absorb
water due to the presence of the hydrophilic amide groups and also of the terminal amine
groups (expected for the slight excess of the L6 monomer in the polycondensation reaction)
or even carboxylic acid groups.
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Table 1. Molecular weights of the synthesized poly(ester amide)s.

Polymer Mw (g/mol) Mn (g/mol) PDI

8L6 40,500 23,500 1.72
(FuL6)0.5-(8L6)0.5 22,200 12,200 1.82

PEG-PEA 39,900 20,100 1.99
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-CH3), 1.18–1.33 (12H, O-(CH2)2-(CH2)2-(CH2)2-O- and -(O)C-(CH2)2-(CH2)4-(CH2)2-C(O)-),
1.34–1.80 (14H, -CH(CH3)2, CH2-CH(CH3)2, -O-CH2-CH2 and -(O)C-CH2-CH2), 2.16–2.41
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Scheme 2 shows the synthesis of the (FuL6)0.5-(8L6)0.5 copolymer which was selected
to be compatible with the polymer core and as an appropriate precursor to perform the
PEGylating surfactant synthesis. This copolymer contained 50/50 (mole/mole) of unsatu-
rated and saturated repeat units and was specially designed to take profit of the capacity of
fumaric acid units to covalently attach the heterobifunctional thiol PEG-derivatives using
the Michael addition reaction (as depicted in Scheme 3). The presence of saturated (8L6)
fragments allows for improving the compatibility between the PEGylated surfactant with
the NP core which is based on polymer 8L6 (i.e., to facilitate the anchoring of the surfactant
onto the NP surface). The copolymer was obtained with an 85% yield and a moderate
molecular weight (Mw = 22,200 g/mol, Table 1 and Figure 1) as a consequence of the lower
reactivity of the fumaryl dichloride monomer. FTIR spectrum was similar to that displayed
by the 8L6 homopolymer; logically, the main difference in the lower intensity of CH2 bands
was caused by the substitution of 50% sebacate units by fumarate units. Furthermore, a
clear increase in the band at 3500 cm−1 was detected as evidence of the lower molecular
weight and the impact of terminal amine groups.
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copolymer.

The 1H-NMR spectrum of the copolymer (see supplemental information) showed
signals at 0.83–0.91 (12H, -CH3), 1.23–1.31 (8H,-O-(CH2)2-(CH2)2-(CH2)2-O- and -(O)C-
(CH2)2-(CH2)4-(CH2)2-C(O)-, stack), 1.48–1.62 (12H, -CH(CH3)2; CH2-CH(CH3)2; -O-CH2-
CH2 and -(O)C-CH2-CH2, stack), 2.10 (2H, -(O)C-CH2), 4.02 (4H, O-CH2), 4.25–4.35 (2H,
NH-CH), 6.91 (1H, -CH=CH), and 8.10 and 8.77 (2H, NH). The two main NH signals
can be observed according to their link with the sebacic acid (8.10 ppm) or the fumaric
acid (8.77 ppm) units. Splitting of the NH-CH-CO amino acid proton was also observed
according to the neighboring unit (i.e., 4.35 ppm for fumarate and 4.25 ppm sebacate). Note
that the split peaks always have a similar area in agreement with the 50% molar composition.
The presence of the singlet at 6.91 ppm that indicates the presence of fumarate units and
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the absence of peaks associated with the corresponding terminal group is remarkable.
The copolymer has amine terminal groups as indicated by the two small signals that
appear close to the NH signals. Nevertheless, the existence of some carboxylic acid groups
associated with the sebacate unit is not discarded. 13C-NMR spectra revealed the presence
of small a CO signal close to the characteristic one for the sebacate unit.

For surfactant synthesis, heterobifunctional PEG with a molecular weight of 3.4 kDa
was used. The molecular weight of PEGylated surfactant could be of great importance in
terms of molecular interactions during the self-assembling process because the major forces
governing the formation of self-assembled structures are hydrogen bonding, hydrophobic
interactions, and Van der Waals forces. In general, increasing the molecular weight of PEG
can increase the circulation time of the particle in the bloodstream which is attributed to
better steric hindrance from protein adsorption, preventing opsonization [32].

During the Thiol addition reaction, electron-deficient alkene is attacked by the thiol
group nucleophilically, which leads to the creation of a carbon–sulfur bond [33–36] and
an increase in the final molecular weight; the reaction is often employed to enhance the
pharmacokinetic characteristics of different compounds, such as proteins, by the covalent
link with PEG chains. The weight average molecular weight of the unsaturated copolymer
before the PEG attachment was 22,200 g/mol, after the addition reaction, it significantly
increased (i.e., up to 39,900 g/mol) as summarized in Table 1 and shown in Figure 1,
indicating a successful PEG attachment. The signal intensity of hydrogen atoms adjacent
to a carbon–carbon double bond drastically decreased (Figure 2), meanwhile, the signal
intensity of hydrogen atoms of the CH2 group of the polyethylene glycol (3.52 ppm) chain
increased. Consequently, a degree of PEGylation (PEG%) was evaluated considering the
intensity of the signal at 6.91 ppm (i.e., the CH=CH protons) and a reference signal (e.g.,
the peak at 0.83–0.91 ppm corresponding to the CH3 protons). Applying Equation (1) to
the intensity data indicated that a degree of PEGylation close to 90% was attained.

PEG% = (1 - 12 × I6.91/I0.83-0.91) × 100 (1)
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Figure 2. Comparison between 1H-NMR spectra of unsaturated co-PEA (FuL6)0.5-(8L6)0.5 (Green) and
PEG-PEA (Red), main signals are observed at 0.83–0.90 (12H, -CH3), 1.23–1.31 (8H, -O-(CH2)2-(CH2)2-
(CH2)2-O- and -(O)C-(CH2)2-(CH2)4-(CH2)2-C(O)-), 1.48–1.54 (12H, -CH(CH3)2; CH2-CH(CH3)2;
-O-CH2-CH2 and -(O)C-CH2-CH2), 2.10 (2H, -(O)C-CH2), 3.52 (-O-CH2-CH2-O- of PEG), 4.02 (4H,
O-CH2), 4.23–4.32 (2H, NH-CH), 6.91 (-CH=CH-), and 8.11 and 8.76 (2H, NH).

2.2. Thermal Properties of the Synthesized Samples

Poly(ester amide) 8L6 was amorphous despite the regular disposition of its constitutive
units, the presence of long polyethylene segments (i.e., sebacate), and groups that are
able to establish strong intermolecular interactions (i.e., hydrogen bonds for amide and
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dipolar for the ester groups). Therefore, the large size of the L-leucine residues seems to
prevent crystallization. Figure 3 shows that the polymer recovered from the synthesis of an
endothermic bump at a temperature close to 100 ◦C that is attributed to adsorbed water.
A change in the baseline corresponding to the glass transition could only be observed in
the cooling run after heating the sample to 225 ◦C and the subsequent heating runs. A
minor difference was detected between the temperature at which the sample became brittle
on cooling (25 ◦C) and soft on heating (28 ◦C). Note that the glass transition temperature
is relatively high as a consequence of the strong interactions between amide groups and
even due to the presence of the leucine lateral groups. Complete reproducibility was
observed between the second and third heating runs, suggesting a high thermal stability.
Finally, it should be indicated that on heating, an enthalpy relaxation peak is observed after
the glass transition as a consequence of the release of energy after the material has been
aged below the glass transition process. In the case of the PEGylated copolymer, the main
interesting point is the observation of a melting peak associated with the PEG chains that
can crystallize.
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Figure 3. DSC heating and cooling curves for poly(ester amide) 8L6 (left) and PEG-PEA (right).
DSC traces for PEA showed a glass transition temperature, as expected from an amorphous polymer,
except the first heating run where interference with adsorbed water predominated. Melting and
crystallization peaks of the PEG moieties were only detected in the PEGylated copolymer.

TGA and DTGA demonstrated the high thermal stability of the polymers which is
essential for evaluating their suitability for sterilization processes (Figure 4). Specifically,
decomposition started at a temperature higher than 300 ◦C, followed by a main single step
up to a weight loss of 25% (approximately at 400 ◦C) and then different minor events. A
char yield of 0% was observed at 600 ◦C. Decomposition of the PEG-PEA sample shows an
initial weight loss (20%) between 100 ◦C and 200 ◦C, which seems to be associated with
adsorbed water. Decomposition between 20% and 90% weight loss is rather complicated
since a clear peak and two shoulders can be distinguished in the DTGA curve. The low-
temperature shoulder seems to be related to the presence of less stable fumarate units,
the second shoulder appears at the same temperature as the peak detected for the PEA,
and finally, the high-temperature peak (410 ◦C) corresponds to the PEG decomposition.
A minor decomposition near 500 ◦C is observed before attaining a weight loss of 100%.
Degradation of the particles is more complex but the explained events can still be observed
and even DTGA peaks instead of shoulders can be observed.
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2.3. Nanoparticle Size

In general, the term “nanoparticle” refers to a particle whose size varies up to
100 nanometers [37] although polymeric NPs are also referred to those size ranges be-
tween 1 nm and 1000 nm. Depending on this NP’s size, distribution routes in the human
body differ from each other; NPs, especially those larger than 200 nm, tend to accumulate in
the spleen due to splenic sinusoids acting as a filter for blood-borne particles [38], whereas
NPs less than 5.5 nm have been shown to undergo renal excretion [39]. NP size is also an
important parameter in the enhanced permeability and retention phenomena of cancer
cells. NPs in the size range of 100–200 [40] nanometers reveal various advantages using the
EPR effect; they can passively accumulate in tumor tissues, leading to high concentrations
at the tumor site compared to healthy tissues. Particles prepared by the nanoprecipitation
method based on PEG-PEA exhibit a rounded morphology and a diameter distribution
that varies between 300 nm and 650 nm (Figure 5). PEGylated particles by the DLS method
show a relatively narrow size distribution (Table 2); the average size of the PEG-PEA-based
8L6 particles is 175 nm.

Int. J. Mol. Sci. 2024, 25, 6999 8 of 17 
 

 

 
Figure 4. TGA (left) and DTGA (right) curves for 8L6 (red) and PEG-PEA (dashed blue) polymers 
and the nanoparticles based on 8L6 prepared with PEG-PEA (green). 

2.3. Nanoparticle Size 
In general, the term “nanoparticle” refers to a particle whose size varies up to 100 

nanometers [37] although polymeric NPs are also referred to those size ranges between 1 
nm and 1000 nm. Depending on this NP�s size, distribution routes in the human body 
differ from each other; NPs, especially those larger than 200 nm, tend to accumulate in the 
spleen due to splenic sinusoids acting as a filter for blood-borne particles [38], whereas 
NPs less than 5.5 nm have been shown to undergo renal excretion [39]. NP size is also an 
important parameter in the enhanced permeability and retention phenomena of cancer 
cells. NPs in the size range of 100–200 [40] nanometers reveal various advantages using 
the EPR effect; they can passively accumulate in tumor tissues, leading to high concentra-
tions at the tumor site compared to healthy tissues. Particles prepared by the nanoprecip-
itation method based on PEG-PEA exhibit a rounded morphology and a diameter distri-
bution that varies between 300 nm and 650 nm (Figure 5). PEGylated particles by the DLS 
method show a relatively narrow size distribution (Table 2); the average size of the PEG-
PEA-based 8L6 particles is 175 nm. 

Table 2. Nanoparticle size distribution. 

Sample Particle AD [PDI ± SD] 
8L6-PEG-PEA 175 nm (0.121 ± 0.041) 
8R6-PEG-PEA 190 nm (0.255 ± 0.021) 
8L6-Tween 20 150 nm (0.175 ± 0.033) 
8R6-Tween 20 197 nm (0.185 ± 0.015) 

 
Figure 5. Scanning electron micrographs showing size distribution and morphology of the particles
based on polymer 8L6 and PEG-PEA surfactant.



Int. J. Mol. Sci. 2024, 25, 6999 9 of 17

Table 2. Nanoparticle size distribution.

Sample Particle AD [PDI ± SD]

8L6-PEG-PEA 175 nm (0.121 ± 0.041)

8R6-PEG-PEA 190 nm (0.255 ± 0.021)

8L6-Tween 20 150 nm (0.175 ± 0.033)

8R6-Tween 20 197 nm (0.185 ± 0.015)

2.4. Protein Interactions with Nanoparticle Surfaces

Human serum albumin (HSA) was employed as a model to evaluate how the pre-
pared NPs will interact with different proteins once in the bloodstream. Specifically,
the primary interest lies in understanding how NP zeta potential, PEG-PEA, and a con-
ventional surfactant Tween 20 can influence protein adsorption since PEG is known
for its “stealth effect” or ability to reduce protein adsorption and increase biocompat-
ibility. This is a crucial point because adhered blood proteins enhance macrophage
recognition and finally clearance from the body. At neutral pH, HSA is negatively
charged (Figure 6) and consequently, the zeta potential change is insignificant among
nanoparticles made of PP 8L6, while nanoparticles with positive zeta potential closely
interact with the negatively charged HSA. In the case of 8R6-PEG-PEA, the zeta potential
changed from +23.14 mV to −12.06 mV, and in the case of 8R6-Tween 20, from +19.6 mV
to −30.42 mV. The essential difference between NP zeta potential after treatment with
albumin could be attributed to the higher protective effect of the PEG cloud (in com-
parison with the surfactant tween 20). Across the four samples, the smallest change in
zeta potential was observed for 8L6 particles protected with the PEG cloud. Figure 7
shows that the protein adsorption is the highest in the case of 8R6-Tween 20 followed
by 8R6-PEG-PEA > 8L6-Tween 20 > 8L6-PEG-PEA; therefore, the charge of the particle
has the greatest influence on its interaction with the HSA protein, although a minor
impact of the stealth effect of PEG should also be considered. In summary, 8L6 appears
as a good candidate for minimizing the adsorption of the most abundant proteins in the
bloodstream, also being positive for the effect caused by the existence of a PEG corona.
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Figure 7. The amount of HSA protein adsorbed to the surface of the four types of considered
nanoparticles.

2.5. Synchrotron Radiation-Based Infrared Microspectroscopy and TEM Investigations

The ST-FTIR measurement was performed using a 36× Schwarzschild objective having
a numerical aperture of 0.52. However, the reduction of the transmitted infrared radiation
(due to the diffraction limit of confining the SR beam size below 10 × 10 µm2) may cause
noise limitations in the FTIR measurements. Therefore, analysis was carried out with
micro-sized (7 µm) PEGylated particles to clearly distinguish the differences in chemical
composition. Two specific IR bands were selected for generating the IR chemical images
after raster scanning of the sample under the IR microscope mapping (i.e., to generate
bidimensional intensity maps from each selected band). Specifically, the C-O-C anti-
symmetric stretching (1105 cm−1) and the amide I (3300 cm−1) bands (Figure 8b) are
characteristics of PEG (shell) and PEA (core); therefore, they were chosen to reveal the
different chemical compositions of the shell and the core of the particle.
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Figure 8. (a) Core–shell structure of a typical PEG-PEA particle with an indication of the local-
ization of characteristic chemical groups of PEG and PEA. (b) Comparison between absorbance
infrared spectra of the particle core (blue) and shell (red) with labeling of the bands of the selected
representative groups.

During the particle preparation, the self-assembling process occurs spontaneously, the
hydrophilic PEG fragments of PEG-PEA chains are oriented outward, interacting with the
surrounding aqueous phase to form the particle’s surface; meanwhile, the hydrophobic
PEA segments constituted the particle core that separates from the aqueous environment;
this structural organization is illustrated in Figure 8a, depicting the self-assembled structure
in detail. Note that the unsaturated copolymer surrounds the core forming a corona (gray
color). The main difference in FTIR spectra is observed at a 1105 cm−1 wavenumber
corresponding to the C-O-C anti-symmetric stretching vibration of the PEG chain. The
particle core is made of polymer 8L6, containing an NH absorption band. By integrating
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these two fingerprint peaks, 2D intensity maps were built up (Figure 9), giving information
about the chemical group distribution in the particle’s chemical structure. The intensity of
the NH band was stronger in the center of the particle and progressively decreased when
moved away. On the contrary, the intensity of the C-O-C band was extremely low in the
core of the particle and increased significantly in the outer part of the particle.

Int. J. Mol. Sci. 2024, 25, 6999 11 of 17 
 

 

The particle core is made of polymer 8L6, containing an NH absorption band. By integrat-
ing these two fingerprint peaks, 2D intensity maps were built up (Figure 9), giving infor-
mation about the chemical group distribution in the particle�s chemical structure. The in-
tensity of the NH band was stronger in the center of the particle and progressively de-
creased when moved away. On the contrary, the intensity of the C-O-C band was ex-
tremely low in the core of the particle and increased significantly in the outer part of the 
particle. 

 
Figure 9. Micrographs of the PEGylated microparticles� corresponding bi-dimensional intensity 
maps were obtained by integration of the NH (left) and C-O-C (right) bands. 

The observed morphology of solid 8L6-based particles (Figure 10) confirms the va-
lidity of SR-FTIRM results. As can be seen from Graph 10, PEG chains have a high cover-
age density around the nanoparticle core. The staining solution mainly localizes at the 
interface between the PEA core and the PEG shell, potentially binding to the amide hy-
drogen atoms by H-bonding [41] or to the terminal amine or even carboxylic acid groups 
found in the polymer. Although similar functional groups are presented in both the core 
and the interface, the interface probably offers a unique environment due to a higher con-
centration of accessible functional groups, increased surface area, and greater molecular 
mobility. These factors could create an optimal region for uranyl acetate binding, resulting 
in enhanced contrast at the core–shell boundary. 

 
Figure 10. TEM micrographs showing the core–shell structure of the newly prepared nanoparticles; 
PEG chains have a high coverage density around the nanoparticle core. 

3. Materials and Methods 
3.1. Materials 

Figure 9. Micrographs of the PEGylated microparticles’ corresponding bi-dimensional intensity maps
were obtained by integration of the NH (left) and C-O-C (right) bands.

The observed morphology of solid 8L6-based particles (Figure 10) confirms the validity
of SR-FTIRM results. As can be seen from Graph 10, PEG chains have a high coverage
density around the nanoparticle core. The staining solution mainly localizes at the interface
between the PEA core and the PEG shell, potentially binding to the amide hydrogen atoms
by H-bonding [41] or to the terminal amine or even carboxylic acid groups found in the
polymer. Although similar functional groups are presented in both the core and the inter-
face, the interface probably offers a unique environment due to a higher concentration of
accessible functional groups, increased surface area, and greater molecular mobility. These
factors could create an optimal region for uranyl acetate binding, resulting in enhanced
contrast at the core–shell boundary.
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3. Materials and Methods
3.1. Materials

Thiol-PEG-Hydroxy (3.4 kDa) was purchased from Biopharma PEG Scientific, Inc.
(Watertown, MA, USA). Protein Assay Kit II (Bio-Rad, Hercules, CA, USA). Sebacoyl chloride
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(99%), fumaryl chloride (95%), benzoyl chloride (99%), anhydrous diethyl ether (≥99.7%),
dimethyl acetamide (DMA) (≥99%), dimethyl sulfoxide (DMSO) (≥99.7%) amylene-stabilized
anhydrous dichloromethane (DCM) (≥99.8%), 1,1,4,7,10,10-hexamethyltriethylenetetramine
(HMTTA) (97%), sodium carbonate anhydrous powder (99.99%) and the dialysis bag (MWCO
5 kDa), and human serum albumin (≥96%) were purchased from Sigma-Aldrich (Munich,
Germany). All the chemicals were used as received.

3.2. Methodology
3.2.1. Synthesis of the Core–Shell Particles

Three synthesis steps can be considered: (a) synthesis of a saturated poly(ester amide)
rich in the hydrophobic L-leucine amino acid that will be used for the core of the new
particles, (b) synthesis of an unsaturated co-poly(esteramide) based on the reaction of the
L6 monomer and the appropriated mixture of sebacoyl and fumaryl chloride monomers;
this copolymer was subsequently used for the preparation of the shell of new particles
(c) PEGylation of the co-poly(ester amide) through reaction with the unsaturated bonds.

3.2.2. Synthesis of the Biodegradable Polymer 8L6

The pseudo-protein 8L6 was used as the basic polymer for the particle preparation. The
polymer was synthesized according to Scheme 1 by interfacial polycondensation of sebacoyl
chloride with the di-p-toluenesulfonic acid salt of the bis(L-leucine)-1,6-hexylene diester (L6)
monomer prepared as previously reported (see Ref. [42] and Refs. cited therein). Briefly, the
bis-electrophilic monomer L6 (0.065 moles), sodium carbonate (0.163 moles), and distilled
water (400 mL) were mixed in a three-necked flask equipped with an overhead stirrer
and condenser. The mixture was stirred at room temperature for 40 min until complete
dissolution of compounds. Sebacoyl chloride (0.064 M), and amylene-stabilized DCM
(200 mL) were put in an Erlenmeyer flask and magnetically stirred at ambient temperature
until a homogeneous solution was obtained. The sebacoyl chloride solution was moved
to a dropping funnel attached to a three-necked flask and subsequently added dropwise
to the first solution vigorously stirred at 1700 rpm. After stirring for 40 additional min,
the aqueous (upper) layer was removed mechanically by a syringe. The DCM polymer
solution was repetitively washed (three times) with fresh water. Then, 1 L of distilled water
was added each time to the flask containing the DCM polymer solution. After stirring the
mixture at 200 rpm for 30 min, the system was allowed to stand until the two-phase system
was formed and the aqueous solution could subsequently be removed. Finally, DCM was
evaporated, and the obtained polymer was vacuum-dried for 24 h at 50 ◦C (Scheme 1).

3.2.3. Synthesis of the Unsaturated Biodegradable Co-Poly(Ester Amide)

The copolymer was obtained by reaction of the same ratio of fumaryl and sebacoyl
chlorides with the stoichiometric amount of the previously synthesized L6 monomer. This
copolymer, abbreviated as (FuL6)0.5-(8L6)0.5 (Scheme 2), was used for the subsequent
Michael attachment of the PEGylating surfactant. Briefly, the IP of a sebacoyl chloride
(0.032M) and fumaryl chloride (0.032M) mixture with the L6 monomer (0.0653M) was
performed according to the above-described steps for the 8L6 poly(ester amide). The
unsaturated fumaric acid-based pseudo protein is susceptible to experiment cross-linking
reactions involving the terminal amino groups and the activated double bonds of the
polymeric backbone. This undesirable crosslinking was especially intensive in a solid
state, namely, when the unsaturated polymer was separated from the reaction solution.
Hence, to avoid crosslinking during storage, the terminal amino groups of the resulting
polymer were capped prior to its separation from the reaction solution. For this, 3.0 g of
benzoyl chloride was added to the reaction mixture, which was subsequently stirred for
12 h. The reaction solution was washed in a separating funnel and the (FuL6)0.5-(8L6)0.5
copolymer was purified and vacuum dried (24 h at 50 ◦C) as described above for the
8L6 homopolymer.
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3.2.4. Thiol-Michael Addition of Heterobifunctional PEG to Unsaturated
Co-Poly(Ester Amide)

The thiol–ene addition reaction of the heterobifunctional SH-PEG-OH to unsaturated
biodegradable co-poly(ester amide) was base-catalyzed with HMTTA catalyst (Scheme 3);
the unsaturated polymer and PEG were obtained in a 1:1 molar ratio (double bond
amount/PEG). Specifically, 1.0 g (0.00029 mol) of SH-PEG-OH and 137 mg of (FuL6)0.5-
(8L6)0.5 were charged in a round bottom three-necked flask and dissolved completely in
10 mL of DMA. The flask was equipped with a pipe for constant nitrogen flow and a
condenser. HMTTA was injected into the flask and the reaction was performed at 120 ◦C for
48 h. The completion of the PEGylation reaction was periodically monitored by removing
droplets from the reaction medium that were introduced into distilled water. The absence
of precipitation indicated a satisfactory degree of PEGylation since water-soluble surfactant
molecules were expected in contrast with the initially non-soluble polymer molecules.
Subsequently, the reaction mixture was precipitated in 20 mL of diethyl ether to remove the
residual HMTTA and finally, the precipitated PEG-PEA polymer was redissolved in a fresh
aliquot of 10 mL of DMA and reprecipitated in 20 mL of diethyl ether. The purification
process was performed three times in total. The precipitated polymer was dissolved in
distilled water, filtered, dialyzed (MWCO 5 kDa) to remove the unbound PEG, and then
freeze-dried. 1H-NMR was used to check the composition and PEG-attachment efficiency
of the resulting grafted PEG-PEA copolymer.

3.2.5. Preparation of Nanoparticles via Precipitation Method

The pseudo-protein 8L6 as a representative of the family of amino acid-based biodegrad-
able polymers was used as a key polymer for the particle preparation. Particles based
on an 8L6 core were prepared according to the nanoprecipitation method [43] that was
previously used for the preparation of PP-based NPs [44]. To obtain a hydrophilic shell,
PEG-PEA was used as a surfactant. Specifically, 30 mg of 8L6 was dissolved in 1.0 mL
dimethyl sulfoxide and the obtained solution (organic phase) was added dropwise to 10 mL
of water containing 50 mg of the PEG-PEA surfactant (or Tween 20) at a stirring rate of
700 rpm. The suspensions were additionally stirred for 10 min and dialyzed against water
to remove DMSO and then were stored at 4 ◦C in the fridge. 8R6 polymeric NPs were
prepared similarly, 30 mg of polymer was dissolved in 1.0 mL of DMSO and precipitated
into 10 mL water either containing 50 mg of PEG-PEA or Tween 20. The microparticles
for synchrotron-based FTIR microspectroscopy were specially synthesized by modified
conditions; specifically, 30 mg of the polymer 8L6 was dissolved in 0.5 mL of DMSO and
was added dropwise to 10 mL of water containing 30 mg of the PEG-PEA surfactant at a
stirring rate of 700 rpm.

3.3. Characterization Techniques
3.3.1. Polymer Characterization

1H- and 13C-NMR spectra were recorded using a Brucker NMR Ascend spectrometer
operating at a magnetic field strength of 400 and 100 MHz, respectively. Approximately,
10 mg of the corresponding sample was dissolved in deuterated dimethyl sulfoxide. Tetram-
ethylsilane (TMS) was used as an internal reference. The spectra were analyzed using the
Bruker TopSpin software (version 4.3.0).

The chemical structures of the synthesized polymers were also characterized with FTIR
spectroscopy using JASCO 4700 equipment (Jasco Co., Tokyo, Japan). The spectra were
recorded in ATR mode by 64 scans and a resolution of 4 cm−1 in the range of 4000–600 cm−1.
The FTIR spectra were processed using the Spectra Manager™ software (Version 2).

The weight average (Mw) and number average (Mn) molecular weights were deter-
mined at 38 ◦C by GPC using a Shimadzu HPLC-420 instrument equipped with a Shimadzu
RID-20A differential refractive index detector. GPC analysis was carried out using solvent
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) containing CF3COONa (0.05 M). The flow rate and
injected volume were 1.0 mL/min and 20 µL, respectively. GPC columns were calibrated
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with poly(methyl methacrylate) standards (Mn = 600–1,600,000 g mol−1). A polymer sam-
ple solution with a concentration of 5 mg/mL was prepared and filtered with PTFE filters
(200 nm) prior to injection. The spectra were obtained and processed using Shimadzu’s
LabSolutions software (Version 6.50, Shimadzu Co., Kyoto, Japan).

3.3.2. Nanoparticle Size and Morphology

The average hydrodynamic diameter of the particle was measured at 25 ◦C by dynamic
light scattering employing Nanobrook (90 plus) equipment. A few drops of freshly prepared
particles were diluted in 1 mL of water and three complete analyses were performed for
each sample. Individual measurements consisted of 10 recordings, each of them requiring
30 s. The result is reported as the mean diameter ± SD (standard deviation). In addition,
the particle size and morphology were evaluated with scanning electron microscopy (Neon
40, Zeiss, Munich, Germany).

Samples for TEM observations were stained with drops of UranyLess contrast solution
deposited on the surface of carbon-coated grids where a drop of diluted suspension of
NPs (30 mg/mL) was placed. After incubation for 1 min, the excess fluid was removed
and the grid surface was air-dried for 24 h at room temperature before loading into the
microscope. High-resolution TEM pictures were obtained by a FEI Tecnai 10 electron
microscope, operating at 100 kV.

3.3.3. Investigation of PEGylated Polymeric Microparticles through SR-FTIRM Analysis

Aliquots of the microparticle suspension were diluted 50 times with MilQ water and
then the diluted drops were deposited on calcium fluoride discs and left to dry overnight.
SR-FTIRM spectra were recorded at the MIRAS beamline at ALBA synchrotron (Cerdanyola
del Vallès, Spain) using a Hyperion 3000 Microscope equipped with an HgCdTe (MCT)
detector (BRUKER, Ettlingen, Germany) match with 36× magnification condenser having
a numerical aperture 0.52, coupled to a Vertex-70 spectrometer. The background spectrum
was recorded in a sample-free region using 256 scans to remove any residual contamination
surrounding the sample. The measuring range was between 750 and 3500 cm−1. The spectra
were collected in a transmission mode at 4 cm−1 spectral resolution using a 10 × 10 µm2

aperture dimension. FTIR data were analyzed using the OPUS software (Version 8.0, Bruker
Optics, Ettlingen, Germany).

3.4. Nanoparticle Interaction with Human Serum Albumin

Coverage of the NP surface by PEG molecules, or in other terms, the PEG density,
determines NP fate. When the surface of the nanoparticle is tightly covered by PEG
molecules, it prevents the interaction of blood proteins with the nanoparticle and facilitates
the sequestration of the nanoparticle by the reticuloendothelial system. To study how the
zeta potential and the PEG-covering surface influenced nanoparticle–protein interaction,
a comparative analysis was performed considering four different types of nanoparticles.
These were prepared using two different PP polymers: 8R6 based on the amino acid
arginine [45], having a positive charge, and 8L6 having a negative zeta potential. In addi-
tion, two different surfactants were used for NP stabilization, biodegradable PEGylating
surfactant (HO-PEG-PEA) synthesized by our group, and Tween 20. Briefly, 2 mL of NP
suspension containing 6 mg of nanoparticles and 2 mL of HSA solution (30 mg/mL) was
magnetically stirred for 2 h at neutral pH. Particles were separated by centrifugation at
15,000 rpm subsequently washed with water and centrifuged again. The washing process
was repeated three times in total. The amount of HSA was calculated by the Bradford
total protein assay, which is based on the shift of the absorbance maximum of Coomassie
Brilliant Blue G-250 dye (i.e., from 465 to 595 nm), this assay was carried out according to
the protocol provided by the manufacturer (Bio-Rad): 160 µL of each standard and sample
solution were put into 96 well plates and 40 µL of dye reagent were added and mixed
using a multi-channel pipette. Solutions were subsequently incubated for half an hour
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isolated from the light. Finally, absorbance was measured at 595 nm using an EZ Read
400 microplate reader (Biochrom Ltd., Cambridge, UK).

4. Conclusions

The PEG stealth effect has been widely studied and applied in the field of drug delivery
for biological applications and to date, numerous articles are devoted to the study and use
of PEGylated particles. We have synthesized a biodegradable amphiphilic polymer based
on PEG and a PEA having leucine amino acid units. PEG efficiently performs the role of a
stabilizer and surrounds the particle, creating a core–shell structure and making a stealth
effect, which is a very important feature for successful drug delivery. In our research, we
studied how the PEG cloud and zeta potential of NPs influenced NP–protein interaction, we
characterized the core–shell structure using SR-FTIRM coupled with mapping capabilities.
In this way, chemical components could be well distinguished inside particles by mapping
the sample through the intensity of representative bands. In addition, TEM images of
PEG-coated particles provided beneficial information about nanoparticle size, shape, and
morphology, that reinforced the SR-FTIRM research findings.
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