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ABSTRACT
Biodegradable pseudo-proteins (PPs), a novel class of synthetic polymers mimick-
ing natural proteins, offer unique advantages for biomedical applications, includ-
ing superior biocompatibility, tuneable degradation, and structural versatility. 
In this study, we investigate the mechanical and microstructural behavior of two 
representative PPs—poly(ester amide) (PEA) and poly(ester urea) (PEU)—using 
a novel in situ stretching technique combined with nanobeam wide-angle X-ray 
scattering (WAXS). This advanced methodology enables real-time, submicron-
resolution analysis of molecular ordering during mechanical deformation. For 
both PEA and PEU, the WAXS patterns two distinguished (001) and (010) peaks 
associated with lamellar stacking and chain–chain packing of aliphatic segments, 
correspondingly. Our results reveal that PEA, characterized by higher crystallin-
ity of the (010), exhibits brittle fracture under stress, whereas PEU demonstrates 
elastic behavior due to its lower (010) crystalline content and greater chain mobil-
ity. These findings establish a direct correlation between sectional crystallinity 
and mechanical performance, providing valuable insights for the rational design 
of PPs with tailored properties for biomedical use.

Introduction

In recent years, the development of biodegradable 
polymers (BPs) has been one of the leading frontiers 
in the construction of new biomaterials for sophisti-
cated medical applications. The biodegradation leads 

to debris that can get to be dissolvable or metaboliz-
able, and ultimately are cleared from the body. BPs 
utilized for biomedical purposes must have accept-
able properties from the view point of biocompatibil-
ity, processability, sterilization capability, and shelf 
life [1]. Among the naturally occurring BPs proteins 
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to name a few [5–7]. PPs possess positive features 
of proteins such as a high tissue compatibility and 
a nutritive potential for cells. At the same time, PPs 
are free of the limitations of proteins: no batch-to-
batch variation, no risk of disease transmission, a 
wide range of tunable material properties, and low 
to zero immune reaction.

Bis-(α-amino acid)-alkylene diesters (diamine 
diesters, DADEs) are key bis-nucleophilic mono-
mers for synthesizing virtually unlimited number of 
PPs—representatives of a huge family of ester poly-
mers known as having reasonable biodegradation 
rates through the hydrolysis of ester moieties [7–9]. 
DADEs are composed of cheap and vastly available 
components such as AAs, diols and p-toluenesulfonic 
acid (Scheme 1). They are synthesized as stable di-
p-toluenesulfonic acid salts (TDADEs) via very sim-
ple and cost-effective procedure—direct thermal 
condensation of two moles of α-amino acids with 
one mole of diols in the presence of two moles of 
p-toluenesulfonic acid [10–12]. The TDADEs are syn-
thesized in high yields (up to 90–95%). Additional 
merits of the TDADE monomers are their purifica-
tion by recrystallization from the cheapest solvent—
water, stability upon storage and highly active termi-
nal amino groups for successful chain growth along 
with the designed-in non-proteinaceous (“head-to-
head”) orientation of amino acids, enzyme-specific 
lateral groups R, and labile (hydrolysable) ester 
bonds (Scheme 1) that goes later into macromole-
cules made of them. The TDADEs are the universal 
bis-nucleophilic monomers which, after interacting 
with various bis-electrophiles (cholrides or active 
diesters) [7–9, 12], lead to the synthesis of three basic 
classes of the PPs such as poly(ester amide)s (PEAs), 
poly(ester urea)s (PEUs), and poly(ester urethane)s 

occupy a leading position—they are suitable for both 
surgical and pharmaceutical applications due to their 
innate affinity to tissues, enzymatic biodegradability 
with release of α-amino acids (α-AAs) that could be 
assimilated by the organism, thus promoting tissue 
regeneration [2–4]. A new generation of α-AA-based 
BPs, called "pseudo-proteins" (PPs), is synthetic poly-
mers designed to mimic the structure and function of 
natural proteins. Unlike traditional proteins, which 
consist of α-AAs linked by peptide bonds in a head-
to-tail orientation, PPs often have alternative link-
ages, such as tail-to-tail or head-to-head connections. 
This unique architecture imparts distinct properties 
to these biomimetic materials, making them valuable 
for a wide range of applications and are increasingly 
utilized in numerous end use industries and sectors 
such as biomedicine, cosmetics, agriculture, as well 
as food processing, preservation, and packaging, as 
eco-friendly materials [5–9].

PPs have important advantageous characteristics 
over both synthetic and naturally occurring BPs such 
as polyesters and proteins. One of the main advan-
tages of the PPs over polyesters (such as polygly-
colide—PGA, polylactide—PLA—and their copoly-
mers, and polycaprolactone) is much better tissue 
compatibility [6, 8]. Another important advantage 
of PPs as biomaterials consists in more favorable 
local pH drop in tissues after biodegradation that 
can cause lower irritation of tissues. Additional 
advantages are synthesis under normal atmospheric 
conditions at moderate temperatures, widest range 
of desirable material properties, longer shelf life, 
solubility in common organic solvents and alcohols, 
excellent adhesion to many surfaces that is impor-
tant for applications as coatings, tunable in a wide-
ranging balance of hydrophobicity/hydrophilicity, 

Scheme 1   The structure of TDADEs – key monomers for synthesizing PPs (TDADEs used in the study are provided).
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(PEURs). The TDADEs are highly attractive mono-
mers from chemical, technological, economical, and 
ecological points of view [10–13, 20].

As a result of numerous experiments, it was found 
that, taking into account the availability and price of 
raw materials, the wide range of polymer properties, 
the most promising classes of PPs are PEAs and PEUs. 
Among α-amino acids, L-leucine (price, biological and 
physicochemical properties of the obtained PP, etc.) is 
considered the best, among diols—1,6-hexamethylene 
diol—and among diacids—sebacic acid (for synthe-
sis of PEAs) and carbonic acid (for synthesis of PEUs) 
[14–19].

The proposed work presents an in-depth investi-
gation of the physico-mechanical properties of poly-
meric materials (PPs) [21]. In particular, we stud-
ied the morphology of representatives from two 
classes—PEA and PEU—using optical microscopy 
and synchrotron-based x-ray techniques [22, 23]. A 
central aspect of the study is the use of a novel in situ 
stretching setup based on wide-angle x-ray scatter-
ing (WAXS) with a nanobeam, which is essential for 
probing internal structure and molecular ordering in 
polymers—key factors that influence their physical 
and mechanical behavior [24]. This methodology ena-
bled us to reveal distinct structural responses of PEA 
and PEU under deformation [25]. The approach offers 
valuable insights into the structure, morphology, and 
mechanical stability of these emerging polymer sys-
tems and holds potential for extension to other PP 
materials [26]. This methodological approach builds 
upon and extends the framework of previous studies 
in reflection geometry on semiconducting polymers 
under mechanical load [27]. A central innovation in 
this study is the implementation of a novel in situ 
tensile deformation setup integrated with nanobeam 
WAXS in transmission geometry which enables local-
ized probing of molecular ordering and strain-induced 

structural changes at submicron resolution. This 
method is essential for studying the anisotropic 
mechanical responses and phase behavior of semic-
rystalline and amorphous polymer domains under 
uniaxial stress—factors that are critical for applica-
tions requiring mechanical durability and functional 
stability.

Materials and methods

Two classes of PPs—poly(ester amide) (PEA) and 
poly(ester urea) (PEU)—were synthesized using the 
interfacial polycondensation (IP) method, as previ-
ously reported [12]. The IP reaction was performed 
at room temperature in a biphasic system consisting 
of a hydrophobic organic solvent (dichloromethane, 
DCM) and water. Sodium carbonate was used as 
an acceptor of p-toluenesulfonic acid (TosOH) and 
hydrochloric acid (HCl), both of which are released 
during the condensation reaction. The PEA (8L6) and 
PEU (1L8) polymers were synthesized using key bis-
nucleophilic monomers, namely TDADEs (Scheme 1): 
bis-(L-leucine)-1,6-hexylene diester di-p-toluenesul-
fonate (L6) and bis-(L-leucine)-1,8-octylene diester di-
p-toluenesulfonate (L8). Sebacoyl chloride (SC) served 
as the bis-electrophilic monomer for synthesizing PEA 
(8L6), whereas triphosgene (TP) was used as the bis-
electrophilic monomer for synthesizing PEU (1L8).

The chemical structures of the resulting polymers 
are given in Scheme  2. The synthesized PEA and 
PEU were purified by re-precipitation from ethanol 
into distilled water, followed by filtration and drying 
under reduced pressure at 50 °C until constant weight 
was achieved.

The main characteristics of the synthesized poly-
mers are summarized in Table 1. Molecular weights 
were estimated by GPC (Waters Associates, Inc., 

Scheme 2   Chemical structures of the synthesized PEA (8L6) and PEU (1L8).
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Milford, United States. Styragel columns in DMF: 
HR4, HR3, HR0.5 all 7.8 × 300 mm) equipped with a 
high-pressure liquid chromatography pump (Waters 
1525 Binary HPLC) and a Waters refractive index 
detector 2414 and UV detector (Waters 2487 dual 
absorbance detector,  = 240 nm). A solution of LiBr 
(0.1 M) in dimethylformamide (DMF) was used as an 
eluent (flow rate 1.0 mL/min). The Mw and Mw/Mn 
were calculated using PEG standards; ** Solubility: 
“ + ”—soluble at r.t.

Optical and Synchrotron measurements

The surface morphology of both samples was exam-
ined using a 3D laser scanning optical microscope 
(VK-X3000, Keyence, Japan), which combines confocal 
and white light interferometry techniques to capture 
high-resolution topographical data.

Synchrotron x-ray measurements were taken at the 
Nanofocus Endstation of the P03 beamline at PETRA 
III, DESY (Hamburg, Germany) [28]. The photon 
energy was set to 16.7 keV, and the X-ray beam was 
focused to a spot size of approximately 1.5 × 1.5 µm2 
using Kirkpatrick–Baez (KB) mirrors provided by 

JTEC Corporation. The scattered X-ray signal was col-
lected using a Dectris Eiger 9 M detector with a pixel 
size of 75 × 75 µm2, positioned 388 mm downstream 
from the sample.

We have employed the wide-angle x-ray scattering 
(WAXS) which is a powerful technique used to probe 
the molecular and crystalline structure of materials, 
particularly polymers and soft matter. When applied 
in transmission geometry, the x-rays pass through the 
sample, enabling structural analysis of thin films with 
minimal background interference (see Fig. 1). Here the 
x-rays are directed perpendicularly onto the thin film, 
and the scattered signal is detected on the opposite 
side by a Dectris Eiger 9 M detector. In the context 
of this miniature experimental setup, several key fea-
tures are notable: This stretching mode is optimal for 
thin films and enabling high signal-to-noise ratios for 
structural features in the nanometer range.

A custom tensile stage is integrated into the x-ray 
beam path where the configuration enables high-res-
olution structural analysis at the nanoscale. The thin 
film is mounted in the stage and stretched uniaxially 
while WAXS patterns are collected stepwise for the 
given stretching steps up to 100% strain. This setup 

Table 1   Basic properties of 
the synthesized PPs

# Structure Yield,
%

Molecular weight
characteristics

Solubility**
(0.1 g in 1 mL)

1 PEA—8L6 96 68,400 1.79  +   +   +   + 
3 PEU—1L8 97 146,600, 1.65  +   +   +   + 

Figure 1   Miniature setup for WAXS measurements of thin films using a focused nanobeam.

3318



J Mater Sci (2026) 61:3315–3324	

ensures displacement-controlled measurements, 
where the film is stretched incrementally. At each step, 
the strain is increased to a predefined value and then 
held constant during WAXS data acquisition.

Measurements were taken in a single-shot mode 
at various stages of uniaxial stretching, with each 
exposure lasting 60 s. After each acquisition, the sam-
ple position was vertically shifted by 20 µm to avoid 
beam-induced damage from prior measurements. 
The collected diffraction data were processed using 
the pyFAI module for azimuthal (1D) integration [29], 
followed by analysis and visualization using custom 
MATLAB scripts developed in-house.

Results and discussion

Prior to the in situ stretching experiments combined 
with X-ray scattering, the thickness and morphology 
of the samples were examined using optical micros-
copy. The thicknesses of the PEU and PEA films were 
found to be 233.9 µm and 267.7 µm, respectively. Fig-
ure 2 presents the surface morphology of the samples, 
with color coding from blue to red indicating the pro-
gression from the lowest to the highest regions. A clear 
distribution of molecular domains is visible across the 
sample surfaces. For both samples, the typical height 
of these domains is approximately 400 nm, as indi-
cated by the red arrows. However, a significant differ-
ence in domain density is observed: The PEU sample 

exhibits nearly twice the domain density compared to 
the PEA sample. The displayed field of view is repre-
sentative of the entire sample surface for both cases. 
These morphological differences motivated further 
investigation of the structural and mechanical proper-
ties through in situ stretching tests coupled with X-ray 
scattering analysis.

X-ray diffraction analysis was employed to inves-
tigate the changes in crystalline structure of PEA and 
PEU polymers under varying levels of mechanical 
stretching. The applied strain values were precisely 
correlated with wide-angle X-ray scattering (WAXS) 
measurements to assess corresponding microstruc-
tural changes. Representative 2D WAXS images for 
both materials are shown in Figs. 3A and B. The poly-
mers exhibit structural behavior dependent on urea 
segment content and their processing history, with 
PEA demonstrating different distribution of the crys-
tallinity than PEU, primarily due to the enhanced 
molecular packing facilitated by amide linkages and 
their strong intermolecular hydrogen bonding. To 
ensure accurate interpretation, background scatter-
ing was subtracted to minimize experimental artifacts, 
and a 60° vertical integration sector (“cake”) was used 
for analysis. The resulting scattering patterns in both 
polymers display two concentric rings, indicating peri-
odic structural features on two distinct length scales. 
The symmetry of these rings suggests an absence of 
preferred orientation in the sample. Additionally, the 
one-dimensional line profiles derived from azimuthal 

Figure 2   Optical microscope images of the surface of A PEU sample and B PEA sample.
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integration Fig. 3C reveal distinct differences in scat-
tering intensity between PEU and PEA, further high-
lighting their structural dissimilarities.

For both PEU and PEA materials, only two distinct 
peaks are observed in the low- and high-Q ranges. In 
the absence of multiple peaks in the WAXS patterns, 
we propose that both materials have a liquid crystal-
line-like structure. Similarly, two broad peaks were 
found in the X-ray diffraction pattern of a melt-spun 
PEA fiber [35]. In the case of large crystals prepared 
by isothermal crystallization, the PEA became more 
ordered and was assigned to an orthorhombic unit 
cell [35]. Further on XRD analysis was used to study 
how the crystalline structure changes under various 
stretching steps [30]. The mechanical strain values 
are precisely linked with the WAXS measurements 
and correlated with microstructural changes [31]. 2D 
WAXS images of PEU and PEA polymers show that 
both polymers exhibit behavior dependent on the urea 
segment content and polymer processing history [32]. 
PEA is more crystalline than PEU due to better pack-
ing from amide linkages, which promote strong inter-
molecular hydrogen bonding [33, 34].

The first (100) peak, located at lower Q is associ-
ated with the chain folding, mainly determined by 
methylene packing and side group spacing (lamellar 
stacking). The second (010) peak at higher Q-values 
correspond to the corresponds to chain–chain pack-
ing of aliphatic segments, similar to monoclinic-like 
polyethylene-type or poly(ester urea)s packing [35, 
36]. For the PEU film the (100) and (010) peaks appear 

of comparable intensity. The first (100) peak, located 
at Q = 0.51 Å⁻1, exhibits a relatively narrow full width 
at half maximum (FWHM) of 0.25 Å⁻1. The (001) peak 
corresponds to a characteristic real-space distance of 
12.27 Å. The broader (010) peak at Q = 1.36 Å⁻1 has 
a FWHM of 0.34 Å⁻1, corresponding to a spacing of 
4.60 Å. In the case of the PEA material, similar dual-
peak behavior is observed; however, the position and 
intensity of the peaks differ from those of PEU. The 
lower-Q (100) peak for PEA is shifted toward higher 
Q, appearing at Q = 0.63 Å⁻1, which corresponds to 
a shorter real-space periodicity of 9.95 Å. This peak 
is nearly half as intense as the analogous peak in 
the PEU sample and displays a narrower FWHM of 
0.13 Å⁻1. Conversely, the higher-Q (010) peak in the 
PEA sample is significantly more intense than both its 
corresponding (001) peak and the (010) peak in PEU. 
It appears at Q = 1.38 Å⁻1, with a FWHM of 0.33 Å⁻1, 
corresponding to a spacing of 4.54 Å. These results 
suggest that PEA and PEU exhibit a hierarchical struc-
ture, with a distinct distribution of periodicities and 
relative domain populations.

The observed structural differences between PEU 
and PEA are expected to have a direct impact on 
their macroscopic properties, particularly mechani-
cal performance, which is critical for future appli-
cations. To gain further insight into the mechanical 
behavior, an in situ uniaxial stretching experiment 
was conducted. The experimental setup enabled con-
trolled deformation, with precise measurements of 
the elongation relative to the initial sample length. 

Figure 3   Initial 2D WAXS patterns of PEU A and PEA B C—integrated curves of PEU and PEA signals.
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X-ray scattering patterns were recorded at key defor-
mation stages—0%, 50%, and 100% strain. However, 
in the case of the PEA material, mechanical failure 
occurred before reaching full extension, with the maxi-
mum attainable strain limited to 83.2%. The results 
are presented in Fig. 4 for the (001) and (010) planes. 
Integrated scattering profiles at each deformation 
stage are shown for PEU and PEA in Figs. 4A and 4B, 
respectively.

We evaluated the degree of crystallinity for PEU 
and PEA using WAXS data. Crystallinity was deter-
mined by calculating the ratio of the integrated area 
under the crystalline peaks to the total scattering area, 
which includes both crystalline peaks and the amor-
phous background. Based on this analysis, we esti-
mated the degree of crystallinity to be similar for both 
films: 27.6% for PEA and 30% for PEU, respectively. 
This figure remained almost unchanged upon stretch-
ing. Interestingly, the fractions of crystallinity associ-
ated with the (001) and (010) planes are different. For 
the PEU, the (010) contribution is four times higher, 
whereas for the PEA, it is one order of magnitude 
higher. This makes a major contribution to crystallin-
ity for the PEA.

Notably, the PEU material successfully withstood 
stretching up to 100% without failure, whereas the 
PEA sample fractured at 83% strain, indicating a lower 
mechanical robustness. The structural evolution under 
mechanical load was characterized by tracking the 
position of the most intense scattering peak through-
out the deformation process. A summary of this analy-
sis is provided in Fig. 4C for both the (001) and (010) 
peaks. For both materials, the (001) can accommodate 
higher strains (up to one order of magnitude higher) 
than the (010) indicating overall flexibility of the (001) 
planes. Remarkably the strain for the (010) is rather 
low, whereas for PEU, the continuous shift of the (010) 
peak position with increasing strain indicates elastic 
behavior and progressive alignment or compression 
of structural domains. In contrast, the PEA material 
exhibited signs of plastic deformation as early as 50% 
strain, as evidenced by a plateau in the peak shift, 
suggesting structural reorganization and the onset of 
irreversible deformation. These observations highlight 
the distinct mechanical responses of the two materials, 
rooted in their underlying nanostructural organiza-
tion. Taken together optical and X-ray results, these 
findings demonstrate that the higher domain density 

Figure 4   Integrated line profiles of the PEU A and the PEA B samples as a function of strain, strain-stretching behavior of the PEU 
(blue) and the PEA (red) samples C, correspondingly.
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and more uniform morphology observed in PEU con-
tribute to its enhanced mechanical stability and struc-
tural resilience under load, underscoring the critical 
role of nanostructural organization in determining the 
functional properties of these materials.

Conclusions

The application of a unique stretching WAXS setup 
with a nanobeam has provided valuable insights into 
the microstructural behaviors of the PEA and the 
PEU under mechanical deformation. The PEA exhib-
its higher (010) crystallinity, contributing to its brittle 
behavior upon stretching. The well-ordered crystalline 
regions restrict molecular mobility, leading to fracture 
under stress. In contrast, the PEU, demonstrates elas-
tic behavior where the increased crystalline content of 
the (001) allows for greater chain mobility, enabling 
the material to deform and recover without breaking. 
During stretching, the PEA’s crystalline regions rigid-
ity limits the material’s ability to accommodate strain, 
resulting in brittleness. For applications requiring flex-
ibility and resilience, materials with a lower fraction 
of the (010) to degree of crystallinity, like the PEU, are 
preferable. The nanobeam WAXS technique has elu-
cidated the relationship between the fractional crys-
tallinity and mechanical behavior in the PEA and the 
PEU. Understanding these correlations is crucial for 
designing biomedical PPs with specific performance 
characteristics, particularly in fields where mechanical 
flexibility or rigidity is paramount.
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