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Gözde Bayazit Sekitmen a,*, Esra Su b, Sinem Diken Gür c, Semra İde a,d, Oğuz Okay e 
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A B S T R A C T   

This study emphasized the importance of hydrogel-based therapy in repairing cartilage tissue and discussed the 
nanoscopic requirements for the physical sterilization of hydrogels, which are repairable, biochemically 
compatible with cartilage structure, and shape memory under mechanical effects. 

The nanostructured and the shape memory hydrogel composites, previously designed, synthesized, and nano- 
structurally characterized by our group, were used as material in the present study. Samples are including poly 
(N,N-dimethylacrylamide) (poly (DMAA) chains, n-octadecyl acrylate (C18A) segments and with/without lauryl 
methacrylate (LM). 

The study consists of four main sections in which physical sterilization processes (with electromagnetic waves 
from low energy (UV) to high energy (X-ray and Gamma-ray) are applied, structural changes are determined at 
microscopic and nanoscopic scale, and biofilm formations in the mentioned hydrogel materials are evaluated. 

The present study investigated these hydrogels’ potential as artificial cartilage or cartilage tissue scaffolds. To 
initiate in vivo studies, it was aimed to determine the most appropriate physical sterilization method. 

In the result of the study, the most convenient hydrogel sample for surgical (in vivo) research, the useful 
physical sterilization methods, and the ability to resist biofilm formation was determined for the sample of N:3, 
[DMMA/C18A/LM, (70/30/0.0) l (Pre stretching ratio) = 1.8]. UV applications were also determined as the most 
generally suitable sterilization method for these hydrogels. As the pre-stretching ratio increases, the emergence 
of more compact and globular nano formations in hydrogel structures also affects the bioactive properties. It was 
also shown that, with the help of the usage of energetic electromagnetic waves for sterilizations, the new 3D nano 
aggregation morphologies might be created in the hydrogel structures.   

1. Introduction 

As known, mechanically strong hydrogels with anisotropic orienta
tion and bioactive properties can be used as implants or scaffolds for 
many biological tissues such as skin, muscle, and cartilage [1]. Espe
cially, their evaluation as cartilage in tissue engineering of the knee, big 
toe joints, lateral nasal cartilages, etc., have taken much interest in 
recent research [2]. On the other hand, instead of cartilage trans
plantation which creates new disorders in the biological tissue, 
hydrogel-based therapy may also be easier and better for correcting 
cartilage defects. The most important problem experienced after rhi
noplasty operations is cartilage meltdown. Especially as an alternative 

material for a modern rhinoplasty approach that does not use cartilage 
grafts, polymer-based, bioactive, mechanical properties optimized, and, 
most importantly, shape memory, new design nanomaterials can be 
recommended. [3,4] 

Smart three-dimensional nanostructured hydrogel networks with 
programmable behavior can be used for the controlled delivery of 
therapeutics. Hydrogel swelling/shrinkage triggered by physicochem
ical (such as temperature and pH) effects is also effective in releasing 
some biochemical materials. Therefore, new hydrogel designs, dynamic 
structural behaviors, and functional properties are important in health- 
related developments (especially anti-cancer therapy). [5] 

As mentioned in these studies, particularly shape memory hydrogel 
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materials that can form nanostructured networks have been focused on 
hydrogel materials because they are important in medical applications. 
[6–8] 

Our previously designed and characterized (DMAA/C18A/LM) 
polymer-based hydrogel materials attain complex and nonlinear struc
tures with anisotropic, viscoelastic properties and multiphase behaviors, 
which are expected for convenient alternative biomaterials for tissue 
engineering. These hydrogels have DMAA chains, connecting C18 seg
ments to form crystalline domains and hydrophobic structures. So, such 
anisotropic hydrogels were used for their semicrystalline physical 
properties and shape memory function. [9,10]. Besides their extreme 
and useful properties, just before their usage in vivo studies, the steril
ization research must be completed, and their biological activities must 
be determined. 

This study was conducted as a preliminary study to reference in vivo 
experiments. Because the study aims to make scientific preparation by 
determining the most appropriate sterilization method required to 
initiate in-vivo studies, so, it is also necessary to determine the most 
suitable sterilization method before in vivo studies for such hydrogels 
whose original syntheses have been made, structure characterizations 
have been completed, and their 3D properties have been examined in 
detail. In the continuation of this study, in-vivo studies will be carried 
out. 

In this study, a series of (N = 6 pieces) hydrogel nanocomposites 
have been focused on, whose pioneering research has been completed 
[11,12]. For these novel composites to be used in in-vivo studies, it was 
determined in this study which of the physical sterilization methods met 
the expected biophysical functions without damaging the material’s 
structure. 

Any biomaterial needs to be suitable for efficient sterilization to 
obtain approval from the relevant organizations and to continue clinical 
trials safely [13]. The effects of sterilization on different types of 
hydrogels for biomedical applications also differ. It is necessary to 
perform tests according to the condition of the newly designed hydrogel 
materials to determine the most suitable and effective sterilization 
method that allows the main properties of the materials to remain un
changed [13]. 

It is known that sterilization processes based on liquid chemical 
sterilizers may not generally have the same level of sterility assurance. 
Therefore, physical methods are widely preferred [14]. 

Fig. 1 shows the main physical sterilization methods, including the 
used methods in the present study. 

UV, X-Ray, and Gamma Rays were used in physical sterilization 
methods. The use of these three different electromagnetic waves brings 
different advantages and disadvantages. While the energetic rays 
penetrate deeply into the structure, they cause damage to the material at 
the atomic and molecular levels. In addition, it is previewed that during 
the irradiation process, the emergence of new nano-formations in the 

structure and the new structure arrangements formed during the irra
diation process may positively change the material’s properties. Studies 
on the emergence of specific stable nano arrangements, increasing 
crystallinity, and triggering the formation of new nanoclusters, espe
cially in nanoscopic structures exposed to long-term radiation, have 
been reported in the literature [15,16]. 

Although X-Ray is a 100-year-old technology, its use in the industry 
for sterilization of medical materials is very new. In this context, the 
evaluation of the effectiveness of the use of X-rays in both sterilization 
and nanoscopic analysis is the unique approach in this study. 

3D nanoscopic aggregations in the hydrogel samples may be effec
tively and deeply followed by SAXS analyses [17,18]. Compared to a 
material’s atomic and molecular structures, it is known today that the 
nanostructure is the most effective in the superior properties of that 
material [19]. Hydrogels can act as macromolecular structures by 
responding rapidly to external stimuli, making them worthy of study as 
more functional or smarter materials. So, the nanoscopic structural 
changes under the effect of the physical sterilizations were investigated 
by SAXS analyses. 

The development of biofilm-associated infections for patients with 
implemented artificial materials causes an urgency to develop coatings 
or treatments with high antibiofilm activity for improving the used 
materials [20]. In this study, to determine the biofilm preventing effi
ciency of the treated hydrogel materials designed by our research group, 
Staphylococcus aureus (S. aureus) ATCC 25923, one of the most common 
pathogens [21] involved in bone and joint infections, was used. A 
modified crystal violet assay was performed to quantify the biofilm mass 
of S. aureus biofilm formed on the treated cartilages. 

2. Materials and methods 

2.1. Hydrogel samples 

Two hydrogel groups with different molar ratios of the hydrophilic 
N, N-dimethylacrylamide (DMAA) monomer, strong and weak hydro
phobic n-octadecyl acrylate (C18A), and lauryl methacrylate (LM) 
monomers, respectively, were previously synthesized as a part of our 
research projects [5,6]. The precursor hydrogels consist of poly (DMAA) 
chains interconnected by C18A segments forming crystalline domains 
and acting as switching segments with/without LM units as the net
points. Shortly, the hydrogels were synthesized by bulk photo
polymerization of DMA, C18A, and LM in the presence of Irgacure 2959 
as a photoinitiator at a wavelength of 360 nm. After a polymerization 
time of 24 h, all the monomers completely converted to a water- 
insoluble terpolymer. After equilibrium swelling in water, semi
crystalline isotropic hydrogels (prestretch ratio λ = 1) with water con
tents between 26 and 37 wt% were obtained. To obtain prestretched 
anisotropic hydrogels, the isotropic hydrogel specimens were stretched 
in water at 80 ◦C to a predetermined strain and then immersed in a water 
bath at 20 ◦C by fixing the strain. The details about the studied hydrogel 
samples are given in Table 1. 

All samples include nanoscaled crystallite formations, and the size, 
shape, and distributions change according to the stretching and the 
sample groups. The samples are stable and exhibit shape memory under 
the mechanical effects. 

Fig. 1. Widely used physical sterilization methods and the applied methods for 
the focused hydrogels. 

Table 1 
The studied hydrogel samples. The molar ratios of the monomers are given in 
parenthesis.  

Two sample groups (DMAA/C18A/LM) Prestretch ratio (λ) Sample code, N 

70/30/0.0 1.8 3 
1.2 4 
0.0 5 

70/29.9/0.1 0.0 6 
1.2 7 
1.8 8  
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The molecular and nanostructural models of the samples are also 
summarized in Fig. 2. 

These hydrogels were also focused on due to their biochemical 
similarities to cartilage tissue besides the above-mentioned physical 
properties. 

2.2. Sterilizations 

In UV sterilization processes, experimental conditions with 200–400 
nm wavelengths and irradiation energy transfer in the range of 
2.59–6.48 J/cm2 were created. This method indicates several advan
tages because of its widely used, high antimicrobial effect, the cheapest 
experimental applications, and low destruction in the samples. 

In X-Ray sterilization processes, the HECUS system source-off X-Ray 
tube was used again with 8 keV energy. The exposure time was 20 min. 
for photon flux of 106 photon/mm2/s. It is a new alternative sterilization 
method for industrial products and systems, with its high penetration 
into the material, the ability to prevent damage with controlled flux and 
violence to prevent damage, the possibility of making dynamic and 
rapid measurements, the ability to form new hydrogen bonds with 
irradiation and cause more stable structures which can be considered as 
the advantage of the method. 

In gamma irradiation, a Co-60 source (12 kGy) was used in the 
Gamma Irradiation facility at Nuclear Energy Research Institute in 
Turkey. The most important advantages of sterilization processes using 
gamma rays can be mentioned as “Highest penetration (controlled en
ergy and path length), Direct application, Zero persistent radioactivity 
after application, Experimentally simple implementation (no controls 
required for T, P, humidity, vacuum, etc.)”. 

2.3. Microscopic research 

Scanning electron microscope (SEM) images (Fig. 3) have contrib
uted to the three-dimensional illumination of the superstructure of 
hydrogel materials. As can be seen from the figure, the surface mor
phologies of the material (N:8) are mostly affected by different physical 
sterilization applications. So, this sample was chosen to compare the 
control group and sterilized samples with different methods. 

The SEM images (with a 2 μm scale) were obtained by GAIA3- 
TESCAN at HUNITEK center with experimental conditions of 5.0 kV, 

10.4-μm view field, MAG: 20.0 k x, Scan speed 6, and Det: SE. 

2.4. SAXS analyses 

The intensities of the scattered X-rays, I(q), were recorded on a 
HECUS-SAXS (Kratky optic) Camera’s line collimation detector with 
1024 channels. The solid phase hydrogel samples with each size of 
5x3x1 mm were in convenient sample holders. Different orientations of 
the samples were also tested, and all samples were measured to obtain 
the best 3D nano globular morphologies because of the complicated 3D 
aggregations in the hydrogels. The scattering curves were plotted as I(q) 
vs. q; where q = 4πsinΘ/λ and 2Θ: the angle between the incident and 
scattered beam. X-ray with a wavelength of (CuKa) 1.54 Å was used in 
scattering measurements. The SAXS profiles of the N:3 sample before 
and after X-ray sterilization were plotted, as seen in Fig. 4, to show the 
effect of the sterilization on a nanoscopic scale. All scattering data may 
be obtainable from the corresponding author. 

The 3D ab-initio electron density morphologies were obtained using 
the Indirect Fourier Method [22] and DAMMIN software. [23] 

In such studies, structural analysis at the molecular level is generally 
performed with spectroscopic methods, and the XRD method is also used 
for crystallinity analyses. To examine nano and micro-scale structural 
changes, only very small parts of the material to be used (called a needle 
tip) can be compared with microscopic techniques or surface analysis. 
However, since the sample size examined by SAXS analysis is 8x5x1 mm, 
the structural change findings cover a full size that can be considered a 
macroscopic structure. In addition, with the SAXS method, nanoscopic 
formations with structural changes in the electron density level can be 
examined in 3 dimensions, and important structural findings such as 
morphology, size, and distance distribution can be reached. A similar 
study has been done for dental grafts in one of our recent publications. 
[24] 

2.5. Biofilm formations 

Since biofilm formation in living organisms is associated with tissue 
and implant infections, it is also important to examine biofilm forma
tions in studied hydrogels, which are likely to be used as implants or 
tissue scaffolds before in-vivo studies. 

The first step required for biofilm formation is the adhesion of the 

Fig. 2. The molecular and nanoscopic structure of the samples.  
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microorganism to the surface. Such biofilm formation in implant or graft 
materials is a major source of tissue infections. [25] Common compo
nents required for forming a biofilm are microorganisms, glycocalyx, 
and surface. Biofilm does not form when any of these components is 
absent. [26,27] 

In biofilm formation, bacteria do not fully contact the surface, and 
long-distance interactions occur between the bacteria and the surface. 
These are hydrophobic, and Van der Walls bonds and are weak in
teractions. Hydrophobic interactions have an important place in the first 

contact with the surface. Such interactions occur when there is a 10–20 
nm distance between the surface and the bacteria. In addition, the sur
face must be rough or smooth for initial bacterial adhesion because the 
rough surface in the first adhesion increases the probability of adhesion. 
In other words, the surface roughness of the implants affects the young 
biofilm adhesion and triggers biofilm formation (bioplaque). [28] 

Fig. 5 shows the images of Staphylococcus aureus (S. aureus) ATCC 
25923 applications on the focused hydrogel materials. A modified 
crystal violet assay was performed to quantify the biofilm mass of 

Fig. 3. SEM images (N:8) related to the different sterilizations’ effects on the surface morphologies of the hydrogels.  

Fig. 4. A) SAXS profiles, B) and C) fitting curves, and the obtained 3B nano globular morphologies before and after X-ray sterilization for the N:3 sample [(70/30/ 
0.0) and prestretching ratio: 1.8]. 

Fig. 5. Observations related to the bacterial adhesion in the darkly stained areas.  
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S. aureus biofilm formed on the treated samples. The bacterial adhesion 
in the darkly stained areas may also be seen in Fig. 5. Biofilm quantities 
formed by S. aureus after 24 h incubation on the five hydrogel samples 
with different surface structures. 

3. Result and discussion 

Electromagnetic waves (EMW) like x-ray, gamma and UV pass 
through the material to transfer its energy through ohmic loss. This 
energy causes conduction electron current formation in the material. 
Hydrogel structures are not suitable for forming regular currents 
because their lattice vibrations of microcrystalline regions can also be 
excited by the electric field oscillation of the applied EMW, and EMW 
energy can be absorbed by developing a thermal effect. In this case, 
movements in the structure in the crystalline regions and changes in the 
morphology of nanoscopic formations may occur. 

In sterilization processes, gamma and X-rays affect the nuclei and 
inner electrons (respectively) of the atoms in the hydrogel and bacteria 
structures. However, UV light can play a more active role in the inter
action of the implant surface and the bacterial envelope at nanoscopic 
distances by directly affecting the outer electrons in atomic structures. 
For example, the formation of van der Waals bonds will become a more 
difficult result of the excitation caused by the UV effect between the 
implant or graft surface that comes close to contact (10–20 nm) and the 
bacteria. UV effect and stimulation do not show very stable and long- 
term results in affecting bacterial adhesion and biofilm formation, as 
it has lower energy. Gamma rays are also high-energy, and since they 
directly affect the nuclei of atoms in the material, they can also cause 
damage to the implant structure, so the use of these rays should always 
be controlled. However, by using X-Ray, the short-term effects of UV 
rays on biofilm formation can be further improved, and the damage 
caused by gamma rays can be minimized. 

The following structural results and interpretations were given ac
cording to the different scales of the electromagnetic wave response in 
the sterilization process. 

3.1. Microscopic and nanoscopic evaluations 

It has been determined that the applied physical sterilization 
methods can cause visible and invisible changes on microscopic and 
nanoscopic scales (Figs. 3, 4). The microscopic effect in which this 
structural change was most observed occurred in the N:8 sample. 

Our previously published SAXS analyses on newly designed hydrogel 
samples are evidence of the importance of nano-scaled structural ana
lyses by the SAXS method [29,30]. The most apparent sterilization effect 
in the nanoscopic structure was observed in the globular compact form 
in the N:3 sample. Fig. 6 provides visual information on this subject. 

The most general results and comparisons may be followed in Fig. 7 
for nanoscopic analyses. The similarities in the 3B models (related to 
nanocrystalline aggregations) indicate successful nanostructures, which 
are evidence of undestroyable effects and unwanted structural de
viations in real functional structures [31]. 

So, it was determined that in the nanoscale structure; the closest 
structural change to the control group occurred with UV sterilization 
(with three green stars), and deterioration in the structure occurred due 
to the effect of gamma rays and in X-ray applications (as expected 
because of their higher energies), crystallite morphologies formed as 
more compact structures that would increase the mechanical properties 
of the material. 

In one of our previous studies, gamma-ray sterilization was very 
successful on dental graft materials [26]. However, in this study, only 
N:4 and N:7 samples showed nanostructures close to control samples, 
and this means that the gamma-ray effects on biomaterials can vary with 
the materials and their different mechanical properties. 

On the other hand, with the sterilization effect of energetic X-rays 
and gamma rays in N: 4 and 8 samples, the structure of the control 
sample reaches more compact nano formation morphologies (Fig. 7). In 
other words, these rays trigger the nano-formations to be more volu
minous (globular) and the concentration of electron-dense aggregations 
to central points. This situation enables the establishment of new bonds 
by transferring energy to electrons at high frequencies, freeing them 
from their weakly bonded structure and triggering new atomic and 
molecular interactions that will cause a more global minimum energy 
[15,16]. 

In addition, SEM photographs of the sample code 8, control group, 
and sterilized samples with different methods support the SAXS analysis. 
It can be seen in Fig. 3 the difference between the control group and 
other samples. On a 2 μm scale, all sterilization methods changed the 
surface morphology (it is seen that the lines are widened), but the most 
degradation is seen in x-ray sterilization methods. A significant change 
in macro dimensions was not observed in other samples. Therefore, 
SAXS analyses were also performed to examine the changes on the 
nanoscale. 

3.2. Evaluations on biofilm formations 

The structural determinations were collaboratively combined with 
the biofilm investigation on the hydrogel surfaces. Fig. 8 shows the 
quantitative results related to this examination. After the sterilization of 
the hydrogels, for their usage in biomedical applications, bacterial 
adhesion on the surfaces must be prevented. 

The treatment applied to sample 6-X-Ray (λ = 0.0), 4-UV (λ = 1.2), 
and 3-UV (λ = 1.8) that were prepared without any antibacterial agent 
have enhanced their ability to reduce adhesion of bacteria and gained 
strong antibiofilm activity to these hydrogels against Staphylococcus 
aureus The development of hydrogels using hydrophilic polymer 
(DMAA) promote not only the structural stability of prepared hydrogel 
but also eliminate the risk of resistant bacteria growth associated with 
the use of antibacterial agent by acting as an antifouling material against 
bacterial adhesion. [32] 

According to the results shown in Fig. 8, the least biofilm formation 
was observed for N:6. However, the nanoscale structures deviate from 
the real functional nanostructure of the control group after X-Ray 
treatment, as seen in Fig. 7 (for N:6). Therefore, the loss of structural 
stability of the N:6 sample limits its use as artificial cartilage or tissue 
scaffold. 

When the 3D nanostructural changes and antibiofilm properties were 
analyzed, hydrogel sample N:3 was determined to be the most suitable 
candidate for biomedical applications. Although the least nanoscopic 
structure differences from the control sample were recorded for N:3, it 
was observed that p(DMAA) showed enhanced antiadhesion properties 
after UV sterilization. In recent studies, it was emphasized that UV 
sterilization increases the hydrophilicity of the different materials. 
[33,34] It is a known fact that all bacteria tend to adhere more strongly 
to hydrophobic surfaces, even if they have different cell wall structures 
[35] So, hydrogel developed in this study with enhanced hydrophilicity 
could prevent bacterial adhesion with a perfect antibiofilm capability. 

In line with obtained results, it has been decided to use the N:3 
Fig. 6. Comparison of the effects of different sterilization processes (N:3 
composite) on nanostructure. 
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sample for biomedical approaches in a future planned research. For 
example, new studies on the adhesion of some protein structures to this 
hydrogel material before surgical applications can be initiated by our 
group. 

4. Conclusion 

In biomedical applications, any technological material that will enter 
the human body must be made of structural analyses at a nanoscopic 
scale, structure-function relationships must be taken under control, and 
materials suitable for sterilization studies. When such materials are used 
as tissue scaffolds or direct implants, they must first be stable against 
mechanical effects and should not undergo structural changes for a long 
time with their shape memory properties since they will be in a dynamic 
environment. 

This study tried to determine the most effective physical sterilization 

method for in-vivo studies to investigate the potential uses of our pre
viously designed hydrogel materials as cartilage tissue implants or tissue 
scaffolds. 

Consequently, it was determined that different sterilization methods 
could be effective in hydrogels prepared with different mechanical ef
fects. In other words, on some materials, UV was effective, while X-Rays 
or gamma rays sterilizations were more successful in others. 

As another result, it was declared that the presence of volumetric 
crystallite formations in nanoscopic sizes, which are formed due to 
physical sterilization applications using incredibly high-energy radia
tion in the studied hydrogel structures, may open new ways to design 
novel nanostructured hydrogels. For example, hydrogel structures con
taining ellipsoidal nanostructures can easily prepare with these mate
rials and appropriate energetic electromagnetic wave applications such 
as X-rays and gamma rays. 

It was also determined that biofilm formation in the materials could 
be controlled according to the external mechanical effects applied dur
ing the preparation of the designed hydrogels. It was also declared that 
these bio-functional controls could be made by changing the pre- 
stretching value. 

With this study, our project-based original designed hydrogel ma
terial with shape memory was made ready for in-vivo studies at the 
initial stage. In the next phase, studies on protein-hydrogel interactions 
and bioactivity will be able to emphasize, too. In future studies, the 
synthesis of novel hydrogels, including removable nanocrystallites, may 
be realized by our group to design pH or thermoresponsive drug delivery 
systems and materials. 
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