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Polymer hydrogels occupy a special place among the materials currently used for implant manufacturing due to their 

structural similarity to the macromolecular components found in the human body. However, traditional hydrogels often 

have insufficient mechanical strength, biocompatibility and biological activity. To overcome these limitations, we have 

developed methods for synthesising composite hybrid hydrogels based on porous polyvinylformal and gold nanoparticles. 

The physical and chemical properties of these hydrogels have been shown to depend on the synthesis strategy employed 

for the composite material, as well as on the type and synthesis method of the nanoparticles that it contains. 

The morphology of the synthesized hybrid hydrogels (based on Polyvinylformal and gold nanoparticles, incorporated 

by in situ and ex situ methods) was investigated by means of electron microscopy (SEM), while their chemical structure 

was confirmed by Fourier Transform Infrared Spectroscopy (FTIR). The elemental composition of the synthesised 

polymer nanocomposites was investigated using energy-dispersive X-ray spectroscopy (EDX), while their thermostability 

and thermolysis processes were analysed using thermogravimetric analysis (TG, TGA and DTG studies). The swelling 

kinetics of hybrid gels with incorporated gold nanoparticles in water, the rate of diffusion of incorporated anticancer 

preparation DOXrubicin and bactericide Albucide, as well as their acute toxicity using in vitro experiments, were studied. 

The synthesised composite hybrid hydrogels, which are based on porous polyvinyl formal and gold nanoparticles, 

show great promise as implants for reconstructive surgery in the oculo-orbital region. They can also be used to fill 

postoperative cavities after tumour resection, ensuring sterility of the surgical field and preventing tumour recurrence. 
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INTRODUCTION 

In recent decades, there has been an overall 

increase in craniofacial injuries, primarily due to 

man-made and criminal injuries to the eye and its 

orbit. The majority of orbital injuries involve 

disruption to the bone walls. Additionally, the 

number of patients affected by fighting in Ukraine 

has increased significantly. Combat mine-blast 

injuries are characterised by significant tissue 

damage to the eye and eye socket, and multiple 

shrapnel wounds, often in combination with facial 

and other injuries [1]. The most common facial 

fractures were of the orbital (26.3 %) and 

maxilla/zygoma (25.1 %), according to the 

findings of the Joint Facial and Invasive Neck 

Trauma (J-FAINT) Project (Iraq and 

Afghanistan: 2011–2016) [2]. Due to the 

increasing occurrence of ocular trauma, there is a 

growing demand for reconstructive surgery in the 

oculo-orbital region. Significant tissue loss and 

high infection rates are often the result of these 

injuries. Special strategies are required for wound 

care and tissue reconstruction [3, 4]. When 

performing such operations, ophthalmic surgeons 

need to use implant materials to replace soft tissue 

or bone. Currently, biological tissues such as 

autotissue (homo- and autografts, autologous fat 

and the broad fascia of the thigh) and allotissue 

are used as graft materials in orbital surgery. It 

should be noted that legal requirements and 

restrictions on the collection of donor material are 
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becoming more stringent in Ukraine and around 

the world each year. This makes it urgent to find 

a synthetic material that meets the necessary 

requirements for reconstructive surgery on the 

orbit and other parts of the facial skeleton, as well 

as for filling postoperative cavities. 

Non-biological implants with a porous, three-

dimensional structure that can integrate with 

surrounding tissues offer fundamentally new 

opportunities. In our opinion, a porous hydrogel 

based on polyvinylformal is a promising 

candidate for this application. Previous studies 

have demonstrated the high antimicrobial activity 

of such hydrogels [5] and their suitability for the 

immobilisation and prolonged release of a wide 

range of drugs [6, 7]. Due to their structural 

similarity to the macromolecular components 

found in the human body, polymer hydrogels 

occupy a special place among the materials 

currently used for implant manufacturing [8]. 

However, traditional hydrogels often have 

insufficient mechanical strength and 

biocompatibility, and lack biological activity – 

particularly the ability to stimulate the adhesion 

and growth of eukaryotic cells – which limits their 

use as implant materials [9]. To overcome these 

limitations, research in tissue engineering and 

regenerative medicine has focused on creating 

composite hybrid hydrogels incorporating metal 

nanoparticles. These composite hydrogels exhibit 

enhanced mechanical, physical, chemical and 

biological properties, which depend on the 

synthesis strategy of the composite material and 

the type and synthesis method of the nanoparticles 

in its composition. Among the various types of 

metal nanoparticles promising for use in 

composite hydrogels for medical purposes, gold 

nanoparticles (AuNPs) occupy a special place due 

to their unique physical and biological properties. 

For instance, AuNPs are widely used in cancer 

treatment approaches, such as photothermal and 

photodynamic therapy, and as an antiangiogenic 

agent and a vector for targeted delivery of 

anticancer drugs [10, 11]. The anti-inflammatory 

and antioxidant properties of AuNPs [12], as well 

as their capability to stimulate tissue regeneration, 

including bone [13], are equally important. The 

capability of AuNPs to stimulate cell adhesion to 

the hydrogel surface is also highly significant 

[14]. These biological properties determine the 

widespread use of AuNPs in creating 

nanocomposite hybrid hydrogels with specified 

characteristics [15–18]. Among the undeniable 

advantages of adding gold nanoparticles to 

composite hybrid hydrogel compositions, the 

biocompatibility and low irritancy of the resulting 

materials are especially notable [19]. 

Besides plastic surgery in the oculo-orbital 

area еhe synthesized hybrid material is intended 

to fill postoperative cavities after tumor resection 

and should ensure sterility of the surgical field 

and prevention of tumor recurrence. 

This work focuses on developing methods for 

synthesising hybrid hydrogel materials containing 

gold nanoparticles bactericides and cytostatics 

with complex antitumour, disinfecting and 

regenerative action for reconstructive surgery in 

the oculo-orbital region and filling of 

postoperative cavities, as well as comparing two 

methods of incorporating gold nanoparticles into 

hydrogels (in situ and ex situ). 

MATERIALS AND METHODS 

Сhloroauric acid (HAuCl4 × 3H2O, ≥ 99.9 % 

trace metals basis, Sigma-Aldrich), DOXrubicin 

(DOX, 2 mg mL−1, Ebeve), formaldehyde (37 %, 

LAB-SCAN), poly(vinyl alcohol) [PVA, 72 kDa 

linear, 98 %, AppliChem GmbH], sulfacetamide 

sodium (30 % solution, JSC Farmak), sulfuric 

acid, Triton X-100 (AppliChem GmbH) were 

used as received. Bidistilled water was used as the 

solvent in all experiments. 

Synthesis of gold nanoparticles. Spherical 

gold nanoparticles (AuNPs) with an average 

diameter of 30 nm were synthesized at a gold 

concentration of 38.6 μg mL–1 via the 

hydrothermal method [20]. 

Infrared (IR) analysis was performed using a 

Fourier-transform infrared spectrometer 

(Shimadzu IRAffinity-1S) with an attenuated 

total reflection detector (Specac Quest ATR) from 

4000 to 400 cm–1, with an accumulation of 25–40 

scans and a resolution of 4 cm–1. 

Synthesis of unfilled PVF-based sponges. 

Poly(vinyl alcohol) (PVA) was acetalized by 

condensation with formaldehyde in the presence 

of a sulfuric acid, as described previously [21]. 

In situ and ex situ methods for the 

incorporation of AuNPs into a PVF-based 

hydrogel matrix. 

In situ method. The synthesis of AuNPs was 

carried out in the pore space of the hydrogel 

matrix. 7.65 g of PVA was swollen in 59.3 g of 

water for 1 h 25 min, after which 1.84 ml of 0.1 % 

HAuCl4 solution was added, stirred for 5 min, 
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heated to 82 °C with stirring, cooled to 49 °C, 

2.04 ml of 10 % Triton X100 solution was added, 

then 9.66 ml of 50 % sulfuric acid solution and 

8.05 ml of formalin, after which the gel-forming 

composition was poured into molds, placed in a 

thermostat at 60 °C for 1 h, and left overnight at 

40 °C. 

Ex situ method. To incorporate the gold 

nanoparticles, the calculated amount of the 

suspension of pre-synthesized AuNPs was added 

under integrative stirring to the gel-forming 

composition (CAu final = 12.06 μg/ml by metal). 

After about 4 hours, the hydrogels were removed 

from the molds and intensively washed with 

distilled water to remove unreacted residues. 

The morphology and structure of the PVF 

matrices were studied using a scanning electron 

microscope (Tescan Mira LMU) equipped with 

an energy-dispersive spectrometer (Oxford           

X-Max 80) and a sample preparation system 

(PECS Gatan 682). 

The Fourier-transform infrared spectrometer 

(Shimadzu IRAffinity-1S) with an attenuated 

total reflection detector (Specac Quest ATR) was 

used to perform infrared (IR) analysis. The 

spectrum was scanned from 4000 to 400 cm–1, 

with an accumulation of 25–40 scans and a 

resolution of 4 cm–1. LabSolutions IR software 

(ver. 2.26) and OriginPro (ver.10.0.5.157) were 

used to process and visualize the data, 

respectively. 

Doxоrubicin (DOX) and Albucid (ALB) 

diffusion. For DOX incorporation, nano-

composite hydrogels (~0.05 g) were equilibrated 

in 5 mL of DOX solution at a concentration of 

0.235 mg mL–1 at 11 °C for 24 h. After DOX 

absorption, the samples were transferred into 

empty beakers to perform DOX release studies, 

and 10 mL of water were added. The samples 

were separated from the solutions by 

centrifugation and transferred to 10 mL of fresh 

water at the specified times. The concentration of 

DOX in the solution was quantified 

spectrophotometrically at 480 nm using a UV 

spectrometer Specord M40 (Carl Zeiss 

Industrielle Messtechnik GmbH, Germany). 

Diffusion of albucid was studied in a similar way 

(initial concentration – 0.025 mg mL–1; maximum 

absorption – 260 nm). Hydrogel composites were 

impregnated by DOX and ALB solutions as well 

as by their mixture followed by study of their 

sorption and diffusion parameters. 

Thermogravimetric analysis (TGA) 

measurements were performed using a Q1000 

derivatograph (MOM, Hungary) in the range of 

20–700 °C at a rate of 10 °/min. The weight loss 

of the samples during the measurement was 

determined using a VIBRA HT balances (Japan). 

Swelling of hybrid hydrogels based on PVF 

and AuNPs. The swelling kinetics of PVF-based 

matrices was studied in water at room temperature 

(24 ± 1 °C). The samples reached an equilibrium 

degree of swelling within 10 minutes after contact 

with water, which is explained by the presence of 

an widespread network of open interconnected 

transport pores in the matrices. 

The equilibrium degree of swelling of 

hydrogels in distilled water, (Q), was calculated 

using the formula: 

 

where  is the mass of the swollen hydrogel in 

the equilibrium state after 24 hours of swelling, 

and  is the mass of the completely dried 

xerogel after water evaporation. The hydrogel 

samples were incubated in a TS-1/80 SPN 

thermostat and weighed with an accuracy of       

10–4 g on an AXIS analytical balance (Poland). 

Data are presented as mean standard deviation of 

three to five independent experiments. ANOVA 

was used for statistical data processing, p < 0.05 

was considered reliable. 

Enzymatic activity: Mg2+-ATPase activity 

was determined according to the Methodological 

recommendations [22]. The AuNP–albucid 

conjugate, known for its pronounced cytotoxic 

effect, was used as a positive control [23]. 

Cytotoxicity: Conditioned media were 

obtained by incubating hydrogel samples in 

culture medium for 24 h. Cytotoxic effects were 

assessed using the MTT assay (cell metabolic 

activity) and crystal violet staining (number of 

adherent cells). 

Genotoxicity: Genotoxic potential was 

analysed by the Comet assay (single-cell gel 

electrophoresis) on L929 cells, following the 

procedure described in [22]. 

RESULTS AND DISCUSSION 

The results of FTIR spectroscopy, which was 

used to identify hydrophilic groups in the PVF 

matrices, are shown in Fig. 1. The peaks in Fig. 1 

are predominantly associated with pure PVF [24]. 
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Nevertheless, some distinctive PVA peaks were 

also detected at 3380, 2800–3000, 1664–1666, 

1476, 1434, and 1242 cm–1. The preservation of 

certain structural features, including the hydroxyl 

groups of the PVA precursor, is indicated by these 

peaks, and this preservation is found in the PVF 

matrices. The stretching vibration of the O-H 

groups, as evidenced by the widening of the peaks 

at 3354–3380 cm–1, was attributed to 

intramolecular interactions and vibrational 

oscillations of adsorbed atmospheric water. The 

1006 cm–1 band was found to be linked to the CO 

stretching vibration in the six-membered ring (see 

Fig. 1), along with the nearby C-C stretching 

vibration. PVA does not contain this band. 

Vibrational oscillations centred at 1006, 1066, 

1132, and 1172 cm–1 were exhibited by the 

spectra of all PVF matrices. These oscillations 

[25] are specific to the cyclic sequence of bonds 

in the polymer structure. Two peaks, at 1096 and 

1240 cm–1, were observed in the PVA and PVF 

matrices and were assigned to hydroxyl groups. 

The vibrations of methylene groups' sp³-

hybridized carbon hydrogen bonds (CH2) were 

observed at 2800–3000, 1300–1400, and below 

700 cm–1 [26]. The intensity of the absorption 

bands related to skeleton vibrations was low and 

they were observed at 700–1100 cm–1 (stretching 

vibrations) and below 500 cm–1 (deformational 

vibrations) [26]. Notably, the FTIR spectra of the 

PVF-based nanocomposites did not reveal any 

identifiable presence of AuNPs. 

 

 

Fig. 1. FTIR spectrum of hybrid hydrogels: 1 – PVF; 2 – PVF + Au 12.06 µg/g; 3 – PVF + Au 24.12 µg/g  

 

SEM analysis. Fig. 2 shows the appearance 

of hybrid sponge hydrogels based on PVF, with 

AuNPs incorporated by in situ and ex situ 

methods. With increasing magnification, it is 

evident that the surface of the gels is covered with 

numerous macropores, each with a diameter of 

about 50–100 µm. There are also numerous small 

pores, measuring about 3–7 µm, which appear 

predominantly sealed, in contrast to the open 

transport macropores. Notably, in gels containing 

gold nanoparticles incorporated in situ, the 

transport pores are uniformly distributed and 

sized over a smooth surface. In contrast, the 

surface of gels obtained by the ex situ method is 

much more wrinkled, with less uniform transport 

pore distribution. 

A more detailed SEM analysis of the PVF 

surface morphology with incorporated gold 

nanoparticles is shown in Fig. 3. The images at 

higher magnifications confirm the presence of both 

large transport pores and smaller sealed pores. 

Fig. 4 shows the pores present on the surface 

of the gels in more detail. The pore size and pore 

wall thickness are approximately the same in both 

gels under study (50–100 μm and about 3–10 μm, 

respectively). 
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Fig. 2. Appearance of PVF with AuNPs incorporated by in situ (a) and ex situ (b) methods 

 

 

 

 

Fig. 3. PVF surface with gold nanoparticles, which are incorporated by in situ (a) and ex situ methods (b) (zoom 

126 x; 379 x; 1.26 кх) 

 

Additionally, SEM micrographs of the fracture 

surfaces (Fig. 5) reveal the porous sponge-like 

internal architecture of both in situ and ex situ 

hydrogels, with pore walls of ~0.5–1 μm. 

The morphology of the fracture surfaces of 

hybride hydrogels is illustrated in Fig. 5. The 

internal structure of both in situ and ex situ gels 

can be described as a sponge with numerous pores 

(dark areas) between the polysaccharide matrices. 

These pores create because of water evaporating 

between the cross-linked polymer matrices during 

freeze-drying. A fairly similar pattern is observed 

in both cases, but it should be noted that the pore 

size is slightly larger in the case of in situ 

synthesis than in the case of ex situ synthesis. 

Generally, deep pores form a fairly symmetrical, 

honeycomb-like structure with a pore size of 

around 1.5–2.5 µm and a wall thickness of around 

0.5–1 µm. 

The EDX spectra (Fig. 6) confirm that all 

studied samples contain C, O, Au as primary 

elements. The concentration of gold nanoparticles 

was about twice as high when incorporated by the 

ex situ method than by the in situ method, but the 

latter provided much higher uniformity of gold 

distribution. 
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Fig. 4. Pores on the PVF surface with gold nanoparticles incorporated by in situ (а) and ex situ (b) methods (zoom 

126 x; 379 x) 

 

 

 

Fig. 5. Fracture of PVF with gold nanoparticles incorporated by in situ (а) and ex situ (b) methods (zoom 126 x; 

379 x) methods (zoom 1.26 kx; 3.79 kx; 12.6 kx; 38.0 kx) 
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Swelling. The samples reached an 

equilibrium degree of swelling within 10 minutes 

after contact with water, which is explained by the 

presence of a widespread network of open 

interconnected transport pores in the matrices. To 

compare the two methods of incorporation of 

AuNPs into PVF sponges, their swelling was 

studied (Fig. 7). It has been found that the 

sorption capacity of PVF sponges increases 

significantly when moving from unfilled PVF to 

PVF with AuNPs incorporated ex situ, and even 

more so in relation to PVF with AuNPs 

incorporated in situ. 

 

 

 

Fig. 6. EDX-spectra of in situ (a) and ex situ (b) gels 

 

 

Fig. 7. Swelling kinetics in water of an unfilled PVF sponge (1), a PVF sponge with ex situ incorporated AuNPs 

(C = 12 μg/g) (2) and a PVF sponge with in situ incorporated AuNPs (C = 12 μg/g) (3) 

 

Thermal analisys. To evaluate the thermal 

stability of hybrid hydrogels based on PVF, we 

conducted TG, DTA, and DTG measurements. 

Let’s analyze their results (Fig. 8, Table 1). 

According to the TG data, the mass loss for 

all the gels studied during the first decomposition 

stage in the temperature interval from 30 to 

200 °C ranged from 5.22 to 7.24 % (in the case of 

ex situ gels). This mass loss is associated with the 

evaporation of free and weakly bound water, 

which remains in the gels in small amounts. The 

main mass loss (about 60 %) in the gels occurs in 

the temperature range from 200 to 450 °C and is 

caused by several processes. Complete 

decomposition of the gels, with a mass loss of 

about 30%, occurs in the third stage of 

thermolysis, in the temperature range of            

450–575 °C. According to the DTA analysis 

results for all three hybrid gels, an intensive 

exothermic peak occurs within the temperature 

range of 30 to 600–700 °C. It should be noted that 

complete thermodestruction of in situ gels occurs 

at temperatures approximately 100 °C higher than 

in the case of ex situ gels. 

According to the DTG data, all three of the 

studied gels are characterized by a maximum in 
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the region of about 80 °C due to the evaporation 

of unbound water. After reaching a plateau at 

approximately 115 °C, a smooth thermal release 

occurs with an additional increase in temperature 

up to approximately 220-250 °C, likely due to the 

evaporation of bound water. The most intense 

peak, around 290–315 °C, likely corresponds to 

the rupture of the formal ring characteristic to 

polyvinyl alcohol (PVA), which occurs via a free 

radical mechanism involving the formation of 

hydroperoxide under the influence of molecular 

oxygen. This process leads to the formation of 

carbonyl groups and the release of formaldehyde 

[27]. The subsequent peak at approximately 

400 °C is likely associated with the dehydration 

of residual PVA hydroxyl groups (as 

demonstrated by IR spectroscopy, PVA remains 

present in the hybrid gel along with PVF) and the 

formation of a polyene structure. The thermal 

behavior of hybrid gels in this temperature range 

is also influenced by their phase transition – 

melting [28]. This stage of degradation is 

dominated by chain cleavage, side, and 

cyclization reactions. OH-group residues act as 

weak links that provoke chain cleavage of 

unconjugated polyenes [29]. With an increase in 

temperature, the thermolysis of preformed 

polyenes occurs, releasing macro radicals that 

decompose into low-molecular-weight oxygen-

containing products, such as acetaldehyde, acetic 

acid, benzaldehyde, and acrolein. This process 

also involves the formation of cis- and trans-

derivatives of polyene macro-radicals, as well as 

products of their intermolecular cyclization, 

particularly furan. Finally, thermal oxidation 

occurs in the carbonized residue [30]. 
 

 

   

Fig. 8.  TG, DTG and DTA curves for PVF sponge: a – in situ, b – ex situ, c – unfilled; 1 – DTG, %/oC, 2 – DTA, oC, 

3 –TG, % 

 

Table 1. PVF sponges decomposition stages 

Temperature 

interval, oС 

Weight loss, % 

Unfilled PVF 

sponge 

PVF sponge with 

AuNPs in situ 

PVF sponge with 

AuNPs ex situ 
Degradation stage 

30–200 5.22 5.68 7.24 Free water evaporation 

200–450 58.82 59.12 61.47 

Bound water evaporation, 

rupture of the formal ring, 

melting, water elimination 

as a result dehydration of 

residual PVA hydroxyl 

groups 

450–575 29.65 31.04 31.29 

Polyenes chain cleavage, 

side, and cyclization 

reactions, decomposition 

into low-molecular-weight 

oxygen-containing 

products, ash forming 

Total 93.68 95.84 100  
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Thus, all synthesized hybrid gels demonstrate 

thermal stability over a wide temperature range, 

which significantly exceeds the range of their 

applications and processing. The results prove 

that these gels can withstand steam sterilization at 

121 °C without significant change. This is 

important for creating on their base different 

medical devices and conducting biological and 

cellular research. The gel obtained by the in situ 

method is more thermally stable than the ex situ 

gel; the in situ gel undergoes complete thermal 

destruction at a temperature 100 °C higher, i.e., 

700 °C. 

The release of incorporated drugs from 

hybrid hydrogels is described by saturation curves 

(Fig. 9). In the case of DOXrubicin intensive, 

prolonged release of the drug is provided for 

about 5 hours, followed by a gradual decrease in 

the diffusion of the anticancer drug. The 

percentage of Doxоrubicin that was washed out 

was approximately 100 % when gold 

nanoparticles were incorporated using the in situ 

method, and approximately 90 % when the ex situ 

method was used. The amount of the anticancer 

drug released during the first five hours was 

440 μg for the gel obtained by the in situ method, 

and slightly higher (524 μg) for the hybrid 

hydrogel synthesised by the ex situ method. 

Unlike Doxоrubicin, which has a prolonged 

sustained release, both hydrogels are 

characterised by a rapid, almost immediate 

release of the incorporated Albucid (90 and 87 % 

for the in situ and ex situ gels, respectively). 

Given the mechanism of action of this 

bacteriostatic agent, it is desirable for its active 

release to occur at the initial stage, as this leads to 

the disinfection of the surgical field and prevents 

secondary infection. On the other hand, the 

prolonged release of Doxоrubicin contributes to 

its therapeutic function of preventing tumour 

recurrence. 

 

  

Fig. 9. DOX, ALB release from hybrid hydrogels: (a) – ex situ, (b) – in situ 

 

Acute systemic toxicity tests at the molecular 

level of the obtained hybrid hydrogels were 

performed based on the parameters related to key 

enzymatic activities, genotoxicity and cytotoxicity. 

Biological membranes are the first barrier that 

protects the cell from toxic effects of various 

kinds. One of the most important membrane 

proteins is adenosine triphosphatase (ATPase), 

the largest protein complex member of the P-type 

family of active cation transport proteins [31]. 

In order to analyse the acute systemic toxicity 

at the molecular level of the synthesised 

hydrogels, their effect on the molecular 

multienzyme complex of cell membranes of the 

test culture L929 was investigated. This 

molecular complex exhibits Mg2+-dependent-

ATP hydrolase (Mg2+-ATPase) activity, which 

ensures the generation of transmembrane 

potential of cells, maintains the physiological 

level of energy metabolism and energy-dependent 

metabolic processes in the cell. The key role in 

ensuring normal cell functioning makes this 

enzyme complex a highly sensitive biochemical 

marker of toxicity [32]. 

The data on the analysis of acute systemic 

toxicity of samples of hybrid hydrogels based on 

PVF with gold nanoparticles incorporated both ex 

situ (gold nanoparticles with an average size of 

30 nm were incorporated during the synthesis of 

hydrogels) and in situ (the synthesis of AuNPs 

was carried out directly in the pore space of the 

hydrogel matrix using a solution of gold chloride 

hydrochloric acid) are shown in Fig. 10. 

Thus, the absence of toxic effects of samples 

of both the PVF hydrogels with incorporated ex 

situ and in situ gold nanoparticles was recorded: 
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the activity of Mg2+-dependent ATPase activity of 

cell membranes of the test culture L929 was at the 

level of this indicator in the negative (native) 

control. 

The study of cytotoxicity of hybrid hydrogels 

with gold nanoparticles incorporated ex situ and 

in situ demonstrated a low level of their cytotoxic 

effect. Thus, the media conditioned with samples 

of hybrid hydrogels with gold nanoparticles 

incorporated both ex situ and in situ for 24 h had 

a slight effect on the metabolic activity of L929 

cells (about 10 %) in the MTT-test, although the 

total number of adherent cells decreased by 

almost 20 % compared to the results of the crystal 

violet test. The indices of metabolic activation 

were 0.8–1.1, indicating the non-toxicity of the 

hybrid hydrogels with gold nanoparticles 

incorporated ex situ and in situ media for L929 

cells. 

Table 2 shows the results of the in vitro 

genotoxicity analysis of hybrid hydrogels with 

gold nanoparticles incorporated ex situ and in situ. 

As shown in Table 2, the studied hydrogels do not 

exhibit genotoxic properties. 

 

 

Fig. 10. The level of acute systemic toxicity of PVF samples of hybrid hydrogels with gold nanoparticles 

incorporated ex situ and in situ by the nature of the effect on the molecular multienzyme complex (Mg2+ –

dependent-ATPase activity) of cell membranes of the test culture L929 

 

Table 2. In vitro evaluation genotoxicity of hybrid hydrogels with gold nanoparticles incorporated ex situ and in situ  

Control/Sample Comet assay index Conclusion on toxicity 

Positive control 2.051±0.001 Genotoxic 

Negative control 0.042±0.002 Non genotoxic 

Нybrid hydrogels with gold nanoparticles 

incorporated ex situ  
0.049±0.001 Non genotoxic 

Нybrid hydrogels with gold nanoparticles 

incorporated in situ 
0.047±0.002 Non genotoxic 

 

 

CONCLUSION 

Thus, the properties of the synthesized hybrid 

hydrogels (based on polyvinyl formal and gold 

nanoparticles incorporated by ex situ and in situ 

methods) were characterized using a variety of 

physicochemical research methods. Both hybrid 

hydrogels obtained with gold nanoparticles 

incorporated ex situ and in situ have been found 

to have high thermal stability, which significantly 

exceeds the temperature range of their 

production, sterilization, and application. The in 

situ hybrid hydrogel is more thermally stable than 

the ex situ gel; the in situ gel undergoes complete 

thermal destruction at a temperature 100°C 

higher. 

According to SEM and EDX results, the 

concentration of gold nanoparticles was 

approximately twice as high when incorporated 

using the ex situ method compared to the in situ 

method. However, the latter method produced a 

much more uniform distribution of gold. 

According to the effect on the molecular 

multienzyme complex of cell membranes of the 

test culture L929 both obtained hybrid hydrogels 

with gold nanoparticles incorporated ex situ and 

in situ were characterized as nontoxic. Into the 

cytotoxicity tests the both types of hybrid 

hydrogels exhibited a low level of toxicity. The 

absence of genotoxic effect in vitro was shown for 

both studied hydrogel samples. Thus, the hybrid 
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hydrogels with gold nanoparticles incorporated ex 

situ and in situ were characterized as biosafe in 

the tests of the acute systemic toxicity at the 

molecular level. 
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Полімерні гідрогелі посідають особливе місце серед матеріалів, що зараз використовуються для 
виготовлення імплантатів, завдяки своїй структурній подібності до макромолекулярних компонентів, що 
містяться в організмі людини. Однак традиційні гідрогелі часто мають недостатню механічну міцність, 
біосумісність та біологічну активність. Щоб подолати ці обмеження, ми розробили методи синтезу 
композитних гібридних гідрогелів на основі пористого полівінілформалю та наночастинок золота. Було 
показано, що фізичні та хімічні властивості цих гідрогелів залежать від стратегії синтезу, що 
використовується для композитного матеріалу, а також від типу та методу синтезу наночастинок, які він 
містить. 

Морфологію синтезованих гібридних гідрогелів (на основі полівінілформалю та наночастинок золота, 
включених методами in situ та ex situ) досліджували за допомогою електронної мікроскопії (SEM), а їхню 

хімічну структуру підтверджували за допомогою ІЧ-спектроскопії. Елементний склад синтезованих 
полімерних нанокомпозитів досліджували за допомогою енергодисперсійної рентгенівської спектроскопії 
(EDX), а їхню термостабільність та процеси термолізу аналізували за допомогою термогравіметричного 
аналізу (TG, TGA та DTG дослідження). Було досліджено кінетику набухання гібридних гелів з 
інкорпорованими наночастинками золота у воді, швидкість дифузії інкорпорованого протипухлинного 
препарату Доксорубіцину та бактерициду Альбуциду, а також їхній регенеративний ефект та гостру 
токсичність з використанням клітинних експериментів in vitro. 

Синтезовані композитні гібридні гідрогелі на основі пористого полівінілформалю та наночастинок 
золота є перспективними як імплантатів для реконструктивної хірургії в окулоорбітальній ділянці. Вони 
також можуть бути використані для заповнення післяопераційних порожнин після резекції пухлини, 
забезпечуючи стерильність операційного поля та запобігаючи рецидиву пухлини. 

Ключові слова: гідрогелі, полівінілформаль, губка, імплантати, наночастинки золота, реконструктивна 
хірургія, орбітальні травми 
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