
 

2 

Chapter 1 

TOXICITY STUDY OF PEGYLATED ENROFLOXACIN  
IN ANIMAL ORGANISM 

 
Vlizlo Vasyl, Zelenina Oksana, Kozak Mariya 

DOI https://doi.org/10.30525/978-9934-26-454-2-1 
 

 

 

INTRODUCTION 
According to the World Health Organization antimicrobial resistance is 

one of the most dangerous health threats of the 21st century1. Antimicrobial 

drugs, which were effective a few years ago, are losing their functionality 

today, and their application is necessarily limited2, 3. Resistance of 

microorganisms to antibacterial drugs complicates the course of the disease 

due to a decrease in therapeutic properties. The cost of therapeutic measures 

increases. It is caused by the prolongation of thetreatment and efforts spend 

for searching of effective pharmacological products4. Bacterial infections 

became the biggest causes of death worldwide5, 6. 

Today, new technologies need to be developed to allow creating highly 

effective and safe medicines for living organisms.The development of new 

technologies for new antimicrobial drugs should be aimed at ensuring high 

antibacterial efficiency and low toxicity for the body. The search of new 

                                                           
1 Chen D. W., Liu S. J. Nanofibers used for delivery of antimicrobial agents. Nanomedicine 

(London, England). 2015. Vol. 10, № 12. P. 1959–1971. DOI: https://doi.org/10.2217/ 

nnm.15.28. 
2 Padiyara P., Inoue H., Sprenger M. Global Governance Mechanisms to Address 

Antimicrobial Resistance. Infectious Diseases. 2018. Vol. 11. P. 11. DOI: 

https://doi.org/10.1177/1178633718767887. 
3 International cooperation to improve access to and sustain effectiveness of antimicro- 

bials / C. Ardal et al. Lancet. 2016. Vol. 387. P. 296–307. DOI:https://doi.org/10.1016/S0140-

6736(15)00470-5. 
4 Antibiotic Resistanceand Epigenetics: MoretoIt than Meetsthe Eye / GhoshD., 

Veeraraghavan B., Elangovan R., Vivekanandan P. Antimicrobial agents and chemotherapy. 

2020. Vol. 64, № 2. P. e02225-19. DOI: https://doi.org/10.1128/AAC.02225-19. 
5 Protecting the world from in fectious disease threats: now or never / C. Shahpar et al. BMJ 

Global Health. 2019. Vol. 4, № 4. P. e001885. DOI: https://doi: 10.1136/bmjgh-2019-001885. 
6 Munita J. M., Arias C. A. Mechanisms of Antibiotic Resistance. Microbiol Spectr. 2016. 

Vol. 4, № 2. P. 10. DOI: https://doi.org/10.1128/microbiolspec.VMBF. 
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antimicrobial agent is aimed at the development of drugs with a changed 

molecular structure that would provide a targeted effect on the appropriate 

bacterial cells. These new drugsmust have a good connection with the carrier 

for their delivery to the affected areas and insensitivity to the action of 

protective enzymes of the microorganismcells7, 8, 9. It should be noted that 

among drugs, antibacterial agents have the most pronounced side effects, 

which limit their use10.  

Enrofloxacin belongs to the class of the most successful group  

of synthetic antimicrobial drugs − fluoroquinolones. It has a wide spectrum 

of activity against a number of gram-negative and gram-positive bacteria11, 
12. Enrofloxacin is successfully used in veterinary medicine for the treatment 

of many infectiousdiseases of bacterial origin13, 14, 15. There is concern 

regarding the emergence of enrofloxacin-resistant strains of bacteria, which 

reduces its effectiveness.In addition, its cytotoxic effect on the living 

organism has been reported16. Therefore, the search for new compounds of 

enrofloxacin with improved characteristics is urgent. The last decade has 

                                                           
7 Polyphosphate Ester-Type Transporters Improve Antimicrobial Properties of Oxytetra- 

cycline / M. Kozak et al.Antibiotics. 2023. Vol. 12, № 3. P. 616. DOI: https://doi.org/ 

10.3390/antibiotics12030616. 
8 Vlizlo V. Safety study of poly-phosphoesters as carriers for targeted antibiotic delivery. 

Тhe 18th Medical Biodefense Conference. Munich, Germany, 2023. Р. 43. 
9 Антимікробна дія бензинпеніциліну в складі нової дисперсної системи транспорту / 

Д. Д. Остапів та ін. Сучасні епідемічні виклики в концепції «Єдине здоров’я» : матеріали 

ІV щорічної Міжнар. наук.-практ. конф. (23–24 трав. 2023 р. Тернопіль). Тернопіль,  

2023. С. 56–57. 
10 Protective effect of PEGylation against poly(amidoamine) dendrimer-induced hemolysis 

of human red blood cells / W.Wang et al. J. Biomed. Mater.Res. 2010. Vol. 93, № 1. P. 59–64. 

DOI: https://doi.org/10.1002/jbm.b.31558. 
11 Evaluation of Fluoroquinolone Resistancein Clinical Avian Pathogenic Escherichiacoli 

Isolatesfrom Flanders (Belgium) / R. Temmerman et al. Antibiotics (Basel, Switzerland). 2020. 

Vol. 9, № 11. P. 800. DOI: https://doi.org/10.3390/antibiotics9110800. 
12 Zinc(II) complexes of the second-generation quinolone antibacterial drug enrofloxacin: 

Structure and DNA or albumin interaction / A. Tarushi et al. Bioorganic & medicinal chemistry. 

2010. Vol. 18, № 7. P. 2678–2685. DOI: https://doi.org/10.1016/j.bmc.2010.02.021. 
13 PK/PD modelling of enrofloxacin against Glaesserella parasuis infection in pigs /  

B. Yang et al. Journal of veterinary pharmacology and therapeutics.2022. Vol. 45, № 3.  

P. 291–300. DOI: https://doi.org/10.1111/jvp.13055. 
14 Martinez M., McDermott P., Walker R. Pharmacology of the fluoroquinolones:  

a perspective for the use in domestic animals. Veterinary journal (London, England : 

1997). 2006. Vol. 172, № 1. P. 10–28. DOI: https://doi.org/10.1016/j.tvjl.2005.07.010. 
15 Dose related inhibitor effect of enrofloxacin on in vitro feline spontaneous myometrial 

contractility / H. Dogan et al. Animal Reproduction Science. 2022. Vol. 239. P. 106972. DOI: 

https://doi.org/10.1016/j.anireprosci.2022.106972. 
16 Comparative Study on Synergistic Toxicity of Enrofloxacin Combined with Three 

Antibiotics on Proliferation of THLE-2 Cell /Luan Y., Chen K., Zhao J., Cheng L. Antibiotics. 

2022. Vol. 11. P. 394. DOI: https://doi.org/10.3390/antibiotics11030394. 
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seen active development of nanotechnology and innovative approachesfo- 

cused on combating antimicrobial resistance17, 18, 19, 20.  

One of the most promising technologies is the creation of compounds 

with antibacterial activity based polymers21, 22, 23, 24. The development of 

such polymers that would provide protection of antimicrobial agent from 

adverse environmental conditions, promote their transportation to organs and 

tissues, have good biocompatibility and rapid excretion from the organism  

is relevant25, 26. In particular, PEGylation is one of the most successful ways 

to improve drug delivery 27, 28. 

 

                                                           
17 Targeted nanoparticles for enhanced X-ray radiation killing of multidrug-resistant 

bacteria / Y. Luo et al. Nanoscale. 2013. Vol. 5, № 2. P. 687–694. DOI: https://doi.org/10.1039/ 

c2nr33154c. 
18 Antibiotic resistance: turning evolutionary principles into clinical reality / D. I. Ander- 

sson et al.FEMS microbiology reviews. 2020. Vol. 44, № 2. P. 171–188. DOI: 

https://doi.org/10.1093/femsre/fuaa001. 
19 Hemeg H. A. Nanomaterials for alternative antibacterial therapy. International journal  

of nanomedicine.2017. Vol. 12. P. 8211–8225. DOI: https://doi.org/10.2147/IJN.S132163. 
20 Влізло В. В. Нанобіотехнології й нанопродукти: досягнення та перспективи дослід- 

жень у тваринництві та ветеринарній медицині. Вісник аграрної науки. 2017. № 5. С. 5–10. 
21 Спосіб підвищення антимікробної дії доксицикліну: пат. на корисну модель UA 

152993; опубл. 10.05.2023, Бюл.№ 19. 
22 A holistic approach to targeting disease with polymeric nanoparticles / Cheng C. J., 

Tietjen G. T., Saucier-Sawyer J. K., Saltzman W. M. Nature reviews. Drug discovery. 2015. 

Vol. 14, № 4. P. 239–247. DOI: https://doi.org/10.1038/nrd4503. 
23 Expand classical drug administration ways by emerging routes using dendrimer drug 

delivery systems: a concise overview /Mignani S., El Kazzouli S., Bousmina M., Majoral J. P. 

Advanced drug delivery reviews. 2013. Vol. 65, № 10. P. 1316–1330. DOI: https://doi.org/ 

10.1016/j.addr.2013.01. 
24 Development of nanoparticles for antimicrobial drug delivery / Zhang L., 

Pornpattananangku D., Hu C. M., Huang C. M. Current medicinal chemistry. 2010.Vol. 17,  

№ 6. P. 585–594. DOI: https://doi.org/10.2174/092986710790416290.   
25 Martinho N., Damgé C., Reis C.P. Recent advances in drug delivery systems.  

J. Biomater.and Nanobiotechnol. 2011. Vol. 2, № 5. P. 510–526. DOI: https://doi.org/ 

10.4236/jbnb.2011. 
26 Synthesis and Properties of Phosphorus-Containing Pseudo-Poly(Amino Acid)s  

of Polyester Type Based on N-Derivatives of Glutaminic Acid / A. Stasiuket al.Chemistry & 

Chemical Technology. 2022. Vol. 16, No. 1, P. 51–58. DOI: https://doi.org/10.23939/ 

chcht16.01.051. 
27 Characteristics of novel polyme rbased on pseudopolyamino acids GluLa-DPG-PEG600: 

binding of albumin, biocompatibility, biodistribution and potentialcrossing the blood-brain 

barrier in rats / B. O.Chekh et al. The Ukrainian Biochemical Journal. 2017. Vol. 89, № 4.  

P. 13–21. DOI: https://doi.org/10.15407/ubj89.04.013. 
28 VlizloV. V., Zelenina O. M., Kozak M. R. PEGYLATED ANTIMICROBIALS. 

Achievements and research prospects in animal husbandry and veterinary medicine : scientific 

monograph. Riga, Latvia : Baltija Publishing, 2023. Р. 24–40. DOI: https://doi.org/ 

10.30525/978-9934-26-316-3-2. 
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1. Characteristics of the antimicrobial drug enrofloxacin  
and its compounds 

The antimicrobial drug enrofloxacin (C19H22FN3O3 – 1-cyclopropyl-7- 

(4-ethylpiperazin-1-yl)-6-fluoro-4-oxoquinoline-3-carboxylic acidEnrH)  

is a representative of the group of fluoroquinolones and it is also known as 

Enroflon, Cariflox, Baytril, Enroxil, Enroflox, Enrobioflox. 

Fluoroquinolones are the only class of synthetic antimicrobial drugs that 

have no analogues in the natural environment.This ensures their high 

efficiency against poly-resistant strains of microorganisms29,, 30.  

Enrofloxacin belongs to the third generation of fluoroquinolones.It is  

a 4-quinolone derivative and contains a piperazine ring and a fluorine atom, 

the presence of which significantly expands the spectrum of its antibacterial 

efficacy against gram-negative and gram-positive bacteria31, 32, 33, 34, 35. 

Today, enrofloxacin is used in the treatment of bacterial infections  

in both animals and humans. It was the first of the class of fluoroquinolones 

used in veterinary medicine for the treatment of patients with pathologies  

in the urinary and respiratory systems, skin infections in domestic and 

productive animals.In particular, enrofloxacin is indicated for the treatment 

of infectious diseases in pigs36, horses37, 38 and cows with mastitis39 40.  

                                                           
29 Jia Y., Zhao L. The antibacterial activity of fluoroquinolonederivatives: Anupdate  

(2018–2021). European journal of medicinal chemistry. 2021. Vol. 224. P. 113741. DOI: 

https://doi.org/10.1016/j.ejmech.2021.113741. 
30 Suaifan G., Mohammed A. Fluoroquinolones structural and medicinal developments 

(2013-2018): Where are we now? Bioorganic & medicinal chemistry. 2019. Vol. 27, № 14.  

P. 3005–3060. DOI: https://doi.org/10.1016/j.bmc.2019.05.038. 
31 Zinc(II) complexes of the second-generation quinolone antibacterial drug enrofloxacin: 

Structure and DNA or albumin interaction /A.Tarushi et al. Bioorganic & medicinal chemistry. 

2010. Vol. 18, № 7. P. 2678–2685. DOI: https://doi.org/10.1016/j.bmc.2010.02.021. 
32 PK/PD modelling of enrofloxacin against Glaesserella parasuis infection in pigs /  

B. Yang et al. Journal of veterinary pharmacology and therapeutics.2022. Vol. 45, № 3.  

P. 291–300. DOI: https://doi.org/10.1111/jvp.13055. 
33 Martinez M., McDermott P., Walker R. Pharmacology of the fluoroquinolones:  

a perspective for the use in domestic animals. Veterinary journal (London, England: 1997). 

2006. Vol. 172, № 1. P. 10–28. DOI: https://doi.org/10.1016/j.tvjl.2005.07.010. 
34 Antimicrobial activity of the PEGylated antibiotic enrofloxacin and its functional and 

structural effect on the liver in rats / O. Zelenina et al. Journal of Applied Pharmaceutical 

Science (J Appl Pharm Sci). 2022. Vol. 12, № 6. P. 068–075. DOI: https://doi.org/ 

10.7324/JAPS.2022.120607. ISSN 2231-3354. 
35 Recent updates of fluoroquinolones as antibacterial agents / Ezelarab H., Abbas S. H., 

Hassan H. A., Abuo-Rahma G. Archiv der Pharmazie. 2018. Vol. 351, № 9. P. e1800141. DOI: 

https://doi.org/10.1002/ardp.201800141. 
36 Messenger K. M., Papich M. G., Blikslager A. T. Distribution of enrofloxacin and  

its active metabolite, using an in vivo ultrafiltration sampling technique after the injection  

of enrofloxacin to pigs. Journal of veterinary pharmacology and therapeutics. 2012. Vol. 35. 

№ 5. P. 452–459. DOI: https://doi.org/10.1111/j.1365-2885.2011.01338.x. 
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It is widely used for the treatment of respiratory and intestinal infections in 

meat poultry farming41, 42. 

Despite the fact that enrofloxacin belongs to new antimicrobial drugs and 

it is effective in many types of antimicrobial therapy and has a small number 

of side effects, recently there is concern about the emergence of resistant 

strains of bacteria, in particular, due to its excessive use43. In addition, 

enrofloxacin is poorly soluble in water44. Therefore, it creates difficulties in 

obtaining optimized doses of the dissolved form, which limits the 

bioavailability of the substance. Enrofloxacin is hygroscopic and has a bitter 

taste, which creates additional problems during oral administration.It has 

also been reported that enrofloxacin can cause a negative toxic effect on the 

body of animals, whichreduce its therapeutic properties45, 46, 47.  

                                                                                                                            
37 Lack of Effect of Diet on the Pharmacokinetics of Enrofloxacin in Horses /  

A. Steinmanet et al. Journal of Veterinary Pharmacology and Therapeutics. 2006.Vol. 29.  

P. 67–70. DOI:https://doi.org/10.1111/j.1365-2885.2006.00717.x. 
38 Effect of Long-Term Administration of an Injectable Enrofloxacin Solution on Physical 

and Musculoskeletal Variables in Adult Horses / A. L. Bertoneet al. Journal of the American 

Veterinary Medical Association. 2000. Vol. 217. P. 151–1521. DOI: http://dx.doi.org/ 

10.2460/javma.2000.217.1514. 
39 Successful treatment of recurrent subclinical mastitis in cows caused by enrofloxacin 

resistant bacteria by means of the sequential intramammary infusion of enrofloxacin HCl-2H2O 

and ceftiofur HCl: a clinical trial / Alfonseca-Silva E., Cruz-Villa J. C., Gutiérrez, L.,  

Sumano, H. Journal of veterinary science. 2021. Vol. 22, № 6. P. e78. DOI: https://doi.org/ 

10.4142/jvs.2021.22.e78. 
40 Efficacy of Enrofloxacin in the Treatment of Naturally Occurring Acute 

ClinicalEscherichia coli Mastitis / L.Suojala et al.Journal of Dairy Science. 2010. Vol. 93.  

P. 1960-1969. DOI: http://dx.doi.org/10.3168/jds.2009-2462 
41 Otker H. M., Akmehmet-BalcioğluI. Adsorption and degradation of enrofloxacin,  

a veterinary antibiotic on naturalzeolite. Journal of hazardous materials. 2005. Vol. 122, № 3. 

P. 251–258. 
42 Therapeutic Efficacy of Bacteriophage and Baytril (Enrofloxacin) Individually  

and in Combination to Treat Colibacillosis in Broilers / W. E. Huff et al. Poultry Science. 2004. 

Vol. 83. P. 1944–1947. DOI: http://dx.doi.org/10.1093/ps/83.12.1944. 
43 Zinc(II) complexes of the second-generation quinolone antibacterial drug enrofloxacin: 

Structure and DNA or albumin interaction /A.Tarushi et al. Bioorganic & medicinal chemistry. 

2010. Vol. 18, № 7. P. 2678–2685. DOI: https://doi.org/10.1016/j.bmc.2010.02.021. 
44 Trouchon T., Lefebvre S. A Review of Enrofloxacin for Veterinary Use.Open Journal  

of Veterinary Medicine. 2016. Vol. 6, № 2. P. 40–58. DOI: https://doi.org/10.4236/ 

ojvm.2016.62006. 
45 Comparative Study on Synergistic Toxicity of Enrofloxacin Combined with Three 

Antibiotics on Proliferation of THLE-2 Cell / Luan Y., Chen K., Zhao J., Cheng L. Antibiotics. 

2022. Vol. 11, № 3. P. 394. DOI: https://doi.org/10.3390/antibiotics11030394.  
46 Antimicrobial activity of the PEGylated antibiotic enrofloxacin and its functional  

and structural effect on the liver in rats / O. Zelenina et al. Journal of Applied Pharmaceutical 

Science (J Appl Pharm Sci). 2022. Vol. 12, № 6. P. 068–075. DOI: https://doi.org/ 

10.7324/JAPS.2022.120607. 
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The latest scientific advances are devoted to the search for special 

polymers, which provide chemical link with enrofloxacin to create new 

effective compounds with improved antibacterial characteristics, good 

bioavailability for the body and high therapeutic effect48, 49, 50.  

Polymeric nanocarriers have specific physicochemical properties that 

ensure their biodegradability, biocompatibility, and the possibility of 

additional functionalization with special bioelements51, 52, 53, 54. 

It has been reported that medicinalpreparations which include an active 

substance conjugated with a polymer carrier had lower toxicity, improved 

pharmacokinetic parameters and high efficiency of therapeutic action55, 56, 57. 

The most promising carriers among polymers are synthesized from 

polyethylene glycol (PEG).As shown by the works of a number of scientists, 

                                                                                                                            
47 Blood creatinine content and rat kidney structure after intramuscular injection  

of pegylated antibiotic enrofloxacin / M. Kozaket al. Studia Biologica. 2023. Vol. 17, № 3.  

P. 47–56. DOI: https://doi.org/10.30970/sbi.1703.720. 
48 Antibacterial activity of complex of enrofloxacin with nanopolymer GLULA-DPG-

PEG600 / Chekh B.Oet al. The Animal Biology. 2017. Vol. 19, N 4. P. 83–87. 
49 Використання нанополімеру GLULA-DPG-PEG600 для посилення антибактеріаль- 

ної дії антибіотика енрофлоксацину / Б. О. Чех та ін. Сучасні епідеміологічні виклики  

в концепції «Єдине здоров’я» : матеріали Міжнар. наук.-практ. конф. (11–15 черв.  

2018 р. Тернопіль). Тернопіль, 2018. С. 55. 
50 Спосіб посилення антимікробної дії енрофлоксацину: пат. України на корисну 

модель. № 152046. 2022. 
51 De R., Mahata M. K., Kim K. T.Structure-Based Varieties of Polymeric Nanocarriers  

and Influences of Their Physicochemical Properties on Drug Delivery Profiles. Advanced 

science (Weinheim, Baden-Wurttemberg, Germany). 2022. Vol. 9, № 10. P. e2105373. DOI: 

https://doi.org/10.1002/advs.202105373. 
52 Nanoformulation improves activity of the (pre)clinical anticancer ruthenium complex 

KP1019 / P. Heffeter et al. Journal of biomedical nanotechnology. 2014. Vol. 10, № 5.  

P. 877–884. DOI: https://doi.org/10.1166/jbn.2014.1763. 
53 Structural and Colloidal-Chemical Characteristics of Nanosized Drug Delivery Systems 

Based on Pegylated Comb-like Carriers / A. Riabtsevaet al. Chemistry and Chem. Technol. 

2012. Vol. 6, № 3. P. 291–295. 
54 Nanoparticles bearing polyethyleneglycol-coupled transferring as gene carriers: 

preparation and in vitroevaluation / Y. Li et al. Int. J. Pharm. 2003. Vol. 259. P. 93–101. DOI: 

https://doi.org/10.1016/s0378-5173(03)00211-4.  
55 GluLa-DPG-PEG600 nanopolymerbinds proteins and spreadstorats’ Organs and tissues / 

B. O. Chekh et al. Studia Biologica. 2016. Vol. 10, № 3–4. P. 17–24. 
56 Nanopolymer GluLa-DPG-PEG600-F canpenetrate into cells and depositeinrats body /  

B. Chekhetal. Науковий вісник Східноєвропейського національного університету  

імені Лесі Українки. 2016. № 12(337). P. 138–142. 
57 Igarashi E. Factors affecting toxicity and efficacy of polymeric nanomedi- 

cines. Toxicology and applied pharmacology. 2008. Vol. 229, № 1. P. 121–134. DOI: 

https://doi.org/10.1016/j.taap.2008.02.007. 
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the use of antibacterial drugs combined with PEG, or PEGylation  

of antibiotics, provides a high therapeutic effect58, 59, 60, 61, 62. 

PEG forms stable complexes with drugs, has a prolonged circulation  

in the blood, is capable of accumulation in the site of the pathological 

process, effectively transfers molecules into the cell and individual 

organelles, and has a minimal effect on the active substance.It is able to hold 

its chemical structure during a certain period of stay in the body, at the same 

time it is easily biodegradable and biocompatible, as it does not form toxic 

metabolites63, 64. 

A very important feature of PEG is its good solubility in water.This is 

due to the fact that the structure of hydrogen bonds in water does not change 

after the introduction of PEG based on geometric similarity65. At the same 

time, it facilitates overcoming the cellular membrane lipid bilayer66, 67.  

The created model compound of enrofloxacin with PEG-400 

nanopolymer, which are covalently connected to each other, showed high 

antibacterial activity. According to the researchers, PEG polymer is able to 

                                                           
58 PEGylation enhances the antibacterial and therapeutic potential of amphibian host 

defence peptides / S. R. Dennison et al.Biochim Biophys Acta Biomembr. 2022. Vol. 1864, № 1. 

P. 183806. DOI: https://doi.org/10.1016/j.bbamem.2021.183806. 
59 Supramolecular PEGylation of biopharmaceuticals / M. J. Webber et al.Proceedings  

of the National Academy of Sciences of the United States of America. 2016. Vol. 113, № 50.  

P. 14189–14194. DOI:https://doi.org/10.1073/pnas.1616639113. 
60 Impact of pegylation on biopharmaceutical properties of dendrimers / Thakur S., 

Kesharwani P., Tekade R. K., Jain N. K. Polymer.2015.Vol. 59.P. 67– 92. DOI: 

https://doi.org/10.1016/j.polymer.2014.12.051. 
61 Protective effect of PEGylation against poly(amidoamine) dendrimer-induced hemolysis 

of human red blood cells / W. Wang et al. J. Biomed. Mater. Res. 2010. Vol. 93. P. 5964. DOI: 

https://doi.org/10.1002/jbm.b.31558. 
62 Incorporation of poly (ethylene glycol) grafted cellulose nanocrystals in poly (lactic acid) 

electrospun nanocomposite fibers as potential scaffolds for bone tissue engineering / C. Zhang 

et al. Mater Sci Eng C Mater Biol Appl. 2015. Vol. 49. P. 463–471. DOI: https://doi.org/ 

10.1016/j.msec.2015.01.024. 
63 Mozar F.S., Chowdhury E.H. Impact of PEGylated Nanoparticles on Tumor Targeted 

Drug Delivery. Current Pharmaceutical Design. 2018. Vol. 24. P. 3283. DOI: https://doi.org/ 

10.2174/13816128246661807301617211. 
64 Poly(Ethylene Glycol)-Polylactide Micelles for Cancer Therapy / J. Wang et al. Frontiers 

in pharmacology. 2018. № 9. P. 202. DOI:https://doi.org/10.3389/fphar.2018.00202. 
65 On the origin of the extremely different solubilities of polyethers in water / B. Ensing  

et al. Nature communications. 2019. Vol. 10, № 1. P. 2893. DOI: https://doi.org/10.1038/ 

s41467-019-10783-z. 
66 PEGylated proteins: evaluation of their safety in the absence of definitive metabolism 

studies / R. Webster et al. Drug metabolism and disposition: the biological fate of chemicals. 

2007. Vol. 35, № 1. P. 9–16. DOI: https://doi.org/10.1124/dmd.106.012419. 
67 Lentz B. R. PEG as a tool to gain insight into membrane fusion. European biophysics 

journal : EBJ. 2007. Vol. 36, № 4–5. P. 315–326. DOI: https://doi.org/10.1007/s00249-006-

0097-z. 
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affect the permeability of membranes, increasing the absorption of the 

antibacterial drug by cells68, 69. 

1. PEGylationensures an increase in the therapeutic effect of drugs, 

good solubility of water-insoluble compounds, and the reduction of toxicity, 

the creation of the desired pharmacokinetics and the accumulation of the 

drug in the target area70. PEGylation improves the efficiency of drug 

delivery by increasing drug concentration in the affected area while 

minimizing the toxic effect on the body71, 72, 73.  

Enrofloxacin molecule contains reactive carboxyl groups in its structure, 

which contributes to the attachment of other substances. At the same time, 

the high surface hydrophilicity of polyethylene glycol allows good 

conjugation with other compounds74, 75. 

Thus, the PEGylation of enrofloxacin occurs by joining the carboxyl 

ends of enrofloxacin to the polyoxyethylene hydrophilic ends of the PEG-

400 nanopolymer76. The PEG polymer and the antimicrobial drug 

enrofloxacin are covalently linked together. At the same time, formed 

macromolecule is capable of creating self-stabilized dispersions with 

                                                           
68 Синтез і дослідження антибактеріальної активності пегільованих енрофлоксаци- 

нів / І. А. Дроньта ін. Вісник Національного університету Львівська політехніка. Хімія, 

технологія речовин та їх застосування. 2018. Т. 886. С. 47–51. 
69 Chakrabarty B., Ghoshal A. K., Purkait M. K. Effect of molecular weight of PEG  

on membrane morphology and transport properties. Journal of Membrane Science. 2008.  

Vol. 309. P. 209–221. DOI: https://doi.org/10.1016/j.memsci.2007.10.027. 
70 Current drug research on PEGylation with small molecular agents / W. Li et al. Progress 

in Polymer Science. 2013. Vol. 38, № 3–4. P. 421–444. DOI: https://doi.org/10.1016/ 

j.progpolymsci.2012.07.006. 
71 Rafiei P., Haddadi A. Docetaxel-loaded PLGA and PLGA-PEG nanoparticlesforin- 

travenousapplication: pharmacokinetic sand biodistribution profile. Int J Nanomedicine. 2017. 

№ 12. P. 935–947. DOI: https://doi.org/10.2147/IJN.S121881. 
72 PEGylation of the peptide Bac7(1–35) reduces renal clearance while retaining 

antibacterial activity and bacterial cell penetration capacity / M. Benincasa et al. European 

Journal of Medicinal Chemistry. 2015. Vol. 95. P. 210–219. DOI: https://doi.org/10.1016/ 

j.ejmech.2015.03.028. 
73 Pegylation and formulation strategy of Anti-Microbial Peptide (AMP) according  

to the quality by design approach / Manteghi R., Pallagi E., Olajos G., Csóka Ildikó. European 

Journal of Pharmaceutical Sciences. 2020. Vol. 144. P. 105–197. DOI: https://doi.org/ 

10.1016/j.ejps.2019.105197. 
74 McNeilS. E. Nanoparticle therapeutics: a personal perspective. Wiley interdisciplinary 

reviews. Nanomedicine and nanobiotechnology. 2009. Vol. 1, № 3. P. 264–271. DOI: 

https://doi.org/10.1002/wnan.6. 
75 Mishra P., Nayak B., Dey R. K. PEGylation in anticancer therapy: An overview. Asian 

Journal of Pharmaceutical Sciences. 2016. № 11. P. 337–348. DOI: https://doi.org/ 

10.1016/j.ajps.2015.08.011.  
76 Синтез і дослідження антибактеріальної активності пегільованих енрофлокса- 

цинів / І. А. Дронь та ін. Вісник Національного університету Львівська політехніка. 

Хімія, технологія речовин та їх застосування. 2018. Т. 886. С. 47–51. 
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nanometer-sized particles of the dispersed phase in aqueous solutions. 

Stabilization of such particles in an aqueous environment is due to the 

formation of a structural-mechanical barrier of hydrated polyoxyethylene 

chains around the nucleus, in which the antimicrobial agent is located. The 

conducted high-performance liquid chromatography showed that the purity 

of the PEGylated enrofloxacin is 98–99%77.  

The formedPEGylated antibiotic enrofloxacin had good solubility in 

water and is stable.Good solubility of compounds due to PEGylation 

contributes to the efficiency of the delivery of drugs to the affected organs, 

and also minimizes the toxic effect on the body78. At the same time, high 

antibacterial activity of enrofloxacin compounds covalently connected with 

polyethylene glycol was established.It is explained by the ability of PEG 

polymer positively affect the permeability of membranes, thereby increasing 

the absorption of the antibacterial drug by cells79. Comparing the 

antibacterial effect of the antibiotic enrofloxacin in its traditional form and 

conjugated with PEG-400 polymer on reference strain of Escherichia coli 

ATCC 11105 microorganisms, improved efficiency of PEGylated 

enrofloxacin was established80, 81.  

2. In in vivo conditions, the circulation time for PEGylated 

compounds increases from several minutes to hours82. The branched 

structure of the PEG polymer molecule helps to slow down the active 

metabolism of the drug, which leads to an increase in the time it remains in 

                                                           
77 Antimicrobial activity of the PEGylated antibiotic enrofloxacin and its functional  

and structural effect on the liver in rats / O. Zelenina et al. Journal of Applied Pharmaceutical 

Science (J Appl Pharm Sci). 2022. Vol. 12, № 6. P. 068–075. DOI: https://doi.org/ 

10.7324/JAPS.2022.120607. ISSN 2231-3354. 
78 Rafiei P., Haddadi A. Docetaxel-loaded PLGA and PLGA-PEG nanoparticles- 

forintravenousapplication: pharmacokinetic sand biodistribution profile. Int J Nanomedicine. 

2017. № 12. P. 935–947. DOI: https://doi.org/10.2147/IJN.S121881. 
79 Синтез і дослідження антибактеріальної активності пегільованих енрофлокса- 

цинів / І. А. Дронь та ін. Вісник Національного університету Львівська політехніка. 

Хімія, технологія речовин та їх застосування. 2018. Т. 886. С. 47–51. 
80 Antimicrobial activity of the PEGylated antibiotic enrofloxacin and its functional and 

structural effect on the liver in rats / O. Zelenina et al. Journal of Applied Pharmaceutical 

Science (J Appl Pharm Sci). 2022. Vol. 12, № 6. P. 068–075. DOI: https://doi.org/10.7324/ 

JAPS.2022.120607. ISSN 2231-3354. 
81 Зеленіна О. М., Влізло В. В. Вплив пегілювання антибіотика енрофлоксацину  

на його антимікробну активність. Актуальні аспекти розвитку науки і освіти : матеріали 

II Міжнар. наук.-практ. конф. наук.-педагог. працівників та молодих науковців. Одеса, 

2022. С. 96–99. 
82 Treatment of adenosine deaminase deficiency with polyethylene glycol-modified 

adenosine deaminase / M. S. Hershfield et al. The New England journal of medicine. 1987. 

Vol. 316, № 10. P. 589–596. 
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the blood83. This is explained by the fact that the kidneys filter substances of 

small sizes, and PEGylated molecules, which have a larger molecular weight 

and a larger hydrodynamic radius than the parent molecule, are removed 

from the body much more slowly.This feature of PEGylated compounds 

increases their half-life. The hydrated chain of the PEG polymer protects the 

conjugated compound from access to proteases and peptidases, and reduces 

non-specific degradation of the drug84, 85. 

It also increasesthe circulation time of polymer micelles in the blood86, 87.  

Such chemical modification of pharmacological preparations is aimed at 

improving their tolerability, reducing immunogenicity, and increasing the 

half-life after administration into the body88, 89, 90. 

In some studies, it has been proven that it is necessary to increase 

recommended dose of enrofloxacin by five times for effective treatment. 

However, the increased dose of enrofloxacin has a toxic effect on the cells  

of the body91, 92.Therefore, an important stage of preclinical studies of the 

                                                           
83 The controlled intravenous delivery of drugs using PEG-coated sterically stabilized 

nanospheres / R. Gref et al. Adv Drug Deliv Rev. 1995. Vol. 16, № 2–3. P. 215–233. DOI: 

https://dx.doi.org/10.1016/0169-409X(95)00026-4. 
84 Milla P., Dosio F., Cattel L. PEGylation of proteins and liposomes: apowerful  

and flexible strategy to improvethe drug delivery. Current drug metabolism. 2012. Vol. 13,  

№ 1. P. 105–119. DOI: https://doi.org/10.2174/138920012798356934. 
85 A branched monomethoxypoly(ethylene glycol) for protein modification / C. Monfar- 

diniet al. Bioconjugate chemistry. 1995. Vol. 6, № 1. P. 62–69. DOI: https://doi.org/10.1021/ 

bc00031a006. 
86 PEGylation as a strategy for improving nanoparticle-based drug and gene delivery /  

J. S.Suk et al. Advanced Drug Delivery Reviews. 2016. Vol. 99, Pt A. P. 28–51. DOI: 

https://doi.org/10.1016/j.addr.2015.09.012. 
87 Polymeric micelles: basic research to clinical practice / A. S. Deshmukh et al.  

Int. J. Pharm. 2017. VOL. 532. P. 249–268. DOI: HTTPS://DOI.ORG/10.1016/ 

J.IJPHARM.2017.09.005. 
88 Yadav D., Dewangan H. K. Pegylation: an important approach for noveldrug delivery 

system. Journal of biomaterials science. POLYMER EDITION. 2021. VOL. 32, № 2.  

P. 266–280. DOI: HTTPS://DOI.ORG/10.1080/09205063.2020.1825304. 
89 Nanocarrier systems assembled from PEGylated hyperbranched poly (arylene oxindole) / 

A. H. Soultan et al. European Polymer Journal. 2019. Vol. 119. P. 247–259. DOI: 

https://doi.org/10.1016/j.eurpolymj.2019.07.029. 
90 Synthesis and Properties of Phosphorus-Containing Pseudo-Poly(Amino Acid)s  

of Polyester Type Based on N-Derivatives of Glutaminic Acid / A. Stasiuket al.Chemistry & 

Chemical Technology. 2022. Vol. 16, No. 1. P. 51–58. DOI: https://doi.org/10.23939/ 

chcht16.01.051. 
91 Pharmacokinetic and pharmacodynamic integration of enrofloxacin against Salmonella 

Enteritidis after administering to broiler chicken by per-oral and intravenous routes / J.Kang  

et al. J Vet Sci. 2019. Vol. 20, № 2. P. 15. DOI: https://doi.org/10.4142/jvs.2019.20.e15. 
92 Respiratory fluoroquinolones for the treatment of community_acquired pneumonia:  

a meta_analysis of randomized controlledtrial / Z. Konstantinos et al. CMAJ. 2008. Vol. 179,  

№ 12. P. 1269–1277. DOI:https://dx.doi.org/10.1503/cmaj.080358.  
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newly created antibacterial preparation of PEGylated enrofloxacin is the 

determination of its toxicity in laboratory animals93, 94.  

 

2. Study on toxicity of PEGylated enrofloxacin 
In our research, we studied the effect of intramuscular administration of 

PEGylated enrofloxacin, PEG-400 nanopolymer and traditional 

(commercial) antibiotic enrofloxacin, on the general clinical condition of the 

animal organism, the main functions and structure of the liver and kidneys, 

the antioxidant system, hematopoiesis, blood coagulation factors, the 

reaction of the immune system. PEG-400 and commercial enrofloxacin were 

used to create PEGylated enrofloxacin. The aim of this research was to find 

out the biocompatibility of drugs95 96 97.  

All experimental rats were injected intramuscularly with the studied 

drugs into the thigh muscles of the lower limb once a day for four days.The 

control group of animals was given an intramuscular injection of a saline 

solution in a volume of 0.03 ml.The first experimental group was 

intramuscularly injected with 0.03 ml of enrofloxacin in a traditional 

substance (the commercial form of enrofloxacin), the second – 0.03 ml of 

nanopolymer PEG-400, the third – 0.03 ml of the complex of enrofloxacin 

with PEG-400 (a PEGylated enrofloxacin).The concentration of enrofloxacin 

in PEGylated and traditional forms in the solution was 1.8%.The dose of 

enrofloxacin in traditional and PEGylated forms was 2.7 mg per 1 kg of a rat 

weight, corresponding to the dose used for the treatment of animals. 

The clinical investigation of laboratory animals received four-fold 

intramuscular injection of PEGylated enrofloxacin, traditional antibiotic 

enrofloxacin and nanopolymer PEG-400 during the experiment and within 

three weeks after the end of the administration showed no visible changes in 

                                                           
93 Characteristics of novel polyme rbased on pseudopolyamino acids GluLa-DPG-PEG600: 

binding of albumin,biocompatibility, biodistribution and potentialcrossing the blood-brain 

barrier in rats /B. O. Chekh et al. The Ukrainian Biochemical Journal. 2017. Vol. 89, № 4.  

P. 13–21. DOI: https://doi.org/10.15407/ubj89.04.013. 
94 Anionic Polyelectrolyte Hydrogel as an Adjuvant for Vaccine Development / Kozak M., 

Mitina N., Zaichenko A., Vlizlo V. Scientia Pharmaceutica.2020. Vol. 88. P. 56. DOI: 

https://doi.org/10.3390/scipharm88040056. 
95 PEGylation of antibiotic enrofloxacin and its effects on the state of the antioxidant 

system in rats / O. M. Zeleninaetal. Ukrainian Journal of Ecology. 2021. Vol. 11, № 1.  

P. 202–208. DOI: https://doi.org /10.15421/2020_32. 
96 Antimicrobial activity of the PEGylated antibiotic enrofloxacin and its functional  

and structural effect on the liver in rats / O. Zelenina et al. Journal of Applied Pharmaceutical 

Science (J Appl Pharm Sci). 2022. Vol. 12, № 6. P. 068–075. DOI: https://doi.org/10.7324/ 

JAPS.2022.120607. ISSN 2231-3354. 
97 Blood creatinine content and rat kidney structure after intramuscular injection  

of pegylated antibiotic enrofloxacin / M. Kozak et al. Studia Biologica. 2023. Vol. 17, № 3.  

P. 47–56. DOI: https://doi.org/10.30970/sbi.1703.720. 
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the general physiological state. However, drug-induced morphological and 

functional organ changes are usually asymptomatic or subclinical98. 

Therefore, to identify pathological processes or minor physiological and 

biochemical changes in the body caused by the action of antimicrobial drugs, 

it is advisable to conduct laboratory studies from several directions99. Studies 

of the "red" blood of animals showed that the intramuscular injection of 

enrofloxacin in the traditional form, nanopolymer PEG-400 and PEGylated 

enrofloxacin into the body of rats does not cause pathological changes in 

hematopoiesis.Indicators of the number of erythrocytes and hemoglobin 

content, as well as hematocrit and red blood indices in the vast majority of 

tested animals were within the physiological range.However, 7 days after the 

last administration of the traditional form of enrofloxacin in rats caused a 

decrease in oxygen saturation of hemoglobin, which may lead to a change in 

the functional capacity of erythrocytes.The decrease in the number of 

erythrocytes and the concentration of hemoglobin was determined in 

individual animals. However, these datawere insignificant on the 7th day 

after the introduction of PEGylated enrofloxacin.These indicators increased 

on the 14th day, returning to the control level, and were the highest among 

all studied animals.It should be noted that in the animals treated with 

PEGylated enrofloxacin, the indicators of red blood indices were more stable 

and differed little from the control during the experiment100, 101.  

A positive effect on hematopoiesis due to PEGylation of enrofloxacin 

may be related to PEG-400 polymer ability to interact with the phospholipid 

bilayer of erythrocyte membranes and prevent the destruction of 

erythrocytes, which preserves their population102. In addition, thanks to its 

                                                           
98 Babak O. Drug-induced hepatopathies: theory and practice. Medicines of Ukraine. 2008. 

№ 4. P. 83–88. 
99 Проданчук Г. М. Створення історичного контролю гематологічних показників 

периферичної крові щурів Wistar Han. Сучасні проблеми токсикології, харчової  

та хімічної безпеки. 2015. № 4. С. 35–40. 
100 Гематологічні показники щурів за введення енрофлоксацину у складі полімеру / 

О. М. Зеленіна та ін. Біологія тварин. 2020. Т. 22, № 1. С. 26–30. DOI: 

https://doi.org/10.15407/animbiol22.01.026. 
101 Антимікробна дія, гематологічні і біохімічні характеристики організму тварин  

за застосування препаратів групи пеніциліну в складі нанотранспортеру поліфос- 

фатестерного типу / Д. Д. Остапівта ін. Актуальні аспекти розвитку ветеринарної 

медицини в умовах євроінтеграції : матеріали Міжнар. наук.-практ. конф. (14–15 верес. 

2023 р., Одеса). Одеса, 2023. С. 97–100. 
102 PEGylation enhances the antibacterial and therapeutic potential of amphibian host 

defence peptides / S.R. Dennison et al. Biochim Biophys Acta Biomembr. 2022. Vol. 1864, № 1. 

P. 183806. DOI: https://doi.org/10.1016/j.bbamem.2021.183806. 
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anti-radical properties, polyethylene glycol neutralizes free radicals, which 

prevents the oxidation and destruction of hemoglobin103, 104. 

Intramuscular administration of nanopolymer PEG-400, antibiotic 

enrofloxacin in traditional and PEGylated forms to rats caused a decrease in 

the number of blood leukocytes 7 days after the last injection, compared to 

control.However, it should be noted that the level of leukocytes was within 

the physiological range.In this period of the study, the number of rod-shaped 

neutrophils increased, but eosinophils were absent in the blood  

of experimental animals.Therefore, changes in the ratio of different types  

of leukocytes in the blood of rats after the administration of the studied 

substances are characterized by a reaction-response to the administration  

of the drug. The intensity of these changes fades after seven days.  

The indicators of the number of leukocytes and the leukogram did not differ 

much from the control animals and were physiological after the 14th  

and 21st days of the study105. 

3. It is reported that PEG polymer provides "invisibility" for the 

system of mononuclear phagocytes and opsonizing proteins (immuno- 

globulins and complement factors)106, 107, 108, 109.  

PEGylation increases the stability of an active substance during transpor- 

tation and prevents its capture by the organs of the reticulo-endothelial 

system110. 

                                                           
103 Nadithe V., Mishra D., Bae Y.H. Poly (ethylene glycol) cross-linked hemoglobin with 

antioxidant enzymes protects pancreatic islets from hypoxic and free radical stress and extends 

islet functionality. Biotechnol bioeng. 2012. Vol. 109, № 9. P. 2392–2401. DOI: 

HTTPS://DOI.ORG/10.1002/BIT.24501. 
104 107. High- and low-affinity pegylated hemoglobin-based oxygen carriers: differential 

oxidative stress in a guinea pig transfusion model / E. Alomarietal. Free radic biol med. 2018. 

Vol. 124. P. 299–310. DOI: https://doi.org/ 10.1016/j.freeradbiomed.2018.06.018. 
105 Гематологічні показники щурів за введення енрофлоксацину у складі полімеру / 

О. М. Зеленіна та ін. Біологія тварин. 2020. Т. 22, № 1. С. 26–30. DOI: https://doi.org/ 

10.15407/animbiol22.01.026. 
106 Avgoustakis K. Pegylated poly(lactide) and poly(lactide-co-glycolide) nanoparticles: 

preparation, properties and possible applications in drug delivery. Current drug delivery. 2004. 

Vol. 1, № 4. P. 321–333. DOI:https://doi.org/10.2174/1567201043334605. 
107 Filpula D., Zhao H. Releasable PEGylation of proteins with customized linkers. 

Advanced drug delivery reviews. 2008. Vol. 60. № 1. P. 29–49. DOI: https://doi.org/10.1016/ 

j.addr.2007.02.001. 
108 Hinds K. D. Protein conjugation, cross-linking, and PEGylation. Biomaterials  

for Delivery and Targeting of Proteins and Nucleic Acids.2005. P. 119–185. 
109 Pharmacokinetics and pharmacodynamics of intravenous PEGylated recombinant 

mammalian urate oxidase in patients with refractory gout / J. S. Sundy et al. Arthritis  

and rheumatism. 2007. Vol. 56, № 3. P. 1021–1028. DOI:https://doi.org/10.1002/art.22403. 
110 Moghimi S. M., Szebeni J. Stealth liposomes and long circulating nanoparticles: critical issues 

in pharmacokinetics, opsonization and protein-binding properties. Progress in lipid research.2003. 

Vol. 42, № 6. P. 463–478. DOI: https://doi.org/10.1016/s0163-7827(03)00033-x. 
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In addition, PEG is a hydrophilic polymer that promotes resistance  

to plasma protein binding and prevents aggregation caused by salts and 

serum proteins.Therefore, PEGylated peptides are more protected from 

opsonization and active phago- and endocytosis by cellular structures of the 

macroorganism111, 112. 

Thus, PEGylation prevents opsonization and phagocyte recognition  

of injected antimicrobial drugs, avoiding immune reactions113. During the 

entire experiment, the rate of erythrocyte sedimentation was within 

physiological values, which indicates the absence of an inflammatory 

reaction in the body. A rare but serious side effect of antibiotics is their 

inhibitory effect on hemostasis and blood coagulation factors114.  

We found that the intramuscular administration of a traditional form  

of enrofloxacin to rats on the 7th day after the last injection of the drug 

caused a decrease in the total number of platelets in the animals.At the same 

time, injections of PEGylated enrofloxacin into the body of rats do not cause 

changes in indicators related to blood coagulation factors115. 

The introduction of drugs into the body leads to a violation of the body's 

antioxidant system116.  

In particular, antimicrobial drugs stimulate cellular respiration with 

subsequent acceleration of the endogenous formation of reactive oxygen 

species and stimulate peroxide oxidation of lipids117. An increase in active 

                                                           
111 Otsuka H., Nagasaki Y., Kataoka K. PEGylated nanoparticles for biological and pharma- 

ceutical applications. Advanced drug delivery reviews.2003. Vol. 55, № 3. P. 403–419. DOI: 

https://doi.org/10.1016/s0169-409x(02)00226-0. 
112 Filpula, D., & Zhao, H. (2008).Releasable PEGylation of proteins with customized 

linkers. Advanced drug delivery reviews, 60(1), 29–49. https://doi.org/10.1016/ 

j.addr.2007.02.001. 
113 Avgoustakis K. Pegylated poly(lactide) and poly(lactide-co-glycolide) nanoparticles: 

preparation, properties and possible applications in drug delivery. Current drug delivery. 2004. 
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Laryngologie, Rhinologie, Otologie.1987. Vol. 66, № 2. P. 107–109. 
115 Зеленіна О. М., Влізло В. В. Кількість тромбоцитів крові тварин та їх індекси за 

введення різних форм антибіотика енрофлоксацину. Єдине здоров’я – 2022 : матеріали 

Міжнар. наук. конф. (22–24 верес. 2022 р. м. Київ). Київ, 2022. С. 65–66. 
116 Treatment strategies for sheep with acute yellow athrophy of the liver caused by the 

fasciolosis / B. O. Chernushkin et al. Ukrainian Journal of Ecology. 2020. Vol. 10, № 2. 
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forms of oxygen in the body leads to the development of oxidative  

stress118, 119, 120.  

Laboratory studies of the blood of rats on the 7th, 14th and 21st days 

after the last injection of the traditional form of enrofloxacin, PEG-400 

polymer and PEGylated enrofloxacin showed that the content of TBC-active 

products depended on the injected substance and the time of the study.It was 

established that the amount of TBC-active products in the blood of animals 

injected with the traditional antibiotic enrofloxacin was significantly higher 

than in rats injected with PEGylated enrofloxacin121, 122. This may indicate 

an intensification of the processes of lipid peroxidation after the introduction 

of the "pure" enrofloxacin. 

It is reported123, that fluoroquinolones contain Carboxyl and Oxygen-

containing groups in the molecule, which causes the formation of bonds with 

phospholipids and glycoproteins and leads to the disruption of the 

cytoplasmic membrane structures, changes in their electrophysiological 

characteristics, inactivation of membrane-bound enzymes, disruption of ion 

homeostasis and damage and death of cells. We suggest that it is the reason 

why the activity of antioxidant defense enzymes (superoxide dismutase, 

catalase, glutathione peroxidase) was the lowest in the blood of animals that 

received traditional antibiotic enrofloxacin during 21 days after the last 

injection. This is an unfavorable sign, which indicates an increase in the 

processes of POL and an inadequate reaction of AOS124.  

Therefore, the four-time intramuscular administration of enrofloxacin in 

the traditional form to experimental rats contributes to the accumulation of 

                                                           
118 Fruehauf J. P., Meyskens F. L. Jr. Reactive oxygen species: a breath of life or death? 

Clinical cancer research:an official journal of the American Association for Cancer Research. 

2007. Vol. 13, № 3. P. 789–794. DOI: https://doi.org/10.1158/1078-0432.CCR-06-2082. 
119 The system of erythrocyte antioxidant protection in piggery as affected by ferrous  

citrate / Vlizlo V., Iskra R., Maksymovych I., Berezovskyy R. British Journal of Science, 

Education and Culture. 2014. Vol. 1, № 5. P. 44–49. 
120 Disturbance of antioxidant protection and natural resistance factors in rats with different 

availability of trivalent chromium (CrIII) /V.Vlizlo et al. Turkish Journal of Veterinary  
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Міжнар. наук. конф. (22–24 верес. 2022 р. м. Київ). Київ, 2022. С. 65–66. 
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Isolates from Flanders (Belgium) / R.Temmerman et al. Antibiotics (Basel, Switzerland). 2020. 

Vol. 9, № 11. P. 800. 
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TBC-active products in the blood and a decrease in the activity of 

antioxidant defense enzymes.At the same time, the indicators of TBC-active 

products in the blood were the lowest in animals that were 

injectedwithPEGylated form of enrofloxacin, which may indicate the 

absence of a toxic effect on body cells.At the same time, the activities of 

SOD, catalase, and GPX in the blood during the experiment in animals that 

intramuscularly received PEGylated enrofloxacin were stable and 

corresponded to the formation of LPO products.Thus, the administration of 

PEGylated enrofloxacin to animals does not cause excessive formation of 

products of lipid peroxidation and does not have a negative effect on the 

body's antioxidant status.The obtained results indicate the inhibition of LPO 

processes and the physiological course of the body's antioxidant 

protection.According to the researchers, PEG has some effect on biological 

membranes, increasing free radical oxidation and lipid peroxidation125. This, 

in turn, leads to the activation of the genes encoding antioxidant enzymes 

(SOD, CAT, and GPX).Rapid mobilization of antioxidant protection systems 

occurs. For many years, fluoroquinolones have remained one of the most 

promising drugs in terms of their antibacterial capabilities. They are of real 

interest for clinical practice. However, their use can cause side effects on the 

liver and kidneys126, 127, 128, 129, 130.  

In particular, functional disorders and structural changes occur in the 

liver with the development of hepatitis, parenchymal necrosis, and 

cholestatic jaundice131, 132. 

                                                           
125 Luo J., Borgens R., Shi R. Polyethyleneglycol immediately repairs neuronal membranes 

and inhibits free radical production after acute spinal cord injury. J Neurochem. 2002. Vol. 83, 

№ 2. P. 471–480. 
126 Baggio D., Ananda-Rajah M.R. Fluoroquinolone antibiotics and adverse events. Aust 

Prescr. 2021. Vol. 44, № 5. P. 161–164. DOI: https://doi.org/10.18773/austprescr.2021.035. 
127 Daneman N., Lu H., Redelmeier D. A. Fluoroquinolones and collagen associated severe 

adverse events: a longitudinal cohort study. BMJ. 2015. № 5. P. E010077. DOI: 

https://doi.org/10.1136/bmjopen-2015-010077. 
128 Us food and drug administration. FDA warns about increased risk of ruptures or tears  

in the aorta blood vessel with fluoroquinolone antibiotics in certain patients. FDA. Drug safety 

communication : веб-сайт. URL: https://www.fda.gov/drugs/drug-safety-and-availability/ fda-

warns-about-increased-risk-ruptures-or-tears-aorta-blood-vessel-fluoroquinolone-antibiotics. 
129 Oral fluoroquinolones and the risk of retinal detachment / M. Etminan et al. JAMA. 

2012. VOL. 307, № 13. P. 1414–1419. DOI: https://doi.org/10.1001/jama.2012.383. 
130 Fluoroquinolones and cardiovascular risk: a systematic review, meta-analysis and 

network meta-analysis / E. Gorelik et al. Drug Saf. 2019. Vol. 42, № 4. P. 529–538. DOI: 

https://doi.org/10.1007/s40264-018-0751-2. 
131 Evaluation of Fluoroquinolone Resistancein Clinical Avian Pathogenic Escherichiacoli 

Isolatesfrom Flanders (Belgium) / R. Temmerman et al. Antibiotics (Basel, Switzerland). 2020. 

Vol. 9, № 11. P. 800. DOI: https://doi.org/10.3390/antibiotics9110800. 
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Hepatotoxicity is one of the most common drug-related side effects133, 134. 

The level of toxic effects of drugs on the liver can be diagnosed by blood 

biomarkers, which characterize the functional state and structure of hepatic 

cells135.  

4. Conducted biochemical blood tests and histological analysis of liver 

tissues of experimental animals indicate that PEGylated enrofloxacin has 

lower hepatotoxicity then traditional enrofloxacin136. In particular, the study 

of the functional state of the liver of rats showed that the indicators that 

characterize liver health or pathology (the content of total bilirubin, 

cholesterol and albumin in the blood serum) after the intramuscular 

administration of PEGylated enrofloxacin were at a physiological level 

throughout the study period137. The administration of PEGylated 

enrofloxacin caused the highest cholesterol levels in the blood serum of 

animals. It should be noted that these cholesterol increase was in 

physiologically range. Therefore, it can be regarded as the stability of its 

synthesis in liver cells138. At the same time, PEGylation of enrofloxacin did 

not affect protein synthesis function of the liver, which was indicated by  

a higher, compared to other groups, albumin content in the blood serum of 

rats139, 140. 

                                                                                                                            
132 Synthesis and antitubercular activity of palladium and platinum complexes with 

fluoroquinolones / L. M. Vieira et al.European journal of medicinal chemistry. 2009. Vol. 44,  

№ 10. P. 4107–4111. DOI: https://doi.org/10.1016/j.ejmech.2009.05.001. 
133 Drug induced liver injury: an update / M.Garcia-Cortes et al.Archives of toxicology. 

2020. Vol. 94, № 10. P. 3381–3407. DOI: https://doi.org/10.1007/s00204-020-02885-1. 
134 Temple R. J. Hepatotoxicity through the years: impact on the FDA. URL: 

http://www.fda.gov/cder/livertox/Presentations/im1389/sld002.htm. 
135 Ramadori G., Cameron S. Effects of systemic chemotherapy on the liver. Annals  

of hepatology. 2010. Vol. 9, № 2. P. 133–43. DOI: https://doi.org/10.1016/S1665-

2681(19)31651-5. 
136 Antimicrobial activity of the PEGylated antibiotic enrofloxacin and its functional  

and structural effect on the liver in rats / O. Zelenina et al. Journal of Applied Pharmaceutical 

Science (J Appl Pharm Sci). 2022. Vol. 12, № 6. P. 068–075. DOI: https://doi.org/10.7324/ 

JAPS.2022.120607. ISSN 2231-3354. 
137 Активність трансаміназ і вміст білірубіну у крові щурів за введення антибіотика 

енрофлоксацину, нанополімеру ПЕГ-400 та їх комплексу / О. М. Зеленіна та ін.  

Наукові доповіді НУБіП України. 2020. № 4(86). DOI: http://dx.doi.org/10.31548/ 

dopovidi2020.04.009. 
138 Serum cholesterol is a significant and independent mortality predictor in liver cirrhosis 

patients / Janičko M., Veselíny E., Leško D., Jarčuška P. Annals of hepatology. 2013. Vol. 12, 

№ 4. P. 581–587. 
139 Characteristics of novel polyme rbased on pseudopolyamino acids GluLa-DPG-PEG600: 

binding of albumin,biocompatibility, biodistribution and potentialcrossing the blood-brain 

barrier in rats / B. O. Chekh et al. The Ukrainian Biochemical Journal. 2017. Vol. 89, № 4.  

P. 13–21. DOI: https://doi.org/10.15407/ubj89.04.013. 



 

19 

Indicators of the content of globulin fractions in blood serum were also 

stable, which is a sign of the absence of irritation of the cells of the 

reticuloendothelial system by the administered drugs141. 

5. Markers of cytolysis of hepatocytes are an increase in the activity  

of liver indicator enzymes142. Our studies of the activity of alanine 

aminotransferase (ALT) in blood serum showed that in rats that received 

intramuscular injections of PEGylated enrofloxacin, the activity of the 

enzyme was lower than in the control and two other experimental groups. 

At the same time, the activity of ALT in the blood of animals that received 

the "pure" substance of enrofloxacin remained high for three weeks after the 

end of the injections, which may indicate thedamage to liver cells.At the 

same time, the activity of aspartate aminotransferase (AST) in the blood 

serum of rats in the first days of the experiment was higher in the 

experimental groups that received PEG-400 nanopolymer and PEGylated 

enrofloxacin143. It is obvious that the increase in the AST activity in the 

blood serum of rats injected with studied substances may be associated with 

their active penetration into the cells and mitochondria, where this enzyme 

has high activity144. Consequently, this is manifested by increased release of 

AST through cell membranes and entry into the bloodstream.Additionally, 

PEG polymer has a branched molecular structure, which slows down the 

active metabolism of the drug and leads to an increase in the time of active 

circulation of PEGylated enrofloxacin in the blood145. On the 14th and  

21st days after the last injection, the activity of AST in the blood of animals 

that received PEGylated enrofloxacin decreased compared to those that were 

injected with the traditional antibiotic enrofloxacin.If we compare the 

                                                                                                                            
140 Carvalho J. R., Verdelho Machado M. New Insights about Albumin and Liver Disease. 

Annals of hepatology. 2018. Vol. 17, № 4. P. 547–560. DOI: https://doi.org/10.5604/ 
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pharmaceutics. 2018. Vol. 15, № 4. P. 1643–1652. DOI: https://doi.org/10.1021/ 

acs.molpharmaceut.8b00011. 
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effects in rats / V. Vlizlo et al. Medical Biodefense Conference. Munich, 2021. P. 103–104. 
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activity of the enzyme in the experimental groups, it can be assumed that 

enrofloxacin in its traditional form penetrates much more slowly from the 

muscle tissue (injection site) into the bloodstream and is metabolized in the 

liver tissue, compared to PEG-400 nanopolymer and PEGylated 

enrofloxacin.The established fact can be characterized as an improvement in 

the rate of penetration and accumulation in the cells of enrofloxacin 

connected to PEG-400 nanopolymer for its transport purposes.PEGylation 

ensures the efficiency of the delivery of drugs due to an increase in their 

concentration at the injection site. Simultaneously, PEGylation minimize the 

toxic effect of the drug on the body146, 147, 148.  

Therefore, based on the dynamics of ALT and AST activity in the blood 

of animals, it can be concluded that in rats injected with PEGylated 

enrofloxacin, damage to liver cells is possible only in the first days after 

intramuscular injections, and their recovery is faster than after intramuscular 

injections of the traditional antibiotic enrofloxacin. 

6. Similar changes were found investigating the activity of gamma-

glutamyl transpeptidase (γGT) and alkaline phosphatase (ALP) in the blood 

serum of rats.Thus, 7 days after the last administration of the drugs the 

activity of these enzymes was higher in the blood of animals that received 

the traditional antibiotic enrofloxacin than in those that received PEGylated 

enrofloxacin.High activity of γGT in the blood may indicate intrahepatic 

cholestasis and damage to liver cells that form intrahepatic bile ducts149. 

High ALP activity indicates extrahepatic cholestasis and damage to the cells 

that form the extrahepatic bile ducts150, 151.  

                                                           
146 Rafiei P., Haddadi A. Docetaxel-loaded PLGA and PLGA-PEG nanoparticles  
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At the same time, in the blood serum of rats injected with PEGylated 

enrofloxacin, the activities of γGT and ALP were low throughout the study, 

which may indicate the absence of a toxic effect on liver cells. 

During the histological examination of the liver tissues of animals that 

received the substance of the traditional antibiotic enrofloxacin, within three 

weeks after the last administration of the drug, signs of granular dystrophy, 

lysis, paranecrosis, and necrosis of the liver parenchyma and pyknosis  

of hepatocyte nuclei were established.In the animals that received PEG-400 

polymer, the morphological indicators of the liver on the 7th, 14th  

and 21st days of the experiment did not show pathological changes.  

The cytoplasm of individual cells acquired a foamy or granular appearance 

only in the first days after the introduction. It was established that individual 

liver cells with signs of atrophy, granular dystrophy, paranecrosis,  

and necrosis were found during histological examination of liver in the 

group of rats that received PEGylated enrofloxacin on the 7th day of the 

experiment.However, on the 14th and 21st days after the last injection, 

in these animals the morphological state of the liver was unchanged and 

identical to the structure of the control group. 

Thus, histological studies of liver tissues showed that changes in its 

structure are registered 7 days after the end of drug administration, both for 

injections with traditional form of antibiotic enrofloxacin and PEGylated 

enrofloxacin.In subsequent studies, no changes in the liver structure were 

found after the use of PEGylated enrofloxacin.Enrofloxacin in its traditional 

form caused liver parenchyma disruption for three weeks.The results of 

biochemical studies of animal blood and histological analysis of liver 

tissuesproved that PEGylated enrofloxacin has lower hepatotoxicity, 

compared to the traditional substance of enrofloxacin152. Nephrotoxic 

reactions of fluoroquinolone antimicrobials range from 0.2 to 0.8%153, 154. 

According to the instructions for use, enrofloxacin does not cause a nephro- 

toxic effect155. 

7. According to our research, during the entire experiment, creatinine 

concentration in the blood serum of animals of all groups did not exceed the 
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upper limit of physiological values156. It should be noted that serum 

creatinine is one of the main biomarkers of nephrotoxicity, as it is freely 

filtered by the renal glomeruli and, without being reabsorbed by the tubules, 

is completely excreted by the kidneys157. These properties of creatinine made 

it an important marker for assessing the functional state of the kidneys158. 

However, an increase in creatinine content in the blood occurs with 

significant damage to the kidneys, and its normal value does not always 

indicate the absence of a violation of the kidneys structure159. Therefore, our 

histological studies of the kidneys of experimental rats showed a structural 

disorder.Morphological changes in the structure of the kidneys were 

established in experimental rats after intramuscular injections of the 

traditional form of enrofloxacin during the 21st day after the last 

administration of the drug.Signs of granular dystrophy, foci of paranecrosis 

and necrosis of nephrocytes of convoluted tubules were registered in rats of 

this group160. Other researchers also point to this161. They administered 

enrofloxacin to animals at a dose of 75 ml/kg for 10 days and observed clear 

histological changes in the kidneys.In particular, experimental animals 

showed signs of progressive nephrotoxic necrosis and membrane rupture in 

the proximal and distal convoluted tubules. 

8. Fourfold administration of PEGylated enrofloxacin to experimental 

animals caused only minor histological changes in the kidneys and only 

during the first seven days after the injections. 

9. Studies conducted by other scientists also indicate that PEG with a 

molecular weight of 400 Daltons is optimal for conjugation with 

antimicrobial drugs and does not have adverse effects on renal 
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function.PEGylation does not cause morphological changes in the structure 

of kidneys in experimental rats and leads to a decrease in the nephrotoxicity 

of antibacterial drugs162. 

 

CONCLUSIONS 
PEGylation of enrofloxacin increases the size and molecular weight  

of conjugated biomolecules, increases their pharmacokinetics, pharmaco- 

dynamics, solubility in water, protection against enzymatic degradation, 

reduces hepatotoxicity and nephrotoxicity, inhibits the negative impact  

on hematopoiesis and hemostasis, limits immunogenic and antigenic 

reactions, inhibits lipid peroxidation, maintaining the physiological course  

of antioxidant protection. 

 

SUMMARY 
Enrofloxacin belongs to new antimicrobial drugs of the class  

of fluoroquinolones.Its use is effective for many types of antibiotic therapy 

and has few side effects.However, there is a concern about the emergence  

of strains of bacteria resistant to the enrofloxacin.PEGylation of enrofloxacin 

with nanopolymer PEG-400 showed an improvement in the antibacterial 

activity of a newly created drug.This is due to the fact that PEG-400 polymer 

present in a newly created drug is able to influence the permeability  

of membranes, increasing its absorption by cells. PEGylation of enrofloxacin 

increases the size and molecular weight of conjugated biomolecules, 

improves their pharmacokinetics, pharmacodynamics, solubility in water, 

and protection against enzymatic degradation.Four-time intramuscular 

administration of enrofloxacin in PEGylated form to experimental rats has a 

less pronounced toxic effect on the animal body, compared to the traditional 

enrofloxacin. PEGylated erofloxacin has lower hepatotoxicity and 

nephrotoxicity, does not induce a negative impact on hematopoiesis, 

hemostasis, immunogenic and antigenic reactions, and does not disrupt the 

activity of the body's antioxidant defense enzymes. 
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