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Abstract 

 

Increased consumption and misuse of antimicrobial agents in both humans and animals have 

contributed to the spread of antimicrobial resistance, which seriously threatens public and animal 

health. Whereas infections due to antimicrobial resistance exhibited by bacteria can be adaptive, 

intrinsic, and acquired, multidrug-resistant bacteria (e.g., methicillin-resistant Staphylococcus 

aureus) cause infections that end up with longer hospitalization periods, remarkable morbidity, 

and mortality, as well as high healthcare costs. According to Organization of Economic 

Cooperation and Development (OECD) report, approximately 2.4 million people are expected to 

die due to this kind of infection in North America, Australia, and Europe over the next three 

decades, and treatment cost may reach USD 3.5 billion per year. 

 

In general, S. aureus is one of the major opportunistic human pathogens, which can escape the 

immune system. Among the wide variety of infections, S. aureus is a well-known bacterium 

associated with wound infections, where the outermost layer of wounds is colonized. In particular, 

S. aureus-caused infections may be evaluated as a potential risk factor for methicillin-resistant S. 

aureus (MRSA) concern, which has brought about the need for development of alternative 

antimicrobials to substitute traditional antibiotics. Moreover, S. aureus (especially MRSA) has the 

ability to adhere to living or inert surfaces, secreting an extracellular polymeric substance of 

proteins, polysaccharides, nucleic acids, and water, known as a biofilm. Subsequently, the biofilm 

matrix acts as a physical barrier that prevents the permeability of the drug into the bacterial 

community and helps the microbe resist and minimize the effect of traditional antibiotics. These 

challenges have given rise to a significant interest in the scientific community in developing 

herbal-based therapeutics with antimicrobial activity (e.g., essential oils) as a safer and green 

alternative to antibiotics. 

 

Essential oils (EOs) are colored, aroma-rich, complex hydrophobic liquids, also known as volatile 

oils. They are defined as the secondary metabolic product of aromatic plants and are found in 

various plant parts such as flowers, roots, barks, stems, leaves, and seeds. EOs are potential agents 

to diminish antimicrobial resistance due to their significant therapeutic properties (i.e., 

antibacterial, antiseptic, and antioxidant activities). For this reason, EOs from pharmaceutical 

plants have also been examined as potent antimicrobial agents in animal production systems. The 
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antimicrobial activity of EOs does not only stem from their qualitative chemical composition, but 

also from the quantitative intensity of every single component that is included in the structure, as 

well as all plant-based products. Their complex composition mainly includes terpenes (generally 

monoterpenes and sesquiterpenes) and terpenoids. Even though some of these chemicals are water 

soluble, most of them are hydrophobic, so EOs are defined as hydrophobic. 

 

In this study, EOs of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum 

maritimum plants were chosen as the potential antimicrobial agents against various S. aureus 

strains to deal with the antimicrobial resistance problem. All these plant species have already been 

incorporated in traditional medications due to their potential anti-inflammatory, antimicrobial, 

antioxidant, and anti-cancer properties. The antimicrobial activities of the above four EOs were 

screened against methicillin-sensitive S. aureus (MSSA), MRSA, and the reference strain S. aureus 

ATCC 29213 applying the Kirby–Bauer disc diffusion and broth microdilution methods. The 

modified microtiter plate biofilm assay was also performed to assess the biofilm formation ability 

of tested strains, and the anti-biofilm activity of EOs, as well as reference antimicrobials. 

Staphylococcus epidermidis (S. epidermidis) ATCC 12228 and S. epidermidis 35984 were used as 

negative and positive quality control strains, respectively, for this bioassay. Penicillin, 

enrofloxacin, gentamicin sulfate, tetracycline hydrochloride, and cefaclor were examined as 

reference antimicrobials in this context. The observed bacterial growth inhibition varied 

significantly depending on the type and concentration of the antimicrobials. Thymus sibthorpii EO 

was determined as the strongest antimicrobial, with 0.091 mg/mL minimum inhibitory 

concentration (MIC) and a 14–33 mm diameter inhibition zone at 5% (v/v) concentration. All 

tested EOs indicated almost 95% inhibition of biofilm formation at their half MIC, while 

gentamicin sulfate did not show sufficient anti-biofilm activity. None of the methicillin-resistant 

strains showed resistance to the EOs compared to methicillin-sensitive strains. Thus, Thymus 

sibthorpii and Origanum vulgare EOs might be determined potential antimicrobial agent 

alternatives to overcome the problem of microbial resistance. 

Although the strong antimicrobial activity of Thymus sibthorpii EO was revealed in the first 

experimental chapter of this study, a type of administration is needed via a biomaterial system, 

because of the high sensitivity and volatility of EO. Among a wide variety of biomaterial 

formulations, collagen hydrogels have been reported as particularly effective for incorporating 
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essential oils to use in tissue engineering applications. On the other hand, to our best knowledge, 

Thymus sibthorpii EO has not been introduced yet within medical devices in the field of tissue 

engineering applications according to the literature. Collagen, a fibrous, non-soluble protein, is 

one of the most prominent polymers for the development of antimicrobial biomaterials, attributable 

to its superior biocompatibility, excellent biodegradability, hydrophilic nature, reduced 

cytotoxicity, and high cell attachment affinity. Nevertheless, the fabricated forms of collagen need 

to be functionalized via in situ crosslinking due to a lack of stability. Since physical and biological 

crosslinking mechanisms have generally resulted in low crosslinking efficacy, carboxyl, and amine 

terminal crosslinking strategies are favored in research, as arises in literature. Among the above, 

since carbodiimide and glutaraldehyde often cause cytotoxicity, alternative crosslinkers such as 

multi-arm, star-shaped poly(ethylene glycol) succinimidyl glutarate (starPEG) have emerged as 

the subject of research. 

 

At the second experimental part of this study, at first crosslinking efficiency was screened. For this 

purpose, 300 µl collagen type I hydrogels crosslinked with six different starPEG molecules were 

developed and optimized, followed by assessment of free amine content of the hydrogels using 

TNBSA assay, and evaluation of their enzymatic degradation profile using collagenase assay. 

Furthermore, the optimally starPEG-crosslinked collagen hydrogels were loaded with several 

concentrations (0.5, 1, 2% v/v) of Thymus sibthorpii EO and the release profile and kinetics of the 

EO were investigated. For this purpose, the fabricated EO-loaded hydrogels were soaked into 1 

mL of 1x PBS (pH 7.4) at 37 C using a horizontal shaker incubator. At each defined time point 

(0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 24, and 48 h), 100 µL of sample was removed and replaced by 100 

µL fresh 1x PBS. The linear calibration curve was prepared with different concentrations of 

Thymus sibthorpii EO using 70% v/v ethanol, which was used as a solvent. Then, the absorbance 

of the supernatant was measured at 365 nm and the concentration of the released Thymus sibthorpii 

EO was determined by using the standard curve to find where their concentration corresponds. 

After spectrophotometric evaluation, the cumulative release percentage of EO was estimated. 

Furthermore, we studied the release kinetics according to the release profile of Thymus sibthorpii 

EO. Hence, the zero-order, first-order, Higuchi, Korsmeyer-Peppas, and Hixon-Crowell release 

kinetics models have been applied to post-burst-release data. Finally, the antimicrobial activity of 

the developed composite hydrogels was assessed against S. aureus, and Escherichia coli (E. coli) 
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using Kirby-Bauer disc diffusion method, whilst their cytocompatibility and cytotoxicity was 

examined on NIH-3T3 fibroblast cell line by alamarBlue cell viability assay, and Quant-iT 

PicoGreen dsDNA cell proliferation assay. 

 

starPEG-crosslinked collagen type I hydrogels presented significantly decreased free amine 

content for all types of crosslinkers with all tested concentrations compared to non-crosslinked 

hydrogels (p < 0.05). An effective plateau was observed between 0.5 and 2 mM, and no statistical 

difference was noted among 0.5 mM, 1 mM, and 2 mM crosslinked hydrogels (p < 0.05). In this 

plateau, the free amine reduction percentage was between 44.82% and 58.57%. Non-crosslinked 

hydrogels were completely degraded within a couple of hours. In general perspective, scaffolds 

showed higher resistance to degradation when crosslinked with glutaraldehyde (GTA), that was 

used as a positive control. However, hydrogels crosslinked with 0.5 mM of 4SP, pentaerythritol, 

10 kDa showed no statistical difference compared to GTA crosslinked hydrogels, whilst 0.5 mM 

of 4SP, pentaerythritol, 20 kDa, and 8SP, hexaglycerol, 20 kDa displayed the lowest significant 

difference than all other groups (p < 0.05). Therefore, 0.5 mM of the above three crosslinkers were 

deemed to be optimal conditions for functionalizing collagen hydrogels. The non-crosslinked 

hydrogels demonstrated burst release and completely released EO within a couple of hours was 

observed. Although GTA crosslinked scaffolds released almost all loaded quantity of the EO at 

0.5% v/v from the polymeric network, the chosen optimized hydrogels crosslinked with 0.5 mM 

of 4SP, pentaerythritol, 10 kDa, 4SP, pentaerythritol, 20 kDa and 8SP, hexaglycerol, 20 kDa, 

released 63.92  3.31%, 75.85  9.00% and 57.82  4.08% of the EO loaded at the same 

concentration after 48 h. Moreover, the release kinetics was studied by applying five different 

mathematical models. Hixson-Crowell model did not fit any of the experimental groups, whilst 

the other four models fitted to different experimental groups. On the other hand, the release 

exponent (n) values evaluated by the Korsmeyer-Peppas model indicated that the release 

mechanism of EO from crosslinked hydrogels obeyed the Fickian diffusion. 0.5% v/v EO-loaded 

collagen type I hydrogels showed adequate antibacterial activity against S. aureus. More 

specifically, hydrogels crosslinked with 0.5 mM 4SP, pentaerythritol, 10 kDa and loaded with 0.5 

v% EO demonstrated 2.83  0.47 cm, and 1.23  0.15 cm inhibition zone diameter against S. 

aureus, and E. coli, respectively. Moreover, hydrogels containing 0.5% v/v of EO, which was the 

minor concentration, did not show a statistical difference regarding their antimicrobial activity 



 

 22  

compared to positive control penicillin (for gram-positive bacteria), and enrofloxacin (for gram-

negative bacteria) (p < 0.05). Hence, 0.5% v/v concentration of Thymus sibthorpii EO was chosen 

as the optimal concentration to incorporate into collagen scaffolds. According to cell metabolic 

activity and proliferation studies, none of the fabricated hydrogels showed any toxicity on ΝΙΗ-

3Τ3 fibroblast cell line (p < 0.05).  

 

In the quest for alternative antibacterial therapies, herein, we developed collagen type I hydrogel 

systems optimally crosslinked and loaded with Thymus sibthorpii essential oil. The proposed 

antimicrobial agent incorporated into the collagen type I scaffolds showed strong activity against 

S. aureus, demonstrated a sustained release profile, and had no toxicity on fibroblasts. Collectively, 

the outcomes obtained highlight the importance of Thymus sibthorpii essential oil incorporated in 

collagen type I hydrogels, as an effective and alternative antibacterial therapy for regenerative 

medicine and tissue engineering purposes and for the reduction of the possible antimicrobial 

resistance. 
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Περίληψη 

 
Η αυξημένη κατανάλωση και η ακατάλληλη χρήση αντιμικροβιακών παραγόντων τόσο στους 

ανθρώπους όσο και στα ζώα έχουν συνεισφέρει στην εξάπλωση της μικροβιακής αντοχής, η οποία 

απειλεί σοβαρά τη δημόσια υγεία και την υγεία των ζώων. Ενώ οι λοιμώξεις που οφείλονται σε 

μικροβιακή αντοχή των βακτηρίων μπορεί να είναι προσαρμοστικές, εγγενείς ή επίκτητες, τα 

πολυανθεκτικά βακτήρια (π.χ., ο ανθεκτικός στη μεθικιλλίνη Staphylococcus aureus) προκαλούν 

λοιμώξεις που οδηγούν σε μεγαλύτερες περιόδους νοσηλείας, σημαντική νοσηρότητα και 

θνησιμότητα, καθώς και υψηλό κόστος υγειονομικής περίθαλψης. Σύμφωνα με έκθεση του 

Οργανισμού Οικονομικής Συνεργασίας και Ανάπτυξης (ΟΟΣΑ), περίπου 2,4 εκατομμύρια 

άνθρωποι αναμένεται να πεθάνουν λόγω αυτού του είδους των λοιμώξεων στη Βόρεια Αμερική, 

την Αυστραλία και την Ευρώπη κατά τις επόμενες τρεις δεκαετίες, ενώ η θεραπεία μπορεί να 

κοστίσει έως και 3,5 δισεκατομμύρια δολάρια ΗΠΑ ετησίως. 

 

Γενικά, ο S. aureus είναι ένας από τους κύριους ευκαιριακούς παθογόνους μικροοργανισμούς στον 

άνθρωπο, που μπορεί να διαφεύγει από το ανοσοποιητικό σύστημα. Μεταξύ της μεγάλης ποικιλίας 

λοιμώξεων, ο S. aureus είναι ένα γνωστό βακτήριο που σχετίζεται με μολύνσεις τραυμάτων, 

αποικίζοντας συνήθως το επιφανειακό στρώμα των τραυμάτων. Συγκεκριμένα, οι λοιμώξεις που 

προκαλούνται από τον S. aureus μπορεί να αξιολογηθούν ως ένας πιθανός παράγοντας κινδύνου 

για ανησυχία σχετικά με τον ανθεκτικό στη μεθικιλλίνη S. aureus (methicillin-resistant S. aureus, 

MRSA), γεγονός που έχει οδηγήσει στην ανάγκη για ανάπτυξη εναλλακτικών αντιμικροβιακών, 

υποκατάστατων των παραδοσιακών αντιβιοτικών. Επιπλέον, ο S. aureus (ιδιαίτερα ο MRSA) έχει 

την ικανότητα να προσκολλάται σε ζωντανές ή αδρανείς επιφάνειες, εκκρίνοντας μια 

εξωκυτταρική πολυμερική ουσία που αποτελείται από πρωτεΐνες, πολυσακχαρίτες, νουκλεϊκά 

οξέα και νερό, γνωστή ως βιοϋμένιο (biofilm). Στη συνέχεια, η μήτρα του βιοϋμενίου δρα ως 

φυσικό εμπόδιο, αποτρέποντας τη διείσδυση του φαρμάκου στην βακτηριακή κοινότητα και 

βοηθώντας τον μικροοργανισμό να αντιστέκεται και να ελαχιστοποιεί την επίδραση των 

χορηγούμενων αντιβιοτικών σε αυτήν. Αυτές οι προκλήσεις έχουν προκαλέσει σημαντικό 

ενδιαφέρον στην επιστημονική κοινότητα για την ανάπτυξη θεραπευτικών προσεγγίσεων με βάση 

δραστικές ενώσεις φαρμακευτικών/αρωματικών φυτών, που επιδεικνύουν αντιμικροβιακή δράση 

(αιθέρια έλαια), ως μια ασφαλέστερη και πιο φιλική προς το περιβάλλον εναλλακτική προσέγγιση 

στα αντιβιοτικά. 
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Τα αιθέρια έλαια (Essential Oils, EOs) είναι έγχρωμα, αρωματικά, πολύπλοκα υδρόφοβα υγρά, 

γνωστά επίσης ως πτητικά έλαια. Ορίζονται ως το δευτερεύον μεταβολικό προϊόν των αρωματικών 

φυτών και βρίσκονται σε διάφορα μέρη των φυτών, όπως τα άνθη, οι ρίζες, οι φλοιοί, οι μίσχοι, 

τα φύλλα και οι σπόροι. Τα αιθέρια έλαια μπορούν να αποτελέσουν δυνητικά εναλλακτικούς 

παράγοντες ώστε η χρήση τους να μειώσει την μικροβιακή αντοχή λόγω των σημαντικών 

θεραπευτικών τους ιδιοτήτων (αντιβακτηριακή, αντισηπτική και αντιοξειδωτική δράση). Για 

αυτόν τον λόγο, τα αιθέρια έλαια από φαρμακευτικά φυτά έχουν επίσης μελετηθεί ως ισχυροί 

αντιμικροβιακοί παράγοντες στα συστήματα εκτροφής ζώων. Η αντιμικροβιακή δράση των 

αιθέριων ελαίων δεν προέρχεται μόνο από την ποιοτική χημική τους σύνθεση, αλλά και από την 

ποσοτική ένταση κάθε συστατικού που περιλαμβάνεται στη σύστασή τους, όπως και όλων των 

δραστικών ουσιών που περιέχονται στο φυτικό είδος. Η πολύπλοκη σύνθεσή τους περιλαμβάνει 

κυρίως τερπένια (συνήθως μονοτερπένια και σεσκιτερπένια) και τερπενοειδή. Παρόλο που 

ορισμένες από αυτές τις χημικές ουσίες είναι υδατοδιαλυτές, οι περισσότερες είναι υδρόφοβες, 

συνεπώς τα αιθέρια έλαια ορίζονται γενικά ως υδρόφοβα. 

 

Στην παρούσα μελέτη, τα αιθέρια έλαια των φυτών Thymus sibthorpii, Origanum vulgare, Salvia 

fruticosa και Crithmum maritimum επιλέχθηκαν ως πιθανοί αντιμικροβιακοί παράγοντες κατά 

διαφόρων στελεχών του S. aureus, για την αντιμετώπιση του προβλήματος της μικροβιακής 

αντοχής. Όλα αυτά τα είδη έχουν ήδη χρησιμοποιηθεί σε παραδοσιακές θεραπείες λόγω των 

πιθανών αντιφλεγμονωδών, αντιμικροβιακών, αντιοξειδωτικών και αντικαρκινικών ιδιοτήτων 

τους. Η αντιμικροβιακή δραστικότητα των τεσσάρων αιθέριων ελαίων ελέγχθηκε κατά των 

στελεχών του ευαίσθητου στη μεθικιλλίνη S. aureus (methicillin-sensitive S. aureus, MSSA), του 

ανθεκτικού στη μεθικιλλίνη S. aureus (MRSA) και του στελέχους αναφοράς S. aureus ATCC 

29213 εφαρμόζοντας τη μέθοδο διάχυσης δίσκου Kirby–Bauer και τη μέθοδο μικροαραιώσεων σε 

θρεπτικό υλικό. Επίσης, πραγματοποιήθηκε η τροποποιημένη μέθοδος μικροτιτλοδότησης για την 

αξιολόγηση της ικανότητας σχηματισμού βιοϋμενίου των εξεταζόμενων στελεχών, καθώς και της 

αντιβιοϋμενιακής δράσης των αιθέριων ελαίων, όπως και των αντιμικροβιακών παραγόντων 

αναφοράς. Οι Staphylococcus epidermidis (S. epidermidis) ATCC 12228 και ο S. epidermidis 

35984 χρησιμοποιήθηκαν αντίστοιχα ως αρνητικά και θετικά στελέχη αναφοράς για τον ποιοτικό 

έλεγχο στην βιοδοκιμή. Η πενικιλλίνη, η ενροφλοξασίνη, η θειϊκή γενταμυκίνη, η υδροχλωρική 

τετρακυκλίνη και η κεφακλόρη εξετάστηκαν ως αντιμικροβιακοί παράγοντες αναφοράς στον 
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συγκεκριμένο πειραματισμό. Η παρατηρούμενη αναστολή της βακτηριακής ανάπτυξης διέφερε 

σημαντικά ανάλογα με τον τύπο και τη συγκέντρωση των αντιμικροβιακών παραγόντων. Το 

αιθέριο έλαιο του Thymus sibthorpii καθορίστηκε ως το ισχυρότερο σε αντιμικροβιακή δράση, με 

ελάχιστη ανασταλτική συγκέντρωση (minimum inhibitory concentration, MIC) στα 0,091 mg/mL 

και ζώνη αναστολής διαμέτρου 14–33 mm σε συγκέντρωση 5% (v/v). Όλα τα εξεταζόμενα αιθέρια 

έλαια έδειξαν σχεδόν 95% αναστολή του σχηματισμού βιοϋμενίου στο 50% της MIC τους, ενώ η 

θειϊκή γενταμυκίνη δεν παρουσίασε επαρκή αντιβιοϋμενιακή δράση. Κανένα από τα ανθεκτικά 

στη μεθικιλλίνη στελέχη δεν έδειξε αντοχή στα αιθέρια έλαια σε σύγκριση με τα ευαίσθητα στη 

μεθικιλλίνη στελέχη. Συνεπώς, τα αιθέρια έλαια του Thymus sibthorpii και του Origanum vulgare 

θα μπορούσαν  να προσδιοριστούν ως πιθανοί εναλλακτικοί αντιμικροβιακοί παράγοντες για την 

αντιμετώπιση του προβλήματος της μικροβιακής αντοχής. 

 

Αν και η ισχυρή αντιμικροβιακή δράση του αιθέριου ελαίου του Thymus sibthorpii αποκαλύφθηκε 

στο πρώτο πειραματικό κεφάλαιο της διατριβής, στο δεύτερο διερευνήθηκε ο τρόπος χορήγησης 

των αιθέριων ελαίων μέσω εγκλεισμού σε διαφορετικές κατηγορίες βιοϋλικών λόγω της υψηλής 

ευαισθησίας και πτητικότητας του αιθέριου ελαίου. Μεταξύ ποικίλων βιοϋλικών, τα 

υδροπηκτώματα κολλαγόνου έχουν αναφερθεί ως ιδιαίτερα αποτελεσματικά για την ενσωμάτωση 

αιθέριων ελαίων σε εφαρμογές που σχετίζονται με την αναγεννητική ιστών. Από την άλλη πλευρά, 

σύμφωνα με τη βιβλιογραφία, το αιθέριο έλαιο του Thymus sibthorpii δεν έχει έως σήμερα 

ενσωματωθεί σε βιοϋλικά που να χρησιμοποιούνται στον τομέα της μηχανικής και αναγεννητικής 

ιστών. Το κολλαγόνο, μια ινώδης, μη διαλυτή πρωτεΐνη, είναι ένα από τα πλέον σημαντικά 

πολυμερή για την ανάπτυξη αντιμικροβιακών βιοϋλικών, λόγω της εξαιρετικής βιοσυμβατότητάς 

του, της άριστης βιοαποδομησιμότητας, της υδρόφιλης φύσης του, της μειωμένης 

κυτταροτοξικότητας και της υψηλής συγγένειας στην κυτταρική του πρόσδεση. Ωστόσο, οι 

παρασκευασμένες μορφές κολλαγόνου χρειάζονται «ενεργοποίηση» μέσω in situ διασύνδεσης 

(crosslinking) λόγω έλλειψης σταθερότητας. Δεδομένου ότι οι φυσικοί και βιολογικοί μηχανισμοί 

διασύνδεσης έχουν γενικά χαμηλή αποτελεσματικότητα, οι στρατηγικές crosslinking των 

καρβοξυλικών και αμινικών άκρων προτιμώνται στην έρευνα, όπως προκύπτει από τη 

βιβλιογραφία. Μεταξύ αυτών, καθώς οι καρβοδιιμίδες και η γλουταραλδεΰδη προκαλούν συχνά 

κυτταροτοξικότητα, έχουν αναδειχθεί εναλλακτικοί παράγοντες διασύνδεσης, όπως η πολύ-
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βραχιονική, αστροειδούς σχήματος πολυ(αιθυλενογλυκόλη) σουκινιμιδυλική γλουταραλδεΰδη 

(starPEG), ως αντικείμενο έρευνας για την πειραματική μας δομή. 

 

Στο δεύτερο πειραματικό μέρος αυτής της μελέτης, αρχικά εξετάστηκε η αποτελεσματικότητα της 

διασύνδεσης. Για το σκοπό αυτό, αναπτύχθηκαν και βελτιστοποιήθηκαν υδροπηκτώματα 

κολλαγόνου τύπου Ι, όγκου 300 μl, με διασύνδεση με έξι διαφορετικά μόρια starPEG, και 

ακολούθησε αξιολόγηση της περιεκτικότητας σε ελεύθερη αμίνη των υδροπηκτωμάτων 

χρησιμοποιώντας τη δοκιμασία TNBSA και αξιολόγηση του προφίλ ενζυμικής αποικοδόμησής 

τους χρησιμοποιώντας τη δοκιμασία κολλαγενάσης. Στη συνέχεια, στα υδροπηκτώματα 

κολλαγόνου, που βελτιστοποιήθηκαν με τη διασύνδεση με starPEG ενσωματώθηκαν διάφορες 

συγκεντρώσεις (0,5, 1, 2% v/v) αιθέριου ελαίου Thymus sibthorpii (EO) και διερευνήθηκαν το 

προφίλ απελευθέρωσης και η κινητική του αιθέριου ελαίου (EO). Για αυτόν τον σκοπό, τα 

παρασκευασμένα υδροπηκτώματα που περιείχαν EO τοποθετήθηκαν σε 1 mL διαλύματος PBS 1x 

(pH 7,4) στους 37°C, χρησιμοποιώντας έναν οριζόντιο αναδευτήρα-επωαστήρα. Σε κάθε 

καθορισμένο χρονικό σημείο (0, 0,5, 1, 1,5, 2, 2,5, 3, 3,5, 4, 24 και 48 ώρες), αφαιρούνταν 100 μL 

του δείγματος και αντικαθίσταντο με 100 μL φρέσκου διαλύματος PBS 1x. Η γραμμική καμπύλη 

βαθμονόμησης παρασκευάστηκε με διαφορετικές συγκεντρώσεις EO Thymus sibthorpii, 

χρησιμοποιώντας 70% v/v αιθανόλη ως διαλύτη. Στη συνέχεια, η απορρόφηση του υπερκείμενου 

διαλύματος μετρήθηκε στα 365 nm και η συγκέντρωση του απελευθερωμένου EO υπολογίστηκε 

χρησιμοποιώντας την πρότυπη καμπύλη για να προσδιοριστεί το σημείο αντιστοιχίας της 

συγκέντρωσης. Μετά τη φασματοφωτομετρική αξιολόγηση, εκτιμήθηκε το ποσοστό σωρευτικής 

απελευθέρωσης του EO. Επιπλέον, μελετήθηκε η κινητική απελευθέρωσης σύμφωνα με το προφίλ 

απελευθέρωσης του EO Thymus sibthorpii. Συνεπώς, τα μοντέλα κινητικής απελευθέρωσης 

μηδενικής τάξης, πρώτης τάξης, Higuchi, Korsmeyer-Peppas και Hixon-Crowell εφαρμόστηκαν 

στα δεδομένα μετά την αρχική ριπή απελευθέρωσης. Τέλος, η αντιμικροβιακή δραστικότητα των 

αναπτυγμένων σύνθετων υδροπηκτωμάτων αξιολογήθηκε κατά του S. aureus και της Escherichia 

coli (E. coli), χρησιμοποιώντας τη μέθοδο διάχυσης δίσκου Kirby-Bauer, ενώ η 

κυτταροσυμβατότητα τους και η κυτταροτοξικότητα τους αξιολογήθηκε σε κυτταρικές σειρές 

ινοβλαστών NIH-3T3 με τη δοκιμασία βιωσιμότητας κυττάρων alamarBlue και τη δοκιμασία 

πολλαπλασιασμού κυττάρων Quant-iTTM PicoGreenTM dsDNA. 
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Τα υδροπηκτώματα κολλαγόνου τύπου I, διασυνδεδεμένα με starPEG, παρουσίασαν σημαντικά 

μειωμένη περιεκτικότητα σε ελεύθερες αμίνες για όλους τους τύπους των παραγόντων 

διασύνδεσης και όλες τις δοκιμασμένες συγκεντρώσεις, σε σύγκριση με τα μη διασυνδεδεμένα 

υδροπηκτώματα (p < 0,05). Ένα αποτελεσματικό πλατό παρατηρήθηκε μεταξύ 0,5 και 2 mM, 

χωρίς στατιστική διαφορά μεταξύ των υδροπηκτωμάτων διασυνδεδεμένων με 0,5 mM, 1 mM και 

2 mM (p < 0,05). Στο πλατό αυτό, το ποσοστό μείωσης των ελεύθερων αμινών κυμαινόταν μεταξύ 

44,82% και 58,57%. Τα μη διασυνδεδεμένα υδροπηκτώματα αποδομήθηκαν πλήρως μέσα σε λίγες 

ώρες. Από γενική άποψη, τα ικριώματα (scaffolds) των υδροπηκτωμάτων έδειξαν υψηλότερη 

αντοχή στην αποδόμηση όταν διασυνδέθηκαν με γλουταραλδεΰδη (GTA), η οποία 

χρησιμοποιήθηκε ως θετικό κοντρόλ. Ωστόσο, τα υδροπηκτώματα που διασυνδέθηκαν με 0,5 mM 

4SP, πενταερυθριτόλη, 10 kDa δεν παρουσίασαν στατιστική διαφορά σε σύγκριση με τα 

υδροπηκτώματα διασταυρωμένα με GTA, ενώ τα 0,5 mM 4SP, πενταερυθριτόλη, 20 kDa και 8SP, 

εξαγλυκερόλη, 20 kDa εμφάνισαν τη χαμηλότερη σημαντική διαφορά σε σχέση με όλες τις άλλες 

ομάδες (p < 0,05). Συνεπώς, τα 0,5 mM από τους παραπάνω τρεις παράγοντες διασύνδεσης 

θεωρήθηκαν οι βέλτιστες συνθήκες για τη λειτουργική τροποποίηση των υδροπηκτωμάτων 

κολλαγόνου. Τα μη διασυνδεδεμένα υδροπηκτώματα παρουσίασαν αρχική έντονη απελευθέρωση 

και ολοκλήρωσαν την απελευθέρωση του EO μέσα σε λίγες ώρες. Αν και τα ικριώματα του 

κολλαγόνου που διασυνδέθηκαν με GTA απελευθέρωσαν σχεδόν όλη την ενσωματωμένη 

ποσότητα EO σε συγκέντρωση 0,5% v/v από το πολυμερικό δίκτυο, τα επιλεγμένα 

βελτιστοποιημένα υδροπηκτώματα που διασυνδέθηκαν με 0,5 mM 4SP, πενταερυθριτόλη, 10 kDa, 

4SP, πενταερυθριτόλη, 20 kDa και 8SP, εξαγλυκερόλη, 20 kDa, απελευθέρωσαν 63,92 ± 3,31%, 

75,85 ± 9,00% και 57,82 ± 4,08% του ενσωματωμένου EO στην ίδια συγκέντρωση μετά από 48 

ώρες. Επιπλέον, μελετήθηκε η κινητική της απελευθέρωσης εφαρμόζοντας πέντε διαφορετικά 

μαθηματικά μοντέλα. Το μοντέλο Hixson-Crowell δεν ταίριαξε σε καμία από τις πειραματικές 

ομάδες, ενώ τα άλλα τέσσερα μοντέλα ταίριαξαν σε διαφορετικές πειραματικές ομάδες. Από την 

άλλη πλευρά, οι τιμές του εκθέτη απελευθέρωσης (n) που αξιολογήθηκαν μέσω του μοντέλου 

Korsmeyer-Peppas έδειξαν ότι ο μηχανισμός απελευθέρωσης του EO από τα διασυνδεδεμένα 

υδροπηκτώματα ακολουθεί τη διάχυση Fickian. Τα υδροπηκτώματα κολλαγόνου τύπου I με 

φορτωμένο EO σε συγκέντρωση 0,5% v/v έδειξαν επαρκή αντιβακτηριακή δράση κατά του S. 

aureus. Πιο συγκεκριμένα, τα υδροπηκτώματα που διασυνδέθηκαν με 0,5 mM 4SP, 

πενταερυθριτόλη, 10 kDa και φορτώθηκαν με 0,5% v/v EO, παρουσίασαν ζώνη αναστολής με 
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διάμετρο 2,83 ± 0,47 cm και 1,23 ± 0,15 cm κατά των S. aureus και E. coli, αντίστοιχα. Επιπλέον, 

τα υδροπηκτώματα που περιείχαν 0,5% v/v EO, που ήταν η μικρότερη συγκέντρωση, δεν 

παρουσίασαν στατιστική διαφορά ως προς την αντιμικροβιακή τους δράση σε σύγκριση με την 

πενικιλίνη που ήταν το θετικό κοντρόλ (για τα gram-θετικά βακτήρια) και την ενροφλοξασίνη (για 

τα gram-αρνητικά βακτήρια) αντίστοιχα (p < 0,05). Συνεπώς, η συγκέντρωση 0,5% v/v του EO 

Thymus sibthorpii επιλέχθηκε ως η βέλτιστη συγκέντρωση για ενσωμάτωσή του στα ικριώματα 

του κολλαγόνου. Σύμφωνα με τις μελέτες μεταβολικής δραστηριότητας και πολλαπλασιασμού 

κυττάρων, κανένα από τα διασυνδεδεμένα υδροπηκτώματα δεν παρουσίασε τοξικότητα στην 

κυτταρική σειρά ινοβλαστών ΝΙΗ-3Τ3 που χρησιμοποιήθηκε (p < 0,05). 

 

Στο πλαίσιο της αναζήτησης εναλλακτικών αντιβακτηριακών θεραπειών, στην παρούσα μελέτη 

αναπτύχθηκαν συστήματα υδροπηκτωμάτων κολλαγόνου τύπου I, διασυνδεδεμένα και 

βελτιστοποιημένα που εμπεριείχαν το αιθέριο έλαιο του Thymus sibthorpii. Το προτεινόμενο 

αιθέριο έλαιο που ενσωματώθηκε στα ικριώματα κολλαγόνου τύπου I παρουσίασε ισχυρή 

αντιβακτηριδιακή δράση κατά του S. aureus, εμφάνισε προφίλ συνεχούς απελευθέρωσης, ενώ δεν 

παρουσίασε τοξικότητα στους ινοβλάστες. Συνολικά, τα αποτελέσματα που προέκυψαν είναι 

πρωτοποριακά, καθώς παρέχουν τη δυνατότητα χρήσης του αιθέριου ελαίου Thymus sibthorpii 

που έχοντας ενσωματωθεί σε υδροπηκτώματα κολλαγόνου τύπου I που έχουν βελτιστοποιηθεί με 

διασύνδεση με το starPEG, επιδεικνύει αποτελεσματική αντιβακτηριδιακή δράση κατά 

μικροβιακών στελεχών που εμπλέκονται σε τραύματα ιστών, όντας εναλλακτική θεραπεία για 

σκοπούς αναγεννητικής ιατρικής και μηχανικής ιστών με στόχο τη μείωση της μικροβιακής 

αντοχής. 
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1.1. Introduction 

Microbial infections threaten public health due to the wide range of enervating effects of disease-

causing microbes (e.g., bacteria, viruses, and fungi), which have been the primary causatives of 

the dissemination of pathogenic diseases [1–3]. Antibiotics have been the first choice for infection 

treatment since the discovery of penicillin in 1928 by Alexander Fleming. Although their low 

toxicity and great bactericidal features, the usage of antibiotics for a long time led to the burst and 

release of antibiotic-resistant bacteria (ARB), hence the emergence of antimicrobial resistance 

(AMR) related diseases [4,5]. 

 

Healthcare-associated infections are the major type of AMR-caused infections that may delay 

discharge from the hospital or cause deaths as well as a rise in healthcare costs, second-line drug 

costs, and unsuccess in treatments [6]. According to the European Centre for Disease Prevention 

and Control (ECDC), in Europe, annually, 3.8 million people catch healthcare-associated diseases 

caused by AMR [7], and 90 thousand people die because of these diseases [8]. Besides, the Centre 

for Disease Control and Prevention (CDC) reported that more than 2.8 million people suffer from 

AMR diseases each year, while 35,000 patients die in the US [9]. Moreover, the cost for just one 

AMR infection case is predicted approximately EUR 9–34 thousand more than non-resistant 

microbial infections [10], whilst more than EUR 9 billion are required in Europe [11,12]. On the 

other hand, bacterial resistance itself adds more than USD 20 billion to healthcare costs in the US 

[9]. 

 

In response, a variety of clinical interventions have been employed to combat AMR-related 

diseases, including the use of combination therapies, strategies aim targeting antimicrobial-

resistant enzymes or bacteria, longer treatment durations, and off-label uses [13,14]. Despite these 

efforts, the development of new and effective antimicrobials has been slow, and the emergence of 

resistance to these interventions has become incremental. Furthermore, some of these interventions 

come with their drawbacks, such as an increase in side effects, higher medicinal costs, and longer 

hospital stays [15]. As such, there is a clinical need for alternative approaches such as biomaterial-

based strategies to combat antimicrobial resistance and promote the development of more effective 

therapies. The various antimicrobial collagen biomaterial strategies have recently come to the fore 

in the literature within this framework. 
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1.2. Antibacterial collagen biomaterials 

Collagen is a fibrous, insoluble protein that is the main component of the extracellular matrix 

(ECM) of several tissues [16] of humans and many animals, such as bone [17], cartilage [18], 

tendon [19], skin [20], and muscle [21]. A natural biopolymer, collagen is one of the most abundant 

proteins in mammals [22] and becomes prominent among the other polymers due to its superior 

and distinct properties. Excellent biocompatibility, good biodegradability, hydrophilicity, 

remarkable mechanical properties, low or no antigenicity, hemostatic properties, and cell-binding 

ability are some of the important features of collagen, which make it important for many 

biomaterial applications, such as tissue engineering and drug delivery purposes [23–26]. On the 

other hand, the resistance of collagen to bacteria makes it outstanding to use in the development 

of antimicrobial biomaterials for many kinds of applications, such as the treatment of wounds and 

bone infections. Owing to its natural ability to fight infection, collagen contributes to keeping the 

infection site sterile [26,27]. Moreover, collagen has very high availability since its abundance in 

mammals and marine organisms as well as its producibility from yeasts, plants, insects, and 

mammal cells by recombinant protein technology [23,28] (Figure 1.1). Despite its proven 

properties, collagen-based biomaterials need to incorporate bioactive molecules such as antibiotics 

and plant-based agents in order to increase their biological activities. 
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Figure 1.1. Sources of collagen using biomedical purposes. This figure was created by 

BioRender.com. 

 

The use of alternative antimicrobial agents (e.g., herbal extracts, antimicrobial peptides, and metal 

oxide nanoparticles) as a substitute for antibiotics has started to gain importance in an attempt to 

overcome the emergence of AMR due to ARB strains [2,29,30]. Even though clinically proven, 

generally single and limited antibacterial agents (e.g., silver and gentamicin), including collagen-

based products, are on the market (Table 1.1). Therefore, new modern products are clinically 

needed to improve treatment efficacy. In this respect, collagen has been widely used as a carrier 

vehicle for several kinds of bioactive molecules with their ensured biostability owing to its superior 

biological activities [23–25]. Herein, I briefly reviewed different approaches for designing 

collagen-based antimicrobial products (Figure 1.2) with a particular focus on preclinical studies 

which have been published in the last decade. 
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Table 1.1. Commercially available collagen-based antibacterial products.  

Brand Name Company Composition 
Collagen Content 

(w%) 

Product 

Form 
Refs. 

Promogran Prisma™ 3M (Saint Paul, MN, USA) Collagen, ORC, silver-ORC 55 Pad [31] 

ColActive® Plus 

Powder Ag 

Covalon Technologies 

(Mississauga, Canada) 

Collagen, sodium alginate, CMC, 

EDTA, AgCl 
Not available Pad [32] 

SeptocollA® E Biomet (Warsaw, IN, USA) Collagen fleece, gentamicin salts Not available Pad [33] 

DermaCol™ 
DermaRite (North Bergen, 

NJ, USA) 
Collagen, sodium alginate, CMC, EDTA Not available Pad [34] 

DermaCol/Ag™ DermaRite 
Collagen, sodium alginate, CMC, 

EDTA, AgCl 
Not available Pad [35] 

SilvaKollagen® DermaRite Hydrolyzed collagen, Ag2O Not available Gel [36] 

Puracol® Plus Ag+ 
Medline (Northfield, IL, 

USA) 

Denatured collagen, CMC, sodium 

alginate, silver, EDTA 
Not available Pad [37] 

Seeskin® P 
Synerheal Pharmaceuticals 

(Chennai, India) 
Collagen Not available Powder [38] 

CollaSorb® 
Hartmann (Heidenheim an 

der Brenz, Germany) 
Collagen, sodium alginate 90 Pad [39] 

Genta-Coll® resorb 
Resorba (Nürnberg, 

Germany) 
Collagen, gentamicin sulfate 58.3 Sponge [40] 

Collamycin Synerheal Pharmaceuticals Collagen, gentamicin sulfate Not available Gel [41] 

GenColl ColoGenesis (Salem, India) Collagen, gentamicin sulfate Not available Gel [42] 

Colloskin®M ColoGenesis Collagen Not available Pad [43] 

Collofiber-MM ColoGenesis Collagen, mupirocin, metronidazole Not available Powder [44] 

ColoPlug ColoGenesis Collagen Not available Sponge [45] 

Diacoll-S™ ColoGenesis Collagen, gentamicin sulfate Not available Sponge [46] 

 

Oxidized regenerated cellulose: ORC; Carboxymethyl cellulose: CMC; Ethylenediamine tetra acetic acid: EDTA; Silver chloride: AgCl; 

Silver (I) oxide: Ag2O.
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Figure 1.2. Approaches to developing collagen-based antimicrobial biomaterials for tissue 

engineering applications. 

 

1.3.Current strategies to develop antibacterial collagen biomaterials 

The development of antimicrobial therapeutic strategies has an incremental interest in literature 

since microbial infections have threatened human health for many years. Biomaterial-based 

antimicrobial therapies have been considered an alternative and ideal solution for infection 

treatment because the incorporation of therapeutic bioactive agents into the biomaterial 

formulation can lead to their controlled and sustained release as well as a decrease in their off-

target influences. Moreover, the combination of biomaterials with these molecules’ benefits 

enhancement in bioactivity and stability of therapeutics; hence, therapeutic efficacy could be 

improved. Collagen is a prominent polymer for the de-signing of antimicrobial scaffolds due to its 

outstanding biocompatibility, biodegradability, hydrophilicity, remarkable cell-attachment affinity, 
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and mechanical, hemostatic, low-antigenic, and non-cytotoxic properties. Herein, the recent 

developments in different collagen-based approaches (Figure 2.2) in the treatment of microbial 

infections using various kinds of bioactive molecules incorporated into collagen-based scaffolds 

for antimicrobial therapies was reviewed. 

 

1.3.1.  Non-pharmacological approaches 

In the literature, there are several studies concerning collagen-based biomaterial therapies for 

healing microbial infections without the incorporation of any therapeutics (Table 1.2). Chitosan is 

a commonly used additive polymer for collagen scaffolds to enhance bactericidal effects due to its 

good antibacterial activity against several Gram-positive and Gram-negative bacterial strains [47]. 

Chitosan and oxidized bacterial cellulose with composite collagen hemostasis dressings exhibited 

a faster hemostasis rate (86 s) than commercial gauze (186 s) in vivo rat liver trauma model through 

the collagen to promote platelet and erythrocyte adhesion as well as to improve pro coagulation 

activity [48]. Collagen hydrolysate wound dressings, including chitosan and tetraethoxysilane 

(TEOS), accelerated the healing of wounds in the Wistar rats compared to gauze, where the wound 

recovered completely within 14 days. Besides the augmented healing process, the re-epithelization 

rate was evaluated as 81% and 55% for composite and control groups, respectively on the 10th 

post-treatment day. However, despite the successful preclinical findings, developed dressings 

could not inhibit the growth of P. aeruginosa, which is one of the most common causative bacteria 

for wound infections [49]. On the other hand, some inorganic compounds were incorporated in 

biomaterial formation to increase targeted tissue regeneration and antimicrobial activity [50–52]. 

For instance, the association of collagen with bioactive glass (BG) may promote the antibacterial 

activity of pristine collagen by the increase in osmotic pressure, which is raised proportionally to 

the released ions (e.g., silicon, calcium, and phosphorous) composed of bioactive glasses. Hence, 

the growth of bacteria is inhibited because of the formed region by ions. It is reported that 

collagen/BG scaffolds implanted in Sprague–Dawley (SD) rats’ dorsum skin defect healed the 

wound faster than the clinically used product, Kaltostat, and triggered re-epithelization regarding 

histologic results [52]. 
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Table 1.2. Illustrative examples of collagen antimicrobial scaffolds designed with non-pharmacological approaches.  

Composition 
Collagen 

Source 

Scaffold 

Form 
Crosslinking AST 

Bacterial Strain/ 

Cell Line 
Antibacterial Activity Hypothetic Material Refs. 

Col 

Chi (2% w/v) 

Bovine 

tendon 

Bilayer 

sponge/nan

ofibers 

Not available Disc diffusion 
S. aureus, E. coli  

No in vitro cell culture 

The recovery efficiency of E. 

coli and S. aureus from 

composite matrix was evaluated 

at 52%, and 36%, respectively. 

Chronic wound dressing [53] 

Col (8% w/v) 

BG (10:1 

Col/BG) 

Tilapia skin 
Nanofibrou

s mat 

GTA vapor 

for 24 h 

Antibacterial 

activity assay 

S. aureus  

HaCaTs, HDFs, HUVECs 

Col/BG dressings led to a 

significant reduction in S. aureus 

colonies. 

Wound dressing [52] 

Col 

OBC 

Chi 

(1:0.9:0.25 w 

ratio of 

OBC/Col/Chi

) 

Fish skin Sponge Not available ISO20743-2007 

E. coli, S. aureus, K. 

xylinus 

L929 fibroblasts 

Developed scaffolds could not 

completely inhibit the growth of 

tested bacteria. 

Antibacterial hemostatic 

dressing for internal 

bleeding control 

[48] 

Col 

Chi 

HA 

(Various w 

ratios) 

Rat tail Hydrogel 

Genipin 

(2, 10, 20 

mM) 

Well diffusion 

S. aureus, E. coli  

MG-63 osteosarcoma 

cells 

Developed hydrogels provided 

more antibacterial activity 

against E. coli. 

Bone tissue engineering 

scaffold 
[54] 

Col 

Chi 

Alginate 

(Various w%) 

Tilapia skin Sponge Not available Agar diffusion 
S. aureus 

No in vitro cell culture 

Composite sponges did not show 

an effective inhibitory effect on 

S. aureus. 

Cutaneous wound 

dressing 
[55] 

Col 

Chi 

Gelatin 

(40:40:20 

Col/Chi/Gelat

in w%) 

Priacanthus 

hamrur skin 
Sponge Not available Disc diffusion 

S. aureus, E. coli  

No in vitro cell culture 

The addition of chitosan slightly 

increased the S. aureus 

inhibition. 

Antibacterial and 

antioxidant bio-scaffold 
[56] 

Collagen 

hydrolysate 

Chitosan 

TEOS (0.5–

2% w/v) 

Bovine 

tendon 
Sponge Not available Disc diffusion 

B. subtilis, S. aureus, E. 

coli, P. aeruginosa  

NIH 3T3 fibroblasts 

Developed sponges did not show 

any antimicrobial activity against 

P. aeruginosa. 

Modern collagen wound 

dressing against 

traditional collagen 

dressings 

[49] 
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Collagen 

β-TCP 

(9:1 Col/β-

TCP w ratio) 

Type I (Not 

specified) 

Nanofibrou

s mat 

GTA 

(25, 50 v%) 

Turbidimetric 

method 

E. coli, S. aureus 

BMSCs 

Composite mats displayed a 

more than two-fold higher 

inhibition rate against E.coli. 

Bioactive bone scaffold [57] 

Collagen 

(2.5, 5, 10 

mg/mL) 

Na-Alginate 

microspheres 

(3% w/v) 

Type I (Not 

specified) 
Hydrogel Not available Not studied hUCMSCs Not studied Wound dressing [58] 

 

Antimicrobial susceptibility testing: AST; Collagen: Col; Chitosan: Chi; Weight: w; Volume: v; Spontaneously immortalized, human 

keratinocyte line: HaCaT; Staphylococcus aureus: S. aureus; Escherichia coli: E. coli; Komagataeibacter xylinus: K. xylinus; Bacillus 

subtilis: B. subtilis; Pseudomonas aeruginosa: P. aeruginosa; Bioactive glass: BG; Glutaraldehyde: GTA; Oxidized bacterial cellulose: 

OBC; Hyaluronic acid: HA; Tetraethoxysilane: TEOS; Beta-tricalcium phosphate: β-TCP; Bone marrow mesenchymal stem cell: 

BMSC; Human dermal fibroblast: HDF; Human umbilical vein endothelial cell: HUVEC; Human umbilical cord mesenchymal stem 

cell: hUCMSC. 
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1.3.2.  Pharmacological approaches 

1.3.2.1. Antibiotic-based approaches 

Antibiotics are well-known antimicrobial drugs that have an important role in the treatment of 

bacterial infections by fighting and preventing the growth of bacteria [59]. The incorporation of 

various antibiotics, such as aminoglycosides [60–63] and tetracyclines [64–68], into collagen 

scaffolds have been studied for a long time (Table 1.3). These therapeutic agents are generally 

studied for infected wound and bone defect treatments. For example, when mupirocin was loaded 

into collagen sponges, complete closure and re-epithelization on full-thickness excision wounds 

treated with the developed composite scaffold were achieved. Nevertheless, scaffolds could 

provide significant antibacterial activity against Gram-positive methicillin-resistant S. aureus 

(MRSA) and B. subtilis [69]. In another study of a commonly studied antibiotic, doxycycline-

loaded collagen-based scaffolds increased the gap closure of bone defects in Wistar rats from 25% 

to 40% [68]. On the other hand, the concentration of collagen is an effective parameter for the 

controlled antibiotic release from a biomaterial. An increase in collagen concentration from 20% 

to 40% (w/w) did not enhance the in vivo healing of mice wounds, treated with cefazolin, including 

collagen-based nanofibrous mat, due to inadequate release of antibiotics on the wound bed. This 

outcome indicates the role of polymer concentration in the sustained release of an incorporated 

antimicrobial agent in a biomaterial formulation [70]. 

 

In some strategies, the effect of antibiotics is enhanced by the addition of chitosan into the 

biomaterial formulation. Chitosan exerts its antibacterial activity by binding to the negatively 

charged bacterial cell wall, thus initiating a process that leads either to the disruption of bacterial 

cells or to a change in the bacterial membrane permeability [71]. For instance, minocycline-caged 

chitosan nanoparticles incorporated into collagen sponges demonstrated almost complete 

degradation and no remarkable inflammation in the SD rat skull defect model [65]. The 

antimicrobial activity of biomaterials was also advanced by generating a hypoxic environment by 

including oxygen-generating additives. Oxygen-generating calcium peroxide particles were coated 

on the ciprofloxacin-loaded collagen-based sponges by Tripathi et al. to advance the wound 

healing rate by generating a hypoxic environment. The tested scaffolds on the skin flip model led 

to less necrosis and displayed almost total wound recovery with the help of the antibacterial 

activity of the antibiotic and hypoxic conditions, whilst the untreated group showed about 75% of 
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wound closure within 15 days [72]. Even though good inhibitory effects are re-ported, it is known 

that long-term use of antibiotics results in the emergence of ARB strains. In the attempt to research 

a few alternatives, non-antibiotic therapeutic approaches have become inevitable. 
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Table 1.3. Illustrative examples of collagen antimicrobial scaffolds designed with antibiotic-based approaches.  

Composition 
Collagen 

Source 

Scaffold 

Form 
Crosslinking 

Therapeutic 

Agent 
Release Profile AST 

Bacterial Strain/ 

Cell Line 

Antibacterial 

Activity 

Hypothetic 

Material 
Refs. 

Col (5% w/v) 
Porcine 

dermis 
Sponge 

HMDI 

(0.625–10% 

w/v) 

Cef, Ran 

(0–500 µg/mL) 

10 µg/mL of 

90% Cef and 

95% Ran 

released by day 

7. 

Disc 

diffusion 

E. coli, S. 

epidermidis 

Adult HDFs 

100 µg/mL of Cef 

showed activity 

on tested strains, 

while Ran did 

not. 

Localized drug 

delivery 

vehicle 

[73] 

Col (1% w/w) 

Chi (1% w/w) 

HA (1% w/w) 

Rat tail 

tendon 
Thin film Not available 

Gentamicin 

sulfate 

(0.4 mg/cm2 

film) 

Not studied 
Disc 

diffusion 

S. aureus, E. coli, P. 

aeruginosa 

No in vitro cell 

culture 

Drug-loaded 

scaffolds showed 

approximately 

25–30 mm of 

inhibition zone. 

Antibacterial 

film 
[60] 

Col (8 w%) 

Hap (0–15 

w%) 

Type I 

(not 

specified) 

Micro/na

nostructur

ed layers 

EDC/NHS 

(4:1 w ratio) 

Vancomycin 

hydrochloride 

(10 w% of Col) 

The max 

released 

concentration of 

vancomycin 

exceeded the 

MIC by 

up to 60–75 

times for 4 

weeks. 

Disc 

diffusion 

MRSA, S. 

epidermidis, E. 

faecalis 

SAOS-2 

osteosarcoma cells 

Inhibition zone 

diameters did not 

differ from 

standard 

antibiotic discs 

significantly. 

Local drug 

carrier 
[61] 

Col (3 

mg/mL) 

Bovine 

tendon 
Sponge Not available 

Mupirocin (2 

mg/mL) (caged 

into silica 

microspheres) 

Almost 90% of 

mupirocin was 

released within 

3 days from 

sponges. 

Broth 

dilution 

B. subtilis, S. aureus, 

E. coli, P. 

aeruginosa 

3T3-L1 fibroblasts 

Drug-loaded 

wound dressings 

did not show 

sufficient 

antibacterial 

activity on B. 

subtilis and E. 

coli. 

Wound 

dressing 
[69] 

Col 

Chi (2% w/v) 

Mouse tail 

tendon 

Asymmet

ric 

membran

e 

TPP 

(0.2% w/v) 

Minocycline (15 

µg/mL) (caged 

into Chi NPs) 

Minocycline had 

sustained release 

until the 7th day. 

Live/dead 

bacterial 

double 

staining 

P. gingivalis, F. 

nucleatum 

MC3T3-E1 

osteoblasts, L929 

fibroblasts 

Membranes 

showed 95.3%, 

and 92.1% of 

bacteriostatic 

activity against P. 

gingivalis and F. 

nucleatum, 

respectively. 

Scaffold for 

the prevention 

of infection 

and guide 

bone 

regeneration 

[64] 
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Col 

hydrolysate 

(5 mg/mL) 

PLA (5 

mg/mL) 

cHap (10 mg) 

Type I 

(not 

specified) 

3D-

printed 

porous 

scaffold 

Alkali 

hydrolysis (1:1 

NaOH:EtOH 

and 0.5% w/v 

citric acid) 

Minocycline 

hydrochloride 

(0.5 mg/mL) 

A burst release 

of minocycline 

was observed 

within the first 

hour. 

Disc 

diffusion, 

biofilm 

inhibition 

assay 

S. aureus 

hBM-MSCs 

Drug-loaded 

scaffolds showed 

smaller inhibition 

zone than 

standard 

antibiotic discs. 

Antimicrobial 

and osteogenic 

scaffold 

[65] 

Col (10 w%) 

PLA 

EC 

(7:3, 8:2, 9:1 

EC/PLA w 

ratio) 

Fish 

collagen 

Nanofibr

ous mat 
Not available 

Silver 

sulfadiazine 

(0.25, 0.5, 0.75 

w%) 

28 ppm of silver 

ions were 

released from 

0.75 w% drug-

loaded mats 

within 96 h. 

Disc 

diffusion 

Bacillus, E. coli 

NIH 3T3 fibroblasts 

Only 0.75% of 

drugs including 

scaffolds showed 

antibacterial 

activity against 

tested strains. 

Wound 

dressing 
[74] 

Col (10, 20, 

40% w/w) 

PVP (30% 

w/v) 

PLA 

PEO 

(Shell–

Col/PVP, 

Core: 80:20 

PLA/PEO 

w/w) 

Bovine 

tendon 

Nanofibr

ous mat 
Not available 

Cefazolin 

sodium 

44.15%, 

40.80%, and 

37.76% of 

cefazolin were 

released for 

samples 

containing 10%, 

20%, and 30% 

(w/w) collagen 

after 6 days. 

Disc 

diffusion 

MRSA, E. coli, P. 

aeruginosa 

No in vitro cell 

culture 

Fabricated mats 

showed slightly 

higher 

antibacterial 

activity against P. 

aeruginosa. 

Antibacterial 

patch for 

wound healing 

[70] 

Col (10 

mg/mL) 

Fish 

collagen 
Hydrogel 

Alginate 

dialdehyde 

(2–10 mg/mL) 

Tetracycline 

hydrochloride 

(0.01–0.2 

mg/mL) 

Almost 20% of 

antibiotics with 

a concentration 

equal to or 

higher than 0.1 

mg/mL were 

released during 

600 min. 

Zone 

inhibition 

S. aureus 

3T3 fibroblasts 

Dressings did not 

show high 

inhibition rates of 

S. aureus. 

Wound 

dressing 
[66] 

Col 

BG (0.5 

mg/mL) 

Bovine 

Membran

e 

(Commer

cial 

product) 

Not available 

Tetracycline 

hydrochloride 

(0.05, 0.2, 0.35 

mg/mL) 

More than 50% 

of tetracycline 

releases within 

the first 6 h, and 

significant 

release was 

observed in 24 

h. 

Zone 

inhibition 

Plate 

counting 

S. aureus (different 

strains), S. 

epidermidis 

MG-63 

osteosarcoma cells 

Developed 

scaffolds could 

significantly 

inhibit S. aureus 

growth. 

Scaffold for 

the prevention 

of biomaterial-

related 

infections 

[67] 
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Col (1.5% 

w/v) 

Chi (1.5% 

w/v) 

CPO (1–4 

w%) 

Bovine Sponge 

EDC/NHS 

(3 w%, 2:1 

EDC:NHS w 

ratio) 

Ciprofloxacin 

hydrochloride 

(1 mg/mL) 

Almost 80% of 

CFH was 

released from 

scaffolds 

including 4% 

CPO within 200 

h. 

Zone 

inhibition 

E. coli, S. aureus 

HDFs 

Scaffolds 

displayed good 

inhibition zones 

against both 

strains. 

Skin tissue 

engineering 

scaffold 

[72] 

Col (5% w/v) 

Hap (10 w%) 
Rat tail Sponge EDC (0.1 mM) 

Doxycycline 

containing Hap 

NPs (10 w%) 

A sustained 

release of 

doxycycline 

(about 70%) was 

achieved over 

14 days. 

Time-kill 

assay 

S. aureus, P. 

aeruginosa 

BM-MSCs 

Antibiotic 

addition 

significantly 

reduced the 

number of 

colonies within 

24 h. 

Bone tissue 

engineering 

scaffold 

[68] 

Col (1 w%) 

CNC (5 w%) 

Bovine 

tendon 
Sponge 

GTA 

(0.25%) 

Gentamicin 

sulfate (25 

mg/mL) 

impregnated 

gelatin 

microspheres 

Gentamicin was 

completely 

released after 

144 h of the 

incubation 

period. 

Disc 

diffusion 

E. coli, S. aureus 

NIH-3T3 fibroblasts 

Composite 

scaffolds showed 

higher 

antibacterial 

activity against E. 

coli than S. 

aureus. 

Antibacterial 

skin scaffold 
[62] 

Col 

Chi 

(4, 8, 16% 

total polymer, 

various 

Col/Chi w 

ratio) 

Fish Sponge Not available 
Norfloxacin 

(1 w%) 

An almost 

complete release 

of the drug was 

observed within 

20 h. 

Not 

studied 

No in vitro cell 

culture 
Not studied 

Scaffold for 

skin 

regeneration 

[75] 

Col (6.5 

mg/mL) 

Bovine 

tendon 
Film 

EDC/NHS 

(1:1:6 w ratio 

EDC/NHS/Col-

Tobramycin) 

Tobramycin 

(15 mg/mL) 

The burst 

release of 

tobramycin 

(40%) was 

observed within 

the first 4 h. 

Plate 

counting 

S. aureus 

Human corneal 

epithelial cells 

Tobramycin-

loaded films 

showed 

significantly 

higher inhibition 

than pristine 

films. 

Scaffold for 

corneal repair 
[63] 

Col 

Na-Alginate 

Hap 

Cowhide Sponge 
Genipin 

CaCl2 (10 w%) 

Amoxicillin 

(0.5, 1, 2 

mg/mL) 

The long-term 

drug release 

effect was 

investigated. 

Zone 

inhibition 

E. coli 

rASCs 

Scaffolds could 

effectively inhibit 

E. coli growth. 

Composite 

scaffold for 

infected bone 

defects 

[76] 
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Antimicrobial susceptibility testing: AST; Weight: w; Volume: v; Collagen: Col; Chitosan: Chi; Hyaluronic acid: HA; Hexamethylene 

diisocyanate: HMDI; Cefaclor: Cef; Ranalexin: Ran; Escherichia coli: E. coli; Staphylococcus epidermidis: S. epidermidis; 

Staphylococcus aureus: S. aureus; Pseudomonas aeruginosa: P. aeruginosa; Enterococcus faecalis: E. faecalis; Methicillin-resistant 

Staphylococcus aureus: MRSA; Bacillus subtilis: B. subtilis; Porphyromonas gingivalis: P. gingivalis; Fusobacterium nucleatum: F. 

nucleatum; Hydroxy apatite: Hap; Citrate hydroxy apatite: cHap; N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride: 

EDC; N-hydroxysuccinimide: NHS; Nanoparticle: NP; Sodium tripolyphosphate: TPP; Poly(lactic acid): PLA; Sodium hydroxide: 

NaOH; Ethanol: EtOH; Polyethylene oxide: PEO; Polycaprolactone: PCL; Ethyl cellulose: EC; Polyvinylpyrrolidone: PVP; Bioactive 

glass: BG; Glutaraldehyde: GTA; Human bone mar-row-derived stromal cell culture: hBM-MSC; Calcium peroxide: CPO; Cellulose 

nanocrystal: CNC; Ciprofloxacin hydrochloride: CFH; Rabbit adipose-derived stem cell: rASC. 
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1.3.2.2. Metal-oxide-based approaches 

In recent years, there has been a great interest in metal oxide nanoparticles (NPs) in enhancing the 

antimicrobial properties of collagen-based scaffolds due to their great inhibitory effects against 

broad-spectrum bacteria (Table 1.4). They can exert their bactericidal effect by linking to bacterial 

cell walls via electrostatic interactions [77], hydrophobic forces [78], van der Waals forces [79], 

and/or ligand binding [80]. Silver NPs are the well-known and most studied NPs in pre-clinical 

and commercial antimicrobial devices. In one study, silver NPs included collagen nanofibers 

presented an enhanced healing rate and led to the deposition of more hydroxyproline and collagen 

on the wound site in the Wistar rat model [81], whereas silver NPs loaded collagen hydrogels 

contributed to the reduction of pro-inflammatory cytokine IL-6 and inflammatory cytokines 

CCL24, TIMP1, and sTNFR-2, which indicates the exerted anti-inflammatory properties of silver 

NPs on the subcutaneous mice model [82]. Similarly, in vivo, 10 ppm silver NPs comprised colla-

gen/chitosan hydrogel applied in full-thickness skin defects in the SD rat model expedited the 

fibroblast migration by the advance in α-SMA, upregulated the related macrophage activation, and 

downregulated inflammatory mediators [83]. However, the addition of silver NPs into collagen 

scaffolds has not always exhibited a significant impact on wound healing. For example, both silver-

loaded and pristine collagen membranes did not show complete wound closure [84], as silver NPs 

comprised collagen sponges [85]. Besides silver, zinc oxide NPs are also extensively studied in 

collagen biomaterials, owing to their well-recognized antibacterial and anti-inflammatory 

properties. For instance, the zinc oxide quantum dots were implicated in collagen/PCL nanofibrous 

mats for skin regeneration purposes and served as a suitable wound dressing. Both 0.75% (w/v) 

zinc oxide quantum dots included, pristine mats showed partial wound closure on full-thickness 

mice wound model at 12-day post-treatment with a wound closure rate of about 90%. Although 

scaffolds loaded with zinc oxide quantum dots presented a good inhibitory effect against S. aureus, 

their comparison with pristine scaffolds was not re-ported [86]. 

 

1.3.2.3. Antimicrobial peptide-based approaches 

Antimicrobial peptides are environmentally friendly, small molecular weight, amphiphilic, and 

polycationic proteins that are composed of less than fifty amino acids in their structure [87–89]. 

They can cause cell lysis via binding to intercellular targets of negatively charged cell membranes 

[90,91] and exert bactericidal activity by the modulation of the host immune system [92]. Despite 
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their good antibacterial action, AMPs have some drawbacks, such as a short half-life (within hours) 

and high manufacturing costs [93]. Hence, in the literature, the incorporation of AMPs into 

collagen scaffolds has been less researched than the other therapeutic agents (Table 1.4). AMP 

Tet213 incorporated collagen-based sponge dressings demonstrated almost complete wound 

healing on E. coli- and S. aureus-infected wounds on SD rats within 14 days, similar to pristine 

sponges and commercial silver-including products, in contrast to gauze control. As a result of 

Sirius red staining, pristine, and Tet213, loaded dressings exhibited around 60% of collagen 

deposition, which might be contributed by the biocompatibility of collagen. Moreover, according 

to the samples taken from the SD rat model on day 4, E. coli was 1.8 x 107 CFU for gauze control, 

whereas no bacterial colonies were observed on wounds treated with Tet213 dressings [94]. In 

addition, it was observed that AMPs GL13K [95] and LL37 [96,97] incorporation into the collagen 

scaffolds increased their antibacterial activity against Gram-negative E. coli. 

 

1.3.2.4. Plant derived antimicrobials-based approaches 

Plants have been used for traditional remedies (e.g., bone defects and burn wounds) for centuries 

[98,99]. The bioactive phytochemicals of herbs, such as phenolic substances, essential oils, 

vitamins, and phytohormones, gain them tremendous features (e.g., antimicrobial, antifungal, anti-

inflammatory, and antioxidant activity) and make them a rising star for antimicrobial therapies as 

greener and safer therapeutics [100–105].  

 

Almost 70% of people worldwide believe the primary health benefit of herbal compounds, 

according to the report by the World Health Organization. Herbs present limitless sources to 

develop alternative, safe, and renewable therapeutics. For instance, among over two hundred and 

fifty thousand vascular plants, only around 17% of them have been researched for medicinal 

purposes. Even though herbal components have been known for their excellent biological 

activities, some shortfalls still appear, such as poor biostability and the inability to reach the target. 

Hence, there has been a need to develop engineered carrier and delivery vehicle systems (e.g., 

electrospun nanofibers, hydrogels) to increase the treatment and targeting efficacy. Therefore, 

there have been a remarkable number of attempts in the literature to incorporate various herbal 

extracts, such as cinnamon [106], Cissus quadrangularis [107], and thymol [108], into collagen 
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scaffolds to create an ideal and alternative antimicrobial biomaterial strategy for tissue 

regeneration purposes (Table 1.4).  

 

The addition of curcumin into collagen/cellulose nanocrystal sponge dressings advanced 

epithelization rate and dermal cell proliferation while providing complete wound closure on full 

thickness burn wounds within 21 days. Moreover, they significantly decreased the level of 

cytokines IL-1β, IL-6, and TNF-α between the 10th and 21st days and inhibited the NF-B activity 

due to the long and sustained release of curcumin with antibacterial, antioxidant, and anti-

inflammatory characteristics [109]. Thanks to their complex chemical structure, in some studies, 

herbal extracts are used as a crosslinker for collagen formulations as well as an antimicrobial 

therapeutic agent. For example, wheatgrass was studied as both an antimicrobial agent and a green 

crosslinker for collagen aerogels. The study observed that 2% (w/v) of wheat grass incorporation 

increased the size reduction of collagen aerogel-treated wounds from 47% to 75% on the 9th post-

treatment day and triggered the angiogenesis within 24 h of incubation of the chick embryo model 

[110]. The concentration of the loaded herbal extract is determined as an effective parameter from 

the perspective of preclinical studies. To illustrate, the addition of 0.08 g of Melilotus officinalis 

extract exhibited better re-epithelization than 0.04 and 0.02 g on day 18 post-treatment, whereas 

the 0.08 g extract with collagen-based multilayer nanofibrous mat increased the collagen density 

in vivo from 55% to 82% within 18 days [111]. 
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Table 1.4. Illustrative examples of collagen antimicrobial scaffolds designed with non-antibiotic-based approaches. 

 

Composition 
Collagen 

Source 

Scaffold 

Form 
Crosslinking 

Therapeutic 

Agent 
Release Profile AST 

Bacterial 

Strain/ 

Cell Line 

Antibacterial 

Activity 

Hypothetic 

Material 
Refs. 

Metal-oxide-based approaches 

Col 

Chi 

(Various 

Col/Chi w% 

ratio) 

Goat 

tendon 
Thin film 

EDC/NHS 

(2:1 M ratio) 

Silver NPs 

(0.5 w%) 
Not studied Growth inhibition 

E. coli, S. 

aureus 

MG-63 

osteosarcoma 

cells 

Up to 37% and 

27% of growth 

inhibition was 

observed against 

E. coli and S. 

aureus, 

respectively. 

Composite bone 

tissue engineering 

scaffold 

[112] 

Col 

FN 

CS 

(10:1:3  10−5 

g/g 

Col/CS/FN) 

Bovine 

tendon 
Sponge 

GTA 

(2.5% v/v) 

Silver NPs 

(1  10−4 g/g 

polymers) 

Not studied Disc diffusion 

F.nucleatum, 

P. gingivalis 

Gingival 

fibroblasts 

Hybrid sponges 

showed slightly 

higher 

antimicrobial 

activity against 

F. nucleatum. 

Oral cavity lesion 

dressing 
[113] 

Col (8% w/v) 
Fish 

collagen 

Nanofibrou

s mat 

GTA 

(50% w/v) 

Silver NPs 

(0.2% w/v) 

Cumulatively, 

almost 100% of 

silver ions were 

released within 

25 h. 

Microdilution, 

disc diffusion 

S. aureus, P. 

aeruginosa 

No in vitro cell 

culture 

Approximately 

3.2 and 2.3 cm 

of inhibition 

zone diameter 

was observed 

after 48 h 

against S. aureus 

and P. 

aeruginosa, 

respectively. 

Wound dressing [81] 

Col (10% 

w/w) 
Porcine Hydrogel BDDGE 

Silver NPs 

(0.2 µM) 

Steady silver 

concentration 

was reached 

within 0.5 h of 

incubation 

Growth inhibition 

and 

Time-kill assays 

S. aureus, S. 

epidermidis, E. 

coli, P. 

aeruginosa 

Human 

epidermal 

keratinocytes, 

Hybrid 

hydrogels could 

inhibit the 

growth of all 

tested bacteria. 

Implantable anti-

infective hybrid 

biomaterial 

[82] 
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and dermal 

fibroblasts 

Col (5% w/w) 

His (0, 1, 2% 

w/w) 

Porcine Membrane 

EDC/NHS 

(3.55 and 2.13 

mg/g) 

Silver NPs Not studied 

Disc diffusion, 

bacterial 

suspension 

P. aeruginosa, 

S. aureus 

L929 

fibroblasts 

Developed 

membranes did 

not show 

sufficient 

antimicrobial 

activity against 

both tested 

strains. 

Dressing for full 

thickness burn 

wounds 

[84] 

Col 

Chi 

(9:1 Col/Chi 

w ratio) 

Bovine 

tendon 
Hydrogel EDC/NHS 

Silver NPs 

(0, 2, 5, 10, 20 

ppm) 

Not studied Disc diffusion 

E. coli, S. 

aureus 

Mouse embryo 

fibroblasts, 

HaCaTs 

Developed 

wound dressings 

showed higher 

inhibition of S. 

aureus growth. 

Wound dressing [83] 

Col 

Hap 

(various w 

ratio) 

Fish scale Membrane 
Genipin 

(0.003 g) 

Silver NPs 

(0.05 w%) 
Not studied Disc diffusion 

E. coli, S. 

aureus 

MG-63 

osteosarcoma 

cells 

Scaffolds 

presented less 

inhibition zone 

compared to 

standard 

ampicillin discs. 

Bone filler [114] 

Col (0.5% 

w/w) 

Bovine 

tendon 
Sponge 

Dialdehyde 

xanthan gum 

(10 mg/mL) 

Silver NPs 

(10 mg/mL) 
Not studied 

Disc diffusion, 

bacterial 

infiltration 

E. coli, S. 

aureus, P. 

aeruginosa  

L929 

fibroblasts 

An increase in 

silver NP 

concentration 

resulted in an 

increased 

inhibition rate 

against tested 

strains. 

Antibacterial wound 

dressing 
[85] 

Col 

Sago starch 

(1, 2, 3 µM) 

Fish scale Sponge Not available 

Sago starch 

capped 

silver NPs 

(1:1 w ratio to 

Col) 

Not studied Broth dilution 

S. aureus, E. 

coli  

NIH-3T3 

fibroblasts 

A lower 

minimum 

inhibitory 

concentration 

was examined 

against E. coli. 

Scaffold for tissue 

regeneration 

applications 

[115] 

Col (1% w/w) 

Dextran 
Calf hide Hydrogel 

GTA 

(0.25% v/v) 
Zinc oxide NPs Not studied Not studied 

No in vitro cell 

culture 
Not studied Wound dressing [116] 

Col (0.7 w%) Bovine Hydrogel 
GTA 

(1% v/v) 

Zinc oxide NPs 

(2, 3, 5 w%) 
Not studied Disc diffusion 

S. aureus, E. 

coli  

The inhibition 

zone diameter 

decreased with 

Wound dressing [117] 
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No in vitro cell 

culture 

increasing zinc 

oxide 

concentration 

against S. 

aureus. 

Col 

PCL 

(1:2, 1:1, 2:1, 

3:1 Col/PCL 

w ratio) 

Type I 

(not 

specified) 

Nanofibrou

s mat 
Not available 

Zinc oxide 

quantum dots 

(0–0.75% w/v) 

Not studied Plate counting 

E. coli, S. 

aureus 

L929 

fibroblasts, 

3T3 fibroblasts 

The number of 

living bacteria 

was significantly 

reduced by the 

addition of 

0.75% of NPs. 

Antibacterial wound 

dressing 
[86] 

Col (1% w/w) Calf hide Sponge 
GTA 

(0.5 w%) 
Zinc titanate Not studied Disc diffusion 

S. epidermidis, 

B. cereus, E. 

coli, S. 

enterica, P. 

putida  

MG-63 

osteosarcoma 

cells, 3T3 

fibroblasts 

HaCaTs 

The porous 

nanocomposites 

exerted higher 

antimicrobial 

activity against 

S. epidermidis. 

Anti-infection 

biomaterial 
[118] 

Col (5 

mg/mL) 

Chi (5 

mg/mL) 

Pig skin Sponge 
GTA 

(2.5% w/w) 

TiO2 NPs (1–

7%) 
Not studied 

Bacterial culture, 

SEM imaging 

S. aureus 

Mouse 

fibroblasts, red 

blood cells 

Increased TiO2 

amount led to 

reduced S. 

aureus colonies 

on the surface of 

the scaffold. 

Wound dressing [119] 

Col (3.47 

w%) 

Chi (3 w%) 

Bovine 
Nanofibrou

s mat 

GTA 

(1 w%) 

Zinc oxide NPs 

(1:1:1 w ratio 

Col:Chi:Zinc 

oxide) 

Not studied Disc diffusion 
S. aureus  

Hep-2 cells 

Membranes 

showed 4–8 mm 

of inhibition 

zone diameter 

against S. 

aureus. 

Scaffold for skin 

tissue regeneration 
[120] 

Col 

Chi 

(1:9 Col/Chi 

w ratio) 

 

Not 

specified 
Sponge 

Dehydrothermal 

crosslink at 

105 °C for 24 h 

Zinc oxide NPs 

(1, 3, 5 w%) 
Not studied Disc diffusion 

E. coli, S. 

aureus 

No in vitro cell 

culture 

S. aureus was 

found more 

sensitive to 

developed 

scaffolds than E. 

coli. 

Antibacterial 

product 
[121] 
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Antimicrobial peptide-based approaches 

Col (3 

mg/mL) 
Bovine Hydrogel 

EDC/NHS 

(50 mM EDC, 

25 mM NHS) 

AMP GL13K 

(1 mM) 

Burst release 

was observed 

from 21 to 28 

days. 

ATP 

bioluminescence, 

live/dead assays 

S. gordonii, E. 

coli  

hBM-MSCs 

AMP GL13K 

coating 

significantly 

demonstrated 

less effects on 

the membrane 

integrity of S. 

gordonii. 

Scaffold for 

bone/dental tissue 

growth and 

infection prevention 

[95] 

Col (0.6% 

w/v) 

HA (0.5% 

w/v) 

Alginate 

(1.2% w/v) 

Type I 

(not 

specified 

Sponge 

EDC/NHS 

(0.6 mg/mL 

EDC, 0.3 

mg/mL NHS) 

AMP Tet213 

(500 µg/mL) 

Sustained 

release (68.4 ± 

10.2%) was 

observed after 

14 days. 

Zone inhibition, 

colony counting 

E. coli, MRSA, 

S. aureus  

NIH-3T3 

fibroblasts 

The addition of 

AMP Tet213 

into hybrid 

scaffolds gave 

rise to almost 

full inhibition of 

E. coli and S. 

aureus. 

Mixed-bacteria-

infected wound 

dressing 

[94] 

Col (2.5–3 

mg/mL) 

HA (1.5 

mg/mL) 

Rat tail 

tendon 

Polyelectro

lyte 

multilayers 

GTA 

(8% w/v) 

AMP LL37 

(2, 8, 16 µM) 

Sustained 

release of the 

AMP killed 

planktonic 

bacteria. 

Broth dilution, 

bacterial adhesion 

test, live/dead 

assay 

E. coli  

Primary rat 

hepatocytes 

The 

incorporation of 

16 µM of AMP 

LL37 showed 

almost 3% of 

live bacteria on 

the scaffold 

surface. 

Antimicrobial 

coating 
[96] 

Col 

PLC (14% 

w/v) 

Not 

specified 

Membrane 

(ready-to-

use 

product) 

Not available 
AMP LL37 

(10–40 µM) 

Membranes 

containing 

different LL-37 

concentrations 

released LL-37 

in the same 

quantity. 

Not studied 
L929 

fibroblasts 
Not studied 

Collagen membrane 

for guided bone 

regeneration 

[97] 

Plant-derived antimicrobials-based approaches 

Col (2% w/v) 
Bovine 

skin 
Membrane Not available 

Propolis NPs 

(200 µg/mL) 
Not studied Not studied HDFs Not studied Dermal patch [122] 

Col 

CNC (7 w%) 

Bovine 

tendon 
Sponge Not available 

Curcumin 

(5 mg/mL) 

99.3% of 

curcumin was 
Disc diffusion 

E. coli, S. 

aureus, P. 

aeruginosa  

Curcumin 

significantly 

enhanced the 

Full thickness burn 

dressing 
[109] 
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released within 

the first 24 h. 

No in vitro cell 

culture 

antimicrobial 

activity of 

pristine porous 

scaffolds. 

Col (1% w/w) 

Col/Gel 

microparticle

s (50, 125, 

250 mg) 

Bovine Sponge 
GTA 

(0.02% v/v) 

Calendula 

officinalis 

extract 

(1% v/v) 

Incomplete 

release of the 

extract was 

observed within 

14 days at pH 

5.5 and 7.4. 

Not studied 
L929 

fibroblasts 
Not studied Dermal substitute [123] 

Col 
Goat 

tendon 
Aerogel 

Wheatgrass 

(1, 2, 3% w/v) 

Wheatgrass 

(1, 2, 3% w/v) 
Not studied Agar diffusion 

E. coli, B. 

subtilis 

Swiss 3T6 

fibroblasts, 

HaCaTs 

Hybrid aerogels 

showed smaller 

inhibition zones 

than commercial 

ampicillin discs 

against B. 

subtilis. 

Wound dressing [110] 

Col (10 

mg/mL) 

GSP (25–100 

w% to Col) 

Cowhide 

trimming 

waste 

Sponge 

Chloroform 

extract of 

cinnamon bark 

(14.28% v/v) 

Cinnamon bark 

powder 

(2 g) 

Not studied Broth dilution 

B. subtilis, S. 

aureus, E. coli  

No in vitro cell 

culture 

The addition of 

cinnamon bark 

powder led to 

great inhibition 

of all tested 

strains.  

Antimicrobial 

wound dressing 
[106] 

Col (9 

mg/mL) 

Type I 

(Not 

specified) 

Sponge Not available 

Berberine-

oleanolic acid 

(1–5%) 

All samples 

released about 

70% of the drug 

within 1 h. 

Filter paper 

diffusion 

S. aureus, E. 

coli 

MG-63 

osteosarcoma 

cells 

Gram-positive 

bacteria were 

found more 

sensitive to 

developed 

scaffolds than 

Gram-negative 

bacteria. 

Scaffold for 

postoperative 

bacterial bone 

infection 

[124] 

Col (1% w/v) 

Chi (1% w/v) 

Hap (5% w/v) 

PCL (20–80 

mg/mL) 

PVA (0.5–3% 

w/v) 

Bovine 

tendon 
Sponge 

GTA 

(0.1% v/v) 

Cissus 

quadrangularis 

caged PCL 

nanoparticles 

Cumulatively 

more than 80% 

of the extract 

was released 

within 21 days. 

Not studied 
MC3T3-E1 

osteoblasts 
Not studied 

Bone tissue 

engineering scaffold 
[107] 
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Col (1% w/v) 
Rat tail 

tendon 
Film Not available 

Thymol 

(0.25–4 mg/cm2) 
Not studied 

Dehydrogenase 

activity assay, 

ATP 

bioluminescence, 

microbial 

penetration assay 

S. aureus, E. 

coli, P. 

aeruginosa 

Red blood cells 

4 mg/cm2 of 

thymol 

including films 

indicated almost 

full inhibition of 

all tested strains. 

Antibacterial film 

for wound care 

applications 

[108] 

Col (11 w% 

middle 

layers; 10 w% 

inner layers) 

PCL (10 w% 

outer layers; 

11 w% 

middle layer) 

Rat tail 
Nanofibrou

s mat 
Not available 

Melilotus 

officinalis 

(2, 4, 8% w/w) 

Not studied Not studied 
L929 

fibroblasts 
Not studied 

Diabetic foot ulcer 

dressing 
[111] 

Col 

Lipid NPs 

(10:1 w ratio 

Col/Lipid 

NPs) 

Bovine 

tendon 
Sponge Not available 

Curcumin into 

lipid NPs 

The complete 

release of 

curcumin-loaded 

NPs was 

observed within 

25 days. 

Not studied 

NIH 3T3 

fibroblasts, 

HaCaTs 

Not studied 

Composite 

cryostructurate for 

wound healing 

[125] 

Col (10 

mg/mL) 

Annona 

polysaccharid

e (7.5 

mg/mL) 

Bovine 

Achilles 

tendon 

Sponge 

Chloroform 

extract of 

cinnamon bark 

Tetrahydrocurcu

min 

microspheres 

28.95 ± 1.7% of 

the drug was 

released within 

12 h from the 

composite 

scaffold. 

Disc diffusion 

B. subtilis, P. 

aeruginosa, S. 

aureus 

NIH 3T3 

fibroblasts 

Approximately 

20 mm and 10 

mm inhibition 

zone diameters 

were evaluated 

against S. aureus 

around the 

positive control 

and composite 

scaffold, 

respectively. 

Antimicrobial 

wound dressing 
[126] 

Col (60% v/v 

in shell) 

PVA (50% 

v/v in core) 

Type I 

(Not 

specified) 

Nanofibrou

s core–shell 

mat 

Not available 

Licorice roots 

(50% v/v in 

core, and 40% 

v/v in shell) 

Not studied Disc diffusion 

S. aureus, P. 

aeruginosa 

No in vitro cell 

culture 

Bio-nano 

scaffolds did not 

show any 

activity on the 

inhibition of P. 

aeruginosa 

growth. 

Hybrid bio-nano 

wound dressing 
[127] 
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Antimicrobial susceptibility testing: AST; Weight: w; Volume: v; Collagen: Col; Chitosan: Chi; Nanoparticle: NP; Fibronectin:  FN; 

Chondroitin 4-sulfate: CS; 1,4-Butanediol diglycidyl ether: BDDGE; Histidine: His; Hydroxy apatite: Hap; N-(3-dimethylaminopropyl)-

N-ethylcarbodiimide hydrochloride: EDC; N-hydroxysuccinimide: NHS; Poly-caprolactone: PCL; Glutaraldehyde: GTA; Titanium 

dioxide: TiO2; Antimicrobial peptide: AMP; Hyaluronic acid: HA; Poly(L-lactide-co-ε-caprolactone): PLC; Cellulose nanocrystal: 

CNC; Gelatin: Gel; Gulmohar seed polysaccharide: GSP; Poly(vinyl alcohol): PVA; Escherichia coli: E. coli; Staphylococcus 

epidermidis: S. epidermidis; Staphylococcus aureus: S. aureus; Pseudomonas aeruginosa: P. aeruginosa; Bacillus subtilis: B. subtilis; 

Bacillus cereus: B. cereus; Salmonella enterica: S. enterica; Pseudomonas putida: P. putida; Porphyromonas gingivalis: P. gingivalis; 

Fusobacterium nucleatum: F. nucleatum; Streptococcus gordonii: S. gordonii; Methicillin-resistant Staphylococcus aureus: MRSA; 

Spontaneously immortalized, human keratinocyte line: HaCaT; Human bone marrow-derived stromal cell culture: hBM-MSC; Human 

dermal fibroblast: HDF. 
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1.3.3.  Combination approaches 

The combination of antimicrobial bioactive agents has been studied to increase the treatment 

efficacy of collagen-based antimicrobial biomaterial therapies in addition to their single use by 

taking advantage of synergetic effects of different therapeutics. For this purpose, the simultaneous 

incorporation of herbal extracts, metal oxides, AMPs, antibiotics, growth factors, and other 

bioactive molecules into antimicrobial collagen scaffolds has been extensively investigated (Table 

1.5). For example, the synergism of 60 mg/mL of lemon balm and dill essential oils enhanced the 

antimicrobial activity of collagen-based nanofibers on various Gram-positive and Gram-negative 

bacterial strains and showed in vivo biocompatibility on Swiss adult mouse model without any 

causative effect [102]. In the literature, the combination of metal oxide NPs and phytochemicals 

in biomaterial formulation exhibited advanced tissue regeneration and antimicrobial activity. In a 

study, the administration of silver NPs and silymarin raised the contraction rate of colla-

gen/chitosan bilayer sponges treated wounds on Wistar rats from 55% to almost complete 

contraction within 10 days with a thin crust appearance [128]. Similarly, 0.5 w% curcumin-loaded 

graphene oxide NP (2 mg/mL)-reinforced sponge dressings accelerated the wound closure of the 

open wounds in vivo due to the superior anti-inflammatory and antibacterial features of curcumin 

and graphene oxide [129], while the cumulative effect of silver NPs and plumbagin led to complete 

healing of open excision wounds on Wistar rats on the 15th post-treatment day as well as a 

significant bactericidal effect on both Gram-positive and Gram-negative bacteria [130]. 

 

In some cases, the application of antibiotics could not prevent the re-growing of antibiotic-resistant 

bacterial strains. Although vancomycin-loaded collagen hydrogels were effective in reducing 

bacterial luminescence on luminescent MRSA, which infected in vivo wounds on the first day, re-

growing of bacteria was reported on the 2nd post-treatment day. To overcome this problem, 

collagen-mimetic-peptide-tethered vancomycin was chosen, and complete inhibition of bacterial 

growth was achieved by their synergetic effect [131]. Apart from this, the combination of 

antibiotics with growth factors may ameliorate the rate of wound healing. Silver sulfadiazine, and 

epidermal and basic fibroblast growth factors, including collagen-based multi-layered nanofibers, 

presented ideal healing for in vivo full-thickness wounds thanks to the slow release of growth 

factors, neutralizing and anti-growth impact of antibiotics, which supported granulation tissue 

formation as well normal interactions of collagen fibers and fibroblasts with ECM [132].
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Table 1.5. Illustrative examples of collagen antimicrobial scaffolds designed with combination approaches. 

 

Composition 
Collagen 

Source 

Scaffold 

Form 
Crosslinking 

Therapeutic 

Agent 
Release Profile AST 

Bacterial 

Strain/ 

Cell Line 

Antibacterial 

Activity 

Hypothetic 

Material 
Refs. 

Col 

hydrolysate 

(2.66% w/v) 

Chi (1.5% 

w/v) 

Bovine 

tendon 

Rabbit 

skin 

Nanofibrous 

mat 
Not available 

Lemon balm 

and Dill EOs 

(60 mg/mL 

each, 1:1 ratio) 

Not studied Disc diffusion 

S. aureus, E. 

coli, E. faecalis, 

S. typhimurium 

No in vitro cell 

culture  

While EOs only 

did not show 

efficient 

antimicrobial 

activity, EO-

including 

membranes, 

showed 

significantly higher 

activity against 

tested strains. 

Medical wound 

dressing 
[102] 

Col (5% w/v) 
Not 

specified 
Sponge 

GTA 

(2.5% v/v) 

AMPs Pac-525 

and KSL-W (1.5 

mg/mL) into 

PLGA 

microspheres 

Burst release of 

AMPs occurred 

within 2 days in 

both 

microspheres 

and scaffolds. 

Oxford cup disc 

diffusion 

S. aureus, E. 

coli 

MC-3T3 

fibroblasts 

Lower doses of 

AMPs could not 

lead to inhibition of 

S. aureus and E. 

coli growth. 

Scaffold for 

infective bone 

defect repair 

[133] 

Col (3.5% 

w/v) 

Chi (1.5% 

w/v) 

Hydrolyze

d peptide 

Bilayer 

sponge 

GTA 

(0.025% v/v) 

Silymarin (0.5, 

1, 2% w/w), and 

silver NPs (3% 

w/w) 

A sustained 

release of 

antioxidants was 

observed over 

120 h. 

Not studied 
Cos-7 

fibroblasts 
Not studied 

Antioxidant 

and 

antibacterial 

wound dressing 

[128] 

Col 
Rat tail 

tendon 
Hydrogel 

Incubation of 

Col solution in 

saturated NH3 

chamber 

Silver NPs 

(67, 6.7, 0.67 

mg/g), and 

Cannabis sativa 

oil (0.15 mL) 

Only 1.5 g of the 

silver content is 

released after 24 

h. 

Disc diffusion, 

broth dilution 

S. aureus, P. 

aeruginosa 

MDCK 

epithelial cells 

Inhibition zone 

diameter of 67 

mg/g silver-NP-

including 

hydrogels 

increased from 

1.45 to 1.75 cm 

with the addition of 

EO.  

Wound 

dressing 
[134] 
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Col (1% w/v) Fish scale Sponge 

EDC/NHS 

(1:2:2 

GO:EDC:NHS 

molar ratio) 

Curcumin (0.5 

w%), and GO 

NPs (2 mg/mL) 

82.5% of loaded 

curcumin was 

released within 

96 h. 

Disc diffusion 

P. aeruginosa, 

S. aureus 

NIH-3T3 

fibroblasts 

The inhibition zone 

diameters around 

hybrid scaffolds 

were evaluated as 

approximately 16 

and 15 mm against 

S. aureus, and P. 

aeruginosa, 

respectively. 

Wound 

dressing 
[129] 

Col 
Rat tail 

tendon 
Membrane 

Curcumin caged 

silver NPs 

(10, 20 µM) 

Curcumin (20–

100 µM) caged 

silver NPs 

Not studied Broth dilution 

E. coli, B. 

subtilis 

HaCaTs 

20 µM curcumin-

caged silver NPs 

showed 95% 

growth inhibition 

of E. coli. 

Scaffold for 

biomedical 

engineering 

[135] 

Col (3 

mg/mL) 

Rat tail 

tendon 
Sponge 

Plumbagin 

(1–5 µM) 

Plumbagin (1–5 

µM) caged 

silver NPs 

Not studied 

Disc diffusion, 

broth 

microdilution 

E. coli 

B. subtilis 

No in vitro cell 

culture 

Hybrid scaffolds 

presented better 

antimicrobial 

activity against B. 

subtilis. 

Wound 

dressing 
[130] 

Col (8 w%) 

Hap (0, 5, 15 

w%) 

Type I 

(Not 

specified) 

Nanofibrous 

mat 

EDC/NHS 

(4:1 w ratio 

EDC:NHS) 

Vancomycin 

hydrochloride, 

gentamicin 

sulfate 

(10 w% total, 

1:1 w ratio) 

High 

concentrations 

of vancomycin 

and gentamicin 

were released 

for 21 days. 

Disc diffusion 

MRSA, S. 

epidermidis, E. 

faecalis 

SAOS-2 

osteosarcoma 

cells 

The synergetic 

effect of two 

antibiotics yielded 

increased inhibition 

zone diameters on 

MRSA.  

Scaffold for the 

treatment of 

prosthetic joint 

infection 

[136] 

Col (2, 3, 4 

mg/mL) 

Fibrinogen 

(1.25 mg/mL) 

Thrombin 

(0.156 

IU/mL) 

Bovine Hydrogel Not available 

Collagen 

mimetic peptide 

tethered 

vancomycin 

(1.25 mg/gel) 

into liposomes 

(30 µg/gel) 

Complete 

vancomycin 

release was 

achieved within 

12 h. 

Broth dilution 

S. aureus, 

MRSA  

NIH-3T3 

fibroblasts 

Hybrid hydrogels 

presented higher 

antimicrobial 

activity than 

pristine hydrogels 

with less than 104 

CFU/wound up to 

the 9th day. 

Scaffold for the 

MRSA-

associated 

treatment 

[131] 

Col (1% w/v) Fish scale Sponge 
GTA 

(0.25% v/v) 

Mupirocin (1:1 

w ratio) and 

Macrotyloma 

uniflorum 

extract (10% 

v/v) 

94% of 

mupirocin was 

released within 

72 h. 

Disc diffusion 

B. subtilis, S. 

aureus, P. 

vulgaris, E. coli 

NIH-3T3 

fibroblasts, 

HaCaTs 

The highest 

antimicrobial 

activity of 

composite 

dressings was 

observed on S. 

aureus. 

Burn wound 

dressing 
[137] 
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Col (20 w%) 

PCL 

Zein (15 w% 

PCL/Zein 

with various 

ratios) 

Fish 
Nanofibrous 

mat 
Not available 

Zinc oxide NPs 

(1 w%) and Aloe 

vera (5, 8 w%) 

Approximately 

70% of zinc 

oxide NPs are 

released within 

30 days. 

Disc diffusion 

S. aureus, E. 

coli  

Human gingival 

fibroblasts 

The combination of 

zinc oxide NPs 

with Aloe vera 

increased the 

growth inhibition 

rate of both 

bacteria. 

Wound 

dressing 
[138] 

Col (0.5% 

w/v) 
Rat tail 

Bilayer 

sponge 

GTA 

(25% v/v) 

Fibrinogen and 

silver NPs 

50% of the 

included 

fibrinogen was 

released within 

5 days. 

Zone inhibition 

E. coli 

No in vitro cell 

culture 

The one-fold 

increase in silver 

NPs concentration 

did not enhance the 

antimicrobial 

activity of 

scaffolds 

significantly. 

Skin tissue 

engineering 

scaffold 

[139] 

Col (6 

mg/mL) 

Elastin-like 

peptide (18 

mg/mL) 

(1:3 

Col/ELP) 

Rat tail 

tendon 
Hydrogel EDC/NHS 

rhBMP-2 

(0.005% w/v) 

doxycycline 

hyclate 

(0.5% w/w) 

Bi-phasic 

release of 

doxycycline was 

observed with 

an initial burst 

release followed 

by a sustained 

release. 

Zone inhibition 

E. coli, P. 

aeruginosa, S. 

sanguinis  

hASCs 

The developed 

hydrogels could 

not exert effective 

activity against E. 

coli. 

Bone 

regenerative 

hydrogel 

[140] 

Col (2 w%) 

PCL (15 w%) 

Chi (2 w%) 

PEO (5 w%) 

Type I 

(not 

specified) 

3-layered 

nanofibrous 

mat 

Not available 

Silver 

sulfadiazine 

(3 mg/mL), 

EGF, and bFGF 

(25 µg/mL each) 

Between days 5 

and 20, the 

sustained release 

was achieved 

with a 

cumulative 

release of about 

80%. 

Antibiotic tube 

dilution 

P. aeruginosa, 

S. aureus  

HDFs 

Minimum 

inhibitory 

concentration was 

evaluated as 15 and 

30 µg/mL against 

P. aeruginosa and 

S. aureus, 

respectively. 

Wound 

dressing 
[132] 

Col 

(1% w/v) 

Bovine 

skin 
Sponge 

GTA 

(0–1% w/v) 

OTC (1 g/L) 

DXC (1 g/L) 

About 70% of 

OTC was 

released from 

0.5% of GTA 

crosslinked 

scaffolds within 

600 min. 

Broth dilution 

E. coli, E. 

faecalis, S. 

aureus 

Dermal 

fibroblasts of 

mouse cell line 

Oxytetracycline led 

to more inhibition 

growth of tested 

bacteria. 

Dressing for 

prevention and 

treatment of 

infections at 

the application 

site 

[141] 
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Col 

PVA 

(1:3 w/w 

PVA/Col) 

Bovine 

tendon 
Membrane Not available 

Ciprofloxacin 

and tobramycin 

(0.3% w/v for 

soaking method, 

5% w/w for 

mixing method) 

CP showed 

more sustained 

and controlled 

release. 95% of 

CP was released 

after 48 h. 

Microdilution, 

time-kill assay 

S. aureus, E. 

coli  

No in vitro cell 

culture 

The efficacy of 

membranes to kill 

the tested bacteria 

was found 

independent of 

their release 

profile. 

Ulcerative 

keratitis 

dressing 

[142] 

Col (4 

mg/mL) 

Not 

specified 
Sponge 

Triphenyl 

phosphate (10% 

v/v) 

Mupirocin (50 

mg) in 5% w/v 

Chi 

microspheres 

and Piper betle 

extract (5% v/v) 

More than 50% 

of both drugs are 

released at the 

end of 12 h. 

Agar disc 

diffusion 

E. coli, S. 

aureus 

No in vitro cell 

culture 

The combination of 

two antimicrobials 

slightly increased 

the antimicrobial 

activity against 

both strains. 

Wound 

dressing 
[143] 

Col (1.06 

mg/mL) 

Rapana 

venosa 
Sponge Not available 

Salvia officinalis 

extract loaded 

mesoporous 

silica NPs (10, 

20 mg/mL) 

Not studied 
Broth 

microdilution 

P. aeruginosa, 

S. aureus  

HaCaTs, Human 

Mel-Juso skin 

carcinoma cells 

The hybrid 

scaffolds showed at 

least a two-fold 

higher minimum 

inhibitory 

concentration for 

P. aeruginosa. 

Wound 

dressing 
[144] 

 

 

Antimicrobial susceptibility testing: AST; Weight: w; Volume: v; Collagen: Col; Chitosan: Chi; Essential oil: EO; poly(D,L-lactide-co-

glycolic acid): PLGA; Polycaprolactone: PCL; Antimicrobial peptide: AMP; Nanoparticle: NP; Ammonia: NH3; Graphene oxide: GO; 

Hydroxy apatite: Hap; Elastin-like peptide: ELP; Epidermal growth factor: EGF; Basic fibroblast growth factor: bFGF; Oxytetracycline 

hydrochloride: OTC; Doxycycline hydrochloride: DXC; Ciprofloxacin: CP; Tobramycin: TB; N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride: EDC; N-hydroxysuccinimide: NHS; Glutaraldehyde: GTA; Escherichia coli: E. coli; Staphylococcus 

aureus: S. aureus; Enterococcus faecalis: E. faecalis; Salmonella typhimurium: S. typhimurium; Methicillin-resistant Staphylococcus 

aureus: MRSA; Pseudo-monas aeruginosa: P. aeruginosa; Bacillus subtilis: B. subtilis; Proteus vulgaris: P. vulgaris; Streptococcus 

sanguinis: S. sanguinis; Spontaneously immortalized human keratinocyte line: HaCaT; Recombinant human bone morphogenetic 

protein-2: rhBMP-2; Human adipose-derived stem cell: hASC; Human dermal fibroblast: HDF. 
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1.4. Project rationale, aims, hypothesis and objectives 

Antimicrobial resistance poses a significant global health challenge following cardiac problems, 

as microorganisms like bacteria, viruses, fungi, and parasites adapt to withstand the impact of 

medications. Since the discovery of penicillin in 1928 by Alexander Fleming, antibiotics have been 

the preferred choice for treating infections. Despite their low toxicity and potent bactericidal 

properties, prolonged use of antibiotics has led to the proliferation and spread of antibiotic-resistant 

bacteria, giving rise to diseases related to antimicrobial resistance. This adaptation renders 

standard treatments ineffective and complicates the management of infections. Consequently, 

antimicrobial resistance results in prolonged illness, heightened mortality rates, and places a 

substantial strain on healthcare systems. Consequently, the emergence of new antimicrobial 

treatment strategies using alternative and safer antimicrobial agents has been getting attention. 

Essential oils are one of the promising alternative antimicrobial agents substitute for commercial 

antibiotics thanks to their broad range of biological activities. However, their high volatility and 

sensitivity requires their use within a carrier system. 

 

Herein, the ultimate goal of this study was to develop an optimally functionalized antibacterial 

collagen hydrogel systems incorporated with an effective essential oil in order to treat infected 

tissues by aiming to combat antimicrobial resistance. In this context, firstly detailed antimicrobial 

and anti-biofilm activity of four different essential oils (Thymus sibthorpii, Origanum vulgare, 

Salvia fruticosa, Crithmum maritimum) were assessed as Phase I of the project (Chapter 2). 

Thereafter, optimized collagen type I hydrogels were developed via functionalizing them by six 

different starPEG crosslinkers with different concentrations (Phase II). Lastly, release profile, 

release kinetics, and biological activities of developed composite antibacterial collagen hydrogels 

were evaluated as a content of Phase III. 
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1.4.1.  Phase 1 (Chapter 2): 

Overall aim: To screen the composition and assess antimicrobial and anti-biofilm activity of 

Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, Crithmum maritimum essential oils using 

Kirby Bauer disc diffusion method, modified broth microdilution assay, and microtiter plate 

biofilm assay. 

 

Hypothesis: Essential oils can be the safer alternative antimicrobial agent candidate substitute for 

widely used antibiotics in order to combat antimicrobial resistance problem with superior 

antimicrobial and anti-biofilm activity against various kinds of pathogenic bacteria thanks to their 

complex chemical structure. 

 

Objectives: 

• To screen the chemical composition of essential oils. 

• To assess antimicrobial activity of essential oils by Kirby Bauer disc diffusion and modified 

broth microdilution assays. 

• To assess anti-biofilm activity of essential oils by microtiter plate biofilm assay. 

• To compare the antimicrobial and anti-biofilm activity of essential oils with widely used 

commercial antibiotics and decide the most effective one as a model agent for the study. 

• To screen the antimicrobial and anti-biofilm activity effectiveness of different essential 

oils. 

• To compare the effect of essential oils on methicillin-sensitive, methicillin-resistant, and 

reference S. aureus strains to have insights on their potential to combat antimicrobial 

resistance problem. 
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1.4.2.  Phase 2 (Chapter 3): 

Overall aim: To develop optimally functionalized collagen type I hydrogels via various starPEG 

molecules with five different concentrations. 

 

Hypothesis: starPEG molecules can effectively crosslink collagen type I hydrogels via covalent 

bonding with amine group hence enhance the stability of hydrogels. 

 

Objectives: 

• To optimize the fabrication of collagen type I hydrogels. 

• To assess the free amine reduction of functionalized collagen type I hydrogels via TNBSA 

assay. 

• To assess the resistance of developed functionalized hydrogels against collagenase enzyme 

via collagenase assay. 

• To screen the effective concentration plateau for each starPEG crosslinker at 0.5, 1, 2, and 

5 mM concentration. 

• To investigate the influence of different molecular weight and arm number of starPEG on 

collagen crosslinking. 

• To determine optimal starPEG type and concentration via statistical analysis by using GTA 

as a positive control. 
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1.4.3. Phase 3 (Chapter 3): 

Overall aim: To fabricate the functionalized antibacterial collagen type I hydrogels loaded with 

the selected most efficient essential oil and assess the release profile and release kinetics of the 

agent from hydrogel network as well as the antimicrobial activity and in vitro cytotoxicity of 

composite systems. 

 

Hypothesis: The essential oil incorporated antibacterial collagen type I hydrogels can demonstrate 

sustained release of the loaded essential oil, Fickian diffusion mechanism, superior antibacterial 

activity against widely inhabited pathogenic bacteria on the infected tissue area, and no toxic effect 

on fibroblasts. 

 

Objectives: 

• To fabricate Thymus sibthorpii essential oil loaded antibacterial collagen type I hydrogels. 

• To investigate the release profile of Thymus sibthorpii essential oil from hydrogel network. 

• To examine the release kinetics of Thymus sibthorpii essential using five different 

mathematical models. 

• To assess antimicrobial activity of antibacterial hydrogels against gram-positive S. aureus 

and gram-negative E.coli. 

• To assess the metabolic activity and proliferation of NIH-3T3 fibroblasts seeded on the 

hydrogels. 
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2.1. Introduction 

Increased consumption and misuse of antimicrobial agents in both humans and animals [1,2] have 

caused the spread of antimicrobial resistance, which seriously threatens public and animal health 

[3]. Whereas infections due to antimicrobial resistance exhibited by bacteria can be adaptive, 

intrinsic, and acquired [4], multidrug-resistant bacteria (e.g., methicillin-resistant Staphylococcus 

aureus) cause infections that end up with longer hospitalization periods, remarkable morbidity, 

and mortality [3,5], as well as high healthcare costs. According to a report from the Organization 

of Economic Cooperation and Development (OECD), approximately 2.4 million people are 

expected to die due to this kind of infection in North America, Australia, and Europe over the next 

three decades, and treatment may cost up to USD 3.5 billion per year [6]. Among the bacteria that 

pose the greatest threat to world public health is methicillin-resistant Staphylococcus aureus 

(MRSA), where in particular, healthcare costs for a single specific serotype of S. aureus-caused 

infection reached almost EUR 9000 in Germany [7], and more than USD 18,000 in the U.S. [8]. 

 

In general, S. aureus is one of the major opportunistic human pathogens [9], which has the ability 

to escape the immune system and can give rise to diversified infections ranging from superficial 

skin wounds to life-threatening sepsis [10]. Among the wide variety of infections, S. aureus is a 

well-known bacteria associated with wound infections, which generally colonize the outermost 

layer of wounds [11]. In particular, S. aureus-caused wound infections may be evaluated as a 

potential risk factor for MRSA concern [12], which has brought about the development of 

alternative antimicrobials substituted for traditional antibiotics. Moreover, S. aureus (especially 

MRSA) has the ability to adhere to living or inert surfaces, secreting an extracellular polymeric 

substance of proteins, polysaccharides, nucleic acids, and water, known as a biofilm. Subsequently, 

the biofilm matrix acts as a physical barrier that prevents the permeability of the drug into the 

bacterial community and helps the microbe resist and minimize the effect of traditional antibiotics 

[13]. These challenges have given rise to a significant interest in the scientific community in 

developing herbal-based therapeutics with antimicrobial activity (e.g., essential oils) as a safer, 

green alternative to antibiotics [14]. 

 

Essential oils (EOs) are colored, aroma-rich, complex hydrophobic liquids [15], also known as 

volatile oils [16]. They are defined as the secondary metabolic product of aromatic plants [17] and 
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are found in the various parts of plants such as flowers, roots, barks, stems, leaves, and seeds [18]. 

EOs are potent agents to diminish antimicrobial resistance [19] due to their significant therapeutic 

properties (i.e., antibacterial, antiseptic, and antioxidant activities) [20,21]. For this reason, EOs 

from pharmaceutical plants have also been examined as potent antimicrobial agents in animal 

production systems [22]. The antimicrobial activity of EOs does not only stem from their 

qualitative chemical composition, but also from the quantitative intensity of every single 

component that is included in the structure, as well as all plant-based products [23]. Their complex 

structure is mainly composed of terpenes (generally monoterpenes and sesquiterpenes) and 

terpenoids [24]. Even though some of these chemicals are water soluble, most of them are 

hydrophobic, so EOs are defined as hydrophobic [25,26]. 

 

Hydrophobicity is one of the most important features of an EO [16], enabling them to penetrate 

through the phospholipid-bilayer bacterial cell membrane after attaching to the cell surface [27]. 

As a consequence of the accumulation of EOs, the structure of the cell membrane may be 

destroyed, which results in an unfavorable change in the cell metabolism and causes the death of 

the cell [28]. It is also worth mentioning that the mechanism of action of EOs on the inhibition of 

bacterial growth is attributed to a series of reactions detrimental to bacterial cells that are defined 

as EO versatility [29]. EOs also exert anti-biofilm activity owing to both hydrophobic and 

hydrophilic moieties in their composition [30]. Accordingly, the hydrophobic components of EOs 

permeate the lipid sub-stances of the cell membrane to diminish biofilm formation, while the 

hydrophilic ones diffuse through the exopolysaccharide matrix of the biofilm [31]. 

 

In this chapter, EOs of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum 

maritimum plants were chosen as the potential antimicrobial agents against various S. aureus 

strains to combat the antimicrobial resistance problem. All these species have already been used 

for traditional medications. Essential oils extracted from Thymus species are extensively used for 

pharmaceutical and cosmetic purposes with their various biological activities (e.g., antimicrobial 

and antioxidant activities) [32]. Origanum vulgare has been evaluated in preclinical studies for a 

long time thanks to its anti-inflammatory, antimicrobial, antioxidant, and anti-cancer properties 

[33]. EO of the Salvia fruticosa plant, which is one of the thousand species of the Salvia genus, is 

a traditional remedy for intestinal problems, epidermal problems, and gingivitis since ancient times 
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[34,35]. Crithmum maritimum has not only been preferred for culinary purposes but has also been 

used for pharmaceutical and cosmetic reasons [36]. 

 

Thus, the chemical composition and the antimicrobial and anti-biofilm activity of Thymus 

sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum maritimum EOs, extracted from 

freshly collected plants, were examined to identify potential antimicrobial and anti-biofilm agents 

(Figure 2.1). All EOs were tested against wild-type methicillin-sensitive and methicillin-resistant 

S. aureus, as well S. aureus ATCC 29213, bacteria, which have different antimicrobial resistance 

profiles. We hypothesized that if methicillin-sensitive and -resistant S. aureus strains do not differ 

in EO susceptibility, the selected EOs can be evaluated as alternative and safe players to combat 

the antimicrobial resistance problem. We strongly believe that with the present study, we filled this 

gap and made an important proposal since S. aureus is a reference species in the frontline of the 

resistance to antibiotics inquiry.
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Figure 2.1. Experimental summary of chapter 2.    
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2.2. Materials and methods 

2.2.1.  Plant material and extraction of essential oils 

Aerial parts from Thymus sibthorpii, Origanum vulgare sbsp. hirtum, Salvia fruticosa, and 

Crithmum maritimum were collected during the flowering season in 2021 from the experimental 

farm of the Laboratory for Protection and Evaluation of Native species of the Institute of Plant 

Breeding and Genetic Resources (IPB&GR), preserved in Thessaloniki, Greece. The biomass was 

dried under ambient temperature in shade and subjected to distillation for 1.5 h for Origanum 

vulgare sbsp. hirtum and 1 h for the three other species, using a 50 L pilot-scale steam distillatory 

unit under steam pressure of 1.2 atm. The essential oils were collected and separated in a Florentine 

flask, dried over anhydrous sodium sulfate, and stored at 4–6 C until further analysis [37]. Living 

mother plants and herbarium specimens of the species used for the production of EOs for 

experimentation are maintained at the collection of the Balkan Botanic Garden of Kroussia, 

Institute of Plant Breeding and Genetic Resources, Hellenic Agricultural Organization (ELGO)—

DIMITRA, with the following unique IPEN (International Plant Exchange Network) accession 

numbers: Thymus sibthorpii GR-1-BBGK-01,1796, Origanum vulgare subsp. hirtum GR-1-

BBGK-03,2107, Salvia fruticosa GR-1-BBGK-04,2411, and Crithmum maritimum GR-1-BBGK-

97,719. The specific density of each fresh EO was measured by using a 10 mL pycnometer at 25 

C [38]. 

 

2.2.2.  Identification of the chemical composition of essential oils 

The essential oils were analyzed by gas chromatography–mass spectroscopy (GC-MS) on a 

capillary HP-5MS column (Agilent, Santa Clara, CA, USA), using a gas chromatograph 17A Ver. 

3 interfaced with a mass spectrometer Shimadzu QP-5050A supported by the GC/MS Solution 

Ver. 1.21 software, using the method described previously [39]. The conditions of analysis were 

as follows: injection temperature, 260 °C; interface heating, 300 °C; ion source heating, 200 °C; 

EI mode, 70 eV; scan range, 41–450 amu; and scan time, 0.50 s. Oven temperature programs: (a) 

55–120 °C (3 °C/min), 120–200 °C (4 °C/min), 200–220 °C (6 °C/min), and 220 °C for 5 min; 

and (b) 60–240 °C at 3 °C/min; carrier gas He, 54.8 kPa, split ratio 1:30. The relative content of 

each compound was calculated as percent of the total chromatographic area. The identification of 

the compounds was based on a comparison of their retention indices (RI) relative to n-alkanes (C7-
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C22) with corresponding literature data, and by matching their spectra with those of MS libraries 

(NIST 98, Wiley, Hoboken, NJ, USA) [40]. 

 

2.2.3. Antimicrobial susceptibility test and bacterial strains 

The antimicrobial activity of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and 

Crithmum maritimum EOs were screened against MSSA, MRSA, and S. aureus ATCC 29213 by 

the Kirby–Bauer disc diffusion and broth microdilution methods. The modified microtiter plate 

biofilm assay was also performed to assess the biofilm formation ability of tested strains, and the 

anti-biofilm activity of EOs, as well as reference antimicrobials. Staphylococcus epidermidis (S. 

epidermidis) ATCC 12228 and S. epidermidis 35984 were used as negative and positive quality 

control strains, respectively, for this bioassay. The wild-type MSSA and MRSA were previously 

derived from goat milk in our laboratory [41], and the other strains were purchased from American 

Type Culture Collection (ATCC). 

 

2.2.3.1. Antimicrobial activity 

Disc diffusion method 

The CLSI M02-A11 document [42] was followed for the disc diffusion test, as schematically 

described in Figure 2.2 (a). Penicillin, enrofloxacin, gentamicin sulfate, tetracycline 

hydrochloride, and cefaclor (Oxoid, Hampshire, UK) were examined as reference antimicrobials. 

Briefly, the bacterial cells were grown in blood agar media overnight at 37 °C. Then, the inoculum 

was prepared in a sterile saline solution (bioMérieux, Marcy-l’Étoile, France) by adjusting the 

McFarland unit to 0.5 (~1 × 108 CFU/mL) with fresh colonies. Afterward, the prepared inoculum 

was immediately spread out on dried Mueller–Hinton agar (Oxoid, Hampshire, UK) plates. The 6 

mm diameter sterile Whatman paper N.1 discs were placed with 5, 20, 50, and 100% (v/v) of each 

EO diluted in 5% (v/v) dimethyl sulfoxide, DMSO (Honeywell, Charlotte, NC, USA), as well 

commercial antibiotic discs. EOs on paper discs were air-dried for half an hour, and plates were 

incubated at 37 °C overnight. At the end of the incubation period, images of each plate were taken, 

and inhibition zone diameters were evaluated using ImageJ software (version 2.0.0) by measuring 

the zone diameter of each disc a minimum of ten times from different points. Each condition was 

tested with three independent experiments. 
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The modified broth microdilution method 

The broth microdilution method was studied according to the CLSI M07-Ed11 document with 

slight modifications [43] to assess the minimum inhibitory concentration (MIC) of each EO and 

the reference antimicrobials (gentamicin sulfate, tetracycline hydrochloride, and cefaclor). We 

used 5% (v/v) DMSO diluted in double-strength Mueller–Hinton broth (Fluka-Honeywell, 

Charlotte, NC, USA) as growth media for cells. Firstly, cells were grown on blood agar (Fluka-

Honeywell, US) media and adjusted to a final concentration of 5 × 105 CFU/mL utilizing sterile 

saline solution to prepare the inoculum. In a related row of 96-well plates, the first and last wells 

were defined as sterility and growth control, respectively. Serial dilution was performed by 

transferring 100 µL of well-mixed EO suspension to the other, and 100 µL of freshly prepared 

inoculum was added to the wells, except for the sterility control group. The concentration range 

was between 100% and 0.0488% (v/v) for EOs and between 128 and 0.000488 µg/mL for reference 

antibiotics. The 96-well plates were incubated in a horizontally shaking incubator at 37 °C and 75 

rpm for 20 h, then re-incubated for 2 h after 1% (w/v) triphenyl tetrazolium chloride, TTC (Merk, 

Rahway, New Jersey, US), Gram stain transferring to each well. The red color indicated the living 

cells in the relevant well, and MIC was recorded as the concentration of the well just before the 

first red-colored well. Each test was repeated by three independent experiments. The experimental 

procedure is schematically described in Figure 2.2 (b).
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Figure 2.2. Schematic illustration of the experimental procedure of (a) disc diffusion and (b) broth 

microdilution methods.
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2.2.3.2. Anti-biofilm activity 

Modified microtiter plate biofilm formation assay 

The biofilm formation ability of three S. aureus strains and the anti-biofilm activity of EOs and 

reference antimicrobials were assessed by microtiter plate biofilm formation assay [44,45] with 

some modifications. A flat-bottom 96-well microtiter plate (Sarstedt, Nümbrecht, Germany) was 

utilized for the analysis. 

 

We mixed 100 µL of tryptic soy broth (Millipore Sigma, Burlington, UK) supplemented with 1% 

(w/v) glucose (TSBG) with 100 µL of inoculum, which was adjusted to a final concentration of 5 

× 105 CFU/mL, with fresh colonies grown on blood agar overnight at 37 °C by utilizing sterile 

saline solution. We used 100 µL of adjusted concentration of EO instead of TSBG to screen the 

anti-biofilm activity of antimicrobials. Then, plates were incubated at 37 °C for 20–24 h without 

agitation, which allows the cells to adhere to the surface of the well, followed by dumping out the 

cells by turning the plate over. Afterward, wells were washed with 250 µL of sterile water twice to 

remove planktonic bacteria, and the attached cells were fixed with 200 µL of pure methanol 

(Honeywell, Charlotte, NC, USA) for 15 min. Next, fixed cells were stained with 200 µL of 0.4% 

(w/v) gentian violet, also called crystal violet (Sigma-Aldrich, Dorset, UK) for 5 min, and the 

excess stain was rinsed off by placing the plates under gently running tap water. Stained cells in 

air-dried plates were resolubilized by 160 µL of 33% (v/v) glacial acetic acid (Honeywell, 

Charlotte, NC, USA). Each well was mixed thoroughly to ensure re-solubilization of the attached 

cells; then, 100 µL of suspension was transferred to a new sterile plate, and the optical density 

(OD) was read at 630 nm. The biofilm inhibition percentage of each antimicrobial was evaluated 

as shown in the following equation. Three independent experiments were performed for each 

treatment. 

 

Biofilm Inhibition % = [
ODPositive Control − ODExperimental

ODPositive Control
] × 100 
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2.2.4. Statistical analysis 

Antimicrobial analyses were carried out with three independent experiments for each treatment. 

The data were presented as the mean  standard deviation and subjected to the one-way analysis 

of variance (ANOVA) followed by Tukey’s HSD (honestly significant difference) test at p < 0.05. 

All statistical analyses were performed in SPSS Statistics 20 (IBM SPSS Statistics, Version 20.0. 

Armonk, NY, USA, IBM Corp).
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2.3. Results 

The chemical composition of EOs was examined by GC-MS on a capillary column, and results are 

listed in Table 2.1 by their percentage of total presence. Twenty-eight, twenty-seven, thirty, and 

twenty-four compounds were identified in the Thymus sibthorpii, Origanum vulgare, Salvia 

fruticosa, and Crithmum maritimum EOs, respectively. The main chemical classes for EOs were 

monoterpene hydrocarbons, oxygenated monoterpenes, sesquiterpenes, and small amounts of 

alcohol, acetone, and quinone. 

 

Carvacrol was detected as the major compound in Thymus sibthorpii and Origanum vulgare EOs 

with 52.62 and 78.72% of presence, while 1,8-cineol (39.70%) and -phellandrene (28.01%) were 

the major substances in Salvia fruticosa and Crithmum maritimum EOs, respectively. Furthermore, 

the specific density of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum 

maritimum EOs was measured as 0.931, 0.932, 0.913, and 0.903 g/mL, respectively. 
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Table 2.1. The essential oil composition of Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum maritimum isolated 

during the flowering period, including the percentage of components and the experimental (RI) and literature-based (RIL) retention 

indices. 

Thymus sibthorpii Origanum vulgare Salvia fruticosa Crithmum maritimum 

Compound RI RIL % Compound RI RIL % Compound RI RIL % Compound RI RIL % 

Carvacrol 1309 1298 52.62 Carvacrol 1309 1298 78.72 1,8-cineol 1036 1033 39.70 -phellandrene 1034 1031 28.01 

p-cymene 1029 1026 18.75 p-cymene 1029 1026 8.19 Camphor 1150 1143 12.39 Sabinene 975 976 20.96 

Thymoquin

one 
1247 1249 6.71 -terpinene 1061 1062 2.11 -thujone 1116 1114 7.54 -terpinene 1061 1062 18.69 

-

caryophylle

ne 

1413 1418 3.70 Myrcene 991 991 1.64 -pinene 936 939 7.03 1,8-cineol 1036 1033 9.53 

Thymol 1295 1290 2.15 -caryophyllene 1413 1418 1.27 -terpinyl acetate 1345 1346 6.72 
Thymol methyl 

ether 
1236 1235 4.07 

Carvacrol 

methyl 

ether 

1242 1244 1.98 -terpinene 1020 1018 1.01 p-cymene 1029 1026 4.31 cis--ocimene 1040 1040 3.68 

cis-

sabinene 

hydrate 

1062 1065 1.85 -pinene 936 939 0.98 Camphene 953 953 4.11 p-cymene 1029 1026 3.55 

-

bisabolene 
1507 1509 1.74 

cis-sabinene 

hydrate 
1062 1065 0.62 3-octanone 988 986 3.26 Terpinen-4-ol 1183 1177 2.66 

Thymohydr

oquinone 
1558 1553 1.36 Terpinen-4-ol 1183 1177 0.55 -pinene 980 980 2.35 -pinene 936 939 2.42 

Caryophyll

ene oxide 
1593 1581 1.03 -thujene 929 931 0.48 Limonene 1032 1031 2.27 -terpinene 1020 1018 1.64 

-thujene 929 931 0.86 Borneol 1175 1165 0.42 -terpineol 1187 1189 2.00 Myrcene 991 991 1.44 

-terpinene 1020 1018 0.74 1-octen-3-ol 985 978 0.38 -thujone 1105 1102 1.27 -terpinolene 1086 1088 0.91 

1,8-cineol 1036 1033 0.57 -humulene 1452 1452 0.30 Borneol 1175 1165 0.80 -thujene 929 931 0.48 

-

humulene 
1452 1452 0.42 Thymol 1295 1290 0.28 -caryophyllene 1420 1418 0.74 -phellandrene 1008 1005 0.44 

-pinene 936 939 0.36 Limonene 1032 1031 0.27 Terpinen-4-ol 1183 1177 0.64 trans--ocimene 1050 1050 0.24 
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trans-

sabinene 

hydrate 

1103 1098 0.32 Camphene 953 953 0.25 Linalyl acetate 1257 1257 0.52 Allo-ocimene 1132 1129 0.23 

Terpinen-4-

ol 
1183 1177 0.29 

Caryophyllene 

oxide 
1593 1581 0.24 -terpineol 1161 1162 0.47 -pinene 980 980 0.20 

Limonene 1032 1031 0.27 -phellandrene 1034 1031 0.23 trans-pinocamphone 1159 1160 0.32 Bicyclogermacrene 1492 1494 0.14 

1-octen-3-

ol 
985 978 0.22 -phellandrene 1008 1005 0.18 Linalool 1104 1098 0.31 

cis-2-p-menthen-1-

ol 
1120 1117 0.11 

-pinene 980 980 0.17 -pinene 980 980 0.16 Caryophyllene oxide 1593 1581 0.18 -terpineol 1187 1189 0.08 

-

phellandren

e 

1034 1031 0.16 -terpinolene 1086 1088 0.15 Viridiflorol 1590 1590 0.18 -caryophyllene 1420 1418 0.08 

trans--

farnesene 
1456 1458 0.12 -cadinene 1517 1524 0.13 Tricyclene 925 926 0.13 Camphene 953 953 0.07 

Germacren

e D 
1478 1480 0.11 -3-carene 1010 1011 0.10 -thujene 929 931 0.13 cis-sabinene hydrate 1062 1065 0.07 

-cadinene 1517 1524 0.11 trans--farnesene 1456 1458 0.10 Aromadendrene 1434 1419 0.11 Caryophyllene oxide 1593 1581 0.02 

Borneol 1175 1165 0.07 -bisabolene 1507 1509 0.10 Viridiflorene 1491 1493 0.08     

Camphene 953 953 0.06 Germacrene D 1478 1480 0.08 cis-sabinene hydrate 1062 1065 0.07     

-3-carene 1010 1011 0.05 1,8-cineol 1036 1033 0.07 -terpinene 1020 1018 0.06     

Spathulenol 1580 1576 0.05     1-octen-3-ol 985 978 0.05     

        -terpinene 1061 1062 0.05     

          -bisabolene 1507 1509 0.05        
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Following the disc diffusion test, the inhibition zone diameters of varying concentrations of EOs 

and reference antibiotics are presented in Table 2.2. Among all tested antimicrobials, Thymus 

sibthorpii was found to be the strongest EO on all strains. Figure 2.3 shows the inhibition zone of 

each antimicrobial on each strain qualitatively. It can easily be seen that Thymus sibthorpii caused 

full inhibition on Mueller–Hinton agar plates for all microbial strains. 

 

Table 2.2 demonstrates the MIC of the EOs, and reference antimicrobials used on S. aureus strains. 

Thymus sibthorpii showed the lowest MIC for MSSA, whereas it has the same MIC as Origanum 

vulgare on MRSA and S. aureus ATCC 29213 strains. Contrary to this, the remaining EOs could 

not show lower MIC against all strains. 
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Table 2.2. Inhibition zone diameter and minimum inhibition concentration of essential oils and reference antibiotics on treating 

microorganisms. A 6 mm inhibition zone diameter indicates no activity, and ND means not determined. Each value represents the mean 

of triplicate experiments with standard deviations. Different superscripts (a-m) in the row differ significantly for each strain (Tukey, p < 

0.05). 

Treatment Disc content 

Methicillin-Sensitive 

S. aureus 

Methicillin-Resistant 

S. aureus 

S. aureus 

ATCC 29213 

Zone Diameter 

(mm) 
MIC (mg/mL) 

Zone Diameter 

(mm) 
MIC (mg/mL) 

Zone Diameter 

(mm) 
MIC (mg/mL) 

Thymus 

sibthorpii 

5% 13.968  0.679 c,d 

0.091 

15.527  0.698 b 

0.091 

32.415  1.992 g 

0.091 
20% 61.645  1.923 k 68.970  4.667 d 60.908  0.298 h 

50% 70.765  6.283 l 68.983  2.340 d 61.380  0.490 h 

100% 78.913  2.897 m 70.128  5.797 d 69.353  2.581 i 

Origanum 

vulgare 

5% 7.039  0.388 a,b 

0.182 

6.310  0.046 a 

0.091 

6.000  0.000 a 

0.091 
20% 17.811  0.342 d,e 14.005  0.260 b 11.137  0.093 c 

50% 24.960  0.149 f,g 22.778  0.293 c 17.122  0.171 d 

100% 25.089  0.253 f,g 23.569  0.318 c 17.552  0.080 d 

Salvia 

fruticosa 

5% 6.000  0.000 a 

2.853 

6.000  0.000 a 

2.853 

6.000  0.000 a 

2.853 
20% 13.643  0.494 c,d 6.000  0.000 a 6.000  0.000 a 

50% 14.289  0.534 c,d 8.213  0.249 a 7.149  0.103 a,b 

100% 17.464  0.253 d,e 11.184  0.209 a,b 9.399  0.148 b,c 

Crithmum 

maritimum 

5% 6.000  0.000 a 

5.644 

6.000  0.000 a 

5.644 

6.000  0.000 a 

5.644 
20% 6.000  0.000 a 6.000  0.000 a 6.000  0.000 a 

50% 9.407  0.138 a,b,c 6.471  0.066 a 7.011  0.164 a 

100% 11.128  0.201 b,c 7.689  0.236 a 7.527  0.133 a,b 

Gentamicin 10 µg 30.348  0.149 h 0.00025 22.914  0.134 c 0.0005 20.948  0.022 e 0.00025 

Tetracycline 30 µg 41.125  0.220 j 0.002 10.426  0.187 a,b 0.032 26.897  0.188 f 0.001 

Cefaclor 30 µg 28.120  0.052 g,h 0.002 6.693  0.097 a 0.016 20.826  0.048 e 0.002 

Penicillin 10 units 22.355  0.129 e ND 8.476  0.038 a ND 18.719  0.113 d,e ND 

Enrofloxacin 5 µg 36.118  0.091 i ND 25.059  0.091 c ND 24.690  0.132 f ND 
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Figure 2.3. Qualitative illustration of inhibition zone diameters arising from testing EOs with different concentrations and reference 

antibiotics against (a) MSSA, (b) MRSA, and (c) S. aureus ATCC 29213.
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In the scope of the assessment of the inhibitory effect of antimicrobials on the biofilm formed by 

S. aureus cells, the biofilm formation capacity of these strains was examined. Figure 2.4 illustrates 

a comparison of the optical density of strains at 630 nm by modified microtiter plate biofilm 

formation assay. According to the results, while S. epidermidis ATCC 35984 showed the highest 

biofilm formation as expected, all tested S. aureus strains significantly produced biofilm. 

 

All tested EOs inhibited the biofilm formed by S. aureus cells by about 95%, even at their half 

MIC. Gentamicin sulfate, which is the commonly used antimicrobial in the formulation of 

commercial antimicrobial and/or wound dressing products, could not show sufficient anti-biofilm 

activity at its MIC on testing strains (Table 2.3).
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Figure 2.4. Comparison of biofilm formation ability of MSSA, MRSA, S. aureus ATCC 29213 (S. aureus), S. epidermidis ATCC 12228 

(S. epidermidis (-)), and S. epidermidis ATCC 35984 (S. epidermidis (+)) regarding their OD values with negative control (TSBG 

medium only). Each value represents the mean of triplicate experiments with standard deviations (Tukey, p < 0.05). 
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Table 2.3. Biofilm formation inhibition percentages of different concentrations of essential oils and different concentrations of reference 

antibiotics on treating microorganisms. Each value represents the mean of triplicate experiments with standard deviations. Different 

superscripts (a-c) in the row differ significantly for each strain (Tukey, p < 0.05). 

Treatment Concentration 
Methicillin-Sensitive 

S. aureus 

Methicillin-Resistant 

S. aureus 

S. aureus 

ATCC 29213 

Thymus sibthorpii 

x4 MIC 95.134  0.053 c 95.817  0.097 c 93.528  0.073 b 

x2 MIC 95.293  0.053 c 95.817  0.097 c 93.577  0.042 b 

MIC 95.275  0.061 c 95.786  0.081 c 93.359  0.042 b 

x1/2 MIC 95.364  0.081 c 95.364  0.609 c 93.577  0.042 b 

Origanum vulgare 

x4 MIC 94.306  0.239 c 95.786  0.047 c 93.528  0.126 b 

x2 MIC 95.170  0.214 c 95.770  0.054 c 93.455  0.073 b 

MIC 95.205  0.110 c 95.708  0.027 c 93.334  0.183 b 

x1/2 MIC 94.993  0.152 c 93.772  1.001 c 93.068  0.373 b 

Salvia fruticosa 

x2 MIC 94.253  0.583 c 95.380  0.311 c 93.140  0.414 b 

MIC 94.905  0.186 c 95.427  0.027 c 93.189  0.168 b 

x1/2 MIC 85.985  12.555 c 95.068  0.241 c 93.262  0.374 b 

Crithmum maritimum 

x2 MIC 95.081  0.242 c 95.583  0.241 c 93.043  0.484 b 

MIC 94.658  0.692 c 95.551  0.124 c 93.031  0.364 b 

x1/2 MIC 83.799  7.710 c 95.349  0.216 c 91.521  1.505 b 

Gentamicin 

x4 MIC 95.275  0.162 c 95.458  0.540 c 93.261  0.183 b 

x2 MIC 58.342  13.212 b 81.598  1.935 b 48.201  16.185 a 

MIC 32.198  20.528 a 77.899  2.234 b 57.994  10.493 a 

x1/2 MIC 43.957  20.026 a,b 69.860  7.767 a 58.745  16.368 a 

Tetracycline 

x4 MIC 95.240  0.242 c 95.833  0.000 c 93.552  0.042 b 

x2 MIC 95.187  0.092 c 95.754  0.118 c 93.504  0.042 b 

MIC 95.169  0.061 c 95.848  0.071 c 93.528  0.192 b 

x1/2 MIC 95.223  0.170 c 95.520  0.450 c 93.553  0.151 b 

Cefaclor 

x4 MIC 95.152  0.061 c 95.630  0.275 c 93.407  0.210 b 

x2 MIC 95.117  0.200 c 95.567  0.282 c 93.189  0.294 b 

MIC 95.205  0.110 c 95.770  0.177 c 92.462  0.965 b 

x1/2 MIC 92.508  4.779 c 95.817  0.135 c 83.106  3.567 b 
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2.4. Discussion 

There has been a remarkable interest in EOs as alternative antimicrobial agents to overcome 

microbial resistance issues in both humans and animals [46–49], which directly threaten public 

health [50]. Thus, the scientific community has shown substantial interest in antimicrobial activity 

screening methods [51]. The antimicrobial activity of EOs is examined by a variety of bioassays, 

such as Kirby–Bauer disc diffusion, agar well diffusion, bioautographic, agar dilution, and broth 

macro- and micro-dilution methods. 

 

In the present study, Thymus sibthorpii, Origanum vulgare, Salvia fruticosa, and Crithmum 

maritimum EOs were assessed for their in vitro antimicrobial and anti-biofilm efficacy, as well as 

their chemical compositions. Their activities were also compared with the commonly used 

antimicrobials gentamicin sulfate [52], tetracycline hydrochloride [53], cefaclor [54], penicillin 

[55], and enrofloxacin [56]. Regarding the potency, according to the GC-MS results, the main 

bioactive component found is carvacrol for Thymus sibthorpii and Origanum vulgare. Eucalyptol 

and -phellandrene were observed as the main compounds of Salvia fruticosa and Crithmum 

maritimum EOs, respectively. 

 

Among the antimicrobial susceptibility tests, disc diffusion is a widely used method for the 

antimicrobial screening of plant-derived materials (e.g., EOs) [57], with its cost efficiency and 

convenience for evaluating a wide range of antimicrobials and microbes. In our study, Thymus 

sibthorpii was proven as the most effective EO against all tested methicillin-sensitive and -resistant 

S. aureus strains, followed by Origanum vulgare, which showed higher bacterial growth inhibition, 

against the same strains, than Salvia fruticosa and Crithmum maritimum, even at their lower 

concentrations (Table 2.2, Figure 2.3). Remarkably, 20% (v/v) of Thymus sibthorpii exhibited 

higher inhibition than all tested concentrations of other EOs and reference antibiotics on three of 

the tested S. aureus strains. However, Salvia fruticosa and Crithmum maritimum did not 

demonstrate a significant effect on the inhibition of S. aureus strains, a finding similar to previous 

findings in the literature [34,58]. This effect might be due to there being less of the active com-

ponents present in these plants compared to Thymus sibthorpii and Origanum vulgare EOs. Houta 

et al. (2015) likewise reported that Crithmum maritimum EOs that were extracted from different 

plant parts did not present sufficient antimicrobial activity [58]. However, there were some 
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differences between our results and some other studies. In one study, the antimicrobial activity of 

Origanum vulgare EO was screened against different S. aureus isolates by evaluating inhibition 

zone diameters and MIC values [59]. While zone diameters were generally higher than our results, 

the MIC of this EO as revealed in our work is significantly lower than the reported MIC values. 

This can be explained by differences in the composition of EOs even from the same plant species 

due to several factors affecting the chemical composition of EOs, such as harvesting season, 

climate, type of soil, and plant age [60]. Therefore, the antimicrobial activity of the same EOs may 

vary in different studies. To the best of our knowledge, the antimicrobial activity of Thymus 

sibthorpii EO has not been reported in the literature. However, the antimicrobial activity of crude 

extracts of Thymus sibthorpii was studied against the S. aureus bacterium, and the inhibition zone 

diameters were reported to be in the range of 9–15 mm [61], which was found to be higher for the 

EO in the present study. 

 

According to the breakpoints of antibiotics reported by CLSI, penicillin, tetracycline [62], and 

cefaclor [63], MRSA appears resistant to them. For instance, if the zone diameter of tetracycline 

is equal to or larger than 19 mm on Staphylococcus species, then this microorganism can be 

evaluated as sensitive since its inhibition zone was evaluated as 10.426 mm in our work. Moreover, 

all tested S. aureus strains presented resistance against penicillin. Even though resistance was 

observed for most antibiotics, both methicillin-sensitive and -resistant S. aureus strains did not 

differ in their susceptibility to Thymus sibthorpii, which may indicate its power to combat 

microbial resistance. 

 

Despite its several advantages, disc diffusion is not a suitable method to examine the MIC of 

antimicrobials since it is a qualitative assay and does not allow for evaluating the number of 

penetrated antimicrobials into the agar media. Thus, the broth microdilution method was 

performed to assess the MIC of each EO and the reference antibiotics. The lowest concentration 

of an antimicrobial that can fully inhibit the growth of a microbial in microwells/tubes is defined 

as the MIC [64]. The MIC of Thymus sibthorpii for each strain was found to be 0.091 mg/mL, 

which is the same as the MIC of Origanum vulgare for MRSA and S. aureus ATCC 29213, whereas 

its MIC is 0.182 mg/mL for MSSA. This indicates the antimicrobial strength of these two EOs in 

lower concentrations. Surprisingly, while Origanum vulgare did not inhibit bacterial growth as 
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effectively as Thymus sibthorpii in the disc diffusion method, they both showed similar MICs 

according to the broth microdilution method, which may be related to the qualitative nature of the 

disc diffusion method. 

 

Salvia fruticosa exhibited 2.853 mg/mL MIC for all strains, which is two-fold lower than the MIC 

value of Crithmum maritimum for each strain. In other words, it can be said that a higher 

concentration of Crithmum maritimum is needed to complete bacterial growth inhibition towards 

Salvia fruticosa. In contrast to our findings, Kulaksiz and their team revealed that pure Origanum 

vulgare and Salvia fruticosa EOs presented more than 50% (v/v) MIC values against S. aureus 

ATCC 25923 [65]. 

 

The resistance of MRSA to reference antibiotics may be observed by comparing their MIC with 

the methicillin-sensitive strain, as in the disc diffusion method. According to CLSI breakpoints, 

tetracycline and cefaclor were determined to be resistant and intermediate antimicrobials, 

respectively [62,63]. Even though these antibiotics did not demonstrate susceptibility for MRSA, 

as opposed to MSSA and S. aureus ATCC 29213 strains, which is consistent with CLSI documents, 

all the EOs exhibited the same level of activity for all strains. This outcome may also reveal the 

potency of EOs as a possible solution to microbial resistance. 

 

It is believed that the substantial antimicrobial activity of the Thymus sibthorpii and Origanum 

vulgare EOs results from their main active ingredients, carvacrol and p-cymene, as well the 

contribution and synergism of other constituents. The major compounds of these EOs are carvacrol 

and p-cymene in different percentages of their content (Table 2.1). The phenolic monoterpenoid 

carvacrol is one of the most studied active compounds for antimicrobial activity [23]. It leads to 

an increase in bacterial cell membrane permeability and fluidity by damaging the cell membrane 

both functionally and structurally [66,67]. Moreover, it was reported that carvacrol may give rise 

to changes in the fatty acid composition [68] and transportation of cytoplasmic membrane ions, 

releasing of lipo-polysaccharides [69,70], and alteration on cell membrane proteins and 

periplasmic enzymes [71,72]. On the other hand, the carvacrol precursor p-cymene was observed 

to increase the antimicrobial activity of single compounds present in EOs, such as carvacrol 

[23,73]. Although p-cymene cannot alter the membrane permeability and fluidity, it may cause a 
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reduction in the melting point and enthalpy of the cell membrane [74], which can increase the 

impurity of the membrane. 

 

S. aureus strains tested in our work exhibited strong biofilm formation (Figure 2.4). All tested EOs 

indicated a remarkable level of biofilm inhibition at their half MIC values against all three strains. 

Moreover, for Salvia fruticosa and Crithmum maritimum, which did not show higher growth 

inhibition like Thymus sibthorpii, their half MIC provided a sufficient level of biofilm inhibition. 

It was stated that both hydrophobic and hydrophilic components of EO are effective to exert anti-

biofilm activity, while hydrophobic constituents are the main ones for inhibiting the growth of 

bacterial cells [30,75]. Therefore, the higher effectivity of testing EOs on the inhibition of biofilm 

formation compared to their antimicrobial activity might be explained by this phenomenon. In 

another respect, gentamicin was not found as an antimicrobial agent to inhibit the formation of 

biofilm by S. aureus cells, perhaps due to the antimicrobial resistance of the testing strains to 

gentamicin. For instance, gentamicin presented about 95% anti-biofilm activity on MRSA, which 

is a higher concentration, equivalent to a concentration of 1 mg/l. As a consequence, all EOs 

exerted good anti-biofilm activity on all S. aureus-formed biofilms at relatively low 

concentrations. 
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2.5. Conclusion 

Essential oils are prominent antimicrobial and anti-biofilm agents due to the presence of various 

active components in their composition. Alongside their antimicrobial activity, they have great 

potency to overcome microbial resistance. In the present study, Thymus sibthorpii and Origanum 

vulgare EOs demonstrated great activity in the inhibition of the growth of different S. aureus 

strains, as well as in the inhibition of biofilm formation of these strains. We believed that the 

strength of these two EOs stems from the high amount of carvacrol and p-cymene in their structure. 

Even though Salvia fruticosa and Crithmum maritimum did not show sufficient antimicrobial 

activity, they could inhibit the biofilm formation by almost 95% with their half MIC values. From 

another perspective, the tested EOs show great anti-biofilm activity, while gentamicin sulfate could 

not inhibit biofilm even at its double MIC. This study clearly elucidates the in vitro effectiveness 

of different EOs on different S. aureus strains and reveals the adaptation of safer alternatives to 

overcome the incremental microbial resistance problem.  
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3.1. Introduction 

Antibiotics have generally been first line treatment for microbial infections due to their low 

toxicity and great bactericidal features [1-4]. Despite their superior biological efficacies, overuse 

and misuse of antibiotics have contributed to the promotion of microbes’ antimicrobial resistance 

which has emerged as one of the major global health concerns according to the World Health 

Organization (WHO) [5]. In 2019, it was reported that annually 33,000 and 35,000 deaths were 

caused due to antibiotic-resistant infections in the European Union countries [6], and the United 

States [7], respectively. On the other hand, high concentrations of antibiotics may be required to 

treat infections caused by biofilm-forming bacteria, since lower concentrations of antibiotics have 

led to the enhancement of drug resistance [8-10]. However, high doses of antibiotic utilization may 

cause several adverse effects to the host, such as toxicity in the non-target area and allergies [11-

14]. In consequence, safer and innovative antimicrobial treatment approaches [15] utilizing natural 

alternatives, such as essential oils, have garnered significant attention.  

 

Essential oils (EOs) are plants’ secondary metabolites obtained from various parts (e.g., stem, root, 

flower) [16-18]. They are colored, volatile, aromatic liquids [19,20] with a characteristic strong 

odor, demonstrating complex chemical compositions that offer a broad spectrum of antimicrobial 

activity [21], making them promising candidates in the battle to combat antimicrobial resistance. 

Thymus sibthorpii EO is derived from the Thymus sibthorpii plant, a species of the genus Thymus 

that belongs to the family Lamiaceae, which mainly inhabits southeastern Europe. Thymus 

sibthorpii EO has a complex chemical composition mainly consisted of carvacrol, thymol, and p-

cymene [22]. Although in literature its superior antimicrobial, anti-biofilm [22], and antioxidant 

[23] activities have already been described due to its high volatility and sensitivity, it would be 

more effective within a biomaterial system [24]. In this context, it is crucial to develop a 

cytocompatible scaffold as a carrier of the EO, which should also present controlled EO release 

features. To our best knowledge, Thymus sibthorpii EO has not been introduced yet within medical 

devices in the field of tissue engineering applications according to the literature. 

 

Collagen, a fibrous, non-soluble protein is one of the most prominent polymers for the 

development of antimicrobial biomaterials, attributable to its superior biocompatibility, excellent 

biodegradability, hydrophilic nature, reduced cytotoxicity, and high cell attachment affinity [25-
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30]. Nevertheless, the fabricated forms of collagen need to be functionalized via in situ 

crosslinking due to a lack of stability [31,32]. Since physical and biological crosslinking 

mechanisms have generally resulted in low crosslinking efficacy, carboxyl, and amine terminal 

crosslinking strategies are favored in research, as arises in literature [33]. Among the above, since 

carbodiimide and glutaraldehyde often cause cytotoxicity [34,35], alternative crosslinkers such as 

multi-arm, star-shaped poly(ethylene glycol) succinimidyl glutarate (starPEG) have emerged as 

the subject of research [33,36-39]. For instance, Collin et al. have indicated that collagen-based 

hydrogels crosslinked with 4-arm starPEG molecules showed no toxicity for adipose-derived stem 

cells [39]. 

 

In this study, at first, collagen type I hydrogels crosslinked with six different starPEG molecules 

were developed and optimized. Accordingly, the optimally starPEG-crosslinked collagen 

hydrogels were loaded with several concentrations of Thymus sibthorpii EO and the release profile 

and kinetics of the EO were investigated. Finally, the antimicrobial activity of the developed 

composite hydrogels was assessed against Staphylococcus aureus (S. aureus), and Escherichia coli 

(E. coli), whilst their cytocompatibility was examined on NIH-3T3 fibroblast cell line. 
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3.2. Materials and methods 

3.2.1.  Materials 

Porcine dermis pepsinized collagen type I with a purity over 99% was provided by Medtronic 

(France). S. aureus (ATCC 29213) and E. coli (ATCC 25922) were purchased from the 

American Type Culture Collection (USA). NIH-3T3 mouse fibroblast cell line (ATCC, CRL-1658) 

was provided by the Department of Biological Applications and Technology, School of Health 

Sciences, University of Ioannina (Greece). 4arm PEG Succinimidyl Glutarate, pentaerythritol (10 

and 20 kDa), 8arm PEG Succinimidyl Glutarate, hexaglycerol (10 and 20 kDa), and 8arm PEG 

Succinimidyl Glutarate, tripentaerythritol (10 and 20 kDa) were purchased from JenKem 

Technology USA (Allen, TX). Phosphate buffered saline (PBS, P4417), sodium hydroxide (NaOH, 

S8045), sodium bicarbonate (NaHCO3, S5761), calcium chloride (CaCl2, C1016), Dulbecco’s 

Modified Eagle Medium-high glucose (DMEM, D6429), fetal bovine serum (FBS, F7524), 

penicillin-streptomycin (P/S, P4333), trypan blue (T8154), and Dulbecco’s Phosphate Buffered 

Saline (DPBS, D1408) were obtained from Sigma Aldrich (Athens, Greece). 2,4,6-Trinitrobanzene 

sulfonic acid (TNBSA, 28997), glutaraldehyde (GTA, 119980010), sodium dodecyl sulfate (SDS, 

S/P530/53), glycine white crystals (BP381), collagenase type II from Clostridium histolyticum 

(Gibco, 17101-15), tris-base (BP152), Pierce BCA protein assay kit (23227), trypsin-EDTA 

(0.25%, 25200-056), alamarBlue assay kit (Invitrogen, DAL1100), and Quant-iT 

PicoGreen dsDNA assay kit (Invitrogen, P11496) were purchased from Thermo Fisher 

Scientific (Athens, Greece). Acetic acid (33209), and hydrochloric acid (HCL, 30721) were 

ordered from Honeywell, Fluka (Germany). All tissue culture plasticware was purchased from 

Sarstedt (Nümbrecht, Germany). 

 

 

3.2.2. Fabrication and crosslinking of collagen type I hydrogels 

Collagen type I hydrogels were prepared at a volume of 300 µL. For this reason, type I collagen 

was dissolved in 0.05 M acetic acid at a final concentration of 5 mg/mL. The pH of the solution 

was adjusted between 7.1 and 7.4 using 1 N NaOH and 10x Phosphate Buffer Saline (PBS). Then 

stock crosslinker solution was added to the mixture at a desired final concentration. The final 
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mixture was incubated at 37 C for 1 h for complete gelation. Several types of multi-arm, star-

shaped PEG succinimidyl glutarate molecules (Table 3.1) with different functional groups were 

used as crosslinking agents at concentrations of 0.5 mM, 1 mM, 2 mM, and 5 mM. Glutaraldehyde 

(GTA) at a concentration of 0.625% w/v was used as a positive control [40], whilst non-crosslinked 

(NCL) hydrogels were determined as a negative control. 
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Table 3.1. Six different PEG succinimidyl glutarate crosslinkers used in the study. 

Full name Abbreviation Code 
Arm 

number 

Functional 

group 

MW 

(kDa) 

Concentration 

(mM) 

4arm PEG Succinimidyl Glutarate, 

pentaerythritol, 10 kDa 
4SP,pentaerythritol,10 kDa SP1 4 pentaerythritol 10 0, 0.5, 1, 2, 5 

4arm PEG Succinimidyl Glutarate, 

pentaerythritol, 20 kDa 
4SP,pentaerythritol,20 kDa SP2 4 pentaerythritol 20 0, 0.5, 1, 2, 5 

8arm PEG Succinimidyl Glutarate, 

hexaglycerol, 10 kDa 
8SP,hexaglycerol,10 kDa SP3 8 hexaglycerol 10 0, 0.5, 1, 2, 5 

8arm PEG Succinimidyl Glutarate, 

hexaglycerol, 20 kDa 
8SP,hexaglycerol,20 kDa SP4 8 hexaglycerol 20 0, 0.5, 1, 2, 5 

8arm PEG Succinimidyl Glutarate, 

tripentaerythritol, 10 kDa 
8SP,tripentaerythritol,10 kDa SP5 8 tripentaerythritol 10 0, 0.5, 1, 2, 5 

8arm PEG Succinimidyl Glutarate, 

tripentaerythritol, 20 kDa 
8SP,tripentaerythritol,20 kDa SP6 8 tripentaerythritol 20 0, 0.5, 1, 2, 5 
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3.2.3. Screening of the crosslinking efficacy of starPEG crosslinkers on collagen type I 

hydrogels 

3.2.3.1. Quantification of the free-amine groups 

The remaining primary free amines of the collagen type I hydrogels were quantified by using 

TNBSA assay as previously described [41]. The linear standard curve was prepared by using 

known concentrations of glycine. The fabricated hydrogels were incubated in 0.1 M of sodium 

bicarbonate at pH 8.5. Then, 0.01% w/v of TNBSA was added which was diluted in 0.1 M sodium 

bicarbonate and samples were incubated for 2 h in a 37 C incubator. Just after that, the reaction 

was stopped by adding 10% w/v of SDS and 1 M of HCl. The absorbance of each sample was 

assessed at 335 nm by microplate reader (BioTek Synergy HT, BioTek Instruments Inc., Winooski, 

Vermont, USA) and free amine groups were quantified by using the linear standard curve to find 

the concentration that corresponds to their absorbance. 

 

3.2.3.2.Enzymatic degradation analysis 

The resistance of fabricated hydrogels to proteolytic degradation was examined using collagenase 

assay, as has been described previously [41] with slight modifications. Briefly, hydrogels were 

placed into microcentrifuge tubes for each experimental group and each time point (0, 2, 4, 8, 24 

h). Then, 0.1 M Tris-HCl buffer at pH 7.4, and 50 Units/mL degradation buffer prepared from 

collagenase type II extracted from Clostridium histolyticum were added to the samples in equal 

volumes. All samples were incubated at 37 C on the horizontal orbital shaking incubator at 150 

rpm. At each defined time point, the supernatant was collected and transferred into a new 

microcentrifuge tube. The amount of dissolved collagen was assessed using Pierce BCA protein 

assay, as per manufacturer’s protocol. 

 

3.2.4. Essential oil-loading and release kinetics analysis 

Thymus sibthorpii EO was chosen as an antimicrobial agent based on the detailed antimicrobial 

and anti-biofilm activity assessment of various EOs in our previous study [22]. Following the 

screening of various starPEG crosslinkers with different concentrations regarding hydrogel 

stability, EO was loaded into hydrogels crosslinked with 0.5 mM of 4SP, pentaerythritol, 10 kDa, 

4SP, pentaerythritol, 20 kDa, and 8SP, hexaglycerol, 20 kDa. Hydrogels were fabricated as 

described in section 2.2. In order to incorporate EO into hydrogels, EO was added to the hydrogel 
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preparation solution with a final concentration of 0.5, 1, and 2% v/v, and the solution was 

thoroughly mixed using a benchtop vortex. Then, the final mixture containing the added EO was 

incubated at 37 C for 1 h for complete gelation. 

 

The release profile of EO was analyzed, as has been described previously [42] with slight 

modifications. The fabricated EO-loaded hydrogels were soaked into 1 mL of 1x PBS (pH 7.4) at 

37 C using a horizontal shaker incubator. At each defined time point (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 

4, 24, and 48 h), 100 µL of sample was removed and replaced by 100 µL fresh 1x PBS. The linear 

calibration curve was prepared with different concentrations of Thymus sibthorpii EO using 70% 

v/v ethanol, which was used as a solvent. Then, the absorbance of the supernatant was measured 

at 365 nm and the concentration of the released Thymus sibthorpii EO was determined by using 

the standard curve to find where their concentration corresponds. After spectrophotometric 

evaluation, the cumulative release percentage of EO was estimated according to equation (1), 

where Mt is the released amount of EO at time t, and M0 is the initial EO amount. 

 

 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 % = ∑
𝑀𝑡

𝑀0
× 100𝑡

𝑡:0                                                                                    (1) 

            

Besides the cumulative release percentages, we studied the release kinetics according to the release 

profile of Thymus sibthorpii EO. Hence, the zero-order, first-order, Higuchi, Korsmeyer-Peppas, 

and Hixon-Crowell release kinetics models have been applied to post-burst-release data with the 

equations 2-6 that follow [43-47], where M indicates the amount of EO at the final time of the 

measurements, K is the release constant, and n is the release exponent. 

 

Zero − order model: 
𝑀𝑡

𝑀∞
= 𝐾𝑡                                                                                                    (2) 

                                                  

 

First − order model: ln (1 −
𝑀𝑡

𝑀∞
) = −𝐾𝑡                                                                     (3) 
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Higuchi model: 
𝑀𝑡

𝑀∞
= 𝐾𝑡1/2                                                                                                        (4) 

 

                                                                       

Korsmeyer − Peppas model: 
𝑀𝑡

𝑀∞
= 𝐾𝑡𝑛                                                                                               (5) 

 

 

Hixson − Crowell model: 𝑀0
1/3 − 𝑀𝑡

1/3 = 𝐾𝑡                                                                          (6) 

 

3.2.5. Biological activity of essential oil-loaded hydrogels 

3.2.5.1. Microbiological activity analysis 

The antimicrobial activity of Thymus sibthorpii EO-loaded collagen type I hydrogels was assessed 

by Kirby-Bauer disc diffusion method against gram-positive S. aureus ATCC 29213, and gram-

negative E.coli ATCC 25922 [48]. Penicillin (10 units) and enrofloxacin (5 µg) discs were used as 

control antimicrobials. On the other hand, the antimicrobial activity of 0.5, 1, and 2% v/v Thymus 

sibthorpii EO was studied as a positive control. All solutions required to fabricate hydrogels were 

exposed to UV light for 15 min, in order to be sterilized prior to the fabrication. The fabricated 

EO-loaded collagen type I hydrogels were sterilized by UV irradiation for 1 h before their 

antimicrobial activity assessment. 

 

Briefly, S. aureus and E. coli were cultured overnight at a 37 C incubator on blood agar and 

MacConkey agar, respectively. Then, the bacteria inoculum was prepared with 1x108 CFU/mL 

concentration for each strain separately and spread on the Muller-Hinton agar plates. Afterwards, 

sterilized EO-loaded collagen type I hydrogels were placed on the Muller-Hinton agar plates. For 

each experimental group, three replicates were used. Thereafter, Muller-Hinton agar plates with 

the microbial inoculum and the hydrogels were incubated overnight at 37 C. The inhibition zone 

diameters were measured for the quantitative evaluation, whilst the images of plates were taken 

for the qualitative evaluation. 
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3.2.5.2.Cytocompatibility analysis 

Since 0.5% v/v Thymus sibthorpii EO loaded collagen type I hydrogels showed no significant 

difference compared to penicillin, the study was moved forward with 0.5% v/v Thymus sibthorpii 

EO loaded hydrogels for the in vitro cytocompatibility assessments. The cytocompatibility test of 

developed hydrogels was conducted, as has been described previously [49,50], with slight 

modifications. The EO-loaded hydrogels were placed into 24-well tissue culture plates and 

sterilized using ultraviolet irradiation for 1 h before cell culture experiments’ initiation. NIH-3T3 

fibroblasts were expanded and grown in a culture medium containing high glucose (4500 mg/L) 

DMEM, 10% FBS, and 1% penicillin/streptomycin. Subsequently, 50,000 cells were seeded per 

hydrogel and were maintained at 37 C in a humidified atmosphere containing 5% CO2. Fibroblasts 

were allowed to grow for 1, 3, and 5 days, which were the time points of the measurements. The 

cell metabolic activity was conducted using alamarBlue assay according to the manufacturer’s 

protocol and results were expressed consistent with the reduction percentage of the alamarBlue 

solution at each readout day (Day 1, 3, 5). The proliferation of the NIH-3T3 fibroblasts was carried 

out by Quant-iT PicoGreen dsDNA assay in accordance with the instructions provided by the 

supplier. The DNA content (ng/mL) of each sample was quantified by interpolating values from a 

linear standard curve. 

 

3.2.6. Statistical analysis 

In this chapter, all experiments were triplicated, and data were represented as mean  standard 

deviation. One-way analysis of variance (ANOVA) was performed using GraphPad Prism, 

Version 9.0 (La Jolla, California, USA), after confirmation of the assumptions of parametric 

analysis. Statistical significance was accepted at p < 0.05. The symbols * and # denote a statistically 

significant difference among different experimental groups and a statistically significant difference 

in an individual group compared to positive control GTA, respectively. The levels of statistically 

significant difference were indicated as follows: * or # for p < 0.05, ** or # # for p < 0.01, *** or # # # 

for p < 0.001, and **** or # # # # for p < 0.0001. 
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3.3. Results 

3.3.1.  Determination of optimal starPEG type and concentration on hydrogel stability 

TNBSA assay was performed to assess the free amine content of the fabricated hydrogels 

functionalized with various starPEG crosslinkers with 0.5, 1, 2 and 5 mM concentrations (Table 

1). starPEG-crosslinked hydrogels presented significantly decreased free amine content for all 

types of crosslinkers with all tested concentrations compared to NCL hydrogels (Figure 3.1) (p < 

0.05). An effective plateau was observed between 0.5 and 2 mM, and no statistical difference was 

noted among 0.5 mM, 1 mM, and 2 mM crosslinked hydrogels (p < 0.05. In this plateau, the free 

amine reduction percentage was between 44.82% and 58.57%. The resistance of the hydrogels 

against enzymatic degradation was evaluated by bacterial collagenase assay followed by Pierce 

BCA protein assay (Figure 3.2). Non-crosslinked hydrogels were completely degraded within a 

couple of hours. In general perspective, scaffolds showed higher resistance to degradation when 

crosslinked with GTA, that was used as a positive control. However, hydrogels crosslinked with 

0.5 mM of 4SP, pentaerythritol, 10 kDa showed no statistical difference compared to GTA 

crosslinked hydrogels, whilst 0.5 mM of 4SP, pentaerythritol, 20 kDa, and 8SP, hexaglycerol, 20 

kDa displayed the lowest significant difference than all other groups (p < 0.05). Therefore, 0.5 mM 

of the above three crosslinkers were deemed to be optimal conditions for functionalizing collagen 

hydrogels. 
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Figure 3.1. Free amine content of non-crosslinked (NCL) and various starPEG crosslinked collagen type I hydrogels (n=3, one-way 

ANOVA, p < 0.05). Glutaraldehyde (GTA) was used as a positive control.    
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Figure 3.2. The mass of dissolved collagen of various starPEG crosslinked collagen type I hydrogels after (A) 2 h, (B) 4 h, (C) 8 h, (D) 

24 h of collagenase digestion (n=3, one-way ANOVA, p < 0.05). 
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3.3.2. EO release profile and release kinetics 

Thymus sibthorpii EO was loaded at 0.5, 1, and 2% v/v into optimized collagen hydrogels, and 

their release profile was assessed spectrophotometrically (Figure 3.3). The non-crosslinked 

hydrogels demonstrated burst release and completely released EO within a couple of hours was 

observed. Although GTA crosslinked scaffolds released almost all loaded quantity of the EO at 

0.5% v/v from the polymeric network, the chosen optimized hydrogels crosslinked with 0.5 mM 

of 4SP, pentaerythritol, 10 kDa, 4SP, pentaerythritol, 20 kDa and 8SP, hexaglycerol, 20 kDa, 

released 63.92  3.31%, 75.85  9.00% and 57.82  4.08% of the EO loaded at the same 

concentration after 48 h. Moreover, the release kinetics was studied by applying five different 

mathematical models. Hixson-Crowell model did not fit any of the experimental groups, whilst 

the other four models fitted to different experimental groups. Moreover, the release exponent (n) 

values evaluated by the Korsmeyer-Peppas model indicated that the release mechanism of EO 

from crosslinked hydrogels obeyed the Fickian diffusion. 
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Figure 3.3. The cumulative release profile of (A) 0.5 v%, (B) 1 v%, and (C) 2 v% of Thymus sibthorpii essential oil from optimally 

crosslinked collagen type I hydrogels in 1x PBS at 37 C. 
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Table 3.2. Regression coefficients (R2) of the five different release kinetic models fitted to the release of three different concentrations 

of Thymus sibthorpii EO from starPEG-crosslinked collagen type I hydrogels. T0.5, T1, and T2 represent the 0.5, 1, and 2 v% of Thymus 

sibthorpii essential oil within hydrogels. 

Model 
Zero-order First-order Higuchi Korsmeyer-Peppas Hixson-Crowell 

R2 R2 R2 R2 n R2 

NCL-T0.5 0.9996 0.9538 0.9294 1.0000 0.9789 0.4040 

NCL-T1 0.9991 0.9050 0.8987 0.9996 1.0720 0.5536 

NCL-T2 0.9972 0.8101 0.8821 0.9997 1.1065 0.6183 

GTA-T0.5 0.9574 1.0000 0.9971 0.9985 0.1789 0.0235 

GTA-T1 0.9973 0.9998 0.9897 0.9666 0.1779 0.7033 

GTA-T2 0.9998 0.9997 0.9806 0.9494 0.1613 0.9434 

4SP, pentaerythritol, 

10 kDa-T0.5 
0.9153 0.9039 0.8113 0.6980 0.0677 0.6412 

4SP, pentaerythritol, 

10 kDa-T1 
0.9973 0.9991 0.9897 0.9573 0.1111 0.7033 

4SP, pentaerythritol, 

10 kDa-T2 
0.9829 0.9997 0.9995 0.9830 0.1140 0.1856 

4SP, pentaerythritol, 

20 kDa-T0.5 
0.8124 0.8400 0.9196 0.9747 0.1082 0.0953 

4SP, pentaerythritol, 

20 kDa-T1 
0.9336 0.9382 0.9887 0.9996 0.0747 0.1965 

4SP, pentaerythritol, 

20 kDa-T2 
0.9981 0.9952 0.9615 0.8993 0.0607 0.0152 
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8SP, hexaglycerol, 20 

kDa-T0.5 
0.9155 0.9277 0.9802 0.9999 0.0706 0.9991 

8SP, hexaglycerol, 20 

kDa-T1 
0.9949 0.9916 0.9502 0.8958 0.1197 0.0280 

8SP, hexaglycerol, 20 

kDa-T2 
0.9982 0.9996 0.9876 0.9645 0.1882 0.7830 
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3.3.3. Biological analyses of the EO-loaded hydrogels 

The antimicrobial activity of EO-loaded hydrogels was investigated against gram-positive S. 

aureus and gram-negative E. coli using the Kirby-Bauer disc diffusion assay. The results were 

presented qualitatively (Figure 3.4) and quantitatively (Figure 3.5). Composite antibacterial 

hydrogels were less effective against gram-negative E. coli. More specifically, hydrogels 

crosslinked with 0.5 mM 4SP, pentaerythritol, 10 kDa and loaded with 0.5 v% EO demonstrated 

2.83  0.47 cm, and 1.23  0.15 cm inhibition zone diameter against S. aureus, and E. coli, 

respectively. Moreover, hydrogels containing 0.5% v/v of EO, which was the minor concentration, 

did not show a statistical difference regarding their antimicrobial activity compared to positive 

control penicillin (for gram-positive bacteria), and enrofloxacin (for gram-negative bacteria) (p < 

0.05). Hence, 0.5% v/v concentration of Thymus sibthorpii EO was chosen as the optimal 

concentration to incorporate into collagen scaffolds. Thereafter, cytocompatibility of 0.5% v/v EO 

incorporated hydrogels was assessed on NIH-3T3 fibroblast cell line (Figure 3.6). According to 

cell metabolic activity and proliferation studies, none of the fabricated hydrogels showed any 

toxicity on fibroblasts (p < 0.05).  
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Figure 3.4. The qualitative analysis of the antibacterial effect of 0.5 v% (T0.5), 1 v% (T1), and 2 v% (T2) Thymus sibthorpii essential loaded 

optimally crosslinked collagen type I hydrogels against S. aureus ATCC 29213, and E. coli ATCC 25922. Penicillin and enrofloxacin were 

used as positive control for S. aureus, and E. coli strains, respectively. 
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Figure 3.5. Inhibitions zone diameters of 0.5 v% (T0.5), 1 v% (T1), and 2 v% (T2) Thymus sibthorpii essential loaded optimally 

crosslinked collagen type I hydrogels against (A) S. aureus ATCC 29213, and (B) E. coli ATCC 25922 (n=3, one-way ANOVA, p < 

0.05). Penicillin and enrofloxacin were used as positive control for S. aureus, and E. coli strains, respectively. 
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Figure 3.6. The in vitro (A) metabolic activity, and (B) DNA content of NIH-3T3 fibroblasts seed on the 0.5 v% Thymus sibthorpii 

essential loaded optimally crosslinked collagen type I hydrogels (n=3, one-way ANOVA, p < 0.05). 
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3.4. Discussion 

Antimicrobial resistance has been stated as one of the three critical public health threats by the 

World Health Organization (WHO) [5]. On the other hand, infections caused by antimicrobial-

resistant microorganisms have been reported as the third major disease after cardiovascular 

diseases [51]. According to the report published by the Centers for Disease Control and Prevention 

(CDC), antimicrobial-resistant infections have led to the death of over twenty-three thousand 

people among the more than two million people who got infected [52]. It is expected that ten 

million people are going to get infected by antimicrobial-resistant microbes by 2050 according to 

a study published in January 2023 [53]. Therefore, the need for alternative treatments substitutes 

for antibiotic-based treatments to combat antimicrobial resistance has significantly gained 

attention. In this context, essential oils have emerged as promising alternatives with superior 

antimicrobial activities [54-56]. Although EOs have shown spectacular biological activities, they 

need to be incorporated in a carrier due to their high volatility, and sensitivity [24]. In this study, 

firstly, we screened the crosslinking efficacy of six different starPEG molecules with their various 

concentrations to stabilize collagen type I hydrogels via in situ crosslinking. Subsequently, the 

optimally starPEG-crosslinked collagen hydrogels were loaded with various concentrations of 

Thymus sibthorpii EO, and the release profile and release kinetics of the EO were examined. 

Finally, the antimicrobial activity and cytocompatibility of the developed hydrogels were assessed. 

 

Collagen-type I-based medical devices (e.g., hydrogels, sponges, nanofibers) have customarily 

been used for tissue engineering applications thanks to outstanding properties of collagen such as 

bioactivity, biocompatibility, versatility, and ability to mimic natural extracellular matrix 

[25,33,57,58]. However, to enhance the stability, control the biodegradation rate and release profile 

of loaded drugs, collagen devices are needed to be introduced by crosslinking [59]. Even though 

enzymatic [60] and physical [61] crosslinking approaches have been studied, chemical 

crosslinking is generally needed for higher resistance against (bio)degradation which creates a 

covalently bonded polymeric network [62,63]. Among the most studied crosslinking agents, 

glutaraldehyde and carbodiimide may often show some drawbacks such as poor cell attachment, 

growth and proliferation, and cytotoxicity. As the literature reveals, 4-arm starPEG molecules have 

been studied as a crosslinking agent and indicated the enhanced stability of collagen-based 

hydrogels [39,64]. Herein, we assessed the influence of diverse concentrations (0.5, 1, 2, 5 mM) 
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of the six different starPEG crosslinkers which have different arm numbers (4, 8), molecular 

weight (10, 20 kDa), and functional groups (Table 3.1) on the stability of the collagen hydrogels. 

starPEG has a pegylated structure which shows multi-arm N-hydroxy succinimidyl (NHS) groups. 

The reactive NHS groups are expected to react with the free amine groups in the collagen 

backbone, consequently improving the stability of the three-dimensional collagen network. All six 

kinds of starPEG crosslinkers significantly decreased the free amine groups compared to non-

crosslinked collagen type I hydrogels (p  0.05) and showed an effective plateau between 0.5 and 

2 mM according to free amine analysis (Figure 3.1). It is believed that 5 mM exceeds the effective 

concentration range for starPEG crosslinkers. In other words, the increase in the concentration to 

the 5 mM led to the higher free amine groups, which indicated the lower crosslinking efficacy. 

While the proven optimal concentration of GTA [40] decreased the free amine content of the 

collagen hydrogels approximately by 41%, 0.5, 1, and 2 mM of studied starPEG crosslinkers 

showed a higher decrease with all concentrations. Besides, 0.5 mM of all crosslinkers except 8SP, 

tripentaerythritol, 10 kDa approximately showed a 60% reduction in the free amine groups. 

Moreover, neither molecular weight nor arm number of starPEG molecules show a significant 

effect on the hydrogel stability. According to the collagenase assay, the non-crosslinked hydrogels 

completely degraded within 4 hours due to their low stability, whilst starPEG crosslinked 

hydrogels were not degraded even after 24 hours (Figure 3.2). Similar to free amine quantification 

results, 5 mM concentration of each starPEG crosslinkers showed lower efficacy than the 0.5, 1, 

and 2 mM of crosslinkers. The lower resistance of 5 mM starPEG crosslinked collagen hydrogels 

may also be explained by the self-assembly behavior of star-shaped PEG molecules. Likewise, 

Collin et al. have revealed that the increased concentration of 4-arm starPEG crosslinker displayed 

a detrimental effect on the collagen type II hydrogel stability [39]. Since 0.5 mM starPEG 

concentration did not show any significant difference compared to 1 and 2 mM concentrations, it 

was deemed optimal. Furthermore, among the screened starPEG molecules, 4SP-

pentaerythritol,10 kDa, 4SP-pentaerythritol,20 kDa, and 8SP- hexaglycerol,20 kDa were chosen 

as the optimal crosslinkers according to the hydrogel stability outcomes. 

 

The release profile of Thymus sibthorpii EO from starPEG-crosslinked hydrogels was assessed by 

UV-vis spectroscopy. 0.5, 1, and 2% v/v of the EO according to the total hydrogel volume (300 

µL) was loaded into collagen hydrogels. The release behavior was examined for 0.5 h to 48 h at 
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37 C. During the defined period of time, Thymus sibthorpii EO-loaded collagen hydrogels 

displayed a constant release profile (Figure 3.3). Since the crosslinking density and chemical 

composition are the key parameters for a hydrogel [65] network that can directly influence the 

release profile, non-crosslinked hydrogels showed burst release within a few hours, as expected. 

We suppose that after crosslinking, collagen hydrogels became denser which slowed down the EO 

release because of the reduced pore size and limited diffusion pathways [66]. On the other hand, 

the initial loading capacity of an antimicrobial agent into a polymeric network may lead to 

prolonged release [67]. For instance, hydrogels crosslinked with 4SP, pentaerythritol, 10 kDa 

approximately released 60% and 40% of the 0.5% v/v and 1% v/v loaded EO, respectively at the 

end of the 12 h. In this context, it is important to understand the EO release mechanism of the 

hydrogel-based polymeric network. Therefore, zero-order [43], first-order [44], Higuchi [45], 

Korsmeyer-Peppas [46], and Hixson-Crowell [47] release kinetics models have been applied to 

release data. According to the regression coefficient of the applied mathematical models (Table 

3.2), the Hixson-Crowell model did not fit the EO-loaded various collagen systems. It was an 

expected outcome since the Hixson-Crowell model mainly describes the release of a drug from the 

systems where the change in surface area is an important parameter. On the other hand, release 

exponent (n) assessed using the Korsmeyer-Peppas model is a key parameter to examine the 

diffusion way of a drug from the polymeric networks. According to this model, for a spherical 

matrix, the cases n ≤ 0.45, 0.45<n<0.89, and n ≥0.89 indicate the Fickian diffusion, non-Fickian 

diffusion, and Case-II transport, respectively. In our study, except for non-crosslinked hydrogel 

systems, all developed EO-loaded hydrogel systems represented Fickian diffusion which means 

there are no boundaries for the release of the drug from the polymeric network. In other words, if 

a system obeys the Fickian diffusion, a drug within the system can dissolve from any part of the 

polymeric matrix. Similarly, in a study, Unalan et al. loaded clove EO into the alginate/xanthan 

gum hydrogels, and revealed that the release of the incorporated EO showed Fickian diffusion 

[66]. 

 

In our previous study, Thymus sibthorpii EO showed extraordinary antimicrobial activity against 

both antibiotic-resistant and non-resistant S. aureus strains [22]. Therefore, it was used as an 

antimicrobial agent in this work. On the other hand, S. aureus and E. coli are two of the most 

inhabited Gram-positive, and Gram-negative bacteria on the infected tissue area [68-70]. Hence, 
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the antimicrobial activity of the developed composite hydrogels was assessed against S. aureus 

and E. coli using the disc diffusion method. Although pristine collagen hydrogels showed 

antimicrobial activity, EO-loaded hydrogels presented significantly higher activity against both 

gram-positive and gram-negative bacteria (Figure 3.4, Figure 3.5). This outcome may be 

explained by the antibacterial action mechanism of Thymus sibthorpii EO. The EO might damage 

the bacterial cell membrane which become permeable and the diffusion through the membrane 

leads to cell death [71,72]. Gram-negative bacteria have been considered more resistant to an 

antimicrobial agent compared to gram-positive bacteria since their double-layered cell membrane 

is denser than the single-layered cell membrane of gram-positive bacteria [73]. Accordingly, the 

developed antibacterial hydrogels exhibited higher antimicrobial activity against gram-positive S. 

aureus. Additionally, some of the essential oils could diffuse through the lipophilic cell wall of 

gram-negative bacteria (e.g., E. coli) due to the diverse chemical composition of essential oils, 

which could explain the observed antimicrobial action of composite collagen hydrogels. For 

instance, Aras et al. [74] developed Nigella sativa EO-incorporated polyurethane-based 

nanofibrous mats. The developed wound dressings showed higher antibacterial activity on E.coli 

than on S. aureus [74]. We used penicillin and enrofloxacin as a control antimicrobial agent for the 

comparison of the efficacy of Thymus sibthorpii EO on S. aureus and E. coli, respectively. The 

hydrogels crosslinked with all three different starPEG and loaded with 0.5% v/v EO did not show 

any significant difference compared to control antimicrobials. For this reason, 0.5% v/v Thymus 

sibthorpii EO concentration was deemed optimal to incorporate into collagen type I antibacterial 

hydrogels. We believe that since even the lowest concentration of Thymus sibthorpii EO can be 

used instead of penicillin, Thymus sibthorpii EO can be presented as an alternative and effective 

antimicrobial agent to overcome the antimicrobial resistance problem raised by misuse and long-

term use of antibiotics. 

 

Collagen-based medical devices are widely used for tissue engineering applications because they 

show advanced biocompatibility with mammalian cells in addition to other outstanding features 

[58,75]. Among the collagen-based scaffolds, collagen hydrogels demonstrate cell attachment, 

proliferation, and metabolic activity due to their porous and fibrillar network [76,77]. The 

optimized, 0.5% v/v Thymus sibthorpii EO loaded collagen hydrogels crosslinked with 4SP-

pentaerythritol,10 kDa, 4SP-pentaerythritol,20 kDa, and 8SP- hexaglycerol,20 kDa were 
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examined by alamarBlue, and Quant-iT PicoGreen dsDNA assays for metabolic activity, and 

the proliferation of the seeded NIH-3T3 fibroblasts, respectively. The experimental outcomes 

indicate that all of the developed composite hydrogels were found cytocompatible with fibroblasts 

(Figure 3.6). Moreover, it can be concluded that 0.5 v% concentration of Thymus sibthorpii EO 

has no toxic effect on the NIH-3T3 fibroblasts. 
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3.5. Conclusion 

Antimicrobial resistance is an emerging global health threat that causes drastically increasing 

mortality and economic burden every year. Consequently, alternative safer antibacterial therapy 

strategies need to be taken into consideration to combat this threat. In the quest for alternative 

antibacterial therapies, herein, we developed collagen type I hydrogel systems optimally 

crosslinked and loaded with Thymus sibthorpii essential oil. The proposed antimicrobial agent 

incorporated into the collagen type I scaffolds showed strong activity against S. aureus, 

demonstrated a sustained release profile, and had no toxicity on fibroblasts. The outcomes of this 

work make this developed composite antibacterial medical devices a promising candidate for 

infected tissue engineering applications. 
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4.1. Summary of the study and general conclusions 

Antimicrobial resistance (AMR) is one of the drastically increasing global health problem, 

resulting in the misuse and overuse of the conventional antibiotics which lead to generation of 

antimicrobial resistant microorganisms [1,2]. AMR has led to increased mortality rates, prolonged 

stay in hospital, and high healthcare costs [3,4]. AMR has been reported as one of the top ten global 

health concerns by World Health Organization while emphasizing the urgent need of the 

development of alternative and safer antimicrobial therapies [5] in order to combat antimicrobial 

resistant pathogens such as S. aureus, and E.coli. Among the alternative antimicrobial agents 

substitute for conventional antibiotics, essential oils have gained attention thanks to their broad-

spectrum antimicrobial activity due to various bioactive compounds present in their structure such 

as terpenes, terpenoids, and phenolic compounds [6-9]. The promising alternative antimicrobial 

agent candidates, essential oils may exhibit their activity by destroying bacterial cell membrane, 

preventing cell metabolic activity, eliminating biofilm formation [10,11]. Although they show 

superior biological activities, their high volatility, low stability, and hydrophobicity may decrease 

their efficacy and safety [12]. 

 

The incorporation of essential oils into biomaterial formulations has gained significant attention 

in recent years in order to overcome those drawbacks. A developed biomaterial formulation can 

provide protective environment for the essential oils while enhancing their stability, controlled 

release and bioavailability. Among a wide variety of biomaterial formulations, collagen hydrogels 

have been reported as particularly effective for incorporating essential oils to use in tissue 

engineering applications. Collagen, a natural protein and main component of extracellular matrix 

of connective tissues, presents superior biodegradability and biocompatibility which make them 

ideal candidate for biomedical and tissue engineering applications [13-18]. When used in the 

hydrogel form, collagen can encapsulate essential oils, ensure sustained and controlled release 

whilst reducing any cytotoxic effect of essential oils. Besides that, this approach not only 

overcomes the drawbacks of the essential oils but also leverages the inherent properties of collagen 

to promote tissue regeneration. 

 

Herein, Thymus sibthorpii essential oil was incorporated into optimized starPEG crosslinked 

collagen hydrogels and the properties of developed medical devices were investigated. 



Chapter 4 

 145  

 

Firstly, antimicrobial and anti-biofilm activity of four different essential oils (Thymus sibthorpii, 

Origanum vulgare, Salvia fruticosa, Crithmum maritimum) were screened in detail. The main 

conclusions obtained from this experimental study (Chapter 2) were: 

1. Thymus sibthorpii was found to be the most effective EO against tested bacterial strains, 

followed by Origanum vulgare EO. 

2. Thymus sibthorpii and origanum vulgare showed higher antibacterial activity than most of 

the reference antimicrobials. 

3. 5 % v/v DMSO which was used for dissolving EOs did not show any inhibitory effect on 

bacterial growth. Therefore, it can be clearly said that observed antibacterial activities were 

achieved only by EOs. 

4. All EOs displayed significant biofilm inhibition even at their half MIC. 

5. Although gentamicin sulfate is mostly used antimicrobial agent in commercial antibacterial 

dressing products, it could not inhibit biofilm formation. 

 

Afterwards, collagen type I hydrogels were developed by crosslinking six different starPEG 

molecules which possess different arm numbers, and molecular weights at 0.5, 1, 2, 5 mM 

concentrations. The optimization study was conducted by assessing the stability of fabricated 

hydrogels by free amine quantification, and enzymatic degradation assays. Accordingly, the 

optimally starPEG-crosslinked collagen hydrogels were loaded with 0,5, 1, 2 v% of Thymus 

sibthorpii EO, and the release profile and release kinetics of the EO were examined. Finally, the 

antimicrobial activity of the developed composite hydrogels was assessed against S. aureus, and 

E. coli, whilst their cytocompatibility was examined for NIH-3T3 fibroblasts. The main 

conclusions obtained from this experimental study (Chapter 3) were: 

1. 0.5, 1 and 2 mM of starPEG concentrations decreased the free amine percentage more than 

glutaraldehyde. 

2. 5 mM starPEG concentration was found out of the effective concentration range. In other 

words, an effective plateau was observed between 0.5 and 2 mM of each tested starPEG 

crosslinker. 

3. starPEG functionalized hydrogels did not fully degraded within 24 hours. 
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4. 0.5 mM of 4SP, pentaerythritol, 10 kDa; 4SP, pentaerythritol, 20 kDa; and 8SP, 

hexaglycerol, 20 kDa crosslinkers were found the optimal crosslinker to functionalize 

collagen hydrogels. 

5. The non-crosslinked hydrogels demonstrated burst release that was completely released 

EO within a couple of hours. 

6. starPEG functionalized Thymus sibthorpii EO-loaded collagen hydrogels demonstrated 

controlled and sustained release. 

7. Hixson-Crowell model did not fit any of the experimental group, whilst the zero-order, 

first-order, Higuchi and Korsmeyer-Peppas models fitted to different experimental groups. 

8. The release mechanism of EO from crosslinked hydrogels obeyed the Fickian diffusion 

according to the release exponent (n) values calculated by using the Korsmeyer-Peppas 

model. 

9. The EO-loaded composite antibacterial collagen hydrogels showed sufficient antimicrobial 

activity on S. aureus and E. coli. However, they showed more resistance to gram-negative 

E. coli. 

10. Collagen hydrogels containing 0.5 v% of EO did not show a statistical difference compared 

to positive control penicillin (for gram-positive bacteria), and enrofloxacin (for gram-

negative bacteria) (p < 0.05). Hence, 0.5 v% concentration of Thymus sibthorpii EO was 

accepted as the optimal concentration to incorporate collagen scaffolds. 

11. All developed 0.5 v% Thymus sibthorpii EO including composite hydrogels were found 

cytocompatible with 3T3-NIH fibroblasts. 

 

Therefore, in this study, we demonstrated the potential of the essential oils as safer and alternative 

antimicrobial agent substituted for antibiotics, the effectiveness of Thymus sibthorpii EO loaded 

collagen type I hydrogels in purpose of using in tissue engineering applications. 
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4.2. Future studies 

The screening performed in our study concluded that Thymus sibthorpii EO has great potential as 

safer antimicrobial and anti-biofilm agent. Besides, this EO showed higher activity on the 

inhibition of various S. aureus strains compared to widely used antimicrobial agent, gentamicin 

sulfate. These outcomes open new research frontiers in order to assess anti-inflammatory and 

antioxidant activity of Thymus sibthorpii EO to inquire its undiscovered potential. Moreover, 

understanding of any synergetic effect of this EO with the combination of other antimicrobial 

agents such as herbal extracts, nanoparticles could open a new research area. 

 

In the present study, we developed Thymus sibthorpii EO incorporated collagen type I hydrogel as 

a potential antibacterial medical device for infected tissue regeneration purposes. In the context of 

the future perspective of this study, rheological and/or mechanical analyzes of the developed 

hydrogels might be studied to specialize the antibacterial biomaterials according to the specific 

target tissue (e.g., skin, bone, cartilage). Besides, this perspective could give better understanding 

about any positive or negative effect of EO on the mechanical strength of the hydrogels. We 

achieved great antimicrobial action on gram-positive S. aureus and gram-negative E.coli thanks to 

the presence of Thymus sibthorpii EO. However, the antimicrobial activity of the developed 

composite hydrogels might be increased by the addition of secondary polymer which demonstrate 

antimicrobial activity within its nature such as chitosan. 
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A. General workflow 

Figure A.1. Objectives and overall workflow of the study.       
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Figure A.2. Schematic illustration of the state of art of the work. 
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B. List of consumables 

Reagent Supplier 

Mueller-Hinton broth Honeywell, Fluka, Spain 

Tryptic soy broth Sigma Aldrich, Athens, Greece 

Mueller-Hinton agar Oxoid, Hampshire, UK 

MacConkey agar Oxoid, Hampshire, UK 

Blood agar base Honeywell, Fluka, India 

2,3,5-triphenyl tetrazolium chloride Sigma Aldrich, Athens, Greece 

Glucose anhydrous Sigma Aldrich, Athens, Greece 

Gentian violet Sigma Aldrich, Athens, Greece 

Ethanol Honeywell, Fluka, Germany 

Methanol Honeywell, Fluka, Germany 

Whatman paper N.1 discs, 6 mm Cytiva, China 

Penicillin G antimicrobial susceptibility discs Oxoid, Hampshire, UK 

Enrofloxacin antimicrobial susceptibility discs Oxoid, Hampshire, UK 

Gentamicin sulfate Fagron, Austin, TX, USA 

Tetracycline antimicrobial susceptibility discs Oxoid, Hampshire, UK 

Cefaclor antimicrobial susceptibility discs Oxoid, Hampshire, UK 

Staphylococcus aureus ATCC 29213 American Type Culture Collection, USA 

Escherichia coli ATCC 25922 American Type Culture Collection, USA 

Collagen type I Medtronic, France 

4arm PEG Succinimidyl Glutarate, pentaerythritol (10 and 20 kDa) JenKem Technology, Allen, TX, USA 

8arm PEG Succinimidyl Glutarate, hexaglycerol (10 and 20 kDa) JenKem Technology, Allen, TX, USA 

8arm PEG Succinimidyl Glutarate, tripentaerythritol (10 and 20 kDa) JenKem Technology, Allen, TX, USA 

Phosphate buffered saline Sigma Aldrich, Athens, Greece 

Sodium hydroxide Sigma Aldrich, Athens, Greece 

Sodium bicarbonate Sigma Aldrich, Athens, Greece 

Calcium chloride Sigma Aldrich, Athens, Greece 

Glutaric dialdehyde  Thermo Fisher Scientific, Athens, Greece 

Acetic acid Honeywell, Fluka, Germany 

Hydrochloric acid Honeywell, Fluka, Germany 
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2,4,6-Trinitrobanzene sulfonic acid, TNBSA Thermo Fisher Scientific, Athens, Greece 

Sodium dodecyl sulfate Thermo Fisher Scientific, Athens, Greece 

Glycine white crystals Thermo Fisher Scientific, Athens, Greece 

Collagenase type II from Clostridium histolyticum, Gibco Thermo Fisher Scientific, Athens, Greece 

Tris-base Thermo Fisher Scientific, Athens, Greece 

Pierce BCA protein assay kit Thermo Fisher Scientific, Athens, Greece 

NIH-3T3 mouse fibroblast cell line American Type Culture Collection, USA 

Dulbecco’s Modified Eagle Medium-high glucose Sigma Aldrich, Athens, Greece 

Fetal bovine serum Sigma Aldrich, Athens, Greece 

Penicillin-streptomycin Sigma Aldrich, Athens, Greece 

Trypan blue Sigma Aldrich, Athens, Greece 

Dimethyl sulfoxide Sigma Aldrich, Athens, Greece 

Dulbecco’s Phosphate Buffered Saline Sigma Aldrich, Athens, Greece 

Trypsin-EDTA Thermo Fisher Scientific, Athens, Greece 

alamarBlue assay kit, Invitrogen Thermo Fisher Scientific, Athens, Greece 

Quant-iT PicoGreen dsDNA assay kit, Invitrogen Thermo Fisher Scientific, Athens, Greece 

Nuclease-free water Qiagen, Hilden, Germany 

T25, T75 and T175 culture flasks Sarstedt, Nümbrecht, Germany 

Microcentrifuge tubes, 1.5 ml and 2ml Sarstedt, Nümbrecht, Germany 

Petri dishes Sarstedt, Nümbrecht, Germany 

24, 48 and 96 well plates Sarstedt, Nümbrecht, Germany 

Falcon® tubes, 15 ml and 50 ml  Sarstedt, Nümbrecht, Germany 

Cell culture pipettes, 5, 10, and 25 ml Sarstedt, Nümbrecht, Germany 

 



Appendices 

 158  

C. List of protocols 

C.1. Antimicrobial activity 

C.1.1. Kirby-Bauer disc diffusion assay 

1. Prepare collagen type I hydrogels (300 µL) and sterilize them via UV irradiation for 1 h. 

2. Grow S. aureus and E. coli cells overnight at 37 C on the blood agar, and MacConkey agar, 

respectively. 

3. Prepare an inoculum in a sterile saline solution by adjusting the McFarland unit to 0.5 (~1 × 

108 CFU/mL) with fresh colonies. 

4. Immediately spread out the prepared inoculum on dry Mueller–Hinton agar plates. 

5. Place the 6 mm diameter sterile Whatman paper N.1 discs on the Mueller–Hinton agar plates. 

6. Add 15 µL of essential oil to each Whatman paper disc or directly place the sterilized hydrogels 

on the Mueller–Hinton agar plates. 

7. Leave the plates to air dry for half an hour. 

8. Incubate the prepared plates at 37 C 20-22 h. 

9. Take the images of each plate, and measure inhibition zone diameters at the end of the 

incubation period. 

 

C.1.2. Broth microdilution assay 

1. Grow S. aureus and E. coli cells overnight at 37 C on the blood agar, and MacConkey 

agar, respectively. 

2. Prepare inoculum in a sterile saline solution at the final concentration of 5 × 105 CFU/mL 

using fresh colonies. 

3. Define the first and last wells in a related row of 96-well plates as sterility and growth 

control, respectively. 

4. Place only tested antimicrobial agent into the sterility control well, and only inoculum into 

the growth control well. 

5. Perform serial dilution by transferring 100 μL of well-mixed EO suspension to the other. 

6. Add 100 μL of freshly prepared inoculum to the wells, except for the sterility control well. 

7. Adjust the concentration range between 100% and 0.0488% (v/v) for essential oils and 

between 128 and 0.000488 μg/mL for reference antibiotics. 

8. Incubate 96-well plates in a horizontally shaking incubator at 37 C and 75 rpm for 20 h. 
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9. Add 1% (w/v) of triphenyl tetrazolium chloride, TTC Gram stain transferring to each well. 

10. Re-incubate 96-well plates for 2 h. 

11. Record the minimum inhibitory concentration (MIC) of each tested antimicrobial agent as 

the concentration of the well just before the first red-colored well which indicates the living 

cells. 
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Figure C.1.2.1. Indicative experimental procedure of broth microdilution assay.   
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C.2. Anti-biofilm activity 

C.2.1. Microtiter plate biofilm assay 

1. Add 100 µL of each essential oil or antibiotics at x4 MIC, x2 MIC, MIC, ½ MIC 

concentrations. 

2. Add 100 µL of diluted inoculum. 

3. Incubate the plates at 37 C for 20-24 h without agitation, allowing the adherence of 

bacteria onto the surface/wall of the wells. 

4. Dump out cells by turning the plate over and shaking out the liquid on the paper towel. 

5. Wash the wells twice with 250 µl of de-ionized water (DIW) in order to remove planktonic 

bacteria and discard it by turning the plate over and shaking out the water. 

6. Fix the attached bacteria with 200 µl of pure methanol for 15 min. 

7. Empty the plates and leave them to dry at room temperature for 1 h. 

8. Stain the cells with 200 µl of 0.4% w/v crystal violet used for Gram staining per well for 5 

min. 

9. Rinse off the excess stain by placing the plate under gently running tap water. 

10. Resolubilize the dye bound to the adherent Staphylococcus cells with 160 µl of 33% (v/v) 

glacial acetic acid. 

11. Mix each well carefully and transfer 100 µl of resolubilized cell suspension to new plate. 

12. Take the pictures of plates for qualitative assessment. 

13. Read the optical density (OD) of each plate at 570 nm or 630 nm. Readout at 630 nm may 

help to observe overflow result problems. 

14. Evaluate the biofilm inhibition percentages of each antimicrobial agent using the following 

equation. 

 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 % =
𝑂𝐷𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑂𝐷𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑂𝐷𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 
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C.3. Fabrication of collagen type I hydrogels 

Note: All steps were carried out on the ice to avoid the denaturation and/or pre-polymerization 

of the collagen. 

 

1. Prepare collagen stock solution (7.5 mg/mL) by dissolving in 0.05 M of acetic acid. 

2. Add 70 µL of 10x PBS in 2 mL microcentrifuge tube which was used as mold. 

3. Add 7 µL of 1 N NaOH and mix well by pipetting up and down. 

4. Add 200 µL of collagen stock solution (7.5 mg/mL) to have the final collagen 

concentration of 5 mg/mL. Then, mix well by pipetting up and down. 

5. Add required volume of stock crosslinker solution. (For example, for the 0.5 mM of 

final crosslinker concentration, add 7.5 µL of 20 mM of stock crosslinker solution.) 

6. Add the required volume of essential to adjust its desired concentration (0.5, 1, 2 v%). 

7. (If needed) Top up the solution to the 300 µL. 

8. Check the pH of the solution. If it is not in the range of 7.1-7.4, add 0.5 µL of 1 N 

NaOH till adjusting the pH. 

9. Incubate samples at 37 C for 1h. 
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Table C.3. 1. Collagen type I hydrogel preparation. 

Component Order Concentration Volume 

10x PBS 1  70 µL 

NaOH 2 1 N 7 µL 

Collagen type I 3 5 mg/mL 200 µL 

starPEG 4 0.5, 1, 2, 5 mM 10, 20, 40, 100 µL 

NaOH 5 1 N Dropwise (if needed) 

Thymus sibthorpii EO 6 0.5, 1, 2 v% 1.5, 3, 6 µL 

1x PBS 7  
Remaining volume (if 

needed) 
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C.4. Quantification of free amines by TNBSA assay 

1. Prepare collagen type I hydrogels (300 µL). 

2. Place hydrogels into labelled 2 mL microcentrifuge tubes. 

3. Prepare standard curve solution with the known concentration of glycine (Table C.4.1). 

4. Add 500 µL of each standard curve solution into labelled 2 mL microcentrifuge tubes. 

5. Add 500 µL of 0.1 M sodium bicarbonate solution into each hydrogel. 

6. Add 500 µL of 0.01% w/v TNBSA to each hydrogel and standard curve solution. 

7. Mix the microcentrifuge tube content well using benchtop vortex. 

8. Incubate the hydrogels and standard curve solutions in a horizontally shaking incubator at 

37 C and 150 rpm for 2 h. 

9. Add 250 µL of 10% w/v SDS and 125 µL of 1 M HCl to each hydrogel and standard curve 

solution just after incubation period to stop the reaction. 

10. Mix the microcentrifuge tube content well using benchtop vortex. 

11. Hydrolyze the hydrogels by incubating them in a block heater at 120 C for 15-30 min if 

they are not completely dissolved. 

12. Transfer 100 µL of sample solution of hydrogels and standard curve solutions to labelled 

96-well plate. 

13. Read the absorbance at 335 nm. 
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Table C.4.1. Standard curve solution preparation for TNBSA assay. 

 

Volume of glycine stock 

solution, 5 mg/mL (µL) 

Volume of 0.1 M sodium 

bicarbonate solution (mL) 

Final glycine concentration 

(mg/mL) 

0 5 0 

5 5 0.005 

10 5 0.01 

20 5 0.02 

30 5 0.03 

40 5 0.04 

50 5 0.05 

 

 

 

Figure C.4. 1. Calibration curve for TNBSA assay with the known concentrations of glycine.    
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C.5. Assessment of the resistance of hydrogels against enzymatic degradation 

C.5.1. Collagenase assay 

1. Prepare collagen type I hydrogels (300 µL) for each defined time point (2, 4, 8, 24 h). 

2. Place hydrogels into labelled 2 mL microcentrifuge tubes. 

3. Prepare the buffer solution with 0.1 M Tris-HCl (pH 7.4) and 50 mM CaCl2. 

4. Prepare a 50 U/mL of collagenase degradation solution in the buffer solution according to 

the equation below. 

x = y .
1 mL buffer

1 sample
 .

50 U

1 mL buffer
 .

1 mg of collagenase powder

α U
 

 

where, x is the required amount of collagenase powder in mg, y is the total number of 

samples, and α is the U/mg of the collagenase powder specified by the manufacturer. 

 

5. Add 1 mL of degradation solution into each hydrogel. 

6. Incubate in a horizontally shaking incubator at 37 C and 150 rpm for each defined time 

point. 

7. At each time point, take an aliquot of 100 µL of each sample, and transfer it into new 

microcentrifuge tube, and centrifuge at 3,500 g for 10 min at room temperature. 

8. Transfer the supernatant into a new microcentrifuge tube, and store at -20 C till using them 

for Pierce BCA protein assay. 
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C.5.2. Pierce BCA protein assay 

1. Determine the total volume of working reagent (WR) using the following formula. 

 

Total required WR volume =  (#standards + unknows) ×  (#replicates) × (volume of WR per sample) 

 

2. Prepare WR by mixing BCA reagent A and BCA reagent B in 50:1 ratio. 

3. Transfer 100 µL of standard curve solutions and frozen supernatant into labelled 

microcentrifuge tubes. 

4. Add 2 mL of WR to each tube. 

5. Cover the lid of tubes and incubate them at 37 C for 30 min. 

6. Cool all tubes at room temperature. 

7. Read the absorbance of samples and standard curve solutions at 562 nm. 

8. Subtract the absorbance of blank sample (water) from the absorbance of samples and 

standard curve solutions. 

9. Prepare the standard curve with the known concentrations of bovine serum albumin (BSA). 

10. Calculate the concentration of collagen concentration in each sample by interpolating their 

absorbance using standard curve. 
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Table C.5.2.1. Preparation of standard curve solution for Pierce BCA protein assay. 

Vial Volume of diluent (µL) 
Volume and source of BSA 

(µL) 

Final BSA concentration 

(µg/mL) 

A 0 300 of stock 2000 

B 125 375 of stock 1500 

C 325 325 of stock 1000 

D 175 175 of vial B dilution 750 

E 325 325 of vial C dilution 500 

F 325 325 of vial E dilution 250 

G 325 325 of vial F dilution 125 

H 400 100 of vial G dilution 25 

I 400 0 0 
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C.6. Release profile and release kinetics of essential oil from hydrogels 

 

C.6.1. Release profile 

1. Determine the specific wavelength of Thymus sibthorpii essential oil (Figure C.6.1.1). 

2. Prepare standard curve with the known concentrations of Thymus sibthorpii essential oil 

using 70% v/v ethanol as a solvent (Figure C.6.1.2). 

3. Prepare collagen type I hydrogels (300 µL). 

4. Soak hydrogels into 1 mL of 1x PBS (pH 7.4) and incubate at 37 C in a horizontal shaker 

incubator. 

5. At each defined time point (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 24, and 48 h), take 100 µL of 

sample and refresh by 100 µL fresh 1x PBS. 

6. Transfer the samples taken into 96-well plate. 

7. Read the absorbance at 365 nm which is specific to Thymus sibthorpii essential oil. 

8. Calculate the concentration of the released Thymus sibthorpii essential oil by interpolation 

using the linear calibration curve. 

9. Calculate the cumulative release percentage of Thymus sibthorpii essential oil according to 

the equation below. 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 % = ∑
𝑀𝑡

𝑀0
× 100

𝑡

𝑡:0

 

 

where Mt is the released amount of EO at time t, and M0 is the initial EO amount. 
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Figure C.6.1.1. The scanning of the wavelength of (A) pure Thymus sibthorpii essential oil, (B) 70% v/v ethanol in order to assess the 

specific wavelength of the essential oil. 365 nm was determined as specific to Thymus sibthorpii essential oil which gives the maximum 

peak. 
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Figure C.6.1.2. Calibration curve for release profile assessment with the known concentrations 

of Thymus sibthorpii essential oil.    
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C.6.2. Release kinetic mathematical model 

In order the assess the release kinetics of Thymus sibthorpii essential oil from collagen type I 

hydrogels, five different mathematical models were applied to the cumulative release amount 

of essential oil. The mathematical models used are given below. 

 

▪ Zero-order model: 

𝑀𝑡

𝑀∞
= 𝐾𝑡 

 

▪ First-order model: 

ln (1 −
𝑀𝑡

𝑀∞
) = −𝐾𝑡 

 

▪ Higuchi model: 

𝑀𝑡

𝑀∞
= 𝐾𝑡1/2 

 

▪ Korsmeyer-Peppas model: 

𝑀𝑡

𝑀∞
= 𝐾𝑡𝑛 

 

▪ Hixson-Crowell model: 

 𝑀0
1/3 − 𝑀𝑡

1/3 = 𝐾𝑡 

 

where Mt is the released amount of EO at time t, and M0 is the initial EO amount, M indicates 

the amount of EO for the final time of the measurements, K is the release constant, and n is the 

release exponent. 
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C.7. Cell culture 

C.7.1. Culture medium for NIH-3T3 fibroblasts 

1. DMEM high glucose (4500 mg/L) 

2. 10% v/v FBS 

3. 1% v/v Penicillin/streptomycin 

 

C.7.2. Cell thawing and passaging 

1. Remove vial from liquid nitrogen container and thaw with the body temperature of in 

a water bath at 37 C. 

2. Transfer vial content to culture flask of appropriate size containing pre-warmed culture 

medium. 

3. Change culture medium every 2-3 days and observe cell morphology and proliferation 

with a phase contrast microscope. 

4. When cells reach 80% confluency, remove the culture medium, wash cell layer with 

1x PBS and add appropriate amount of trypsin/EDTA according to the culture flask 

size. Incubate at 37 C, 5% CO2 for 5 min until cells start detaching from the surface 

of the flask. 

5. Add culture medium with the double volume of added trypsin/EDTA to block the 

action of trypsin/EDTA. 

6. Transfer flask content into a Falcon tube and centrifuge at 1,200 rpm for 5 min. 

7. Discard the supernatant and resuspend the cells in desired amount of culture medium. 

 

C.7.3. Cell freezing 

1. Remove culture medium and wash cell layer with 1x PBS. 

2. Add an appropriate amount of trypsin/EDTA and incubate at 37 C, 5% CO2 for 5 min 

until cells start detaching. 

3. Add culture medium with the double volume of added trypsin/EDTA to block the 

action of trypsin/EDTA. 

4. Transfer flask content into a Falcon tube and centrifuge at 1,200 rpm for 5 min. 

5. Resuspend cell pellet in a necessary amount of freezing medium (90% v/v of medium 

with 10% of dimethyl sulfoxide) to have 1 million cells per 1 mL of medium. 
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6. Add 1 mL of cell suspension per cryogenic vial and place in Mr. Frosty overnight at -

80 C. 

7. Move the cryogenic vials to liquid nitrogen container for long term storage. 

 

C.7.4. Cell seeding 

1. Prepare collagen type I hydrogels (300 µL) and sterilize them via UV irradiation for 

1 h. 

2. Place the sterilized hydrogel to the wells of 24-well plate for each defined culture day 

(1, 3, 5 days). 

3. Condition the hydrogels with 500 µL of culture medium. 

4. Prepare a cell suspension by adjusting 50,000 cells per 20 µL of culture medium. 

5. Seed the cells on the top of the hydrogels by adding 20 µL cell suspension. 

6. Incubate at 37 C, 5% CO2 during the defined culture period. 

7. Change medium every 2 days. 

 

C.7.5. alamarBlue assay 

1. Prepare a 10% alamarBlue solution in DMEM. 

2. Discard culture medium from the cell seeded hydrogels and wash with 1x PBS. 

3. Add 500 µL of 10% alamarBlue solution to the hydrogels, and 10% alamarBlue 

solution alone as a negative control. 

4. To observe the background absorbance, add medium alone to empty wells. 

5. Incubate for 2-4 h at 37 C, 5% CO2. 

6. Transfer 100 µL of alamarBlue solution to the new 96-well plate after reaction. 

7. Read the absorbance at 550 and 595 nm. The absorbance values are called as 

absorbance of the oxidized form at lower wavelength (AOLW), and absorbance of the 

oxidized form at higher wavelength (AOHW) for 500 and 595 nm, respectively. 

8. Subtract the absorbance of medium from each measured absorbance values if it 

cannot be negligible. 

9. Evaluate the correlation factor (R0) according to the equation below: 

R0 =
AOLW

AOHW
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10. Calculate the percentage of alamarBlue reduction (AR%) by the cells according to 

the equation below: 

𝐴𝑅% = ALW − (AHW × R0) × 100 

 

C.7.6. Quant-iT PicoGreen dsDNA assay 

1. Remove the media and gently wash the hydrogels with 1x PBS. 

2. Add 250 µL of DNase-free water to each group. 

3. Freeze-thaw cell seeded hydrogels three times by freezing at -80 C for min 15-20 

and thawing in the incubator at 37 C till completely defrosted. 

4. Prepare a 1x TE buffer by diluting 20x stock solution with DNase-free water. 

5. Prepare standard curve solutions with the known DNA concentration using DNase-

free water (Table C.7.6.1). Prepare 2 µg/mL and 50 ng/mL DNA stock solutions. 

6. Make up the PicoGreen solution (5.376 mL 1x TE buffer + 27 µL concentrated 

PicoGreen). 

7. Add 100 µL of diluted PicoGreen solution to each well and gently mix them. 

8. Incubate at room temperature for 2-5 minutes in a dark environment. 

9. Transfer 100 µL of each sample to the new 96 well-plate. 

10. Read the fluorescence (excitation: 480 nm, emission: 520 nm). 

11. Evaluate the DNA concentration by interpolating the fluorescence values using 

calibration curve. 
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Table C.7.6.1. Preparation of standard curve solution for Quant-iT PicoGreen dsDNA assay. 

Volume of DNase-

free water (µL) 

Volume of 2 µg/mL DNA 

stock solution (µL) 

Volume of 50 ng/mL DNA 

stock solution (µL) 

Final DNA 

concentration 

(ng/mL) 

200 200 0 1000 

300 100 0 500 

380 20 0 100 

0 0 400 50 

200 0 200 25 

320 0 80 10 

360 0 40 5 

400 0 0 0 

 

 

 


