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Biomaterials can be used as implantable devices or drug delivery platforms, which
have significant impacts on the patient’s quality of life. Indeed, every year, a substantial
number of new biomaterials and scaffolding systems are engineered and introduced in the
biomedical field, with increased health benefits observed, as reported by Spalek et al. [1].
However, their long-term use can be threatened by the adhesion and proliferation of mi-
croorganisms, which can interact and form biofilms, or by the formation of fibrosis and
consequent triggered cytotoxic responses. Pathogenic microorganisms may cause local
infections and lead to implant failures. Additionally, they can hinder the delivery of thera-
peutic molecules by specialized carriers, rendering them ineffective. Many alternatives have
been proposed over the years to prevent such events, including the use of antiseptics and
antibiotics or the physical modification of the biomaterial surface, with the incorporation
of biomolecules having developed into an area of interest. From specialized polymers and
functional groups to silver and, more recently, antimicrobial peptides and natural extracts,
different functionalization and modification techniques have been employed in this fight
against pathogenic agents [1–7]. Marin et al., for instance, introduced a new generation of
collagen-based biomaterials embedded with nanoclay for skin regeneration, demonstrating
an improved antimicrobial potential. They reported that, depending on the nanoclay type
used, both the cellular viability and antimicrobial activity (potentiated by gentamicin) could
be controlled for a prolonged action over time [8]. This Special Issue aims at furthering our
understanding of the antimicrobial actions of specialized biomaterials and introducing new
surface modification strategies, original polymeric chemical structures, and new antimicro-
bial agent–material combinations, from which infection control or microbial eradication
can be achieved.

In this collection of research, many important findings can be highlighted, namely the
engineering and synthesis of novel antimicrobial agents. Fadaka et al. took a well-known
nanomaterial, the silver nanoparticles, and modified its synthesis to improve its physical-
chemical properties. They used gum arabic, sodium borohydride, and their combination
as reducing agents and evaluated the particles’ antimicrobial and cytotoxic profiles. Gum
arabic was deemed to be the most effective reducing agent in improving the bactericidal
efficiency of the synthesized silver nanoparticles. However, the authors concluded that the
nanoparticle toxicity could not be completely overcome, even by using a greener synthesis
methodology, which is required in order to establish ranges of effectiveness for human
safety [9]. Novel aminothiazoles with superior antiviral, antioxidant, and antibacterial
activities were also synthesized by Minickaitė et al. They demonstrated that, by using
substitutes in the thiazole ring, optimized antimicrobial structures could be generated
with target specificity [10]. Yussof et al. revealed similar outcomes when exploring the
antibacterial and sporicidal effectiveness of theaflavin-3,3′-digallate. They determined the
potential of this polyphenol, derived from the leaves of Camellia sinensis, to fight against a
range of bacteria, including the spore-forming Bacillus spp., and established its promising
broad-spectrum antibacterial and anti-spore activities [11].

Antimicrobial peptides are considered a new generation of antimicrobial agents. In-
deed, in recent years, they have been explored as potential alternatives to antibiotics and
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other immunomodulatory drugs [12]. Umehara et al. studied the well-characterized skin-
derived human β-defensins antimicrobial peptides and demonstrated their influence on
the secretion of angiogenin, a potent angiogenic factor. They revealed that various human
β-defensins can stimulate the production of angiogenin while maintaining their antimicro-
bial activities and other immunomodulatory properties [13]. Zhu et al. identified a new
antimicrobial peptide gene, the Sparanegtin gene from the mud crab Scylla paramamosain,
whose transcripts were particularly abundant in the testis of that species. The recombinant
Sparanegtin was found to be effective against both Gram-positive and Gram-negative
bacteria, including Pseudomonas aeruginosa, and its immunomodulatory effects on specific
bacteria were also revealed [14]. Yang et al. also identified two male-specific antimicrobial
peptides, SCY2 and Scyreprocin from the mud crab Scylla paramamosain, and established
their dual role in reproductive immunity and sperm acrosome reactions while maintaining
their antimicrobial profiles [15].

In light of the size and sensitivity to physiological conditions of most bioactive agents,
including antimicrobial peptides, optimizing their localized and target deliveries are
essential. With this in mind, Yang et al. proposed the incorporation of ClyF, an anti-
staphylococcal lysin, into constructs of silica-binding peptide for application as device
coatings for the prevention of Staphylococcal-related infections. The ClyF-immobilized
surfaces supported the normal attachment and growth of mammalian cells and displayed
significant bactericidal features, being deemed potentially effective in preventing the
growth of antibiotic-resistant microorganisms [16]. In turn, Egle et al. studied the influence
of an engineered platelet-rich fibrin, used as a carrier matrix in the antibacterial prop-
erties of clindamycin phosphate, on Gram-positive bacteria. The carrier was observed
to induce structural changes in the clindamycin, giving rise to a more active compound
that significantly decreased the minimal bactericidal concentrations required to eliminate
Staphylococcal strains. The researchers attested to the safety of the engineered carrier for
human cells in vitro, thus evidencing the system’s potential to reduce the risk of postopera-
tive infection [17]. Finally, Lee et al. proposed the controlled storage and release of nitric
oxide from metal organic nanosized frameworks formed from Cu-BTC for prospective uses
in drug delivery systems. The nitric oxide release was maintained as constant for 12 h,
meeting the requirements for clinical applications. Most importantly, the authors verified
the structures’ antibacterial potential by their significant elimination of six bacteria strains,
highlighting the synergistic effects between the payload and carrier [18].
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Abstract: For decades, biomaterials have been commonly used in medicine for the replacement of
human body tissue, precise drug-delivery systems, or as parts of medical devices that are essential for
some treatment methods. Due to rapid progress in the field of new materials, updates on the state of
knowledge about biomaterials are frequently needed. This article describes the clinical application of
different types of biomaterials in the field of otorhinolaryngology, i.e., head and neck surgery, focusing
on their antimicrobial properties. The variety of their applications includes cochlear implants, middle
ear prostheses, voice prostheses, materials for osteosynthesis, and nasal packing after nasal/paranasal
sinuses surgery. Ceramics, such as as hydroxyapatite, zirconia, or metals and metal alloys, still have
applications in the head and neck region. Tissue engineering scaffolds and drug-eluting materials,
such as polymers and polymer-based composites, are becoming more common. The restoration of
life tissue and the ability to prevent microbial colonization should be taken into consideration when
designing the materials to be used for implant production. The authors of this paper have reviewed
publications available in PubMed from the last five years about the recent progress in this topic but
also establish the state of knowledge of the most common application of biomaterials over the last
few decades.

Keywords: biomaterials; nanomaterials; antimicrobial action; osteosynthesis; tissue engineering;
voice prosthesis

1. Introduction

Biomaterial is any substance (other than a drug) or combination of substances, natural
or synthetic, that can be used for a period of time, independently or as part of a system
which treats, augments, or replaces any tissue, organ, or function of the body [1]. The first
application of biomaterial in history is most likely a case that was reported a few centuries
after the Common Era of ancient medicine for wound closure. Romans have described
urologic catheters, and Aztecs used gold dental fillings [2]. Nowadays, technological
progress allows the development of implants that are based on innovative biomaterials. We
can classify biomaterials by their applications, material physicochemical properties, or their
interactions with the patient’s tissue. The application of biomaterials in modern medicine is
very wide, for example, artificial joints, bone grafts, dental implants, cardiovascular stents,
artificial lenses, plastic surgery implants, trauma and reconstructive surgery materials, and
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surgical tools. Due to the variety of biomaterials’ functions, their mechanical properties
varied from very hard and stiff to very soft and flexible. According to the biomaterials’
nature, we distinguish the builds of polymers, metals, composites, and ceramics materials.
We can also classify biomaterials from their level of interaction with the host tissue as
bioinert, bioactive, and bioresorbable [3–5]. One of the greatest risks associated with placing
an implant within the living tissue of a patient is related to the colonization of the material
by opportunistic/pathogenic microorganisms and the formation of a bacterial/fungal or
mixed biofilm on an implant’s surface. There are some methods to prevent this process,
which are described in Section 4.

1.1. Polymers

Most common polymers used for the design and fabrication of biomaterials include
natural polymers, such as collagen, alginate, or chitosan, and synthetic ones, such as
polyethylene, polyethylene terephthalate, and polytetrafluorethylene. Polymers are classi-
fied by their permanent (biostable) or temporary (biodegradable) applications. Biostable
polymers are used for long-term exploitation. When working with biostable polymers,
the main challenge is to prevent the material degradation of the polymer by physiologi-
cal tissue processes as oxidation of polyether segments in polyurethane at the α-position
to the ether-oxygen [6], or the long-term hydrolysis of polyamides [7] or polyethylene
terephthalate [7,8]. In most situations, biofilm growth is also a destructive factor for
the polymers [9,10]. Biodegradable polymers are used as a base for local drug delivery
or as a temporary support for tissue regeneration. These polymers are degraded non-
enzymatically by hydrolysis or by specific enzymes [11]. The good biocompatibility makes
them a good material for many medical applications [12–15]. Among the few polymers ap-
proved by the FDA, there are poly(glycolic acid) or poly(glycolide) (PGA), poly(lactic acid)
or poly(lactide) (PLA), as well as poly(lactic-co-glycolic acid) or poly(lactide-co-glycolide)
(PLGA) (Figure 1).

tissue processes as oxidation of polyether segments in polyurethane at the α

Figure 1. Chemical structures of poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and poly(lactide-
co-glycolide) (PLGA). (n: number of repeat units in PLA and PGA; x and y: number of lactic and
glycolic units in PLGA, respectively). * another unit of PGA/PLA.

In 1970, the US Food and Drug Administration approved these materials for biore-
sorbable surgical sutures, then, in 1986, the first bioresorbable drug delivery PLGA mi-
crospheres were approved [16]. PLGA co-polymers undergo degradation in the way of
hydrolysis. The ester bonds are cleaved by the hydrolytic degradation that occurs through-
out the whole PLGA microparticle matrix. PLGA degradation into monomers can be
divided into three phases. In this process of random chain scission, the polymer divides
into the oligomers and finally into soluble monomers. In the first phase, the weight loss and
soluble monomer formed are not appreciable, and, in the second phase, there is rapid loss
of mass. Once the monomers are formed, they are eliminated by physiological pathways.
Lactic acid enters the tricarboxylic acid cycle and is metabolized and eliminated in carbon
dioxide and water, while glycolic acid is excreted unchanged by the kidneys or metabolized
by the tricarboxylic acid cycle [16–18] (Figure 2). So far, 15 products based on PLA/PLGA
microparticles have been approved and marketed, and more than 35 products have been
successfully developed for medical use [19].
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Figure 2. Schematic illustration showing the degradation of PLGA co-polymer and the PGA and
PLA monomers. As a result, carbon dioxide and water are finally produced.

1.2. Metals and Metals Alloys

Titanium and its alloys, as well as iron-based alloys and cobalt-based alloys, are com-
monly used in medicine as materials for all kinds of implants and biomedical constructions,
such as orthopedic and bone fracture surgical treatment or as a scaffold of cardiologic self-
expanded stents [20,21]. These materials are the most popular metallic biomaterials applied
in the broad field of medicine. Stainless steel was applied in the 1920s as a biomaterial, and
the first cobalt-based alloy was introduced into dental practice in 1907 [22]. Titanium alloys
since the eighties have been model metallic materials used in various types of biomedical
constructions [20], unfortunately this material has significant flaws. For many years, toxic
alloying agents in titanium alloys, such as aluminum and vanadium, have raised doubts.
Studies prove the toxicity of these elements and induction of many diseases after long-term
periods of use [23,24]. The main disadvantage of some of these materials is also a very
common local inflammatory host reaction or toxicity, which can be decreased by coating
them by other biocompatible materials as for example polymers. However, sometimes the
local tissue reaction to the material is beneficial, such as stimulating new bones through the
use of magnesium alloys in the healing of bone fractures [25]. In recent years, new titanium-
based materials with non-toxic additives, such as molybdenum and niobium, which are
austenitic steels without the addition of toxic nickel, have been investigated [26–28].

1.3. Ceramics

Ceramics are a group of biomaterials with very good biocompatibility features. This
group generally does not cause an allergic reaction and a cytotoxic effect [29]. But on the
other hand these materials are brittle and low impact resistance [30]. Ceramics biomaterials
are commonly use in bone replacement, dental and maxillo-facial reconstructions. Alu-
minum trioxide is still used for dental implants but zirconia, which was introduced as a
dental implants material in 1970s is nowadays commonly used because of its similar color
to human teeth [31,32].

1.4. Composites

Composite materials are made of at least two constituents to decrease their disad-
vantages. Composite materials are used for bulk soft tissues replacements, space fillers,
catheters, ureter prostheses, tendons and ligaments, and vascular grafts. Fiber-reinforced
polymer composites are the most commonly used composites in orthopedics [33].

2. Methods

Innovative biomaterials for otolaryngology have already been developed. This article
aims to review recent publications in this area. Available bibliographies in PubMed were
searched, and the latest or the most significant papers, in the authors’ opinions, were
quoted. Publications from the last five years (2015–2020) were reviewed in PubMed. Some
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publications included in this review were published more than five years ago or not found
by the queries mentioned below but, in the authors’ opinions, these publications were
significant and important. There were 163 articles quoted in this review, following the
authors’ research. The following amounts of articles (January 2022) were found after typing
some keywords in PubMed: polymers + otolaryngology (828), polymers + head and neck
cancers (476), polymers + sinus surgery (263), polymers + head and neck tissue engineer-
ing (149), polymers + head and neck implants (125), polymers + cochlear implants (38), and
polymers + nasal packing (37).

3. Biomaterials Used in Otorhinolaryngology
3.1. Cochlear Implants

Cochlear implants are commonly used for the successful treatment of deaf-born
children and deafened adults. The idea of this technically advanced method is to implant
a cochlear implant’s electrode into the cochlea to allow the electrical stimulation of the
auditory nerve [34]. The interaction between the electrode and the auditory neurons is
essential for long and effective treatment. The cochlear implant–electrode array consists
of platinum–iridium and silicone. Despite its materials’ good biocompatibility, cochlear
implants are recognized as foreign bodies. The efficiency of cochlear implants is affected by
postoperative connective tissue growth around the electrode array. This results in tissue
fibrosis around the electrode, which happens due to fibrocyte migration after the electrode
implantation. This process is undesirable because of the increase in impedance that it results
in. Glucocorticoids—mainly dexamethasone—are locally applied to decrease fibrosis. One
of the methods of its application is drug depot accommodation in the silicon carrier of the
electrode [35] (Figure 3). This approach has a more continuous and longer profile of drug
release, which is more effective than other methods of dexamethasone application [2,36].
It is desirable to minimize the space between electrodes and auditory neuronal dendrites.
For this reason, neurotrophic factors, such as the glial cell-derived neurotrophic factor
(GDNF) and the brain-derived neurotrophic factor (BDNF), are also used. Local application
of these factors to the cochlear implant electrodes is one of the methods that have a proven
positive effect on the anti-fibrosis process, the regeneration of auditory neuron dendrites,
and the in vivo preservation of neurons in animals [36–39]. Lehner et al. have tested a
new type of Poly-(D,L-lactic-co-glycolic acid) (PLGA)-based biodegradable implant for
intracochlear delivery of drugs on animals to find the appropriate size and mechanical
properties, as well as to prove the general feasibility of its administration. They found
that the use of Polyethylene glycol (PEG) as an additional excipient was beneficial in two
aspects. PEG softens the extrudates and prevents cracking during bending, and PEG
accelerates the initial drug release rate so that it matches the desired profile [37]. The release
of dexamethasone from the PLGA without PEG was measured at 6.5% within the first
week, this then accelerated to reach almost 50% after two weeks and 80% after three weeks.
It is connected to initial slow water penetration and the autocatalytic degradation of the
polymer [38].

 

Figure 3. (A): pure silicone electrode array without DEX (0%); (B): electrode array containing 1%
DEX (16 ng/day delivery rate); (C): electrode array containing 10% DEX (49 ng/day delivery rate).
Adapted from an open-access source: [36].

The developed intracochlear drug-loaded implant can be administrated with or with-
out a neuroprosthetic cochlear implant. Some experimental studies also showed the positive
application of biodegradable drug delivery systems as a salvage therapy for idiopathic
sudden sensorial hearing loss (ISSHL) [37,39]. A carrier of dexamethasone was used along
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with a PLGA polymer matrix containing a mixture of polymer chains with free and esteri-
fied carboxylic end groups without a preservative. The PLGA matrix slowly degrades to
lactic acid and glycolic acid.

3.2. Tympanostomy Tube

The implantation of a tympanostomy tube in the eardrum allows the drainage of fluid
from the middle ear. This procedure is usually performed in patients with otitis media.
Biofilm formation on this device is the main factor of post-tympanostomy complications,
such as otorrhea, tube occlusion, and discomfort. There are some studies where authors
have faced this problem. In some in vitro studies, the use of a vancomycin coating or
a piperacillin-tazobactam coating of the tympanostomy tube were tested with positive
promising results [40,41].

Another approach is to change the tube-surface properties of resisting bacterial col-
onization and biofilm formation. The model implemented by Saidi et. al suggests that
the adherence properties of the tube may be more important than antibacterial coatings in
terms of the prevention of persistent otorrhea [42]. Jang et al. suggest that the surface mod-
ification by an ion bombardment is not enough on its own to resist ciprofloxacin-resistant
Pseudomonas aeruginosa biofilm formation [43]. Joe et. al designed a novel tympanos-
tomy tube type, i.e., a tympanostomy stent (TS), which had a smooth and minimized
surface area to prevent the adherence of biofilm by preserving its own function of drainage.
Furthermore, it was coated with TiO2. The authors reported the promising outcomes of
their study [44].

3.3. Middle-Ear Prosthesis

The ossicular chain reconstruction of the middle ear may be carried out with either
a partial ossicular replacement prosthesis or a total ossicular replacement prosthesis. Im-
plantable middle-ear hearing aids are used in the treatment of mild–moderate, mixed or
conductive hearing loss and, in some cases, to treat sensorineural hearing loss [45]. There is
a variety of materials used by surgeons for ossicular reconstruction. Some studies indicate
that titanium ossicular prostheses are the most popular among surgeons, because of their
efficiency in sound transmission and the fact that they are delicate and easy to handle.
Titanium is the most lightweight and biocompatible material among all allogenic materials
used for ossicular reconstruction [46,47]. Moreover, titanium clip prostheses have proven
long-term results in ossiculoplasty [48]. A ceramic (hydroxyapatite) prosthesis commonly
used for ossicular reconstruction also exists; however, it has high incidence of extrusion
when it is placed in contact with the tympanic membrane [49,50]. A retrospective study
comparing hearing and anatomical outcomes after ossicular chain reconstruction with
titanium or hydroxyapatite prostheses concluded that both types of prosthesis had satis-
factory functional and anatomical results, and no preponderance could be stated, except
for the hearing results of partial titanium prostheses [51]. One of the materials used for
middle ear surgery is a composite HAPEX (Smith and Nephew). It is composed of 40%
synthetic hydroxyapatite (HAp) and 60% high-density polyethylene (HDPE). In a clinical
study, HAPEX has proven to be a stable implant/bone bonding material. It was observed
that middle-ear prostheses became overgrown by fibrous tissue inside a thin epithelial
layer [52]. Problems with extrusion, migration, and reactivity occur with some alloplastic
materials, such as Polyethylene, high-density polyethylene sponge (HDPS), polytetraflu-
oroethylene (PTFE), and Proplast (PTFE–carbon composite), which are also regarded as
ossicular prostheses [53]. There are many reports of different artificial materials used in
ossicular surgery, but the histocompatibility and long-term outcomes still remain uncertain.
Moreover, none of the materials mentioned above possess bactericidal properties [54]. Such
activity is looked for as it indicates the same information as the detection of biocompatibility
or physical properties. There are some studies about new antimicrobial system, which are
fully described in Section 4.

9



Int. J. Mol. Sci. 2022, 23, 2575

3.4. Nasal Packing Materials

Endoscopic sinus surgery (ESS), conchotomy, or septoplasty procedures are currently
very common surgical treatments. They are often associated with such postoperative
complications as nasal bleeding, adhesions, and stenosis, which could be prevented by
nasal packing [55]. The efficiency of and the patient’s tolerance for nasal packing products
vary [56]. The currently used packing materials can be classified into nonbiodegradable
(e.g., vaselinized gauze, Telfapads, cotton-stuffed latex finger cots, Silastic sheeting, Merocel
sponges) and biodegradable types (e.g., gel film, MeroGel, hyaluronic acid gels, FloSeal,
cellulose gels, Nasopore, NASASTENT) (Figure 4). Nasopore is a fully synthetic biodegrad-
able, fragmenting foam that absorbs water while supporting the surrounding tissue. This
process provides local hemostasis by compressing bleeding vessels in the nasal cavity. After
several days, it dissolves and can be suctioned from the nasal cavity. Research indicates
that biodegradable packing is more comfortable because it results in less pain, bleeding,
nasal blockage, and facial edema in the early postoperative period. However, there is no
significant difference in the long-term post-operative outcomes of ESS [57]. Wang et al.
performed the meta-analysis of 459 articles and concluded that Nasopore (absorbable)
is superior to Merocel (non-absorbable), with regard to pain upon removal, bleeding, in
situ pain, pressure, and general satisfaction, and equal to Merocel, with regard to nasal
obstruction, tissue adhesion, and mucosal healing [58].

 

Figure 4. Nonabsorbable nasal packing Merocel (Medtronic Inc., Minneapolis, MN, USA). Panel
(A) presents compressed, dehydrated sponge. Panel (B) shows the sponge decompressed, 30 s after
hydration with saline. Material from the authors’ collection.

3.5. Corticosteroid-Eluting Sinus Stents

As nasal packing materials have a positive impact on short-term postoperative out-
comes, corticosteroid-eluting sinus stents could increase long-term outcomes. The European
Position Paper on Rhinosinusitis and Nasal Polyps (EPOS 2020) guidelines recommend
Corticoid-Eluting Sinus Stents as a therapeutic option in patients who have undergone sur-
gical treatment of chronic rhinosinusitis (CRS) to decrease the percentage of re-operations
in the future [59]. Recent advancements in bioabsorbable and drug-eluting stents pro-
vide an option for improving the long-term outcomes of postoperative endoscopic sinus
surgery (ESS). Some patients had sinus neo-ostium stenosis or synechiae formation, mid-
dle turbinate (MT) lateralization, after surgery. To prevent this situation and to improve
longer-term outcomes, surgeons have used nonabsorbable frontal stents that were typically
placed immediately after surgery and removed in the clinic between four and six weeks
later because of significant crusting and/or symptomatic pressure. For these reasons, sinus
stents have been used sparingly [60]. In 2011, the first corticosteroid-eluting sinus stent
(Inter- sect ENT) was approved by the FDA for patients after ethmoid sinus surgery. Then,
in 2016 and 2017, the FDA approved similar devices for frontal and maxillary sinus surg-
eries. [61] Nowadays, there are plenty of bioresorbable stents releasing mainly mometasone
for patients with CRS after ESS. There are two models of steroid-eluting sinus implants that
have been U.S. Food and Drug Administration (FDA)-approved for use in CRS patients:
short-duration Propel family devices (Propel, Propel Mini, Propel Contour; Intersect ENT,
Menlo Park, CA, USA) and long-duration Sinuva devices (Intersect ENT, Menlo Park, CA,
USA). (Figure 5).
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Figure 5. Mometasone-loaded (A) spring-like Propel™ sinus implant expands when placed into the
sinus mucosa (B), thus keeping the middle meatus open and, hence, promoting mucous drainage
and wound healing. Adapted from an open-access source: [15].

These novel devices have had promising outcomes in some clinical trials [62–65].
Drug-eluting nasal implants ensure continuous drug release over longer periods of time
to the nasal mucosa, in contrast to the nasal sprays (Figure 6). The corticosteroid was
encapsulated in a biodegradable polymer matrix in the form of micro- and nano-particles,
and then attached to the biodegradable scaffolds of implants to achieve longer periods of
drug release. The most commonly used materials for these implants are biodegradable
polymers such as polylactic acid (PLA) and polylactic-co-glycolic acid (PLGA). These
materials have good biocompatibility and good tolerance and have been biodegraded by
the hydrolysis of their ester linkages. [66,67]. This feature results in the main advantage
of these materials, i.e., bioresorption, which means that these products do not require
additional surgery to remove.

Figure 6. Nasal drug concentration versus time, obtained after administration of nasal sprays and
drug-eluting implants. Nasal sprays show rapid clearance of the drug from the nasal mucosa (panel
(A)) as compared to locally acting implants (panel (B)). Adapted from an open-access source: [15].

3.6. Materials for Osteosynthesis

Plate osteosyntheses allow three dimensional reconstructions of complex face fractures
and the skull base. The general standard treatment uses a titanium plate system because of
its resistance to corrosion, strength, ease of handling, lack of dimensional changes, mechan-
ical properties closest to the bone compared with the other metallic bioinert biomaterials,
minimal scatter on computed tomography (CT) scanning, and compatibility with radiogra-
phy and magnetic resonance imaging [68,69]. Titanium screws marketed in the internal
fixation systems are commonly produced from a titanium alloy, Ti–6Al–4V alloy, which
is the most widely used alloy. On the other hand, osteosynthesis plates are generally pro-
duced from CP-Ti (commercially pure titanium, usually grade 2) [70,71]. These materials
have some disadvantages, such as poor resistance to wear, which results in the deposition
of friction in the surrounding tissue, infections, and sensitivity perturbations [72]. The other
issue is the secondary surgery needed for implant removal in 5–40% of cases [68], because
of its translocation thermal sensitivity, interference with diagnostic imaging, osteopenia
of cortical bone induced by stress, and corrosion [73,74]. Moreover, titanium particles,
as products of wear, have been found in scar tissue covering these plates, as well as in
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locoregional lymph nodes [68]. Therefore, in some cases, titanium osteofixation implant
materials should be removed after fulfilling their functions. Pinto et al. do not see the need
for routine removal of these osteosynthesis implants after installation, except when there is
a clinical indication that this should be done. There is, however, no consensus in the oral
and maxillofacial surgery literature regarding the removal of bone plate in asymptomatic
cases [71]. To minimize the above limitations, biodegradable bone fixation materials based
on polyhydroxy acids (polyglycolide acid (PGA), polylactide (PLLA and PDLA)) have been
developed [72,75–79] (Table 1).

Table 1. Characteristics of bioresorbable materials and commercially available systems for maxillofa-
cial osteosynthesis.

Material

PGA Polyglycolic Acid PLA Polylactic Acid
Copolymers of

PGA, PLLA,
PDLA

uHA/PLLA
Composites of

Unsintered
Hydroxyapatite and

Poly-L-Lactide

PLLA
Poly-L-Lactide

PDLA
Poly-D-Lactide

1st Generation 2nd Generation 3rd Generation

Application

High molecular weight;
highly crystalline;

rapidly degradable;
radiotransparency;
first bioresorbable

polymer clinically used.

High molecular
weight

due to its
crystallinity and
hydrophobicity;

resistant to
hydrolysis;

radiotransparency.

High molecular
weight;
lower

crystallinity; less
resistant to
hydrolysis;

highly
biocompatible
compared to

PLLA
radiotransparency.

Their properties
can be controlled

by varying the
ratio of glycolide

to lactide for
different

compositions.
Radiotransparency.

Contains 30–40%
weight fractions of raw

hydroxyapatite,
neither calcined nor

sintered material.
Osteoconductive
capacity (can be

complete replacement
by bone tissue);

radiopacity.

Early loss of mechanical
strength after 4–7 weeks,

clearance time is
6–12 months [79]

Total resorption
is over 3.5 years

in vivo,
in vitro about
2 years [79]

-

Resorption time of
12–18 months.

In general, a higher
glycolide content
leads to a faster

rate of
degradation.

The PLLA matrix is
completely absent

from the composites
after 4 years and
almost all u-HA

particles are replaced
after 5.5 years [77]

Pure PGA, due to its
durability, which is

insufficient to allow for
complete bone healing,

has rather minimal
usefulness in
maxillofacial
surgery [68].

Biofix® SR-PGA
(self-reinforced PGA).

GrandFix®

FixSorb-MX®

There is no study
using pure PDLA
for osteofixation

in the
maxillofacial

surgery.

SonicWeld Rx®

(PDDLA 100%)
LactoSorb® (PLLA

(82%) + PGA
(18%))

RapidSorb® (PLLA
85% + PGA 15%)

Delta® PLLA (85%)
+ PGA (10%) +

PDLA (5%)
PolyMax®

(PLLA70% +
PLDLA (30%)

Osteotrans MX® (plate:
PLLA 60 wt% + u-HA
40 wt%; screw: PLLA

(70 wt%) + u-HA
(30 wt%))

The idea of biodegradable plates may have emerged from absorbable sutures [75]. The
use of biodegradable materials to stabilize fractured facial skeletons was first reported in
1971 [74]. Since then, resorbable polymeric plates and screws have been used widely in
pediatric patients with maxillofacial traumas, so as to reduce any interference with craniofa-
cial growth in children [69,76]. The biodegradation process depends on many factors, such
as: contact with body fluids, temperature, motion, molecular weight, the crystal form and
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geometry of the material, and the nature of the tissue where the implant is implanted. The
ideal biodegradable osteofixation material provides appropriate strength while degrading
in a predictable fashion throughout the healing process without causing adverse reactions.
Recently, the concept has changed from simply “resorbable materials” to “bioabsorbable
materials”, which means the materials have the characteristics of biodegradation plus
stimulation of osteoconduction [75]. Unfortunately, they are weaker than conventional
titanium plates and can provoke an inflammatory, bacterial foreign-body reaction [1,72,80].
However, Cural et al. found that resorbable (PDLLA) and titanium plates and screws
did not differ in terms of biomechanical behaviors after stabilization of the fracture of the
mandible angle [77], but the thickness of conventional bioresorbable plates is, on average,
two to three times that of metal plates of comparable flexural strength [69]. Larger and
thicker plates can lead to greater patient discomfort, as they may be palpable through the
skin [78]. Furthermore, the thickness of the plates causes limitations in use—this can be a
factor that influences the complication of plate exposure and wound dehiscence, especially
in regions with very thin oral mucosa.

The mechanical properties of bioresorbable materials are close to that of the human
bone, thereby preventing stress-shielding atrophy and weakening of the fixed bone caused
by rigid metallic fixation [79]. Sukegawa et al. did not observe a border between the bone
and u-HA/PLLA screws during their histological examination, indicating that the material
directly bonded with the human bone [80]. Poly-L/D lactide plates and u-HA/PLLA
composite plates are easily bendable with fingers at room temperature, combining wave-
forms with angles and torsion, and can be maintained in the desired position without
heating if slower bending and less force are applied [75]. However, long-term stability and
relapse frequency in bioabsorbable osteofixation are still insufficiently studied, especially
in cases concerning segmental movements of great magnitude or segmental movements to
a position where bony resistance exists.

In contrast to metallic osteosynthesis, bioresorbable implants cannot be sterilized in
the operating room through autoclaving. Manufacturers thus use either γ-irradiation or
ethylene oxide gas (EtO) for sterilization of implants [81].

Magnesium has also been highlighted as a new material to replace polymer-based
osteofixation material in maxillofacial bone surgery. The use of magnesium for bone
implants was first described by Lambotte in 1932 [82]. The rapid corrosion of Mg and
Mg alloys is a significant limitation regarding the use of these materials. Magnesium
alloys possess good mechanical stability, which provides total degradability, but their
biocompatibility is still questionable [81]. There is only one case report using Mg-based
osteofixative materials in the maxillofacial area in humans [83]. Further research will be
necessary to eliminate potential risk and to exclude the risk of non-biocompatibility.

3.7. Bone Substitution Materials

Bone is the second most transplanted tissue after blood [84]. Each bone defect within
the maxillofacial skeleton resulting from trauma, disease (i.e., tumors, cysts), or congenital
malformation is a significant health problem. Biomaterials used as bone grafts must meet
specific requirements to achieve new, healthy, well-vascularized bone tissue formation.
Autologous, allogenic, alloplastic, or xenogenic materials are used in bone regeneration [85].
Although autologous bone is still the gold-standard graft material and is not a biomaterial
per se, other grafts are used very often (alone or in combination) [86]. A large variability
exists between the bone-forming capabilities of various bone grafts, and the osteoinductive
potential remains one of the key features to improve the integration of implanted bone
grafts. For the regeneration of small osseous defects, bone-substitute biomaterials covered
by a membrane are commonly used.

DBBM (deproteinized bovine bone mineral) is the biomaterial with the most docu-
mentation in the scientific literature for bone grafting [87]. Deproteinized bone matrix of
cortical or cancellous xenogenic bone used as a bone graft material shows biocompatibility,
provides a supportive osteoconductive structure, and releases calcium and phosphate ions,
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thus stimulating osteogenesis. However, when the proteins in its structure are not fully
eliminated prior to use, it may provoke foreign body reactions. In addition, there is a
potential for cross-infection [88,89]. Although the authors have not found a case of infection
from xenotransplantation in maxillofacial surgery, despite them having been reported,
there is a potential risk and certain precautions must be taken.

Commercially available xenogenic osteoconductive biomaterials are made of bovine
bone (e.g., Bio-Oss®, Gen-Ox®, Cerabone), porcine bone (e.g., Gen-Os), or horse bone
(e.g., Bio-Gen). The deproteinization processes for xenogenic grafts can be performed by
chemical or heat treatments. Uklejowski et al. showed that the thermal deproteinization
process leads to numerous cracks on the surface of the trabeculae of cancellous bone but is
much shorter, while bone specimens after the deproteinization process with the chemical
agents are generally smooth [90]. According to their study, the most complete and most
effective chemical deproteinization process is obtained when using 7 wt% H2O2 solution
—bone specimens are deproteinized by 90% after 14 days of process. Due to the mechano-
structural properties and effectiveness, the chemical deproteinization processes are more
suitable for bone tissue replacements [90].

Synthetic materials are not as widely accepted as the allograft materials, despite
their obvious benefits; they still lack a significant amount of documented clinical stud-
ies supporting their effectiveness. The most investigated calcium phosphate (CaP) bone
graft substitutes are hydroxyapatite (HA), B-tricalcium phosphate (B-TCP), and their com-
bination, also called biphasic calcium phosphate (BCF) [71,90]. Their bioactivity and
degradation time can be controlled by changing their chemical compositions and sintering
temperatures. When compared to synthetic polymers, synthetic bioceramics are superior
for bone repairs due to their improved biocompatibility, bioactivity, and strength [71,91].
Yahav et al. show that biphasic calcium sulfate sets hard, acting like a “bone cement”, no
membrane is required, and primary closure is not mandatory. The material has a complete
conversion to bone over a period of four to six months. They achieved similar clinical
results as with other grafting products [92]. Miron et al., in a study of the osteoinductive
potential of bone grafting material, showed that the xenograft (DBBM) has no potential to
form ectopic bone formations, but BCP (biphasic calcium phosphate fabricated from a 10:90
ratio of hydroxyapatite and β-tricalcium phosphate) was able to stimulate ectopic bone
formation [93]. Donos et al. obtained similar results in relation to DBBM [94]. Guillaume
obtained satisfactory results for bone regeneration with B-TCP for pre-implant surgery,
sinus floor elevation, and lateralization of the inferior alveolar nerve (IAN) [95].

Besides the “traditional” use for osseous defect repair, a variety of innovative ap-
plications are emerging; for instance, recent studies have interestingly highlighted the
suitability of bioactive glasses and glass–ceramics for wound healing applications and soft
tissue engineering.

Even though the ideal properties of bone grafts were defined in the literature three
decades ago, the market still has no ideal biomaterial which has all of these properties [71].
In a consensus report of Group 2 of the 15 h European Workshop on Periodontology on
Bone Regeneration we can read that the future of craniomaxillofacial bone regeneration
will probably entail the manufacturing of personalized biomaterial from 3D digital data
obtained from patients [90]. Manufacturing customized scaffolds or bones with 3D printing
that will perfectly fit to the bone defect shape is a dream of many scientists and surgeons. So
far, surgical templates printed using a 3D printer have been increasingly used to facilitate
and speed up the surgical procedure (Figure 7).
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Figure 7. Surgical templates printed using a 3D printer personalized to the patient’s anatomical
features, fitted on CT scan and oral scanner. Used to facilitate and speed up the surgical procedure of
dental implants. Material from the authors’ collection.

Bone regeneration techniques need resorbable or non-resorbable membranes as well.
The barrier membranes prevent the invasion of surrounding soft tissue, provide stability to
the bone graft, prevent soft tissue from collapsing into the defect, accumulate growth factors,
and permit osteogenic cells to repopulate bone defects. [96–98]. At present, resorbable
materials of xenogeneic origin, such as collagen, are the most commonly used option
in guided bone regeneration [98]. However, PTFE membranes also have many uses.
Compared with biodegradable membranes, they have a superior space-making capability,
mainly when they have titanium reinforcement, which makes them the ideal membranes
for vertical bone regeneration [90]. Garcia et al. systematically reviewed the available
literature to ascertain the clinical outcomes of two different resorbable collagen membranes
and concluded that GBR procedures, through resorbable collagen membranes, achieve
volumetric bone gains with no statistical significance between the cross-link and the non-
cross-link membranes. However, in terms of biocompatibility, tissue integration, and
postoperative complications, the results suggest that non-cross-link membranes present
better results [99]. Sbricoli et al. reached a similar conclusion, i.e., that collagen membranes
show advantageous biological and clinical features compared to both non-resorbable and
other resorbable membranes, but they are not free from possible complications [100].

Martin-Thomé et al. undertook a case series study of a bi-layered synthetic resorbable
PLGA membrane (Tisseos®, Biomedical Tissues SAS, 129 Nantes, France). This membrane is
made of poly-D,L-lactic/glycolic acid 85/15 (PLGA) and completely degrades by hydrolysis
after 4–6 months without signs of inflammation and has a bi-layered structure with a
dense film to prevent gingival epithelial cell invasion and a micro-fibrous layer to support
osteogenic cells and bone healing. Re-epithelialisation and normal wound closure were
observed in patients, where the membrane was exposed after surgery [101].

3.8. Voice Prosthesis

The most common and effective method of voice rehabilitation among post-laryngectomy
patients is a tracheoesophageal puncture with voice prosthesis (VP) implantation [102].
The most serious disadvantage of silicone-polymer-based voice prosthesis devices is their
colonization and damage by fungi and bacterial biofilm [9,10] (Figure 8). The most common
yeasts isolated from VPs’ biofilms are Candida spp., which forms a tridimensional network
leading to device malfunction [103]. There are few voice prostheses manufacturers in the
market, but, beyond the prosthesis shape and insertion procedure technique, the polymer
material is generally still the same as it has been for years. The new polymeric material
should be improved to prevent or slow down the VP degradation process. A modification
that will result in antimicrobial properties would be highly desirable. To achieve such a goal,
commonly used polymers should be modified with antimicrobial nanosystems or chemical
compounds [104–108] that might reduce the ability of microorganisms to adhere to and
develop biofilms on the prosthesis’ surface. Another approach is to find materials that will
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have relatively better physical and/or antimicrobial features and/or bacterial and fungal
anti-attachment properties. Among popular polymers, some authors selected nine because
of their relatively good features, such as the polymers’ costs, chemistries, and toxicities.
They have found that AODMBA [(R) α acryloyloxy β,β dimethyl γ butyrolactone] was
demonstrated to be 3D printable and exhibited strong anti attachment properties, which
were retained in its AODMBA printed forms. These tests showed that anti attachment
by AODMBA is just as effective against the drug-resistant isolates as against a standard
C. albicans strain [109]. Further investigations should be performed in this area. Looking
for methods that will prevent the initial adherence of hyphae (an essential step in biofilm
formation) should be considered essential in the development of future VP material.

α β β
γ

 

Figure 8. Figure presents Provox voice prostheses. Panel (A) shows a completely new prosthesis.
Panel (B) shows the voice prosthesis after 26 months of use. Its surface is covered with microbial
biofilm. Material from the authors’ collection.

3.9. Tissue Engineering

Tissue engineering (TE) has the potential for reconstruction with autologous tissue
that is not limited by availability of patient donor-site tissue. TE is applicable in otolaryn-
gology in nose, external ear, laryngo-tracheal, and facial skeleton reconstruction [110].
Otolaryngology has a symbolic association with TE because of the memorable picture of
the Vacanti mouse bearing a human ear on its back from 1996 [111]. Nowadays, for nasal
reconstruction, tissue-engineered cartilaginous constructs are alternatives for synthetic or
allogenic materials. The method is based on the implantation of biodegradable collagen
scaffolds with seeded chondrocytes and progenitor cells instead of nasal cartilages. The
literature reports cases of reconstructions of the two-layer alar lobule or the nasal dorsum
in patients after tumor resections or cleft lip–nose deformities. They have achieved good
aesthetic and functional outcomes using autologous nasal septal chondrocytes seeded on
utilized collagen membranes or scaffolds [112,113]. As with the nasal TE, the otologic
appliance has focused on auricular reconstructions. Investigators expanded harvested mi-
crotia chondrocytes, seeded these on a 3D-printed biodegradable scaffold, and cultured the
construct in vitro. They reported satisfactory post-implantation aesthetic outcomes [114].
On the other hand, bacterial nanocellulose (BNC), which is non-degradable biocompatible
material that promotes chondrocyte adhesion and proliferation, also exists. Nimeskern
et al. presented BNC as having the capability to reach mechanical properties of relevance
for ear cartilage replacement; it can be produced in patient-specific ear shapes [115].

There are also investigations into the regeneration of inner- and middle-ear structures.
Chitosan patches (E-CPs) that release epidermal growth factor (EGF) as a patch therapy
to replace surgical methods of the perforated tympanic membrane reconstructions have
also been developed [116]. The inner-ear treatment by TE is focused on in vitro models
of decellularized cochleae and the establishment of pluripotent stem cell lines with the
goal of generating functional inner-ear hair cells [117]. Regenerative medicine for laryn-
gotracheal replacements has, in recent years, focused on investigations concerning ideal
scaffold materials for tracheal reconstruction [110]. Commonly used scaffold materials
include decellularized tissue, poly-lactic-co-glycolic acid (PLGA), poly-ǫ-caprolactone
(PCL), polyethylene terephthalate (PET), and polyurethane (PU). There is still no answer as
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to which material is optimal for this procedure [118–121]. Simultaneously, investigators
are examining the ideal cellular source for graft seeding. Moreover, some in vivo animal
model studies with stem cell-seeded constructs were performed with positive outcomes in
restoring larynx phonation function [122,123].

4. Improving the Safety of Biomaterials by Preventing Their Microbial Colonization
and Host Immune Response

Despite the extremely important role of newly formed biomaterials in improving the
health and quality of the lives of patients with dysfunctions within the head and neck
region, not all safety issues related to their functions within the patients’ bodies have been
resolved. One of the greatest risks associated with placing an implant within the living
tissue of a patient is related to the colonization of the material by opportunistic/pathogenic
microorganisms and the formation of a bacterial/fungal biofilm on the implant’s surface.
This is an important issue, because the presence of microorganisms on the surface of
the implant not only changes its mechanical properties, accelerates its wear [10], and
increases the risk of explanation [124], but also, above all, can be a source of life-threatening
infections leading to the development of sepsis [125,126]. Under the conditions of the
human body, excessive colonization of tissue surfaces by pathogenic microorganisms is
limited due to specific, mucilaginous barriers, the presence of natural microflora, and
the synthesis of a number of endogenous substances characterized by antibacterial and
immunomodulatory activity. In the case of implanted biomaterials, such protection does
not occur, which forces the search for protective methods limiting the formation of biofilm
on their surface to take place. In other words, the restoration of the live tissue’s ability to
prevent microbial colonization should be taken into consideration within the design of
materials for implant production.

The group of methods limiting microorganism growth and hampering microbial
adherence includes the fabrication of materials with anti-fouling features [127], covering the
surface of implants with anti-adhesive substances [128], surface charge modifications [129],
coating with antibiotics and antimicrobial peptides [130], or the use of nanoparticles as
antimicrobial covering. Particularly, the use of nanotechnological methods has recently
attracted more interest due to their lower potential to induce microbial drug resistance and
both potent, broad-spectrum antimicrobial activity and immunomodulatory features. The
above-mentioned methods and their applications are presented in Table 2.

Table 2. Various methods to synthetize materials with antimicrobial properties and their uses.

Method of Material Antimicrobial
Functionalization

Application

anti-fouling cochlear implants [127,131]

anti-adhesive dental resin and polydi-methylsiloxane
elastomer (PDMS) [128]

surface–charge modification titanium micro-screws [129]

coating with antibiotics bone implants [132], tympanostomy tubes [41],
paranasal sinus stents [133],

coating with antimicrobial agent such as
nanoparticles

nasal mucosa splints [134], inner ear implants
[135], middle ear implants [54], bone tissue

scaffolds [86,90,91]

4.1. Methods of Biomaterial Modifications to Increase Their Antimicrobial Properties

Antibacterial coating. There are three main methods for fixing antibacterial agents
on the material surface: (i) covalent grafting, (ii) material blending, and (iii) layer-by-
layer (LBL) assembly. Covalent grafting is more stable than other methods, such as non-
covalent bonding (electrostatic attraction and hydrogen bonding). There are some very
detailed publications describing two categories of covalent grafting—‘grafting to’ and

17



Int. J. Mol. Sci. 2022, 23, 2575

‘grafting from’ [136–139]. Moreover, the technology of photo-initiation of some monomers
or polymers by UV also exists. This technique can be very efficient to prevent the formation
of bacterial biofilms on medical devices [140].

The LBL assembly is considered to be a universal technique for making antimicrobial
coatings on medical devices. It relies on the adsorption of electrolytes or complementary
compounds on the substrate surface [141]. The applications of this method are very
wide-ranging, there are some works that report the modification of different materials
by LBL assembly as: polyacrylic acid (PAA, as the polyanion) and polyetherimide (PEI,
as the polycation) used to obtain a multilayer PAA/PEI assembled film [142], chitosan
and heparin [143], chitosan and collagen [144], polydimethylaminoethyl methacrylate
(polycation) and cellobiose dehydrogenase (CDH, polyanion), and polybenzenesulfonic
salt (polyanion) [145].

Material blending is a method of mixing different types of polymers. The final antimi-
crobial effects depend on the features of the used substrates and their proportions. This
technology was used in polyhexamethyleneguanidine dodecylbenzenesulfonate (PHMG-
DBS)-coated tracheal intubation tubes (good antimicrobial outcomes were reported) [146].
Indeed, a polyurethane (PU) catheter modified with poly(diallyldimethylammonium chlo-
ride) (pDADMAC) demonstrated good bactericidal features [147].

Antibiotic delivery systems. In some cases, polymers could serve as an antibiotic-
controlled release systems. Rossi et al. described their method of incubation of
poly(hydroxybutyric-co-hydroxyvalerate) (PHBV) in a solution of chloroform and gen-
tamicin in a shaking water bath at 55 ◦C for 24 h. The authors reported a good profile of
drug release and good bactericidal effect [148]. Another study reported that the release of
antibiotics from different material formats of silk (films, microspheres, hydrogels, coatings)
and biodegradable chitosan had good functional profiles and the potential to achieve the
needed local concentrations while also minimizing systemic exposure [149,150].

Polymers with nanoparticles. Silver nanoparticles alone have a proven bactericidal
effect in the treatment of local infections. The mechanism of their action is based on the
ability to damage the bacterial cell membrane. There are some studies that report the
method of silver nanoparticles’ incorporation into polymer materials to achieve antifungal
and bactericidal features. Polymer systems containing silver nanoparticles can be syn-
thesized in situ using the polymer matrix as a reaction medium or ex situ when silver
nanoparticles are incorporated into the polymeric matrix already synthetized [151,152].
The latest studies report the use of silver nanoparticles modified with zwitterionic poly
(carboxybetaine-co-dopamine methacrylamide) copolymer (PCBDA@AgNPs), which was
firmly fixed onto soft contact lenses through the mussel-inspired surface chemistry [153] or
hybrid nanocoatings [154]. Ye et al. described the method of connection between antimicro-
bial peptides, GL13K and AgNP, to create a hybrid nanocoating on a Ti implant. Due to
the combined application of these two antimicrobial agents with different antimicrobial
mechanisms, they achieved more potent synergistic effects.

4.2. Selected Biomaterials with Antimicrobial Modifications for Use in Otorhinolaryngology

In one of the more interesting studies, Duda et al. presented the possibility of coating
Bioverit® II middle ear prostheses using silver containing silica. In their study, rabbits
were implanted with silver-functionalized middle-ear prostheses, and this group was
compared with pure silica coatings and 1% silver sulfadiazine cream applied on a silica
coating. The authors demonstrated the clinical justification of the study, and the usefulness
of the developed implants for reconstructive middle-ear surgery and reduced fibrosis was
observed. Nevertheless, some signs of acute toxicity of the silver coatings on the mucosal
ear tissue (particularly single necrotic and apoptotic cells) were observed, which prompted
further studies into the safety of such an approach [155]. Another problem is the formation
of bacterial biofilm on medical devices, such as cochlear implants (CI), that can lead to
chronic infections. In response to this, a vancomycin-releasing PCL/polyethylene oxide
(PEO) nanofiber mat was proposed to prevent MRSA biofilm formation on the surface of
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ossicular prostheses and in the environment of otitis media, due to effective delivery of
vancomycin for prolonged time [156].

Kirchhoff et al. found in vitro that bioactive glass (BAG of type S53P4) consisting of
silicon dioxide, sodium oxide, calcium oxide, and phosphorus pentoxide induces significant
changes in the biofilm morphology of the most common bacterial strains responsible for
biofilm-related implant infections. Its antibacterial activity was tested with three types
of materials commonly used in cochlear implants: silicone, titanium, and platinum. In
each case, significant alterations in biofilm morphology could be detected via SEM. Höing
et al. also found that bioactive glass S53P4 can reduce biofilm formation on CI materials
in vitro [131].

The formation of fungal biofilm can be seen as a separate problem in the implemen-
tation of medical devices. Filastatin inhibits the adhesion of multiple pathogenic Candida
species. Vargas-Blanco et al. report that treatment with Filastatin significantly inhibited
the ability of C. albicans to adhere to bioactive glass (by 99.06%), silicone (by 77.27%), and
dental resin (by 60.43%) in vivo.

The first middle-ear implant that has the bactericidal activity and hearing improvement
confirmed in the clinical trial conducted by Ziąbka and Malec [157] (Figure 9).ment confirmed in the clinical trial conducted by Ziąbka and Malec 

 

Figure 9. Middle-ear prosthesis for ossicular reconstruction made of ABS polymer. Adapted from an
open-access source: [158].

Recent experimental ossicular chain implants made of ABS polymer material
(poly)acrylonitrile butadiene styrene (INEOS SyrolutionEurope GmbH, Frankfurt, Ger-
many) and modified with silver nanoparticles, AgNPs 45T, have shown promising antimi-
crobial efficacy [57,159,160]. Such activity is regarded as being the same as biocompatibility
or physical properties.

Silver nanoparticles, used to provide antimicrobial activity, were also used as coatings
for nasal tampons [134]. Research carried out using rats to test such tampons when applied
for 48 h demonstrated that silver nanoparticle-embedded tampons were far more efficient in
limiting Haemophilus parainfluenzae colonization when compared to silicone- or PEG-based
nasal splints. A decreased inflammatory response was also noted, which suggest the utility
of AgNPs in the prevention of secondary infections [134]. A nanotechnology approach was
also used for the preparation of ciprofloxacin and azithromycin nanoparticle suspension
for the coating of sinus stents with anti-Pseudomonas aeruginosa properties [133].

In the context of bone substitution materials, nanohydroxyapatite can be loaded with
chlorhexidine digluconate using electrostatic interactions between the cationic group of
CHX and the phosphate group of nanoHA in order to prevent surface bacterial accumu-
lation [159]. Nevertheless, in the case of bone infections, poor bone/plasma ratios of
parenterally administrated antibiotics, along with the ability of bacteria to form biofilm
inside the bone, considerably hampers the fighting of bacterial infections. To increase
the amount and efficiency of antibiotics against bone infection-causing pathogens, Parent
et al. proposed the incorporation of vancomycin in tri-dimensional hydroxyapatite-based
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scaffolds for local, prophylactic delivery of antibiotics [132]. Similarly, Weng et al. demon-
strated recently that a local three-dimensional scaffold strategy strongly contributes to the
improvement of anti-MRSA therapies, as a result of coating the bone biomaterial with a
significant amount of silver nanoparticles [160].

Another promising approach for decreasing bacterial adherence to the implants is
surface–charge modification. Kao et al. found in in vivo models, that charge modification
decreased the colonization by P. aeruginosa of titanium screw implants.

Another method to improve the function of biomaterials and protect implants from
microbial exposure is to modulate the inflammatory response of the host. Nevertheless,
this effect should be balanced between a beneficial, antimicrobial effect and a redundant,
toxic effect that damages tissues and increases the risk of inflammation.

Although the number of studies examining the immunomodulatory activity of bio-
materials coatings has decreased when compared to studies examining antimicrobial ones,
some interesting studies have been undertaken recently. In one of the newer studies,
lithium niobate nanoparticles were proven to exert an immunomodulatory effect, possess
the ability to stimulate beta-defensin in epithelial cells, and shown to be effective against
Pseudomonas aeruginosa bacteria, which supports their utility for inner-ear-device fabrica-
tion [135]. In another study, magnetic hexagonal ferrite nanoparticles were incorporated
into bone hydroxyapatite/chitosan scaffolds to recruit endogenous stem cells [161]. The
promising results were also obtained using a mouse soft-tissue implant-associated infection
model, where anti-biofilm and the immunomodulatory activities of zinc oxide nanopar-
ticle (ZnO NPs) were investigated. According to Wang et al., this effect was achieved by
a combination of factors, including (i) the antimicrobial efficiency of ZnO NPs, (ii) the
nanoparticle-mediated induction of inflammatory cytokines release, and (iii) promoting
phagocytosis [162]. Although the results of these studies are not application specific, they
can certainly be thought of in terms of their subsequent use in the production of implants
in otorhinolaryngology. Zinc-incorporated titanium oxide nanotubes were also noted to
accelerate bone formation when fabricated on titanium implant materials [163].

The above research confirms that the development of implantable biomaterials with an
appropriate safety–effectiveness ratio is extremely important and worthy of further research.

5. Conclusions

In general, the most widely used materials in the field of otorhinolaryngology are
polymer-based synthetics. They have the potential to be an ideal material in this case, if
it is possible to achieve modification of their properties, such as the ability to prevent the
growth of microorganisms. As we currently face the challenge of an increasing number
of infections caused by antibiotic-resistant strains of bacteria, there is an urgent need to
find a new class of antibacterial agents. AMPs, their synthetic mimics, and nanosystems
containing metallic nanoparticles have a promising potential as a more efficient alternative
to conventional antibiotics, due to their microbiocidal properties that cover large spectrum
of microorganisms, as well as their low ability to induce drug resistance. There is no doubt
that the development of these molecules for the antibacterial modification of materials used
in medical devices in otorhinolaryngology will be beneficial. At the same time, we should
look for new materials that will have better biocompatibility and mechanical properties.
The ability to customize the shapes of this biomaterial with 3D printers will also be of
benefit to patients in need.
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Abstract: The fabrication of collagen-based biomaterials for skin regeneration offers various chal-
lenges for tissue engineers. The purpose of this study was to obtain a novel series of composite
biomaterials based on collagen and several types of clays. In order to investigate the influence of
clay type on drug release behavior, the obtained collagen-based composite materials were further
loaded with gentamicin. Physiochemical and biological analyses were performed to analyze the ob-
tained nanocomposite materials after nanoclay embedding. Infrared spectra confirmed the inclusion
of clay in the collagen polymeric matrix without any denaturation of triple helical conformation.
All the composite samples revealed a slight change in the 2-theta values pointing toward a homoge-
nous distribution of clay layers inside the collagen matrix with the obtaining of mainly intercalated
collagen-clay structures, according X-ray diffraction analyses. The porosity of collagen/clay compos-
ite biomaterials varied depending on clay nanoparticles sort. Thermo-mechanical analyses indicated
enhanced thermal and mechanical features for collagen composites as compared with neat type II
collagen matrix. Biodegradation findings were supported by swelling studies, which indicated a
more crosslinked structure due additional H bonding brought on by nanoclays. The biology tests
demonstrated the influence of clay type on cellular viability but also on the antimicrobial behavior
of composite scaffolds. All nanocomposite samples presented a delayed gentamicin release when
compared with the collagen-gentamicin sample. The obtained results highlighted the importance of
clay type selection as this affects the performances of the collagen-based composites as promising
biomaterials for future applications in the biomedical field.

Keywords: clay; type II collagen; biomaterials

1. Introduction

The design of collagen biomaterials for use as implants poses various challenges
for tissue engineers [1]. Biomaterials offer great advantages for medical therapies, facil-
itating a good response for clinical problems [2,3]. Biopolymers represent an important
resource for biomedical applications because of their characteristics, for example, in cell
adhesion, proliferation and compatibility with diverse categories of drugs, and of different
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chemical structure [4–6]. The forms of mixed biopolymers commonly used are hydrogels,
membranes, spheres, fibers, and sponges.

Hydrogels are 3D crosslinked polymers structures with high capacity to absorb and
retain important water amounts without the degradation of their tridimensional network.
Hydrogels can be synthesized from natural, synthetic, or combined polymer chains. Hydro-
gels can serve as matrices for the obtaining of composite biomaterials, targeting adequate
structures and morphologies beneficial for biomedical application [7–10]. Because of their
availability and versatility, natural polymers such as collagen, alginate, chitosan, hyaluronic
acid, and cellulose are mostly preferred for their use in various formulations and mixtures.
These are regularly used for a series of remedies in regenerative medicine and drug delivery
systems [11,12].

Collagen represents the foremost component of extracellular matrix with a unique
triple helical structure, and it is renowned for its low antigenicity, abundance in vertebrate
organism, exceptional biocompatibility, and desired biodegradability, unique features that
recommend it as an exceptional biomaterial for medical application [13,14]. All these
properties promote collagen for use in various biomaterials as wound dressings, bone
substitutes, antithrombogenic surfaces, and ophthalmologic collagen shields. Moreover,
collagen found application in tissue engineering, for skin replacement and artificial blood
vessels and valves [15]. Type II collagen can be found in the extracellular matrix of the
articular cartilage as the most important structural element alongside proteoglycans and
others specific collagens [16]. Moreover, type II collagen is produced in vitreous, embryonic
cornea, and retinal nerve membrane [17]. It is extensively used in food industry, cosmetics,
and biomedical and pharmaceuticals applications. Nowadays, the requirement for type
II collagen in biomaterials field is progressively growing [18,19]. However, collagen-
based biomaterials applications are frequently limited by inadequate thermal stability and
mechanical strength. Nevertheless, these drawbacks can be mitigated through the use of
cross-linking agents, interpenetration with synthetic polymers, or through the addition of
inorganic fillers [20,21].

Currently, several clays are being utilized in medicine and pharmaceuticals as active
components or excipients, as well as in cosmetics for creams and emulsion preparation [22].
The majority of clays is obtained from alkaline volcanic sediments using a hydrother-
mal process. Clays are composed of very fine particles with mixed metal ions. Mostly,
they include phyllosilicates such as hydrous silicates of aluminum (Al), zinc (Zn), mag-
nesium (Mg), iron (Fe), and smaller amounts of other metal ions [23]. The structure of
clays can be viewed in a platelet form having less than 2 µm in diameter and less than
10 nm in thickness. Furthermore, every level includes minimum one silica (SiO2) tetra-
hedron (T) succeeded by one alumina (Al2O3) octahedron (O). Clays are divided into
three large groups: serpentine-kaolin composed by the halloysite species with chemical
formula Al2Si2O5(OH)4·2H2O; smectites that comprise two categories: montmorillonite
with chemical formula Si12Mg8O30(OH)4(OH2)4·8H2O and laponite (synthetic hectorite)
with chemical formula Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]−0.7; and Sepiolite-polygorskite that
is composed of sepiolite with chemical formula Si12Mg8O30(OH)4(OH2)4·8H2O, having an
architecture like montmorillonite with small differences in its morphology [24].

In the last years, polymer/clay nanocomposites incorporating drugs have been studied
to provide new strategies for various applications in the regenerative medicine field [25].
The most studied nanoclays used in the synthesis of collagen-based biomaterials envis-
aged for medical area are laponite, halloysite, and montmorillonite [25–27]. For example,
Yu et al. [28] prepared a chitosan-collagen/organomontmorillonite composite loaded with
Callicarpa nudiflora as a wound dressing membrane. Moreover, Wang et al. [29] obtained
composite fibers doped with amoxicillin using poly (lactic-co-glycolic acid) copolymer and
laponite. Another set of polymer/clay nanocomposites based on multilayered polylactic
acid/halloysite/gentamicin membranes for bone regeneration, was obtain by Pierchala
and collaborators [30]. In a previous study [31], a polyester and acrylate-based composite
with hydroxyapatite and halloysite nanotubes was developed and characterized envis-
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aging medical applications. Another hybrid collagen-based hydrogel with embedded
montmorillonite (Dellite HPS, Dellite 67G, Cloisite 93A) nanoparticles was developed by
Nistor et al. [32].

Montmorillonite (MMT) is a natural biomaterial that has grown relevant due to
its high availability, good internal surface area, high cation exchange capability, good
adsorption and swelling ratio, excellent biocompatibility. Additionally, montmorillonite is
an FDA approved material [33–35]. Several research studies proved that the introduction
of clays into polymers matrices not only influenced the mechanical properties of the new
designed composites, but also the modulated swelling ratio, degradation rate, and drug
release [19,36,37]. The literature data about the conformational change in type II collagen
structure induced by Cloisites, which is essential for understanding the new properties of
clay mineral–collagen nanocomposites, are deficient.

In this regard, the purpose of the present study was to obtain, characterize, and in-
vestigate novel composite biomaterials for semi-hard tissue based on type II collagen with
several types of clays that will be further loaded with gentamicin bioactive agent. The struc-
tures of the different types of Cloisites are provided in the scheme below (Scheme 1). The
commercial clays: Cloisite 20A, Cloisite 15A, Cloisite 93A, and Cloisite 30B are organically
modified montmorillonites with quaternary ammonium salts of fatty acids, while Cloisite
Na represents the commercial name of montmorillonite without any organomodifica-
tion [38]. Through organomodification process or cation exchange reaction, the hydrophilic
surface of montmorillonite is converted to hydrophobic state. Thus, hydrophobic functional
moieties beneficially increase the interactions between clay and nonpolar molecules [39].

 

Scheme 1. Schematic structures of the different types of mineral clays.
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Although several studies regarding the use of different natural or synthetic clays
with collagen are available, none of them provides a systematic comparison between the
uses of Cloisite clay type series (Cloisite Na, Cloisite 20A, Cloisite 15A, Cloisite 93A, and
Cloisite 30B) in the synthesis and characterization of type II collagen-based biomaterials.
Therefore, our study offers valuable information about the importance of clay type selection
in the preparation of collagen-based biomaterials when a fixed concentration of clay is
used. We expect that the inclusion of mineral clays to provide enhanced mechanical
stability serving as reinforcing agents for the biopolymer matrix. Moreover, our study
includes investigations about the influence of clay type on the release of gentamicin from
gentamicin loaded collagen–clay composites and bactericidal and biocompatibility studies
of the prepared nanocomposite materials. To the best of our knowledge, our study is the
first systematic report investigating the inclusion of natural or functionalized clay in a
type II collagen matrix for cartilaginous tissue regeneration, representing a first for the
composite community.

2. Results and Discussion
2.1. FTIR Analyses

The structure of the composite biomaterials was determined by infrared spectrom-
etry and are presented in Figure 1. The spectra of collagen/clay composite biomaterials
indicated the characteristic infrared bands of specific components.
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Figure 1. FTIR spectra of the obtained collagen/clay composite biomaterials.

The collagen macromolecule presents a specific triple helix conformation characterized,
in infrared spectra, by the amide bands [21]. The peaks around 3319 cm−1 and 2928 cm−1,
are attributed to amide A and B bands, mostly associated with the NH stretching vibrations,
OH groups, and CH asymmetric vibration [20,32]. The amide I band at 1648 cm−1 is
assigned to the stretching vibrations of peptide C=O groups. The amide II is attributed with
the peak at 1551 cm−1 arises to CN stretching vibrations. The Amide III band positioned at
1240 cm−1 is assigned to the NH bending vibrations from amide linkages [32].

FTIR spectra confirmed the inclusion of clay in the collagen polymeric matrix without
any denaturation of triple helical conformation where the specific peaks of clay corre-
sponding to Si-O-Si stretching vibration and CH2 groups from the hydrocarbonate chains
of the clay organic modifiers were found in the collagen/clay composite biomaterials at
1040–1048 cm−1 and, respectively, at 2800–2900 cm−1.
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2.2. X-ray Diffraction Analyses

The X-ray diffraction patterns of collagen/clay composite biomaterials are presented
in Figure 2. Collagen diffraction patterns exhibit two major diffraction lines at two Bragg
angles as follows: at ~7.5◦ a diffraction line generally assigned to triple helix molecular
chains and at ~20◦ a diffraction line attributed to unordered components of collagen [40].

Figure 2. X-ray diffraction patterns of composite samples.

Usually, the mineral clay nanoparticles have a great miscibility with polymeric network
and they can basically allow collagen insertion between clay layers [33]. According to
XRD analyses, all the composite samples revealed a slight change in the 2-theta values
pointing toward a homogenous distribution of clay layers inside the collagen matrix with
the obtaining of mainly intercalated collagen–clay structures. Cloisite sodium sample
exhibited a better compatibility with the collagen matrix as revealed by the broadening and
shifting of Cloisite sodium specific peak.

2.3. SEM Analyses

SEM images (Figure 3) indicated a porous structure with interconnected pores for all
the analyzed collagen-based samples.

The neat collagen sample presented a spongious structure with smaller pores than
collagen/clay composite materials. The addition of mineral clay nanoparticles in poly-
meric matrix produces a disturbed porous structure, and somewhat larger pores with clay
aggregates were visualized.

In order to quantify the possible changes in pore sizes, the average pore diameter
(Dmed) was calculated using Scandium software after measuring 100 pores of each collagen-
based sample. The presence of the clays in the architectural structure of collagen affected the
polymeric network assembly according the calculated Dmed. The porosity of collagen/clay
composite biomaterials varied depending on clay nanoparticles sort. Thus, Coll sample
presented the minimum pore size with Dmed = 132 µm while the samples with mineral
clays exhibited slightly higher values starting from Dmed = 147 µm for unmodified clay
sample (Coll-ClNa) to Dmed ~160 to 170 µm for organomodified mineral clays containing
samples [33]. These findings are in good agreement with other studies that observed greater
pore sizes when clay particles are added to the biopolymer matrix [41–43].

2.4. Thermogravimetrical Analyses

In order to confirm that the addition of mineral clay nanoparticles in polymeric
matrix improved the thermal stability of collagen biomaterials, TGA investigations were
performed. Thermal analyses could provide useful information firstly regarding mineral
clay dispersion inside collagen matrix and secondly, insights related to supplementary
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physical and/or chemical crosslinking within the networks [44,45]. The resulted TGA
thermograms of the collagen/clay composite biomaterials are presented in Figure 4.

 

μ
μ

μ

Figure 3. SEM images of collagen/clay composite biomaterials (250×) and calculated average pore
diameter with standard deviation.

 

Figure 4. TGA curves of collagen/clay composite biomaterials.
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The thermal stability of obtained composites has a significant role in defining the
quality of the medical devices [28]. According to the obtained thermograms, for all the
collagen/clay composite samples, the presence of the clays promoted an increase in their
thermal stability. These results may indirectly point toward a denser structure possibly
related to physical interactions established between nanoclays and polymer molecules [46].
TGA thermograms showed a multistep degradation for all samples. The first thermal
transitional step appears in the range 45–150 ◦C and can be associated to the loss of water
from the polymeric material [20,32]. The second thermal stage was recorded in the range
150–350 ◦C, which is associated with a gradual decomposition stage, correspondingly to
the irreversible denaturation process [20].

In Table 1 are summarized the properties of the collagen/clay composite biomaterials.

Table 1. Thermogravimetric properties of the collagen/clay composite biomaterials.

Sample T10% (◦C) T50% (◦C)
Water Loss Step Thermal Degradation Step

Residual Mass (%)
Tmax% (◦C) Tmax% (◦C)

Coll 257.6 348.5 56.3 319.3 23.82

Coll-ClNa 263.7 393.2 64.8 327.2 37.59

Coll-Cl30B 271.6 372.7 61.0 326.1 33.51

Coll-Cl93A 271.2 364.2 64.3 329.0 30.44

Coll-Cl20A 259.0 359.7 56.3 326.6 29.41

Coll-Cl15A 262.7 357.6 58.7 326.5 29.76

Moreover, the increasing residual mass of composite biomaterials, according to the
data presented in Table 1, confirms the embedding of mineral clays into the polymeric
matrix [32]. The differences in the residual mass of composite materials are related with the
organomodifier’s presence, which gives greater residual mass for samples containing less
hydrophobic clays. These findings are similar to those reported by Leon-Mancilla et al. [47]
and the same enhanced thermal effect was demonstrated by other studies on polymer/clay
nanocomposites. This phenomenon is generally related to the impediment of transport of
gases in the nanocomposite sample caused by clay nanoplatelets that can act as a barrier
retarding the decomposition process [48]. Moreover, these results could indirectly point
interaction between clay nanoparticles and collagen matrix.

2.5. Swelling Studies

Generally, the biomaterials used for tissue regeneration must have specific charac-
teristics for the development and maintenance of an optimal environment and water loss
from the damaged tissue at an optimal ratio that is influenced by the water absorption
capacity [28]. Swelling studies of all collagen samples indicated a very high ability to
retain water, swelling degree ranging from 4500 to 5900% with respect to xerogel samples
(Figure 5).

≤Figure 5. Equilibrium swelling degree of collagen-based samples (ns p > 0.05, ** p ≤ 0.01).
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The addition of mineral clay nanoparticles in the collagen polymeric matrix decreased
the PBS equilibrium swelling degree of nanocomposite sample. This fact could be a
consequence of the replacement of collagen with clay (in the synthesis stage) that did
not absorb as much water as related collagen networks [49]. The swelling ability could
be restricted also due the additional crosslinking caused by hydrogen bonding. Several
researchers demonstrated clay–polymer interactions between the charged surface of clay
nanosheets and certain functional groups from the polymer structure, yielding stronger
networks [1].

Among nanocomposites samples, a very interesting is the fact that the Cl93A samples
displayed the lowest swelling degree. Analyzing the structure of the several clays, Cloisite
93A structure presents a distinct sulfate counter anion of quaternary ammonium salt when
compared with the other clay types, which present chloride as counter anion. Therefore, it
is very likely that Cl93A could have generated a more crosslinked nanocomposite structure
because of sulfate binding, which involves direct hydrogen bonding with positively charged
amino groups from collagen polymeric networks, as other studied demonstrated [50].

Overall, the inclusion of clay into the collagen networks led to the limitation of
hydrogel swelling most likely due collagen–clay interactions.

2.6. Biodegradation

For biomedical applications an ideal scaffold should present a suitable degradation
rate to match the regenerating process of the damaged tissue [49]. The biodegradation of
collagen structure can be achieved using collagenase solutions, which are composed of
enzymes that are able to destroy the collagen triple helix conformation under the biological
conditions of pH and temperature [51].

All the hydrogel samples presented a good stability for a long period of time, retaining
more than 50% of the samples’ mass after a long period of 50 days (Figure 6).

≤ ≤
Figure 6. Biodegradation degree as function of time for the composite samples: (a). third day; (b). 7th
day, (c). 17th day; (d). 50th day (ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01).

The addition of the mineral clays led to a decrease in the grade of enzymatic degra-
dation by conserving more of the matrix ultrastructure comparing to the neat collagen
sample. The interaction between mineral clays and collagen ultrastructure may consume
some hydrophilic groups such as NH2, which prevented macromolecular hydrolyzation,
reinforcing the stability of the obtained biomaterials [49]. The most stable hydrogels were
Coll-Cl93A and Coll-Cl20A nanocomposite samples. Biodegradation findings are also
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supported by swelling studies, which indicated a more crosslinked structure due additional
H bonding brought on by nanoclays, especially Cl93A clay type.

The obtained nanocomposites could be suitable scaffolds for cartilaginous tissue
regeneration as these retain their mass up to more than 65% after 50 days. Therefore, we
expect that the biodegradable scaffolds will remain stable up to 3 months, the minimum
period considered for cartilage regeneration [52].

2.7. Mechanical Tests

Collagen/clay composite samples gave rise to different mechanical behaviors when
compared to the neat collagen sample. Earlier studies also demonstrated that layered
silicates induce enhanced mechanical properties when included in different polymer matri-
ces. However, these properties are strongly dependent on clay concentration and platelet
distribution into the polymeric matrix [53]. In our case, the addition of mineral clay in
the polymer matrix improved the mechanical properties of the dried samples (Figure 7).
Increased mechanical stability and a stronger structure were evidenced, and the nanoclay
platelets acted as an elastic solid under stress conditions.

 

Figure 7. DMA mechanical properties of dried collagen/clay composite biomaterials.

Amongst the five clays used in the synthesis, ClNa produced the most resistant
nanocomposite sample to compression. The Coll-Cl30B dried sample had a similar be-
havior as Coll-ClNa, while the composite obtained with the most hydrophobic clays had
a lower resistance under the stress applied compared to the pure collagen sample. This
behavior was probably due to the presence of different hydrophobic modifiers, which
induced preferential distribution of clay platelets inside the collagen matrix, causing mostly
intercalated clay structures as observed by X-ray diffractograms [54].

Moreover, the collagen dried sample had the highest distortion under stress, while
the composites samples, especially those obtained with hydrophilic clays, deformed much
less (almost three times) than the neat sample (Table 2). Very probably, the organic groups
induced a slight elasticity of the composite samples, which recovered better and faster after
mechanical stress (Table 2).
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Table 2. Behavior of dried samples under stress applied. Revert to the initial form after
stress condition.

Sample
Sample Distortion under Stress Condition

(Force Applied = 5 N), (%)
Revert after 10 s, (%) Revert after 30 min, (%)

Coll 62.79 56.45 88.02
Coll-ClNa 20.99 90.66 99.12
Coll-Cl30B 25.68 89.95 94.34
Coll-Cl93A 49.80 68.15 90.52
Coll-Cl20A 58.63 85.12 93.80
Coll-Cl15A 56.08 56.45 88.02

The compression tests performed on wet samples revealed that the presence of the
inorganic filler also led to significant improvements in the mechanical strength of the
nanocomposite samples (Figure 8). Especially, the presence of ClNa and Cl30B clays led to a
significant increase in compressive strength of the composite wet samples against collagen
neat sample. Thus, the same behavior from xerogel samples was also preserved to the
hydrogel samples, the composite samples being more resistant to mechanical stress than
the pure collagen, with emphasis on the samples obtained with the most hydrophilic clays.

Figure 8. DMA stress–strain curves for the collagen/clay composite hydrogels swollen in PBS.

These results are in good agreement with earlier studies where layered silicates in-
cluded in a polymer matrix tend to increase the intermolecular forces and dissipate the
energy in the whole material under stress conditions [49,53]. Moreover, a higher dispersion
of clay nanoplatelets and their interaction with the polymeric matrix were demonstrated to
have direct consequences on the compressive strength of the final hydrogel-based nanocom-
posite materials [54].

Considering that the compression modules of human articular cartilage may vary from
0.1 to 2 MPa, depending on location, DMA results indicate that the synthesized hydrogel
nanocomposites scaffolds could withstand the mechanical environment of the cartilaginous
tissue [55].

2.8. Drug Release

Gentamicin is one of the most commonly utilized and tested antibiotics in drug
delivery systems, and furthermore it has previously been accepted for clinical use [56].
Gentamicin is an antibiotic obtained from Micromonispora purpurea, which prevents infec-
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tion, being efficient against a broad spectrum of Gram-positive and Gram-negative bacteria
species [57]. Moreover, gentamicin was demonstrated to promote faster healing process
when used along halloysite clay [58]. Considering these aspects, gentamicin was selected
and used in our study as a model drug to evaluate clay influence over drug delivery process.
The in vitro gentamicin kinetic profiles from collagen/clay composite biomaterials were
represented as a drug cumulative released percentage as a function of time (Figure 9).

Figure 9. Gentamicin release profile as a function of time.

The release profiles had the same trend for all the samples loaded with gentamicin.
Thus, the samples presented an initial burst release in the first hours, followed by a
gradually and prolonged drug delivery over the next 72 h. It is worth mentioning that all
nanocomposite samples presented a delayed gentamicin release when compared with the
collagen-gentamicin sample. Thus, the most rapid release was recorded for the samples
G0-Coll followed by G-Coll-Cl20A and G-Coll-Cl15A. Further, the samples obtained with
the most hydrophilic clays, G-Coll-Cl30B, G-Coll-Cl93A, and G-Coll-ClNa presented the
most retarded burst effect. The cumulative gentamicin released percentage after 72 h has
varied between 60 and 80% depending on the type of clay. This extended drug release
offers a local shielding antibacterial effect over a longer period of time, essential for tissue
repair, and is correlated with the degradation results.

2.9. Antimicrobial Activity

The most significant feature of biomaterials is the anticipation of microorganisms’ in-
fection as bacteria [28]. The collagen/clay composite biomaterials loaded with gentamicin
were tested for microbial activity against two bacterial strains, including Escherichia coli
and Staphylococcus aureus according to SR EN ISO 20645/2005—Control of the antibacterial
activity. The evaluation of the samples is based on the absence or presence of bacterial mul-
tiplication in the contact area between the inoculum and the sample and on the appearance
of a possible inhibition zone around the samples (Figure 10) [59].

An insufficient effect was obtained for the sample without gentamicin and inclusion
of mineral clays (Coll) which did not present antimicrobial activity against the bacterial
strains. The inhibitions areas produced by all the formulations loaded with gentamicin
showed diameters ranging between 6 and 10.5 mm when tested against Staphylococcus
aureus and 3.5 and 11 mm against Escherichia coli after 24 h of incubation. Additionally, it
can be observed that the largest zone of inhibition for Staphylococcus aureus was presented
by the sample G-Coll-Cl20A (10.5 mm), and the largest zone of inhibition for Escherichia
coli was exhibited by the sample G-Coll (11 mm), which does not have any addition of
mineral clay nanoparticles in polymeric matrix. These results are in good agreement with
gentamicin release studies where for G-Coll, G-Coll-Cl15A, and G-Coll-Cl20A samples, the
most intense burst release and greater amount of gentamicin was recorded within 24 h,
thus allowing an effective inhibition of the bacterial strains.
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Figure 10. Antimicrobial activity against Escherichia coli and Staphylococcus aureus.

The results summarized in Table 3 revealed that all composite samples loaded with
gentamicin presented microbiological activity and do not allow the development of aerobic
germs for any of the bacteria tested.

Table 3. Evaluation of the antimicrobial activity of the composite samples loaded with gentamicin.

Sample
Inhibition
Area (mm)

Bacterial Strain Evaluation

SD (Standard
Deviation)
for Three

Determinations

Coll
Absent Staphylococcus aureus Insufficient effect 0

Absent Escherichia coli Insufficient effect 0

G-Coll
10 Staphylococcus aureus Satisfactory effect 0.3

11 Escherichia coli Satisfactory effect 0.1

G-Coll-ClNa
7.5 Staphylococcus aureus Satisfactory effect 0.1

8.5 Escherichia coli Satisfactory effect 0.1

G-Coll-Cl30B
6 Staphylococcus aureus Satisfactory effect 0.1

5 Escherichia coli Satisfactory effect 0.1

G-Coll-Cl93A
9.5 Staphylococcus aureus Satisfactory effect 0.1

3.5 Escherichia coli Satisfactory effect 0.1

G-Coll-Cl20A
10.5 Staphylococcus aureus Satisfactory effect 0.1

9 Escherichia coli Satisfactory effect 0.2

G-Coll-Cl15A
10 Staphylococcus aureus Satisfactory effect 0.1

6 Escherichia coli Satisfactory effect 0.1
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2.10. Cellular Viability—MTT Tests

In order to test the biocompatibility of the new collagen composites we used the
MTT assay, which is recognized as a proper method for measuring the cytotoxicity of new
biomaterials [60]. The results depicted in the Figure 11 revealed a viability of 82.1 ± 0.61%;
86.8 ± 1.75; 69.3 ± 0.39; 55.4 ± 3.51; and 55.76 ± 0.36 for Coll-ClNa; Coll-Cl30B; Coll-
Cl93A; Coll-Cl20A, and Coll-Cl15A, respectively. Thus, the results depicted in the Figure 11
revealed that the Coll-ClNa, Coll-CI30B, and Coll-CI93A composites presented an ac-
cepted viability (higher than 70%) in comparison with the control Coll composite. These
composites are non-toxic so they could be recommended for biomedical application (ISO
10993-12:2009(E) standard (Biological evaluation of the medical devices. Part 5).
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Figure 11. Biological evaluation of the obtained samples, *** p ≤ 0.001.

In order to test the biocompatibility of the new collagen composites, we used the
MTT assay, which is recognized as a proper method for measuring the cytotoxicity of new
biomaterials [60].

The results depicted in the Figure 11 revealed that the Coll-ClNa, Coll-CI30B, and Coll-
CI93A composites presented an accepted viability (higher than 70%) in comparison with
the control Coll composite. These composites are non-toxic so they could be recommended
for biomedical application (ISO 10993-12:2009(E) standard (Biological evaluation of the
medical devices. Part 5). Our results could be related with organic modifier type, which, in
a certain concentration, could influence the safety profile of the resulted collagen-based
nanocomposite materials. Thus, the biological evaluation of the composites was found
in good agreement with literature data, which suggested that a good biocompatibility
occurs only in composites samples with a specific concentration of clay in the polymeric
matrices [44]. The specific concentration refers to the recipe used in the synthesis and could
range from 0.01 to 7% w/v [43].

3. Materials and Methods
3.1. Materials

Type II collagen gel was obtained from bovine cartilage by alkaline treatments. Each
batch of cartilage was supplied from the same cattle farm and type II collagen gels with
the same characteristics were extracted by following a patented protocol in the Collagen
Department, Skin, and Footwear Research Institute [61]. Gentamicin was purchased from
Fluka (Milwaukee, WI, USA). Type I collagenase extracted from Clostridium histolyticum
was procured from Sigma-Aldrich, Darmstadt, Germany, and glutaraldehyde (GA) from
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Merck, Darmstadt, Germany. The nanoclays were received from Southern Clay Products
(Gonzales, TX, USA,).

3.2. Preparation of New Collagen/Clay Composite Biomaterials

Mineral clays were solubilized in ultrapure water and were kept under magnetically
stirring for 15 h. Afterwards, the clay dispersion was ultrasonicated for 2 min. Type II
collagen and the gentamicin solution were added and homogenized, at 24 ◦C, to obtain
100 g of gel for each sample in accordance with the composition given in Table 4.

Table 4. The composition of the new collagen/clay composite biomaterials.

Sample
Collagen

(%)
ClNa
(%)

Cl30B
(%)

Cl93A
(%)

Cl20A
(%)

Cl15A
(%)

Gentamicin
(GE) (%)

GA (%)

Coll 1.5 - - - - - - 0.16

Coll-ClNa 1.5 0.375 - - - - - 0.16

Coll-Cl30B 1.5 - 0.375 - - - - 0.16

Coll-Cl93A 1.5 - - 0.375 - 0.16

Coll-Cl20A 1.5 - - - 0.375 - 0.16

Coll-Cl15A 1.5 - - - - 0.375 - 0.16

G-Coll 1.5 - - - - - 0.2 0.16

G-Coll-
ClNa 1.5 0.375 - - - - 0.2 0.16

G-Coll-
Cl30B 1.5 - 0.375 - - - 0.2 0.16

G-Coll-
Cl93A 1.5 - - 0.375 - - 0.2 0.16

G-Coll-
Cl20A 1.5 - - - 0.375 - 0.2 0.16

G-Coll-
Cl15A 1.5 - - - - 0.375 0.2 0.16

All the percentages are reported to 100 g sample.

The composite hydrogels were freeze-dried using Delta 2–24 LSC (Martin Christ,
Osterode, Germany) instrument and spongious forms were obtained and characterized.
The obtained 3D composite biomaterials can be observed in Figure 12.

 

Figure 12. Obtained collagen/clay composite biomaterials (without gentamicin).

The freeze-dried composite scaffolds were evaluated by Fourier-transform infrared
spectroscopy, X-ray diffraction, scanning electron microscopy, differential scanning calorime-
try, thermo gravimetric analysis, swelling ratio, biodegradation ratio, mechanical tests,
drug release, antimicrobial tests, and cellular viability.
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3.3. Methods

3.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR analysis was accomplished on a Vertex 70 Bruker FTIR spectrometer (Billerica,
MA, USA) using an attenuated total reflectance (ATR) addition. For all the obtained
biomaterials, the FTIR spectra were recorded in the ATR-FTIR method (in triplicate) at a
resolution of 4 cm−1 in the 600–4000 cm−1 wavenumber range.

3.3.2. X-ray Diffraction (XRD)

The obtained biomaterials were analyzed using an X-ray diffractometer (RigakuUltima
IV, Tokyo, Japan) with CuKα radiation (λ = 1.5406 Å), operated at 40 kV and 30 mA. The
assessment was performed in uninterrupted mode, at ~23 ◦C ± 1 and atmospheric pressure.
The data were collected over the 2thetawith 1–50◦ and a scanning speed of 1◦/min. The
samples were evaluated in a dried powder form.

3.3.3. Scanning Electron Microscopy (SEM)

All the samples were studied using an environmental scanning electron microscopy
(ESEM-FEI Quanta 200, Eindhoven, The Netherlands). Moreover, to obtain the secondary
electrons images, a gaseous secondary electron detector (GSED) was utilized with the estab-
lished parameters: 25–30 kV accelerating voltage, magnifications between 2000 and 5000×
for the section of obtained biomaterials and the pressure on 2 torr (vacuum conditions).

3.3.4. Thermo Gravimetric Analysis (TGA)

The thermal properties of obtained collagen/clay composite biomaterials were evalu-
ated in triplicate with a NETZSCH TG 209 F1 Libra instrument (Selb, Germany) (controlled
atmosphere with a flow rate of nitrogen about 20 mL/min, scanning from 25 to 700 ◦C
and a heating rate of 10 ◦C/min). Instead of analysis, all composite biomaterials were
assessed, the mass ranging between 4 and 5 mg and then they were introduced into
aluminum containers.

3.3.5. Swelling Ratio

The swelling ratio of the obtained composites was evaluated by incubation in ultrapure
water and temperature of 37 ◦C. After a predefined time, the samples were taken out and
surface adsorbed water was removed by filter paper. The swelling ratio was definite as
the ratio of weight increase (w—w0) to the initial weight (w0). Each sample was tested
in triplicate.

3.3.6. Biodegradation

The biodegradation behavior of each the obtained samples was assessed by placing
the specimens (already swelled in PBS) in a collagenase solution. The hydrogels were
maintained at 37 ◦C for up to 50 days. The wet samples were weighted periodically in order
to determine the biodegradation degree. The measurements were performed in triplicate.
The biodegradation degree of the hydrogels was calculated as the ratio of weight decrease
(w—w0) reported to the initial weight (w0).

3.3.7. Mechanical Tests

Dynamic mechanical analysis of the samples was achieved using a DMA Q800 (TA
Instruments, New Castle, DE, USA). Measurements were made at 37 ◦C, in compression
mode, using round sponge samples with a diameter of 15 mm and a thickness of 10 mm.
All the equilibrium swelled samples were compressed with a ramp force of 0.01 N/min,
from 0.01 to 1.5 N. The dried samples were compressed with a Ramp force of 0.1 N/min
from 0.01 to 5 N. The method used to evaluate both dried samples and hydrogel samples
was the Compression modulus. All the tests were realized in triplicate.
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3.3.8. Drug Release

In vitro drug release kinetic of gentamicin from the design scaffolds was investigated
by immersion in containers with a volume of 15 mL ultrapure water. The recipients were
additionally introduced in an orbital mixer (Benchmark Scientific, Sayreville, NJ, USA)
at 300 rpm, and 37 ◦C. A 5 mL sample was collected at fixed time intervals and then
examined by UV–VIS spectroscopy (SHIMADZU UV-3600 instrument). To preserve a
constant volume, after each sampling, 5 mL of fresh ultrapure water were added to every
flask. The release efficiency (RE) was determined using Equation (1) [62]:

RE(%) =
amount o f released GE

amount o f loaded GE
× 100 (1)

3.3.9. Antimicrobial Activity

The control of the antimicrobial activity was tested against the Staphylococcus aureus
(Gram positive) and Escherichia. coli (Gram negative) strains. All the steps of this evaluation
were described in our previous work [63]. The samples, placed on the surface of the nutrient
medium were analyzed after 24 h of incubation at 37 ◦C. Bioactivity was determined by
determining the diameter of inhibition zones in (mm). Each measurement was repeated for
three times and the mean of the diameter of the inhibition areas was calculated.

3.3.10. Cellular Viability—MTT Tests

In order to assess the biological effect of the collagen samples, the MG63 cell line (CLS)
was used. The cells were cultured in Earle’s minimum essential medium (MEM) containing
L-glutamine (Biochrom, Merck Milipore, Burlington, MA, USA) and supplemented with
10% fetal bovine serum (FBS), 1% penicillin and streptomycin antibiotics, and 1% non-
essential amino acids in standard conditions of temperature and humidity (37 ± 2 ◦C,
5 ± 1% CO2 and more than 90% humidity).

The samples were sterilized by gamma irradiation. Afterwards, 2.5 x 105 cells in 500 µL
were directly seeded onto each sample. The cells were allowed to attach for about 30 min
and afterwards cell culture medium was added in order to cover the whole structure. The
cells were incubated in standard conditions of temperature and humidity during 5 days.

The cellular viability was quantitatively measured using the MTT tetrazolium-salt
assay (Serva, Heidelberg, Baden-Wuerttemberg, Germany). For this, at the corresponding
time-point, the medium was removed and gently replaced with fresh culture medium
containing 10% MTT solution (5 mg/mL in PBS). The cells were incubated for another 3 h
in standard conditions, and afterwards the supernatant was replaced with DMSO in order
to solubilize the grown formazan crystals. The absorbance corresponding to each sample
was measured at 570 nm wavelength using a microplate reader.

In order to eliminate any possible interferences, two “Blanks” samples with and with-
out the material and no cells, were used (according to ISO 10993-12 and ISO 10993-5).
The absorbance of the blank containing only the solubilizing agent (DMSO) and the ab-
sorbance of the blank containing the material and DMSO were mostly the same, results
showing that the material does not interfere with the absorbance measurement.

All experiments were performed in triplicate and the data was presented as mean ± SEM.
The statistical analysis was performed using a two-tailed Student’s test, where values of
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 were considered as statistically significant.

4. Conclusions

Novel Collagen/Clay nanocomposite biomaterials were prepared using five different
types of clay. Morphological analyses demonstrated spongiest structures with increased
pore dimensions as a result of nanoclay embedding. Mainly intercalated collagen–clay
structures with a homogenous distribution of clay layers inside the collagen matrix were
obtained as demonstrated by XRD analyses. FTIR spectra confirmed the inclusion of clay
in the collagen polymeric matrix without any denaturation of triple helical conformation.
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The addition of clay nanoparticles into the collagen matrix promoted improved mechanical
properties and decreased biodegradation and swelling ratios when compared with the neat
collagen sample. The in vitro gentamicin kinetic profiles revealed retarded burst release of
gentamicin as function of clay type. All the samples presented good microbiological activity
after the inclusion of mineral clay nanoparticles not allowing the development of aerobic
germs for any of the bacteria tested. Cellular viability tests showed good biocompatibility
of the novel Coll-ClNa, Coll-CI30B, and Coll-CI93A collagen/clay composites.

Thus, our paper presents a preliminary study that aimed to investigate several types
of clay of fixed concentration. Following the valuable results obtained, ClNa, Cl30B, and
Cl93A will be further used for the development of reinforced hydrogels by varying their
concentrations where their influence will be investigated in terms of antimicrobial and
drug release properties.

Based on the results presented in our study, the performances of the new collagen-
based composites recommend them as promising biomaterials for future applications in
the biomedical field.
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Abstract: Silver nanoparticles (AgNPs) are the most commercialized nanomaterials and presumed
to be biocompatible based on the biological effects of the bulk material. However, their physico-
chemical properties differ significantly to the bulk materials and are associated with unique biological
properties. The study investigated the antimicrobial and cytotoxicity effects of AgNPs synthesized
using gum arabic (GA), sodium borohydride (NaBH4), and their combination as reducing agents. The
AgNPs were characterized using ultraviolet-visible spectrophotometry (UV-Vis), dynamic light scat-
tering (DLS), transmission electron microscopy (TEM), and Fourier-transform infrared spectroscopy
(FT-IR). The anti-bacterial activity was assessed using agar well diffusion and microdilution assays,
and the cytotoxicity effects on Caco-2, HT-29 and KMST-6 cells using MTT assay. The GA-synthesized
AgNPs (GA-AgNPs) demonstrated higher bactericidal activity against all bacteria, and non-selective
cytotoxicity towards normal and cancer cells. AgNPs reduced by NaBH4 (C-AgNPs) and the combi-
nation of GA and NaBH4 (GAC-AgNPs) had insignificant anti-bacterial activity and cytotoxicity at
≥50 µg/mL. The study showed that despite the notion that AgNPs are safe and biocompatible, their
toxicity cannot be overruled and that their toxicity can be channeled by using biocompatible polymers,
thereby providing a therapeutic window at concentrations that are least harmful to mammalian cells
but toxic to bacteria.

Keywords: anti-bacteria; cytotoxicity; green synthesis; gum arabic; silver nanoparticles

1. Introduction

In the past, silver-based compounds were used as antimicrobial agents due to their
microbicidal activities [1]. Their biomedical application was encouraged by the fact that
silver ions (Ag+) and their related compounds are less toxic towards mammalian cells
while being highly toxic to microorganisms, such as bacteria and fungi [2,3]. Recent
advances in the field of nanotechnology have influenced and increased the use of silver-
based compounds at a nanometer size. Several physical and chemical methods have been
reported for the synthesis of AgNPs [4,5], however, AgNPs produced by these methods
lead to the production of noxious compounds that are toxic to cells and the environment. To
overcome these toxic effects, green synthesis methods, using natural products as reducing
and stabilizing agents, were developed [6]. Green synthesis methods produce nanoparticles
(NPs) using eco-friendly and non-toxic biological agents, such as microorganisms (e.g., bacteria,
yeasts, fungi, and algae) and plant extracts as reducing and stabilizing agents [1,7,8]. Plant-
extract mediated green synthesis of NPs is often preferred over the microbial-mediated synthesis
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method due to the biohazards and laborious process associated with the latter [9,10]. The use
of plant extracts in green synthesis is easier, more efficient, eco-friendly and incurs low cost
in comparison with the chemical or microbial mediated synthesis methods. Plant materials
are cost-effective as plants are renewable, readily available, and contain antioxidant-rich
phytochemicals [4] that can play a major role in the reduction and stabilization of Ag+ into
bioactive AgNPs. The availability of plants makes the green method amenable to large-scale
production of NPs. Over the last few years, there has been an upsurge in the application
of plant-extract-reduced AgNPs on account of their immense antimicrobial efficacy, and
they are perceived as future-generation therapeutic agents against drug-resistant microbes.
Examples of plant-based AgNPs that have demonstrated good anti-bacterial properties
and potential anticancer effects include those synthesized using Chrysanthemum indicum
L [11], Acacia leucophloea [12] and Ganoderma neojaponicum Imazeki [13] extracts.

AgNPs have distinct and superior properties compared to their bulk materials, and
this has afforded their integration into numerous consumer (e.g., cosmetic and household)
and health products to prevent microbial infestation and growth. AgNPs are now present
in commercial products used daily, such as toothpaste, sunburn lotions, food packaging,
medical devices, and clothing [14,15]. In addition to the antimicrobial effects of AgNPs
against infectious microbes [16], they are used in catalysis [17], disease treatment [18,19],
and as additives in polymerizable dental material [20–22].

Polysaccharides have played a huge role in the application of nanomaterials, especially
in biomedical applications. Polysaccharides derived from algae (Pterocladia capillacae, Jania
rubins, Ulva faciata, and Colpmenia sinusa) [23] and plants (gum arabic, GA [24]) alike, were
previously used as stabilizers and capping agents for nanomaterials, both chemical and
green synthesized NPs, to enhance their biocompatibility and biosafety. The most widely
explored polysaccharide-rich compounds are chitosan [25] and GA [24]. GA is a natural plant-
based gum composed of a complex mixture of glycoproteins and polysaccharides, in addition
to being a historical source of monosaccharides, arabinose and ribose. GA is considered a
safe additive with no adverse effects [26] and has wide applications in the food (e.g., stabilizer,
thickening agent and hydrocolloid emulsifier), textile (e.g., pottery, lithography, and cosmetics)
and pharmaceutical industries [27]. In the field of nanotechnology, GA has been employed
because of its biocompatibility and stabilization effects for nanomaterials [28,29], such as iron
oxide NPs [30–32], gold nanoparticles (AuNPs) [33–35], carbon nanotubes [36], quantum
dots [37], AgNPs [24], and chitosan NPs (CT-NPs). Cross-linking the carboxylic groups
of GA with CT produced CTGA-NPs that had improved mechanical properties, and
which consequently found application as a bone graft substitute for bone regeneration [38].
GA has also been used as a reducing agent for the synthesis of GA-AgNPs [6,39]. GA-
AgNPs showed potential as promising candidates in the development of antioxidant, anti-
inflammatory, antimicrobial [6] and anticorrosive agents [40]. This study demonstrated the
anti-bacterial and cytotoxicity effects of AgNPs green-synthesized using GA.

2. Results and Discussion

GA is a non-toxic glycoprotein polymer commonly used as a stabilizer in the food and
pharmaceutical industries. It has various pharmacological properties; apart from being
used as an emulsifying agent, it has antioxidant, anti-diabetic, and anti-lipid peroxida-
tion properties, among others [41,42]. The chemical composition of GA is complex and
varies among species, where all have high levels of carbohydrates and very low protein
content [43].

The GA species used in the current study (Acacia senegal) had negligible flavonols,
flavanols, TPC, with no antioxidant, radical scavenging or reducing abilities at 4 mg/mL,
as shown in Table 1. As such, GAE on its own was incapable of reducing a metal precursor
into metallic NPs at temperatures ≤100 ◦C. Due to its high sugar content, solubility and
binding capacity, GA has been used as a stabilizer for AuNPs [24,30]. It stabilizes NPs by
binding to other biomolecules on their surface through its abundant carboxyl groups [30].
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Table 1. Phytochemical analysis and antioxidant capacity of GAE.

Phytochemical Content 4 mg/mL GAE

Flavanols (mg/g) 0.0187
Flavonols (mg/g) 0.0019
TPC (mgGAE/g) 0.0003

DPPH (µmolTE/g) 0.0000
ORAC (µmolTE/g) 0.0000

FRAP (µmolAAE/g) 0.0000

2.1. Synthesis of GA-AgNPs

Synthesis of GA-AgNPs was first attempted at RT and by boiling (~100 ◦C) solutions
that contained 4 mg/mL GAE and various AgNO3 concentrations (1–5 mM). No GA-
AgNPs were formed at all the tested concentrations; there was no color change in the
solution at RT and a pinkish color was observed after boiling the solution (data not shown).
The negligible phytochemical and lack of antioxidant contents reported for GAE in Table 1
provides a clear indication that the GAE at the concentration used in the current study was
incapable of reducing AgNO3 to form GA-AgNPs. Other studies attempted to synthesize
GA-AgNPs by devising methods to potentiate the reducing abilities of GAE, by changing
the GAE pH [44], and by using honey as a reducing agent, while using GA as a stabilizer
for the AgNPs [40].

A novel, greener approach, using an autoclave method, was established for other gum
species to produce sterile AgNPs without additional reducing agents or change of pH. This
method was successful in the reduction of AgNO3 by gum acacia [39], gum tragacant [45]
and piyar gum [46]. The same method was adapted for the synthesis of GA-AgNPs in the
current study and was optimized by first varying the concentrations of AgNO3 (0.1–0.5
g/40 mL) then the GAE concentrations (2–6 mg/mL/40 mL). The optimized conditions
(i.e., concentrations of GAE and AgNO3) were further used in the combined approach, with
NaBH4 as an additional reducing agent, to synthesize GAC-AgNPs.

Using the green synthesis approach, the solution containing GAE and AgNO3 was
colorless before autoclaving and changed to brown after autoclaving (Figure 1A). The color
intensity increased with increasing concentrations of AgNO3 and GAE. In the combined
approach, the samples turned yellow immediately after adding ice cold AgNO3, then to
a grayish green color for the C-AgNPs, and brown for the GAC-AgNPs (Figure 1B) after
autoclaving. Based on the colors, the GAC-AgNPs were more stable than the C-AgNPs.

The color change was a first indication of formation of the AgNPs, which are reported
to have yellow, orange or brown colors [46,47]. Thus, the brown color indicated that GAE
at high temperature (120 ◦C) and pressure (15 psi) was able to reduce Ag+ into Ag0, and
form GA-AgNPs and GAC-AgNPs. The GAE in the green synthesis approach acted as both
a reducing and capping agent for the GA-AgNPs. It is very common in green synthesis,
especially for plant-derived NPs, for the biomolecules found in the extracts to serve as
reducing, capping and stabilizing agents [47,48]. Plants contain a lot of phytochemicals (e.g.,
alkaloids, flavonoids, terpenoids, etc.), enzymes/proteins, amino acids, polysaccharides,
and vitamins, that can aid in the reduction of metal salts in a rapid and environmentally
benign process. Green synthesis is quite advantageous, as it is cost-effective and can be
easily scaled up to produce biocompatible AgNPs. Moreover, the medicinal efficacy of
the extracts will be a valuable addition to the NPs and enhance their pharmacological
activities [40,47,49].
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Figure 1. Synthesis of GA-AgNPs using green (A), chemical and combined (B) approaches.

2.2. Characterization of the AgNPs

2.2.1. Optical Properties of the AgNPs

UV-Vis spectrophotometry was used to confirm the formation of the AgNPs, which
have a characteristic SPR around 400 nm [47,49]. Figure 2 shows the absorption spectra
for the AgNPs produced via the green (GA-AgNPs), chemical (C-AgNPs) and combined
(GAC-AgNPs) approaches. All the concentrations of GAE and AgNO3 were able to syn-
thesize AgNPs, which was confirmed by a characteristic SPR for AgNPs at ~400 nm. The
peak intensity of the GA-AgNPs synthesized with 0.4 g AgNO3 was higher than all the
other concentrations (Figure 2A), which suggested that more AgNPs were formed at this
concentration [48]. An amount of 0.4 g AgNO3 was selected as an optimum concentra-
tion and used to optimize the concentration of GAE (2–6 mg/mL). The optimum GAE
concentration was 4 mg/mL; both 4 and 5 mg/mL of GAE gave a similar spectral profile,
indicating that GA-AgNPs of the same yield, size and shape were produced by the two
concentrations (Figure 2B). Although 6 mg/mL showed higher biomass compared to all the
GAE concentrations, there were some black precipitates after autoclaving the sample. The
precipitates might have contained excess GAE and indicated that the extract concentration
might be too high.

In the combined approach, AgNO3 was reduced in the presence of GAE and a chemical
reducing agent (NaBH4) to produce GAC-AgNPs (Figure 2C). There are two assumptions
as to how the GAC-AgNPs were produced, the first involves NaBH4 acting as a reducing
agent to form C-AgNPs (before autoclaving) which are then capped/stabilized by GAE to
form GAC-AgNPs during the autoclave process. The second assumption is that GAE and
NaBH4 might have acted synergistically as reducing agents. The differences in the spectral
profiles of the C-AgNPsA and GAC-AgNPs (Figure 2C) might have occurred as a result of
the instability of C-AgNPs when exposed to high temperatures. The C-AgNPs synthesized
at 70 ◦C were used in further studies (Figure 2D).
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Figure 2. UV-Vis analysis of the AgNPs. The synthesis of GA-AgNPs was optimized using varying
concentrations of AgNO3 and 4 mg/mL GAE (A), varying GAE concentration and 0.4 g AgNO3 (B),
and by using NaBH4 alone and in combination with 4 mg/mL GAE (C); all these solutions were
autoclaved at 121 ◦C. C-AgNPs were synthesized at 70 ◦C (D).

2.2.2. Morphology and Size Distribution of the AgNPs

The morphology and core size of the AgNPs were analyzed by HRTEM. As shown in
Figure 3A, the majority of the AgNPs were spherical in shape; their core size distribution
varied from 1–30 nm.

Figure 3. HRTEM micrographs of the AgNPs (A) and the AgNP core size distribution (B).

DLS analysis revealed a hydrodynamic diameter range from 87.22 nm for the C-AgNPs
to 94.62 nm for the GA-AgNPs to 144.39 nm for the GAC-AgNPs (Table 2). These sizes
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vary from those obtained from the HRTEM as they account for both the core size and the
molecules on the surface of the AgNPs [47]. The C-AgNPs had a smaller hydrodynamic
size, followed by the GA-AgNPs, while the GAC-AgNPs were the largest in size. This
indicates that the GAE played a crucial role in the synthesis of the GA-AgNPs as both
reducing and capping agents.

Table 2. Physicochemical properties of the AgNPs.

AgNPs λmax/SPR (nm) Core Size (nm) Hydrodynamic Size (nm) ζ-Potential (mV) Pdi

C-AgNPs 408 10 ± 1.69 87.22 ± 5.94 −30.50 ± 4.63 0.30 ± 0.03
GAC-AgNPs 414 12 ± 0.61 144.39 ± 4.99 +9.33 ± 17.23 0.55 ± 0.01
GA-AgNPs_0.4g 416 12 ± 0.47 76.21 ± 6.35 −29.60 ± 1.90 0.28 ± 0.03
GA-AgNPs_0.5g 414 12 ± 0.25 94.62 ± 10.06 −27.07 ± 3.71 0.23 ± 0.06

All the AgNPs had a negative zeta (ζ) potential, except for the GAC-AgNPs (9.33 mV).
The polydispersity index (Pdi) indicated that GA-AgNPs, followed by C-AgNPs, were
the most stable. Pdi serves as an indicator for the dispersity and stability of NPs, thus,
NPs with a Pdi that is ≤0.05 are regarded as stable and monodispersed. Materials with
a Pdi of ≥0.7 are classified as polydispersed, with broad size distribution and being less
stable in suspension [47]. The GA-AgNPs_0.4g and GA-AgNPs_0.5g demonstrated similar
physicochemical properties (Table 2), and the two were investigated further to determine if
they have similar bioactivities as well.

2.2.3. FT-IR Analysis of GAE and AgNPs

FT-IR was used to identify the functional groups in GAE and those that were involved
in the intermolecular interactions between the precursor (AgNO3) and reducing agents
(NaBH4 and GAE). The intermolecular interactions between the samples occurs via hy-
drogen bonding or dipole–dipole interactions during synthesis and cause shifts in the
frequency or absorption of the functional groups [50] that can be assigned to a particular
biomolecule.

The dominant absorption bands at 3306–3321, 2139–2161, 1635–1636 and 695–667
cm−1 were identified in the FT-IR spectrum of all the AgNPs (Figure 4). These bands
were associated with the alkyne C-H stretch (3320–3310), terminal alkyne monosubstituted
(2140–2100), C≡C stretch (2260–2100), alkenyl C=C stretch (1680–1620), amide (1680–1630),
secondary amine NH bend (1650–1550), alkyne C-H bend (680–610), organic nitrates (1640–
1620), and aromatic C-H out-of-plane bend (900–670) [51].

The GAE FT-IR spectra had five major absorption peaks at 3514 cm−1 (3570–3200
cm−1 OH stretch), 2978 (CH2 group in aliphatic chains), 2315, 1628 cm−1 (1650–1550 cm−1

secondary amine NH bend), and 1371 cm−1 (1380–1350 aliphatic nitro compounds) and
1065 cm−1. The presence of different functional groups was a reflection of the phytochemical
composition of the GAE; the OH bonds are attributed to alcohols or phenols and the N–H
bond to amides which might be from the carbohydrates and proteins in GAE. The GAE
FT-IR peaks showed similarity to those of other GA species, such as Acacia senegal and
Acacia seyal [40,50,52]. Thus, the carbohydrates and proteins in GAE were responsible for
the reduction, capping and stabilization of the GA-AgNPs and possibly the GAC-AgNPs.
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Figure 4. FT-IR spectra of C-AgNPs (A), GA-AgNPs_0.4g (B), GA-AgNPs_0.5g (C), GAC-AgNPs (D),
and GAE (E).

2.3. Stability of GA-AgNPs

Stability of NPs in solutions other than water is crucial for bio-applications and
requires NPs that can retain their physical characteristics when introduced into a biological
environment. AgNPs are usually very stable in water; however, water is hypotonic and
not a suitable vehicle for bioassays [53]. In addition to Pdi, the stability of AgNPs in
suspension can also be predicted by their UV-Vis spectral profiles with a characteristic SPR
at 400 nm [48]. AgNPs that are not stable will be recognized by aggregation or precipitation
out of solution, and if the AgNPs precipitate they will not be useful as antimicrobial agents,
as Ag+ are known for this effect and have been used for the same purposes [54]. Stability
of the AgNPs was assessed at hourly intervals for 6 hr after incubation at 37 ◦C, as shown
in Figure 5A–C; the AgNPs were relatively stable in water, DPBS, and Mueller–Hinton
broth (MHB). Cellular uptake of AgNPs is time and size dependent, where uptake and
internalization of AgNPs by mammalian cells can occur within 0.5 h [55]. Following the
growth kinetics of Burkholderia pseudomallei, the interaction and uptake of AgNPs by the
bacterial species could be rapid, as the bacteria were killed within 5 min [56]. Biological
assays, such as bacteria and cell culture, are performed at 37 ◦C and AgNPs can be used in
culture media for bioassays without aggregation [57]. The components in the media can
interact with the AgNPs and change their physicochemical properties and activity; hence,
the AgNP-media interactions must be assessed to confirm NP stability before evaluating
their activity [58]. Subjecting AgNPs to solutions with higher salt (NaCl) concentration,
not only causes NP aggregation, but also a change in size and biological activity [59]. To
improve on AgNP stability, biopolymers, such as GA and chitosan, were used as stabilizing
agents; this led to plant-mediated synthesis of NPs with enhanced stability, biocompatibility
and biological activity.
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Figure 5. Assessment of AgNP stability in solution by UV-Vis. The GA-AgNPs_0.4g (A), GA-
AgNPs_0.5g (B) and GAC-AgNPs (C) were diluted in water, DPBS and MHB and incubated at 37 ◦C
for 1–6 h.

2.4. Anti-Bacterial Activity

Microbial resistance is among the leading factors responsible for death worldwide,
due to the overwhelming abuse and misprescription of antibiotics [60,61]. Over the years,
alternative antimicrobial agents effective against resistant strains have continually been
sought [62,63]. Among others, AgNPs have displayed broad spectrum antimicrobial effects,
even against multi-drug-resistant microbes. Of interest are the AgNPs produced through
green synthesis, which are presumed to be biocompatible since they are reduced and coated
by natural products [47–49,62,64].

The anti-bacterial effects of GAE and AgNPs were evaluated on Gram-positive (S.
aureus, MRSA, S. epidermidis, S. pyogenes) and Gram-negative (K. pneumoniae, E. coli) bacteria.
The susceptibility of the bacteria to the treatments was assessed through agar well diffusion
and broth microdilution methods. Agar well diffusion demonstrated a lack of clearing zones
(zone of inhibitions, ZOIs) in the bacteria that were exposed to MHB (negative control), GAE
and GAC-AgNPs, indicating lack of anti-bacterial activity (Table 3) at the concentrations
used in this test. Anti-bacterial activity of GAE was reported at concentrations ≥40 mg/mL
for various GA species [65], while organic solvent GA extracts were effective from 0.25 to
2 mg/mL [66]. The GA-AgNPs and the C-AgNPs showed potency against the selected
bacteria, both Gram-positive and Gram-negative strains; the highest anti-bacterial activity
was observed with the GA-AgNPs when compared to the C-AgNPs. The two GA-AgNPs
exhibited similar activity against the test bacteria. Similar effects were reported for GA-
AgNPs synthesized using other GA species; the GA-AgNPs were potent against oral
(Streptococcus mutans) [67] and fish (Aeromonas hydrophila and P. aeruginosa) [68] pathogens.
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The activity of the GA-AgNPs in these pathogens was size, as well as concentration,
dependent. C-AgNPs capped with citrate were reported to show size-dependent activity
against E. coli and S. aureus [69].

Table 3. Anti-bacterial activity of the synthesized AgNPs.

Treatments
ZOI (mm)

S. aureus MRSA S. epidermidis K. pneumoniae E. coli

MHB 0 0 0 0 0
GAE 0 0 0 0 0
C-AgNPs 9.8 9.8 8.4 11 6.2
GAC-AgNPs 0 0 0 0 0
GA-AgNPs_0.4g 14.2 13.8 20 13.6 11.2
GA-AgNPs_0.5g 13 9.8 19 14.6 10.2

The MICs of the treatments were visually evaluated on the bacteria following microdi-
lution assay. After 24 h treatment, GAE, C-AgNPs and GAC-AgNPs were unable to inhibit
growth at all tested concentrations (6.25–100 µg/mL), as shown in Table 4. Bacterial growth
inhibition was observed at 6.25–100 µg/mL for the two GA-AgNPs for all strains, with an
MIC of 6.25 µg/mL, except for GA-AgNPs_0.4g effect in E. coli which had an MIC of 25
µg/mL. The MIC values were consistent with the GA-AgNPs reported by other studies;
the NPs had an MIC of 10 µg/mL in S. mutans [67], 11–45 µg/mL in P. aeruginosa [44],
1.625 and 3.25 µg/mL for A. hydrophila and P. aeruginosa, respectively [68]. The results in
the current study were further confirmed by the Alamar Blue assay, which quantifies the
metabolic activity of cells. Only live bacteria can convert the blue resazurin dye into a pink
and fluorescent resorufin. The color/fluorescent intensity is directly proportional to live
bacteria [62,70].

Table 4. MIC of the AgNPs on test bacteria.

Treatments
MIC (µg/mL)

S. aureus MRSA S. epidermidis S. pyogenes K. pneumoniae E. coli

GAE >100 >100 >100 >100 >100 >100
C-AgNPs >100 >100 >100 >100 >100 >100
GAC-AgNPs >100 >100 >100 >100 >100 >100
GA-AgNPs_0.4g 6.25 6.25 6.25 6.25 6.25 25
GA-AgNPs_0.5g 6.25 6.25 6.25 6.25 6.25 6.25

Alamar Blue assay demonstrated reduction in bacterial growth with all treatments
(Figure 6), including those that did not show ZOIs or MICs (i.e., GAE, C-AgNPs and GAC-
AgNPs). The GAE showed stronger activity against Gram-positive bacteria, S. pyogenes,
MRSA and S. aureus (Figure 6A). In contrast, S. epidermidis and the Gram-negative bacteria
displayed some resistance towards these treatments. The GA-AgNPs were consistent in
their activity, with significant effects being observed against all the strains above 6.25
µg/mL (Figure 6D,E).

The effects of GAE, C-AgNPs and GAC-AgNPs were not bactericidal, and their MBC
values were undetermined. The GA-AgNPs had bactericidal effects on >60% of the selected
strains, with MBCs ranging between 12.5 and 100 µg/mL (Table 5). The GA-AgNPs were
active against the Gram-positive and Gram-negative bacteria and demonstrated similar
trends in both antibiotic susceptible and resistant strains. This is a desirable property and
implies that these NPs can be used as broad-spectrum anti-bacterial agents.
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Figure 6. The anti-bacterial effects of GAE and AgNPs using Alamar Blue assay. Bacteria were treated
with GAE (A), GAC-AgNPs (B), C-AgNPs (C), GA-AgNPs_0.4g (D), and GA-AgNPs_0.5g (E).

Table 5. MBC of the AgNPs on test bacteria.

Treatments
MBC (µg/mL)

S. aureus MRSA S. epidermidis S. pyogenes K. pneumoniae E. coli

GAE >100 >100 >100 >100 >100 >100
C-AgNPs >100 >100 >100 >100 >100 >100
GAC-AgNPs >100 >100 >100 >100 >100 >100
GA-AgNPs_0.4g >100 12.5 100 >100 25 12.5
GA-AgNPs_0.5g 100 12.5 25 >100 12.5 12.5

2.5. In Vitro Cytotoxicity of GA-AgNPs

AgNPs have demonstrated unique properties compared to their bulk counterparts,
and these have raised many concerns for biomedical application due to their ability to cross
all cellular barriers and interact with important cellular organelles, such as the mitochondria
and nucleus [7]. When inside cells, AgNPs can react with biomolecules, such as nucleic
acids, proteins, enzymes, etc., resulting in dissolution and release of Ag+. The Ag+ are
presumed to be responsible for the toxicity of the AgNPs [3].

The cytotoxicity of the AgNPs was investigated in vitro in two colon cancer (Caco-
2 and HT-29) and non-cancerous (KMST-6) cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The assay quantifies live cells by evaluating
their mitochondrial metabolic activity, where live cells are able to reduce the MTT salt into
the water-insoluble purple formazan. The color intensity of the dimethyl sulfoxide (DMSO)-
dissolved formazan, which is measured by a spectrophotometer, is directly proportional to
the amount of live cells [71]. As shown in Figure 7, GAE exhibited insignificant effects on
the three cell lines. Of the four AgNPs, GAC-AgNPs were least toxic and showed selective
effects to the non-cancer cells. Significant effects of GAC-AgNPs were observed on cancer
cells at ≥50 µg/mL. The C-AgNPs were toxic to all cells at ≥50 µg/mL. GA-AgNPs were
non-selective and were toxic against both cancer and non-cancer cells, with <15% viable
cells at all concentrations.
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Figure 7. Cytotoxicity of the GAE, C-AgNPs, GAC-AgNPs and GA-AgNPs on KMST-6 (A), Caco-2
(B) and HT-29 (C) cells.

Therapeutic agents are deemed biocompatible when they have selective toxicity to-
wards diseased cells or are at least cytotoxic at concentrations that are not toxic to normal
cells. However, this was not the case with the GA-AgNPs, as these NPs were extremely
toxic and nonspecific. The GA-AgNPs had an IC50 (Table 6) that was >5-fold lower than
their MIC and MBC. Their toxicity was even higher to the non-cancer cells than the cancer
cells, with the IC50 values of 0.67 µg/mL on the KMST-6 cells and 0.82–1.16 µg/mL on the
colon cancer cells.

Table 6. The IC50 values of treatments against different cell lines.

Cell-Lines
IC50 (µg/mL)

GAE C-AgNPs GAC-AgNPs GA-AgNPs_0.4g GA-AgNPs_0.5g

KMST-6 >100 87.40 >100 0.67 0.90
Caco-2 >100 41.67 92.00 0.82 1.26
HT-29 >100 50.54 >100 1.16 1.55

The anti-bacterial effects of AgNPs have led to their use in several consumer and
medical products. With an increased exposure rate to consumers who use, handle or
manufacture these products, AgNPs can easily accumulate in human organs via inhalation,
transdermal absorption, and ingestion [72]. Although it is known that over exposure to
silver salts cases argyria [73], the chronic effects of AgNPs are still elusive and still under
investigation. Based on their physicochemical properties, the biological effects of AgNPs
can vary. Many studies have reported the biocompatibility, as well as toxicity, of AgNPs
in in vitro and in vivo models [15,16,74]. The toxicity of AgNPs, which is often attributed
to the leaching of Ag+ [75], has been demonstrated to be size and cell-specific [76]. Green
synthesized Annona muricata-AgNPs were only toxic to acute monocytic leukemia (THP-1)
and breast cancer (AMJ-13) cells, while sparing the normal breast epithelial (HBL) cells [74].
Poly(N-vinyl pyrrolidone)-coated AgNPs were not toxic to T cells at concentrations up to
50 ppm, but induced cell death of human mesenchymal stem cells (hMSCs) and monocytes
at 30 and 50 ppm, respectively [3]. The anti-cancer properties of AgNPs were shown in
several cancer cell lines; however, their toxicity towards both healthy and diseased cells
is a huge concern for human health, as these NPs accumulate in biologically important
organs, such as the liver, spleen, lung, kidney, and brain. Moreover, smaller size AgNPs
are more toxic than larger sizes and surface coatings can be used to defer or control their
activity [77].
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3. Materials and Methods
3.1. Preparation of the GA Extracts

The GA extract (GAE) was prepared by dissolving a required amount of GA obtained
from Acacia senegal (North Kordofan, Sudan) in hot water and filtering through 0.45 µm
filters. The GAE was prepared fresh before use.

Phytochemical Analysis and Antioxidant Capacity

The amount of flavanols, flavonols, total polyphenolic content (TPC) and antioxidant
capacity, was assessed using the ferric reducing antioxidant power (FRAP) assay kit (Sigma,
St. Louis, MO, USA). An oxygen radical absorbance capacity (ORAC, Sigma) assay and
2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma) assay of 4 mg/mL GAE was quantified
following standard biochemical methods as previously described [78].

3.2. Synthesis of AgNPs

The AgNPs were synthesized through: (a) chemical synthesis (C-AgNPs), (b) green
synthesis (GA-AgNPs), and (c) a combined approach (GAC-AgNPs). All solutions were
prepared in double-distilled water.

3.2.1. Chemical Synthesis

C-AgNPs were prepared following a previously described method with few modifica-
tion [79]. Briefly, 10 mL of 2 mM NaBH4 (Sigma) was added to 30 mL of double-distilled
water and heated to 70 ◦C on a heating mantle while stirring. The solution was stirred
vigorously at 250 rpm. Subsequently, 20 mL of 1 mM ice-cold silver nitrate (AgNO3, Sigma)
was added dropwise into NaBH4 solution. The solution was removed from the heating
mantle after a color change to yellow/brown and cooled to room temperature (RT, ~25 ◦C).

3.2.2. Green Synthesis

GA-AgNP synthesis was adapted from a method by Venkatesham et al. [39]. A fixed
concentration of GAE (4 mg/mL) was used to prepare GA-AgNPs by varying concentra-
tions (0.1–0.5 g) of AgNO3 in a final volume of 40 mL double-distilled water. The method
was repeated, keeping the AgNO3 (0.4 g) constant and varying the concentration of GAE
(2–6 mg/mL). The samples were autoclaved at 121 ◦C and 15 psi for 20 min and removed
after 60 min when the pressure had reduced to 0 psi.

3.2.3. Combined Approach

GAC-AgNPs were synthesized following the green synthesis method (Section 3.2.2) in
a reaction mixture comprised of 20 mL of 1 mM silver AgNO3, 4 mg/mL GAE and 10 mL
of 2 mM NaBH4 in a final volume of 40 mL. The synthesis was carried in the autoclave, as
described in Section 3.2.2.

All the AgNPs (C-AgNPs, GA-AgNPs, and GAC-AgNPs) were washed twice and
harvested by centrifugation at 9000 rpm for 30 min. The pellets were resuspended in
double-distilled water and stored in amber bottles at RT in the dark.

3.3. Characterization of the AgNPs

3.3.1. UV-Visible Spectrophotometer

The formation of AgNPs was monitored by measuring the UV-Vis spectrum of the
reaction medium in the wavelength range from 300 to 650 nm using a POLARstar Omega
plate reader (BMG LABTECH, Offenburg, Germany).

3.3.2. Dynamic Light Scattering (DLS)

The hydrodynamic size, surface charge, and Pdi of the AgNPs were analyzed by a
Malvern NanoZS90 Zetasizer (Malvern Panalytical Ltd., Enigma Business Park, UK). The
synthesized AgNPs were diluted 5-fold with double-distilled water; 1 mL aliquots were
sampled in DLS cuvettes or DS1070 zeta cells (Malvern Panalytical Ltd.) and examined for

60



Int. J. Mol. Sci. 2022, 23, 1799

size distribution and zeta potential, respectively. The particle diameters were assessed at a
scattering angle of 90 ◦C at RT. The data were represented as mean particle diameter of
three measurements.

3.3.3. FT-IR

The infrared spectra of absorption or emission of the AgNPs and GAE in solution were
identified using a Perkin Elmer Spectrum Two FT-IR spectrophotometer (Waltham, MA,
USA) in the wavelength range 4000–500 cm−1. The baseline corrections were performed
for all spectra.

3.3.4. HRTEM

HRTEM analysis was performed by the addition of a drop of each AgNP solution on
carbon-coated copper grids, then left to dry under ambient conditions. The shape and size
of AgNPs were analyzed using TecnaiF20 HRTEM (FEI Company, Hillsboro, OR, USA)
with an accelerating voltage of 300 kV at the Electron Microscope Unit (University of Cape
Town, South Africa). In addition, the core size distribution of the AgNPs was calculated
using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

3.4. Assessment of the Stability of AgNPs

The stability of AgNPs over time was evaluated following a previous method [80], by
measuring the UV–Vis profile hourly for 0–6 hr in water, Dulbecco’s phosphate-buffered
saline (DPBS; Lonza, Walkersville, MD, USA), and MHB (Sigma). The AgNPs were washed
as before, and the pellets were resuspended in the test solutions and then incubated at 37
◦C. Their UV–Vis profile (300–650 nm) was measured using a POLARstar Omega plate
reader.

3.5. Anti-Bacterial Activity of the AgNPs

The anti-bacterial activity of the AgNPs was evaluated using Gram-negative and Gram-
positive bacterial strains; i.e., Klebsiella pneumoniae (K. pneumoniae), Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus), Methicillin-resistant
Staphylococcus aureus (MRSA), Staphylococcus epidermidis (S. epidermidis), and Streptococcus
pyogenes (S. pyogenes). All the bacterial strains were purchased from American Type Culture
Collection (ATCC, Manassas, USA). The anti-bacterial activity was determined by agar
well diffusion and microdilution assays according to the standards set by the Clinical and
Laboratory Standard Institute with few modifications [81].

Bacterial colonies were cultured in MHB while shaking at 120 rpm overnight at 37 ◦C,
then diluted at 1:100 in fresh MHB and cultured until reaching a 0.5 McFarland turbidity
standard prior to experiments. The bacteria were used for anti-bacterial tests at 1.5 × 106

CFU/mL by diluting the 0.5 McFarland turbid suspensions to 1:150.

3.5.1. Agar Diffusion Assay

The bacterial cultures were streaked on Mueller–Hinton Agar (MHA; Sigma) plates
at 1.5 × 106 CFU/mL using sterile cotton swabs. Wells of 6 mm diameter were made on
the MHA plates, to which 20 µL of the AgNPs were added. The MHA plates were then
incubated overnight at 37 ◦C. Ciprofloxacin (10 µg/mL; Sigma) was used as a positive
control. The anti-bacterial activity of the AgNPs was determined by the presence of clear
zones surrounding the wells. The diameter of the clear zones was measured using calipers
after 24 hr.

3.5.2. Microdilution Assay

Microdilution assay was used to determine the minimum inhibitory concentration
(MIC) [47,49] and minimum bactericidal concentration (MBC) [82] of the AgNPs following
previously described protocols.
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Minimum Inhibitory Concentration (MIC)

The MIC of the AgNPs required to inhibit the visual growth of the bacteria was deter-
mined according to the microdilution method [47,49]. The bacteria (1.5 × 106 CFU/mL)
were exposed to different concentrations (0–100 µg/mL) of the AgNPs and incubated at 37
◦C for 24 hr. The MIC values were visually observed, followed by measuring the optical
density (OD) of the bacterial culture at 600 nm using a POLARstar plate reader. Bacterial
growth was further evaluated by Alamar Blue colorimetric assay (Invitrogen, Eugene,
Oregon, USA), where 10 µL of the dye was added to each well and incubated for 3 hr. The
blue color was converted to a pink-purplish color by live bacteria that was quantifiable by
measuring absorbance at 570 nm and a reference wavelength at 700 nm [83].

Minimum Bactericidal Concentration (MBC)

The MBC of the AgNPs was determined in the bacteria used for MIC, where a loopful
of broth from the wells was spotted onto fresh MHA and incubated at 37 ◦C for 24 hr. The
lowest concentration that exhibited no growth on the MHA was considered as the MBC.

3.6. Cytotoxicity Assay of the AgNPs

The effect of the AgNPs was evaluated by MTT assay, as previous described, on the
human cell lines, KMST-6 normal skin fibroblasts, HT-29 and CaCo-2 colon carcinoma
cells [80]. The cells were purchased from ATCC, and were cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM, Lonza) supplemented with 10% fetal bovine serum (Gibco,
Waltham, Massachusetts, USA) and 1% penicillin-streptomycin cocktail (Lonza) and in-
cubated at 37 ◦C. The cells were then seeded in 96 well plates at 1 × 105 cell/mL density,
100 µL in each well and incubated for 24 hr. The cells were treated with 0–500 µg/mL of
the AgNPs and extracted in triplicates. The cell viability was assessed by adding 10 µL
of 5 mg/mL of MTT (Sigma) solution to each well and incubated for 3 hr. Later, the MTT
solution was discarded and 100 µL of DMSO was added to each well. The absorbance of the
formazan product was measured at 570 nm with a reference at 700 nm using a POLARstar
Omega plate reader. The concentration that inhibited 50% cell growth (IC50) was further
analyzed by Graphpad Prism 6.0.

3.7. Statistical Analysis

All the experiments were carried out in triplicate and the results were analysed using
Graphpad Prism 6.0. The data are presented as means ± SD according to one-way ANOVA
test followed by a post hoc, multiple comparisons (Tukey’s) test. A p-value of <0.05 was
considered statistically significant.

4. Conclusions

The growing interest in medical application of AgNPs has warranted greener methods
for their synthesis to prevent toxicity and improve biocompatibility. Synthesis of AgNPs
using plant extracts presents not only a greener method but a sustainable, reproducible and
upscalable approach. However, for biomedical applications, the safety of plant-synthesized
AgNPs must be authenticated. The current study demonstrated that GAE alone, and in
the presence of a chemical reducing agent, produced AgNPs with distinct bioactivities.
The GA-AgNPs demonstrated broad spectrum anti-bacterial effects on both Gram-positive
and Gram-negative bacteria, and non-selective cytotoxicity on normal and colon cancer
cells in the same concentration range. Interestingly, these effects were reduced in the GAC-
AgNPs, suggesting that surface coating can be used to channel the effects of AgNPs. The
selective and reduced cytotoxicity demonstrated by GAC-AgNPs towards colon cancer cells
demonstrated that surface composition can be used to control the biodistribution, uptake
and efficacy of AgNPs. AgNPs represent the next generation of antimicrobial agents, and
have potential to help solve the antimicrobial resistance problem. Their biocompatibility can
be enhanced by modifying the surface of AgNPs with targeting molecules or biocompatible
molecules, such as PEG, for medical application.
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Abstract: It is well-known that thiazole derivatives are usually found in lead structures, which
demonstrate a wide range of pharmacological effects. The aim of this research was to explore the
antiviral, antioxidant, and antibacterial activities of novel, substituted thiazole compounds and to
find potential agents that could have biological activities in one single biomolecule. A series of
novel aminothiazoles were synthesized, and their biological activity was characterized. The obtained
results were compared with those of the standard antiviral, antioxidant, antibacterial and anticancer
agents. The compound bearing 4-cianophenyl substituent in the thiazole ring demonstrated the
highest cytotoxic properties by decreasing the A549 viability to 87.2%. The compound bearing
4-trifluoromethylphenyl substituent in the thiazole ring showed significant antiviral activity against
the PR8 influenza A strain, which was comparable to the oseltamivir and amantadine. Novel com-
pounds with 4-chlorophenyl, 4-trifluoromethylphenyl, phenyl, 4-fluorophenyl, and 4-cianophenyl
substituents in the thiazole ring demonstrated antioxidant activity by DPPH, reducing power, FRAP
methods, and antibacterial activity against Escherichia coli and Bacillus subtilis bacteria. These data
demonstrate that substituted aminothiazole derivatives are promising scaffolds for further opti-
mization and development of new compounds with potential influenza A-targeted antiviral activity.
Study results could demonstrate that structure optimization of novel aminothiazole compounds
may be useful in the prevention of reactive oxygen species and developing new specifically targeted
antioxidant and antibacterial agents.

Keywords: thiazole; antiviral; oxidative stress; antioxidant; antibacterial; bioactivity

1. Introduction

Progress in organic and medicinal chemistry allows for the design, synthesis and
optimization of the structures of novel thiazole compounds. Thiazole compounds are
widely used in the pharmaceutical industry for the design of therapeutics and novel
biosensors for their antioxidant [1–3], antibacterial [4–6], anti-proliferative [7], antipara-
sitic [8], anti-inflammatory [9], analgesic [10], neuroprotective [11], antiviral (including
SARS-CoV-2) [12], and anti-HIV activities [13]. Studies of thiazole-structure activities
promote the improvement of their chemical/biochemical and therapeutic properties and
anti-TB activity, mainly against resistant Mycobacterium tuberculosis (Mtb) strains [14].
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Thiazole derivatives are important in designing and discovering pharmaceuticals,
and they are incorporated into the structures of antimicrobial (acinitrazole and sulfathi-
azole) [15], antidepressant (pexole) [16], antineoplastic (bleomycin) [17], anti-HIV (ri-
tonavir) [18], antiasthmatic (cinalukast) [19], antiulcer (nizatidine) [20], antibiotic (peni-
cillin), thiamine (vitamin B1) [21], non-steroidal immunomodulatory (fanetizole) [22],
anti-inflammatory (anetizole, meloxicam, fentiazac), analgesic, antineoplastic (tiazofu-
rin, dasatinib), antifungal (ravuconazole), antiparasitic (nitazoxanide), anti-inflammatory
(anetizole, meloxicam, fentiazac), and antiulcer (nizatidine) [23,24] drugs and agents. Thi-
azoles possess a polyoxygenated phenyl molecule that showed anti-fungal activity [25]
and thiazolium also possesses bis-thiazolium salts that have been screened as potent
antimalarial agents.

Novel thiazole compounds also participate in bioluminescent systems, which are
focused on the substrate specificity of D-luciferin for luciferase. Previous studies have
discovered that a thiazoline ring of the original structure should be conserved for emitting
bioluminescence, whereas an aromatic ring and its substituents could be modified [26]. A
thiazole ring containing firefly luciferin is responsible for the characteristic yellow-light
emission from fireflies [27]. Bioluminescent systems have important roles in medicinal
biology and clinical applications for the design of protein-based biosensors for detection of
the SARS-CoV-2 virus [28].

Cancer is the leading disease and one of the significant healthcare challenges of the
21st century. It is important to mention that thiazole compounds could be used as highly
versatile scaffolds for the development of anticancer agents [29,30]. A number of thiazole
derivatives have been described to show potent anticancer activity by inhibiting tubulin
polymerization [31,32]. Excessive reactive-oxygen species (ROS) production, oxidative
stress, mitochondrial disfunction, and lipid peroxidation have also been implicated in
cancer pathology. Oxidative stress is considered the starting point for tissues’ chronic
inflammation and cancer [33].

The demand of novel antioxidant agents has been increasing because of the long-
term safety and a negative consumer perception about synthetic antioxidants such as
butylhydroxyanisole, BHA, and butylhydroxytoluene, BHT, which showed toxic and
carcinogenic side effects in animal models [34]. The discovery of compounds that can have
both antimicrobial and antioxidant activities with no toxic effects on health is, therefore,
highly awaited [35].

Camalexin (3-thiazol-2-yl-indole) is an indole alkaloid phytoalexin, which is induced
by phytopathogens and accumulates in various Brassicaceae plant organs or tissues. Many
studies have characterized that camalexin and its derivatives have been found to possess
significant anticancer, antifungal, antiviral, and antibacterial activities [36]. Camalexin
biosynthesis is dependent on cysteine, and glutathione reduced form (GSH) is the direct
precursor of the thiazole ring [37].

Our research interest was focused on the design, synthesis, screening, and investigation
of novel aminothiazole compounds for their influenza A-targeted antiviral, antioxidant, and
antibacterial potential. To counter increasing drug resistance, thiazoles could be considered
as a promising scaffold to generate novel bioactive derivatives.

Here, we discuss the important challenges for the understanding of aminothiazoles’
activities and the current strategies for improving chemical, biological, and therapeutical
characteristics, with the combination of three targets in one biomolecule structure.

2. Results
2.1. Synthesis of Novel Aminothiazoles

The starting compound 2 was synthesized from 4-aminoacetanilide (1) and acrylic
acid. Initially, we used the method described in the literature [38]. Although the authors
report a 77.4% yield, the reaction under the specified conditions yielded only 7% of the
product. This led to the study of the above-mentioned reaction using different solvents.
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Reactions were carried out in toluene, 1,4-dioxane, 2-propanol, and tetrahydrofuran (THF)
at reflux for 24 h. The results are shown in Table 1.

Table 1. Reaction conditions for the synthesis of compound 2.

Entry Solvent Temperature, ◦C Reaction Time, h Yield, %

A Water

Reflux

5 7
B Toluene

24

22
C Dioxane 48
D 2-propanol 55
E THF 70

The data demonstrate that a reaction in THF allowed the preparation of compound 2,
providing the highest yield of 70%. Triplets at 2.47 (CH2CO) and 3.20 (NHCH2), the singlet
at 3.77 (NHCH2), and a broad singlet at 11.81 (COOH) in 1H NMR for the compound
confirmed the formation of the β-alanine fragment in the structure.

The cyclization of β-alanine moiety to 2-thioxotetrahydropyrimidinedione 3 was per-
formed by refluxing carboxylic acid 2 with potassium thiocyanate in acetic acid. Compound
3 was separated by dilution of the reaction mixture with water. The obtained product was
applied for the preparation of thioureido acid 4 (Scheme 1). For this purpose, compound
3 was dissolved in hot, aqueous 5% sodium hydroxide, and the obtained solution of the
carboxylic acid sodium salt was filtered off and transferred to an acidic form by acidifying
the filtrate with acetic acid to pH 6.



β
β

 

–

–
–

–
–

Scheme 1. Synthesis of compounds 2–6.

The prepared thioureido acid 4 was applied for the synthesis of thiazoles 5a–e. The
products 5a–e have been achieved by a reaction of thioureido acid 4 and the corresponding
bromoacetophenone in water, with the presence of sodium carbonate in the reaction mixture.
The 1H NMR spectra of these compound singlets, in the range of 7.07–7.42 ppm (13C,
102.09–106.41 ppm), and the additional peaks in the aromatic region, confirm the presence
of a 4-arylthiazole moiety.

The next goal of this study was the transformation of the acetamide fragment to an
amine group. Reactions occurred easily and rapidly and were completed after refluxing in
aqueous 5% hydrochloric acid for 1 h. Products were isolated by neutralizing the reaction
mixtures with sodium acetate to pH 6. By careful assignment of the peaks in the 1H and 13C
NMR spectra, the structures 6 were elucidated. Comparison of the spectra of compounds 5
and 6 showed obvious differences, i.e., the spectra of the latter compounds do not contain
singlets of the methyl group of the acetamide moiety, but broad singlets of amino group are
visible at approximately 5.35 ppm. In addition, the additional proof of the new structure is
the absence of the resonance of the carbonyl carbon of the CH3CO fragment in the 13C NMR
spectra of compounds 6, which are clearly visible in the analogous spectra of derivatives 5
at approximately 168.45 ppm.

To obtain thiazolone derivative 7, a ring-closure reaction was carried out where
thioureido acid 4 was reacted with monochloroacetic acid in an aqueous sodium carbonate
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solution, where acidification to pH 6 after completion of the reaction produced the target
compound 7 (Scheme 2). The structure of 7 was approved based on the data of elemental
analysis and NMR as well as IR spectroscopy.

 

–

–

– –
−

Scheme 2. Synthesis of thiazolone derivatives 7–9.

The condensation of the obtained thiazolone 7 with various aromatic aldehydes was
performed under analogous conditions, such as synthesis, instead of the monochloroacetic
acid using the corresponding aromatic aldehydes. The reactions afforded 5-[(substituted
phenyl)methylidene] thiazolones 8a–d. The spectra of compounds 8 do not contain the pro-
ton singlet of the SCH2, which arises at 3.91 (1H) and 40.59 (13C) ppm in the NMR spectra for
compound 7. In the structure of compounds 8, a = CHAr moiety is attached to the 5-position
of the thiazole ring. The NMR spectra of formed molecules 8 show obvious differences in
comparison with the NMR spectra of 7. The increase in spectral lines in the aromatic region
of the 1H (in the interval of 7.59–7.61 ppm for CH and in the range of 7.21–7.63 ppm for
HAr) and 13C (observed in the interval of 129–134 ppm) NMR spectra correspond to the
number of hydrogen and carbon atoms of the new fragment. Then, 3-((4-aminophenyl)(4-(4-
chlorobenzylidene)-5-oxo-4,5-dihydrothiazol-2-yl)amino)propanoic acid (9) was obtained
by the deacetylation of compound 8c in the aqueous 5% hydrochloric-acid solution. The
formed amino group was confirmed by a broad singlet, which was visible at 5.61 ppm.

Next, 2-thioxotetrahydropyrimidinedione 3 was used to prepare derivative 10 with an
amino group in its structure. For this reason, compound 3 was refluxed in an aqueous 5%
HCl solution. Product 10 was isolated by neutralizing the reaction mixture with sodium
acetate to pH 6.

The obtained product 10 was used for the preparation of thioureido acid 11 (Scheme 3).
For this purpose, compound 10 was dissolved in a hot, aqueous 5% sodium hydroxide
solution, then filtered off and acidified with acetic acid to pH 6, to transfer sodium salt to
the acidic form. Comparison of the spectra of compounds 3 and 10 showed that the singlet
of the methyl group of the acetamide moiety is absent, but a broad singlet of an amino
group is visible at 5.20 ppm.

–

–

– –
−

 

Scheme 3. Synthesis of compounds 10 and 11.
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2.2. Study of Cytotoxic Activity of Compounds 3–11

To explore the in vitro cytotoxicity of compounds 3–11, we used A549 human pul-
monary endothelial cells and a MTT viability assay. We exposed the cells to the fixed
concentration of 100 µM of each compound for 48 h and subsequently measured the via-
bility. Compounds 3–11 demonstrated overall favorable properties with low cytotoxicity.
Among all tested compounds, 6d, bearing 4-cianophenyl substituent in the thiazole ring,
demonstrated the highest cytotoxic properties by decreasing the A549 viability to 87.2%.
All compounds failed to reduce the A549 viability by 50%, suggesting good in vitro safety
profiles (Figure 1).

–
–

–

–

–

–

3 4 5a 5b 5c 5d 5e 6a 6b 6c 6d 6e 7 8a 8b 8c 8d 9 10 11 CP

0

50

100

150

200

A549

Compounds at 100 M

%
 o

f 
A

5
4

9
 v

ia
b

il
it

y
 (

n
o

rm
a

li
z
e

d
 t

o
 U

C
)

Figure 1. The in vitro cytotoxicity of compounds 3–11 on A549 human pulmonary cells. The A549
cells were treated with 100 µM of each compound or cisplatin (CP) that served as control for 48 h,
and the post-treatment viability was measured by using MTT assay. The viability of untreated control
(UC) was used for the post-treatment-viability normalization. Data are shown as mean ± SD from
three experimental replicates.

2.3. Study of Antiviral Activity of Compounds 3–11

To explore the potential antiviral ability of synthesized compounds, we used an
MDCK influenza in vitro infection model [39,40]. Prior to infection, we pretreated the
MDCK cells with 100 µM of each compound, or oseltamivir and amantadine that served as
antiviral controls. Compounds 3–11 showed structure-dependent antiviral activity against
influenza A/Puerto Rico/8/34 H1N1 strain and were able to significantly (p < 0.05) restore
MDCK viability in comparison to the untreated control (UC) (Figure 2). Compounds 8d,
5e, 5d, and 6e showed the highest antiviral activity (p < 0.001) in comparison to UC. The
antiviral activity of compounds 8d, 5e, 5d, and 6e at 100 µM was similar or greater than
oseltamivir and amantadine. Furthermore, compound 5e, bearing 4-trifluoromethylphenyl
substituent in the thiazole ring, showed significantly higher antiviral activity (p < 0.0162)
than oseltamivir (Figure 2).

These data demonstrate that substituted aminothiazole derivatives are promising
scaffolds for further optimization and the development of new compounds with potential
influenza A-targeted antiviral activity.
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Figure 2. The in vitro antiviral activity of compounds 3–11 against the replication of influenza
A/Puerto Rico/8/34 H1N1 strain in MDCK cells. MDCK cells were pretreated with compounds
(100 µM) or antiviral control drugs (oseltamivir and amantadine) and infected with influenza
A/Puerto Rico/8/34 H1N1 strain. After 24 h, the viability was measured using MTT assay. Unin-
fected control (UIC) cells were used as a comparison demonstrating the fully viable cells. * shows
significant comparisons between test compounds and untreated control (UC), # shows significant
comparisons between test compounds and oseltamivir, and Ψ shows significant comparisons between
test compounds and amantadine. Statistical significance was tested with one-way ANOVA, and error
bars show mean ± SD from three experiments. * p < 0.05, ** p < 0.0021, **** p < 0.0001, ΨΨΨ p < 0.0001.

2.4. Measurement of Antioxidant Activities

Ferric ion (Fe3+) reduces the antioxidant power test (ferricyanide/Prussian blue as-
say). Bioactive compounds with antioxidant-reducing activity transfer an electron to
ferricyanide’s Perls Prussian blue complex, reducing Fe[(CN)6]3 to Fe[(CN)6]2 [41,42]. In-
creasing absorbance at 700 nm shows an increase in the reductive ability of the reaction
complex [43].

The data obtained from the study (Figure 3) demonstrated that the compounds bear-
ing 4-cianophenyl 6d, 4-chlorophenyl 6c, and 4-trifluoromethylphenyl 6e substituents
in the thiazole ring showed the highest ferric ion (Fe3+)-reducing power. The scaffolds
of the compounds bearing 5-benzylidene 8a, {5-[(4-bromophenyl)methylidene] 8d, 5-[(4-
chlorophenyl)methylidene] 8c, 5-[(4-fluorophenyl)methylidene] 8b, and 4-oxo-4,5-dihydro-
1,3-thiazol-2-yl)amino] 7 in analyzed propanoic acid derivatives exhibited the lowest re-
ducing antioxidant power.

 

 

Figure 3. Evaluation of ferric ion (Fe3+) reducing antioxidant power of 3–11 compounds and synthetic
antioxidant BHT. Data are shown as mean ± SD from three experimental replicates.
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Ferric-reducing antioxidant power (FRAP assay). The ferric ion reducing antioxidant
power (FRAP)-reaction mechanism is focused on electron transfer (ET)-based bioassays.
The FRAP technique is carried out at pH 3.6 and evaluates the reduction in ferric Fe3+

complex of 2,4,6-tripyridyl-s-triazine Fe(TPTZ)3+ to the blue-colored ferrous (Fe2+) complex
Fe(TPTZ)2+ by bioactive compounds.

Measuring the increasing absorption at 593 nm using a spectrophotometer monitors
this reduction, and results are expressed as a Fe2+ µmol/L concentration. [44].

The results (Figure 4) of the study exhibited that compounds bearing 4-chlorophenyl
6c (123.20 µmol/L), phenyl 6a (114.18 µmol/L), 4-fluorophenyl 6b (111.83 µmol/L), and
4-trifluoromethylphenyl 6e (106.53 µmol/L) substituents in the thiazole ring showed the
highest reduced FRAP power, in comparison with BHT (67.73 µmol/L). The compounds
8d, 8c, 8a, 7, and 8b demonstrated the lowest FRAP power.

 

 

Figure 4. The ferric-reducing antioxidant power activity of 3–11 compounds and synthetic antioxidant
BHT. Data are shown as mean ± SD from three experimental replicates.

DPPH radical-scavenging assay. The 1,1-Diphenyl-2-picrylhydrazyl (DPPH•) radical-
scavenging assay has been one of the most commonly applied methods to determine
antioxidant activity [45,46]. The DPPH test is based on either a hydrogen-atom transfer
(HAT) or a single-electron transfer (SET) mechanism. Bioactive compounds are able to
donate a hydrogen atom to reduce the stable DPPH• radical (a deep purple color) to the
yellow-colored non-radical compound at 517 nm.

As seen from the results presented in Figure 5, the compounds bearing 4-fluorophenyl
6b (83.63%) and 4-phenyl 6a (52.04%) substituents in the thiazole ring, as well as 3-(1-(4-
aminophenyl)thioureido)propanoic acid 11 (66.5%) and 3-[(4-acetamidophenyl)(carbamothioyl)
amino]propanoic acid 4 (49.36%), possess a very high DPPH radical-scavenging ability in
comparison with BHT (45.14%). The compounds 7, 8a, and 8d demonstrated low DPPH
inhibition. The compounds 5a–5e did not show antioxidant activity according to the
DPPH method.
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Figure 5. Antioxidant activity by DPPH assay of 3–11 compounds and synthetic antioxidant BHT.
Data are shown as mean ± SD from three experimental replicates.
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2.5. Evaluation of Antibacterial Activity

The novel derivatives were screened for their in vitro antibacterial activity against
Escherichia coli (Gram-negative) and Bacillus subtilis (Gram-positive) bacteria strains. An-
timicrobial tests were conducted using the agar well-diffusion method. Ciprofloxacin was
used as the reference antibiotic for the in vitro antibacterial activity.

The results of the antibacterial study against E. coli (Figure 6) illustrated that the compounds
bearing 4-cianophenyl 6d, 4-fluorophenyl 6b, 4-chlorophenyl 8c, 4-trifluoromethylphenyl 5e,
and phenyl 6a substituents in the thiazole ring showed the highest antibacterial activity
against E. coli. The compounds 8b, 8a, 7, 3, 4, 10, and 11 showed the lowest antibacterial
activity against E. coli.
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Figure 6. Antibacterial activity against E. coli of compounds 3–11 and control antibiotic Ciprofloxacin.
Data are shown as mean ± SD from three experimental replicates.

The results of the antibacterial study against B. subtilis demonstrated (Figure 7) that the
compounds bearing 4-cianophenyl 6d, 4-fluorophenyl 6b, 4-fluoro 5b, 4-chlorophenyl 8c,
4-trifluoromethylphenyl 5e, and phenyl 6a and 5a substituents in the thiazole ring showed
the highest antibacterial activity against this strain. The compounds 8a, 8b, 3, 7, 10, 4, and
11 showed the lowest antibacterial activity against B. subtilis.
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Figure 7. Antibacterial activity against B. subtilis of compounds 3–11 and control antibiotic
Ciprofloxacin. Data are shown as mean ± SD from three experimental replicates.
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3. Discussion

It is important to develop an understanding of these novel aminothiazole compounds
by integrating their synthesis and biological activities (antiviral, antioxidant, antibacte-
rial). The present study results demonstrated that the compound 3-{(4-aminophenyl)[4-
(4-cianophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (6d) showed the highest cytotoxic
properties. Screening of the tested compounds for antiviral activity has revealed that the
compounds 3-((4-aminophenyl){4-[4-(trifluoromethyl)phenyl]thiazol-2-yl}amino)propanoic
acid (6e) and 3-{(4-acetamidophenyl)[4-(4-trifluoromethylphenyl)-1,3-thiazol-2-yl]amino}
propanoic acid (5e) exhibited significant influenza A-targeted antiviral activity, in com-
parison with oseltamivir and amantadine. The principle of antioxidant activity is focused
on the availability of electrons to neutralize any free radicals. Moreover, antioxidant ac-
tivity is related to the nature of the hydroxylation pattern on the aromatic ring. Various
antioxidant methods have been described to evaluate antioxidant properties of pharmaceu-
ticals, antioxidants, and other bioactive samples [43]. The antioxidant bioassays should be
based on the elucidation of the structure–antioxidant-activity relationship of the bioactive
molecules. Screening of the reduction power of the bioactive compounds gives information
not only about their reducing ability but also reveals their thermodynamic parameters.
It was determined that thiazole compounds bearing 4-cyanophenyl 6d, 4-chlorophenyl
6c, and 4-trifluoromethylphenyl 6e substituents in the thiazole ring showed the highest
6d > 6c > 6e > BHT > 11 > 6a > 6b > 5c antioxidant-reducing activity. The compounds 8a,
8d, 8c, 8b, and 7 demonstrated the lowest antioxidant-reducing power. It could be con-
cluded that aminothiazole compounds bearing 4-chlorophenyl 6c, 4-trifluoromethylphenyl
6e, phenyl 6a, 4-fluorophenyl 6b, and 4-cianophenyl 6d substituents in the thiazole ring
exhibited the highest 6c > 6a > 6e > 6b > 6d > 11 > 5a > 5d > 5b > BHT reduced FRAP power.
The model of scavenging the stable DPPH radical is a widely used method to evaluate
the free-radical-scavenging ability of various samples. It is a stable nitrogen-centered free
radical, the color of which changes from violet to yellow upon reduction by either the
process of hydrogen or electron donation. It was determined that the thiazole compounds
6b > 11 > 6a > 4 > BHT showed the highest antioxidant activity by DPPH assay. The
acquired results of the antibacterial activity showed that compounds bearing 4-cianophenyl
6d, 4-fluorophenyl 6b, 4-chlorophenyl 8c, 4-trifluoromethylphenyl 5e, and phenyl 6a sub-
stituents in the thiazole ring have been indicated as the most active antibacterial agents
against E. coli. The compounds 6d = 6a = 6b = 8c = 5a = 5b = 5e > 5d = 5c = 8d showed
the highest antibacterial activity against B. subtilis. The antibacterial activity of the novel
compounds could be related with the existence of electron-withdrawing groups in the
thiazole ring.

4. Materials and Methods
4.1. Synthesis of Novel Compounds

Melting points were determined on a MEL-TEMP (Electrothermal, A Bibby Scientific
Company, Burlington, NJ, USA) melting point apparatus and are uncorrected. FT-IR
spectra (ν, cm−1) were recorded on a Perkin–Elmer Spectrum BX FT–IR spectrometer
(Perkin–Elmer Inc., Waltham, MA, USA) using KBr pellets. 1H and 13C-NMR spectra were
recorded in DMSO-d6 on a Bruker Avance III (400 MHz, 101 MHz and 700 MHz, 176 MHz)
spectrometer. Chemical shifts (δ) are reported in parts per million (ppm) calibrated from
TMS (0 ppm) as an internal standard for 1H-NMR and DMSO-d6 (39.43 ppm) for 13C-NMR.
The reaction course and purity of the synthesized compounds was monitored by TLC
using aluminum plates coated with silica gel 60 F254 (MerckKGaA, Darmstadt, Germany).
Reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).
N-[4-(acetylamino)phenyl]-β-alanine (2)
A mixture of 4-aminoacetanilide (1) (0.3 mol, 45 g), acrylic acid (0.45 mol, 30.88 mL), and
THF (90 mL) was heated at reflux for 24 h. After completion of the reaction (TLC), it was
cooled to room temperature, and the formed crystalline solid was filtered off and washed
with THF.
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Yield 47 g (70%). Melting point coincides with that given in the literature [38].
IR (KBr), ν, cm−1: 2670 (OH), 3320 (NH), 1718, 1590 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 1.96 (s, 3H, CH3), 2.47 (t, J = 6.9 Hz, 2H, CH2CO), 3.20
(t, J = 8.7 Hz, 2H, NHCH2), 3.77 (s, 1H, NHCH2), 6.50 (d, J = 8.7 Hz, 2H, HAr), 7.27 (d,
J = 8.7 Hz, 2H, HAr), 9.51 (s, 1H, NHCO), 11.81 (br s, 1H, COOH).
13C NMR (101 MHz, DMSO-d6) δ: 23.72 (CH3), 33.83 (CH2CO), 39.21 (NHCH2), 112.04,
120.91, 128.81, 144.75, 167.28, 173.31 (CAr, CH3CO, COOH).
Anal. Calcd. for C11H14N2O3, %: C 59.45; H 6.35; N 12.60. Found, %: C 59.56; H 6.31;
N 12.71.
N-[4-(tetrahydro-4-oxo-2-thioxo-1(2H)-pyrimidinyl)phenyl]acetamide (3)
A mixture of β-alanine (2) (10 g, 45 mmol), potassium thiocyanate (13.10 g, 135 mmol),
and acetic acid (25 mL) was heated at reflux for 24 h then cooled to room temperature and
diluted with 100 mL of water. The formed precipitate was filtered off and washed with
water. Yield 8.53 g (72%), m. p. 227−228 ◦C (from ethanol).
IR (KBr), ν, cm−1: 3401−3115 (2 NH), 1683, 1598 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.05 (s, 3H, CH3), 2.79 (t, J = 6.9 Hz, 2H, CH2CO), 3.87 (t,
J = 6.9 Hz, 2H, NCH2), 7.25 (d, J = 8.6 Hz, 2H, HAr), 7.60 (d, J = 8.6 Hz, 2H, HAr), 10.05 (s,
1H, NH), 11.20 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 23.99 (CH3), 30.43 (CH2CO), 48.88 (NCH2), 119.36, 127.27,
138.35, 139.93, 166.97, 168.37, 179.40 (CAr, CH3CO, COCH2, C=S).
Anal. Calcd. for C12H13N3O2S, %: C 54.74; H 4.98; N 15.96. Found, %: C 54.84; H 5.03;
N 15.84.
3-[(4-Acetamidophenyl)(carbamothioyl)amino]propanoic acid (4)
Compound 3 (7.90 g, 30 mmol) was dissolved in hot, aqueous 5% sodium hydroxide
(22 mL), and the obtained solution was filtered off. After cooling to room temperature,
the solution was acidified with acetic acid to pH 6. The formed solid was filtered off and
washed with water.
Yield 7.93 g (94%), m.p. 137−138 ◦C (from ethanol).
IR (KBr), ν, cm−1: 3404−3167 (NH, OH), 1657, 1596 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.06 (s, 3H, CH3), 2.53 (t, J = 8.1 Hz, 2H, CH2CO), 4.15
(t, J = 7.8 Hz, 2H, NCH2), 6.40 (br. s, 2H, NH2CS), 7.14 (d, J = 8.4 Hz, 2H, HAr), 7.66 (d,
J = 8.4 Hz, 2H, HAr), 10.14 (s, 1H, NH), 12.22 (br. s, 1H, COOH).
13C NMR (101 MHz, DMSO-d6) δ: 24.02 (CH3), 32.21 (CH2CO), 50.38 (NCH2), 120.04, 128.08,
136.21, 138.98, 168.45, 172.46, 181.68 (CAr, CH3CO, COOH, C=S).
Anal. Calcd. for C12H15N3O3S, %: C 51.23; H 5.37; N 14.94. Found, %: C 51.38; H 5.47;
N 14.77.
General procedure for the preparation of compounds 5a–e.

To a solution of thioureido acid 4 (0.56 g, 2 mmol) and Na2CO3 (0.64 g, 6 mmol)
in water (10 mL), the corresponding bromoacetophenone (2.4 mmol) was added, and the
mixture was heated at reflux for 3 h. After completion of the reaction (TLC), the hot reaction
mixture was filtered off, and the filtrate was acidified with acetic acid to pH 6. The formed
precipitate was filtered off, washed with water, and purified by dissolving it in aqueous
Na2CO3 solution (5 g, 40 mL of water), before filtering and acidifying the filtrate with acetic
acid to pH 6.
3-[(4-Acetamidophenyl)(4-phenyl-1,3-thiazol-2-yl)amino]propanoic acid (5a)
Yield 0.53 g (69%), m. p. 132–133 ◦C.
IR (KBr), ν, cm−1: 3305–3129 (NH, OH), 1694, 1632 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.07 (s, 3H, CH3), 2.58 (t, J = 7.3 Hz, 2H, CH2CO), 4.12
(t, J = 7.5 Hz, 2H, NCH2), 7.10 (s, 1H, HAr), 7.28 (t, J = 7.3 Hz, 1H, HAr), 7.31–7.47 (m, 4H,
HAr), 7.68 (d, J = 8.7 Hz, 2H, HAr); 7.86 (d, J = 7.8 Hz, 2H, HAr), 10.14 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 24.01 (CH3), 33.27 (CH2CO), 49.10 (NCH2), 102.49,
120.21, 125.66, 127.46, 127.63, 128.53, 134.73, 138.50, 139.28, 150.40, 168.43, 169.29, 173.16
(CAr, CH3CO, COOH).
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Anal. Calcd. For C20H19N3O3S, %: C 62.98; H 5.02; N 11.02. Found, %: C 63.05; H 5.19;
N 11.10.
3-{(4-Acetamidophenyl)[4-(4-fluorophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (5b)
Yield 0.52 g (65%), m. p. 125–126 ◦C.
IR (KBr), ν, cm-1: 3419–3112 (NH, OH), 1666, 1598 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.06 (s, 3H, CH3), 2.50–2.57 (signal of the CH2CO (2H)
overlaps with the DMSO-d6), 4.09 (t, J = 7.4 Hz, 2H, NCH2), 7.07 (s, 1H, HAr), 7.21 (t,
J = 8.7 Hz, 2H, HAr), 7.36 (d, J = 8.5 Hz, 2H, HAr), 7.68 (d, J = 8.5 Hz, 2H, HAr), 7.89 (dd,
J = 8.0, 5.9 Hz, 2H, HAr), 10.19 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 24.00 (CH3), 33.94 (CH2CO), 49.59 (NCH2), 102.09,
115.24, 115.45, 120.21, 127.59, 127.67, 131.36, 138.47, 139.30, 149.35, 160.36, 162.78, 168.45,
169.40; 173.54 (CAr, CH3CO, COOH).
Anal. Calcd. For C20H18FN3O3S, %: C 60.14; H 4.54; N 10.52. Found, %: C 60.26; H 4.47;
N 10.43.
3-{(4-Acetamidophenyl)[4-(4-chlorophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (5c)
Yield 0.52 g (63%), m. p. 194–195 ◦C.
IR (KBr), ν, cm−1: 3294–3054 (NH, OH), 1672, 1600 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.07 (s, 3H, CH3), 2.66 (t, J = 7.2 Hz, 2H, CH2CO), 4.15 (t,
J = 7.2 Hz, 2H, NCH2), 7.19 (s, 1H, HAr), 7.37 (d, J = 8.7 Hz, 2H, HAr), 7.45 (d, J = 8.5 Hz,
2H, HAr), 7.69 (d, J = 8.7 Hz, 2H, HAr), 7.87 (d, J = 8.5 Hz, 2H, HAr), 10,13 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 24.02 (CH3), 32.35 (CH2CO), 48.50 (NCH2), 103.50,
120.28, 127.37, 127.75, 128.58, 128.88, 129.55, 131.93, 138.73, 139.00, 168.48, 169.55, 172.64
(CAr, CH3CO, COOH).
Anal. Calcd. For C20H18ClN3O3S, %: C 57.76; H 4.36; N 10.10. Found, %: C 57.57; H 4.21;
N 10.22.
3-{(4-Acetamidophenyl)[4-(4-cianophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (5d)
Yield 0.66 g (81%). M. p. 181–182 ◦C.
IR (KBr), ν, cm−1: 3332–2972 (NH, OH), 1688, 1605 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.07 (s, 3H, CH3), 2.62 (t, J = 7.3 Hz, 2H, CH2CO), 4.14 (t,
J = 7.3 Hz, 2H, NCH2), 7.37 (d, J = 8.7 Hz, 2H, HAr), 7.42 (s, 1H, HAr), 7.69 (d, J = 8.7 Hz,
2H, HAr), 7.85 (d, J = 8.3 Hz, 2H, HAr), 8.04 (d, J = 8.3 Hz, 2H, HAr), 10.13 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 24.02 (CH3), 32.82 (CH2CO), 48.88 (NCH2), 106.41, 109.51,
119.07, 120.28, 126.24, 127.74, 132.64, 138.74, 138.78, 138.97, 148.65, 168.48, 169.65, 172.87
(CAr, CH3CO, COOH).
Anal. Calcd. For C21H18N4O3S, %: C 62.05; H 4.46; N 13.78. Found, %: C 61.97; H 4.53;
N 13.57.
3-{(4-Acetamidophenyl)[4-(4-trifluoromethylphenyl)-1,3-thiazol-2-yl]amino}propanoic acid
(5e)
Yield 0.84 g (94%), m. p. 205–206 ◦C.
IR (KBr), ν, cm−1: 3407–3168 (NH, OH), 1741, 1707 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.07 (s, 3H, CH3); 2.41 (t, J = 7.9 Hz, 2H, CH2CO), 4,09 (t,
J = 7.9 Hz, 2H, NCH2), 7.32 (s, 1H, HAr), 7.36 (d, J = 8.6 Hz, 2H, HAr), 7.70 (d, J = 8.6 Hz,
2H, HAr), 7.73 (d, J = 8.3 Hz, 2H, HAr), 8.06 (d, J = 8.3 Hz, 2H, HAr), 10.35 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 23.99 (CH3), 35.09 (CH2CO), 50.32 (NCH2), 104.94, 120.24,
123.06, 125.53, 126.15, 127.59, 138.50, 138.55, 139.25, 148.88, 168.50, 169.66, 173.68, 174.42
(CAr, CH3CO, COOH).
Anal. Calcd. For C21H18N3F3O3S, %: C 56.12; H 4.04; N 9.35. Found, %: C 56.04; H 4.09;
N 9.31.
General procedure for the preparation of derivatives 6a–e

A solution of the corresponding compound 5a–e (1.5 mmol) in aqueous 5% hydrochlo-
ric acid (20 mL) was refluxed for 1 h, cooled down, and evaporated under reduced pressure;
then, the residue was dissolved in water, and the solution was neutralized with sodium
acetate to pH 6. The formed precipitate was filtered off and recrystallized from 2-propanol.
3-[(4-Aminophenyl)(4-phenylthiazol-2-yl)amino]propanoic acid (6a)
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Yield 0.45 g (88%), m. p. 194–195 ◦C.
IR (KBr), ν, cm−1: 3294–3054 (NH, OH), 1672, 1600 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.63 (t, J = 6.5 Hz, 2H, CH2CO), 4.08 (t, J = 7.0 Hz, 2H,
NCH2), 5.36 (br. s, 2H, NH2), 6.63 (d, J = 8.2 Hz, 2H, HAr), 6.99–7.11 (m, 3H, HAr), 7.27–7.42
(m, 3H, HAr), 7.85 (d, J = 7.5 Hz, 2H, HAr), 12.22 (br. s, 1H, OH).
13C NMR (101 MHz, DMSO-d6) δ: 32.41 (CH2CO), 48.41 (NCH2), 102.38, 114.68, 125.61,
127.37, 128.50, 128.59, 132.60, 134.88, 148.64, 150.41, 170.64, 172.78 (CAr, COOH).
Anal. Calcd. for C18H17N3O2S, %: C 63.70; H 5.05; N 12.38. Found, %: C 57.57; H 4.21;
N 10.22.
3-{(4-Aminophenyl)[4-(4-fluorophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (6b)
Yield 0.46 g (86%), m. p. 194–195 ◦C.
IR (KBr), ν, cm−1: 3294–3054 (NH, OH); 1672, 1600 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.62 (t, J = 7.3 Hz, 2H, CH2CO), 4.06 (t, J = 7.3 Hz, 2H,
NCH2), 5.33 (br. s, 2H, NH2), 6.62 (d, J = 8.5 Hz, 2H, HAr), 7.00–7.07 (m, 3H, HAr), 7.21 (t,
J = 8.8 Hz, 2H, HAr), 7.88 (dd, J = 8.4, 5.8 Hz, 2H, HAr), 12.22 (br. s, 1H, OH).
13C NMR (101 MHz, DMSO-d6) δ: 32.40 (CH2CO), 48.41 (NCH2), 102.11, 114.67, 115.22,
15.43, 127.52, 127.60, 128.57, 131.50, 132.53, 148.66, 149.34, 160.31, 162.73, 170.73, 172.75
(CAr, COOH).
Anal. Calcd. for C18H16FN3O2S, %: C 60.49; H 4.51; N 11.76. Found, %: C 57.57; H 4.21;
N 10.22.
3-{(4-Aminophenyl)[4-(4-chlorophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (6c)
Yield 0.46 g (82%), m. p. 171–172 ◦C.
IR (KBr), ν, cm−1: 3368–1974 (NH, OH), 1698 (C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.44–2.49 (signal overlaps with the DMSO-d6, 2H,
CH2CO), 4.01 (t, J = 7.3 Hz, 2H, NCH2), 5,34 (br s, 2H, NH2), 6.62 (d, J = 8.3 Hz, 2H, HAr),
7.01 (d, J = 8.3 Hz, 2H, HAr), 7.08 (s, 1H, CH), 7.43 (d, J = 8.4 Hz, 2H, HAr), 7.86 (d, J = 8.4 Hz,
2H, HAr).
13C NMR (101 MHz, DMSO-d6) δ: 33.91 (CH2CO), 49.37 (NCH2), 102.82, 114.65, 127.28,
128.48; 128.54, 131.64, 132.71, 133.78, 148.53, 149.14, 170.75 (CAr, COOH).
Anal. Calcd. for C18H16ClN3O2S, %: C 57.83; H 4.31; N 11.24. Found, %: C 57.71; H 4.27;
N 11.21.
3-{(4-Aminophenyl)[4-(4-cianophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (6d)
Yield 0.44 g (81%), m. p. 171–172 ◦C.
IR (KBr), ν, cm−1: 3368–1974 (NH, OH), 1698 (C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.62 (t, J = 6.6 Hz, 2H, CH2CO), 4.08 (t, J = 6.6 Hz, 2H,
NCH2), 5,37 (br s, 2H, NH2), 6.63 (d, J = 8.0 Hz, 2H, HAr), 7.04 (d, J = 8.0 Hz, 2H, HAr), 7.35
(s, 1H, CH), 7.84 (d, J = 7.8 Hz, 2H, HAr), 8.03 (d, J = 7.8 Hz, 2H, HAr), 12.26 (br. s, 1H, OH).
13C NMR (101 MHz, DMSO-d6) δ: 32.36 (CH2CO), 48.44 (NCH2), 106.24, 109.36, 114.69,
119.08, 126.17, 128.56, 132.32, 132.59, 138.93, 148.65, 148.76, 170.93, 172.73 (CAr, COOH).
Anal. Calcd. for C19H16N4O2S, %: C 62.62; H 4.43; N 15.37. Found, %: C 57.71; H 4.27;
N 11.21.
3-((4-Aminophenyl){4-[4-(trifluoromethyl)phenyl]thiazol-2-yl}amino)propanoic acid (6e)
Yield 0.55 g (90%), m. p. 194–195 ◦C.
IR (KBr), ν, cm−1: 3294–3054 (NH, OH); 1672, 1600 (2 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.62 (t, J = 7.3 Hz, 2H, CH2CO), 4.09 (t, J = 7.3 Hz, 2H,
NCH2), 5.36 (br. s, 2H, NH2), 6.63 (d, J = 8.4 Hz, 2H, HAr), 7.04 (d, J = 8.4 Hz, 2H, HAr), 7.28
(s, 1H, CH), 7.74 (d, J = 8.2 Hz, 2H, HAr), 8.06 (d, J = 8.2 Hz, 2H, HAr), 12.27 (br. s, 1H, OH).
13C NMR (101 MHz, DMSO-d6) δ: 32.39 (CH2CO), 48.40 (NCH2), 105.18, 114.71, 123.06,
125.49, 125.53, 125.76, 126.10, 127.24, 127.55, 128.60, 132.37, 138.56, 148.77, 148.88, 170.98,
172.75 (CAr, COOH).
Anal. Calcd. for C19H16F3N3O2S, %: C 56.01; H 3.96; N 10.31. Found, %: C 57.57; H 4.21;
N 10.22.
3-[(4-Acetamidophenyl)(4-oxo-4,5-dihydro-1,3-thiazol-2-yl)amino]propanoic acid (7)
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To a solution of thioureido acid 4 (8.44 g, 30 mmol) and sodium carbonate (9.02 g, 90 mmol)
in water (35 mL), monochloroacetic acid (5.67 g, 60 mmol) was added, and the mixture was
heated at reflux for 3 h. After completion of the reaction, the mixture was cooled down
and acidified with acetic acid to pH 6. The formed precipitate was filtered off and washed
with water.
Yield 6.75 g (70%), m. p. 133–134 ◦C (from ethanol).
IR (KBr), ν, cm−1: 3542–3253 (NH, OH), 1716, 1694, 1667 (3 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.07 (s, 3H, CH3), 2.55 (t, J = 7.3 Hz, 2H, CH2CO), 3.91 (s,
2H, SCH2), 4.13 (t, J = 7.3 Hz, 2H, NCH2), 7.37 (d, J = 8.6 Hz, 2H, HAr), 7.69 (d, J = 8.6 Hz,
2H, HAr), 10.18 (s, 1H, NH); 12.38 (br. s, 1H, COOH).
13C NMR (101 MHz, DMSO-d6) δ: 24.07 (CH3), 31.94 (CH2CO), 40.59 (SCH2), 49.97 (NCH2),
119.69, 128.60, 134.62, 140.24, 168.73, 171.99, 183.44, 187.06 (CAr, CH3C=O, COOH, NC=O).
Anal. Calcd. for C14H15N3O4S, %: C 52.33; H 4.70; N 13.08. Found, %: C 52.54; H 4.68;
N 13.16.
General procedure for the preparation of 3-{(4-acetamidophenyl)[5-(phenylmethyliden)-4-
oxo-4,5-dihydro-1,3-thiazol-2-yl]amino}propanoic acids 8a–d.

To a solution of compound 7 (1.6 g, 5 mmol) and sodium carbonate (2.12 g, 20 mmol)
in water (10 mL), the corresponding benzaldehyde (4.7 mmol) was added, and the mixture
was heated at reflux for 3 h. Then, the mixture was cooled down and acidified with acetic
acid to pH 6. The formed was filtered off and washed with water. The purification was
performed by dissolving in aqueous sodium carbonate solution (5 g, 60 mL of water) and
filtering and acidifying the filtrate with acetic acid to pH 6.
3-[(4-Acetamidophenyl)(5-benzylidene-4-oxo-4,5-dihydro-1,3-thiazol-2-yl)amino]propanoic
acid (8a)
Yield 1.76 g (86%), m. p. 227–228 ◦C.
IR (KBr), ν, cm−1: 3419–3112 (NH, OH), 1673, 1599, 1685 (3 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.09 (s, 3H, CH3), 2.31 (t, J = 7.8 Hz, 2H, CH2CO), 4.17
(t, J = 7.8 Hz, 2H, NCH2), 7.21–7.54 (m, 7H, HAr), 7.60 (s, 1H, CH), 7.77 (d, J = 8.5 Hz, 2H,
HAr), 10.60 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 24.05 (CH3), 35.10 (CH2CO), 52.24 (NCH2), 119.74, 128.68,
129.21, 129.39, 129.48, 129.67, 129.79, 133.79, 134.58, 140.54, 168.87, 173.35, 175.86, 179.69
(CAr, CH3CO, COOH, NCO).
Anal. Calcd. for C21H19N3O4S, %: C 61.60; H 4.68; N 10.26. Found, %: C 61.35; H 4.55;
N 10.33.
3-((4-Acetamidophenyl){5-[(4-fluorophenyl)methylidene]-4-oxo-4,5-dihydro-1,3-thiazol-2-
yl}amino)propanoic acid (8b)
Yield 1.43 g (67%), m. p. 220–221 ◦C.
IR (KBr), ν, cm−1: 3305–3115 (NH, OH), 1670, 1532, 1595 (3 C=O).
1H NMR (700 MHz, DMSO-d6) δ: 2.09 (s, 3H, CH3), 2.40 (t, J = 7.6 Hz, 2H, CH2CO), 4.18
(t, J = 7.6 Hz, 2H, NCH2), 7.27 (t, J = 8.6 Hz, 3H, HAr), 7.38–7.55 (m, 4H, HAr), 7.61 (s, 1H,
CH=), 7.75 (d, J = 8.4 Hz, 2H, HAr), 10.47 (s, 1H, NH).
13C NMR (176 MHz, DMSO-d6) δ: 24.06 (CH3), 34.09 (CH2CO), 51.53 (NCH2), 116.23, 116.45,
119.77, 128.71, 128.88, 129.15, 129.18, 130.43, 131.72, 131.81, 134.49, 140.53, 161.22, 163.70,
168.86, 172.92, 175.96, 179.61 (CAr, CH, CH3CO, COOH, NC=O).
Anal. Calcd. for C21H18FN3O4S, %: C 59.01; H 4.24; N 9.83. Found, %: C 51.35; H 4.11;
N 11.89.
3-((4-Acetamidophenyl){5-[(4-chlorophenyl)methylidene]-4-oxo-4,5-dihydro-1,3-thiazol-2-
yl}amino)propanoic acid (8c)
Yield 1.55 g (70%). m.p. 228–229 ◦C.
IR (KBr), ν, cm−1: 3283–3123 (NH, OH), 1710, 1653, 1683 (3 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.09 (s, 3H, CH3), 2.55 (d, J = 7.4 Hz, 2H, CH2CO), 4.21 (t,
J = 7.4 Hz, 2H, NCH2), 7.30–7.88 (m, 9H, HAr + CH), 10.32 (s, 1H, NH).

79



Int. J. Mol. Sci. 2022, 23, 7688

13C NMR (101 MHz, DMSO-d6) δ: 24.07 (CH3), 32.64 (CH2CO), 50.56 (NCH2), 119.75,
128.72, 128.88, 129.29, 129.98, 131.08, 132.62, 134.26, 140.54, 168.80, 172.21, 176.12, 179.45
(CAr, CH3CO, COOH, NCO).
Anal. Calcd. for C21H18ClN3O4S, %: C 56.82; H 4.09; N 9.47.
Found, %: C 51.35; H 4.11; N 11.89.
3-((4-Acetamidophenyl){5-[(4-bromophenyl)methylidene]-4-oxo-4,5-dihydro-1,3-thiazol-2-
yl}amino)propanoic acid (8d)
Yield 1.61 g (66%), m. p. 243–244 ◦C.
IR (KBr), ν, cm−1: 3279–3054 (NH, OH), 1708, 1653, 1683 (3 C=O).
1H NMR (400 MHz, DMSO-d6) δ: 2.09 (s, 3H, CH3), 2.55 (d, J = 7.4 Hz, 2H, CH2CO), 4.22 (t,
J = 7.4 Hz, 2H, NCH2), 7.38 (d, J = 8.4 Hz, 2H, HAr), 7.47 (d, J = 8.6 Hz, 2H, HAr), 7.59 (s,
1H, CH), 7.63 (d, J = 8.4 Hz, 2H, HAr), 7.74 (d, J = 8.6 Hz, 2H, HAr), 10.30 (s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 24.10 (CH3), 32.46 (CH2CO), 50.45 (NCH2), 119.82, 123.19,
128.76, 129.08, 130.08, 131.31, 132.27, 132.97, 134.29, 140.57, 168.89, 172.15, 176.22, 179.51
(CAr, CH3CO, COOH, NCO).
Anal. Calcd. for C21H18BrN3O4S, %: C 51.65; H 3.72; N 8.60. Found, %: C 51.34; H 3.62;
N 8.36.
3-((4-Aminophenyl)(4-(4-chlorobenzylidene)-5-oxo-4,5-dihydrothiazol-2-yl)amino)
propanoic acid (9)
Compound 8c (0.25 g, 0.56 mmol) was dissolved in 5% hydrochloric acid 6 mL, and the
obtained mixture was refluxed for 1 h. Then, the mixture was cooled down and neutralized
with sodium acetate to pH 6. The formed precipitate was filtered off.
Yield 0.23 g (92%). m. p. 192–193 ◦C (from 2-propanol).
IR (KBr), ν, cm−1: 3401; 3050 (NH2, OH), 1735, 1591 (2 CO).
1H NMR (400 MHz, DMSO-d6) δ: 2.54 (t, J = 7,5 Hz, 2H, CH2CO), 4.15 (t, J = 7,6 Hz, 2H,
NCH2), 5.61 (br. s, 2H, NH2), 6.64 (d, J = 8,2 Hz, 2H, HAr), 7.12 (d, J = 8,2 Hz, 2H, HAr), 7.48
(dd, J = 11,4, 5,0 Hz, 4H, HAr), 7.59 (s, 1H, CH).
13C NMR (101 MHz, DMSO-d6) δ: 32.23 (CH2CO), 50.26 (NCH2), 114.01, 127.47, 128.44,
128.78, 129.29, 130.45, 131.02, 132.74, 134.14, 150.09, 168.79, 176.62, 179.58 (CAr, COOH, NCO).
Anal. Calcd. for C19H16ClN3O3S, %: C 56.98; H 4.15; N 10.60.
Found, %: C 56.79; H 4.01; N 10.46.
1-(4-Aminophenyl)-2-thioxotetrahydropyrimidin-4(1H)-one (10)
Compound 3 (0.39 g, 1.5 mmol) was dissolved in 5% hydrochloric acid 15 mL, and the ob-
tained mixture was boiled for 1 h. Then, the mixture was cooled down and neutralized with
sodium acetate to pH 6. The formed precipitate was filtered off and washed with water.
Yield 0.23 g (70%). m. p. 219–220 ◦C (from 2-propanol).
IR (KBr), ν, cm−1: 3399; 3325 (NH2, NH); 1712 (CO).
1H NMR (400 MHz, DMSO-d6) δ: 2.75 (t, J = 6,9 Hz, 2H, CH2CO), 3.80 (t, J = 6,9, Hz, 2H,
NCH2), 5.20 (br. s, 2H, NH2), 6.54 (d, J = 8,4 Hz, 2H, HAr), 6.93 (d, J = 8,3 Hz, 2H, HAr),
11,06 (br. s, 1H, NH).
13C NMR (101 MHz, DMSO-d6) δ: 32.46 (CH2CO), 50.45 (NCH2), 119.82, 123.19, 128.76,
129.08, 130.08, 131.31, 132.27, 132.97, 134.29, 140.57, 168.89, 172.15, 176.22, 179.51 (CAr,
CO, CS).
Anal. Calcd. for C10H11ClN3OS, %: C 54,28; H 5,01; N 18,99.
Found, %: C 54.23; H 4.99; N 18.89.
3-(1-(4-Aminophenyl)thioureido)propanoic acid (11)
Compound 9 (0.5 g, 2,26 mmol) was dissolved in hot, aqueous 5% sodium hydroxide
(10 mL), and the obtained solution was filtered off. After cooling to room temperature, the
solution was acidified with 5% HCl to pH 6. The formed solid was filtered off and washed
with water.
Yield 0.47 g (87%). m. p. 171–172 ◦C (from 2-propanol).
IR (KBr), ν, cm−1: 3407; 3340; 3276 (2× NH2, OH); 1742 (CO).
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1H NMR (400 MHz, DMSO-d6) δ: 2.48–2.50 (signal of the CH2CO (2H) overlaps with the
DMSO-d6), 4.12 (t, J = 6.9, Hz, 2H, NCH2), 5.32 (br. s, 2H, NH2CS), 6.59 (d, J = 8.5 Hz, 2H,
HAr), 6.84 (d, J = 8.5 Hz, 2H, HAr), 7.45 (br. s., 2H, NH2), 12.30 (br. s, 1H, OH).
13C NMR (101 MHz, DMSO-d6) δ: 32.26 (CH2CO), 50.55 (NCH2), 114.63, 128.02, 148.63,
172.59, 181.71 (CAr, CO, CS).
Anal. Calcd. for C10H13N3O2S, %: C 50.29; H 5.48; N 17.56.
Found, %: C 50.21; H 5.45; N 17.56.

4.2. Cell lines and Culture Conditions

MDCK cells were kindly provided by Dr. Mirella Salvatore (Department of Medicine,
Division of Infectious Diseases, Weill Cornell Medicine of Cornell University) and were
maintained in Dulbecco’s MEM (Life Technologies, Burlington, ON, Canada) (DMEM) sup-
plemented with 10% fetal blood serum (FBS), 100 U/mL penicillin, and 100 µg/mL strepto-
mycin. A549 cells were obtained from American Type Culture Collection (ATCC, Manassas,
VA, USA) and were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
media supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin.

4.3. Cytotoxicity Assay

The cytotoxicity of compounds 3–11 on A549 human lung cells were evaluated by us-
ing a commercial MTT assay (CyQUANT MTT Cell Viability Assay, Thermo Fisher Scientific,
Eugene, Oregon, USA). A549 was plated to flat-bottomed 96-well plates (1 × 104 cells/well)
and incubated overnight to facilitate the attachment. The compounds at fixed 100 µM
concentration were added, and plates were further incubated for 48 h at 37 ◦C, 5% CO2.
After incubation, the commercial MTT reagent was added, and the % of viability was
determined, in accordance with the description of the manufacturer, using untreated cells
as a control. All experiments were performed in triplicate.

4.4. Viral Infection Assay

To determine the potential antiviral activity of compounds 3–11 on the virus replication
in MDCK cells, we used virus-induced cell death as an experimental output. Briefly,
MDCK cells were plated to flat-bottomed 96-well plates (1 × 104 cells/well) and incubated
overnight to facilitate the attachment. After incubation, the media was removed, cells were
gently washed twice with DPBS, and the compounds (100 µM) were dissolved in DMEM
supplemented with 5% bovine serum albumin (BSA), 2 µg/mL TPCK-treated trypsin
(Thermo Fisher Scientific, Rockford, Illinois, USA), 100 U/mL penicillin, and 100 µg/mL
streptomycin. The oseltamivir and amantadine (100 µM) were used as a comparator. Cells
were incubated with compounds for 1 h at 37 ◦C, 5% CO2, and were then infected with
influenza A/Puerto Rico/8/34 H1N1 strain at MOI 1:5. The infected cells were then further
incubated for 24 h to facilitate the infection, and the remaining post-infection viability was
measured by using MTT assay.

4.5. Measurement of Antioxidant Activities

4.5.1. Ferric ion (Fe3+) Reducing Antioxidant Power (Fe3 – Fe2+ Transformation Assay)

Newly synthesized compounds 3–11 of concentration 20 mM in 0.5 mL of DMSO
were mixed with phosphate buffer (1.25 mL, 0.2 M, pH 6.6) and potassium ferricyanide
[K3Fe(CN)6] (1.25 mL, 1%). The mixture was incubated at 50 ◦C for 20 min. Aliquots
(1.25 mL) of trichloroacetic acid (10%) were added to the mixture, which was then cen-
trifuged for 10 min at 9000 rpm. The upper layer of solution (1.25 mL) was mixed with
distilled water (1.25 mL) and FeCl3 (0.25 mL, 0.1%), and the absorbance was measured
at 700 nm in a spectrophotometer [47,48]. Butylhydroxytoluene (BHT) was used as a
positive control.
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4.5.2. Ferric Reducing Antioxidant Power Assay (FRAP)

Reducing properties were investigated using the FRAP method, which is based on the
reduction of a ferric-tripyridyl triazine complex to its ferrous-colored form in the presence
of antioxidants [49]. The FRAP reagent contained 2.5 mL of 10 mM TPTZ (2,4,6-tripyridyl-
s-triazine) solution in 40 mM HCl as well as 2.5 mL of FeCl3 (20 mM) and 25 mL of acetate
buffer (0.3 M, pH = 3.6). Then, 100 µL of analyzed compounds (20 mM) were mixed
with 3 mL of the FRAP reagent. The absorbance of the reaction mixture was measured
spectrophotometrically at 593 nm. For comprising the calibration curve, five concentrations
of FeSO4 · 7H2O (5, 10, 15, 20, 25 µM) were used, and the absorbance was measured as a
sample solution. Each experiment was repeated three times.

4.5.3. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) Radical Scavenging Assay

The free-radical-scavenging activity of 3–11 compounds was measured by the DPPH
method [48,50]. Firstly, a solution (20 mM) of 3–11 compounds was prepared in DMSO.
Then, a 1 mM solution of DPPH in ethanol was prepared, and 1 mL of this solution was
added to the solutions of the analyzed compounds. The mixture was vigorously stirred
and allowed to stand at room temperature. After 20 min, the absorbance of the reaction
mixture was measured at 517 nm with a UV-1280 spectrophotometer (Shimadzu, Kyoto,
Japan). Each experiment was repeated three time.

4.6. Evaluation of Antibacterial Activity

Antibacterial activity of the compounds was screened by using the disk-diffusion
method [51]. In this study, inhibition of bacterial growth was investigated against Gram-
positive bacteria Bacillus subtilis and Gram-negative bacteria Escherichia coli. The solution
(20 mM) of the compounds was prepared in DMSO. Bacterial cultures were cultivated in
Petri dishes at 37 ◦C for 24 h on the Luria-Bertani (LB) agar medium. Then, 50 µL inoculum
containing bacterial cells were spread across the LB agar medium. Sterile filter-paper disks
were soaked in 25 µL of each compound solution, and then the disks were put on the LB
agar medium. Ciprofloxacin (20 mM) was used as positive control, and DMSO was used as
the negative control. Petri dishes were incubated aerobically at 37 ◦C and examined for
zones of inhibition after 24 h. The inhibition zones (cm) were measured.

5. Conclusions

The obtained results revealed that selected aminothiazole compounds bearing 4-
cyanophenyl, 4-chlorophenyl, and 4-trifluoromethylphenyl substituents in the thiazole ring
could act, with a built-in capacity, on three targets, with the combination of a single struc-
ture with antiviral, antioxidant, and antibacterial activities. Among the synthesized com-
pounds, 3-{(4-aminophenyl)[4-(4-cianophenyl)-1,3-thiazol-2-yl]amino}propanoic acid (6d)
showed the highest cytotoxic properties. The selected compounds 3-((4-aminophenyl){4-[4-
(trifluoromethyl)phenyl]thiazol-2-yl}amino)propanoic acid (6e) and 3-{(4-acetamidophenyl)
amino}propanoic acid (5e) exhibited significant influenza A-targeted antiviral activity. Fu-
ture work can be focused on application of thiazoles scaffolded in bioluminescent systems
to develop novel substrates for luciferase.
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Abstract: Theaflavin-3,3′-digallate (TFDG), a polyphenol derived from the leaves of Camellia sinensis,
is known to have many health benefits. In this study, the antibacterial effect of TFDG against nine bac-
teria and the sporicidal activities on spore-forming Bacillus spp. have been investigated. Microplate
assay, colony-forming unit, BacTiter-GloTM, and Live/Dead Assays showed that 250 µg/mL TFDG
was able to inhibit bacterial growth up to 99.97%, while 625 µg/mL TFDG was able to inhibit up to
99.92% of the spores from germinating after a one-hour treatment. Binding analysis revealed the
favorable binding affinity of two germination-associated proteins, GPR and Lgt (GerF), to TFDG,
ranging from −7.6 to −10.3 kcal/mol. Semi-quantitative RT-PCR showed that TFDG treatment
lowered the expression of gpr, ranging from 0.20 to 0.39 compared to the control in both Bacillus

spp. The results suggest that TFDG not only inhibits the growth of vegetative cells but also prevents
the germination of bacterial spores. This report indicates that TFDG is a promising broad-spectrum
antibacterial and anti-spore agent against Gram-positive, Gram-negative, acid-fast bacteria, and
endospores. The potential anti-germination mechanism has also been elucidated.

Keywords: antibacterial; sporicidal; anti-germination; binding analysis; natural product; black tea
polyphenol; theaflavin

1. Introduction

Many medical and scientific journal articles have documented the rising number of
antibiotic-resistant bacteria and the multidrug resistance crisis linked to the overuse or
abuse of antibiotics [1]. Vancomycin, for example, was first introduced to clinical practice
in 1972, and unfortunately, vancomycin-resistant S. aureus (VRSA) was reported in 1979 [2].
In the United States, approximately 2.8 million people are infected with antibiotic-resistant
bacteria yearly, and at least 35,000 die from the infection [3]. The problem of antibiotic
resistance imposes a significant financial burden as evidenced by the number of methicillin-
resistant Staphylococcus aureus (MRSA)-related issues that cost the US healthcare system
around $3–4 billion annually [4].

The aromatic allure, taste, and health benefits of tea make it one of the most popular
beverages worldwide [5]. Both black and green tea are derived from the leaves of Camellia
sinensis but differ in the level of oxidation due to fermentation [5,6]. Black tea contains
a lower level of catechins than green tea but makes up for it with a higher amount of
theaflavin [6]. The major theaflavins present in black tea include theaflavin (TF), theaflavin-
3-gallate (TF3G), theaflavin-3′-gallate (TF3′G), and theaflavin-3,3′-digallate (TFDG) [6].

Theaflavins (TFs) are the major polyphenols in black tea, showing great potential as an
antimicrobial agent. A previous study demonstrated that 1 g of theaflavin mixture extract
could contain up to 32.80% of TFDG [7]. As for cellular toxicity, theaflavin has little to
no effect on human lung fibroblast tissue, CEM cells, A549, and Vero cells [8]. Compared
to epigallocatechin gallate (EGCG), major catechin extracted from green tea, TF is more
stable under non-favorable conditions, making it a better candidate for antimicrobial
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agents [8]. TFDG was chosen based on a study indicating that TFDG was the most effective
in inhibiting Streptococcus mutans (S. mutans) growth compared to TF, TF3G, and TF3′G [9].
Most previous studies focused on the antioxidant properties of theaflavin. It has been
documented that drinking six cups of black tea could significantly increase the antioxidant
capacity within the cell [6]. The number of polyphenols in tea varies highly depending on
the origin and the brewing technique. Previous studies reported that the level of TFDG
ranges from 0.07 to 1.13 g per 100 g of dry leaves among Darjeeling, Assam, Sri Lankan,
African, and Chinese tea samples [10]. The level of TFs is approximately 7 mg when
brewing a standard US tea bag (2.25 g) in 100 mL of water for less than 2 min and can
increase to 14 mg when brewed for more than 4 min [11]. A study using LDL conjugation
compared the antioxidant properties of theaflavin to green tea polyphenols, including
epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), and EGCG. The result
showed that TFDG > ECG > EGCG ≥ TF3′G ≥ TF3G > TF ≥ EC > EGC in terms of
antioxidant properties [12]. Based on the promising results, interest has expanded into
the antiviral and antibacterial effects of TFs [8,13–17]. One study indicated 125 µg/mL
TFs was the minimum inhibitory concentration (MIC) against Porphyromonas gingivitis (P.
gingivalis) and 250 µg/mL TFDG in Clostridium perfringens (C. perfringens) while in Hepatitis
C virus (HCV), 25 µg/mL TF3 was acting directly on the virus to prevent viral entry into
the cell [13,18,19]. Several research groups also investigated the beneficial effect of TFs on
the bacterial population and signaling pathways in the oral cavity and gut [20,21]. Some
antibacterial mechanisms of TFs have been suggested, including reducing biosynthetic and
metabolic activities in C. perfringens and anti-hemolytic activity in Staphylococcus aureus
(S. aureus) [13,17].

This study explores the antimicrobial effect against nine pathogenic and clinically
significant bacteria. Gram-negative Klebsiella aerogenes (K. aerogenes) is typically associated
with nosocomial outbreaks due to the emergence of multidrug-resistant strains [22]. Es-
cherichia coli (E. coli), a mutualism in the gastrointestinal (GI) tract of humans, is a model
organism for Gram-negative bacteria [23–29]. Pseudomonas aeruginosa (P. aeruginosa), an-
other nosocomial pathogen found among cystic fibrosis patients with a high mortality
rate [30,31], has high resistance to most antimicrobial agents [30]. Multidrug-resistant
Proteus mirabilis (P. mirabilis) is resistant to almost all antibiotic classes, and its prevalence
among UTI infections has significantly increased [32].

The “Bacillus cereus group” includes several species of closely related pathogenic
species like Bacillus anthracis (B. anthracis) and Bacillus cereus (B. cereus) [33]. B. anthracis and
B. cereus are the causative agents of anthrax and the emetic syndrome, respectively [33].
Bacillus subtilis (B. subtilis) is considered a model organism for cellular development, in-
cluding spore formation, germination, and biofilm production [34,35]. Bacillus spores may
remain dormant for years but can germinate in favorable conditions such as specific nutrient
reintroduction [36–41]. Staphylococcus aureus (S. aureus) causes a variety of life-threatening
diseases, including endocarditis, toxic shock syndrome (TSS), and osteomyelitis [41]. Group
A Streptococcus pyogenes (S. pyogenes) is a beta-hemolytic strain that can cause a wide range
of infections, from superficial epithelial infection to the more severe streptococcal TSS
(STSS) [42,43].

Acid-fast Mycobacterium tuberculosis (M. tuberculosis) is the pathogenic bacterium that
causes tuberculosis (TB) [44]. Over the past three decades, TB has re-emerged as a global
health concern, and in 2019, it is estimated that 10 million people were infected with
TB worldwide, and 1.4 million people died [45]. Since detecting multidrug-resistant M.
tuberculosis (MDR TB), research agencies, non-profit agencies, and academia have spared
no effort to develop new treatments [46,47].

This study focuses on the antibacterial and sporicidal activity of TFDG as it contains the
highest antioxidant [12] and antiviral [8,19] effects among all theaflavins. Each species used
poses a public health threat. Most previous reports centered on the antibacterial activities
of green tea polyphenols or a mixture of theaflavins against one or a few species. On the
other hand, our results demonstrate that TFDG could potentially serve as a broad-spectrum
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antimicrobial agent that can inhibit the growth of nine bacteria across Gram-positive, Gram-
negative, and acid-fast groups and an antispore agent. The anti-germination mechanism of
TFDG against two Bacillus spp. is also proposed. Both 2D and 3D structures of TFDG are
displayed in Figure 1. The 3D structure is used for molecular docking analysis.

Figure 1. The (A) 2D and (B) 3D chemical structures of TFDG.

2. Results
2.1. Determination of MIC and Half-Maximal Inhibitory Concentration (IC50)

No bacterial growth was observed when treated with 250 µg/mL or higher TFDG, so
the MIC was determined as 250 µg/mL. The IC50 for all bacteria is around 62.5 µg/mL. As
for erythromycin, the IC50 ranged from 7 to 26 µg/mL, and the MIC should be greater than
45 µg/mL for the bacteria tested in this study (Supplementary Figures S1–S3).

2.2. Colony Forming Unit (CFU) Assay

Based on the microplate assay result, the effect of TFDG on the bacteria was further
analyzed using CFU assay (Table 1). At the sixth hour, 62.5 µg/mL was able to inhibit the
bacteria from 43.20% to 55.37% and ranged from 93.12% to 99.98% for 250 µg/mL TFDG.
This correlates to the log reduction ranging from 0.25 to 0.35 for 62.5 µg/mL TFDG and
from 1.17 to 3.69 for 250 µg/mL TFDG. Among nine bacteria tested, 250 µg/mL TFDG
worked the best on P. aeruginosa (99.98 ± 0.01%). All the data were statistically significant
(p < 0.05).
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Table 1. Colony-forming unit (CFU/mL) with the log reduction and percent inhibition of different
bacteria with TFDG.

Bacteria
TFDG

(µg/mL)
CFU/mL

(Mean ± SD)
Log Reduction
(Mean ± SD)

% Inhibition
(Mean ± SD)

K. aerogenes 0 (9.86 ± 0.09) × 108 0 0

G
ra

m
-n

eg
at

iv
e

62.5 (4.40 ± 0.12) × 108 0.35 ± 0.02 55.37 ± 1.59%
250 (6.07 ± 0.48) × 107 1.17 ± 0.03 93.12 ± 0.46%

E. coli 0 (1.09 ± 0.06) × 109 0 0
62.5 (6.20 ± 0.42) × 108 0.25 ± 0.01 43.20 ± 0.83%
250 (2.36 ± 0.66) × 107 1.69 ± 0.12 97.87 ± 0.52%

P. aeruginosa 0 (7.01 ± 0.07) × 108 0 0
62.5 (3.68 ± 0.11) × 108 0.28 ± 0.01 47.50 ± 1.15%
250 (1.57 ± 0.60) × 105 3.69 ± 0.21 99.98 ± 0.01%

P. mirabilis 0 (6.27 ± 0.08) × 109 0 0
62.5 (3.17 ± 0.05) × 109 0.30 ± 0.00 49.39 ± 0.23%
250 (1.57 ± 0.39) × 107 2.62 ± 0.13 99.75 ± 0.07%

G
ra

m
-p

os
it

iv
e

Sp
or

e
fo

rm
er

B. cereus 0 (6.54 ± 0.13) × 108 0 0
62.5 (3.32 ± 0.08) × 108 0.29 ± 0.01 49. 16 ± 1.65%
250 (6.00 ± 1.63) × 105 3.05 ± 0.13 99.91 ± 0.03%

B. subtilis 0 (6.89 ± 0.09) × 108 0 0
62.5 (3.35 ± 0.08) × 108 0.31 ± 0.01 51.40 ± 0.72%
250 (3.33 ± 0.82) × 105 3.34 ± 0.13 99.95 ± 0.01%

N
on

-s
po

re
fo

rm
er S. aureus 0 (4.69 ± 0.12) × 109 0 0

62.5 (2.10 ± 0.18) × 109 0.35 ± 0.04 55.20 ± 4.62%
250 (3.03 ± 1.23) × 106 3.24 ± 0.24 99.93 ± 0.03%

S. pyogenes 0 (4.33 ± 0.02) × 109 0 0
62.5 (2.24 ± 0.05) × 109 0.29 ± 0.01 48.28 ± 0.85%
250 (3.47 ± 0.09) × 106 3.10 ± 0.01 99.92 ± 0.05%

A
ci

d-
fa

st M. smegmatis 0 (4.11 ± 0.07) × 109 0 0
62.5 (2.02 ± 0.05) × 109 0.31 ± 0.02 50.88 ± 1.92%
250 (1.33 ± 0.34) × 106 3.50 ± 0.11 99.97 ± 0.01%

2.3. BacTiter-GloTM Microbial Cell Viability Assay

62.5 µg/mL TFDG was able to inhibit up to 59.82 ± 6.19% of cell viability based on
the ATP level compared to the control, while 250 µg/mL TFDG was able to inhibit up to
99.33 ± 0.16% of bacteria (Table 2).
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Table 2. Relative fluorescence unit (RFU) with the log reduction and percent inhibition of different
bacteria treated with TFDG based on BacTiter-GloTM assay.

Bacteria
TFDG

(µg/mL)
RFU

(Mean ± SD)
Log Reduction
(Mean ± SD)

% Inhibition
(Mean ± SD)

K. aerogenes 0 (1.90 ± 0.46) × 106 0 0

G
ra

m
-n

eg
at

iv
e

62.5 (9.17 ± 2.01) × 105 0.31 ± 0.01 51.52 ± 1.63%
250 (1.51 ± 0.73) × 104 2.14 ± 0.12 99.25 ± 0.22%

E. coli 0 (1.67 ± 0.09) × 106 0 0
62.5 (7.89 ± 1.08) × 105 0.33 ± 0.04 53.00 ± 4.48%
250 (1.15 ± 0.19) × 104 2.17 ± 0.09 99.31 ± 0.14%

P. aeruginosa 0 (1.67 ± 0.36) × 106 0 0
62.5 (8.07 ± 1.91) × 105 0.32 ± 0.02 51.97 ± 2.74%
250 (6.16 ± 2.84) × 104 1.48 ± 0.30 95.87 ± 2.39%

P. mirabilis 0 (1.52 ± 0.05) × 106 0 0
62.5 (7.05 ± 0.36) × 105 0.34 ± 0.02 53.77 ± 1.69%
250 (3.52 ± 2.45) × 104 1.78 ± 0.37 97.71 ± 1.58%

G
ra

m
-p

os
it

iv
e

Sp
or

e
fo

rm
er

B. cereus 0 (2.03 ± 1.00) × 106 0 0
62.5 (7.58 ± 2.80) × 105 0.40 ± 0.07 59. 82 ± 6.19%
250 (1.28 ± 0.48) × 105 1.18 ± 0.08 93.24 ± 1.26%

B. subtilis 0 (2.30 ± 0.32) × 106 0 0
62.5 (1.09 ± 0.21) × 105 0.33 ± 0.03 52.81 ± 3.47%
250 (4.82 ± 1.41) × 104 1.69 ± 0.07 97.94 ± 0.35%

N
on

-s
po

re
fo

rm
er S. aureus 0 (7.74 ± 2.02) × 106 0 0

62.5 (3.66 ± 1.08) × 106 0.33 ± 0.03 53.12 ± 3.11%
250 (8.55 ± 3.73) × 104 1.98 ± 0.29 98.71 ± 0.76%

S. pyogenes 0 (4.43 ± 0.99) × 106 0 0
62.5 (2.15 ± 0.42) × 106 0.31 ± 0.05 50.81 ± 5.81%
250 (1.01 ± 0.80) × 105 1.83 ± 0.50 97.72 ± 1.41%

A
ci

d-
fa

st M. smegmatis 0 (1.83 ± 0.25) × 106 0 0

62.5 (9.09 ± 0.59) × 105 0.30 ± 0.04 49.82 ± 4.42%
250 (1.24 ± 0.42) × 104 2.19 ± 0.12 99.33 ± 0.16%

2.4. Live/Dead Bacterial Viability Assay

Figures 2–4 show the bacterial viability when treated with various concentrations of
TFDG after 6 h. Overall, the control bacteria were primarily green and maintained normal
morphology. Cells treated with 62.5 µg/mL TFDG showed a mixture of live, impaired, and
dead cells. Most cells appeared to be smaller and more clumped together when compared
to the control except for the M. smegmatis, which had less aggregation. Cells treated
with 250 µg/mL TFDG were mainly non-viable. The cell numbers were significantly less
than the control. The cell morphology appeared smaller and/or segmented with TFDG
treatment.
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Figure 2. Live/Dead assay of Gram-negative species with various concentrations of TFDG at 6-h
incubation. The samples were visualized using Olympus confocal microscope. The green indicates live
bacteria, while the red indicates dead bacteria. (A) K. aerogenes control; (B) K. aerogenes with 62.5 µg/mL
TFDG; (C) K. aerogenes with 250 µg/mL TFDG; (D) E. coli control; (E) E. coli with 62.5 µg/mL TFDG;
(F) E. coli with 250 µg/mL TFDG; (G) P. aeruginosa control; (H) P. aeruginosa with 62.5 µg/mL TFDG;
(I) P. aeruginosa with 250 µg/mL TFDG; (J) P. mirabilis control; (K) P. mirabilis with 62.5 µg/mL TFDG;
and (L) P. mirabilis with 250 µg/mL TFDG.
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Figure 3. Live/Dead assay of Gram-positive species with various concentrations of TFDG at 6-h
incubation. The samples were visualized using Olympus confocal microscope. The green indicates
live bacteria, while the red indicates dead bacteria. (A) B. cereus control; (B) B. cereus with 62.5 µg/mL
TFDG; (C) B. cereus with 250 µg/mL TFDG; (D) B. subtilis control; (E) B. subtilis with 62.5 µg/mL
TFDG; (F) B. subtilis with 250 µg/mL TFDG; (G) S. aureus control; (H) S. aureus with 62.5 µg/mL
TFDG; (I) S. aureus with 250 µg/mL TFDG; (J) S. pyogenes control; (K) S. pyogenes with 62.5 µg/mL
TFDG; and (L) S. pyogenes with 250 µg/mL TFDG.
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Figure 4. Live/Dead assay of M. smegmatis with various concentrations of TFDG at 6-h incubation.
The samples were visualized using Olympus confocal microscope. The green indicates live bacteria,
while the red indicates dead bacteria. (A) M. smegmatis control; (B) M. smegmatis with 62.5 µg/mL
TFDG; and (C) M. smegmatis with 250 µg/mL TFDG.

2.5. Germination Inhibition via CFU Assay

The percent (%) inhibition was calculated from the CFU assay after a 60-min TFDG
treatment. 312.5 µg/mL TFDG inhibited the Bacillus spores from germinating, ranging
from 54.13% to 60.49%, while 625 µg/mL TFDG was able to inhibit germination ranging
from 99.37% to 99.92% (Table 3).

Table 3. Germination inhibition assay of both B. cereus and B. subtilis.

Bacteria
TFDG

(µg/mL)
CFU/mL

(Mean ± SD)
Log Reduction
(Mean ± SD)

% Inhibition
(Mean ± SD)

G
ra

m
-p

os
it

iv
e

Sp
or

e
fo

rm
er

B. cereus 0 (1.11 ± 0.85) × 1010 0 0
312.5 (4.79 ± 3.55) × 109 0.34 ± 0.03 54. 13 ± 3.51%
625 (6.55 ± 4.57) × 105 2.22 ± 0.12 99.37 ± 0.17%

B. subtilis 0 (7.24 ± 4.90) × 109 0 0
312.5 (3.25 ± 2.33) × 109 0.41 ± 0.09 60.49 ± 7.91%
625 (7.75 ± 5.54) × 106 3.40 ± 0.64 99.92 ± 0.05%

2.6. Live/Dead Spore Viability Assay

Figure 5 shows the untreated (control) spores were primarily green. Samples treated
with 312.5 µg/mL TFDG indicated the spores were impaired, while 625 µg/mL TFDG-
treated spores were mainly non-viable.
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Figure 5. Live/Dead assay of Bacillus spp. spores with TFDG at 60-min incubation. The green
indicates viable spores, while the red indicates non-viable spores. (A) B. cereus spores control; (B)
B. cereus spores with 312.5 µg/mL TFDG; (C) B. cereus spores with 625 µg/mL TFDG; (D) B. subtilis

spores control; (E) B. subtilis spores with 312.5 µg/mL TFDG; and (F) B. subtilis spores with 625
µg/mL TFDG.

2.7. Binding Pocket

The protein structures related to the four genes of interest were analyzed via CASTp
to determine its binding pocket. Table 4 shows the binding pocket areas (Å2) for GPR were
616.45 and 433.40 for B. cereus and B. subtilis, respectively. The binding pocket areas (Å2)
for Lgt were 1284.21 for B. cereus and 1565.20 for B. subtilis. The amino acid residues of
each pocket were used as a guide to determine the location and size of the grid for in silico
docking analysis.
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Table 4. Binding pocket prediction and analysis of conserved germination protein via CASTp.
The predicted binding pocket includes the pocket area, volume, and residues lining the pocket of
conserved germination genes.

Bacteria Protein
Pocket Area

(Å2) Volume (Å3) Residue Lining Pocket

B. cereus

GPR 616.45 290.23

Arg196, Ser197, Ile198, Thr252, Ile253, Asp254,
Phe255, Ile256, Leu257, Lys258, Phe260, Gly261,

Arg262, Met264, Lys265, Ala304, Gly306, Glu309,
Leu316, Leu319, Val320, Leu321, Ser322, Val330

Lgt (GerF) 1284.21 1087.71

Trp3, Ile4, Val5, Arg6, Gln8, Pro9, Ser11, Leu12, Ile13,
Gly15, Ser16, Gly19, Met23, Val41, Ala44, Phe45,

1le48, Ala49, Trp52, Lys53, Ile75, Lys79, His80, Val82,
Cys85, Ile86, Ser89, Val90. Ile92, Leu107, Leu110,
Pro111, Ile112, Ala113, Leu114, Cys115, Met116,
Ser117, Ile118, Ile119, Phe120, Tyr 121, Glu154,

Ala158, Leu159, Val162, Gly163, Leu165, Trp166,
Ile178, Phe181, Leu182, Glu185, Gly186, His189,
Phe203, Gly204, Met207, Gln208, Leu211, Ser212,

Cys214, Val215, Leu218

B. subtilis

GPR 433.40 225.27

Arg44, His46, Lys50, Thr53, Asp55, Val56, Thr57,
Glu59, Leu74, Ala76, Gln77, Gly78, Val90, Val93,

Phe94, Glu96, Glu97, Ser99, Ala100, Phe101, Glu103,
Asn104, Lys109, Ile206, Ile208, His355, Lys357, Val58,

Ser359, Gln360, Asn362 Lys363, Gly364, Ser365,
Tyr366,Asn367

Lgt (GerF) 1565.20 1484.55

Leu18, Ala 19, His21, Tyr23, Gly24, Ile26, Ile27, Gly30,
Ala31, Gly34, Ile37, Ala38, Arg40, Glu41, Lys44,
Arg45, Gly46, Leu47, Phe52, Val56, Ala59, Ile60,

Ala63, Ile64, Ala67, Ile89, Trp90, Gly93, Ile94, Gly99,
Leu100, Ala103, Ile104, Thr106, Gly107, Leu116,
Phe118, Lys120, Leu121, Ala122, Asp123, Ile124,
Ala125, Ala126, Pro127, Ser128, Ile129, Leu 131,
Gly132, Gln 133, Ile135, Gly136, Arg137, Gly139,
Asn140, Glu145, Phe180, Glu183, Ser187, Ile192,

Leu196, Arg198, Arg199, Ala200, Asn201, Leu202,
Arg203, Arg204, Glu206, Met207, Phe208, Tyr211,
Ile212, Tyr215, Arg219, Arg226, Thr233, Asp234,

Ser235, Leu236

2.8. In Silico Docking Analysis

Table 5 details the molecular docking result of TFDG for both GPR and Lgt in B.
cereus and B. subtilis. The B. cereus GPR docking score was −9.7 kcal/mol with five bonds,
including conventional H-bond and Pi-Stacked. B. cereus Lgt binding score with TFDG was
−7.6 kcal/mol with five different bonds that include conventional H-bond and pi-cation.
Both GPR and Lgt of B. subtilis had the same binding score of −10.3 kcal/mol, but GPR has
12 bonds, including conventional H-bond, unfavorable donor-donor, and pi-donor H-bond.
In contrast, Lgt has only seven bonds, including hydrophobic pi-sigma, conventional H
bond, and carbon H bond. The binding pocket and the bond for each protein were observed
using Discovery Studio, as seen in Figure 6.
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Table 5. Docking analysis of conserved germination proteins. The molecular interaction of TFDG
with various genes. The table shows the best binding probability.

Bacteria Protein
Docking

Score
(kcal/mol)

Interacting
Residue

Distance Category

B. cereus

GPR −9.7

Trp120 2.51 Conventional H-bond
Trp120 3.98, 3.88 Pi-Pi Stacked
Asn121 2.59 Conventional H-bond
Val163 2.78 Conventional H-bond
Glu340 2.37 Conventional H-bond

Lgt (GerF) −7.6

Lys26 1.85 Conventional H-bond
Lys26 3.73 Pi-Cation
Ser31 2.99 Conventional H-bond

Lys168 2.00 Conventional H-bond
Arg171 2.51 Conventional H-bond

B. subtilis

GPR −10.3

Gly119 2.06, 2.94 Conventional H-bond
ASN120 2.34 Conventional H-bond
ASN120 2.92 Conventional H-bond
ASN120 2.03 Conventional H-bond
ASN120 1.97 Conventional H-bond
ASN122 1.68 Unfavorable Donor-Donor
ASP126 2.97 Conventional H-bond
Ile170 1.93 Conventional H-bond
Thr172 3.05 Pi Donor H-bond
Lys222 1.22 Unfavorable Donor-Donor
Asp336 2.49 Conventional H-bond
Asp336 2.23 Conventional H-bond

Lgt (GerF) −10.3

Ala63 3.78 Hydrophobic Pi-Sigma
Ala103 3.62 Hydrophobic Pi-Sigma
Ala103 2.07 Conventional H-Bond
Ile129 3.29 Carbon Hydrogen Bond

Gly132 3.96 Hydrophobic Pi-Sigma
Tyr215 1.92 Conventional H-bond
Asp234 2.38 Conventional H-bond

Previous studies showed the −7.0 kcal/mol threshold as significant for AutoDock
binding [48,49]. Since both proteins showed a higher negative value, it indicates these two
are good candidates for TFDG anti-germination properties evaluation. Hydrogen bond
regulates molecular interaction through donor-acceptor pairing, enhancing receptor-ligand
interaction [50]. Instead, hydrophobic interaction is a major consideration for binding
affinity as this interaction can be considered a weak hydrogen bond [50]. B. cereus GPR
binding affinity consists of 4 hydrogen bond interactions, while Lgt (GerF) consists of four
hydrogen interactions. B. subtilis GPR TFDG binding affinity consists of nine hydrogen
bonds interactions, while Lgt (GerF) has four hydrogen bonds and three strengthening
hydrophobic interactions.
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Figure 6. Docking visualization of TFDG with the germination protein using BIOVIA Discovery
Studio Visualizer. (A–C) B. cereus GPR with TFDG; (D–F) B. cereus Lgt with TFDG; (G–I) B. subtilis

GPR with TFDG; (J–L) B. subtilis Lgt with TFDG. For (C,F,I,L) the bright green line shows conventional
hydrogen bond; bright pink shows the pi-pi interaction; light pink shows pi-alkyl interaction; orange
shows pi cation, pi carbon, and pi-anion interaction; the red line shows unfavorable bond interaction;
light green shows pi-donor hydrogen interaction and carbon-hydrogen interaction; and bright purple
shows pi sigma interaction.
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2.9. Semi-Quantitative RT-PCR

Figure 7 shows the relative expression of both lgt and gpr after a one-hour treatment
of 625 µg/mL TFDG. In both B. cereus and B. subtilis, the expression of gpr dropped to 0.20
and 0.39, respectively, compared to the control (1.00). On the other hand, the expression
of lgt was lower only in B. cereus (0.25) but not in B. subtilis (0.88) when compared to the
control (1.00).

−

 

≥

Figure 7. Semi-quantitative RT-PCR lgt and gpr gene expression analysis of Bacillus spore when
treated with TFDG. (A) B. cereus spores; (B) B. subtilis spores.

3. Discussion

The urgency to find a novel antimicrobial agent has pushed researchers to look for
either natural or synthetic alternatives. Currently, there are 42 new antibiotics under
clinical development, but only 11 can treat pathogens that are considered critical by the
World Health Organization (WHO) [51]. Antibiotic development projects from major
pharmaceutical companies only account for four out of 42 studies, focusing on more
profitable ventures like immune-oncology therapeutics [51]. For this reason, it is time for
us to seek alternative solutions to ease the healthcare and economic burden of developing
new antibiotics.

In this study, several methods were used to demonstrate the effectiveness of TFDG
in inhibiting cell growth. As seen in Figures 2–4 and Tables 1 and 2, 250 µg/mL TFDG
consistently inhibits ≥ 90% of cells compared to the control at 6-h incubation. BacTiter-
GloTM measures the ATP level in the cell since extracellular ATP peaked at the end of the log
phase but decreased during the stationary phase [52]. This test is more sensitive as it directly
detects the presence of the ATP level in the sample, indicating the metabolically active
viable cells, which do not discriminate between live and dead cells [53]. The Live/Dead
assay measures the permeability of the cellular membrane. Red-colored cells indicate the
cell membranes were damaged when treated with TFDG (Figures 2–4). These two assays
provided further proof that TFDG could effectively inhibit bacterial growth. Ignasimuthu
et al. [54] showed the MIC of EGCG for B. subtilis, E. coli, and S. aureus ranging from 130
to 580 µg/mL via broth dilution method. This suggests that TFDG might be comparable
or even better as an antibacterial agent when compared to EGCG. Further studies of the
effects of TFDG against clinically significant strains like ESKAPE (Enterococcus faecium, S.
aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and Enterobacter spp.) bacteria and other
drug-resistant strains such as MRSA, VRSA, carbapenem-resistant Enterobacterales (CRE)
will be carried out [55]. In terms of the antibacterial mechanism, TFDG decreased the eDNA
and dextran production in S. mutans while decreasing the expression nucleoid synthesis in
Clostridium perfringens (C. perfringens) [9,13]. A recent transcriptome study also shows that
TFs (80% purity) could inhibit different virulence factors, including glucosyltransferases,
gtfB, gtfC, and gtfD in S. mutans. The antimicrobial mechanism of TFDG on other species
remains undetermined [56].
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Bacterial spores are associated with foodborne diseases and food spoilage, and human
diseases like gas gangrene, anthrax, and botulism [36]. Table 3 and Figure 5 show the
successful inhibition of both B. cereus and B. subtilis from germinating. This is a promising
observation, as TFDG could still prevent the spore from germinating above 99% for both
species. The ability of EGCG to inhibit sporulation is well-documented across Bacillus
spp. [16,57]. The findings in this study provide further evidence that tea polyphenols could
serve as a potent antimicrobial agent. CASTp is an online tool that analytically predicts
pocket cavities by utilizing the algorithmic and theoretical modeling that excludes shallow
depression [58]. This binding pocket was utilized to determine the binding affinity of TFDG.
Molecular docking in this study helps understand the mechanism of TFDG. Previous
findings showed that compounds with binding energies of −7.0 kcal/mol or less are
considered significant [48]. This threshold eliminates either weak or non-specific binding
energies [49]. Chang et al. [49] showed that this threshold could detect 98% of known
inhibitors of HIV therapeutics. This threshold has also been shown to eliminate 95% of non-
inhibitor interaction [49]. This study uses AutoDock Vina for binding analysis. It is a freely
accessible tool that best performed in predicting high-affinity ligands and showed the most
consistent performance in a study by Kukol [59]. Table 4 and Figure 6 show that the binding
affinity of TFDG for B. cereus GPR and Lgt were −9.7 and −7.6 kcal/mol, respectively. As
for B. subtilis, TFDG affinity for GPR and Lgt were the same, at −10.3 kcal/mol. Based on
the promising binding results, a semi-quantitative RT-PCR was carried out to investigate
the relative expression of both genes when treated with TFDG. This method is sensitive and
reliable in detecting limited transcripts from the samples [60]. The result in Figure 7 shows
that the relative expression of gpr was significantly lower (0.20 to 0.39) than the control in
both B. cereus and B. subtilis. The relative expression of lgt was higher in B. subtilis (0.88)
than B. cereus (0.25) compared to the control. Overall, TFDG may affect both lgt and gpr
expression in B. cereus while only gpr expression in B. subtilis. The GPR protease encoded
by gpr is a germination protease in the spore coat, responsible for degrading the small
acid-soluble protein (SASPs) [61]. This is a conserved gene in Bacillus spp. Clostridium spp.
and Clostridiodides spp. involving in protein synthesis and energy metabolism for early
spore outgrowth [61,62]. A conserved gene, lgt or gerF in Bacillus spp. and Clostridium
spp. codes for prelipoprotein diacylglycerol transferase [62,63]. This enzyme acts as a
catalyst for the transfer of diacylglycerol to a cysteine residue in bacterial membrane
prelipoproteins [63]. Mutation in this gene results in a slower germination process even
in a favorable environment [63,64]. The deletion of lgt in B. anthracis causes a decrease in
surface hydrophobicity that eventually leads to lower virulence in the mutant strain [64].
In B. subtilis, the mixture of Ca2+ and dipicolinic acid (Ca-DPA) complex with GerF occurs
during germination [63]. Li et al. [65] reported that the binding dissociation constant (Kd)
between Ca-DPA and its native ligand SpoVAD was 0.8. To the best of our knowledge, this
is the first study that investigates the binding affinity between Ca-DPA and GerF in Bacillus
spp. Both GPR and GerF show favorable outcomes in inhibiting the germination process
from in silico analysis. The favorable binding affinity, along with multiple numbers of
hydrogen and hydrophobic bonds, suggests that these two proteins could be the potential
targets of TFDG in inhibiting the germination process. Semi-quantitative results support
that TFDG inhibits the expression of the conserved genes. Thus, TFDG should be further
investigated as a natural food additive.

Figures 2–4 show the cells clumped together, the self-binding process known as
auto-agglutination/auto-aggregation [66]. This is a widely observed phenomenon and is
considered the first step in biofilm formation [66]. Auto-aggregation occurs under stressful
conditions, such as temperature change, and protects the cells from external stressors [66].
Generally, auto-aggregation is mediated by surface proteins like the self-associating au-
totransporters (SAATs) in Enterobacteriaceae [66]. In Actinobacillus pleuropneumoniae (A.
pleuropneumoniae), the adhesin gene adh was involved in the biofilm formation, and the
deletion of this gene could decrease pathogenicity [67]. Similarly, the first steps of biofilm
formation in Helicobacter pylori, P. gingivalis, and Staphylococcus epidermidis are also through
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auto-aggregation via their adhesin genes [68–70]. The effects of TFDG, especially pertaining
to adhesion and biofilm formation, would be a pivotal step to better understanding the
antimicrobial mechanism of TFDG.

4. Materials and Methods
4.1. Bacteria Culture

The bacterial cultures used in this study include Gram-negative: Klebsiella aerogenes (K.
aerogenes) (155030A), Escherichia coli (E. coli) (155065A), Pseudomonas aeruginosa (P. aeruginosa)
(155250A), and Proteus mirabilis (P. mirabilis) (155239A); Gram-positive: Bacillus cereus (B.
cereus) (154870A), Bacillus subtilis (B. subtilis) (154921A), Staphylococcus aureus (S. aureus)
(155554A), and Streptococcus pyogenes (S. pyogenes) (155630A); and acid-fast Mycobacterium
smegmatis (M. smegmatis) (155180A). All cultures were obtained from Carolina Biological
(Carolina Biological, Burlington, NC, USA).

4.2. Culture Maintenance

All cultures were maintained in tryptic soy broth (TSB) or tryptic soy agar (TSA) except
for S. pyogenes and M. smegmatis, which were maintained in brain heart infusion broth
(BHIB) (BactoTM, Sparks, MD, USA). The media were made with Milli-Q Integral 5 Water
Purification System (Millipore Sigma, Billerica, MA, USA) based on the manufacturer’s
protocol. All experiments were performed using fresh overnight culture. The purity of the
cultures was routinely checked.

4.3. Theaflavin Preparation

Theaflavins were obtained from a nutraceutical company (DH Nutraceuticals, LLC,
Edison, NJ, USA). Theaflavin-3,3′-digallate (TFDG) was extracted and purified using ethyl
acetate fraction, LH-20 column, 40% acetone solution elution then concentrated via rotary
evaporator [71]. Purified 10 mg/mL TFDG stock solution was prepared with 200 proof
ethanol (EtOH) (DLI, King of Prussia, PA, USA). The theaflavin stock was diluted in
bacterial growth media to the desired concentrations accordingly.

4.4. Microplate Assay

The bacterial growth was monitored with different TFDG concentrations (0, 62.5,
125, and 250 µg/mL) over a 12-h period. In a 96-well plate, 10 µL of overnight culture
(OD600nm = 1.0) was added to each well along with various concentrations of TFDG and
TSB to yield a final volume of 120 µL. The optical density was recorded hourly using a
Varioskan™ LUX multimode microplate reader and analyzed via SkanIt Software (Thermo
ScientificTM, Waltham, MA, USA). The positive control was 10% bleach, while bacterial
growth media was used as the negative control. The highest solvent concentration (1%
EtOH) was also tested. Erythromycin, a broad-spectrum antibiotic, has also been included
as a reference molecule for antibacterial efficacy comparison. The experiments were per-
formed in triplicate. The microplate assay results established the half-maximal inhibitory
concentration (IC50) and minimum inhibitory concentration (MIC). The lowest concentra-
tion with no bacterial growth was defined as MIC. The IC50 was calculated based on a
dose-response curve with log (concentration) as the x-axis and percent inhibition as the
y-axis based on 0, 62.5, 125, and 250 µg/mL. The concentration that correlates to the 50%
inhibition is the IC50.

4.5. Colony Forming Unit (CFU) Assay

Following the microplate assay, the cultures treated with 0, 62.5, and 250 µg/mL TFDG
were collected after 6-h incubation, serially diluted (from 10−2 to 10−8) plated on TSA. The
plates were incubated for 12 h at 37 ◦C, and the experiments were done in triplicate. The
CFUs were recorded, and the percent inhibition was calculated based on the following
formula:

Percent Inhibition =

[

CFUuntreated − CFUtreated

CFUuntreated

]

× 100 (1)
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The log reduction of the CFU was also calculated based on the following formula:

Log Reduction = Log10
(

CFUuntreated

CFUtreated

)

(2)

4.6. BacTiter-GloTM Microbial Cell Viability Assay

BacTiter-GloTM, the luciferase-based assay that quantifies the amount of ATP of
metabolically active cells, was conducted according to the manufacturer’s protocol (Promega,
Madison, WI, USA) [54]. The reagent was prepared by mixing the BacTiter-GloTM buffer
with the BacTiter-GloTM lyophilized substrate at room temperature. The mixture was then
homogenized and incubated at room temperature for 15 min.

In a black 96-well plate, the bacteria were prepared based on the microplate assay
(TFDG concentration of 0, 62.5, and 250 µg/mL) and placed in an IS-500 Incubator Shaker
(Chemglass Life Sciences LLC, Vineland, NJ, USA) at 37 ◦C, 250 rpm for six hours. Then
120 µL of the BacTiter-GloTM reagent was added to each well. The plate was wrapped in
aluminum foil and placed in the incubator shaker for five minutes. The luminescence was
read using a Varioskan™ LUX multimode microplate reader and analyzed via SkanIt Soft-
ware (Thermo ScientificTM, Waltham, MA, USA). The experiments were done in triplicate.
The percent inhibition was calculated based on the following formula:

Percent Inhibition =

[

(RFUuntreated − RFUtreated)

RFUuntreated

]

× 100 (3)

The log reduction of the RFU was also calculated based on the following formula:

Log Reduction = Log10
(

RFUuntreated

RFUtreated

)

(4)

4.7. LIVE/DEADTM BacLightTM Bacterial Viability Assay

The Live/Dead Viability is a two-dye system consisting of Syto9 green fluorescent
dye and propidium iodide (PI) red fluorescent dye. Both nucleic acid dyes can be used to
differentiate live from dead bacteria. PI penetrates damaged bacterial membranes while
Syto9 stains bacteria with intact cell membranes. Thus, live cells will be stained in green,
impaired cells in yellow, and dead cells in red.

The staining was done using the InvitrogenTM Live/Dead BacLightTM Bacterial Via-
bility Kit. According to the manufacturer’s recommendation, equal parts of the Syto9 and
PI were combined (Thermo Fisher Scientific, Waltham, MA, USA).

Following the same experimental setup as the CFU assay mentioned above (0, 62.5,
and 250 µg/mL TFDG), the dye mixture was added to each culture and incubated at room
temperature in the dark for 15 min. The cells were then observed using Olympus IX81
FV1000 Confocal Microscope, and the images were analyzed using the FV10-ASW 4.2
viewer. This method was also utilized to visualize the germinated spores, except the spores
were treated for 60 min.

4.8. Spore Preparation

This method was modified based on the previously published protocol [16,72]. B.
cereus and B. subtilis are spore-forming bacteria. The spores were induced by adding 5 mL
of fresh overnight culture (OD600nm = 1.0) to 5 mL sterile diH2O in a culture tube. The
cultures were incubated at 37 ◦C and 250 rpm for 72 h (IS-500 Incubator Shaker, Chemglass
Life Sciences LLC, Vineland, NJ, USA). After 72 h, the spores were heated for 20 min at
75 ◦C to inactivate the vegetative cells. The purity of the spores was confirmed through the
Schaeffer Fulton differential stain method.
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4.9. Spore Germination Inhibition Assay

100 µL of the 72-h spores were added to various concentrations of TFDG (312.5 µg/mL
and 625 µg/mL) along with TSB to a final volume of 1 mL in a microcentrifuge tube. The
tubes were incubated for 1 h at 37 ◦C and 250 rpm (IS-500 Incubator Shaker, Chemglass Life
Sciences LLC, Vineland, NJ, USA). After the incubation period, the samples were serially
diluted (from 10−2 to 10−9), and 100 µL of the dilution was plated using the spread plate
method with TSA. The plates were incubated for 12 h at 37 ◦C. The experiments were done
in triplicate. The CFUs were recorded, and the percentage of inhibition and log reduction
was calculated based on the formula above (1 and 2).

4.10. Ligand Preparation

The 2D structure of TFDG (structure ID: 135403795) was obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/, accessed on 27 August 2021). The structure was
converted into 3D format using Vega ZZ software (http://www.vegazz.net, accessed on 27
August 2021) and .pdbqt file format using AutoDock Tools V1.5.6 [73].

4.11. Gene and Protein Selection

The germination genes for in silico modeling were selected based on conserveness
in Bacillus spp. and Clostridium spp. [74]. The genes and their protein information were
tabulated in Table 6. The protein structure of each gene was downloaded directly from
PDB (https://www.rcsb.org/, accessed on 3 September 2021) for the binding analysis. If
the protein structure was not yet crystalized, the protein sequence was used to construct a
hypothetical structure using SwissModel (https://swissmodel.expasy.org/, accessed on 3
September 2021) [75]. The hypothetical structure with the highest sequence identity was
chosen for the analysis. The binding pocket was then determined using the Computed
Atlas of Surface Topography of Proteins (CASTp) (http://sts.bioe.uic.edu/castp/, accessed
on 3 September 2021) [58].

Table 6. Genes and protein information of conserved germination genes of B. cereus and B. subtilis.

Bacteria Gene NCBI Gene ID Crystal Structure PDB Reference % Sequence Identity

B. cereus
gpr 56320307 None IC8B 71.47%

lgt (gerF) 56322894 None 5AZC 16.74%

B. subtilis
gpr 937838 None IC8B 68.68%

lgt (gerF) 12085459 None 5AZC 35.21%

4.12. In Silico Docking Analysis and Visualization

In silico docking analysis was performed using AutoDock Vina. The size and search
space of each protein were calculated using AutoDock Tools 1.5.6 based on the result from
the CASTp analysis. Table 7 shows the grid box for each analysis. The spacing was left at
the default value of 0.375 Å, as well as the exhaustiveness rate of 8 [73].

Table 7. Grid box information of conserved germination protein for binding analysis.

Bacteria Protein
Center

X
Center

Y
Center

Z
Size

X
Size

Y
Size

Z

B. cereus
GPR −2 10 110 126 126 126

Lgt (GerF) −20 0 0 92 120 104

B. subtilis
GPR −20 40 50 126 126 126

Lgt (GerF) −15 0 −8 90 114 126
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4.13. Total RNA Extraction, cDNA Synthesis, and Semi-Quantitative RT-PCR

The spore germination assay was carried out for control, PBS, and 625 µg/mL TFDG.
After one hour of treatment, the RNA extraction was done using the Ambion® RiboPureTM

Kit (Ambion Inc, Austin, TX, USA). Then 250 µL of the sample was mixed with the 1 mL TRI
reagent. The mixture was sonicated 15 times at 3 s intervals (20% power) using the Branson
Sonifier Cell Disruptor 200 (Emerson Industrial, St. Louis, MO, USA). The extraction
process was carried out based on the manufacturer’s protocol. The RNA was used as a
template for the cDNA synthesis using the ABI High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems-Life Technologies, Camarillo, CA, USA). The cDNA synthesis was
done according to the manufacturer’s protocol. The cDNA synthesis was carried out in a
Veriti 96-Well Thermocycler (Applied Biosystems, Camarillo, CA, USA). The cDNA purity
and concentration were measured using a BioDrop uLite (Biochrom, Cambridge, United
Kingdom). The samples were stored at −20 ◦C.

The oligonucleotides were designed based using NCBI Primer Design Tool (https:
//www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed 3 November 2021). The following
primers were generated: Bc_GPR_F2: 5′-ACACCAGATGCTCTTGGACC-3′ and Bc_GPR_R2:
5′-TCTGCTCTTTTCATCCGGCA-3′; Bc_Lgt_F2: 5′-CTGTATGGGCTTTTGGGGCA and
Bc_Lgt_R2: 5′-TGAGCAAACCCCTCAACAAT-3′; Bs_GPR_F2: 5′-CCGATTTGGCAGTGG
AAACG-3′ and Bs_GPR_R2: 5′-AACACCAAGCGTGTCTTTGC-3′; Bs_Lgt_F2: 5′-TTTGCT
CGGGCTGTGGATAG-3′ and Bs_Lgt_R2 5′ CCCTTGACGCGTCTGAAGAT-3′; 16S riboso-
mal RNA 27F: 5′-AGAGTTTGATCCTGGCTCAG-3′ and 1492R: 5′-ACGGCTACCTTGTTAC
GACTT-3′. The ~100 µg/mL cDNA was used, and the PCR was performed using the Ap-
plied Biosystems Veriti 96-Well Thermal Cycler (ThermoFisher Scientific, MA, USA): 95 ◦C
for 60 s, 35 cycles of 95 ◦C for 10 s, 56 ◦C for 10 s and 72 ◦C for 90 s. A 2% agarose gel
electrophoresis was carried out, and the amount of cDNA was determined [76]. The relative
mRNA expression was then calculated.

4.14. Statistical Analysis

All experiments were performed in triplicate, and the mean and standard deviations
(SD) were calculated. One-way Analysis of Variance (ANOVA) and Dunnett’s post hoc
analysis were used to analyze the data (GraphPad Prism 5, San Diego, CA, USA). A p-value
less than 0.05 was considered statistically significant.

5. Conclusions

This study profiled the effects of TFDG on nine bacteria, including Gram-positive,
Gram-negative, and acid-fast bacteria. Microplate assay and the CFU assay were carried
out. The microplate assay results indicated the MIC was 250 µg/mL. BacTiter-GloTM

Microbial Cell Viability test was also performed to measure the level of ATP in the sample.
The fluorescence-based Live/Dead Assay was utilized to visualize the morphological
changes on individual cells to TFDG, thus precluding the possible antibacterial mechanism
of TFDG. In silico modeling allowed us to analyze and propose the mechanism of TFDG on
the bacterial spores at the molecular level. Semi-quantitative RT-PCR assays were carried
out for gene expression analysis pre- and post-treatment. This study successfully shows
the potential usage of TFDG as an antimicrobial agent for a wide selection of bacteria,
ranging through Gram-negative, Gram-positive, and acid-fast species. This study also
shows the anti-germination properties of TFDG as TFDG inhibits the expression of gpr and
lgt, genes code for the conserved GPR and Lgt (GerF) germination proteins based on in
silico modeling and semi-quantitative RT-PCR.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: The skin produces a plethora of antimicrobial peptides that not only show antimicrobial
activities against pathogens but also exhibit various immunomodulatory functions. Human β-
defensins (hBDs) are the most well-characterized skin-derived antimicrobial peptides and contribute
to diverse biological processes, including cytokine production and the migration, proliferation, and
differentiation of host cells. Additionally, hBD-3 was recently reported to promote wound healing
and angiogenesis, by inducing the expression of various angiogenic factors and the migration and
proliferation of fibroblasts. Angiogenin is one of the most potent angiogenic factors; however, the
effects of hBDs on angiogenin production in fibroblasts remain unclear. Here, we investigated the
effects of hBDs on the secretion of angiogenin by human dermal fibroblasts. Both in vitro and ex vivo
studies demonstrated that hBD-1, hBD-2, hBD-3, and hBD-4 dose-dependently increased angiogenin
production by fibroblasts. hBD-mediated angiogenin secretion involved the epidermal growth factor
receptor (EGFR), Src family kinase, c-Jun N-terminal kinase (JNK), p38, and nuclear factor-kappa B
(NF-κB) pathways, as evidenced by the inhibitory effects of specific inhibitors for these pathways.
Indeed, we confirmed that hBDs induced the activation of the EGFR, Src, JNK, p38, and NF-κB
pathways. This study identified a novel role of hBDs in angiogenesis, through the production of
angiogenin, in addition to their antimicrobial activities and other immunomodulatory properties.

Keywords: human β-defensin (hBD); dermal fibroblast; angiogenin; angiogenesis

1. Introduction

The skin is the primary interface between the body and the surrounding environment.
To defend against pathogens, skin produces hundreds of antimicrobial peptides that exhibit
antimicrobial activity against bacteria, fungi, and viruses. In addition to their antimicrobial
activity, antimicrobial peptides regulate inflammatory responses, cytokine/chemokine
secretion, and cell migration and proliferation, and improve skin barrier function [1,2]. Two
major groups of antimicrobial peptides, defensins and cathelicidins, have been well charac-
terized in human skin [3]. Based on sequence homology and the connectivity of conserved
cysteine (Cys) residues, human defensins are classified into α-defensins and β-defensins.
The characteristic connection of disulfide bridges in human α-defensins is Cys1–Cys6, Cys2–
Cys4, and Cys3–Cys5, while that in human β-defensins (hBDs) is Cys1–Cys5, Cys2–Cys4,
and Cys3–Cys6 [4]. Human α-defensin-1, -2, -3, and -4 are also termed human neutrophil
peptides (HNPs), because they are mainly expressed in neutrophils. HNP-1, -2, and -3 differ
only in the first amino acid, whereas HNP-4 has a distinct amino acid sequence [5,6]. hBDs
are some of the most important skin-derived antimicrobial peptides and are well known
for their wide range of microbicidal activities and immunomodulatory properties [7]. Six
hBDs have been identified, among which hBD-1, hBD-2, hBD-3, and hBD-4 are primarily
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found in the epithelium of the skin, eyes, and oral, respiratory, and urogenital tracts, while
hBD-5 and hBD-6 are exclusively expressed in the epididymis [7]. In normal skin, hBD-1 is
constitutively expressed, whereas the expression of hBD-2, hBD-3, and hBD-4 is induced
in lesional skin by injury, infection, or inflammation [7]. As hBDs activate various types
of host cells, such as keratinocytes, fibroblasts, mast cells, neutrophils, and macrophages,
hBDs greatly contribute to biological processes. It has been reported that hBDs are involved
in pro- and anti-inflammatory responses, neutralization of lipopolysaccharides, chemoat-
traction, activation of autophagy, maintenance of the skin barrier, and promotion of wound
healing [1,3,7–9]. In cutaneous wound healing, which occurs in healthy subjects, hBD-2
and hBD-3 are especially expressed by keratinocytes at wound sites [8]. hBD-3 was recently
reported to promote wound healing by modulating inflammatory responses, angiogenesis,
and cell proliferation and migration in dermal fibroblasts [10]. Angiogenesis, which is the
formation of new blood vessels, is orchestrated by angiogenic factors and is an important
process in development, as well as wound healing [11]. A recent study showed that hBD-3
induced the production of angiogenic factors, including vascular endothelial growth factor
(VEGF), platelet-derived growth factors (PDGF), and fibroblast growth factor (FGF), by
dermal fibroblasts [10]. Angiogenin (ANG), a member of the RNase family that was initially
discovered to be a tumor angiogenesis factor, is one of the most potent angiogenic factors
and promotes the growth, survival, migration, and invasion of endothelial cells [12].

Although antimicrobial peptide derived from insulin-like growth factor-binding pro-
tein 5 (AMP-IBP5) was recently reported to increase ANG production by human epidermal
keratinocytes [13], there have been no reports on hBD-induced secretion of ANG. Therefore,
this study investigated the effects of the antimicrobial peptides hBD-1, hBD-2, hBD-3, and
hBD-4 on the production of ANG in human dermal fibroblasts, with both in vitro and
ex vivo models. The secretion of angiogenin was dose-dependently increased by hBD-1,
hBD-2, hBD-3, and hBD-4, and this secretion was mediated by activation of the epidermal
growth factor receptor (EGFR), Src family kinase, c-Jun N-terminal kinase (JNK), p38, and
nuclear factor-kappa B (NF-κB) signaling pathways. These findings identified a novel role
of hBDs in angiogenesis, through the production of ANG in dermal fibroblasts.

2. Results
2.1. hBDs Induce ANG Production by Human Dermal Fibroblasts in Both In Vitro and Ex
Vivo Models

Normal human dermal fibroblasts were incubated with 10–20 µg/mL hBD-1, hBD-2,
hBD-3, and hBD-4, and both the mRNA expression and extracellular secretion of ANG at
different time points were examined. The mRNA expression of ANG and the amounts of
ANG secreted in the cell-free culture supernatants were evaluated by quantitative real-time
polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA), respec-
tively. We observed that incubation with hBDs had little effect on the mRNA expression of
ANG (Supplementary Figure S1), whereas all hBDs dose- and time-dependently enhanced
the secretion of ANG by fibroblasts (Figure 1a). A five-fold increase in ANG levels was
observed at 6 h poststimulation, whereas a 10-fold increase was observed at 12 h. hBD-1,
hBD-3, and hBD-4 significantly induced the production of ANG as early as 3 h, and hBD-3
displayed the strongest effect at concentrations as low as 10 µg/mL (Figure 1a).

Fibroblasts in vivo reside in a three-dimensional context. The three-dimensional
matrix culture allows fibroblasts to grow into tissues that closely resemble their in vivo
counterparts [14]. To determine whether hBDs induce ANG production under physiological
conditions, normal human dermal fibroblasts were cultured in an ex vivo model for two
days using type I collagen gels as scaffolds [15–17]. Fibroblasts were then stimulated with
20 µg/mL hBD-1, hBD-2, hBD-3, and hBD-4, and the amounts of ANG in the cell-free
culture supernatants were evaluated using ELISA. The secretion of ANG by ex vivo-
cultured fibroblasts was significantly increased following the addition of hBD-1, hBD-2,
hBD-3, and hBD-4 (Figure 1b). The hBD-1-mediated stimulatory effect was only observed
at 6 h poststimulation, whereas stimulation with hBD-2, hBD-3, and hBD-4 resulted in
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a time-dependent secretion of large amounts of ANG as early as 3 h after stimulation
(Figure 1b). These findings suggested that hBDs are potent inducers of ANG secretion by
human dermal fibroblasts, both in vitro and ex vivo.

μ

 

μ μ

μ μ

Figure 1. hBDs induce the secretion of the angiogenic factor ANG by human dermal fibroblasts.
(a) Normal human dermal fibroblasts were stimulated with 10–20 µg/mL hBDs or vehicle (0 µg/mL
hBDs) for 3–24 h, and the amounts of ANG in the culture supernatant were determined by ELISA.
(b) Normal human dermal fibroblasts were cultured in a three-dimensional context using type I
collagen gels and then stimulated with 20 µg/mL hBDs or vehicle (0 µg/mL hBDs) for 3–24 h. The
amounts of ANG in the culture supernatant were determined by ELISA. The data represent the
means ± SDs of 4–5 separate experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the
vehicle at each time point by one-way ANOVA with Tukey’s multiple comparisons test.

The observation that all hBDs displayed an ANG-inducing effect prompted us to
examine whether the ANG production was limited to hBDs. Therefore, we treated human
fibroblasts with human α-defensins, whose disulfide linkages are different from those in
hBDs. Among the human α-defensins tested, only HNP-4 induced ANG production. The
effect of HNP-4 was dose- and time-dependent and was observed as early as 3 h after
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stimulation (Figure 2a). Other α-defensins, such as HNP-1, -2, and -3, did not show any
effect (data not shown). In addition to defensins, we examined the ANG-inducing effect of
cathelicidin LL-37, which does not contain disulfide linkages in its sequence. We found that
LL-37 also significantly induced ANG secretion. Therefore, it appears that hBD-mediated
ANG production is not dependent on the presence of disulfide bridges in hBDs, and that
among antimicrobial peptides, ANG production is not limited to hBDs.

α
α

α

μ μ
Figure 2. The production of ANG is promoted by HNP-4 and LL-37. Normal human dermal
fibroblasts were cultured with 10–20 µg/mL HNP-4 (a) or 1–20 µg/mL LL-37 (b) for 3–24 h. The
concentration of ANG in the culture supernatant was determined by ELISA. The data represent the
means ± SDs of 3–4 separate experiments. * p < 0.05 and ** p < 0.01 compared with the vehicle at
each time point by one-way ANOVA with Tukey’s multiple comparisons test.

2.2. EGFR and Src Family Kinase Activation Is Necessary for the hBD-Mediated Production of
ANG in Dermal Fibroblasts

The EGFR signaling pathway regulates fundamental cellular functions, including cell
survival, proliferation, and migration [18]. Since hBDs have been shown to activate hu man
keratinocytes via EGFR [19], we examined the role of EGFR signaling in the hBD-mediated
ANG production by human dermal fibroblasts. First, we confirmed that hBDs activate
EGFR. As shown in Figure 3a, the phosphorylation of EGFR increased between 30 and
120 min after stimulation with hBD-1, hBD-2, hBD-3, and hBD-4. To examine whether
increased EGFR activation was indeed necessary for hBD-mediated ANG production,
fibroblasts were preincubated with an EGFR-specific inhibitor, AG1478, for 2 h before
stimulation with each hBD. As shown in Figure 3a, the ANG secretion induced by hBDs
was suppressed by pretreatment with AG1478, confirming that hBDs enhanced ANG
production via the EGFR pathway.

It has been reported that the Src family tyrosine kinases are activated by tyrosine
kinase receptors and promote signaling through various growth factor receptors, including
EGFR [20–22]. As hBDs promoted the activation of EGFR, we examined the effects of hBDs
on the Src signaling pathway in fibroblasts. Figure 4a shows that all hBDs induced Src
phosphorylation. This activation was first observed at 30 min poststimulation and peaked
at 120 min. Moreover, pretreating fibroblasts with the Src family tyrosine kinase inhibitor
PP2 significantly suppressed hBD-induced ANG production (Figure 4b), indicating the in-
volvement of the Src signaling pathway in hBD-mediated ANG secretion. The observation
that treatment of fibroblasts with either EGFR inhibitor (AG1478) or Src inhibitor (PP2) only
partially inhibited hBD-induced ANG production suggests that pathways other than EGFR
and Src may be involved in hBD-induced secretion of ANG by human fibroblasts. We con-
firmed that both AG1478 (Supplementary Figure S2) and PP2 (Supplementary Figure S3)
completely inhibited EGFR and Src phosphorylation, respectively, indicating that the incu-
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bation time and doses of inhibitors used in this study were sufficient to inhibit the EGFR
and Src pathways.
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Figure 3. hBDs induce ANG production by activating the EGFR pathway. (a) Human dermal
fibroblasts were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL
hBD-4 for 30–120 min, and the levels of phosphorylated and unphosphorylated EGFR in whole
cell lysates were analyzed by Western blotting. * p < 0.05 and *** p < 0.001 compared between the
unstimulated (0 min) and the hBD-stimulated groups by one-way ANOVA with Tukey’s multiple
comparisons test. (b) Fibroblasts were preincubated with 100 nM AG1478 (AG, EGFR inhibitor)
or solvent (-) for 2 h. Cells were then stimulated for 6 h with 20 µg/mL hBD-1, 20 µg/mL hBD-
2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4. The concentrations of ANG in cell-free supernatants
were determined by ELISA. *** p < 0.001 compared between the presence and absence of hBDs
without inhibitors; ## p < 0.01 compared between the inhibitor-treated and untreated group with
hBD stimulation by one-way ANOVA with Tukey’s multiple comparisons test. All results are the
means ± SDs of 5–6 independent experiments.
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Figure 4. hBDs induce ANG production by activating the Src pathway. (a) Human dermal fibroblasts
were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4
for 30–120 min, and the levels of phosphorylated and unphosphorylated Src in whole cell lysates
were analyzed by Western blotting. * p < 0.05 and ** p < 0.01 compared between the unstimulated
(0 min) and the hBD-stimulated groups by one-way ANOVA with Tukey’s multiple comparisons test.
(b) Fibroblasts were preincubated with 20 µM PP2 (Src inhibitor) or solvent (-) for 2 h. Cells were then
stimulated for 6 h with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4.
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The concentrations of ANG in cell-free supernatants were determined by ELISA. *** p < 0.001
compared between the presence and absence of hBDs without inhibitors; ## p < 0.01 and ### p < 0.001
compared between the inhibitor-treated and untreated groups with hBD stimulation using one-way
ANOVA with Tukey’s multiple comparisons test. All results are the means ± SDs of 3–6 independent
experiments.

2.3. hBD-Mediated ANG Production Requires the Activation of the Mitogen-Activated Protein
Kinase (MAPK) and Nuclear Factor-Kappa B (NF-κB) Pathways

The MAPK pathways play key roles in many biological activities, including cell sur-
vival and metabolism, and have been reported to be activated by hBDs in keratinocytes
and mast cells [23–25]. To evaluate whether hBDs could also activate MAPKs in fibrob-
lasts, cells were incubated with hBD-1, hBD-2, hBD-3, and hBD-4 for 5–60 min, and the
phosphorylation of MAPK p38, JNK, and extracellular signal-regulated kinase (ERK) 1/2
was examined using Western blotting. hBD-1, hBD-2, hBD-3, and hBD-4 increased the
phosphorylation of p38 at 5 min, and this phosphorylation was still remarkable at 60 min
after stimulation with hBD-1 and hBD-3. All hBDs also enhanced JNK and ERK1/2 phos-
phorylation, which peaked at 5 min, before decreasing (Figure 5a). The requirement for
MAPK pathways in hBD-mediated ANG production was evaluated by treating fibroblasts
with MAPK inhibitors for 2 h, before stimulation with hBDs. SB203580 (p38 inhibitor)
and JNK inhibitor II markedly decreased hBD-mediated ANG production, while U0126
(ERK inhibitor) had no effect on ANG secretion (Figure 5b). The failure of U0126 to inhibit
hBD-induced ANG production by fibroblasts was not due to the inactivity of this inhibitor,
because treatment of fibroblasts with U0126 completely suppressed both hBD-induced and
spontaneous ERK phosphorylation. Other inhibitors, SB203580 and JNK inhibitor II, also
abolished p38 and JNK phosphorylation (Supplementary Figure S4).
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Figure 5. hBDs induce ANG production by activating the p38 and JNK signaling. (a) Human dermal
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fibroblasts were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL
hBD-4 for 5–60 min, and the levels of phosphorylated and unphosphorylated MAPKs (p38, JNK
and ERK1/2) in whole cell lysates were analyzed by Western blotting. * p < 0.05, ** p < 0.01 and
*** p < 0.001 compared between the unstimulated (0 min) and the hBD-stimulated groups by one-way
ANOVA with Tukey’s multiple comparisons test. (b) Fibroblasts were preincubated with 10 µM
SB203580 (SB, p38 inhibitor), 10 µM JNK inhibitor II (J), 10 µM U0126 (U, ERK inhibitor), or solvent (-)
for 2 h. Cells were then stimulated for 6 h with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3,
or 20 µg/mL hBD-4. The concentrations of ANG in cell-free supernatants were determined by ELISA.
*** p < 0.001 compared between the presence and absence of hBDs without inhibitor; ### p < 0.001
compared between the inhibitor-treated and untreated group with hBD stimulation by one-way
ANOVA with Tukey’s multiple comparisons test. All results are the means ± SDs of 3–6 independent
experiments.

In addition, we focused on the NF-κB pathway, because this pathway has been im-
plicated in antimicrobial peptide-mediated cell activation [26,27], and hBDs have been
demonstrated to activate the NF-κB signaling pathway in human epidermal keratinocytes
and cervical cancer cells [28,29]. To determine whether hBDs activated NF-κB signaling in
fibroblasts and thereby promoted the nuclear translocation of NF-κB, NF-κB expression in
the nucleus was analyzed after hBD stimulation of fibroblasts. hBD-1, hBD-2, hBD-3, and
hBD-4 significantly increased the levels of NF-κB in the nucleus at 60 min poststimulation
(Figure 6a). The observation that hBD-mediated ANG secretion was suppressed by pre-
treatment with NF-κB activation inhibitor II suggests that the NF-κB signaling pathway
is necessary for hBD-mediated ANG secretion (Figure 6b). We confirmed that the nuclear
translocation of NF-κB was suppressed in fibroblasts following treatment of cells with
NF-κB activation inhibitor II (Supplementary Figure S5). Collectively, these data demon-
strated that the MAPK JNK and p38 and NF-κB signaling pathways are necessary for the
hBD-mediated production of ANG by fibroblasts.
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Figure 6. hBDs induce ANG production by activating NF-κB signaling. (a) Human dermal fibroblasts
were stimulated with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4
for 5–60 min, and the levels of NF-κB in nuclear lysates were analyzed by Western blotting. The
expression of Lamin B1 is shown as a loading control. * p < 0.05 and *** p < 0.001 compared between
the unstimulated (0 min) and the hBD-stimulated groups by one-way ANOVA with Tukey’s multiple
comparisons test. (b) Fibroblasts were preincubated with 40 µM NF-κB activation inhibitor II (NF)
or solvent (-) for 2 h. Cells were then stimulated for 6 h with 20 µg/mL hBD-1, 10 µg/mL hBD-
2, 10 µg/mL hBD-3, or 20 µg/mL hBD-4. The concentrations of ANG in cell-free supernatants
were determined by ELISA. *** p < 0.001 compared between the presence and absence of hBDs
without inhibitor; ### p < 0.001 compared between the inhibitor-treated and untreated groups with
hBD stimulation by one-way ANOVA with Tukey’s multiple comparisons test. All results are the
means ± SDs of 4–6 independent experiments.
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3. Discussion

A recent study indicated that the skin-derived antimicrobial peptide hBD-3 promoted
wound healing, angiogenesis, proliferation, and migration in fibroblasts in an in vivo mouse
model and in cultured primary human dermal fibroblasts. Furthermore, hBD-3 promoted
angiogenesis by enhancing the dermal fibroblast production of angiogenic factors, such
as VEGF, PDGF, and FGF [10]. In this study, we demonstrate that the secretion of another
angiogenic factor ANG by fibroblasts was increased not only by hBD-hBD-1, hBD-2, hBD-3,
and hBD-4. hBD-mediated ANG production involved the EGFR, Src, p38, JNK, and NF-κB
signaling pathways.

As a first line of defense against microbial invasion, human skin produces antimicrobial
peptides, which play crucial roles in both innate and adaptive immune responses during
injury and inflammation. In addition to antimicrobial properties, hBDs exhibit diverse
bioactivities and regulate cell proliferation and migration, skin barrier function, wound
healing, and angiogenesis [7]. It has been reported that hBDs also induce the production
of various cytokines, growth factors, and angiogenic factors and induce autophagy in
epidermal keratinocytes [9,10,19,23,24]. Angiogenesis plays a critical role in many biological
processes, such as development, tissue remodeling, reproduction, wound healing, and
carcinogenesis. Although ANG is one of the most potent angiogenic factors, it has not been
investigated whether hBDs regulate the production of ANG in human dermal fibroblasts.
Here, we demonstrated that ANG production was greatly induced by hBD-1, hBD-2, hBD-3,
and hBD-4 in fibroblasts cultured in both in vitro and ex vivo models.

As hBDs are induced in skin tissues following injury, infection, or inflammation,
there may be an interaction between various resident skin cells, due to impairment of
the skin structure and infiltration of inflammatory cells [8]. During the wound healing
process, cellular interactions become dominated by the interplay between keratinocytes and
fibro blasts, which gradually shift the microenvironment away from an inflammatory site
toward synthesis-driven granulation tissue [30]. Of note, the effect of hBDs on fibroblasts
has been investigated, to develop a potential agent for wound healing [31,32]. Moreover,
the possibility that hBDs may be expressed in the dermis has been reported in lesional skin
of acne vulgaris [33,34], and hBDs are upregulated in the dermis of chronic wounds [35],
where they may directly interact with fibroblasts.

Although the exact physiological concentrations of hBDs are not well known, the
doses of hBD-2 have been estimated to be 3.5–16 µM (15–70 µg/mL) in IL-1α-stimulated
epidermal cultures [36] and approximately 20 µM (87 µg/mL) in skin tissues from patients
with psoriasis [37]. Furthermore, high doses of hBDs have been detected in wound heal-
ing [38], where ANG plays a critical role [12]. Therefore, we assume that the doses of hBDs
(20 µg/mL, equivalent to 4–5 µM) used in this study are physiologically relevant.

As all hBDs increased ANG secretion, one could speculate that hBD-mediated ANG
production is dependent on hBD structure. In fact, the presence of disulfide bridges has
been shown to be important in hBD-mediated immunomodulatory activities, although
it is not indispensable for hBD-induced antimicrobial activities [39]. To investigate the
importance of disulfide bridges in hBD-induced ANG secretion, fibroblasts were treated
with α-defensins, whose disulfide linkages are different from those in hBDs. Only HNP-
4, but not HNP-1, HNP-2, or HNP-3, induced ANG production. HNP-4 has also been
previously reported to be more effective than other HNPs in protecting peripheral blood
mononuclear cells from HIV-1 infection [40]. In addition, because LL-37, which is unable to
form disulfide bonds, also induced ANG secretion by fibroblasts, it is assumed that hBD-
mediated ANG production is independent of the presence of disulfide bridges in hBDs.

hBDs have been reported to activate the EGFR and MAPK pathways in human ker-
atinocytes [19,23,28]. Accordingly, in this study, we observed that hBDs induced the
phosphorylation of EGFR, Src and MAPK p38, JNK, and ERK1/2. Although the phospho-
rylation of ERK was strongly increased by hBDs, it seems that ERK activation was not
involved in ANG production, because an ERK-specific inhibitor failed to suppress ANG
production. In addition to EGFR, Src, and MAPK, hBD-induced ANG production was also
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mediated by the NF-κB signaling pathway. This finding is consistent with previous studies
reporting that antimicrobial peptides activate the NF-κB signaling pathway [26–28,41].
However, the observation that EGFR and Src inhibitors partially suppress hBD-induced
ANG suggests the possibility of other pathways with hBD-driven activities. In fact, hBDs
have been reported to activate various physiological regulators of intracellular signaling
pathways, such as reactive oxygen species, which are involved in ANG secretion [42,43].
Further studies are needed to clarify whether these pathways are involved in hBD-mediated
ANG secretion.

The levels of angiogenic factors have been shown to be downregulated in nonhealing
chronic wounds [44]. As a recent study indicated that hBD-3 induced the production of
angiogenic factors, such as VEGF, PDGF, and FGF2, by dermal fibroblasts [10], and because
this report demonstrated that hBDs promote ANG secretion by fibroblasts, these findings
indicate that hBDs may contribute to angiogenesis, in addition to their antimicrobial
and other immunomodulatory activities. Therefore, it is hypothesized that promoting
the production or receptor activation of angiogenic factors may be a useful treatment
strategy for chronic wounds. In conclusion, hBD treatment may be effective in promoting
angiogenesis and wound healing through angiogenin secretion by fibroblasts.

4. Materials and Methods
4.1. Reagents

The antimicrobial peptides hBD-1, hBD-2, hBD-3, hBD-4, and HNP-4 were obtained
from the Peptide Institute (Osaka, Japan) and dissolved in 0.01% acetic acid. LL-37
(L1LGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES37) was synthesized by the solid-
phase method, as previously reported [24]. AG1478 was purchased from Selleck (Houston,
TX). PP2, JNK inhibitor II, U0126, SB203580, and NF-κB activation inhibitor II were obtained
from Calbiochem (La Jolla, CA, USA). Can Get Signal® Immunoreaction Enhancer Solution
(TOYOBO Co., Ltd., Osaka, Japan) was used as the diluent for the antibodies.

The primary antibodies anti-EGFR (1:2000 dilution), anti-phospho-EGFR (1:1000 dilu-
tion), anti-SAPK/JNK (1:500 dilution), anti-phospho-SAPK/JNK (1:1000 dilution), anti-p38
(1:1000 dilution), anti-phospho-p38 (1:2000 dilution), anti-p44/42 (ERK1/2) (1:2000 dilu-
tion), anti-phospho-p44/42 (ERK1/2) (1:2000 dilution), and anti-NF-κB p65 (1:1000 dilution)
were purchased from Cell Signaling Technology (Beverly, MA, USA), and anti-Lamin B1
(1:20,000 dilution) was obtained from Proteintech (Rosemont, IL, USA). Horseradish perox-
idase (HRP)-linked anti-rabbit IgG and HRP-linked anti-mouse IgG secondary antibodies
were purchased from Cytiva (Tokyo, Japan) and diluted at 1:2000.

4.2. Cell Culture and Stimulation

Primary human dermal fibroblasts isolated from neonatal foreskin were purchased
from Lifeline Cell Technology (Osaka, Japan) and cultured in FibroLife Basal Medium
(Lifeline Cell Technology) containing L-glutamine (7.5 mM), human FGF-basic (5 ng/mL),
insulin (5 µg/mL), ascorbic acid (50 µg/mL), hydrocortisone (1 µg/mL), gentamycin
(30 µg/mL), amphotericin B (15 ng/mL), and fetal bovine serum (2% vol/vol) at 37 ◦C with
5% CO2 and used within 3 passages. All experiments were performed using subconfluent
cells grown in FibroLife Basal Medium without supplements, but with antibiotics, in a
12-well cell culture plate (Greiner Bio-One, Frickenhausen, Germany).

For the ex vivo model, primary human dermal fibroblasts were suspended in Dul-
becco’s modified Eagle medium (DMEM, Sigma–Aldrich, St Louis, MO, USA) containing
0.15% atelocollagen (KOKEN, Tokyo, Japan) at a density of 5 × 105 cells/mL, and 100 µL
of cell suspension was seeded in a 96-well cell culture plate (Greiner Bio-One). After 1 h,
DMEM supplemented with 10% fetal bovine serum (Biosera, Boussens, France) was added
to the collagen gels. Two days later, the cells were used for studies to mimic ex vivo
physiological conditions, as reported previously [14–17].
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4.3. Preparation of Total RNA and Quantitative Real-Time PCR

Total RNA was extracted from cultured fibroblasts using a RNeasy Plus Micro Kit
(Qiagen, Tokyo, Japan), according to the manufacturer’s guidelines. Samples were reverse-
transcribed with ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan), accord-
ing to the manufacturer’s protocol. Quantitative real-time PCR was performed on a
StepOne Plus Real-time PCR System (Applied Biosystems, Foster City, CA, USA) using a
QuantiNova SYBR Green PCR kit (Qiagen). Each sample was analyzed in duplicate; the
amounts of ANG mRNA in each sample were normalized to those of ribosomal protein
S18 (RPS18), and the expression of ANG mRNA was expressed relative to its expression
in untreated control cells. The pairs of specific primers for ANG (forward primer: 5′-
GTGCTGGGTCTGGGTCTGAC-3′; reverse primer: 5′-GGCCTTGATGCTGCGCTTG-3′),
and RPS18 (forward primer: 5′-TTTGCGAGTACTCAACACCAACATC-3′; reverse primer:
5′-GAGCATATCTTCGGCCCACAC-3′).

4.4. ELISA

Fibroblasts were stimulated with 10–20 µg/mL hBDs for 3–24 h, and cell-free su-
pernatants were collected. In some experiments, fibroblasts were pretreated for 2 h with
100 nM AG1478 (EGFR inhibitor), 20 µM PP2 (Src inhibitor), 10 µM SB203580 (p38 inhibitor),
10 µM JNK inhibitor II, 10 µM U0126 (ERK inhibitor), and 40 µM NF-κB activation inhibitor
II, before stimulation with 20 µg/mL hBD-1, 20 µg/mL hBD-2, 10 µg/mL hBD-3, and
20 µg/mL hBD-4 for 6 h. In the preliminary dose-dependent experiments, the abovemen-
tioned concentrations were the most effective and less toxic (data not shown). ANG was
quantified using DuoSet ELISA kits obtained from R&D Systems (Minneapolis, MN, USA).

4.5. Western Blotting

Following stimulation, fibroblasts were lysed with RIPA buffer (Cell Signaling Tech-
nology) containing phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich, St. Louis, MO,
USA). Nuclear lysates were prepared using a LysoPure™ Nuclear and Cytoplasmic Extrac-
tor Kit (FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan) containing protease
inhibitor cocktail Set III (FUJIFILM Wako Pure Chemical Corporation). Protein levels were
quantified using precision red advanced protein assay reagent #2 (Cytoskeleton, Denver,
CO, USA). Equal amounts of total protein were separated on 10% SDS-polyacrylamide gels.
After electrophoresis, the proteins were transferred onto an immobilon-P transfer mem-
brane (Millipore, Billerica, MA, USA) by a PoweredBLOT 2M system (ATTO, Tokyo, Japan).
The membranes were blocked with ImmunoBlock (KAC, Hyogo, Japan) for 1 h at room tem-
perature and incubated with primary antibodies at 4 ◦C overnight. The membranes were
washed with Tris-buffered saline with 0.1% Tween 20 and incubated with HRP-conjugated
secondary antibodies. After being washed, the membranes were developed with Luminata
Western HRP substrate (Millipore, Billerica, MA, USA), and the bands were detected with
ImageQuant™ LAS 4000 (FUJIFILM Wako Pure Chemical Corporation). The intensity of
the bands was quantified using ImageJ software (NIH, Bethesda, MD, USA).

4.6. Statistical Analysis

The data were analyzed using GraphPad Prism 8 (GraphPad Software Inc., San Diego,
CA, USA). The differences between means were analyzed by one-way ANOVA with Tukey’s
multiple comparison tests. In all analyses, p < 0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23158800/s1.
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Abstract: The abuse of antibiotics in aquaculture and livestock no doubt has exacerbated the increase
in antibiotic-resistant bacteria, which imposes serious threats to animal and human health. The
exploration of substitutes for antibiotics from marine animals has become a promising area of research,
and antimicrobial peptides (AMPs) are worth investigating and considering as potential alternatives
to antibiotics. In the study, we identified a novel AMP gene from the mud crab Scylla paramamosain

and named it Sparanegtin. Sparanegtin transcripts were most abundant in the testis of male crabs
and significantly expressed with the challenge of lipopolysaccharide (LPS) or Vibrio alginolyticus. The
recombinant Sparanegtin (rSparanegtin) was expressed in Escherichia coli and purified. rSparanegtin
exhibited activity against Gram-positive and Gram-negative bacteria and had potent binding affinity
with several polysaccharides. In addition, rSparanegtin exerted damaging activity on the cell walls
and surfaces of P. aeruginosa with rougher and fragmented appearance. Interestingly, although
rSparanegtin did not show activity against V. alginolyticus in vitro, it played an immunoprotective
role in S. paramamosain and exerted an immunomodulatory effect by modulating several immune-
related genes against V. alginolyticus infection through significantly reducing the bacterial load in the
gills and hepatopancreas and increasing the survival rate of crabs.

Keywords: Scylla paramamosain; antimicrobial peptide; Sparanegtin; antimicrobial activity; immuno-
protective role

1. Introduction

It is estimated that China accounts for over 60% of the global aquaculture production
under the accelerated development of aquaculture industry [1]. Accordingly, various dis-
eases often occur in the process of aquaculture, especially the bacterial infectious diseases,
which cause the antibiotics widely used in aquaculture, either as pharmaceuticals in control
diseases or routinely used in feedstuff as additives. The abuse of antibiotics leads to antibi-
otic residual problems in aquatic products. Through the consumption of aquatic products
tainted by antibiotics, humans may acquire adverse drug reactions [2]. In particular, the
abuse of antibiotics increased numbers of antibiotic-resistant pathogenic microorganisms in
the aquatic environment, which poses a challenge to the development and use of antibiotic
strategies to control fish diseases [3,4]. As it is known that antibiotic medications have
been widely used not only in clinical treatment and the prevention of microbial infections,
but also in feedstuffs [5], the wide spread of antimicrobial resistance (AMR) seriously
affects animal and human health [6]. To control the antibiotic-resistant pathogens, a va-
riety of effective first-line drug treatments (such as chloramphenicol, erythromycin, and

121



Int. J. Mol. Sci. 2022, 23, 15

terramycin) have recently been developed to control aquatic bacteria; however, these drugs
often negatively affect many organisms, including fish and humans [3,7]. Therefore, the
exploration and development of effective alternatives to substitute for antibiotics becomes
a promising research hotspot.

It is well known that marine invertebrates including crustaceans mainly depend on
innate immune defense to protect themselves against invading pathogens. Of various
effective immune-related components, the antimicrobial peptides (AMPs) are the most
concerned because they play a significant role in innate immunity and serve as effective
defense weapons against bacterial, fungal, and viral infections [8,9]. The antimicrobial
mechanism of most AMPs is to disrupt the membrane integrity of invading microorgan-
isms [10,11]. Compared with antibiotics, AMPs can offer multiple advantages as candidates
for the development of antimicrobial agents, as their uses may include acting alone or in
synergy with other antimicrobial agents to reduce the effective bactericidal concentration
and thereby reduce cytotoxicity, and it is not easy to induce drug resistance in bacteria [12].
In addition to direct antibacterial functions, AMPs have an important capability to regu-
late the innate immune system [13]. Therefore, AMPs can not only improve the immune
resistance of aquatic animals but also alleviate the problems of bacterial resistance and
antibiotic contamination of aquatic products in aquaculture.

AMPs can also produce immunological protection against bacterial challenge in vivo.
Epinecidin-1, a synthetic 21-mer antimicrobial peptide originally identified from grouper
(Epinephelus coioides), significantly improves the survival rate of zebrafish infected with
Vibrio vulnificus [14]. LcLEAP-2C from large yellow croaker (Larimichthys crocea) can reduce
the mortality of large yellow croaker after V. alginolyticus challenge [15], and white spot
syndrome virus (WSSV) pre-incubated with anti-lipopolysaccharide factor (ALF) results
in an increased survival rate of red claw crayfish (Cherax quadricarinatus) [16]. Similarly,
in our laboratory, the recombinant product of one AMP SpHyastatin, which is identified
in S. paramamosain can enhance the protection of the host against Vibrio parahaemolyticus
infection in crabs [17]; there are two other AMPs: rSpALF7 could obviously improve the
survival of crabs infected by V. alginolyticus [18] and rScyreprocin significantly decreased
the mortality of Vibrio harveyi-infected marine medaka [19]. The action mechanism of
antimicrobial peptides in vivo has been also investigated. Several recent studies have
found that the administration of AMPs to fish can lead to a decrease in the number of
bacteria in tissues, showing a direct antibacterial activity in vivo [20]. Some AMPs could
be attributed to their ability to enhance immune response by modulating host gene expres-
sion [13], inducing or inhibiting cytokine production [20], and promoting the production of
antimicrobial substances such as lysozymes and antioxidant enzymes [21].

In the study, based on the transcriptome database of S. paramamosain established
by our laboratory, we identified an uncharacterized gene for the first time and named it
Sparanegtin. The expression profiles of Sparanegtin in S. paramamosain with the challenge
of LPS or V. alginolyticus were investigated. The recombinant product of Sparanegtin
(rSparanegtin) in a prokaryotic expression system Escherichia coli was obtained. The an-
timicrobial activity assay, scanning electron microscopy (SEM), observation, and microbial
surface components binding assays were performed to analyze the antimicrobial fea-
tures of rSparanegtin against various microorganisms in vitro. In addition, the effect of
rSparanegtin in vivo was evaluated by detecting the bacterial clearance ability in the gills
and hepatopancreas of S. paramamosain infected with V. alginolyticus, as well as any effect
on the expression patterns of some immune-related genes after the in vivo administration
of rSparanegtin. This study aims to preliminarily study the function, immune-protective
effect, and related mechanism of Sparanegtin, providing effective strategies for mud crab
aquaculture disease control. This study aims to characterize the new AMP Sparanegtin,
elucidating its immune-protective effect and the underlying mechanism and thus develop-
ing a potential effective antimicrobial agent that could be substituted for antibiotics to be
used in animal husbandry or medicine in the future.
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2. Results
2.1. Cloning and Sequence Analysis of Sparanegtin

The full-length cDNA sequence of Sparanegtin was obtained, which is 525 bp, including
a 252-bp open reading frame (GenBank accession number: MN612064). It had a predicted
signal peptide of 23aa, and the cleavage position is between Gly-23 and Ala-24. The mature
peptide contained 60 amino acid residues, and its calculated mass is 5.818 kDa with an
estimated isoelectric point (pI) of 5.2, the total net charge of -1 (Figure 1A). The predicted
tertiary structure of Sparanegtin contains three α-helices (Figure 1B).α

Figure 1. Bioinformatics analysis of Sparanegtin. The cDNA and deduced amino acid sequences
of Sparanegtin: the boxed sequence represents the initiation codons; the boxed sequence and
“*” represents the stop codons; the predicted signal peptide is shaded; underline regions indicate the
mature peptide (A). The protein structure of Sparanegtin mature peptide was predicted by I-TASSER
server (B).

2.2. Gene Expression Profiles of Sparanegtin

The qPCR results showed that Sparanegtin was widely distributed in different tis-
sues (Figure 2A,B). In male adult crabs, Sparanegtin was dominantly expressed in the
testis (Figure 2A), and the highest expression level of Sparanegtin was found in the hemo-
cytes of female adult crabs (Figure 2B). We further investigated the expression profiles of
Sparanegtin in the testis and hemocytes of male crabs after LPS or V. alginolyticus challenge
(Figure 2C–F). In the testis, the expression of Sparanegtin was significantly down-regulated
by LPS challenge at 3 hpi (Figure 2C), while it showed significant up-regulation at 3 hpi and
72 hpi under V. alginolyticus challenge (Figure 2D). In the hemocytes, Sparanegtin gene was
significantly up-regulated at 3 hpi under both LPS and bacterial challenge (Figure 2E,F).

2.3. rSparanegtin Shows Antimicrobial Activity

The recombinant product of Sparanegtin (rSparanegtin) was successfully expressed in
E. coli. SDS-PAGE analysis showed that the purity of rTrx and rSparanegtin was high, as
shown in Figure 3A. In addition, the results from the mass spectrometry also confirmed
that the purified protein was the target protein rSparanegtin (Figure S1). The antimicrobial
activity of rSparanegtin was determined. As shown in Table 1, rSparanegtin displayed
good antimicrobial activities against several Gram-negative (E. coli, P. aeruginosa, P. stutzeri,
P. fluorescens, S. flexneri), Gram-positive (B. subtilis, C. glutamicum, S. aureus) bacteria (MICs
ranging from 12 to 48 µM and MBCs ranging from 24 to 48 µM), and yeast (C. neoformans
and P. pastoris GS115) (MICs ranging from 24 to 48 µM).
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Figure 2. Gene expression profiles of Sparanegtin in S. paramamosain. The expression profile of
Sparanegtin in adult male (A) and female (B) crabs under natural status was determined by absolute
qPCR. Data are presented as mean ± standard deviation (SD). The relative expression of Sparanegtin

in male testes after LPS (C) and V. alginolyticus (D) challenges, and in male hepatopancreas after LPS
(E) and V. alginolyticus (F) challenges was examined. In panel (C–F), data are presented as mean ± SD.
* p < 0.05, one-way analysis of variance (ANOVA) and Bonferroni post-test. Abbreviations: T, testis;
AVD, anterior vas deferens; SV, seminal vesicle; PVD, posterior vas deferens; ED, ejaculatory duct;
PED, posterior ejaculatory duct; P, penis; OA, ovary; N, spermathecae; RD, reproductive duct; Mu,
muscle; Ne, thoracic ganglion; Gi, gills; Br, brain; Hc, hemocytes; Mg, midgut; Se, subcuticular
epidermis; Es, eye stalk; Ht, heart; Hp, hepatopancreas; St, stomach.
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Figure 3. Binding activity and antibacterial mechanism of rSparanegtin. Expression and purification
of recombinant Sparanegtin. Lane M: protein molecular standard; lane 1: purified rTrx; lane 2:
purified rSparanegtin; the arrow indicates the size of the protein (A). Binding activity of rSparanegtin
and rTrx to PAMPs (LTA for lipoteichoic acid, LPS for lipopolysaccharide, PGN for peptidoglycan)
(B). Time-killing curves of P. aeruginosa treated with rSparanegtin (C). P. aeruginosa was suspended in
culture media supplemented with PBS, rTrx, or rSparanegtin and observed by a scanning electron
microscopy (SEM) (D).
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Table 1. Antimicrobial activity of rSparanegtin.

Microorganisms. CGMCC No. a MIC (µM) b MBC (µM) b

Gram-negative bacteria
Escherichia coli 1.2389 24–48 24–48

Pseudomonas aeruginosa 1.2421 12–24 24–48
Pseudomonas fluorescens 1.1802 12–24 >48

Aeromonas hydrophila 1.2017 12–24 >48
Shigella flexneri 1.1868 12–24 >48

Gram-positive bacteria
Bacillus subtilis 1.3358 24–48 >48

Staphylococcus epidermidis 1.4260 24–48 >48
Staphylococcus aureus 1.2465 12–24 >48

Fungi
Cryptococcus neoformans 2.1563 24–48 >48
Pichia pastoris (GS115) Invitrogen 24–48 >48

a CGMCC No., China General Microbiological Culture Collection Number. b The MIC and MBC values are
presented as the interval (A)–(B): (A) is the highest concentration tested with visible microbial growth, while (B) is
the lowest concentration without visible microbial growth (n = 3).

2.4. Preliminary Study on the Antibacterial Mechanism of rSparanegtin

2.4.1. Binding Properties

ELISA assay was used to investigate the binding properties of rSparanegtin to different
microbial surface molecules and bacteria. In order to evaluate whether the label protein
Trx would have any effect on the following results, rTrx was selected as the control group.
Compared with the rTrx group, rSparanegtin had strong binding affinity with LPS, LTA,
and PGN in a concentration-dependent manner, and their calculated apparent dissociation
constants (Kd) were 0.2375, 0.3905, and 0.6246 µM, respectively (Figure 3B).

2.4.2. Killing Kinetic

The results of the time-killing kinetic assay were applied to further evaluate the
bactericidal activity of rSparanegtin. When rSparanegtin was incubated with P. aeruginosa
at a concentration of 48 µM, all bacteria could be killed after 4 h of incubation (Figure 3C).

2.4.3. rSparanegtin Induces Morphological Changes in Microorganisms

In order to study the antibacterial mechanism of rSparanegtin against P. aeruginosa,
SEM was employed to observe the morphological changes of the microbial membrane
after rSparanegtin and rTrx treatment. After incubating with rSparanegtin and rTrx for
a certain period of time, the SEM images of P. aeruginosa showed a significant destruction
of membrane integrity and even leakage of cell contents compared with the control group
and rTrx group (Figure 3D).

2.5. rSparanegtin Shows No Cytotoxicity and Could Reduce the V. alginolyticus Endotoxin Level
In Vitro

The cytotoxicity of rSparanegtin was analyzed using primarily cultured crab hemocytes,
HEK-293T and NCI-H460. As shown in Figure 4A–C, rSparanegtin showed no cytotoxicity.

In addition, it was found that rSparanegtin treatment could significantly reduce the
endotoxin level of V. alginolyticus, which also showed a dose-dependent manner. Under
the treatment of 48 µM, the endotoxin level was reduced by about 70% (Figure 4D).
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Figure 4. In vivo protective effect of rSparanegtin on V. alginolyticus-infected S. paramamosain. The
cytotoxic effect of rSparanegtin on crab hemocytes (A), HEK-293T (B), and NCI-H460 (C) was deter-
mined by the MTS method; data are presented as mean ± standard deviation (SD) (n = 3). **: p < 0.01,
one-way analysis of variance (ANOVA) and Dunnett post-test. Endotoxin level of V. alginolyticus

after rSparanegtin treatment in vitro (D). In vivo protective effect of rSparanegti was evaluated
(E). The rSparanegtin (20 µg/crab), rTrx (20 µg/crab), and PBS was incubated with V. alginolyticus

(1 × 106 CFU/crab) at room temperature for 60 min and then injected into the male crabs (n = 20 for each
group). The survival curves were analyzed using the Kaplan–Meier Log rank test.

2.6. The Immunoprotective Effect of rSparanegtin on S. paramamosain

2.6.1. Survival Rate Comparison

To investigate the in vivo protective effect of rSparanegtin, male mud crabs were
challenged with different groups, including the PBS and V. alginolyticus pre-incubation
group (short as PBS group), rTrx and V. alginolyticus pre-incubation group (short as rTrx
group), and rSparanegtin and V. alginolyticus pre-incubation group (short as rSparanegtin
group). As shown in Figure 4E, 48 h after different treatments, the survival rate of the crab
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PBS and rTrx groups dropped to 50%, while the survival rate of the rSparanegtin group
was around 75%. Crabs in the PBS and rTrx groups died faster, and none of them survived
120 h after injection, while the survival rate of the rSparanegtin group was still about 40%
(p < 0.05) (Figure 4E).

2.6.2. Pre-Incubation of rSparanegtin and V. alginolyticus Reduces Bacterial Load in the Tissues

Bacterial clearance represents a major endpoint of innate host immunity in response
to infection. As we all know, AMPs are important components of the innate immune
system. We evaluated the ability of rSparanegtin to eliminate bacteria in the tissues of mud
crabs under different treatments as mentioned above. As shown in Figure 5A, compared
with the PBS and rTrx groups, the rSparanegtin group showed a significant reduction in
V. alginolyticus load in the gills at the 3, 6, 12, and 24 hpi (Figure 5A). In the hepatopancreas,
the V. alginolyticus load significantly decreased at 6, 12, and 24 hpi (Figure 5B).

μ μFigure 5. In vivo antimicrobial effect of rSparanegtin on V. alginolyticus growth in S. paramamosain.

The rSparanegtin (20 µg/crab), rTrx (20 µg/crab), and PBS were incubated with V. alginolyticus

(1 × 106 CFU/crab) at room temperature for 60 min and then injected into the base of the right
fourth leg of crabs. Infected crabs were dissected, and tissues including gills (A), midgut, and
hepatopancreas (B) were collected at different time points (3, 6, 12, and 24 h). Homogenates were
cultured onto marine broth 2216E plates. Colony numbers were normalized to tissue weight. Data
represent the bacterial load in gills, midgut, and hepatopancreas. * p < 0.05, ** p < 0.01; *** p < 0.001.
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2.6.3. Pre-Incubation of rSparanegtin and V. alginolyticus Modulate Immune-Related Gene
Expression Profiles

The results of qPCR showed the effect of pre-incubation of rSparanegtin and V. al-
ginolyticus on the immune response of S. paramomosain (Figure 6). Compared with the
PBS group and the rTrx group, the transcription levels of the canonical components of the
immune pathway (including SpToll2, SpMyd88, and SpSTAT), two AMPs (SpHyastatin
and SpALF2), and antioxidant enzyme genes (including SpCAT, SpSOD, and SpGPx) were
increased significantly at 6 h in the rSparanegtin group.

 

Figure 6. rSparanegtin effects on the V. alginolyticus infection-mediated immune gene expression
profiles in S. paramamosain. Crabs were divided into PBS + V. alginolyticus, rTrx + V. alginolyticus,
and rSparanegtin + V. alginolyticus groups. The expression levels of SpSOD, SpCAT, SpGPx, SpToll2,
SpMyd88, SpSTAT, SpALF2, and SpHyastain (A–H) were evaluated using qPCR at 3, 6, 12, and
24 h post-injection. Each bar represents the means ± SD (n = 5). The same letters (a–b) indicate no
significant difference between groups, and different letters indicate statistically significant differences
between groups (p < 0.05) as calculated by one-way ANOVA followed by Tukey’s test. It was noted
that only the means at each time point were compared for the denotation with the letters, whereas
the means at different time points could not be compared with one another.

3. Discussion

In the study, based on the transcriptome database of S. paramamosain established
by our laboratory, we identified a novel AMP and named it Sparanegtin. According
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to the theoretical pI 5.2 of its mature peptide, Sparanegtin is an anionic AMP. As it is
known, most reported AMPs are cationic peptides; however, more anionic AMPs have been
gradually identified in different species in recent years and also have a potent antimicrobial
activity. Dermcidin is a novel human antibiotic peptide secreted by sweat glands and
has a net negative charge of –5 that shows antimicrobial activity in response to a variety
of pathogenic microorganisms [22]. The three antifungal peptides from the Litopenaeus
stylirostris and Litopenaeus vannamei have a negative net charge at physiological pH with
a pI and a broad spectrum of antifungal activity [23]. Our previous studies report that
two novel AMPs, Scygonadin [24] and its homologous SCY2 [25], are anionic peptides
and both have antimicrobial activity. In the present study, it was found that rSparanegtin
displayed a potent activity against several Gram-negative bacteria (E. coli, P. aeruginosa,
P. stutzeri, P. fluorescens, and S. flexneri) (MICs ranging from 12 to 48 µM), Gram-positive
bacteria (B. subtilis, C. glutamicum, and S. aureus), and yeast (C. neoformans and P. pastoris
GS115) (MICs ranging from 24 to 48 µM) (Table 1). The in vivo expression pattern of
the Sparanegtin gene was tissue-specific. The mRNA transcripts of Sparanegtin were
highly expressed in the testis of male crabs. In addition, some known AMPs are sex-
specifically expressed; for instance, Adropin is specifically expressed in the ejaculatory
duct of Drosophila melanogaster [26], as observed in our early study on Scygonadin that
is dominantly expressed in the ejaculatory duct of male mud crabs and is involved in
the reproductive immunity [24]. A recently reported AMP, scyreprocin, is identified as
an interacting partner of SCY2 from the reproductive system of male S. paramamosain and
highly expressed in the testis [19]. It is known that testes are organs of the male reproductive
system of decapod crustaceans and harbor germ cells and produces spermatozoa [27], as
well as being functional either at the beginning or during the entire spermatogenesis
process [28]. Therefore, Sparanegtin that is highly present in testes may play an immune
defense role in spermatogenesis and the reproduction process of male crabs.

Binding to the surface of microorganisms is the first step for AMP to exert its antimi-
crobial effect. In order to better understand the underlying antimicrobial mechanism of
AMPs, microbial cell wall polysaccharides binding assays were conducted in this study.
The present study revealed that rSparanegtin had a strong binding ability to LPS, PGN,
and LTA in a concentration-dependent manner and exhibited a higher binding ability to
LPS than to PGN and LTA. Many AMPs are reported with similar activities via binding to
microbial cell wall polysaccharides. rPcALF1 from red swamp crayfish (Procambarus clarkii)
could bind with different amounts of microbial polysaccharides, mostly with LPS, followed
by glucan, and the least with LTA, and then find that it has stronger antibacterial activity
against Gram-negative bacteria [29]. In Marsupenaeus japonicus, MjCru I-1 could agglutinate
bacteria and bind to bacteria by binding to the bacterial cell wall molecules including LPS,
LTA, and PGN. MjCru I-1 had antibacterial activity against some bacteria by destroying the
membrane of bacteria [30]. rLvCrustinB from Pacific white shrimp Litopenaeus vannamei
directly binds to polysaccharides, including PGN, LTA, and LPS, indicating that LvCrustinB
may be involved in the defense against Gram-positive and Gram-negative bacteria [31]. In
the study, the SEM images of P. aeruginosa showed a significantly destruction of membrane
integrity and even leakage of cell contents, suggesting that the activities of rSparanegtin
may be via the interaction with the specific components of bacterial cell wall. This is consis-
tent with the fact that rSparanegtin has high antimicrobial activity against P. aeruginosa. The
antimicrobial mechanism of rSparanegtin may be similar to that of most AMPs that destroy
the integrity of the microbial membrane, which leads to the leakage of the cytoplasmic
contents and ultimately kills them [32].

It was interesting to note in the study that the survival rate of S. paramamosain chal-
lenged with V. alginolyticus was increased when rSparanegtin was given to crabs; cor-
respondingly, there was a significant reduction in V. alginolyticus load in the gills and
hepatopancreas at 6, 12, and 24 h. The results suggested that rSparanegtin might exert
an immunological defense against the invading V. alginolyticus by which the survival rate
of crabs was enhanced. Analysis of the Sparanegtin gene in vivo demonstrated that this
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peptide was significantly expressed in the testis at 3 h and 72 h or hemocytes at 3 h with
the V. alginolyticus challenge; meanwhile, other AMPs such as SpHyastatin and SpALF2
as well as signal pathway associated genes such as SpToll2, SpMyd88, and SpSTAT were
up-regulated at 6 h. All of these findings suggested that Sparanegtin may directly par-
ticipate in the immune response or indirectly play a role by inducing the expression of
other immune-associated genes with the injection of rSparanegtin when bacterial infec-
tion occurred in crabs; that means that Sparanegtin may generate immunoprotective and
immunomodulatory activities. AMPs as products of immune response are testified to
play important roles in killing or cleaning the infected pathogens directly. The significant
expression of SpHyastatin and SpALF2 at 6 h after V. alginolyticus challenge might be due
to the immunomodulatory effect of rSparanegtin. In a previous study on SpHyastatin, this
peptide is down-regulated at 24 h and then up-regulated at 96 h but does not show any
change in expression at 6 h after bacterial challenge [33], suggesting that the expression
of SpHyastatin might be directly induced by the injection of rSparanegtin. The significant
expression of SpToll2, SpMyd88, and SpSTAT implied that the immune-associated signal
pathways participated in the defense against the V. alginolyticus challenge and may induce
the activation of downstream effectors such as AMPs.

In addition to resistance to a variety of pathogenic microorganisms, AMPs are also
reported to regulate the expression of other immune genes [34]. We found that the pre-
incubation of rSparanegtin and V. alginolyticus could induce the transcription levels of sev-
eral immune-related genes, including immune signaling pathway-related genes (SpToll2,
SpMyd88, SpSTAT), AMPs (SpHyastatin and SpALF2), and antioxidant-associated genes
(SpSOD, SpCAT, and SpGPx). Such immunoenhancing properties are demonstrated in sev-
eral other marine-derived AMPs, for example, shrimp and limulus anti-lipopolysaccharide
factor [35–37]. The innate humoral immune response is mainly mediated by three immune
signaling pathways, namely, the Toll pathway, IMD pathway, and JAK/STAT pathway [38].
By regulating or stimulating the Toll signaling pathway, the production of some immune
factors related to its downstream pathway, such as antimicrobial peptides (AMPs), can be
activated against microbial infection [39]. The JAK/STAT signaling pathway positively
regulates AMP gene expression that plays an important role in immune response [40].
In this study, the expression trend of both AMPs (SpHyastatin and SpALF2) genes was
consistent with the expression of SpToll2, SpMyD88, and SpSTAT, suggesting that the
expression of both AMPs might be regulated through the Toll and JAK/STAT pathways.
The up-regulation of SpHyastatin and SpALF2 may participate in eliminating the infected
bacteria. In addition, bacterial infection can prompt the body to produce ROS, and excessive
ROS will cause tissue damage and inflammation [41,42]. The up-regulated expression of
antioxidant enzymes (SpSOD, SpCAT, and SpGPx) might be associated with the action of
removing ROS in vivo. These results suggested that Sparanegtin was likely generating an
immunomodulatory effect that helps eliminate the invading bacteria.

The interactions among the induced expression of AMPs, clear degree of infected
bacterial numbers, and survival rate of marine animals have been much reported in previ-
ous studies. For example, MjALF-E2 were upregulated by bacterial challenge and could
promote the clearance of bacteria in vivo. After knockdown of MjALF-E2 and infection
with Vibrio anguillarum, shrimp showed high and rapid mortality compared with GFPi
shrimp, suggesting that MjALF-E2 serves a protective function against bacterial infection in
shrimp [43]. A crustin gene PcCru isolated from red swamp crayfish Procambarus clarkia is
significantly induced by bacterial stimulations at both the translational and transcriptional
levels and could protect crayfish from infection by the pathogenic bacteria Aeromonas hy-
drophila in vivo [44]. In a bacteria challenge test, As-CATH4 and 5 (two vertebrate-derived
cathelicidins family HDPs) could significantly decrease the bacterial numbers in crabs and
increase the survival rates of crabs in both pre-stimulation and co-stimulation groups [45].
Similarly, the expression level of PcALF1 is induced by bacteria, and the injection of PcALF1
in crayfish (Procambarus clarkii) enhances the elimination of bacteria in vivo [29]. Our previ-
ous studies on other two AMPs, SCY2 and SpHyastatin, also show an immunoprotective
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effect on S. paramamosain, although both have differential antimicrobial activity and in vivo
expression patterns. rSpHyastatin, a peptide that is highly expressed in hemolymphs with
bacterial challenge, could confer immune-protective resistance against pathogenic chal-
lenge in S. paramamosain, causing less significant change in level of the mRNA expression
of all tested immune and antioxidant-associated genes [17]. For SCY2, even though its
gene expression is uniquely expressed during the mating of crabs and could not be directly
induced by the injection of bacteria, rSCY2 could significantly increase the survival rate
of S. paramamosain [46]. It is worth noting that rSparanegtin had no inhibitory or killing
effect on cultured V. alginolyticus in vitro; however, it could be significantly expressed
at some timepoints with the V. alginolyticus challenge in vivo and could significantly im-
prove the survival rate of S. paramamosain after V. alginolyticus challenge as well as reduce
V. alginolyticus load in the gills and hepatopancreas. The similar phenomenon is also found
in our early study on an AMP SpHyastatin that is also identified in S. paramamosain [17].

4. Materials and Methods
4.1. Microorganism Strains

All strains were purchased from the China General Microbiological Culture Collection
Center (CGMCC), including Staphylococcus aureus (CGMCC No. 1.2465), Staphylococcus
epidermidis (CGMCC No. 1.4260), Escherichia coli (CGMCC No. 1.2389), Pseudomonas
aeruginosa (CGMCC No. 1.2421), Pseudomonas fluorescens (CGMCC No. 1.1802), Shigella
flexneri (CGMCC No. 1.1868), Bacillus subtilis (CGMCC No. 1.3358), Cryptococcus neoformans
(CGMCC No. 2.1563), and Vibrio alginolyticus (CGMCC No. 1.1833). Pichia pastoris (GS115)
was purchased from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA).

4.2. Animals, Challenge and Tissue Collection

Mud crabs (S. paramamosain) were purchased from the Zhangzhou Crab Farm (Fujian,
China). Healthy male and female adult mud crabs (body weight 300 ± 30 g, n = 5) were
dissected, and the tissues including testis, anterior vas deferens, seminal vesicle, posterior
vas deferens, ejaculatory duct, posterior ejaculatory duct, penis, ovary, spermathecae,
reproductive duct, muscle, thoracic ganglion, gills, brain, midgut, subcuticular epidermis,
eye stalk, heart, hepatopancreas, and stomach were collected. Hemocytes were isolated
from the hemolymph as described previously [47]. For the challenge experiment, adult male
crabs (body weight 300 ± 30 g, n = 5) were injected with LPS at a dosage of 0.5 mg kg−1 or
V. alginolyticus (1 × 106 CFU crab−1). Crabs injected with crab saline (NaCl, 496 mM; KCl,
9.52 mM; MgSO4, 12.8 mM; CaCl2, 16.2 mM; MgCl2, 0.84 mM; NaHCO3, 5.95 mM; HEPES,
20 mM; pH 7.4) were set up as the control group. Tissue samples (testes and hemocytes)
were collected at 3, 6, 12, 24, 48, and 72 h post-injection (hpi). All tissues were stored at
−80 ◦C until use. All animal procedures were carried out in strict accordance with the
National Institute of Health Guidelines for the Care and Use of Laboratory Animals and
were approved by the Animal Welfare and Ethics Committee of Xiamen University.

4.3. Cloning, Expression, Purification, and Analysis of Recombinant Proteins

Total RNA of testis was extracted using TRIzol™ reagent (Invitrogen, Carlsbad, CA,
USA) and cDNA was generated using PrimeScript™ RT reagent Kit with gDNA Eraser Kit
(Takara, China). The cDNA templates for 5′- and 3′-random amplification of cDNA ends
(RACE) PCR were synthesized using a SMARTer® RACE 5′/3′ Kit (Takara, Dalian, China).
Gene-specific primers were designed based on the partial sequences obtained from the
transcriptome database established by our laboratory (Table 2). The amplified fragments
were cloned into the pMD18-T vector (Takara, Dalian, China) and sequenced by Borui
Biotechnology Ltd. (Xiamen, China).
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Table 2. Primer sequences.

Primers Sequence (5′−3′)

Sparanegtin-ORF-F ATGGCGGCGGCGGCTTCAGG
Sparanegtin-ORF-R TCAAACCCCCGCCGAAGTGA
Sparanegtin-5′-R1 CGGCTGCCGTAGGAAAGGAA
Sparanegtin-5′-R2 AATATCCGCTGTGGCCGACG
Sparanegtin-3′-F1 CGTCGGCCACAGCGGATATT
Sparanegtin-3′-F2 ACCAACTTGGCAAGAGGAGCG

Long primer CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT
Short primer CTAATACGACTCACTATAGGGC

NUP AAGCAGTGGTATCAACGCAGAGT
M13–47F CGCCAGGGTTTTCCCAGTCACGAC
M13–48R AGCGGATAACAATTTCACACAGGA

Sparanegtin-qPCR-F TCCCCGGTTTCCCGACCCAG
Sparanegtin-qPCR-R ACCAGGAGGCAGCACCGTCT

GAPDH-qPCR-F CTCCACTGGTGCCGCTAAGGCTGTA
GAPDH-qPCR-R CAAGTCAGGTCAACCACGGACACAT

The open reading frame of Sparanegtin was constructed into the pET-32a (+) vector
(with 6× His tag and thioredoxin (Trx) tag) and transformed into E. coli BL21 (DE3) and
further expressed (the specific primer sequences were listed in Table 2). A pET32a (+)
vector with only 6× His tag and Trx (thioredoxin) tag was constructed, and the expressed
product was used as a control. Isopropyl β-D-Thiogalactoside (IPTG) was added to a final
concentration of 0.5 mM to induce protein expression at 28 ◦C for 8 h. The recombinant
Sparanegtin (rSparanegtin) was expressed and purified through HisTrap TM FF crude (GE
Healthcare, Chicago, IL, USA) on the ÄKTA Pure system (GE Healthcare, Chicago, IL, USA)
according to the standard protocol. The purified proteins were dialyzed and concentrated,
and the protein concentration was determined by Bradford assay. The purified proteins
were confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
Western blotting, and mass spectrometry identification. All recombinant proteins were
stored at −80 ◦C

4.4. Quantitative Real-Time PCR

The total RNA of all samples was extracted and cDNA was synthesized as described
above. Quantitative reverse transcription PCR (qRT-PCR) was performed using the cDNA
as the template to detect the expression level of Sparanegtin in a real-time thermal cycler
(ABI 7500, Waltham, MA, USA) using FastStart DNA Master SYBR Green I (Roche Diag-
nostics, Mannheim, Germany). The expression profiles of Sparanegtin gene in various
adult crab tissues were determined by absolute quantitative real-time PCR (qPCR) and the
expression changes of Sparanegtin during the response patterns of Sparanegtin gene to
LPS and V. alginolyticus challenge were analyzed by relative qPCR. The specific primer se-
quences (Sparanegtin-qPCR-F/Sparanegtin-qPCR-R, GADPH-qPCR-F/GADPH-qPCR-R)
are listed in Table 1. The qPCR cycle conditions were set as follows: an initial denaturing
step at 95 ◦C for 10 min, 40 cycles at 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 1 min. The
2−∆∆Ct algorithm was applied to the expression profile analysis [48].

4.5. Antimicrobial Assay

Microorganisms in the logarithmic growth phase were harvested and used to evaluate
the antimicrobial activity of rSparanegtin. The minimum inhibitory concentration (MIC)
and the minimum bactericidal concentration (MBC) were determined according to the
previously described liquid growth inhibition assay, which were performed three times
independently [49]. Compared with the negative control, the MIC value is defined as the
lowest protein concentration that does not induce visible bacterial growth. Then, we spread
the culture without visible bacterial growth on a solid medium plate. The MBC is the
concentration that kills more than 99.9% of the microorganisms after incubation at 28 or
37 ◦C for 24 h.
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4.6. Binding Assays

In order to determine the binding properties of rSparanegtin with lipopolysaccharides
(LPS B5, Sigma, St. Louis, MO, USA), lipoteichoic acid (LTA, L2515, Sigma, St. Louis,
MO, USA), and peptidoglycan (PGN from Bacillus subtilis, Sigma, St. Louis, MO, USA),
a modified ELISA assay was performed as described previously [19]. Briefly, a 96-well
ELISA plate was coated overnight with LPS, LTA, and PGN at 4 ◦C; then, it was blocked
with 5% skimmed milk and incubated with a serial dilution of rSparanegtin and rTrx (0
to 5 µg mL−1) for 2 h at 37 ◦C. Bound peptides were detected by incubation with mouse
anti-His antibody (1:3000, prepared in 1% skimmed milk) followed by adding goat anti-
mouse HRP antibody (1:5000, prepared in 1% skim milk). After the colorimetric reaction,
the absorbance at 450 nm was measured using a microplate reader (TECAN GENios, GMI,
Brooklyn Park, MN, USA). The independent assays were performed three times. The
binding parameters, apparent dissociation constant (Kd), and maximum binding (Amax)
were determined using non-linear fitting as A = Amax [L] / (Kd + [L]), where A is the
absorbance at 450 nm and [L] is the protein concentration [17].

4.7. Time-Killing Kinetic Assay

The Gram-negative bacteria P. aeruginosa were subjected for time-killing kinetic as-
say according to the previous description. rSparanegtin was incubated with bacteria at
a concentration of 48 µM. The cultures were sampled and plated at different time points
(n = 3). The plates were incubated at 37 ◦C for 24 h, and the total viable count (TVC) was
determined. The independent experiments were performed three times.

4.8. SEM Observation

SEM was used to further study the antibacterial mechanism of rSparanegtin. P. aerug-
inosa (5 × 107 CFU mL−1) was prepared as described in the antimicrobial assay. PBS,
rTrx, and rSparanegtin were separately added into each individual culture medium and
incubated at a concentration of 48 µM for 30 min. The microbial cells were collected
and fixed with pre-cooled 2.5% glutaraldehyde at 4 ◦C for 2 h. Then, the samples were
dehydrated with a graded series of ethanol (30%, 50%, 70%, 80%, 95%, and 100%) and
further dehydrated in a critical point dryer (EM CPD300, Leica, Wetzlar, Germany) and
gold coated [50]. Finally, the change in morphology of the bacteria was observed by SEM
(SUPRA 55 SAPPHIRE, Carl Zeiss, Oberkochen, Germany).

4.9. Cytotoxicity Assay

The cytotoxicity of rSparanegtin was evaluated using hemocytes from S. paramamosain.
The hemocytes of S. paramamosain were isolated as previously described [51]. Briefly, the
hemocytes were maintained in L-15 medium prepared in crab saline and supplemented
with 5% fetal bovine serum, inoculated on a 96-well cell culture plate with approximately
104 cells well−1, and incubated overnight at 26 ◦C. HEK-293T cells were maintained in
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum, and NCI-
H460 cells were maintained in Roswell Park Memorial Institute 1640 supplemented with
10% fetal bovine serum. HEK-293T and NCI-H460 cells were inoculated on a 96-well cell
culture plate and incubated at 37 ◦C with 5% CO2 overnight. Finally, all the cells were
incubated with culture medium supplemented with various concentrations of rSparanegtin
(3, 6, 12, 24 and 48 µM, n = 3). After 24 h of incubation, cell viability was assessed
using a CellTiter 96 R ® Aqueous Kit (Promega, Madison, WI, USA). The independent
experiments were carried out three times.

4.10. Endotoxin Assay

The endotoxin level of V. alginolyticus after rSparanegtin treatment was detected
by the Toxin Sensor™ Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway,
NJ, USA) following the manufacturer′s instructions [52]. When V. alginolyticus reached
the logarithmic growth phase, they were collected and adjusted to a concentration of

134



Int. J. Mol. Sci. 2022, 23, 15

107 CFU/mL. Then, they were incubated with different concentrations of rSparanegtin (0,
12, 24, 48 µM, n = 3) at room temperature for 1 h and analyzed by a spectrophotometer at
an absorbance of 545 nm (Agilent Technologies, Bayan Lepas, Malaysia). Each sample had
three biological parallels. The independent experiments were carried out three times.

4.11. Evaluation of the In Vivo Activity of rSparanegtin on S. paramamosain Infected with V. alginolyticus

In order to investigate the in vivo protective effect of rSparanegtin, we performed
a mortality comparison assay using male S. paramamosain (average weight 40 ± 5 g) infected
with V. alginolyticus. rSparanegtin, rTrx, and V. alginolyticus were prepared in PBS. First, the
recombinant protein (20 µg/crab) was incubated with V. alginolyticus (1 × 106 CFU/crab)
at room temperature for 1 h, and then, the mixture was injected into the base of the right
fourth leg of crabs. The control group received an equal volume of V. alginolyticus diluted
in PBS. Sixty crabs were divided into three groups (including PBS and V. alginolyticus
pre-incubation group, rTrx and V. alginolyticus pre-incubation group, and rSparanegtin and
V. alginolyticus pre-incubation group) with 20 crabs in each group. The survival rates of
crabs in each group were recorded at different time points (3, 6, 9, 12, 24, 36, 48, 60, 72, 96,
and 120 h).

4.12. Bacterial Load Assay and Quantification of Immune-Related Gene Expression after
Different Treatment

In order to investigate the bacterial load in tissues, male S. paramamosain (average
weight 40 ± 5 g each) was performed different treatments as described above. The crabs
were dissected, and tissues including hemocytes, gills, and hepatopancreas were collected
at different time points (3, 6, 12, and 24 h, n = 5). Gills and hepatopancreas (0.1–0.2 g fresh
weight per tissue) were homogenized in PBS. Then, the tissue homogenates were spread
on marine broth 2216E plates, and the plates were incubated at 28 ◦C for 24 h. The colonies
were counted separately for each sample at each time point.

The total RNA of the collected tissues was extracted, and the cDNA was synthesized
as described above. The expression profiles of several immune-related genes were analyzed
by qRT-PCR. The GenBank accession numbers for those genes are listed as follows: SpToll2:
SLM84439.1; SpMyd88: KC342028.1; SpSTAT: KC711050.1; SpSOD: FJ774661.1; SpCAT:
FJ774660.1; SpGPx: JN565286.1; SpALF2: JQ069031.1 and SpHyastatin: AFY10070.1. The
specific primers for these genes are summarized in Table S1.

4.13. Statistical Analysis

The results are presented as the mean ± standard deviation (SD). For the absolute
qPCR assays, statistical analyses were performed by one-way analysis of variance (ANOVA)
following a Tukey post-test. For the relative qPCR assays, statistical analyses were per-
formed by two-way ANOVA following a Bonferroni post-test. For cytotoxicity assays,
statistical analysis was performed by one-way ANOVA following Dunnett’s post-test. For
the mortality comparison assay, data were analyzed using the Kaplan–Meier log rank test.
For the immune-related gene expression, one-way analysis of variance (ANOVA) was used
for statistical analysis using SPSS 18.0 (IBM, Armonk, NY, USA) to determine the expression
difference within groups. Significant levels were accepted at p < 0.05.

5. Conclusions

In summary, a new antimicrobial peptide named Sparanegtin was identified in
S. paramamosain, and its transcripts were specifically distributed in tissues and signifi-
cantly expressed with bacterial challenge. rSparanegtin had antimicrobial activity, and
the antimicrobial mechanism involved initial damage to the outer membrane of bacteria,
eventually resulting in the loss of cellular components and the complete collapse of the
cell architecture. rSparanegtin showed no cytotoxicity and could reduce the V. alginolyticus
endotoxin level in vitro. This AMP had an in vivo protective and immunomodulatory
effect in S. paramamosain that could reduce the bacterial load in tissues and enhance the
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survival rate of crabs challenged with V. alginolyticus. Taken together, Sparanegtin might be
a potential effective antimicrobial agent to be used in aquaculture or animal husbandry.
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Abstract: Antimicrobial peptides (AMPs) identified in the reproductive system of animals have
been widely studied for their antimicrobial activity, but only a few studies have focused on their
physiological roles. Our previous studies have revealed the in vitro antimicrobial activity of two male
gonadal AMPs, SCY2 and scyreprocin, from mud crab Scylla paramamosain. Their physiological
functions, however, remain a mystery. In this study, the two AMPs were found co-localized on the
sperm apical cap. Meanwhile, progesterone was confirmed to induce acrosome reaction (AR) of mud
crab sperm in vitro, which intrigued us to explore the roles of the AMPs and progesterone in AR.
Results showed that the specific antibody blockade of scyreprocin inhibited the progesterone-induced
AR without affecting intracellular Ca2+ homeostasis, while the blockade of SCY2 hindered the influx
of Ca2+. We further showed that SCY2 could directly bind to Ca2+. Moreover, progesterone failed
to induce AR when either scyreprocin or SCY2 function was deprived. Taken together, scyreprocin
and SCY2 played a dual role in reproductive immunity and sperm AR. To our knowledge, this is
the first report on the direct involvement of AMPs in sperm AR, which would expand the current
understanding of the roles of AMPs in reproduction.

Keywords: invertebrate; antimicrobial peptide (AMP); fertilization; sperm; acrosome reaction;
progesterone; SCY2; scyreprocin

1. Introduction

Reproduction is a precisely regulated serial process in all animals, and the step that
guarantees sperm–egg fusion is called acrosome reaction (AR) [1]. The sperm AR was first
described in sea urchin by Dan [2]; afterwards, this profound structural change of sperm has
been identified in many species. The acrosome, a specialized organelle located at the tip of
the head of sperm, has been described in a diverse array of species, including Arthropoda
(crabs, shrimps, etc.), Mollusca, Annelida, Echinoderma, Cephalochordata, Chordata,
and some Vertebrata. In response to certain stimuli (hormones, alkaline environment, or
physical contact with the egg envelope), the acrosome undergoes AR [2]. During AR, sperm
experiences the protruding of the acrosome, exocytosis of the acrosome vesicle (AV) which
releases factors that facilitate penetration of the vitelline coat, thus completing sperm–egg
fusion. However, some taxa such as teleost fish have no sperm acrosome [3], whereas some
species such as insects possess sperm acrosome but do not undergo AR to penetrate the
egg coat [4].

The AR mechanism varies among different species due to their diverse gamete struc-
tures and sites of fertilization [5]. Sea urchin, a marine invertebrate executing external
fertilization, has made a great contribution to our understanding of AR [6–8]. It is now clear
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that the AR of sea urchin is triggered by the binding of fucose homopolymers in egg jelly to
its receptor (REJ-1) on sperm [9]. The AR-inducing substances (ARIS) differ among animal
species, and progesterone (PG) is one of the common ARIS in different species. In situ
study of mammalian sperm, AR is generally not feasible, and mouse sperm are often used
as the model of choice. Cumulative data showed that the AR in mammalian sperm could
be triggered by the alkaline environment in the female reproductive tract, zona pellucida,
and directly activated by low molecular weight compounds such as PG [10–12]. In vitro
investigations on the AR of human sperm also indicate that PG and neurotransmitters are
necessary for AR [13,14]. It is widely accepted that AR requires Ca2+ influx [15] and the
intracellular Ca2+ concentration ({Ca2+}i) is the most important factor regulating sperm
activity and changes throughout all steps of sperm activity [16,17]. The sperm-specific
ion channel, CatSper, was reported to be involved in PG sensation and Ca2+ influx during
mammalian sperm AR [18,19]. The CatSper also contributes to the chemotaxis of sea urchin
sperm [20] and is therefore considered to be a universal channel associated with sperm
function. However, although a number of AR-associated molecules have been found in
different species, most of them have not been clearly elucidated yet [21–23].

Mud crab, Scylla paramamosain, is a typical marine arthropod and an important eco-
nomic aquatic species with high commercial value in southeast China and Asian countries.
Mud crabs molt over 20 times in their lifetime. The last molt (reproductive molt) of the
female crabs initiates the mating process and stimulates ovarian development including oo-
genesis. After mating, sperm are transferred into the female spermathecae where they stay
for one or several months until eggs maturity and then released at ovulation to complete the
sperm–egg fusion [24]. Mud crabs undergo internal fertilization and produce alflagellate
sperm [25]. To our knowledge, some key AR-associated molecules such as CatSper have
not been reported in mud crab and we also failed to identify it even after a sincere analysis
of the mud crab genome. Thus, mud crab may have a different AR molecular basis due to
the lack of certain key AR-associated components that have been identified in other species.

To date, a number of antimicrobial peptides (AMPs) have been identified in the
male reproductive system in different species. These reproduction-associated AMPs are
proved to participate in not only reproductive tract host defense but also other biological
events such as sperm maturation [26,27] and sperm motility [28,29]. Although the AMPs
identified in the reproductive system of marine animals have been widely studied for their
antimicrobial activities, less is known about their potential functions in the reproductive
process. SCY2 is a novel AMP identified from S. paramamosain in our previous study [30].
It is male specific and dominantly expressed in the ejaculatory duct (ED). During mating,
SCY2 showed cross-gender transmission and was thought to exert reproductive immune
functions [30]. Interestingly, the expression level of SCY2 is found significantly induced by
PG, but not by lipopolysaccharides (LPS) [30]. Those previous results led us to presume
whether SCY2 may not only exert antimicrobial activity but also have multiple functions in
reproductive processes, especially in hormone-modulated post-mating events. Meanwhile,
a novel SCY2-interacting protein, scyreprocin (MH488960), was revealed and proved to
exert potent, broad-spectrum antibacterial, antifungal, and antibiofilm activities in vitro by
multiple action modes [31]. Unexpectedly, recombinant products of SCY2 and scyreprocin
showed no synergistic antimicrobial activity in vitro [31]. Considering both AMPs were
dominantly expressed in the male reproductive system, whether their synergistic functions
were reflected in other aspects of the reproduction processes as reported in other animals
attracted us to explore their potential physiological roles in the present study.

In this work, the in vivo expression profiles of scyreprocin and SCY2 were investigated
to confirm their roles in the reproductive immunity of mud crab. Interestingly, we found
that both scyreprocin and SCY2 were also expressed in sperm, and their localizations were
dynamically changed during the AR. To better understand sperm AR of mud crab, we
used flow cytometry and Ca2+ fluorescent probes to investigate whether PG was one of the
ARIS of crab sperm and to assess the change in {Ca2+}i during AR. The potential functions
of scyreprocin and SCY2 in AR were further explored by antibody blockade assays. In
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addition, the binding properties of scyreprocin and SCY2 to PG and Ca2+ were evaluated
via functional experiments to further verify their roles in PG-induced AR.

2. Results
2.1. Expression Pattern of Scyreprocin and SCY2 In Vivo

Under natural conditions, the scyreprocin transcript was predominantly expressed
in male gonads, with the highest expression level in testes, followed by anterior vas
deferens, while relatively low expression was observed in female crabs, with the highest
expression in ovaries (Figure 1A). High levels of scyreprocin protein expression were
detected in gonads of adult male crabs, while no scyreprocin expression was detected in
adult female crabs. (Figure 1B). In juvenile male crabs, scyreprocin was mainly expressed
in spermatophores isolated from testes and seminal plasma isolated from ED (Figure 1C).
In adult males, scyreprocin was detected in the spermatophore, and seminal plasma was
collected from anterior vas deferens, seminal vesicle, ED, and posterior ejaculatory duct
(Figure 1C). Detection of in situ expression indicated that scyreprocin was mainly expressed
in spermatophores and epithelial cells of the testis, while SCY2 was expressed in interspaces
between spermatophores in the testes of adult mud crabs (Figure 1D). Only weak signals of
both proteins were detected in testicular sections of juvenile males (Figure 1D). Scyreprocin
and SCY2 were not detected in spermathecae of pre-mating females. In post-mating females,
scyreprocin and SCY2 signals were detected in the contents of spermathecae, moreover,
strong SCY2 fluorescent signals were observed in epithelial cells (Figures 1E and S1).

2.2. Scyreprocin and SCY2 Responded to Bacterial Infection In Vivo

A primary testicular cell culture method was established in this study (Figure S2).
Microbial growth occurred during the first two days in several samples of cultured testic-
ular cells. The endogenous microbes were isolated and identified as Pseudomonas putida
(Figure S3), which was an aquatic pathogen. The isolated endogenous bacteria P. putida
isolate X1 was susceptible to recombinant SCY2 (rSCY2) and recombinant Scyreprocin
(rScyreprocin) treatments (Table 1). Scanning electron microscopy (SEM) observation re-
vealed significant morphological changes in the bacterial membrane induced by rSCY2
and rScyreprocin treatments (Figure 2A). After being challenged with the P. putida isolate
X1, in vitro cultured spermatophores showed a significant increase in scyreprocin and
SCY2 expression (Figure 2B). Expression levels of SCY2 and scyreprocin were induced in
testes and EDs after in vivo challenge with P. putida isolate X1 (Figure 2C,D). These results
showed that scyreprocin and SCY2 could effectively inhibit and kill the pathogenic bacteria
of mud crab and had a positive in vivo response to pathogen infection, indicating their
roles in reproductive immunity.

Table 1. Antimicrobial Activity of rScyreprocin, rSCY2 and rScyreprocin/rSCY2.

Microorganisms rScyreprocin rSCY2 rScyreprocin/rSCY2

MIC a

(µM)
MBC a

(µM)
MIC
(µM)

MBC
(µM)

MIC
(µM)

MBC
(µM)

Pseudomonas putida isolate X1 <0.5 2–4 6.25–12.5 >50 0.5–1 2–4
a MIC and MBC were presented as an interval [A]–[B]: [A] was the highest concentration tested with visible
microbial growth, while [B] was determined as the lowest concentration without visible microbial growth (n = 3).

2.3. Subcellular Localization of Scyreprocin and SCY2 in Mud Crab Sperm

Spermatids at various spermiogenesis stages were observed in cultured testicular
cells (Figure 3A). In the early proacrosomal granule phase, SCY2 and scyreprocin were
co-localized in the cytoplasm. In the preacrosomal vesicle phase, the nucleus shape started
to change and preacrosomal granules (PGs) aggregated to form a proacrosomal vesicle
(PV). SCY2 and scyreprocin signals were detected on PGs and PV, but rarely co-localized.
In the preacrosomal phase, the nucleus developed into a cup-like shape and enwrapped
the PV. SCY2 was expressed on the outer edge of the PV, while scyreprocin was located in

141



Int. J. Mol. Sci. 2022, 23, 3373

unaggregated PGs (Figure 3A). The two later spermiogenesis stages (acrosome phase and
mature phase) were not observed in the in vitro cultured testicular cells in the present study.

  
Figure 1. Scyreprocin and SCY2 expressed in reproductive system of adult male mud crabs and
transferred to female spermathecae via mating. (A) Scyreprocin transcriptional expression level in
adult male (n = 3) and female (n = 3) Scylla paramamosain under natural conditions. Data are presented
as the mean ± standard deviation (SD). * p < 0.05, one-way analysis of variance (ANOVA) and Tukey
post-test. (B) Scyreprocin expression profiles in different tissues of adult male and female crabs
(n = 3). (C) Scyreprocin expression profiles in semen (sperm and seminal plasma) collected from adult
and juvenile males (n = 3). BW, body weight. (D) In situ expression of SCY2 (green) and scyreprocin
(red) in testes of juvenile and adult males. (E) In situ expression of SCY2 (green) and scyreprocin
(red) in spermathecae of pre- and post-mating females. In panels (D,E), nucleus is shown in blue
color. Abbreviations: Br, brain; Gi, gill; St, stomach; Mg, midgut; Ht, heart; Hp, hepatopancreas; SE,
subcuticular epidermis; Ne, thoracic ganglion mass; Mu, muscle; Es, eyestalk; Hc, hemolymph cell; T,
testis; AVD, anterior vas deferens; SV, seminal vesicle; PVD, posterior vas deferens; ED, ejaculatory
duct; PED, posterior ejaculatory duct; P, penis; S, spermatheca; OA, ovary; Vg, vagina.

In mature sperm, organelle staining assays revealed that scyreprocin and SCY2 were co-
localized in the endoplasmic reticulum (ER), Golgi apparatus, and mitochondria (Figure 3B).
Transmission electron microscopy (TEM) observations yielded a refined image of scyre-
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procin and SCY2 localization in single sperm, where they showed co-localization in mito-
chondria, central tube, and apical cap (AC) (Figure 3C).

− μ
μ

−

−

Figure 2. Scyreprocin and SCY2 responded to bacterial infections. (A) Morphological changes
induced by recombinant scyreprocin (rScyreprocin) and SCY2 (rSCY2) in Pseudomonas putida isolate
X1 (n = 3). P. putida isolate X1 (5 × 105 cfu mL−1) was incubated with rScyreprocin (2 µM) or rSCY2
(4 µM) for 30 min and observed by a scanning electron microscopy. (B) Induction of SCY2 and
scyreprocin expression levels in in vitro cultured spermatophores after P. putida isolate X1 challenge
(n = 3). The in vitro cultured spermatophore were incubated with P. putida isolate X1 (100 cfu well−1)
for 24 h before subjected to immunofluorescence assay. (C) Induction of SCY2 and scyreprocin
expression levels in testis (T) and ejaculatory duct (ED) by in vivo P. putida isolate X1 challenge (n = 3).
Adult male crabs were challenged with P. putida isolate X1 (3 × 103 cfu crab−1). After 24 h, T and ED
were sampled and subjected to Western blot analysis. (D) Quantification of the blots in (C) by ImageJ.
Data are presented as the mean ± standard deviation (SD). * p < 0.05, two-way analysis of variance
(ANOVA) and Bonferroni post-test.

2.4. Progesterone Induced In Vitro Sperm Acrosome Reaction of S. paramamosain

To investigate the potential roles of SCY2 and scyreprocin in sperm AR, sperm collected
from male gonad and female spermathecae were used for in vitro AR-induction tests
(Figure 4A). When treated with artificial seawater containing 0.3% (w/v) Ca2+ (ASW), the
AR ratio (%AR) increased significantly in sperm collected from spermathecae, whereas
those collected from males showed no statistical difference compared to the control group
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(Figure 4B,C). These results suggested that some components in spermathecae might be
requisite for sperm AR.

−

Figure 3. Subcellular location of scyreprocin and SCY2 in male gametes. (A) In situ expression
of scyreprocin (red) and SCY2 (green) in spermatids at different spermiogenesis stages, nucleus
was stained with DAPI (blue). In vitro cultured testicular cells (seeded at 2 × 106 cells well−1 for
3 days) were subjected to immunofluorescence assay. (B) SCY2 and scyreprocin co-localized with
organelles in sperm. Sperm were freshly isolated from seminal vesicles of adult male crabs and
subjected to immunofluorescence assay. (C) In situ expression of scyreprocin and SCY2 observed
by transmission electron microscope (TEM) in mud crab sperm: i, intact sperm; ii, apical cap (AC);
iii, mitochondria (M). Red arrows: scyreprocin; yellow arrows, SCY2. Abbreviations: SZ, sub-cap
zone; CT, central tube.
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μ

Figure 4. Progesterone (PG) was a crucial acrosome reaction (AR)-induced substance for crab sperm.
(A) Schematic presentation of the AR ratio (%AR) evaluation on the sperm collected from male and
female crabs. N, spermathecae; ASW, artificial seawater; Ca2+-FASW, Ca2+-free ASW. (B) Statistical
analysis on %AR of sperm collected from female spermathecae and male gonads (n = 3). Data are
presented as the mean ± standard deviation (SD). * p < 0.05, one-way analysis of variance (ANOVA)
and Tukey post-test; n.s., not significant. M, male; F, female. (C) Flow cytometry assessment on %AR
of sperm collected from female spermathecae and male gonads (n = 3). Sperm samples were treated
with ASW, Ca2+-FASW (male- and female-derived sperm), or ASW containing 20 µg mL−1 PG (male-
derived sperm) for 24 h before subjected to flow cytometry analysis. (D) Ultrastructural changes of
crab sperm during AR observed by scanning electron microscope (SEM). Male-derived sperm after PG
treatment in (C) were subjected for SEM observation: 1–2, unreacted sperm; 3, acrosome protruding
stage; 4, acrosomal vesicle valgus stage; 5, central tube extension stage; 6, reacted sperm. (E) Changes
in PG level in spermatheca (S) and ovary (OA) at pre- and post-mating stages. Spermathecae and
ovaries from un-mated females, female crabs at the day after mating, post-mating stage I, II, III,
pre-ovulation, and post-ovulation stage, were collected (n = 6). The samples (~30 mg) were subjected
to PG level analysis. Data are presented as the mean ± SD.
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In a year-long investigation on SCY2 expression in male crabs, the highest transcrip-
tional level of SCY2 was observed during mating seasons (May–July, October–December)
(Figure S4) and the change in the SCY2 expression level is consistent with that of the
hormones [30], indicating the correlation between PG and SCY2 expression levels. In
post-mating female crabs, the PG level in the ovary increased during oogenesis, with the
highest PG level occurring near ovarian maturation (pre-ovulation) (Figure 4E). Therefore,
we further investigated whether PG could induce AR. Compared with the control group
(mean ± SD = 22.76 ± 7.82%), the %AR of sperm collected from males was significantly
induced by ASW containing PG (38.92 ± 1.22%) (Figure 4B,C), and sperm at different AR
stages were observed by SEM (Figure 4D). The in vivo assay showed that sperm {Ca2+}i
increased significantly when males were directly injected with PG (Figure S5). These results
indicated that PG could induce the AR of mud crab sperm, and {Ca2+}i could be used as an
indicator for mud crab sperm AR.

2.5. Localizations of SCY2 and Scyreprocin in Sperm during Sperm Acrosome Reaction

Sperm collected from spermathecae were treated with ASW to induce AR. Subcellular
locations of SCY2 and scyreprocin were revealed by cellular immunofluorescence and
immuno-colloidal gold technique. At AC protruding stage, SCY2 was detected in the AC,
and scyreprocin was found in the cytoplasm. Scyreprocin was detected in the AV at the AV
valgus stage and all the subsequent AR stages (Figure 5A). TEM observation showed that
scyreprocin could be detected not only in AV but also in the acrosomal vesicle membrane
and mitochondria (Figure 5B).

μ −

Figure 5. Expression pattern of scyreprocin and SCY2 in sperm during the acrosome reaction (AR).
(A) Subcellular localization of scyreprocin and SCY2 in sperm at different AR stages (blue, nucleus;
red, scyreprocin; green, SCY2). Male-derived sperm were treated with artificial seawater (ASW)
containing 20 µg mL−1 PG for 24 h before subjected to immunofluorescence assay. (B) Subcellular
localization of scyreprocin (red arrows) in sperm at different AR stages, from transmission electron
microscopy (TEM) observation. Dashed lines indicate the zoom-in regions. Abbreviations: AC, apical
cap; CT, central tube; M, mitochondria; SZ, sub-cap zone; AV, acrosomal vesicle; N, nucleus; AVM,
acrosomal vesicle membrane.
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2.6. SCY2 and Scyreprocin Participated in Progesterone-Induced Acrosome Reaction

To investigate the possible roles of SCY2 and scyreprocin in sperm AR, sperm (collected
from males) were incubated with Ca2+-free ASW (Ca2+-FASW) containing SCY2 and/or
scyreprocin antibodies and then treated with PG to induce AR. Samples were analyzed for
the %AR and {Ca2+}i (Figure 6A).

In the antibody control groups, sperm co-incubated with scyreprocin antibody showed
no change in {Ca2+}i, while sperm treated with the SCY2 antibody showed a significant
decrease in {Ca2+}i (Figure 6B–D). Hence, scyreprocin and SCY2 played different roles in
maintaining intracellular Ca2+ homeostasis.

Figure 6. Cont.
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Figure 6. Scyreprocin and SCY2 functioned as critical molecules in progesterone (PG)-induced sperm
acrosome reaction (AR). (A) Schematic presentation of the AR ratio (%AR) and intracellular Ca2+

concentration ({Ca2+}i) evaluation of the sperm collected from male and female crabs. (B) Flow
cytometry analysis of the sperm %AR after different treatments. Male-derived sperm samples
(~1 × 106 cells mL−1) were pre-treated with SCY2 antibody (1:500) and/or scyreprocin antibody
(1:1000) for 2 h and incubated with PG (50 µg mL−1 in artificial seawater) for 22 h. Samples were
subjected to flow cytometry analysis. (C) Statistical analyses of the flow cytometry data presented
in (B) (n = 3). Data are presented as the mean ± standard deviation (SD). (D) Evaluation of {Ca2+}i

in sperm samples in (B) (n = 3). In panels (C,D), “+” represents the addition of the corresponding
component, data are presented as the mean ± SD. Letters denote significant differences, one-way
analysis of variance (ANOVA), and Tukey post-test.

Progesterone significantly induced sperm AR (66.27 ± 8.88% reacted) after 22 h in
comparison with the untreated control (23.00 ± 0.32% reacted) (Figure 6B,C), but it could
not induce the AR of the sperm pretreated with either SCY2 antibody (8.13 ± 0.20%
reacted) or scyreprocin antibody (27.64 ± 0.75% reacted) (Figure 6B,C). After replenishing
recombinant proteins to the corresponding antibody-treated samples, both %AR and {Ca2+}i
were restored (Figure 6B–D). Although antibody blockade of scyreprocin did not affect
the {Ca2+}i of unreacted sperm, it did hinder PG from inducing sperm AR (Figure 6B–D).
These results indicated that scyreprocin might act as an important mediator in initiating PG-
induced AR. Similarly, PG could not trigger sperm AR when scyreprocin and SCY2 were
inhibited simultaneously (6.34 ± 0.28% reacted). Later replenishment of both rScyreprocin
and rSCY2 allowed the increase in %AR (42.66 ± 2.96% reacted) and {Ca2+}i (Figure 6B–D).
Besides, SCY1, the SCY2 homologous protein, showed different localization from SCY2
in sperm (Figure S6A) and had no detectable effect on the PG-induced {Ca2+}i increase
(Figure S6B).

2.7. Progesterone Binding Capacity of SCY2 and Scyreprocin

Progesterone has been shown to induce SCY2 expression in our previous study [30].
We performed a modified ELISA assay to further determine the interaction of PG with
rSCY2 and rScyreprocin, respectively. Scatchard plot analysis showed that the PG-binding
affinity of rScyreprocin/rSCY2 mixture (calculated equilibrium dissociation constant,
KD = 72.2 nM) was stronger than that of rScyreprocin (KD = 258.9 nM) and rSCY2
(KD = 143.0 nM) alone, thus indicating that the PG-binding affinity was enhanced in the
presence of both proteins.

2.8. SCY2 was Involved in Calcium Influx during Acrosome Reaction

Antibody blockade of SCY2 resulted in a significant decrease in sperm {Ca2+}i
(Figure 6D). To investigate its possible functions, sperm were treated with the SCY2 an-
tibody or Ni2+ (set up as a Ca2+ channel inhibition control group). The samples were
analyzed for the {Ca2+}i (Figure 7C) and %AR (Figure 7D,E).
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Figure 7. Interplay of scyreprocin, SCY2, progesterone (PG), and Ca2+. (A) Comparative examination
of PG binding capacity of rScyreprocin, rSCY2 and rScyreprocin/rSCY2 mixture by a modified
enzyme-linked immunosorbent assay (ELISA) (n = 3). (B) Schematic presentation of the intracellular
Ca2+ concentration ({Ca2+}i) evaluation and acrosome reaction ratio (%AR) analysis. (C) Evaluation of
{Ca2+}i in the sperm pretreated with SCY2 antibody or Ni2+ (n = 3). Sperm (2 × 107 sperm mL−1) were
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pre-treated with Ni2+ (5 µM) or SCY2 antibody (1:500) for 2 h, and incubated with PG (50 µg mL−1

in artificial seawater) for 22 h. Samples were subjected to {Ca2+}i evaluation. (D) Flow cytometry
analysis of the %AR (n = 3) of the samples in (C). (E) Statistical analysis of the data presented in (D). In
panels C and E, data are presented as the mean ± SD. Letters denote significant differences, one-way
ANOVA and Tukey post-test. (F) Electrophoretic mobility shift assays on the binding properties of
rSCY2 with Ca2+, Mg2+, and Ni2+. rSCY2 (2 µg) was incubated in Tris-HCl containing CaCl2, MgCl2,
or NiCl2 (0.1 mM) for 3 h and then supplemented with EGTA or EDTA (0.1 mM) for 10 min. Samples
were subjected to native gel electrophoresis.

After SCY2 antibody treatment, the sperm {Ca2+}i was markedly reduced to a level
similar to that of the positive control (Ni2+-treated group), and the Ca2+ influx induced
by PG treatment was inhibited, suggesting the association between SCY2 and Ca2+ influx
(Figure 7C). Similarly, flow cytometry analysis showed that treatments of Ni2+ and SCY2
antibody inhibited %AR of the sperm samples (Figure 7D,E). In the Ca2+-dependent gel-
shifting assay, an overt band-shift of rSCY2 was observed in the presence of CaCl2, which
was more distinct in the presence of both ethylene glycol tetraacetic acid (EGTA) and CaCl2
(Figure 7F). It is worth noting that SCY2 showed no binding affinity to Mg2+ (Figure 7F).

3. Discussion

The mating behavior of marine animals provides an opportunity for pathogens in
the aquatic environment to infect sperm and enter the female reproductive system. Crab
sperm experience long-term storage (weeks to months) in the spermathecae before in-
semination [32], thus, bioactive molecules such as AMPs in the reproductive system are
requisite for sperm health. As AMPs are highly expressed in male gonads, scyreprocin
and SCY2 could efficiently inhibit the growth of aquatic pathogens such as the isolated
P. putida strain X1 (Table 1). Both AMPs could be transferred to female spermathecae
during mating and maintained in spermathecae until ovulation (Figure S1), thus it would
be inferred that they may provide prolonged protection for the reproduction process of
mud crab. Unlike other AMPs identified in mud crabs [31,33,34], rSCY2 only had moder-
ate antimicrobial activity in vitro [30], and unexpectedly, showed no in vitro synergistic
antimicrobial activity with rScyreprocin [31]. These findings prompt us to explore whether
the interaction between SCY2 and Scyreprocin is reflected in other reproductive processes
beyond reproductive immunity.

With numerous reproductive-associated AMPs being successively identified in the
past decades, the fact that the male-specific AMPs, such as SCY2 and scyreprocin [30],
are often highly expressed in the genital system during breeding seasons seems to raise
a contradiction against reproduction-immunity trade-offs [35]. In recent years, AMPs
have been shown to function beyond their antimicrobial activity during reproduction.
The potential dual roles of β-defensins in the regulation of infection and control of sperm
function is compelling [36]. Rat epididymis-specific β-defensin 15 plays a dual role in
both sperm maturation and pathogen defense in rat epididymis [29]. Rat Bin1b is proved
important for the acquisition of sperm motility and the initiation of sperm maturation [27].
Moreover, human cathelicidin 18 in seminal plasma is processed to generate a 38-amino acid
AMP (ALL-38), transferred to the female reproductive tract, and enzymatically activated
upon exposure to the vaginal milieu, preventing infection following sexual intercourse [37].
SCY2 shares similar cross-gender transmission patterns with ALL38 and its expression
is regulated by PG but not LPS [30]. Therefore, we hypothesized that SCY2 may play an
unrevealed role in hormone-regulated post-mating events in addition to its antimicrobial
activity. In this study, we found that scyreprocin and SCY2 were presented not only in
seminal plasma but also on the sperm apical cap (Figure 3) and were detected in the
sperm apical cap (both AMPs) and acrosomal vesicle (scyreprocin) during PG-induced AR
(Figure 5). These findings strongly support our prior presumption. We have confirmed
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that scyreprocin and SCY2 existing in seminal plasma provide anti-infection protection
(Figure 2), but what are the potential biological functions of the AMPs located on sperm
during AR?

Acrosome reaction, one of the hormone-associated sperm activities, is finely regulated
by hormones, ion channels, and preassemble signal pathways [5,20,38,39]. It is now well
known that in mammals and sea urchins, the sperm AR requires the collaboration of
hormones (e.g., PG) and cationic channels (e.g., CatSper). In most species, egg water
containing a variety of reproduction-related hormones is considered the main contributor
to sperm activities [40]. PG is considered an important factor to endow sperm fecundity
by initiating sperm capacitation (motility), hyperactivation, and AR [41,42]. Crab sperm
is non-flagellated and thus lacks motility [25]. Researchers have tried to induce the AR
of crab sperm isolated from the male reproductive system by means of ionic carriers
and extracted infraspecific egg-water, but results were inconsistent among different crab
species [24,43–47]. Therefore, it is still controversial as to what triggers the AR of crab sperm.
In the present study, sperm isolated from spermathecae but not the sperm isolated from the
male reproductive system could directly undergo AR after ASW treatment (Figure 4B,C),
suggesting certain components in spermathecae were requisite for sperm AR. Consistent
with previous reports [48], this study showed that the PG level of the female ovary gradually
increased after mating and peaked before ovulation (Figure 4E). After PG treatment, sperm
collected from males showed a significant increase in %AR (Figure 4B,C), suggesting that
PG may be one of the ARIS for mud crab sperm.

PG induces AR through its membrane receptors on human sperm [1]. Screening of PG
membrane receptors has been the focus of the study on the PG non-genomic effects. Some
PG-binding proteins have been identified on the sperm membrane, among which CatSper
and PAQR7 are thought to be the most promising candidates as PG receptors [18,49]. Since
the AR-associated molecules (e.g., CatSper) have not been identified in mud crab, the
molecular basis of PG-induced AR of mud crab remains unclarified. Although some AMPs
have been proven to play vital roles in various sperm activities (e.g., sperm maturation and
motility) [27–29], to our knowledge, there are no reports that they are directly involved
in sperm AR in any animal species. Based on our findings, questions were then raised: is
there a close relationship between SCY2, scyreprocin, PG, and PG-induced AR? Do SCY2
and scyreprocin exert a similar role in crab sperm AR as the AR-associated components in
other species?

In this study, we found that antibody blockade of either scyreprocin or SCY2 led to
failure in PG-induced AR and {Ca2+}i increase. Notably, antibody blockade of SCY2, rather
than scyreprocin, led to a significant decrease in sperm {Ca2+}i before PG treatment at levels
similar to those in the Ni2+-treated group (Figure 7C). Later functional studies revealed the
Ca2+-binding capacity of rSCY2 (Figure 7F). These findings strongly implied that SCY2 was
important for the maintenance of Ca2+ homeostasis in mud crab sperm and participated in
the Ca2+ influx during AR. Based on these results, it could be inferred that SCY2 may be
involved in the active Ca2+ transportation and is a key component of the Ca2+ channel in
mud crab sperm. Thus, further genomic screening of scygonadin homologous proteins and
structural analysis of SCY2 may shed light on its basis for Ca2+ selectivity and its actual
role in Ca2+ regulation.

Although antibody blockade of scyreprocin had no effect on {Ca2+}i before PG in-
duction, it could not induce AR in the absence of scyreprocin (Figure 6D). It was inferred
that scyreprocin may be involved in the process of sperm receiving progesterone signals.
Later functional studies confirmed the PG binding capacity of rScyreprocin and rSCY2
(Figure 7A), indicating that PG could bind to scyreprocin on the sperm and subsequently
initiate the SCY2-mediated Ca2+ influx. Previous research has shown that the calcium chan-
nel CatSper is also a non-genomic PG receptor of human sperm [50]. SCY2 and scyreprocin
were a pair of interacting proteins. Whether the complexes they formed play a similar role
in sperm AR as CatSper is worth further exploration.
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Elevation of {Ca2+}i during AR is caused not only by the influx of extracellular Ca2+

but also by the following Ca2+-induced Ca2+ release (CICR); that is, the Ca2+ would
further induce the release of Ca2+ from intracellular Ca2+ stores such as acrosome and
mitochondria [17]. In the present study, we did not permeabilize the sperm before antibody
treatments; therefore, only scyreprocin and SCY2 on the cell surface were inhibited. Scyre-
procin and SCY2 on sperm AC assumed crucial roles in the initial influx of Ca2+. Given that
these two AMPs were also co-located with organelles in crab sperm (Figure 2), it remains
to be investigated whether they would take part in the following CICR process.

During sperm AR, scyreprocin was seen in the AV (Figure 5A). The acrosomal vesicle
is known to contain a variety of enzymes that dissolve the oolemma and assist in suc-
cessful sperm–egg fusion [51]. Our preliminary experiments indicated that rScyreprocin
exerted acid phosphatase and superoxide dismutase activity (54.84 U gprot−1 and 118.12 U
mgprot−1, respectively). More studies are required to verify if scyreprocin in the AV exerts
a similar function. During the mating season, male crabs expressed a synchronous increase
in SCY2 in parallel with elevated PG levels [30]. Similarly, a significant increase in the SCY2
fluorescent signal was detected in the spermathecal epithelium after mating (Figure 1E). In
a prior study on spermatophore transplantation, it was found that spermatophores could be
absorbed into the spermathecal epithelium by endocytosis, and thus some spermatophore
degradation products could enter the vessel lumen and further modulate female reproduc-
tive behavior [52]. It remains to be determined whether SCY2 detected in the spermathecal
epithelium was a result of spermatophore degradation absorption or in situ expression. The
origin and other possible physiological functions of SCY2 in the spermathecal epithelium
thus also need further investigation.

4. Materials and Methods
4.1. Animals

Mud crab (S. paramamosain) were obtained from the Xiamen aquatic products market,
Fujian, China. Crabs were acclimated in cement tanks containing seawater for 1–2 days
before experiments. Before sampling, mud crabs were anesthetized by ice-bathing for
15 min and all efforts were made to minimize suffering. All animal experiments were
carried out in strict accordance with the National Institute of Health Guidelines for the
Care and Use of Laboratory Animals and were approved by the Animal Welfare and Ethics
Committee of Xiamen University.

4.2. Isolation of Spermatophores and Seminal Plasma

Semen was divided into seminal plasma and spermatophores following the prior
descriptions [53]. Spermatophores were treated with 0.25% trypsin (prepared in Ca2+-
FASW) to obtain single sperm. Seminal plasma was stored at −20 ◦C and sperm were
stored at 4 ◦C before use.

4.3. Preparation of Recombinant Proteins and Polycolonal Antibodies

Recombinant His-tagged scyreprocin (rScyreprocin) and SCY2 (rSCY2) were generated
following prior descriptions [31,54]. Purified proteins were dialyzed, concentrated, and
stored in 50 mM phosphate buffer (PB, pH 8.0) at −80 ◦C. Protein concentration was
determined by the Bradford assay [55]. The scyreprocin antibody and SCY2 antibody were
prepared as previously described [30,31].

4.4. Quantitative PCR

To investigate the expression profile of scyreprocin transcripts, tissues from three
adult males and three adult females (300 ± 20 g in weight) were sampled. Tissues were
flash-frozen in liquid nitrogen and stored at −80 ◦C. Total RNA and protein of each tissue
(30 mg) were extracted by the Tripure reagent (Roche, Mannheim, Germany) following
the manufacturer’s instruction. Real-time quantitative PCR (RT-qPCR) was performed
on a Roto-Gene Q platform (QIAGEN, Hilden, Germany) using the SYBR Green assay
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(Roche, Mannheim, Germany). The primer sequences are listed in Table S1. Absolute qPCR
was carried out to evaluate the expression profile of scyreprocin in different tissues of
healthy adult male and female crabs (n = 3) as previously described [56]. For relative qPCR,
the target gene Scyreprocin (GenBank Accession No. MH488960) was detected, and the
Sp-β-actin (GenBank Accession No. GU992421) was chosen as the reference gene. Data
were analyzed using the algorithm of the 2−∆∆Ct method [57].

4.5. Antimicrobial Assays

The antimicrobial activity of the rScyreprocin, rSCY2, and rSCY2/rScyreprocin iso-
molar concentration mixture (e.g., the 1 µM mixture was composed of 1 µM rSCY2 and
1 µM rScyreprocin) against the isolated endogenous bacteria was evaluated. The MIC
and MBC values were determined in triplicate on separate occasions following the prior
descriptions [54]. After 30 min-treatment with rScyreprocin (2 µM) or rSCY2 (4 µM), the
morphological changes of the isolated endogenous bacteria were observed using a Zeiss
Supra™ 55 Scanning Electron Microscope (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) as described earlier [31,58]. Experiments were performed three times on differ-
ent occasions.

4.6. Western Blotting

To study the expression profile of scyreprocin, total proteins extracted from the tissues of
adult male and female crabs (n = 3) were submitted to the Tricine-SDS-PAGE assay and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Amersham, Sunnyvale, CA, USA).
Immune detection of Sp-β-actin and scyreprocin was carried out using β-actin antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and scyreprocin antibody (dilution
factors = 1:1000) following the standard Western blotting procedures. To evaluate expres-
sion level of scyreprocin in semen, seminal plasma and spermatophores were isolated
from adult (300 ± 10 g) and juvenile male crabs (100 ± 10 g). Total protein extracted
from spermatophores and 5 µg seminal plasma protein (n = 3) were detected for scyre-
procin expression as described above. To investigate the expression profile of scyreprocin
and SCY2 after bacterial infection, P. putida isolate X1 was injected into adult male crabs
(250 ± 10 g) at 3 × 103 cfu crab−1. Crab saline injections were performed as controls (n = 3).
After 24 h, testes and ED samples (n = 3) were subjected for scyreprocin and SCY2 detec-
tion, and blots were quantified and analyzed using ImageJ (National Institutes of Health,
Bethesda, MD, USA).

4.7. Immunofluorescence Assay

To explore the in situ expression profile of scyreprocin and SCY2, testes of juvenile
(50 ± 10 g) and adult males (300 ± 10 g), spermathecae of female crabs on the day after
mating, post-mating stage I, post-mating stage II, post-mating stage III, pre-ovulation stage
were collected and sectioned (8–10 µm) for immunofluorescence assay. To investigate the
in situ expression of scyreprocin and SCY2 in male gametes, in vitro-cultured testicular
cells (seeded at 2 × 106 cells well−1 for 3 days, Text S1) and sperm isolated from male crabs
(250 ± 10 g) were fixed with 4% paraformaldehyde (prepared in crab saline), permeabilized
with 0.1% Triton X-100. To study the expression of scyreprocin and SCY2 after bacterial
infection, the in vitro cultured spermatophore were incubated with P. putida isolate X1
(100 cfu well−1) for 24 h before being subjected to immunofluorescence assay. Immunoflu-
orescence assay was carried out based on a prior description [30]. Briefly, samples were
blocked with 5% bovine serum albumin (BSA), incubated with a mixture containing SCY2
and scyreprocin antibodies (1:400) or unimmunized serum (1:100) for 4 h at 37 ◦C in
a humidified chamber. After washing with phosphate-buffered saline (PBS, pH 7.4),
samples were incubated with Dylight 488 conjugated goat anti-mouse IgG and Dylight
650 conjugated goat anti-rabbit IgG secondary antibodies (1:1000) (Thermo Fisher Scien-
tific, Waltham, MA, USA) for 1 h. Slides were mounted with coverslips using Vectashield®
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antifade mounting medium with DAPI (Vector Labs, Burlingame, CA, USA), and observed
by a confocal laser scanning microscope (Zeiss Lsm 780 NLO; Carl Zeiss, Jena, Germany).

4.8. Hormone Level Examination

In every month of the year 2012, EDs from 3 crabs (300 ± 20 g) were tested for PG,
testosterone, and estradiol levels using ELISA kits (Cayman Chemical Company, Ann
Arbor, MI, USA). Tissues (~50 mg) were ground in liquid nitrogen and mixed with 1 mL
of ELISA buffer (Cayman Chemical Company, Ann Arbor, MI, USA); supernatants were
subjected to ELISA following the manufacturer’s instructions. Analyses were carried out
in duplicate. For evaluation of PG level in pre- and post-mating females, spermathecae and
ovaries from un-mated females, female crabs at the day after mating, post-mating stage I,
II, III, pre-ovulation, and post-ovulation stage, were collected (n = 6). The samples (~30 mg)
were analyzed as described above.

4.9. Enzyme-Linked Immunosorbent Assay

To test if rSCY2, rScyreprocin, and/or rSCY2/rScyreprocin could bind to PG (Sigma-
Aldrich, St. Louis, MO, USA), a modified ELISA assay was performed following a prior
description [31]. Briefly, a flat bottom 96-well ELISA plate was coated with PG (3 µg),
blocked with 5% BSA, and incubated with serial dilutions of rScyreprocin, rSCY2, and
rSCY2/rScyreprocin (0–24 µM, 100 µL well−1). After washing with PBS (50 mM, pH 7.4),
plates were incubated with 100 µL mixture containing scyreprocin antibody (1:2000) and
SCY2 antibody (1:1000) for 2 h before incubating with a mixture of HRP-labeled goat anti-
rabbit IgG and HRP-labeled goat anti-mouse IgG (1:5000) for 1 h. After the colorimetric
reaction, absorbance at 450 nm was measured using a multifunctional microplate reader
(TECAN GENios; Tecan Group Ltd., Männedorf, Switzerland). The assays were carried out
in triplicate and the results were analyzed using Scatchard plot analysis.

4.10. Transmission Electron Microscopy (TEM) Observation

Sperm freshly collected from mature male crabs (250 ± 10 g) were fixed in 4%
paraformaldehyde. For TEM observation, samples were subjected to ultrathin sections and
negative stained following standard protocols before being observed by a transmission
electron microscope (FEI, Tecnai G2 F20, Eindhoven, the Netherlands) [59]. For the im-
munocolloidal gold assay, ultrathin sections were blocked with 5% BSA (prepared in PBS,
pH 7.4) for 30 min and incubated overnight with a mixture of scyreprocin antibody (1:100)
and SCY2 antibody (1:50) at 4 ◦C. The scyreprocin antibody was recognized by the specific
secondary antibody coupled with 6 nm of colloidal gold (Electron Microscopy Sciences,
Ft. Washington, PA, USA), and the SCY2 antibody was revealed with a 25 nm colloidal
gold-coupled secondary antibody (Electron Microscopy Sciences, Ft. Washington, PA, USA).
Sections were post-fixed with 4% paraformaldehyde, negative stained, and subjected for
TEM observation.

4.11. SCY2-Calcium Binding Property

A modified electrophoretic mobility shift assay (EMSA) was used to investigate the
Ca2+ binding property of SCY2. rSCY2 (2 µg) and rSCY2 incubated in Tris-HCl (10 mM,
pH 7.5) containing EGTA (0.1 mM) at room temperature for 3 h, were set up as blank and
experimental controls, respectively. Samples of (1) rSCY2 incubated in Tris-HCl containing
CaCl2 (0.1 mM) for 3 h, (2) rSCY2 first incubated with CaCl2 (0.1 mM) for 3 h and then
supplemented with EGTA (final concentration = 0.1 mM) for 10 min, and (3) an experimental
group designed in reverse order were subjected to native gel electrophoresis. Similar assays
using (1) Mg2+ and EDTA, and (2) Ni2+ and EDTA were carried out as described above.

4.12. Evaluation of Sperm Intracellular Calcium Concentration and Acrosome Reaction Ratio

Methods were developed in the present study to assess the sperm %AR and {Ca2+}i.
A modified method based on flow cytometry was set up to analyze %AR. Sperm sam-
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ples were analyzed using a CytoFLEX LX (Beckman Coulter Inc., Brea, CA, USA) and
data were acquired with CytExpert software (Version 2.0). Samples were stained with
DAPI (Thermo Fisher Scientific) and events with DAPI fluorescence were gated as intact
sperm (valid counted events). The number of events was set to 8000 and recorded. The
recorded sperm population was divided into two non-overlapping sub-populations repre-
senting acrosome-reacted and non-reacted sperm. For {Ca2+}i evaluation, sperm samples
were loaded with Fluo-4/AM following the manufacturer’s instruction, and fluorescence
intensity was measured using a microplate reader (TECAN GENios; Tecan Group Ltd.).

4.13. In Vitro AR Induction

Sperm were freshly collected and randomly divided into aliquots. To investigate the
difference in %AR between sperm samples (2 × 107 sperm mL−1) collected from male
gonads (n = 3) and female spermathecae (n = 3), (1) control groups (male- and female-
derived sperm suspended in Ca2+-FASW for 24 h), (2) ASW groups (male- and female-
derived sperm suspended in ASW for 24 h), and (3) PG-treatment groups (male-derived
sperm suspended in ASW containing 20 µg mL−1 PG for 24 h) were analyzed for %AR and
{Ca2+}i as described before. Male-derived sperm after PG treatment were subjected for SEM
observation following prior description [58].

4.14. Antibody Blockade Assay

Sperm were collected from male gonads, washed in Ca2+-FASW, randomly divided
into aliquots, and used to study the functions of scyreprocin and SCY2 in the AR process.
To explore the possible role of SCY2 in Ca2+ influx during PG-induced AR, Ni2+ (final
concentration = 5 µM) was applied as a Ca2+ channel inhibitor. Sperm (from 3 crabs) were
adjusted to 2 × 107 sperm mL−1 and experimental groups were set up as follows: (1) non-
treatment control group (sperm incubated in ASW for 24 h), (2) positive control group
(sperm treated with Ni2+ for 2 h then incubated in ASW for 22 h), (3) positive PG-treated
group (sperm treated with Ni2+ for 2 h then incubated in ASW containing 50 µg mL−1

PG for 22 h), (4) SCY2-blocked group (sperm treated with SCY2 antibody for 2 h then
incubated in ASW containing 50 µg mL−1 PG for 22 h), and (5) SCY2-blocked PG-treated
group (sperm treated with the SCY2 antibody for 2 h then incubated in ASW containing
50 µg mL−1 PG for 22 h). The dilution factor of the SCY2 antibody applied was 1:500 (Text
S1). Samples were analyzed for %AR and {Ca2+}i as described previously.

To investigate the involvement of scyreprocin and SCY2 during AR, sperm
(~1 × 106 cells mL−1 in Ca2+-FASW) were treated with scyreprocin antibody (1:1000), SCY2
antibody (1:500), and scyreprocin (1:1000)/SCY2 (1:500) antibody mixture for 2 h, respec-
tively, before PG treatment (50 µg mL−1 in ASW) for 22 h. Optimization of antibody
concentration was confirmed by a preliminary study (Figure S7). Samples were subjected to
{Ca2+}i and %AR elevation. To confirm the physiological function of SCY2 and scyreprocin,
the corresponding protein (4 µM) was replenished at 1 h before %AR and {Ca2+}i evaluation.

4.15. Statistical Analysis

Statistical analyses were performed using IBM SPSS statistics (Version 22; IBM Corp.,
Armonk, NY, USA) and GraphPad Prism software (version 5.01; GraphPad Software Inc.,
San Diego, CA, USA). One-way analysis of variance (ANOVA) followed by Tukey post-
test were used to compare the scyreprocin expression profile in different tissues of S.
paramamosain and the levels of %AR and {Ca2+}i of sperm samples after different treatments.
Two-way ANOVA followed by Bonferroni post-test was performed to analyze the changes
in scyreprocin and SCY2 in vivo expression levels before and after bacterial infection.
Significant levels were accepted at p < 0.05.

5. Conclusions

The present study revealed that two male gonadal AMPs play a dual role in both
reproductive immunity and PG-induced AR of mud crab S. paramamosain (Figure 8). Adult
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male crabs expressed SCY2 and scyreprocin in sperm and seminal plasma. The AMPs
exerted their antimicrobial activity to provide anti-infection protection during reproduction.
In post-mating females, PG level increased, reaching a peak value before ovulation, and
inducing sperm AR upon sperm–egg attachment. Scyreprocin and SCY2 expressed on
sperm directly participated in PG-induced AR. During the process, PG bound to scyreprocin
and then triggered SCY2-mediated Ca2+ influx. The increase in {Ca2+}i led to the AR and
ultimately sperm–egg fusion. It was worth noting that PG failed to induce AR when either
scyreprocin or SCY2 function was absent. Although the detailed functions of scyreprocin
and SCY2 in sperm AR remain to be elucidated, the observed dual effect of scyreprocin
and SCY2 attest to the importance of the reproduction-associated AMPs in S. paramamosain.
Thus, a particular protein may exert distinct functions alone and/or with the assistance
of its interacting partners under different physiological stages and at different action
sites. This reproductive strategy of mud crabs may have evolved over millions of years
to cope with their complex habitat. At present, there is a very limited understanding of
the mechanism for crab sperm action, and the results of this study indicate that it may
differ from that in well-studied mammals, sea urchins, and amphibians (Figure 9). Due
to technical obstacles, we are currently unable to perform direct functional verification by
constructing scyreprocin- or SCY2-deficient crabs. However, the suggestion that AMPs,
beyond their antimicrobial activity, may participate in post-mating sperm activation may
shed new light on the intricate interplay between immunity and reproduction. Moreover,
given that AMP expression is under endocrine regulation and controls the breeding process
in mammals, birds, and invertebrates [60,61], the results of the present study will be
relevant for future studies on how reproductive hormones control the tradeoffs between
reproduction and immunity.

Figure 8. Roles of scyreprocin and SCY2 in the sperm acrosome reaction (AR) of Scylla paramamo-

sain. Adult male crabs expressed scyreprocin and SCY2 in semen, which were then transferred to
female spermatheca via mating. Scyreprocin and SCY2 in seminal plasma were proved to main-
tain gamete health by exerting antimicrobial activity. In sperm, scyreprocin and SCY2 showed
co-localization on the apical cap and mitochondria, and are proven to participate in the initiation of
progesterone-induced AR. In un-reacted sperm, SCY2 was responsible for maintaining intracellular
Ca2+ homeostasis. Upon sperm–egg attachment, scyreprocin bound to progesterone, with SCY2
cooperatively strengthening the binding affinity. SCY2 bound to extracellular Ca2+ and transported it
into the sperm. The increase in {Ca2+}i ultimately initiated AR and allowed completion of sperm–egg
fusion. Abbreviations: AC, apical cap; AV, acrosomal vesicle; {Ca2+}i, intracellular Ca2+ concentration.
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Figure 9. Brief comparison of sperm acrosome reaction (AR) mechanism in mammals, sea urchin,
and mud crab. In mammals, progesterone and egg zona pellucida proteins (ZPs) interact with their
corresponding receptors (i.e., CatSper, ZP receptors) on the sperm membrane, activate CatSper, and
induce Ca2+ influx. Increase in intracellular Ca2+ concentration ({Ca2+}i) then leads to the release
of Ca2+ from intracellular Ca2+ store, and thus completes sperm AR. In sea urchins, sperm AR is
induced by the interaction of fucose sulfated glycoconjugate from egg-coat (FSG) and its specific
receptor (REJ) on the sperm membrane, which opens a Ca2+-selective channel and a store-operated
Ca2+ channel and leads to vesicular fusion. In mud crab, progesterone interacts with scyreprocin on
the sperm surface, thus inducing Ca2+ influx mediated by SCY2 and initiating sperm AR. The AR
molecular basis of mud crab Scylla paramamosain revealed in the present study is different from that
of other species.
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Abstract: Staphylococcal-associated device-related infections (DRIs) represent a significant clinical
challenge causing major medical and economic sequelae. Bacterial colonization, proliferation, and
biofilm formation after adherence to surfaces of the indwelling device are probably the primary
cause of DRIs. To address this issue, we incorporated constructs of silica-binding peptide (SiBP)
with ClyF, an anti-staphylococcal lysin, into functionalized coatings to impart bactericidal activity
against planktonic and sessile Staphylococcus aureus. An optimized construct, SiBP1-ClyF, exhibited
improved thermostability and staphylolytic activity compared to its parental lysin ClyF. SiBP1-
ClyF-functionalized coatings were efficient in killing MRSA strain N315 (>99.999% within 1 h)
and preventing the growth of static and dynamic S. aureus biofilms on various surfaces, including
siliconized glass, silicone-coated latex catheter, and silicone catheter. Additionally, SiBP1-ClyF-
immobilized surfaces supported normal attachment and growth of mammalian cells. Although the
recycling potential and long-term stability of lysin-immobilized surfaces are still affected by the
fragility of biological protein molecules, the present study provides a generic strategy for efficient
delivery of bactericidal lysin to solid surfaces, which serves as a new approach to prevent the growth
of antibiotic-resistant microorganisms on surfaces in hospital settings and could be adapted for other
target pathogens as well.

Keywords: lysin; Staphylococcus aureus; silica-binding peptide; antimicrobial agents immobilization;
surface functionalization; antimicrobial agents; biofilm

1. Introduction

Medical devices play a pivotal role in the management of healthcare-associated pa-
tients in modern medicine. Indwelling urinary and central venous catheters are the most
frequently employed invasive devices, which have revolutionized medical treatment, espe-
cially post-operative care [1]. These catheters remain continuously interacting with body
fluids for a long duration, which is critical for the success of these implants [2]. However,
long-term catheterization also favors microbial colonization and dissemination, leading
to the failure of implant and further increasing the treatment cost and the severity of
ailment [3]. For instance, a 3–6% per day increased risk of bacterial colonization has been
estimated in urinary catheterization and 7–10 days of catheterization may result in catheter-
associated infections in 50% of the hospitalized patients [4,5]. Bacterial colonization on
surface of central venous catheters presents more serious complications as compared to
urinary catheters, as relatively small number of colonized bacteria can successfully estab-
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lish the central line associated blood stream infections [6], which commonly links to higher
life-threatening risk and cost [7].

In general, different types of implantable biomedical device-related infections (DRIs)
have linked to varied bacterial species. For example, cardiovascular implantable devices
and joint prosthesis are often colonized by Staphylococci, Streptococci, Enterococci, and
Candida spp. [8]. However, Staphylococci are one of the major causes of medical DRIs
due to strong capacity to form device-related biofilms, and the most pathogenic and ag-
gressive one is methicillin-resistant S. aureus (MRSA) [9]. Various strategies have been
employed to reduce bacterial colonization on surfaces of devices, such as increased hy-
giene, optimized dwelling measures, and biocidal agent-based surface modifications [10].
However, the antimicrobial resistance and biofilm-forming ability of S. aureus brought
the efficacy of these strategies into question [11]. Therefore, designing novel antibacterial
and antibiofouling coating is needed to counter the mounting menace of drug-resistant
S. aureus-mediated DRIs.

It has been demonstrated in the past two decades that the bacteriophage-encoded
peptidoglycan hydrolase, i.e., endolysin or lysin, is a promising candidate to overcome
antimicrobial resistance [12,13]. The primary function of lysin is to release the virion
progeny from the host cytoplasm by digesting its peptidoglycan, but in recent years, lysin
is immensely exploited as an antibacterial agent due to its unique mechanisms of action. A
good example is the chimeric lysin ClyF that possesses high activity against planktonic
and biofilm S. aureus both in vitro and in vivo models [14]. ClyF composes the catalytic do-
main (CD) from Ply187 lysin (GenBank: CAA69022.1, UniProtKB: O56785, the N-terminal
157 aa) with a putative CHAP (cysteine, histidine-dependent amidohydrolase/peptidase)
catalytic activity and the cell wall binding domain (CBD) from PlySs2 lysin (NCBI No.:
WP_170238997.1, UniProtKB: A0A0Z8Y0I3, the C-terminal 99 aa) that possesses high affin-
ity for S. aureus. Because of rapid activity, high specificity, proteinaceous nature, and not
yet reported case of resistance [15], lysin could be presented as a potent alternative agent
for immobilization on surface of devices to prevent DRIs.

Lysins have been well investigated in various in vitro and in vivo infection models against
a range of potent Gram-positive and Gram-negative pathogens over the decades [16–21].
Continuous work has well established that the second generation of lysin could be engi-
neered to possess improved bactericidal activity and/or broad spectrum of function [22,23].
Whilst the third generation of lysin could be continuously engineered and developed to
gain improved pharmacological properties [24]. Few studies demonstrated the activity
of phage-derived lysins stored in complexes with block-copolymers of poly-L-glutamic
acid and polyethylene glycol [25], or after fusing with matrix-binding protein, such as
cellulose binding domain [26]; however, there is a knowledge void in the activity as well as
the possibility of immobilized lysins on solid surfaces. The current study was designed
to fill the existing knowledge void and investigated the potential of bactericidal lysins
immobilization on biomedical surfaces as a means to combat medical DRIs.

Short solid binding peptides are popular molecular linkers for the fabrication of
bioactive proteins onto solid surfaces via multiple weak noncovalent interactions [27].
These peptides increase the affinity of bioactive proteins for their targeted solid matrix
and confers orientation, flexibility, and directionality to proteins without impeding their
activity [28,29]. Therefore, in the present study, ClyF was used as a model lysin to be
modified with three different silica-binding peptides (SiBPs) [14] to convene the conception
of bactericidal lysin-functionalized surfaces as a new approach to block device-related
bacterial colonization (Figure 1). Specifically, three peptides reported to have high affinity
for silica surfaces were selected fusing to the C-terminal of ClyF, and SiBP-fused ClyF
variants were then immobilized on various silicone-containing surfaces and evaluated for
their antibacterial and antibiofilm activities under static and dynamic conditions.
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Figure 1. Schematic diagram of experimental design. (a) Silica-binding peptide-mediated fixation of
ClyF imparts antistaphylococcal propriety to solid surfaces. (b) Construction and composition of
SiBP-fused ClyF variants. The amino acid sequences of SiBP1, SiBP2, SiBP3, linker between ClyF and
SiBP (Linker 1), and linker between SiBP and His tag (Linker 2) are shown.

2. Results
2.1. Construction and Biochemical Characterization of ClyF Variants

Previously, we demonstrated that the chimeric lysin ClyF is highly active against
various staphylococcal strains [14], highlighting its potential as an alternative antistaphylo-
coccal agent. Considering the epidemiology and threats of staphylococci-primed device-
related infections (DRIs) in model healthcare settings, we further explored the antistaphylo-
coccal capacity of surface-immobilized ClyF by using solid surface directed silica-binding
peptide (SiBP). To this end, three peptides varying in charge and length, i.e., a 12-residue
peptide SiBP1 (MSPHPHPRHHHT; Z = +1) [30], a 19-residue peptide SiBP2 (SSKKSGSYS-
GSKGSKRRIL; Z = +6) [31], and another 12-residue peptide SiBP3 (HPPMNASHPHMH;
Z = 0) [32], were selected fusing to the C-terminal of ClyF lysin (Figure 1). To adjust
the compatibility of ClyF lysin and silica-binding peptide, a separate flexible linker was
incorporated before and after each peptide sequence, and a C-terminal 6×his-tag was
attached for affinity purification of each construct (Figure 1). All ClyF constructs were
expressed in E. coli BL21(DE3) cells as soluble proteins and purified using Ni-NTA affinity
chromatography (Figure S1).

Because the bactericidal activity of ClyF depends on the proper folding of its two
functional domains, we thus assessed the effects of SiBP on the structural conformation of
ClyF variants by circular dichroism. Results showed that the spectra of ClyF, SiBP2-ClyF
and SiBP3-ClyF almost resemble each other and that the spectra of SiBP1-ClyF showed
minor differences due to difference in the molar ellipticity intensities (Figure 2a). However,
all four proteins had UV peaks at 215 nm, suggesting similar folding in all four. Additional
analysis revealed that the composition of the secondary structural components for all
four enzymes is nearly identical (Table S1), indicating that SiBP-fusing only introduces a
minor influence on the folding profile of ClyF domains. We further used RoseTTAFold to
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perform structural predictions for ClyF and its variants. Each prediction showed a similar
structure with a hydrophobic cleft in the catalytic domain and an Ig-like structure in the
CBD (Figure S2). However, the predicted surface shape of SiBP2-ClyF is a bit different
from that of the other variants, showing a L-like shape, while the others displayed a V-like
shape (Figure S2).

Figure 2. Biochemical properties of ClyF and its variants. (a) Circular dichroism spectra of ClyF and
its variants. The UV spectra of ClyF and its variants were scanned from 190–260 nm (0.1 cm path
length) at room temperature. (b) Thermal unfolding profiles for ClyF and its variants. The profiles of
all proteins were determined by nanoDSF from 25–90 ◦C. The Y-axis represents the first derivative of
the ratio of fluorescence at 350 nm and 330 nm.

Next, we evaluated the influence of these peptides on the thermostability of ClyF
using nano-differential scanning fluorimetry. Results showed that the thermal transition
temperature increases from 52.1 ◦C for ClyF to 54.3 ◦C for SiBP2-ClyF, the variant with
the highest positively charged peptide, while the other two ClyF variants, SiBP1-ClyF and
SiBP2-ClyF, exhibit similar thermal transition temperatures with their parental ClyF lysin
(Figure 2b and Table S2). The single peaks noted for ClyF and its three SiBP-fused variants
indicate that the two constitutive domains of ClyF unfold together in all four (Figure 2b).

2.2. Bactericidal Activities of Free ClyF Variants

Initially, we tested the bacteriolytic of ClyF and its variants against eight representative
S. aureus strains with different genetic profiles (Table S3), results showed that SiBP1-ClyF
and SiBP2-ClyF exhibit improved lytic activities in all strains tested compared to the native
ClyF (Figure S3). In contrast, an impaired activity was observed in SiBP3-ClyF, which
could be associated to its slightly different circular dichroism curve (Figure 2a) and 3D
modeling structure (Figure S2). We then evaluated the bactericidal activities of ClyF and
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its variants against three staphylococcal strains, WHS11032, WHS11103, and N315, under
equal molar concentrations. In consistent with the bacteriolytic assays, the variant SiBP3-
ClyF maintained impaired bactericidal activity compared to that of the parental ClyF
lysin, effecting a 1- to 3-log10 decrement in bacterial viability in 60 min, depending on the
strain (Figure 3). In contrast, SiBP1-ClyF and SiBP2-ClyF exhibited significantly (p < 0.001)
elevated bactericidal activity, effecting a 1.36- and 0.87-log10 increase in killing activity for
S. aureus N315, respectively, compared to the activity of their parental ClyF (Figure 3). As
both SiBP1 (Z = +1) and SiBP2 (Z = +6) are positively charged, presumably, the neutrally
charged SiBP3 (Z = 0) prevents the direction of the cell-wall binding domain (CBD) in
SiBP3-ClyF to its bacterial cell wall substrates.

Figure 3. Bactericidal activities of ClyF and its SiBP-fused variants. S. aureus strains WHS11032, WHS11103, and N315
were treated with equal molar concentration (0.7 µM) of each protein for 1 h at 37 ◦C, residual number of viable bacteria
was determined by plating serial dilutions on LB agar. Data are shown as means ± standard deviations and *** represents
p < 0.001.

2.3. Bactericidal Capacities of Immobilized ClyF Variants against Planktonic S. aureus

Next, we compared the bacteriostatic activities of immobilized ClyF and its variants
against the growth of planktonic S. aureus, under an equal molar concentration. As shown
in Figure 4a, immobilized SiBP1-ClyF and SiBP2-ClyF showed significantly improved
bacteriostatic activities, with rare notable bacterial growth even after 20 h of co-incubation
at 37 ◦C, as compared to the native ClyF. In contrast, the variant SiBP3-ClyF showed attenu-
ated bacteriostatic ability, priming a 2-h-earlier visible growth of S. aureus N315, compared
to the parental ClyF (Figure 4a). Notably, compared to the PBS-treated group, minor bacte-
riostatic activity was observed in ClyF-immobilized wells, implying a non-specific binding
of ClyF to supporting surfaces. In addition, we determined the viable bacterial number
in lysin-immobilized wells after co-cultured for 1 h to further confirm their bacteriostatic
activities. Results showed that, the variants SiBP1-ClyF and SiBP2-ClyF exhibit improved
bactericidal activities, leading to a killing of 3.37- and 2.99-log10 (Figure 4b), corresponding
to a reduction of 53.36% and 47.39% in log10 (Figure 4c), respectively, compared to the
killing of 2.24-log10 and reduction of 35.52% in log10 in the parental ClyF. As expected,
SiBP3-ClyF maintained impaired bactericidal activity in comparison to the wild type ClyF
(Figure 4b,c), which is relatively consistent with the attenuated bacteriostatic activity in
immobilized SiBP3-ClyF.
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Figure 4. Bactericidal activities of immobilized ClyF and its variants against planktonic S. aureus on different surfaces.
(a) Bacteriostatic activities of ClyF and its variants immobilized on siliconized glass surface against S. aureus N315. (b,c) Bac-
tericidal capacities of ClyF and its variants immobilized on siliconized glass surface against S. aureus N315. ClyF and its
SiBP-fused variants were immobilized on siliconized glass surfaces and cocultured with S. aureus N315 for 1 h at 37 ◦C,
residual number of viable bacteria was determined by plating serial dilutions on LB agar (b), and the relative capacity of
each protein was presented as the percentage of log reduction in lysin-immobilized groups in comparison to the mock-
immobilized PBS-treated controls (c). (d–f) Bactericidal capacities of ClyF and its variants on different immobilized surfaces.
Different concentrations of ClyF, SiBP1-ClyF, and SiBP2-ClyF were immobilized on surfaces of siliconized glass coverslip
(d), silicone-coated latex catheter (e), and silicone catheter (f) for 2 h at room temperature, the bactericidal capacity of each
surface after co-culture with S. aureus N315 for 1 h was then determined by plating assay. (g) Recycle capacity of ClyF,
SiBP1-ClyF, and SiBP2-ClyF immobilized glass 96-well plates. (h) Bactericidal activities of ClyF, SiBP1-ClyF, and SiBP2-ClyF
immobilized glass 96-well plates after stored different times at 4 ◦C. Data are shown as means ± standard deviations and
*** represents p < 0.001.

As the above observations collectively showed that immobilized SiBP1-ClyF and
SiBP2-ClyF possess a higher relative capacity on the solid surface than SiBP3-ClyF and
ClyF (Figure 4c), we further characterized their performance in multiple clinically relevant
surfaces, including siliconized glass, silicone-coated latex catheter, and silicone catheter. Re-
sults showed that immobilized SiBP1-ClyF and SiBP2-ClyF exhibit similar dose-dependent
anti-staphylococcal responses and significantly elevated capacities in all three surfaces
tested, compared to the parental ClyF (Figure 4d–f). Comparable capacities were observed
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in siliconized glass coverslip under higher immobilization concentration (up to 100 µg/mL)
for all three lysins (Figure 4d), indicating strong non-specific binding of positively charged
ClyF CBD to glass surfaces. On the surface of silicone-coated catheter, SiBP1-ClyF and
SiBP2-ClyF showed high bactericidal activities under low concentrations, almost achieving
their maximal bactericidal capacity at 12.5 µg/mL for both proteins, causing a reduction
of 5.52-log10 in viable bacterial number (>99.999% removing efficacy), compared to the
activity of ClyF (Figure 4e). Likewise, high anti-staphylococcal activities were also observed
in SiBP1-ClyF- and SiBP2-ClyF-coated surfaces of silicone catheter (Figure 4f).

In addition, a recycle evaluation assay showed that the relative capacity of lysin-
functionalized surfaces decreased along with the recycle times, and rare bactericidal activity
was observed after 4 recycles (Figure 4g). Nonetheless, the bactericidal activity of SiBP1-
ClyF-immobilized wells after three recycles was still comparable to that of the ClyF-
immobilized wells in its first cycle (Figure 4g). Like other protein-functionalized surfaces,
immobilized lysins lose bactericidal activity in a time-dependent manner and were almost
inactivated after 7 days of storage at 4 ◦C (Figure 4h), although SiBP1-ClyF- and SiBP2-
ClyF-immobilized wells showed improved tolerance than that of ClyF-coated wells. Taken
together, immobilization of ClyF on silicone-containing surfaces via SiBP1 and SiBP2 could
bring high antimicrobial activity and stability against planktonic S. aureus.

2.4. Antibiofilm Capacity of Immobilized SiBP1-ClyF against Static S. aureus Biofilms

As S. aureus biofilm is the most common cause of surgical site infections and medical
DRIs initiated by bacterial adherence to surfaces [33], we thus ascertained the antibiofilm
activity of immobilized ClyF, harboring the conception that immobilized ClyF could kill
surface Staphylococci and thus prevent biofilm formation. Because immobilized SiBP1-
ClyF shows the highest bactericidal capacity against S. aureus (Figure 4c), the antibiofouling
capacity of ClyF-functionalized surface was carried out by using SiBP1-ClyF in our subse-
quent studies. In this regard, SiBP1-ClyF was immobilized on surface of siliconized glass
coverslips and cocultured with S. aureus N315 in the biofilm formation medium. Resulted
staphylococcal biofilms of different ages (2, 6, 10, and 24 h), corresponding to different
developing stages of S. aureus biofilms [34], were analyzed by SEM. As shown in Figure 5a,
mock-immobilized groups evidenced the development of S. aureus biofilms from initial
attachment, multiplication, and exodus to mature biofilms. In contrast, SiBP1-ClyF immo-
bilized group showed a significantly retard development of S. aureus biofilms, with fewer
S. aureus attached to lysin-functionalized surfaces, visible cell deformation, and dead ghost
cells caused by the lysis of SiBP1-ClyF (Figure 5a). Notably, the ClyF-coated group showed
reduced S. aureus attachment and visible signs of cell lysis, probably due to the non-specific
bound of ClyF to glass surface, but rare inhibitory effects on the maturation of S. aureus
biofilms were observed (Figure 5a). To more accurately reflect the antibiofilm capacity of
SiBP1-ClyF-immobilized surfaces, we stained S. aureus biofilms aged 10 h by Live/Dead
bacterial viability kit and imaged using confocal fluorescence microscopy. Results showed
that a lawn of confluent bright green stained cells, indicating viable S. aureus, was observed
in the mock-immobilized PBS-treated control group (Figure 5b), which could be correlated
with the high bacterial load and the successful establishment of bacterial biofilms. In
contrast, rare green fluorescent signal was detected in SiBP1-ClyF immobilized group,
but multiple scattered red fluorescent spots were observed, representing dead S. aureus
cells (Figure 5b). These observations collectively showed that the SiBP1-ClyF-immobilized
surface has a potent antibiofouling capacity against static S. aureus biofilms.
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Figure 5. Antibiofouling activity of SiBP1-ClyF-immobilized surfaces against static S. aureus biofilms.
(a,b) Analysis of antibiofilm activity of SiBP1-ClyF-immobilized surfaces. Siliconized glass coverslips
were coated with 100 µg/mL of SiBP1-ClyF for 2 h at room temperature, and then incubated with
S. aureus N315 in TBSG at 37 ◦C. Biofilms developed at 2, 6, 10, and 24 h were analyzed by a JSM-6390
scanning electron microscope (a). Biofilms developed at 10 h were further stained with Live/Dead
bacterial viability kit and visualized by confocal fluorescence microscope (b). Bar scalar: 5 µm.

2.5. Antibiofilm Capacity of Immobilized SiBP1-ClyF against Dynamic S. aureus Biofilms

To mimic the in vivo antibiofilm capacity of immobilized SiBP1-ClyF on clinically
relevant surfaces, we established a dynamic biofilm model using silicone catheter and
evaluated the performance of SiBP1-ClyF. To this end, 100 µg/mL SiBP1-ClyF was immo-
bilized on the surface of silicone catheter for 2 h at room temperature, inoculated with
~106 CFU/mL of S. aureus N315 for 3 h at room temperature, and then fabricated into a
flowing peripherally inserted central catheter with a fluid speed of 0.6 mL/min (Figure 6a).
Staphylococcal biofilms formed on the surface of silicone catheter after 24 h of media flow
was determined by plating assay. Results showed that a significant drop (p < 0.001) in
bacterial burden in the SiBP1-ClyF immobilized silicone catheters, indicating an average
bacterial load of 2.2-log10 cfu/cm2, compared to that of the mock-immobilized PBS-treated
control catheters (5.8-log10 cfu/cm2; Figure 6b). The decreased bacterial load can be corre-
lated with the high staphylolytic activity of SiBP1-ClyF on surfaces of silicone catheters in
the continuous flow model.
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Figure 6. Antibiofouling activity of SiBP1-ClyF-immobilized surfaces against dynamic S. aureus

biofilms. (a) Schematic diagram of fabricated dynamic S. aureus biofilm model. Silicone catheter
(~5 cm length) was coated with 100 µg/mL of SiBP1-ClyF for 2 h at room temperature, and then
incubated with ~106 CFU/mL of S. aureus N315 for 3 h at room temperature. Afterwards, the silicone
catheter was inserted into a peripherally inserted central catheter and flowed with LB at a fluid speed
of 0.6 mL/min for 24 h to allow biofilm development. Finally, silicone catheters were removed and
underwent an ultrasound bath for 10 min to disturb established biofilms. Resulted viable bacterial
number was analyzed by plating serial dilutions on LB agar. PBS-treated mock-coated silicone
catheter was used as control. (b) Antibiofilm capacity of immobilized SiBP1-ClyF on surface of
silicone catheter. Data are shown as means ± standard deviations and *** represents p < 0.001.

2.6. SiBP1-ClyF Immobilized Surface Supports Normal Growth of Mammalian Cells

To understand the potency of SiBP1-ClyF-functionalized surface in clinic applications,
we evaluated the cytotoxicity of those surfaces by CCK-8 assay. To this end, BHK-21
cells were inoculated in wells immobilized with various concentrations of SiBP1-ClyF
for 24 h, the cell viability was then determined. Results showed that rare differences in
cell viability were observed from SiBP1-ClyF-immobilized wells and PBS-treated control
wells (Figure 7a), suggesting that SiBP1-ClyF-functionalized surface could support the
normal growth of mammalian cells. Note that similar biocompatibility was also observed
in ClyF-immobilized wells (Figure 7a), indicating the safety profile of native ClyF, which is
also consistent with our previous in vivo observations [14]. As expected, SiBP1-ClyF and
ClyF immobilized wells supported a normal cell proliferation, with similar confluence to
that of the mock-immobilized control wells (Figure 7b).
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Figure 7. SiBP1-ClyF-immobilized surfaces support normal growth of mammalian cells. Wells were immobilized with
various concentrations (0, 12.5, 25, 50, 100, and 200 µg/mL) of SiBP1-ClyF or ClyF overnight at 4 ◦C and inoculated with 104
cells/well of BHK-21 cells for 24 h, the cell viability of each treatment was then determined by CCK-8 assay (a) and the cell
confluence of each treatment was captured by microscopy (b). Representative images under 10× objective lens from wells
immobilized with 0, 50, 100, and 200 µg/mL SiBP1-ClyF or ClyF were shown.

3. Discussion

In recent decades, antibiotic resistance has emerged as a mounting menace for global
healthcare [35]. Potential pathogens have established themselves as multidrug-resistant
superbugs, which are refractory to conventional antibiotics. With scarce treatment options,
many of the untreatable bacterial infections are now primarily cause of mortality glob-
ally. The current pipeline for new antibiotics is drying, which is even more vexatious for
healthcare professionals. Currently, clinicians and researchers are forced to look for alter-
native agents to antibiotics, including bacteriophages and their lysins, antibacterial metal
nanoparticles, phytochemicals, antimicrobial peptides, nitric oxide, and other secondary
metabolites [36–41]. Lysins have gained much popularity because of their high bacterici-
dal properties, rapid killing activity, low risk of resistance, and modular proteinaceous
structure. However, the performance of lysins on solid surfaces as a means to address
DRIs is still largely unknown. In this study, we evaluated the bactericidal and antibiofilm
activity of the chimeric staphylolytic lysin ClyF on various clinic relevant surfaces by genet-
ically engineering with SiBPs and found that lysin-functionalized surfaces gain improved
resistant to bacterial adhesion and biofilm formation.

Immobilization of enzymes may reduce their catalytic activities because of the steric
restriction and limited access to the substrate to enzymatic site in particular conforma-
tion [42]. Therefore, in the present study, ClyF was designed to modulate with different
peptides to optimize a suitable one that can help ClyF to conquer steric restriction and con-
formational hindrance for immobilized bacteriolytic activity. By adopting flexible linkers,
peptides could thus take any orientation, including a folding back on the lysin structure.
The linker can contribute to an increased autonomy of each moiety, i.e., ClyF for killing
and peptide for silica binding. In this regard, two ClyF variants, especially SiBP1-ClyF,
exhibited satisfactory properties for immobilization applications, as evidenced by their
high antibacterial and antibiofilm capacities against S. aureus planktonic cells and biofilms
on different surfaces.

Notably, one SiBP-construct, i.e., SiBP3-ClyF showed impaired bactericidal activity.
Increase of activity of lysins acting against Gram-positive bacteria by positively charged
peptides has been documented previously [43,44]; therefore, the positive charges present in
SiBP1 (Z = +1) and SiBP2 (Z = +6) may explain their enhanced activities against planktonic
strains. It may thus be the lack of a positive charge and the additional steric hindrance of
the fused peptide SiBP3 (Z = 0) that lowers the activity of SiBP3-ClyF, although the detailed
mechanisms behind still need further study. However, for the immobilized enzymes,
the SiBP is involved in binding the silica-based surfaces, thus would then not be further
available to interact with the negatively charged bacterial cell wall. Nonetheless, the
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influence of the charge of silica-based materials on the observed activity of SiBP-fusions
still needs to be established.

A potential shortcoming of the current approach is the limitations of the recycling
potential and long-term stability of ClyF-immobilized surfaces. This may be due to the
fragility of biological protein molecules which tend to lose their activity when in contact
with a support surface [45]. According to the current progress in immobilizing functional
enzymes on solid supports, several approaches could be adopted to solve such problem,
for instance, optimizing the storing buffer of coated surfaces [26], favoring the molecular
orientation of immobilized enzymes through rational design [46], fabricating ClyF to bioac-
tive films by conjugating with nanoparticles [47], self-assembling spider silk protein [48],
or programable biofilm-integrated nanofiber [49].

Biofilms are complex 3D structure of bacterial communities, which provides enhanced
bacterial colonization on solid surfaces and extravagant the management of infections [50].
Biofilms provide protection to bacteria from host immunity and block the access of an-
tibiotics by producing thick extracellular polymeric substances [51,52]. Medical DRIs are
biologically initiated from microorganisms’ adherence on surface of interaction. There-
fore, preventing bacterial attachment and growth via bactericidal lysin-mediated surface
immobilization is a fundamental and efficient strategy to prevent DRIs. Taking S. aureus
as an example, the present study showed that immobilization staphylolytic lysin ClyF
via silica-targeting peptide SiBP1, i.e., SiBP1-ClyF, on surfaces can not only lead to scarce
bacterial colonization and growth due to lysis of attached bacteria, but also resulted in
significantly reduced mature biofilms developed under both static and dynamic conditions.
However, the influence of lysed bacterial debris on the ecosystem in the long run still needs
further study.

Because of the nature of phage, lysins are usually specific to their target bacterium,
commonly in genus level, which makes them different from broad-spectrum antibiotics.
As a proof-of-concept study, we take staphylococci-targeted lysin, ClyF, as an example to
show the feasibility of using lysin-functionalized surfaces as a new approach to prevent
DRIs. Our current model, in principle, will only be active against bacterial species that are
susceptible to the killing of ClyF, but not other strains that lie outside of the lysis spectrum
of ClyF. Other bacteria could also form biofilms; our current strategy, however, could
be transplanted to another bacterium by using an ideal lysin targeting that bacterium,
considering the continuous progress in lysin discovery and engineering. Therefore, the
present strategy provides a roadmap for endolysin immobilization to counter device-related
drug-resistant infections, which are cumbersome to conventional antibiotic therapy.

4. Materials and Methods
4.1. Construction of SiBP-ClyF Fusions

The ClyF-coding gene was amplified with three different SiBPs by overlap polymerase
chain reaction assays with specific primers (Table S4). The amplified SiBP-ClyF gene
products were cloned into NcoI and XhoI sites of pET28b(+) vector and further transformed
into E. coli BL21(DE3) competent cells. Clones harboring the appropriate sequence were
confirmed by sequencing (Table S4) and then processed for further experiments.

4.2. Protein Expression and Purification

A single positive colony for ClyF and its SiBP-ClyF constructs was cultured separately
in 5 mL of lysogeny broth (LB) supplemented with 50 µg/mL kanamycin. The tubes
were incubated at 220 rpm at 37 ◦C overnight. The next day, 1 mL of the culture was
transferred to 100 mL of fresh LB medium with 50 µg/mL kanamycin and incubated with
shaking at 37 ◦C for 2–3 h. Protein expression was induced with 0.25 mM isopropyl-β-D-
thiogalactoside when the optical density (600 nm) of inoculated media reached 0.6–0.8. The
flasks were incubated for 16–20 h at 16 ◦C with 120 rpm of shaking. Cells were harvested
by centrifugation at 12,000 rpm at 4 ◦C for 20 min and cell pellet was washed thrice
with Tris-HCl buffer (50 mM sodium phosphate, 500 mM NaCl, pH 8) to remove media
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components. The cells were lysed using pressure facture and purified by Ni-NTA affinity
chromatography with gradient of imidazole solutions. Purified enzyme was dialyzed
against 0.1 mM CaCl2 containing phosphate-buffered saline (PBS, pH 7.4) to remove
imidazole and confirmed by SDS-PAGE analysis [53]. The dialyzed protein was then filter
sterilized using 0.22 µm syringe filters and stored at 4 ◦C for subsequent experiments.

4.3. Structure Prediction of ClyF and Its Variants

The 3D structure of ClyF and its variants were predicated by RoseTTAFold online
service [53] and further analyzed by PyMOL.

4.4. Nano Differential Scanning Fluorimetry

The thermal stability of ClyF and its variants were analysed by a nano differential
scanning fluorimetry method using a Prometheus NT.48 instrument (NanoTemper Tech-
nologies, San Francisco, CA, USA). The intrinsic emission fluorescence of each protein
(200 µg/mL) at 350 and 330 nm was monitored over a temperature range of 25 to 90 ◦C
(increasing step of 1 ◦C/min), using dialysis buffer as controls. The first derivative of
the fluorescence ratio at 350 nm and 330 nm (1st derivative of F350/F330) was calculated
automatically by the PR-ThermControl software supplied with the instrumentation. Sam-
ples were measured in triplicates. The thermal unfolding transition temperature (Tm)
corresponds to peaks of the 1st derivative of F350/F330.

4.5. Circular Dichroism

The circular dichroism spectra of ClyF and its variants (200 µg/mL) were collected
with an Applied Photophysics Chirascan Plus circular dichroism spectrometer (Leather-
head, UK) from 190–260 nm (0.1 cm path length) at room temperature. The spectra of air
and buffer were recorded as background and baseline, respectively. The secondary struc-
ture was analyzed by the CDNN V2.1 software, supplied by the instrument manufacturer.

4.6. Bactericidal Activity of Free ClyF and Its SiBP-Fused Variants

Antibacterial activity of ClyF and its SiBP-fused variants were evaluated by log killing
assay as described previously [14]. Briefly, S. aureus strains (Table S3) were inoculated in
5 mL of LB broth at 37 ◦C. Next day, 50 µL of overnight grown culture was inoculated to
5 mL of fresh LB media for 3–4 h at 37 ◦C with shaking. Cells were then harvested, washed,
and resuspended in PBS to an optical density of OD600 = 0.6. Bacterial suspension was
treated with an equal molar concentration (final concentration of 0.7 µM, corresponding to
ClyF concentration of 20 µg/mL) of ClyF and its SiBP-fused variants for 1 h at 37 ◦C. The
turbidity of each treatment was monitored by a Synergy H1 microplate reader and viable
bacterial quantification was determined by plating serial 10-fold PBS-diluted dilutions
on LB agar. Parallel suspensions that treated with an equal volume of PBS were used
as controls.

4.7. Antibacterial Activity of Lysin-Functionalized Surfaces

To evaluate the bactericidal activity of lysin-functionalized silicon glass, ClyF and
its SiBP-fused variants were immobilized in glass 96-well plates at an equal molar con-
centration of 1.75 µM (corresponding to ClyF concentration of 50 µg/mL) for 2 h at room
temperature. Wells were then washed twice with PBS, inoculated with ~106 CFU/well of
S. aureus N315 in LB medium, and incubated at 37 ◦C. The growth of bacteria was deter-
mined by monitoring the OD600 in each well using a microplate reader for 20 h at intervals
of 15 min. Additionally, the viable bacterial number in each well after incubation for 1 h
was further confirmed by plating serial dilutions on LB agar. The capacity of immobilized
lysin in each treatment was expressed as the percentage of the reduction in bacterial cell
count compared to that of the PBS-treated groups (%log reduction).

To evaluate the performance of ClyF variants on different surfaces, siliconized glass
coverslip, silicone-coated latex catheter (ϕ = 6.7 mm, ~1 cm length; 20Fr, STAR, Zhanjiang,
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China), and silicone catheter (ϕ = 6.7 mm, ~1 cm length; 20Fr, STAR, Zhanjiang, China)
were coated with different concentrations (0, 20, 40, 60, 80, and 100 µg/mL) of ClyF,
SiBP1-ClyF, or SiBP2-ClyF for 2 h at room temperature in 48-well plates. These surfaces
were washed twice with PBS and then inoculated with ~106 CFU/well of PBS-suspended
S. aureus N315 for 1 h at 37 ◦C. Viable bacterial number was quantified by plating serial
dilutions on LB agar. Each experiment was carried out in biological triplicates.

4.8. Recycle Capacity and Stability of Lysin-Functionalized Surface

To evaluate the recycle capacity of lysin-functionalized silicon glass, ClyF and its SiBP-
fused variants were immobilized in glass 96-well plates at an equal molar concentration of
3.5 µM (corresponding to ClyF concentration of 100 µg/mL) for 2 h at room temperature.
Wells were then washed twice with PBS, inoculated repeatedly with ~106 CFU/well of
S. aureus N315 and incubated at 37 ◦C for 10 min for 5 cycles. Viable bacterial number
from each cycle was further confirmed by plating serial dilutions on LB agar. The relative
capacity of each enzyme was compared to the capacity of SiBP1-ClyF (%log reduction) in
the first cycle.

To ascertain the stability of lysin-functionalized surface during storage, glass 96-
well plates coated with an equal molar concentration of 1.75 µM (corresponding to ClyF
concentration of 50 µg/mL) ClyF and its SiBP-fused variants were stored for different times
at 4 ◦C. The relative capacity of lysin-functionalized wells was determined as described
above at 0, 1, 2, 3, 4, 5, 6, 7, and 10 days post-immobilization, and normalized to the
bactericidal activity of corresponding wells before storage. All experiments were carried
out in biological triplicates.

4.9. Prevention of Biofilm Formation on Lysin-Functionalized Surfaces

Siliconized glass coverslips were coated with 100 µg/mL of SiBP1-ClyF for 2 h at
room temperature in 6-well plates, washed twice with PBS, and then incubated with
~106 CFU/well of S. aureus N315 in 2 mL TBSG (1.5% tryptone, 0.5% soytone, 0.5% NaCl,
and 1% glucose) at 37 ◦C. Biofilms developed at 2, 6, 10, and 24 h were analyzed by a
JSM-6390 scanning electron microscope (JEOL, Tendo, Japan) as described previously [54].
Groups coated with ClyF and PBS were used as controls. Additionally, biofilms established
for 10 h were further stained with Live/Dead Baclight bacterial viability kit (L13152,
Thermo, Shanghai, China) and visualized by an UltraVIEW VoX confocal fluorescence
microscope (PerkinElmer, Waltham, MA, USA) as described previously [55]. PBS-treated
mock-coated groups were used as controls.

To test the capacity of lysin-coated surface against flow biofilms, silicone catheter
(ϕ = 4 mm, ~4 cm length; 20Fr, STAR, Zhanjiang, China) was coated with 100 µg/mL of
SiBP1-ClyF for 2 h at room temperature. The coated catheters were washed twice with PBS
and then incubated with ~106 CFU/mL of S. aureus N315 for 3 h at room temperature to
allow bacterial attachment on the catheter surface. Afterwards, the S. aureus-containing
silicone catheter was inserted into a peripherally inserted central catheter and flowed with
LB at a fluid speed of 0.6 mL/min for 24 h to allow the biofilm establishment. Finally,
silicone catheters were removed and underwent an ultrasound bath for 10 min to disrupt
established biofilms. Resulted viable bacterial number was analyzed by plating serial
dilutions on LB agar. PBS-treated mock-coated silicone catheter was used as control.

4.10. Cytotoxicity of Lysin-Functionalized Surface

Various concentrations of ClyF and SiBP1-ClyF (0, 12.5, 25, 50, 100, and 200 µg/mL)
were immobilized in 96-well plates overnight at 4 ◦C. Wells were then washed twice with
PBS and inoculated with 104 cells/well of BHK-21 cells in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, Shanghai, China) supplemented with 10% fetal bovine
serum, 1% penicillin, and 1% streptomycin in a humidified atmosphere of 5% CO2 at 37 ◦C
for 24 h. Afterwards, the cell viability of each treatment was determined by CCK-8 assay
and the cell confluence was captured by microscopy. For CCK-8 assay, the contents of the
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plates were replaced with fresh medium containing 10% CCK-8 solution and incubated
at 37 ◦C for 1 h. The final optical density at OD450 was noted by a Synergy H1 microplate
reader (BioTek, Winooski, VT, USA). The results were expressed as relative cell viability,
expressed as a percentage of the growth of cells in control wells immobilized with PBS
only. For confluence detection, wells were imaged by an IX51 inverted microscope under
10× objective lens (Olympus, Center Valley, PA, USA). All experiments were carried out in
biological triplicates.

4.11. Statistic Analysis

Data analyses were performed by one-way analysis of variance (ANOVA) and layout
by GraphPad Prism 8.0.

5. Conclusions

The present study demonstrates the antibacterial and antibiofilm potential of im-
mobilized ClyF on multiple solid surfaces via silica-binding peptides. One such variant,
SiBP1-ClyF, showed not only feasible immobilization stability on solid support surfaces,
but also retains high antibacterial and antibiofilm abilities. This study supports a promising
approach to design innovative antimicrobial surfaces by using bactericidal lysins, which
can be highly selective for their target bacteria. The generic approach reported here could
also be easily extended to other pathogen-targeted lysins to prevent multiple medical
device-related drug-resistant infections.
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Abstract: The aim of this study was to investigate the change in clindamycin phosphate antibacterial
properties against Gram-positive bacteria using the platelet-rich fibrin as a carrier matrix, and
evaluate the changes in the antibiotic within the matrix. The antibacterial properties of CLP and
its combination with PRF were tested in a microdilution test against reference cultures and clinical
isolates of Staphylococcus aureus (S. aureus) or Staphylococcus epidermidis (S. epidermidis). Fourier-
transform infrared spectroscopy (FTIR) and scanning electron microscope (SEM) analysis was done
to evaluate the changes in the PRF_CLP matrix. Release kinetics of CLP was defined with ultra-
performance liquid chromatography (UPLC). According to FTIR data, the use of PRF as a carrier
for CLP ensured the structural changes in the CLP toward a more active form of clindamycin. A
significant decrease in minimal bactericidal concentration values (from 1000 µg/mL to 62 µg/mL)
against reference cultures and clinical isolates of S. aureus and S. epidermidis was observed for the
CLP and PRF samples if compared to pure CLP solution. In vitro cell viability tests showed that PRF
and PRF with CLP have higher cell viability than 70% after 24 h and 48 h time points. This article
indicates that CLP in combination with PRF showed higher antibacterial activity against S. aureus and
S. epidermidis compared to pure CLP solution. This modified PRF could be used as a novel method to
increase drug delivery and efficacy, and to reduce the risk of postoperative infection.

Keywords: platelet-rich fibrin; antibacterial properties; antibiotic resistance; drug release; CLP

1. Introduction

Platelet-rich fibrin (PRF) is an autogenous material derived from human blood and
is widely used to promote wound healing and tissue regeneration [1]. The leukocytes in
the PRF promote wound healing and PRF contains growth factors that are released over
time [2]. In several applications, such as oral and maxillofacial surgery, plastic surgery,
cardiac surgery and dentistry, there is a great interest in PRF antimicrobial activity. Until
now, most clinical studies have been conducted in dentistry and oral and maxillofacial
surgery. Platelet concentrates are used in maxillary sinus floor augmentation, as the filling
of teeth extraction sockets, in dental implant surgery, in regenerative endodontic treatment,
in peri-implantitis and periodontitis treatment.

During the last decade, the antimicrobial properties of PRF have been described in
various studies and different testing methods and bacteria have been used. Not only is
injectable platelet-rich fibrin (I-PRF) anti-microbial, but anti-biofilm activity against human
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oral abscess pathogens has also been described. It was found that I-PRF decreases biofilm
production at the minimal inhibitory concentration (MIC) and no biofilm production at
the minimal bactericidal concentration (MBC) [3]. Using the disk diffusion method, I-
PRF showed notable zones of inhibition, which varied depending on different bacterial
species [4]. I-PRF also shows the superiority of antimicrobials against bacteria from the
supragingival plate over PRF and PRP [4].

Infections are one of the most common postoperative risks caused by pathogenic
and opportunistic bacteria [5,6]. S. aureus and S. epidermidis are Gram-positive oppor-
tunistic bacteria, which are present in the normal human microbiome. With the ability
to produce biofilms, these bacteria can evade the host immune system and can cause
various local and systemic infections, such as bacteremia, skin and soft tissue infections,
osteomyelitis, and implant and device-related infections [7–9]. A lot of these infections can
be prevented with antibiotics, especially those where the portals of entry for the bacteria
are wounds due to surgery in the hospital environment. For treatment of community-
acquired, methicillin-resistant and methicillin-susceptible S. aureus infections, clindamycin
has been recommended for many years, and it also can increase the susceptibility of
methicillin-resistant S. aureus clinical isolates [10,11]. The virulence of clinical isolates and
their virulence factors, such as surface proteins, determine their ability to cause disease and
the severity of the disease [12]. Nowadays, the demand for clindamycin as a medicine is
increasing in oral and maxillofacial surgery (including for the prevention and treatment of
osteonecrosis of the jaw [13]). It is widely considered as an alternative for patients with an
allergic reaction to penicillin [14].

Clindamycin phosphate (CLP) is a prodrug of clindamycin that has no antibacterial
activity [15]. As mentioned in the literature, prodrugs can offer many advantages over
the parent drug (in our case clindamycin). These benefits include increased solubility,
improved stability, reduced side effects, improved bioavailability and better selectivity [16].
CLP can be converted to clindamycin by in vitro hydrolysis of phosphatase esters [15,17].
Rapid in vivo hydrolysis also converts the CLP compound to the antibacterial clindamycin.
Hydrolysis of the phosphatase ester is a relatively difficult mechanism (Figure 1). It has
been reported that after hydrolysis using alkaline phosphatase, clindamycin phosphate is
determined as clindamycin. Following topical, as well as upon intravaginal administration,
clindamycin phosphate is slowly hydrolyzed to clindamycin due to limited hydrolysis of
the prodrug by the phosphatase enzymes on the surface and within the skin. This prevents
the incidence of antibiotic-induced GI side effects [18].

 

Figure 1. Clindamycin phosphate hydrolysis mechanism.

Clindamycin is known to be obtained by the chemical modification of lincomycin, so
the potential impurities are analogs of lincomycin [19]. It is reported that the conversion of
clindamycin phosphate to clindamycin in the blood is significantly lower than with oral
administration of clindamycin hydrochloride [20,21]. CLP is absorbed as an inactive ester
for parenteral use and is rapidly hydrolyzed to the active base in the blood.

CLP has not been widely studied in terms of antibacterial properties. Until now there
are only a few studies on CLP’s individual antibacterial properties, which show that the
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MIC of CLP (w/v %) on Staphylococcus aureus is 0.02 ± 0.005% [22]. Nevertheless, it has
a broad range of applications in biomaterials: for example, it is used in eye implants [23],
periodontal films [24], and particles [25].

The aim of this study was to investigate the change in CLP antibacterial properties
against reference culture and clinical isolates of S. aureus and S. epidermidis using platelet-
rich fibrin as a carrier matrix, and evaluate the CLP structural changes, release kinetics and
in vitro cytotoxicity within the PRF matrix.

2. Results
2.1. Structural Changes in PRF and PRF_CLP Samples at 37 ◦C

The FTIR spectrum of PRF and PRF_CLP is shown in Figure 2. The FTIR spectra of
the samples in Figure 2A,B show the absorption peaks indicating the fibrin phase: peak
at 1641 cm−1—amide I (C=O), maximum at 1535 cm−1—amide II (N-H) and amide III
(C-N) (decreases at 1310 cm−1 and increases at 1236 cm−1) (Figure 2B). Characteristic
changes in the FTIR spectra are due to rearrangements in the secondary structure of the
protein. According to other studies [26,27], the absorption of different proteins at higher
wavelengths (1633–1645 cm−1, 1531–1539 cm−1 and 1240 cm−1) occurs mainly due to
α-helical structures, whereas the lower wavenumbers (1651 cm−1, 1539 cm−1) are mostly
characteristic of β-structures [28]. Thus, the α-structure is more pronounced in the studied
sample. A pronounced absorption maximum at 3281 cm−1 indicates the presence of an OH
group in the fibrin structure.

CLP and clindamycin have a similar molecular structure, except for the phosphate
group. The absorption maximum, specific for both CLP and clindamycin, was observed in
PRF_CLP samples incubated for 1, 3, and 7 days at 37 ◦C. The main structural components
of clindamycin molecules are characterized by the vibrations of the pyrrole and saccharide
rings, which form skeletal vibrations between 1600 and 600 cm−1. The band group indicated
in this region is mainly related to C double bond tensile vibrations. Large changes are
observed at about 1047 cm−1, which corresponds to the C-C stretching of the pyrrolidine
group. It can be seen that as the incubation time of the PRF_CLP samples increases (from
1 to 7 days), the intensity of the C-C bond also increases. The tensile vibrations of the
C-O groups bound to the saccharide ring are observed at 1157 cm−1 [23]. The band at
640 cm−1 corresponds to the tensile vibrations of the C-Cl groups. In the spectra of the
PRF_CLP samples, a wide band with a maximum of 3350 cm−1 can also be observed, which
corresponds to the vibrations of the O-H groups of aromatic alcohols [29].

It is also observed that the intensity of the phosphate group (PO4
3− at 531 cm−1) from

CLP increases in the PRF_CLP sample after 7 days of incubation compared to the PRF_CLP
sample after 1 day of incubation (Figure 2B). This may be due to the formation of other CLP
degradation products or potential contaminants except clindamycin. Wang et al. [30] state
that in addition to clindamycin, two other substances are formed: lincomycin-2-phosphate
and clindamycin B-2-phosphate. Brown [19], on the other hand, mentioned the formation
of three substances—clindamycin 3-phosphate, clindamycin 4-phosphate and clindamycin
2-phosphate. It can be concluded that the possible degradation products increased the
intensity of the PO4

3− absorption peak with increasing degradation time.
It has also been observed that the bands characteristic of clindamycin and CLP at

1673 cm−1 (NH-C=O) and at 1568 cm−1 (C-C) shift to the right in the presence of PRF. The
spectra of the PRF_CLP samples show an increase in the absorption peaks of the above
bands, which may have been influenced by the interaction of PRF with CLP. The develop-
ment of additional intensity at 1080 cm−1 C-O cyclic ester galactose sugar elongation [31]
was also observed for the PRF_CLP sample after 7 days of incubation. Looking at the CLP
and clindamycin spectra, this absorption peak is most indicative of clindamycin. Based
on the literature [15,17], CLP induces hydrolysis in the presence of blood and converts to
clindamycin. It is possible that this hydrolysis and partial conversion to clindamycin is
observed in the spectra of PRF_CLP samples.
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Figure 2. FTIR spectrum: (A) Full spectrum of absorption peaks PRF, PRF_CLP samples, CLP and
clindamycin; (B) FTIR spectrum of PRF_CLP samples at incubation time points.

SEM images of the PRF matrices with and without CLP after incubation and lyophiliza-
tion are shown in Figure 3. Examining PRF samples with SEM, it can be seen that their
surface morphology is irregular with a porous microstructure. There are no visible differ-
ences in the structure of the PRF samples depending on the incubation time (1, 3 and 7 days
at 37 ◦C). For PRF_CLP samples after 1-day incubation, crystalline structure formations
can be seen on the surface of the sample (marked in the images with a red line), these are
also observed after 3 and 7 days.
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Figure 3. SEM pictures of PRF and PRF_CLP matrix surface; red circles with white arrows indicate 
Figure 3. SEM pictures of PRF and PRF_CLP matrix surface; red circles with white arrows indicate
the existence of NaCl in the PRF samples.

Comparing the PRF and PRF_CLP samples, it can be seen that the addition of CLP
did not significantly affect the structure of the PRF after 1 and 3 days of incubation. In
turn, after 7 days of incubation, small network formations are observed on the surface of
the PRF_CLP sample. This could be related to the degradation of CLP, thus changing the
structure of the PRF.

According to the SEM-EDX data, the crystalline structures present in the PRF_CLP
sample contain a large amount of NaCl. PRF contains Na ions and according to Pradid et al.,
the Cl peaks indicate the presence of clindamycin phosphate [32].

2.2. Drug Release Kinetics

CLP release from PRF matrices was determined by incubating PRF matrices for 0.25,
0.5, 1, 2, 4, 6, 17 and 24 h (Figure 4).

 

Figure 4. CLP release from PRF matrices in DMEM; average of 3 donor release data.
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Burst release of CLP was observed for all PRF_CLP samples in the first incubation hour,
when 80% of the encapsulated CLP was released. Based on the obtained data, it is possible
to provide local antibacterial activity in a certain place in the first hours, thus reducing the
risk of infection during the postoperative period. For long-term treatment, drug delivery
systems should be used to prevent burst release during the first hours. ANOVA tests
show that at p < 0.05, there is no significant difference between drug release from different
donor samples.

2.3. Effect of PRF_CLP on Antibacterial Properties

Four Gram-positive bacterial cultures and three donors were used to evaluate and com-
pare the antibacterial properties between CLP, PRF and PRF_CLP samples (Figures 5 and 6).

As shown in Figure 5, the MIC and MBC values for pure CLP solution were first deter-
mined to test the ability of the substance to provide an antibacterial effect against selected
bacterial cultures. The data showed that against S. aureus (ATCC 25923), S. epidermidis
(ATCC 12228) and S. epidermidis (clinical isolate), higher CLP concentrations (1000 µg/mL)
were required if compared to S. aureus (clinical isolate)—500 µg/mL. In general, high CLP
concentrations (1000 µg/mL) are required for maximal effect.

Obtained results showed that negative control (PRF_CLP_broth solution) has an
increased level of absorption in the higher concentrations, due to the autologous PRF
sample. This is because the PRF has a color that comes from the blood sample. According
to the obtained results for each donor’s antibacterial properties, MIC and MBC levels for
PRF_CLP samples depend on the donor and the bacteria strain. In general, we observed
that the incorporation of CLP within the PRF leads to lower MIC and MBC values for all
donors and all bacteria strains (Figure 6).

The mean donor MIC values for PRF_CLP samples ranged from 52.1 to 62.5 µg/mL,
which are lower than the MIC values for pure CLP samples (ranging from 125 to 250 µg/mL).
In turn, the mean MBC values range from 62.5 to 145.8 µg/mL, while for pure CLP samples
they are at 500—1000 µg/mL. Differences in MIC and MBC values are affected by the
bacteria selected for testing (Figures S1 and S2).

As shown in Figure 6, there is a difference in the MIC value of the donor 1 PRF_CLP
samples against S. aureus (ATCC 25923). It is lower (31.25 µg/mL) than against three other
bacterial cultures (62.5 µg/mL). For donor 2 PRF_CLP samples, lower MIC (31.25 µg/mL)
and MBC (62.5 µg/mL) values were observed against S. epidermidis (ATCC 12228) than for
other donor samples. Finally, for donor 3 PRF_CLP samples, there is a difference in MIC
values against S. epidermidis (clinical isolate); it is higher (125 µg/mL) than against S. aureus
(ATCC 25923), S. aureus (clinical isolate), S. epidermidis (ATCC 12228)—62.5 µg/mL. A
higher MBC value (250 µg/mL) is observed for clinical isolates of both bacteria. In turn,
for the bacteria reference cultures, a lower MBC value (62.5 µg/mL) is observed against
S. epidermidis than against S. aureus (125 µg/mL).

A U-shaped histogram is displayed in the test sections (see Figure 7). This is well
observed in the negative control (PRF_CLP_broth), where the absorption capacity gradually
decreases with increasing control dilution. The antibacterial data of all prepared PRF_CLP
samples showed differences between the donors and the related MIC and MBC values
of the samples (Figure 7). For PRF_CLP samples from donor 2 and donor 3 blood, all
antibacterial data can be found in an additional file (Figure S3).
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Figure 5. Antibacterial properties of different CLP solutions at various concentrations: (A) detecte
Figure 5. Antibacterial properties of different CLP solutions at various concentrations: (A) detected
MIC and MBC concentrations for 4 bacteria (S. aureus (ATCC 25923), S. epidermidis (ATCC 12228),
S. aureus (clinical isolate), S. epidermidis (clinical isolate); (B) MBC test for S. aureus (clinical isolate);
(C) MBC test for S. aureus (ATCC 25923). The diameter of the Petri dishes is 8.5 cm.
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Figure 6. MIC and MBC value differences between CLP and PRF_CLP samples against four bacteria
stains (S. aureus (ATCC 25923), S. epidermidis (ATCC 12228), S. aureus (clinical isolate) and S. epidermidis

(clinical isolate) for all three donors. Samples prepared from donor 1 blood (D1 PRF_CLP); samples
prepared from donor 2 (D2 PRF_CLP); samples prepared from donor 3 (D3 PRF_CLP). * p > 0.05;
** p <0.05.

Comparing the results of PRF_CLP samples between S. aureus reference cultures
and clinical isolates, it is observed that only for the donor 3 PRF_CLP samples require a
higher CLP concentration (250 µg/mL) against the clinical isolate than against the reference
culture (125 µg/mL) (Figure 7). Regarding MIC values, it was observed that only the
donor 1 PRF_CLP samples against the clinical isolates required a higher CLP concentration
(62.5 µg/mL) than against the reference culture (31.25 µg/mL).

From the results of PRF_CLP samples against the S. epidermidis reference culture and
clinical isolate (Figure 7), we observed that there is a difference in MIC values for donor
2 PRF_CLP samples, with a higher CLP concentration to the clinical isolate (62.5 µg/mL)
than to the reference cultures (31.25 µg/mL) being required to ensure antibacterial activity.
MBC values required to provide antibacterial activity against both types of S. epidermidis
bacteria differ from the S. aureus results described above. Looking at the results for donor 2
and donor 3 PRF_CLP samples, it was shown that a higher CLP concentration (125 µg/mL)
was required against the S. epidermidis clinical isolate and a lower concentration against the
S. epidermidis reference culture.

Differences in MIC and MBC values against a particular bacterial strain for all three
donors are shown in Figure 6. Significantly, a higher MBC value—1000 µg/mL—was
observed for CLP samples compared to all donor PRF_CLP samples against each bac-
terial strain. MBC value against S. epidermidis (ATCC 12228) decreased 16-fold for all
donor PRF_CLP samples compared to the CLP samples, but decreased 8–16-fold against
S. epidermidis (clinical isolate) and S. aureus (ATCC 25923). The efficacy of PRF_CLP samples
against S. aureus (clinical isolate) is seen as a 4–16-fold reduction in the MBC value. Thus,
indicating that the addition of the required CLP concentration to provide an antibacterial
effect against the same bacteria varies greatly depending on the donor PRF. The average
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MIC and MBC values of all antibacterial data for all PRF_CLP samples can be found in an
additional file (Figures S1 and S2).

 

Figure 7. Antibacterial properties of PRF_CLP samples at various concentrations of CLP solution
for 4 bacteria strains (S. aureus (ATCC 25923), S. epidermidis (ATCC 12228), S. aureus (clinical isolate)
and S. epidermidis (clinical isolate) for PRF_CLP samples prepared from donor 1 blood. Pure bacterial
suspension (106 CFU/mL) as a positive control and pure sterile Mueller–Hinton broth as a negative
control were used.

2.4. Cell Viability

The obtained cell cytotoxicity results for PRF and PRF_CLP are shown in Figure 8.
Fibroblasts are used for material testing because they have a wide range of functions in
the human body, one of them being as part of connective tissue. As PRF has contact with
fibroblasts in the body, it is important to test the biomaterial effect on them.

Precise results could be obtained after 24 h and 48 h. The reason for the vague
results after 1 h, 2 h and 4 h is that PRF contains many cells, for example, leukocytes,
monocytes, red blood cell platelets, neutrophils and lymphocytes [33], which affected
cell staining (Figure 9). It should be noted that no difference was observed between
PRF samples containing CLP and those not. The experiment had three controls—pure
10 mg/mL CLP solution, untreated cells (positive control) and cells treated with 5% DMSO
(negative control).
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Figure 8. Cytotoxicity of PRF and PRF-CLP extracts and dilutions (significant statistical difference
(* p< 0.05)).

 

Figure 9. Different blood cells on 3T3 fibroblast cells from D2 PRF sample extract taken after 1 h.

Cell viability was above 70% for both PRF and PRF_CLP extracts and their dilutions
were taken after 24 h and 48 h. According to ISO 10993-5:2009, a cytotoxicity effect is
considered if the cell viability is decreased by more than 30% [34]. Dilutions did not show
significant differences with extracts; however, PRF samples from different donors did have
significant statistical differences (* p < 0.05). With PRF_CLP samples, there is a small trend
of cell viability increasing with dilution, but there is no trend visible with pure PRF samples,
which indicates that dilution does not have a significant effect on cell viability.

3. Discussion

This study examined the ability of CLP to convert to clindamycin in the presence of
PRF, to provide higher antibacterial activity than PRF and CLP alone. To date, no one
has studied the hydrolysis of CLP in the blood without a specific chemical reaction, nor
the ability of CLP to enhance the antibacterial properties of PRF. The structure, surface
properties, antibacterial properties and drug release kinetics of PRF_CLP were tested.

As observed in the FTIR spectra, CLP interacts with PRF during the incubation for
7 days to provide partial hydrolysis and conversion to clindamycin. After seven days of
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incubation, a new bond formation and a phosphate group absorption maximum increase
over time were observed, indicating structural changes that are likely to be a CLP switch
to clindamycin. In addition, other impurities or degradation products than clindamycin
can be formed during the degradation of clindamycin phosphate. Brown [19] mentions
that in addition to free clindamycin, clindamycin 3-phosphate, clindamycin 4-phosphate
and clindamycin 2-phosphate are formed during conversion. In contrast, Wang et al. [30]
described the clindamycin phosphate degradation experiment, indicating that in addition
to clindamycin, lincomycin-2-phosphate and a small amount of clindamycin B-2-phosphate
are formed. Based on the obtained SEM results, we can conclude that the addition of
CLP does not significantly affect the structure of PRF. Minor changes are observed during
CLP degradation.

Release data suggest that the PRF_CLP sample can be used for one day local therapy,
ensuring maximum CLP release within 1 h. Wang et al., 2020, combined clindamycin
(2 µg/mL) with PRP, indicating that 90% of the administered dose was excreted within
10 min [35]. As we can see, our material is able to provide longer release kinetics. In the
same way, the release time of the drug could be adjusted according to the required therapy
by administering drug delivery systems.

The composition of the blood from each of the donors affects the antibacterial proper-
ties of the sample, specifically the amount of CLP required to achieve antibacterial activity.
Comparing the MIC and MBC values of the PRF_CLP samples with pure CLP samples
for all bacteria strains, a decrease in these values is observed with the addition of PRF
to the CLP. The widespread increase in staphylococcal resistance to most antimicrobials,
especially in resistant strains, points to the need for new effective treatments for staphy-
lococcal infections [36]. Our antibacterial tests showed that the addition of PRF enhances
the antibacterial activity of CLP not only against staphylococcal reference cultures but also
against clinical isolates. It can be seen that against the clinical isolates of S. aureus and S.
epidermidis, higher CLP concentrations are required in PRF_CLP samples to provide a lower
MBC value compared to both bacteria reference cultures. Each donor has different blood
properties (such as different white blood cell counts or vitamin D levels) that drastically
affect the antibacterial effect and that is why we have such high error limits. All micro-
biological input data for all three donor PRF_CLP samples are shown in the supplement
(Figure S2). The spread of the S. aureus strains that are resistant to certain antibiotics has
been reported [37]. According to the Daum [38] and Naimi [39] studies, methicillin-resistant
S. aureus (MRSA) isolates tend to be sensitive to clindamycin and are less likely to be re-
sistant to antibiotics other than the β-lactam class. The same may be for the S. epidermidis
clinical isolate. Studies from Schilcher et al. [40,41] and Kuriyama et al. [42] showed that
the MIC of pure clindamycin in clinical isolates against MRSA can reach > 256 mg/L. Based
on the review of the literature, studies have been performed to test the activity of CLP and
clindamycin against dermally important microorganisms. The results showed that CLP
had antimicrobial activity against the same organisms as clindamycin, with only a 3 to
44 times higher concentration dose [22]. Summarizing all the data, it can be seen that CLP
with PRF is a better antibacterial material than pure CLP, and compared to the literature;
we have obtained lower MIC values (ranging from 62.5 to 145.8 µg/mL depending on the
bacterial strain) than required for clindamycin (>256 µg/mL) [40–42]. Depending on the
bacterial strain, the concentration of the drug has to be adjusted.

To ensure that the obtained PRF_CLP matrices can be used for medical applications,
in vitro cell viability tests were performed. The highest cell viability can be observed for 48
h extract and dilutions, where it increases above 100% for most of the samples. An increase
in viability indicates that PRF increases cell proliferation [43]. PRF is known to be rich in
transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF) and epidermal growth factor (EGF) [44], which all have a
significant role in new cell formation. Overall, CLP has a favorable effect on cell viability.
By adding the antibiotic to PRF, the viability does not go below 80% in the extracts for the
prepared time points. Navarro et al. [45] tested periodontal ligament (PDL) cell viability in
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PRF and concluded that PRF increases cell viability after PDL is exposed to PRF for 30 min,
1 h and 2 h. In this case, it can be noted that all the PRF ingredients have a favorable effect
on PDL cells. The positive effect of PRF was also noticed in a Bucur et al. [46] study on the
blood clot effect on fibroblast proliferation and migration. The samples were tested for 24 h
and 48 h and in both cases, PRF positively affected cell viability; the same can be observed
in our experiment. An interesting difference between the studies is that Bucur et al. filtered
the testing solution before applying it to cells to remove blood cells. This should be taken
into account for future experiments.

4. Materials and Methods
4.1. Materials

Clindamycin phosphate (CLP, Sigma Aldrich, St. Louis, MO 63103, USA), acetoni-
trile (≥99.9%, Sigma-Aldrich, St. Louis, MI, USA), phosphoric acid (H3PO4; C = 75%
w/w, Latvijas k, ı̄mija, Riga, Latvia), potassium dihydrogen phosphate (KH2PO4, Sigma
Aldrich, ≥99%), methanol (≥99.9%, Sigma-Aldrich, St. Louis, MI, USA), Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, Sigma Aldrich, St. Louis, MO, USA), bovine calf serum
(CS, Sigma-Aldrich, St. Louis, MO, USA), Penicillin/Streptomycin (P/S, Sigma-Aldrich,
St. Louis, MO, USA), dimethylsulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA),
neutral red (NR, Sigma Aldrich, St. Louis, MO, USA), Phosphate Buffer Saline (PBS, Sigma-
Aldrich, St. Louis, MO, USA), acetic acid (Sigma-Aldrich, St. Louis, MO, USA), ethanol
(96%, Latvian Chemistry, Riga, Latvia).

4.2. Blood Collection and Platelet-Rich Fibrin Production

Blood of 3 healthy volunteers with vitamin D levels > 30 ng/mL was collected in
13 mL i-PRF+ tubes (PROCESS FOR PRF, 06000 Nice, France) and immediately placed in a
centrifuge (“PRF DUO Quattro”). PRF was obtained by centrifugation at 700 rpm for 5 min
(for women) or 6 min (for men). After the centrifugation, the upper layer of liquid PRF
(1 mL) from one donor of each tube was transferred into a 50 mL tube, and mixed together
for further use.

An amount of 0.5 mL of liquid PRF was used to obtain one PRF sample. To prepare
PRF samples with CLP (PRF_CLP), 0.5 mL PRF was added to pre-weighed 0.5 mg CLP
with an automatic pipette and mixed well with a spatula. Samples for FTIR and SEM
analysis were prepared by incubation (Environmental Shaker-Incubator ES-20, Biosan,
Riga, Latvia) at 37 ◦C for 1, 3 and 7 days and then lyophilized for 72 h. For drug release
and cell experiments, coagulated PRF and PRF_CLP samples were used.

Written consent from all of the volunteers for use of their samples in the research
studies was obtained. All donors were free of any infectious disease and had no abnormal
nicotine or alcohol use. None of the subjects used any anticoagulant drugs. Permission No.
6-2/10/53 of the Research Ethics Committee of Riga Stradins University was obtained for
the study.

4.3. Characterization of Prepared Samples

4.3.1. Chemical Structure

The lyophilized PRF and PRF with CLP (PRF_CLP) samples after 1, 3 and 7 days of
incubation were investigated with Fourier-transform infrared spectroscopy (FTIR) atten-
uated total reflection (ATR) method, to identify functional groups in PRF matrix. ATR
spectroscopy spectra were taken with Thermo Fisher Scientific Nicolet iS5 with a diamond
crystal. Spectra were recorded from 500 to 4000 cm−1 with 64 scans and with a resolution
of 4 cm−1, optical velocity 0.4747, and aperture 100%.

4.3.2. Morphology

Scanning electron microscope Tescan Mira/LMU (Tescan, Brno, Czech Republic) was
used to visualize the microstructure and morphology of obtained PRF and PRF_CLP
samples. Prior to examination, samples were fixed to aluminum pin stubs with conductive
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carbon tape and sputter coated with thin layer of gold at 25 mA for 3 min using Emitech
K550X (Quorum Technologies, Ashford, Kent, UK). Secondary electrons created at 5 kV
were used.

4.3.3. Evaluation of CLP Kinetics

Evaluation of CLP release kinetics was analyzed using ultra-performance liquid chro-
matography. The chromatographic method was adapted based on other studies [47,48]. A
chromatograph ”Waters Acquity UPLC H-class” with a UV/VIS detector ”Waters Acquity
TUV” at 195 nm and column ”Waters Acquity UPLC BEH C18, 1.7 µm, 2.1 × 150 mm”
was used for data acquisition. The mobile phase consisted of 0.02M KH2PO4 buffer
(PH = 2.5 ± 0.02): acetonitrile in ratio 79:21, respectively, and at a flow rate of 0.3 mL/min.
The total analysis time for one sample was 7 min. During the analysis, the column temper-
ature was maintained at 40 ◦C ± 5 ◦C and the sample temperature at 10 ◦C ± 5 ◦C. The
limit of quantification and the limit of detection for the developed method were found to
be 1.157 µg/mL and 0.382 µg/mL.

Samples for CLP release studies were immersed in 20 mL of DMEM and placed in an
incubator at 37 ◦C ± 5 ◦C. At the first 2 time points (15 min and 30 min), the solution was
completely removed, and at the other time points (1 h, 1.5 h, 2 h, 4 h, 6 h, 17 h, 24 h), 2 mL
aliquots of the solution were used. Finally, 2 mL of DMEM was returned after each sample
to ensure a constant volume during the release experiment.

4.4. Preparation of Bacterial Suspension

Four bacterial strains were used in the study, reference culture of S. aureus (ATCC
25923) and S. epidermidis (ATCC 12228), and clinical isolates of S. aureus and S. epidermidis,
which previously were isolated from the pure sample and identified with VITEK2 system
(bioMérieux, Marcy l’Etoile, France). Before the antibacterial tests, bacterial susceptibility
against clindamycin was tested with the disc diffusion method. All bacterial suspensions
were prepared according to EUCAST (European Committee on Antimicrobial Suscepti-
bility Testing) standards in optic density of 0.5 according to McFarland standard with
optic densitometer (Biosan, Riga, Latvia). All bacterial strains showed sensitivity against
clindamycin (2 µg) discs (Liofilchem S.r.l., Roseto degli Abruzzi, Italy).

4.5. Determination of Antibacterial Properties

The antibacterial tests were investigated with EUCAST (European Committee on
Antimicrobial Susceptibility Testing) standard laboratory antibacterial susceptibility testing
method—broth microdilution (Figure 10) [49,50].

4.5.1. Determination of Minimal Inhibitory Concentration

Three different test sample solutions were used: pure PRF, PRF_CLP and pure CLP.
Samples with PRF were diluted 1:5, accordingly 2 mL PRF and 8 mL Mueller–Hinton broth
(MHB) (Oxoid, UK) to obtain 2 mg/mL stock solution of CLP. A 96-well plate (SARSTEDT,
Nümbrecht, Germany) was used in the quantitative assay. Twofold serial dilutions of the
pure CLP and PRF_CLP stock solutions (ranging between 2000 and 7.8125 µg/mL) were
performed in a 100 µL volume. Each well was seeded with 100 µL of bacterial suspen-
sion (106 CFU/mL, 0.5 McFarland density), where 200 µL of pure bacterial suspension
(106 CFU/mL) served as positive control while pure sterile MHB served as negative con-
trols. To detect the MIC and MBC values we used PRF_CLP controls in broth with and
without bacteria. After 2-fold dilution, instead of adding bacterial suspension, sterile
MHB was added. Then, 96-well plates were incubated in a thermostat (Memmert GmbH,
Schwabach, Germany) for 18 h at 37 ◦C. MIC values were considered as the lowest concen-
tration of the tested solution that inhibits bacterial growth in microdilution wells as visually
detected. After incubation, the values of absorbance were measured with microplate reader
at 570 nm (Tecan Infinite F50, Männedorf, Switzerland).
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Figure 10. The MIC/MBC assay of CLP, PRF and PRF_CLP samples. Figure created with Bioren-
der.com.

4.5.2. Determination of Minimal Bactericidal Concentration

The lowest concentration at which bacterial growth was completely inhibited by
the additional culture method on non-selective media was taken as the MBC value. To
determine MBC, extra cultivation of 10 µL samples from the wells (prepared according to
the methodology specified in Section 4.5.1) were inoculated on non-selective agar plates
(Oxoid, UK); one sample from the well above the MIC value and all remaining below MIC
value (MIC values based on data from methodology 4.5.1 were used). Agar plates were
incubated in a thermostat (Memmert GmbH, Schwabach, Germany) for 18 h at 37 ◦C.

4.6. Cell Viability Experiments

PRF with and without CLP was tested on 3T3 mouse fibroblasts. Overall PRFs from
3 different donors were tested.

Prior to cell viability tests, 5000 cells were seeded in a 96-well plate in 200 µL of full
cell medium. To prevent the plates from drying out, PBS was added to the outer wells.
After seeding the cells, the plates were incubated overnight (37 ◦C, 5%) (New Brunswick™
S41i CO2 Incubator Shaker, Eppendorf, Hamburg, Germany).

The following day each PRF sample with and without CLP was submerged in 2 mL of
full cell medium. The medium consisted of 89% DMEM, 10% CS and 1% P/S. After 1, 2, 4,
24 and 48 h, all the solution was removed from the testing sample and replaced with a fresh
2 mL cell medium. Extract and 2 types of dilutions—1:10 and 1:100—were directly put onto
the cells. Before adding the analyzing solution to the cells, the old medium was removed.
The experiment had two types of controls. The positive control consisted of untreated
cells with medium; on the other hand, for the negative control, 5% DMSO solution in cell
medium was applied to cells to analyze their viability. Each treatment had 6 replicates.

To analyze the PRF extract and its dilutions effect on cell viability, Natural Red (NR)
test was used. The tests included PBS, NR and solubility solution (1% acetic acid, 50%
ethanol, 49% water).

After 24 h of each time point, the testing solutions were discarded and cells were
washed with 200 µL PBS solution. Subsequently, cells were treated with 150 µL NR solution,
after which plates were left to incubate for 2 h. Afterward, the solution with dye was taken
off, and cells were washed again with 250 µL PBS solution. Finally, cells were solubilized,
which was done with a 150 µL solubilization solution. Then, a 540 nm wavelength was used
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to measure optical density with a microplate reader (Tecan Infinite M Nano, Switzerland).
Every plate was analyzed appropriately with the method just described.

4.7. Statistical Evaluation

All results are expressed as the mean ± standard deviation (SD) of at least three
independent samples. The reliability of the results was assessed using the unpaired
Student’s t-test with a significance level of p < 0.05. One—and two-way analysis of variance
(ANOVA) was performed to assess the differences between the results.

5. Conclusions

The results of the present study show the structure, surface properties, antibacterial
properties, drug release kinetics, and cell viability of the PRF_CLP samples. Burst release
(80% of CLP after 1 h) was observed for the PRF_CLP samples; thus, the development of
more advanced drug delivery systems could be an area for future research. The antibacterial
effect of CLP was affected by the addition of PRF, thus providing a reduction in MIC and
MBC concentrations compared to pure CLP and pure PRF samples. Cell viability for
the PRF_CLP samples increased indicating the ability of PRF to alter cell proliferation.
Structural studies have also shown that clindamycin phosphate is converted to clindamycin
within the PRF matrix at 37 ◦C.

This study proves that the presence of PRF in the resulting PRF_CLP samples improves
the antibacterial efficacy and may be suitable for medical applications. The results are the
first step in finding alternative solutions that can enhance the antibacterial properties of
CLP to prevent postoperative infections and could lead to a new method to be developed,
which may increase the efficiency of drug delivery and activity. Further clinical trials
with larger patient groups are needed to introduce this method for reducing the risk of
post-operative infections.
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Abstract: Crystalline metal–organic frameworks (MOFs) are extensively used in areas such as gas
storage and small-molecule drug delivery. Although Cu-BTC (1, MOF-199, BTC: benzene-1,3,5-
tricarboxylate) has versatile applications, its NO storage and release characteristics are not amenable to
therapeutic usage. In this work, micro-sized Cu-BTC was prepared solvothermally and then processed
by ball-milling to prepare nano-sized Cu-BTC (2). The NO storage and release properties of the micro-
and nano-sized Cu-BTC MOFs were morphology dependent. Control of the hydration degree and
morphology of the NO delivery vehicle improved the NO release characteristics significantly. In
particular, the nano-sized NO-loaded Cu-BTC (NO⊂nano-Cu-BTC, 4) released NO at 1.81 µmol·mg−1

in 1.2 h in PBS, which meets the requirements for clinical usage. The solid-state structural formula of
NO⊂Cu-BTC was successfully determined to be [CuC6H2O5]·(NO)0.167 through single-crystal X-ray
diffraction, suggesting no structural changes in Cu-BTC upon the intercalation of 0.167 equivalents
of NO within the pores of Cu-BTC after NO loading. The structure of Cu-BTC was also stably
maintained after NO release. NO⊂Cu-BTC exhibited significant antibacterial activity against six
bacterial strains, including Gram-negative and positive bacteria. NO⊂Cu-BTC could be utilized as a
hybrid NO donor to explore the synergistic effects of the known antibacterial properties of Cu-BTC.

Keywords: nitric oxide; drug delivery; MOFs; antibacterial activity

1. Introduction

Nitric oxide (NO) in the environment is mainly derived from natural sources and
internal combustion engines. It is typically considered an air pollutant and causes smog
and strongly acidic rain. However, since Furchgott et al. reported that NO acts as the
endothelium-derived relaxation factor, NO has also been identified as an important physio-
logical and pathological signaling material responsible for regulating the cardiovascular
and nervous systems as well as the immune response [1–6]. The deficiency of NO pro-
duced endogenously from l-arginine by NO synthase (NOS) causes various diseases, which
has driven investigations into the exogenous delivery of NO for therapeutic applications.
Because NO is a highly reactive radical and gains an electron through covalent bonding,
hydrogen bonding, or coordinative bonding [7–10], several types of NO donors have been
explored for efficient NO delivery. These include simple nitrosyl metal complexes of organic
nitrates/nitrites, macromolecular scaffolds containing nitrosamines, N-diazeniumdiolates
(NONOates), and S-nitrosothiols [11–15].

195



Int. J. Mol. Sci. 2022, 23, 9098

Metal–organic frameworks (MOFs) have been used as attractive organic–inorganic
hybrid materials that have high porosity and crystallinity and enable the facile tuning
of structural composition. Consequently, MOFs have been used as sensors, applied to
catalysis and gas sorption and separation, and employed in medicinal applications [16–23].
Moreover, MOFs have been considered the best candidates for controlled NO release as they
can physically capture NO in their inner pores, bond with NO via their open metal sites
(OMSs), or amine functional group of the linkers comprising the frameworks [24–33]. Cu-
BTC, formulated as Cu3(BTC)2 (MOF-199, copper(II)-benzene-1,3,5-tricarboxylate), is one
of the most studied MOFs and is commonly used as a sensor or for gas sorption, gas storage,
and catalysis [34–39]. For example, Xiao et al. investigated Cu-BTC as an NO donor due to
its high crystallinity and varied porosity and reported that this material could store as much
as 9 mmol·mg−1 of NO at 196 K but released only 1 nmol·mg−1—a very small fraction of
the loading—upon exposure to a stream of wet nitrogen gas. However, this irreversible
release was detrimental to the application of Cu-BTC for therapeutic purposes [28]. This
result also suggested that Cu-BTC predominantly physically absorbs NO in its inner
pores, with some NO being partially chemically adsorbed onto its OMSs. To address this
limitation, other isostructural MOFs incorporating secondary amine functionalities were
developed for enhancing NO release up to 0.51 µmol·mg−1 [11]. Subsequently, Co-CPO-27
and Ni-CPO-27 linked to the 2,5-dihydroxyterephthalic acid ligand were reported as the
best MOF donors, which absorbed 6.5 and 7.0 µmol·mg−1 of NO, respectively. While they
successfully released the absorbed NO completely, their poor biocompatibility limited
their applications [40]. The bonding of NO to MOFs has been typically characterized
using FTIR spectroscopy, NMR spectroscopy, or theoretical simulations, which revealed the
formation of nitrosyl complexes between NO and the OMSs or NONOates derived from
secondary amines [31,32,40–43]. However, there are no reports on the characterization of
the NO loading modes in the solid state by X-ray crystallography, mainly due to the rapid
release of NO in the presence of water vapor and the challenges related to low-temperature
measurements. To improve the NO storage/release properties of MOFs, we aimed to
understand the bonding characteristics of NO loaded on MOFs by single-crystal X-ray
crystallography, which is expected to be significantly different from previous studies [28,31].

Herein, for improving the biocompatibility and NO capacity, nano-sized Cu-BTC was
fabricated via a convenient and straightforward ball-milling process of micro-sized Cu-BTC.
The hydration degree of Cu-BTC was controlled to enable the coordination of sufficient
water molecules to the OMSs. However, the morphology of Cu-BTC can be designed to
load NO efficiently in the empty pores by the facile removal of the guest water molecules
by activation. Highly improved NO storage/release and antibacterial activities against six
bacterial strains, including Gram-positive

Gram-negative bacteria, are discussed.

2. Results and Discussion
2.1. Preparation of Cu-BTC and NO⊂Cu-BTCs

To investigate the NO storage/release properties and antibacterial activities of Cu-
BTC, micro-sized Cu-BTC (1) was prepared. A previously reported solvothermal method,
after slight modification, was used for the reaction of copper(II) nitrate and benzene-
1,3,5-tricarboxylic acid in a mixture of ethanol, deionized water, and DMF [44]. The
resulting compound 1 was further processed by ball-milling to afford nano-sized Cu-BTC
(2) (Figure S1). The two NO-loaded Cu-BTC systems, NO⊂micro-Cu-BTC (3; NO was
loaded on 1) and NO⊂nano-Cu-BTC (4; NO was loaded on 2) were obtained by charging
10 atm of NO onto activated 1 and 2, respectively, at 25 ◦C for three days. The obtained
Cu-BTC and NO-loaded Cu-BTC were characterized by X-ray crystallography, PXRD, SEM,
Brunauer–Emmett–Teller (BET) measurements, FTIR spectroscopy, and TGA.
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2.2. X-ray Crystallography and PXRD

The structures of all Cu-BTC MOFs before and after NO gas loading were determined
by X-ray crystallography and PXRD. A single crystal with 0.02 × 0.08 × 0.09 mm3 dimen-
sions was selected for XRD analysis. Upon the capture of NO gas in 1, its cubic Fm-3m
space group (Table 1) and the original framework remained unchanged (Figure 1). X-ray
crystallography revealed the moiety formula of 3 to be CuC6H2O5]·(NO)0.167. While the
occupancies of NO were fixed to obtain the best fit with the largest residual peaks, the actual
occupancies should be larger than the fixed occupancies. The single-crystal structure of
3 showed that the remaining water molecules were coordinated to the OMSs. NO interacts
through weak hydrogen bonding between the hydrogen atom of the coordinated water
and the nitrogen atom of NO (Cu–O–H···N–O, 3.308 Å). Weak interactions between the ni-
trogen atom of NO and the carboxylate oxygen atoms of the BTC linkers (Cu–O–C–O···NO,
3.999 Å) were also observed (Figure 2 and Table S1).

Table 1. Crystallographic data for NO⊂Cu-BTC.

Empirical Formula C6H2CuO5 (NO)0.17

Formula weight 222.62
Temp. (K) 223(2)

Wavelength (Å) 0.71073
Space group Fm-3m

a (Å) 26.3068(11)
b (Å) 26.3068(11)
c (Å) 26.3068(11)
α (◦) 90.00
β (◦) 90.00
γ (◦) 90.00

Volume (Å3) 18,206(2)
Z 48

Density (calc.) (Mg m−3) 0.975
Absorption coeff. (mm−1) 1.429

Crystal size (mm) 0.090 × 0.080 × 0.020
Reflections collected 148,341

Independent reflections 1177 [R(int) = 0.1842]
Data/restraints/parameters 1177/1/40

Goodness-of-fit on F2 1.291
Final R indices [I>2σ(I)] R1 = 0.1149, wR2 = 0.2110

R indices (all data) R1 = 0.1264, wR2 = 0.2170
Largest diff. peak and hole (e.Å-3) 0.697 and −0.564

CCDC 2,073,930

Notably, this is the first report of a single-crystal X-ray structure that clearly shows
the NO loading structure, which comprises NO interacting with the coordinated water
molecules and the carboxylate groups of the BTC linkers. The NO loading mode of 3 in this
study was significantly different from previous results that characterized the adsorption of
NO to the OMSs as chemisorption [28,31]. Figure 3 shows the XRD patterns of the simulated
and NO-loaded Cu-BTC MOFs of different sizes. All XRD patterns coincided well with the
simulated pattern. The main peaks at 6.82◦, 9.64◦, 11.76◦, and 13.57◦ corresponding (2 0 0),
(2 2 0), (2 2 2), and (4 0 0) of the Cu-BTC pattern were maintained in nano-Cu-BTC and
micro-Cu-BTC. The (2 0 0) peak was not shown in NO loaded Cu-BTC MOFs. Particularly,
the PXRD of 4 obtained after storing NO for 1 month did not show any structural changes,
and the original framework of Cu-BTC remained unchanged. These results indicate that
the robust structure of Cu-BTC was stably maintained after storing NO for a long time,
which could enable it to perform the reversible NO release mechanism.
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⊂Figure 1. (a) Structure of Cu-BTC, Fm-3m, a = b = c = 26.3015(4) Å, V = 18194.6(5) Å3. (b) Structure of
NO⊂micro-Cu-BTC, Fm-3m, a = b = c = 26.3068(11) Å, V = 18205.6(5) Å3. NO molecules are shown in
space filled models. The color codes: green, Cu; grey, carbon; red, oxygen; blue, nitrogen.

⊂

Figure 2. Fragment structure showing weak hydrogen bonding interactions between NO and the
coordinated water molecules, and interactions between NO and carboxylate oxygen atoms. Color
codes: green, Cu; grey, carbon; red, oxygen; blue, nitrogen. Hydrogen atoms, except those of water,
were omitted. The large spheres represent NO for clarity.

 

⊂ ⊂ ⊂

−

≤
≤ ≤

−

Figure 3. Powder X-ray diffraction (PXRD) of micro-sized Cu-BTC 1 (red), nano-sized Cu-BTC 2
(blue), NO⊂micro-Cu-BTC 3 (yellow), NO⊂nano-Cu-BTC 4 (green), and NO⊂micro-Cu-BTC 3 after
loading NO (grey).
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2.3. SEM, BET Measurements, FTIR, and TGA

The morphologies of the Cu-BTCs before and after loading NO were imaged using
SEM. As shown in Figure 4a, truncated octahedral crystals larger than 10 µm in length were
observed, which is in good agreement with the previous reports [45–47]. In contrast to the
micro-sized crystal, 2 was seen as an irregular lump comprising an agglomerated powder
with sizes in the range of less than 500 nm to greater than 1 µm (Figure 4b). This may be
attributed to the loss of crystallinity during the ball-milling process, which could cause the
transformation to the agglomerated powder [48]. The morphologies of the Cu-BTCs were
well maintained after loading NO (Figure 4c,d).

 

⊂ ⊂

−

−

−

−

−

Figure 4. Scanning electron microscopy (SEM) images of (a) micro-sized Cu-BTC (1), (b) nano-sized
Cu-BTC (2), (c) NO⊂micro-Cu-BTC (3), and (d) NO⊂nano-Cu-BTC (4).

In addition, the surface properties of 1 and 2 were analyzed by N2 sorption measure-
ments at 77 K. A high BET surface area of 799 m2·g−1 was achieved by 1, and its nitrogen
sorption (Figure 5a) showed a characteristic type-I isotherm [49,50]. The increased adsorp-
tion uptakes at low relative pressures (P/P0 ≤ 0.1) are due to the presence of micro pores,
whereas a hysteresis at high relative pressures (0.3 ≤ P/P0 ≤ 0.9) indicates the existence of
textural meso or macro pores, formed as a result of the specific crystal packing. The large
surface area of 1 might have originated from its high crystallinity. In contrast, 2 exhibited
a much lower BET surface area (27 m2·g−1) than 1. Further, 2 exhibited a characteristic
type-II isotherm, proving that it is composed of both mono and multilayers (Figure 5c)
with mixed micro pore diameters ranging from 0.4 to 2.0 nm (Figure 5d) [50]. The smaller
surface area of the nano-sized crystal of 2 can be attributed to the agglomeration of nano
powder and/or the defects of its inner pores formed during the ball-milling process [51].
Furthermore, the vertical nature of the N2 adsorption isotherms of 1 at low pressures
supports the hypothesis that these adsorption/desorption properties are derived from the
strong adsorption on the surface and the micro pore filling. The plot of 2 suggests that
intra-agglomerate voids arise from the presence of some meso and macro pores formed by
multilayers in the samples [52,53]. We have summarized the nitrogen sorption properties
of the micro-sized Cu-BTC and the nano-sized Cu-BTC on Table S2. These results match
well with the SEM images shown in Figure 4b, showing the lump shape composed of the
agglomerated powder.
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Figure 5. N2 sorption, measured at 77 K, and pore size of 1 (a,b) and 2 (c,d).

Cu-BTC was degassed at 300 ◦C under 1 × 10−4 mbar of pressure using a vacuum
to ensure complete dehydration. The loading of NO onto this MOF was confirmed based
on the appearance of stretching peaks in the 1890–1000 cm−1 region of its FTIR spectrum,
which is attributed to the formation of the nitrosyl complex by the coordination of NO
on the reactive OMSs [28]. Further, the FTIR spectra of 3 and 4 were scanned at various
times after the NO was released (Figures 6 and 7). The Cu-BTC MOFs before and after
loading NO showed weak bands at 488 and 721 cm−1, which are attributed to the bending
and stretching modes of Cu–O, respectively. The higher intensity absorption peaks at 1368,
1445, and 1640 cm−1 are assigned to the stretching modes of the carboxylate moiety of BTC;
specifically, the stretching mode of C–O, and the asymmetric and symmetric stretching
modes of C=O, respectively [34,35,54]. However, in this study, a new peak representing
the coordination of NO to Cu in the 1890–1900 cm−1 range did not appear after NO
loading. Rather, a strong, broad O–H stretching band at ~3400 cm−1 was observed, which
corresponds to the water molecules coordinating with the OMSs. This evidence of water
coordinating with Cu agrees with the NO loading mode determined by the crystallographic
structure of 3.

−

 

Figure 6. FTIR spectra of 1 (black) and 3 after releasing NO for 10, 20, and 30 min (red, blue, and
pink, respectively).
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−

Figure 7. FTIR spectra of 2 (black) and 4 after releasing NO for 10 and 20 min (red and blue, respectively).

TGA was carried out to analyze the amount of water molecules coordinated to the
OMSs and the amount of guest water molecules captured in the inner pores or on the
surface, depending on the activation. When as-prepared 1 and 2 were heated up to 800 ◦C
under an inert atmosphere, an initial weight loss occurred up to 150 ◦C, which was due to
the desorption of the physically absorbed water (Figure 8). Then, slow weight loss caused
by the desorption of the water molecules coordinating with the OMSs continued up to
350 ◦C. The final prominent weight loss step appeared at 350 ◦C in both the samples and
was attributed to the decomposition of the BTC linker (approximately 38% weight loss).
The largest difference in the initial weight loss ratio depending on the morphologies of
1 and 2 was 9%. Furthermore, the hydration of 2 could be reduced from 27% to 20.6%
upon activation at 150 ◦C for 24 h (Figure 8b). The hydration of Cu-BTC was adequately
lowered to 20.6% (150 ◦C) by controlling the morphology and activation. We attempted to
investigate the hydration effect on NO storage and release.

 

⊂ ⊂
− −

⊂
−

−

−

−

Figure 8. TGA of 1 (a) and 2 (b). Black line, as-prepared; red line, activated at 60 ◦C; blue line,
activated at 150 ◦C.
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2.4. NO Release from NO⊂Cu-BTC

The amount of NO released from NO⊂Cu-BTC was estimated from the intensity of
the chemiluminescence of excited NO2 that was produced from the reaction of the NO
with ozone at the outlet stream of the PBS solution at 37 ◦C. Cu-BTC is a well-known MOF
that adsorbs 3 µmol·mg−1 of NO at room temperature; however, 2.21 µmol·mg−1 of NO
was strongly chemisorbed onto the OMSs of the MOF, and only a minor fraction of the
chemisorbed NO, less than 0.02%, was released upon exposure to water or wet gas [28].

The chemisorption of NO onto the OMSs inhibits its release sufficiently, thus inhibiting
the therapeutic applications of our MOFs. Thus, we attempted to control the chemisorption
of NO onto the OMSs by adjusting the hydration degree, NO charging pressure, and the
morphologies of the sample to enhance the NO release ability of Cu-BTC.

Figure 9 shows the NO release tendency of NO⊂micro-Cu-BTC 3 as a function of the
NO charging pressure in a range of 2 to 12 atm. The total amount of NO released (t[NO])
increased up to 0.34 µmol·mg−1 with increasing charging pressure. Further, to investigate
the effect of dehydration on NO release, unactivated (i.e., non-dehydrated) Cu-BTC and Cu-
BTC activated (i.e., dehydrated) at 150 ◦C for 24 h were examined. The t[NO] value of dehy-
drated 3 increased approximately two-fold, from 0.34 (non-dehydrated) to 0.68 µmol·mg−1,
and the duration of NO release (td) was longer than that of the non-dehydrated sample.
Furthermore, the t[NO] value of dehydrated 4 increased significantly from 0.25 (non-
dehydrated) to 1.81 µmol·mg−1, and the maximum flux of NO release ([NO]m) increased
proportionally from 4.78 (non-dehydrated) to 52.7 ppm·mg−1 (Figure 10). The notable
difference between dehydrated 3 and 4 was attributable to the different surface areas and
porosities, which were derived from their morphologies (Table 2). These results confirm
that more regular micro pores exist on 3 than on 4, as shown on Figure 5. As the guest water
molecules trapped in these regular inner pores cannot be easily released, the loading of NO
on the micro pores of 3 is more difficult compared to that of 4. As a result, NO can be ad-
sorbed in more empty pores and on the surface of 4, and t[NO] reaches to 1.81 µmol·mg−1

upon exposure to water, which is sufficiently high for therapeutic applications [55].
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Figure 9. Plot of total NO release of NO⊂micro-Cu-BTC 3 in deoxygenated phosphate-buffered
saline (PBS, 0.01 M, pH 7.4) at 37 ◦C as a function of varying NO charging pressure.
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Figure 10. (a) Real-time NO release profiles and (b) total amount of NO released for NO⊂Cu-BTC in
deoxygenated PBS (0.01 M, pH 7.4) at 37 ◦C: sky-blue line, non-dehydrated NO⊂micro-Cu-BTC 3;
blue line, dehydrated NO⊂micro-Cu-BTC 3; pink line, non-dehydrated NO⊂nano-Cu-BTC 4; red
line, dehydrated NO⊂nano-Cu-BTC 4.

Table 2. NO release properties of NO⊂Cu-BTC a,b.

t[NO]
(µmol·mg−1) tm (s) [NO]m

(ppm·mg−1) t1/2 (s) td (h)

3 4 3 4 3 4 3 4 3 4

Non-dehydrated 0.34 0.25 50 40 3.25 4.78 185 75 0.9 1.1
Dehydrated 0.68 1.81 33 39 11.5 52.7 73 58 1.2 1.2

a Values were determined using a Sievers chemiluminescence NO analyzer (NOA 280i) in deoxygenated PBS
(0.01 M, pH 7.4) at 37 ◦C. b t[NO], total amount of NO released; [NO]m, maximum flux of NO release; tm, time
necessary to reach [NO]m; t1/2, half-life of NO release; td, duration time of NO release for sustained fluxes of
NO ≥ 1 ppb·mg−1.

2.5. Antibacterial Properties

Therapeutic applications involving NO are popular in various areas, such as immunol-
ogy, studies on antibacterial and anticancer agents, as well as wound healing. However,
NO sometimes exhibits a dual effect depending on its concentration, flux, and duration
when used as an antibacterial agent [6,55–57]. To evaluate the antibacterial activity of our
NO-releasing Cu-BTC, an inhibition zone assay based on a modified disk diffusion method
was carried out using two Gram-negative strains (Escherichia coli (E. coli ATCC11775) and
Pseudomonas aeruginosa (P. aeruginosa ATCC9027)), two Gram-positive strains (Staphylo-
coccus aureus (S. aureus ATCC14458) and Bacillus cereus (B. cereus ATCC11706)), and two
methicillin-resistant Staphylococcus aureus strains (MRSA KCCM40510 and clinically iso-
lated MRSA) (Figure 11). The inhibition zone of the six bacteria exposed to both Cu-BTC
and NO⊂Cu-BTC ranged from 47.858 to 803.39 mm2, and the zone was relative smaller
for S. aureus, compared to that for the other five bacteria exposed to NO⊂Cu-BTC. In
contrast, the inhibition zone for S. aureus exposed to Cu-BTC was 376.84 mm2, which was
larger than that of S. aureus exposed to NO⊂Cu-BTC (Table 3). The NO-releasing Cu-BTC
was more effective in inhibiting the growth of the five tested bacteria than the growth of
S. aureus. Furthermore, the data for the P. aeruginosa strains, which displayed the least
susceptibility, and E. coli, which displayed the greatest susceptibility, were consistent with
those in previous reports [47,55]. The bacterial species were determined as being sus-
ceptible to NO⊂Cu-BTC in the following order: E. coli > MRSA (clinically isolated) > S.
aureus > MRSA (KCCM 40510) > B. cereus > P. aeruginosa. Thus, NO⊂Cu-BTC exhibited
more selective and synergistic antimicrobial activities toward a wide range of bacteria
than Cu-BTC.
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Figure 11. Inhibition zone assay of Cu-BTC (BTC: benzene-1,3,5-tricarboxylate) and NO⊂Cu-BTC
(NO: nitric oxide) toward six strains of bacteria tested by disc diffusion method.

Table 3. Inhibition zone of Cu-BTC and NO⊂Cu-BTC toward six strains of bacteria.

Bacterial Strains *
Inhibition Zone (mm2)

p Value
Cu-BTC NO⊂Cu-BTC

Gram-negative strains
E. coli (ATCC11775) 712.3 ± 38.6 803.4 ± 54.7 <0.024

P. aeruginosa (ATCC9027) 47.8 ± 22.2 52.3 ± 26.2 <0.21

Gram-positive strains
S. aureus (ATCC14458) 414.2 ± 18.4 376.8 ± 21.6 <0.016

B. cereus (ATCC11706) 51.5 ± 7.3 74 ± 8.8 <0.003

Gram-positive MRSA strains
MRSA (KCCM40510) 271.4 ± 8.1 297.4 ± 8.1 <0.0018

MRSA (Clinical isolation) 501.1 ± 5.6 573.3 ± 6.9 <0.00057
* Escherichia coli (E. coli ATCC11775); Pseudomonas aeruginosa (P. aeruginosa ATCC9027)); Staphylococcus aureus
(S. aureus ATCC14458); Bacillus cereus (B. cereus ATCC11706)); methicillin-resistant Staphylococcus aureus strains
(MRSA KCCM40510 and clinically isolated MRSA). Data are mean zone inhibition (mm2) ± standard deviation
(S.D.) of three replicates (n = 3, p < 0.05).

3. Materials and Methods
3.1. Preparation of Cu-BTC 1 and 2

The Micro-sized Cu-BTC (1) was prepared according to a reported protocol with slight
modifications [45]. In a typical synthesis, copper(II) nitrate trihydrate (Cu(NO3)2·3H2O,
99%, Acros, Seoul, Korea) (0.725 g, 3.0 mmol) was dissolved in 10 mL of deionized water.
In a separate vial, 1,3,5-benzenetricarboxylic acid (H3BTC, C9H6O6, 98%, Acros, Seoul,
Korea) (0.210 g, 1.0 mmol) was dissolved in 10 mL of ethanol. To a solution of H3BTC
stirring at 500 rpm for 10 min at room temperature, the Cu(NO3)2 solution was quickly
added. Then, 0.7 mL of DMF was added to the solution. The reaction mixture was placed
in a temperature-controlled oven at 80 ◦C for 24 h. After cooling to 25 ◦C, the product

204



Int. J. Mol. Sci. 2022, 23, 9098

was collected by centrifugation, washed several times with solvents (deionized water and
ethanol), and dried under vacuum for 24 h before further use.

Nano-sized Cu-BTC (2) was prepared from 1 by ball-milling at 350 rpm for 6 h with
a balls-to-Cu-BTC weight ratio of 50:1 using the Fritsch™ Planetary Mill Pulverisette 5
(Idar-Oberstein, Germany). Powder X-ray diffraction (PXRD), FTIR, and scanning-electron
microscopy (SEM) were used for further characterization of the Cu-BTC MOFs.

3.2. X-ray Crystallography

X-ray diffraction data for NO⊂Cu-BTC were collected on a Bruker APX-II diffrac-
tometer (Ames, IA, USA) equipped with a monochromator with a Mo Kα (λ = 0.71073 Å)
incident beam at the National Research Facilities and Equipment Center (NanoBio-Energy
Materials Center) at Ewha Womans University. A crystal was mounted on a glass fiber. The
CCD data were integrated and scaled using the Bruker-SAINT software package (Bruker
Nano, Inc., 2019), and the structure was solved and refined using SHEXL-2014 (Sheldrick,
2014) [58]. All hydrogen atoms were placed at the calculated positions. The crystallographic
data are listed in Table 1, and the bond lengths and angles are listed in Table S1. The CCDC
reference number is 2073930 for NO⊂Cu-BTC.

3.3. NO Storage/Release of Cu-BTC

For the dehydration process, 10 mg of 1 and 2 were dehydrated in a vacuum at 150 ◦C
for 24 h. The activated Cu-BTCs were placed in a 40 mL vial, and the vial was placed in a
Parr bottle (200 mL) that was connected to an in-house NO reactor. The reactor was flushed
with Ar gas (99.99%) thrice for 10 min each to remove oxygen before charging NO. The
reaction bottle was then charged under 10 atm of NO using ultrapure grade (99.5%) NO
gas provided by Dong-A Specialty Gases (Seoul, Korea), which was purified over KOH
pellets to remove trace NO degradation products. The bottle was then sealed for 72 h at
25 ◦C. Prior to removing the NO-charged Cu-BTCs, unreacted NO was purged from the
chamber with Ar thrice. The NO⊂Cu-BTCs (3 and 4) were stored in a sealed container
at −20 ◦C until further use. The NO release profiles of NO⊂Cu-BTC were monitored in
deoxygenated phosphate-buffered saline (PBS; 0.01 M, pH 7.4) at 37 ◦C using a Sievers
280i chemiluminescence NO analyzer (Boulder, CO, USA). NO released from NO⊂Cu-BTC
was transported to the analyzer by a stream of Ar gas (70 mL·min−1) passed through
the reaction cell. The instrument was calibrated with air passed through a zero filter
(0 ppm NO) and 45 ppm of NO standard gas balanced with N2 purchased from Dong-Woo
Gas Tech (Siheung, Korea). The total amount of NO released, t[NO]; maximum flux of
NO release, [NO]m; time necessary to reach [NO]m, tm; half-life of NO release, t1/2; and
duration time of NO release for sustained fluxes of NO ≥ 1 ppb·mg−1, td, were determined
for the evaluation of NO⊂Cu-BTC.

3.4. Antibacterial Test

To confirm the antibacterial activity of the two types of Cu-BTC, we used six strains
of bacteria, which included two drug-resistant bacteria. Two Gram-negative strains
(Escherichia coli ATCC 11775 and Pseudomonas aeruginosa ATCC 9027) and two Gram-
positive strains (S. aureus ATCC 14458 and B. cereus ATCC11706) were acquired from the
American Type Culture Collection (ATCC, Rockville, MD, USA). One methicillin-resistant
bacteria, S. aureus (MRSA KCCM 40510), was purchased from the Korean Culture Center of
Microorganisms (KCCM, Sedaemun-Gu, Seoul, Korea), and clinically isolated MRSA was
kindly provided by the Yonsei Medical Center in Seoul. Gram-negative and Gram-positive
bacteria were grown on a plate count agar (PCA, Becton, Dickinson and Company, Sparks,
MD, USA) at 35 ◦C for 24 h. MRSA strains were grown on Brain Heart Infusion agar
(BHIA, Becton, Dickinson and Company) at 35 ◦C for 24 h. The antibacterial activities of
Cu-BTC and NO⊂Cu-BTC were evaluated using a disk diffusion method from the National
Committee for Clinical Laboratory Standards (NCCLS 2003a), protocol M2-A8. A bacterial
suspension for each strain was prepared by the resuspension of each bacterial colony in
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sterilized 0.85% saline solution, and the optical density of the suspension solution was
adjusted to 0.5 McFarland turbidity standards (~107 CFU/mL). Each bacterial suspension
was applied to the entire surface of the PCA and BHIA plates, and the agar plates were
incubated for 10 min at room temperature. Next, three 10 mm Whatman filter paper
disks were placed on each agar plate, as shown in Figure 1, and each suspension solution
(final concentration: 1 mg/mL in 0.85% saline solution) of Cu-BTC and NO⊂Cu-BTC
was applied to the paper disk. The agar plates treated with each sample were incubated
at 35 ◦C for 24 to 48 h, and the zone of inhibition of each agar plate was measured by
subtracting the diameter of each disk from the diameter of the total inhibition zone using
ImageJ software (NIH, Bethesda, MD, USA). All experiments were carried out in triplicate
with results expressed as a mean with standard deviations (S.D). Statistical comparisons
between Cu-BTC and NO⊂Cu-BTC performed using Stutens’s t-test and a difference with
p < 0.05 was considered statistically significant.

3.5. Instrumentation

The PXRD patterns of the Cu-BTCs were recorded using a Rigaku MiniFlex diffrac-
tometer (Rigaku Corp., Neu-Isenburg, Germany). FTIR spectra were measured on a Nicolet
iS10 FTIR spectrometer with KBr pellets (Thermo Fisher Scientific, Waltham, MA, USA).
TGA was performed using a TG 209 F3 Tarsus® instrument (NETZSCH, Burlington, MA,
USA). The surface morphology and elemental composition of Cu-BTC were characterized
using SEM-EDS (FE-SEM, JEOL JSM-5800F, Peabody, MA, USA). N2 adsorption isotherms
were obtained by using a BELSORP-mini II instrument (BEL Japan, Inc., Tokyo, Japan).
High-purity (99.999%) gases were used throughout the adsorption experiments. All sam-
ples were activated by rinsing them thoroughly, followed by drying under vacuum for 24 h
prior to the gas sorption measurements.

4. Conclusions

Microporous Cu-BTC MOFs with two different morphologies (micro-sized and nano-
sized) were prepared, and their NO sorption/release properties were investigated. NO
was captured in Cu-BTC by partial hydrogen bonding with water molecules coordinated
to Cu and ON . . . O interactions with the oxygen atoms of the BTC linker. The solid-state
structural analysis of Cu-BTC revealed a stable structure upon NO loading and releasing.
When the nano-sized Cu-BTC MOF was activated, the total amount of NO released was
significantly higher than that released from the micro-sized Cu-BTC, owing to the lower
hydration and different morphological characteristics of the former. Furthermore, the
NO⊂Cu-BTC MOFs showed bactericidal properties against five strains of bacteria that
were superior to those of the Cu-BTC MOFs. These results reveal that the NO release of
Cu-BTC can be highly enhanced by controlling the hydration degree and morphology of
the MOF, and the resultant NO delivery vehicle system exhibits synergistic therapeutic
effects. This study paves the way for the development of various MOFs as promising
hybrid NO donor materials through simple physical modifications for application as drug
delivery systems.
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