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Abstract: This work studied the antioxidant and anti-breast cancer properties of hyaluronidase,
extracted from a potential marine strain, Staphylococcus aureus (CASMTK1), isolated from Parangipet-
tai coastal waters in southeast coast of India. The Staphylococcal enzyme production was tested
under different carbon and nitrogen sources; and recorded the maximum production when the
microbial strain was cultured with starch as the carbon source and ammonium sulphate as the
inorganic nitrogen source with the enzyme production of 92.5 U/mL and 95.0 U/mL, respectively.
The hyaluronidase enzyme production was also tested in different pH and temperature; and recorded
the maximum yield of 102.5 U/mL in pH 5 and that of 95.5 U/mL in 45 ◦C. The partially purified
enzyme was subjected to FTIR and FT Raman technique and found the presence of the amide- I and
II, Carboxyl, N-H bending, C-H stretching and α-helices and β-sheet proteins between wave number
1500–1700 cm−1. The partially purified enzyme also exhibited strong antioxidant and in-vitro breast
cancer properties. The enzyme showed the highest hydroxyl radical scavenging activity of 79% at
the 50 µg/mL concentration, and this activity increased in a dose-dependent manner. The enzyme
inhibited proliferation of the breast cancer cell line of MCF-7, and it caused 100% cell death at the
concentration of 80 µg/mL. The enzyme generated capacity of producing free radicles that damage
the cancer cells, and this effect was very nearer to the standard drug, paclitaxel. The enzyme damaged
the cancer cells and induced apoptosis in 78% of cancer cells as evident by condensed or fragmented
chromatin at 40 µg/mL. Further purification of the enzyme, analysis of its molecular aspects, and
elucidation of exact mechanisms of its biological activities will throw new light on the utility of
staphylococcal hyaluronidase in anticancer chemotherapy.

Keywords: marine bacteria; Staphylococcus sp.; hyaluronidase; antioxidant; anti-breast cancer activity

1. Introduction

Cancer is a large group of diseases that can begin in almost any organ or tissue
of the body when abnormal cells grow uncontrollably, invade neighboring parts of the
body, and/or spread to other organs [1]. Cancer is the world’s second leading cause of
death [2], accounting for an estimated 9.6 million deaths, or one out of every six deaths
in 2018 [1]. Cancer is caused by a small number of inherited or environmental-induced
genetic mutations [3]. The most prevalent cancers in men are lung, prostate, colorectal,
stomach, and liver cancers, whereas the most prevalent cancers in women are breast,
colorectal, lung, cervical, and thyroid cancers [1,4].
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Breast cancer is one of the most predominant cancers in women, and the second
most common type of cancer overall, after lung cancer [2,5]. Breast cancer starts in the
lobules, which are milk-producing glands in the breast tissue, and the ducts that connect
the lobules to the nipple. A number of breast cancers are known, and they are contained
within the ducts (ductal carcinoma in situ, or DCIS), or lobules (lobular carcinoma in situ,
or LCIS); DCIS is the most common, accounting for 83% of cases, whereas LCIS accounts
for 11% of cases in females, found between 2004 and 2008. The breast tumors are invasive
or infiltrating. On a molecular level, it is a diverse disease that most frequently affects
women [6].

In general, eliminating the tumor and preventing metastasis and recurrence are the
main goals of breast cancer treatment. In more than 94% of patients with breast cancer,
there were no identifiable metastases at the time of diagnosis. The local treatment for
non-metastatic breast cancer entails surgical resection, sampling or removal of axillary
lymph nodes, preoperative and postoperative radiotherapy, or both. The same primary
systemic treatment is utilized in the cases of metastatic breast cancer, including neoadjuvant,
adjuvant, cytotoxic, and co-administered medications as well as surgery and radiotherapy,
which are exclusively used for palliative care. The main objectives in this case are symptom
relief and life extension [7].

Generally, drugs are cured collectively, with surgical procedure, radiation and biother-
apy being the most important techniques in the treatment of most cancers. Chemotherapy,
which is a method of using chemical medications to either kill tumor cells or stop them
from growing and proliferating, was once the only kind of cancer drug treatment [8].
Chemotherapy’s biggest flaw is its significant side effects and toxicity. Most cancers have
been treated in the past 20 years with a first-rate shift from broad-spectrum cytotoxic
medications to targeted drugs [9]. Targeted medications are more effective and have lower
side effects than conventional chemotherapy drugs because they can specifically target
most cancer cells while sparing normal cells. Estrogen receptors alpha and beta (ER-alpha
and ER-beta) being present or absent is a crucial aspect of breast cancer. Estrogens are a
class of hormones that are active and play a major role in cancer progression, cell division,
and proliferation [10,11].

The number of targeted cancer treatments approved by the FDA during the past
20 years has dramatically increased [12]. However, the majority of medications have
adverse effects. Tamoxifen is a prodrug that uses the estrogen receptor to partially pre-
vent the uptake of estrogen (ER) [13]. According to prior research, tamoxifen can reduce
the chance of ER+ breast cancer recurrence by half [14]. However, tamoxifen has known
adverse effects and has been linked to a number of other health hazards, including endome-
trial cancer, blood clots, and paralysis [15]. Medical treatments for breast cancer include
aromatase inhibitors. It works to suppress the conversion of androgens to estrogens in
postmenopausal women, preventing them from producing estrogen, leading to estrogen
depletion [16]. Taxanes are cytotoxic chemotherapy drugs that disrupt the structure and
function of microtubules by acting as mitotic inhibitors. The most common form of neoad-
juvant chemotherapy for breast cancer is still a combination of taxanes and anthracyclines.
Early breast cancer patients have a higher chance of surviving when a taxane medication is
added to popular chemotherapy. However, using taxanes increases the likelihood of some
side effects, including febrile neutropenia and neuropathy [17]. Cisplatin, carboplatin, and
oxaliplatin are among the anticancer medications in the platinum (Pt)-based pharmacologi-
cal class. They are effective against a wide range of tumors, as well as lung, bladder, colon,
testicular, ovarian, and breast cancers. However, the severe dose-limiting side effects of
these drugs limit their use. especially myelosuppression for carboplatin, nephrotoxicity for
cisplatin, and neurotoxicity for oxaliplatin [18].

Antioxidants play vital roles in the upkeep of cell integrity and accordingly are im-
perative in keeping the homeostasis of the host immune system. The stability between the
ranges of pro-oxidants and antioxidants defines the cell destiny of genomic integrity by
means of retaining the redox reputation of the cells [19]. These antioxidants protect against
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cell damage by reacting and eliminating oxidizing free radicals, which find relevance in
adjuvant chemotherapy. The free radicals such as superoxide anion, hydroxyl radical,
hydrogen peroxide and nitric oxide (Commonly known as ROS) are known to damage the
cells, by reacting with unsaturated fatty acids in the plasma membranes, which lead to
reductions in membrane fluidity, and to damage membrane proteins [20]. These effects
are blocked by the use of antioxidants, which are present in natural medicines to treat
cancers, cardiovascular illnesses neurodegenerative illnesses, Parkinson’s, and Alzheimer’s
desease [21].

The coronavirus pandemic (COVID-19) in 2020 had a negative impact on cancer
detection and therapy [2]. This necessitates to find new potent drug from natural sources.
Marine organism has been recognized as a repository of structurally novel secondary
metabolites, some of which have beneficial biological activities and recently numerous
novel bioactive compounds have been isolated from these microorganisms and only a few
of them are under investigation for development as new drugs [22].

Hyaluronidase is an enzyme that breaks down the mucopolysaccharide hyaluronic
acid, and it has long been utilized to improve drug absorption into tissue and lessen tis-
sue damage in situations where a drug has extravasated. As a part of the muco-protein
ground substance or tissue cement, the enzyme raises membrane permeability, lowers
viscosity, and facilitates tissue permeation [23]. The enzyme is mostly found in Gram-
positive bacteria belonging to the genera of Streptococcus, Staphylococcus, Propionibacterium,
Peptostreptococcus and Streptomyces, and these microbes play vital role on ecological bal-
ance in the marine environment [24]. The hyaluronidase enzyme (HE) is known for its
clinical importance in orthopaedic, surgery, ophthalmology, internal medicine, cardiology,
dermatology, gynaecology, and anticancer treatments [23]. Hyaluronidase is sometimes
injected with chemotherapy drugs to help the medicine to penetrate deeper into brain
tumors [25]. Hyaluronidase is used in medicine to improve the tissue absorption of several
medicines. This enzyme can facilitate drug diffusion into the extracellular matrix and raise
blood vessel permeability. In practice, the sub-ministration of the enzyme could avoid
tissue injury after extravasation of a number of drugs, including parental nourishment
solution, electrolyte infusions, antibiotics, aminophylline, and chemotherapy drugs, and
lowering their concentration [26]. The marine-derived hyaluronidase enzyme has not been
extensively studied for its bioactive potential. In view of the above facts, the present
work was undertaken to study hyaluronidase from marine Staphylococcus species for its
antioxidant and anti-breast cancer properties.

2. Materials and Methods
2.1. Sample Collection and Isolation of Staphylococcus Species

In totals, five stations were selected from the inshore waters of Parangipettai, located
in southeast coast of India: Station I (11◦30′29′′ N and 79◦49′15′′ E), Station II (11◦28′33′′ N
and 79◦49′44′′ E), Station III (11◦26′40′′ N and 79◦50′13′′ E), Station IV (11◦24′35′′ N and
79◦50′58′′ E), Station V (11◦22′25′′ N and 79◦51′36′′ E). The surface marine water samples
were collected in 100 mL sterile screw capped bottles, transported to the laboratory in a
portable ice box, and analysed instantly for bacteriological examination. The membrane
filtration technique was used to inoculate samples on the selective culture media. A 10-fold
dilution of each sample was prepared in 10 mL sterile Phosphate-buffer saline. Each
sample was filtered over a 0.45 µm filter papers. Then, the filter paper was placed by
impregnation of the filtered surface over the mannitol salt agar selective medium (MSA) for
the selective isolation of Staphylococcus species. Triplicates were maintained for each sample.
The inoculated petri plates were incubated at 37 ◦C for 24 h. After incubation, bacterial
colonies were counted using a colony counter chamber and calculated for colony forming
units (CFU) per/mL. The isolated colonies were sub-cultured using the MSA medium for
further studies.
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2.2. Morphological and Molecular Identification of Staphylococcus Species

Based on morphological, physiological, and biochemical characteristics, the microbial
colonies were examined for the presence of Staphylococcus species using the procedure de-
scribed in Bergey’s determinative bacteriology handbook [27] and also based on molecular
characteristics by extracting genomic DNA and amplifying PCR products [28].

2.3. Sequencing and Phylogenetic Analysis of 16S rDNA Gene

The amplicons were directly sequenced using a 373A model sequencer and the PRISM
Ready Reaction Dye Deoxy Terminator Cycle sequencing kit. The results were converted
into sequence information with the help of William Pearson’s lalign programme (http:
//www.ch.embnet.org/software/lalignform.html, access on 10 October 2023), and the
partial sequences were combined into a single sequence using the results. The partial
sequences were processed into sequence information with a sequence analysis chromas
software (version 2.33; Technelysium Pvt., Ltd., Brisbane, QLD, Australia; http://www.
technelysium.com.au/chromas.html, access on 17 September 2014). The isolates were found
using a single sequence analysis of the generated data that was dynamited through the
NCBI database. In order to find the closest neighbours to the cloned sequences, a BLAST
search of the National Center for Biotechnological Information (NCBI) was conducted
after the sequences were modified using Vecscreen. The Ribosomal Database Plan (RDP)
classifier tool was used to carry out taxonomic assignments (http://rdp.cme.msu.edu/,
access on 17 September 2014). The greatest likelihood approach was used to infer a
phylogenetic tree. MEGA 6.0 software was used to run the tree-creating algorithm and
analysis [29].

2.4. Enzyme Assay

The growth of the CASMTK1 strain was determined using a UV-Visible spectropho-
tometer at 675 nm in mannitol salt broth (MSB) incubated at 37 ◦C on a rotating shaker at
150 rpm for 24 h. The 24 h grown bacterial broth was centrifuged at 14,000 rpm for 10 min,
and the supernatant was analyzed by turbidity reduction by measuring the absorbance at
600 nm to check the hyaluronidase activity [30].

2.5. Optimization of Staphylococcal Hyaluronidase
2.5.1. Effect of Salinity

The suitable salinity of the culture medium to support maximum enzyme production was
determined by maintaining the cultures with varying salinity at 25, 30, 35, 40 and 45 PSU.

2.5.2. Effect of pH

The optimum pH of the culture medium to support maximum enzyme production
was determined by maintaining the cultures with varying pH of 4, 5, 6, 7 and 8.

2.5.3. Effect of Temperature

The appropriate temperature of the culture medium to support maximum enzyme
production was determined by keeping the cultures with varying temperatures of 25 ◦C,
35 ◦C, 40 ◦C, 45 ◦C and 50 ◦C.

2.5.4. Effect of Incubation Period

The optimal incubation period of the culture medium to support maximum enzyme
production was determined by keeping the cultures with varying periods of 24, 48, 72,
96 and 120 h.

2.5.5. Effect of Carbon Sources

The suitable carbon source of the culture medium to support maximum enzyme
production was determined by keeping the cultures with five different sources of carbon

http://www.ch.embnet.org/software/lalignform.html
http://www.ch.embnet.org/software/lalignform.html
http://www.technelysium.com.au/chromas.html
http://www.technelysium.com.au/chromas.html
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(maltose, fructose, lactose, starch, and cellulose) each at a concentration of 4% (w/v) to the
basal medium.

2.5.6. Effect of Inorganic Nitrogen Sources

The suitable nitrogen source of the culture medium to support maximum enzyme
production was determined by keeping the cultures with five different sources of nitrogen
(ammonium acetate, ammonium nitrate, ammonium sulphate, sodium nitrite, and urea)
each at a concentration of 0.5% (w/v) to the basal medium.

2.6. Purification of Staphylococcal Hyaluronidase

The Staphylococcal hyaluronidase was partially purified from the supernatant of
CASMTK1 culture incorporated with 25 µL of hyaluronic acid as the substrate maintained
at 37 ◦C on a rotating shaker at 150 rpm for 48 h. The supernatant was subjected to
partial purification by ammonium sulfate precipitation, gel filtration and ion exchange
chromatography [31]. Molecular weight of the partial purified enzyme was determined
using SDS-PAGE.

2.7. FT-IR and FT-R Spectro Photometry Data Analysis

The Staphylococcal hyaluronidase was dissolved in D2O with guanidine hydrochlo-
ride (Gdn HCl) for measurements of FT-IR spectra (Fourier Transform- Infrared) using an in-
frared spectrophotometer (NEXUS 670, Thermo Nicolet) through 64 times of scanning [32].
Using the BRUKER RFS 27 and Fourier Transform-Raman (FT-R) spectrometer, which are
available at the high-end analytical instrument facilities in Indian Institute of Technology,
Chennai, India, a FT-R spectrum was acquired in the range of 500–3000 cm−1. The spectra
were examined with the aid of the program ORIGIN 6.0.

2.8. Antioxidant Properties of Staphylococcal Hyaluronidase

Staphylococcal hyaluronidase was tested in different concentrations of 10, 20, 30,
40 and 50 µg/mL for antioxidant properties by following five assay methods for To-
tal reducing power [33], DPPH radical scavenging [34], Total antioxidant [35], Superoxide
scavenging [36], Hydroxyl radical scavenging [37] using L-ascorbic acid as a positive control.

2.9. Measurement of Cell Proliferation by MTT Cytotoxicity Assay

The human breast cancer (MCF-7) cell line was obtained from the National Center
for Cell Science (NCCS) in Pune, India. The MCF-7 cells were treated with Staphylococcal
hyaluronidase and the standard drug, Paclitaxel in different concentrations (10–100 µg/mL)
and incubated at 37 ◦C in 5% CO2 incubator for 24 h. Cytotoxicity in terms of IC50 was
determined by analysing 3-4,5-dimethyl-2,5-biphenyl tetrazolium bromide (MTT, Sigma
Chemical Co., St. Louis, MO, USA) and measured by the reduction of MTT at 540 nm by
using a spectrophotometer [38].

2.10. Measurement of Intracellular Reactive Oxygen Species (ROS) in MCF-7 Cells

A non-fluorescent probe called 2, 7-diacetyl dichlorofluorescein diacetate (DCFH-DA),
which may grow into extracellular matrix of cells and be oxidised by ROS to fluorescent
dichlorofluorescein, was used to evaluate the ROS level caused by hyaluronidase in the
MCF-7 cell line. In a spectrofluorimeter, the non-fluorescent DCFH-DA and highly flu-
orescent DCF were detected at emission filters set at 485 ± 10 nm and 530 ± 12.5 nm,
respectively [39].

2.11. Apoptotic Changes by Acridine Orange/Ethidium Bromide Dual Staining Method

Apoptosis induced by hyaluronidase and paclitaxel treated and untreated cells
(2 × 104/well), seeded into 6- micro well plate and incubated in a CO2 incubator for
24 h, was observed for the apoptotic morphology changes (nuclear condensation and
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segmentation) by staining with AO/Ebr and observing under a fluorescence microscope
with blue filter [40].

2.12. Statistical Analysis

SPSS-16 was used to perform the ANOVA and Duncan’s Multiple Range Test (DMRT)
statistical analyses. The values are given as means ± S.D for each group. p ≤ 0.05 was
considered as level of significance.

3. Results
3.1. Morphological and Molecular Identification of Staphylococcus sp. CASMTK1

In total, 60 bacterial strains were isolated from five sampling locations of Parangipettai
coastal waters. Based on survival, morphological, biochemical and microscopical characters
the predominant 12 isolates (CASMTK1-CASMTKK12) were identified belonging to the
genus Staphylococcus. All of these strains were screened for enzyme production. The
CASMTK1 strain was found to be the most potent for the enzyme production. The strain
was found to be Gram positive cocci of about 0.5 to 1.0 µm in diameter, arranged in irregular
grape like clusters, pairs and occasionally in short chains. The morphology of the colony
was a large circle, convex, smooth, shiny, opaque, and easily emulsifiable. Mannitol salt
agar (MSA) a selective medium was used for isolating Staphylococcus sp., which could
ferment mannitol of the medium to produce yellow colonies (Figure 1).
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phenol red are added to nutrient agar. This is both selective and indicator medium. Most strains of 
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Figure 1. Morphological and microscopical view of CASMTK1 on (a). Nutrient agar, (b). Mannitol
salt agar, (c). Gram’s staining clusters of the Staphylococcus sp., under light microscope. Cultural
Characteristics: They are aerobes and facultative anaerobes. Optimum temperature for growth is
37 ◦C range being 12–44 ◦C. Optimum pH is 7.5. (a) Nutrient agar: After overnight incubation at
37 ◦C colonies are 1–2 mm in diameter with a smooth glistering surface. They are opaque and easily
emulsifiable. Most of the strains produce non diffusible golden yellow carotene pigment, though
some strains are white colonies, (b) Mannitol salt agar: 1% mannitol, 7.5% sodium chloride and
0.0025% phenol red are added to nutrient agar. This is both selective and indicator medium. Most
strains of S. aureus ferment mannitol therefore, due to the production of acids their colonies are
surrounded by yellow zones. Otherwise, the colonies resemble those seen on nutrient agar, (c) Gram’s
staining: Staphylococci are Gram positive cocci about 0.5–1.0 µm in diameter. They are arranged in
irregular grape like clusters, pairs and occasionally in short chains.

Furthermore, the 16S region of rRNA from the strain (CASMTK1) was sequenced.
According to NCBI BLAST analysis, the marine strain of Staphylococcus sp. (CASMTK1) (Ac-
cession No. JX435813) was found 98.40% closer to Staphylococcus aureus RA 20 (AB634830).
The phylogenetic analyses also confirmed the taxonomic position of the strain (Figure 2).
The evolutionary history was inferred by utilizing the greatest likelihood method. The
tree with the highest log probability (−3661.8091) is shown. The percentage of trees, in
which the associated tax is aggregated is shown beside the branches. The initial trees for the
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heuristic search were obtained by applying the Neighbor-Joining method to a matrix of es-
timated pairwise distances using the Maximum Composite Likelihood Approach (MCLA).
The tree is constructed according to scale, and the length of the branches is measured by
the number of substitutions per site. There were 934 positions in total in the final dataset.
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3.2. Enzyme Assay and Molecular Weight Analysis Using SDS- PAGE

CASMTK1 cell growth phase was determined by measuring with UV-Visible spec-
trophotometer (OD) at 675 nm using a spectrophotometer (Figure 3). The highest growth
rate of 1.01 OD at 675 was achieved by 12 h for log phase during on batch culture (Figure 3b).

CF- Control fraction, the protein produced after application of enzymatic stages under
optimum for maximum enzymatic production.

Table 1 shows enzyme activity, pH values and times used in the turbidity test are
summarized. The activity of partially purified staphylococcal hyaluronidase used in
the turbidity assay is expressed in terms of units (1 unit (U) of hyaluronidase catalyses
the liberation of 1 µmol N-acetyl-D-glucosamine (NAG) at the reducing ends of sugars
per minute). The enzyme activity was positive from the formation of the red-coloured
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product per unit time, utilizing standards with known NAG concentration as tested by the
turbidimetric assay.
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Figure 3. (a) Enzyme production and (b) cell growth characteristics of S. aureus CASMTK1. Effect of
enzyme production based on incubation period in 100 mL of the modified Mannitol salt broth, placed
in the 250 mL sterile flask and added with 25 µL of hyaluronic acid in the medium. After sterilization
by autoclaving, the flasks were cooled and inoculated with 5% v/v inoculum and incubated at 37 ◦C
on a rotary shaker at 150 rpm for 24 h and bacterial cell growth was observed.

Table 1. Enzymatic activities of staphylococcal hyaluronidase turbidity assay.

Enzyme Enzyme Solution
Prepared (mU/mL)

Enzyme Solution to Add
Incubated Samples (µL)

Enzymatic Activity in
Incubated Samples (mU) pH Incubation

Time (h)

Staphylococcal hyaluronidase 20 10 0.22 5 0.3

Streptomyces hyaluronidase 20 10 0.21 5 0.3

Bovine testicular hyaluronidase 9.0 30 0.27 5 0.5

Fractioned precipitation with ammonium sulphate attained a specific activity of
198.12 U/mL at 80–90% saturation (Table 2). The recovered protein was 4.12 mg in pre-
cipitated fraction and 32.22 mg in partially purified fraction. The specific activity of the
hyaluronidase enzyme was 33.26% in ammonium sulphate precipitation, 24.12% in ion
exchange chromatography and 18.36% in gel filtration chromatography. The molecular
weight of the partially purified enzyme was found to be 92 kDa by comparing the protein
marker, Phosphorylase B on 12% SDS-PAGE gel electrophoresis (Figure 4). The specific activity
of the Staphylococcal hyaluronidase enzyme was 90% and the total yield was at 18.36%.

Table 2. Fractionated precipitation marine Staphylococcus aureus CASMTK1 hyaluronidase with
ammonium sulphate.

NH42 (SO4)
Saturation (%)

Protein
Content (mg)

Total Activity
(U/mL)

Specific Activity
(U/mL/Protein)

Recovered Protein
Activity (%)

Recovered Protein
Activity (%)

Purification
Fold

CF 254 593 2.33 100 100 1
0–10 56.2 18.76 0.36 22.66 4 0.14
10–20 49 11.22 0.24 19.18 2.01 0.12
20–30 36 34.26 0.85 14.66 6.02 0.6
30–40 28.1 14.14 0.62 11.22 3.01 0.26
40–50 23 14.74 0.78 9.46 3.04 0.32
50–60 19.2 11.36 0.64 7.2 2.01 0.29
60–70 19 12.18 0.69 7.16 2.05 0.3
70–80 13.14 48.62 4.12 4.82 9.12 1.82
80–90 10.12 198.12 19.26 4.12 33.26 9.12
Total 253.76 363.40 27.56 93.32 64.52
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Figure 4. Molecular weight determination of partially purified Staphylococcal hyaluronidase en-
zymes by SDS-PAGE analysis Lane 1: molecular weight standard protein; Lane 2: Staphylococcal
hyaluronidase resulted from purification.

3.3. Optimization of Staphylococcal Hyaluronidase Production from Marine S. aureus

The optimization of Staphylococcal hyaluronidase production from marine S. aureus
is given in Supplementary Table S1. The maximum amount of hyaluronidase produc-
tion was found at pH 5 (102.5 U/mL), followed by pH 4 (93.0 U/mL), pH 6 (80 U/mL),
pH 7 (72.5 U/mL), while the minimum level of production was observed at pH 8 (65.0 U/mL)
(Figure 5c); at 40 ◦C (95.5 U/mL), followed by 35 ◦C (86.8 U/mL), 45 ◦C (81.3 U/mL), 30 ◦C
(71.6 U/mL), and 25 ◦C (63.2 U/mL) (Figure 5d). The highest amount of hyaluronidase
production was observed at 35 PSU (91.3 U/mL), followed by PSU 40 (86.1 U/mL), PSU
30 (78.4 U/mL), PSU 25 (62.8 U/mL), whereas the lowest level of production was observed
at PSU 45 (54.6 U/mL) (Figure 5e). The maximum hyaluronidase production was observed
at 96 h (98.1 U/mL), followed by 72 h (84.6 U/mL), 120 h (83.9 U/mL), 48 h (69.3 U/mL),
while the minimum level of production was observed at 24 h (63.2 U/mL) (Figure 5f).
Regarding carbon sources, the highest hyaluronidase production was found in starch
(92.5 U/mL), followed by fructose (82.5 U/mL), maltose (77.5 U/mL), lactose (60 U/mL),
while the lowest production was recorded in cellulose (52.5 U/mL) (Figure 5a). Regarding
inorganic nitrogen sources, the maximum production of hyaluronidase was observed in
ammonium sulphate (95 U/mL), followed by ammonium nitrate (62.5 U/mL), sodium
nitrate (57.5 U/mL), and urea (87.0 U/mL), whereas the minimum level of production was
noted in ammonium acetate (35 U/mL) (Figure 5b).

3.4. FT-IR and FT-R Spectroscopy Studies of Staphylococcal Hyaluronidase

A fast and inexpensive way to characterize the properties of chemicals and to iden-
tify the functional groups present in the bacterial cell wall is Fourier Transform Infrared
Spectroscopy (FT-IR). FT-IR spectrum of marine Staphylococcus aureus CASMTK1 in a
range of 500–4000 cm−1 for the presence of band assignments (Supplementary Table S2)
and functional groups, including 888-C-H Plane bending, 932-O-H bending, 1041-CO-O-
CO stretching, 1075-C-O stretching, 1118-C-O stretching, 1238-C-N stretching, 1307-C-O
stretching, 1402-S=O stretching, 1447-C-H bending, 1545-N-O bending, 1659-N-H bending,
2101-N=C=S stretching, 2849-C-H stretching, 2871-C-H stretching, 2926-C-H stretching,
2959-C-H stretching, 3435- O–H stretching, H–bonded are found in bacterial structural
and functional groups were determined. Additionally Staphylococcal hyaluronidase enzyme
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was revealed in a range of 1500–1700 cm−1 for the presence of the amide I as evident by
six bands at 1636, 1647, 1653, 1662, 1669 and 1675 cm−1; and Amide II by seven bands at
1516, 1521, 1533, 1540, 1559, 1570 and 1577 cm−1. The band at 1516 cm−1 representing a
tyrosine residue, was easily recognizable with the bands at 1585 and 1565 cm−1 which
corresponded to absence of aspartate and much smaller amount of glutamate (Figure 6).
The FTIR spectrum also revealed the inter molecular β-sheet and α-helix.
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2763-NH stretching, 2815-CH stretching, 2950-CH stretching, 3050-H bonded OH stretch 
were found in bacterial structural, and the functional groups were determined. FT−IR and 
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Figure 6. FT−IR spectroscopy spectrum of hyaluronidase enzyme. FTIR Band assignments of
hyaluronidase in the region of 4000–500 cm−1.

FTIR was compared with Raman Spectroscopy for CASMTK1 in a range of 500–3000
cm−1 for the presence of band assignments (Supplementary Table S3) and functional groups
were 452-C-N-C Bend, 616-C=O Plane bend, 760-C-Cl stretch, 909-CH2 Plane, 985-CH2
Plane, 1057-S=O Stretch, 1184-C-O Stretch, 1293-C-F Stretch, 1399-COO- Carboxylic acid,
1466-CH2 Scissors vibrations, 1707-C=O Stretch, 1996- Benzene Ring, 2091-C≡ stretch,
2763-NH stretching, 2815-CH stretching, 2950-CH stretching, 3050-H bonded OH stretch
were found in bacterial structural, and the functional groups were determined. FT−IR
and Raman spectral identification was determined for Staphylococcus aureus CASMTK1.
Simultaneously bacterial strain in the presence of amide-II were evidenced by the three
Raman shifts at 1526, 1541 and 1575 cm−1. Where the primary Raman peaks at 1526 and
1541 cm−1 were due to N-H bending, while the secondary Raman peak at 1575 cm−1 was
due to N-H bending. In addition, the Raman shift at 1689 cm−1 could be assigned to C=C
stretching of amides (Figure 7).
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3.5. In-Vitro Antioxidant Properties

The total reducing power of staphylococcal hyaluronidase increased in a concentration
dependent manner, and the reducing power at 10, 20, 30, 40 and 50 µg/mL was found
to be 5, 15, 28, 43 and 65% respectively as compared to L-ascorbic acid as control. The
decreasing power of the enzyme was less than that of reducing power of L-ascorbic acid.
The enzyme exhibited maximum reducing power of 65% at the concentration of 50 µg/mL
(Figure 8a). The total antioxidant activity of the enzyme increased with concentration.
The total antioxidant activity of enzyme at different concentrations of 10, 20, 30, 40 and
50 µg/mL was found to be 9, 21, 39, 50 and 67% respectively as compared with L-ascorbic
acid. The total antioxidant scavenging activity of enzyme was equal to that of L-ascorbic
acid (Figure 8b).
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The (DPPH) scavenging effect of hyaluronidase at 10, 20, 30, 40 and 50 µg/mL was
found to be 7, 18, 27, 45 and 60% respectively. The potency of hyaluronidase to scavenge
DPPH could also reflect its efficiency to inhibit the formation of free radicals (Figure 8c).
The hydroxyl radical scavenging effect of enzyme at various concentrations of 10, 20, 30,
40 and 50 µg/mL was found to be 15, 32, 46, 65 and 79% respectively (Figure 8d). The
superoxide anions scavenging activity of hyaluronidase at different concentrations of 10,
20, 30, 40 and 50 µg/mL was found to be 6, 32, 49, 63 and 76% respectively. (Figure 8e).

3.6. Effect of Staphylococcal Hyaluronidase on Cell Proliferation in MCF-7 Breast Cancer Cells
(MTT Assay)

Staphylococcal hyaluronidase significantly inhibited proliferation of MCF-7 cells as
determined by MTT assay. The Figure 9 reveals the changes in the percentage of cell
viability in control and staphylococcal hyaluronidase treated in different concentrations
ranged from 10 to 100 µg/mL in MCF-7 cells. In total, 100% of apoptosis was recorded at 80
µg/mL of enzyme in MCF-7 cells, hence the inhibitory concentration of hyaluronidase at
which 50% MCF-7 cell death occurred (IC50) was 40 µg/mL (Figure 9a) which was nearer
to the effect of standard anticancer drug, paclitaxel.
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Figure 9. (a) Effect of Staphylococcal hyaluronidase on % of cell viability (24 h) in the control and
enzyme-treated MCF-7 cells. IC50 value was plotted by taking the enzyme concentration on x-axis
versus percentage of cell viability on y-axis. Values are given as mean ± S.D. of six experiments
in each group. Values not sharing a common marking differ significantly at p ≤ 0.05. (b) Effect
of Staphylococcal hyaluronidase on ROS levels as measured By DCF fluorescence intensity using
spectrofluorometer. Values are given as mean ± S.D. of six experiments in each group. Values not
sharing a common marking (a–c) differ significantly at p ≤ 0.05.

3.7. Effect of Staphylococcal Hyaluronidase on Intracellular ROS Levels in MCF-7 Cells

Figure 10a–c shows the fluorescence microscopic images which confirmed the low
production of ROS in unprocessed MCF-7 cells. Staphylococcal hyaluronidase treatment
showed enhanced ROS production in MCF-7 cells and the maximum generation of ROS in
MCF-7 cells was nearer to the standard drug, paclitaxel.

3.8. Effect of Staphylococcal Hyaluronidase on Apoptotic Changes in MCF-7 Cells

Apoptotic morphological changes in different treatment groups are presented in
Figure 11a–c. An apoptotic feature with condensed or fragmented chromatin, an indication
of cell death, was observed in staphylococcal hyaluronidase-treated MCF-7 cells. Con-
trol cells showed equally distributed acridine orange stain (green fluorescence) with no
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morphological changes whereas enzyme-treated cells exhibited apoptotic characteristics
of membrane damage as evidenced by ethidium bromide fluorescence. Figure 11d shows
the quantitative result of apoptosis in the different treatment groups of staphylococcus
hyaluronidase treatment exhibiting 78% apoptotic cells.
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Figure 10. (a) Morphology of MCF-7 cancer cell line. (b) control, (c) Staphylococcal hyaluronidase
treated cell. Proliferation of MCF-7 cells was significantly inhibited by Staphylococcal hyaluronidase.
There was a 100% cell death at 80 µg/mL concentration of Staphylococcal hyaluronidase in MCF-7
cells. A 40 µg/mL of Staphylococcal hyaluronidase the anticancer activity was recorded without cell
death. (d) Standard Paclitaxel treated. Microscopic images show the intracellular ROS in MCF-7 cells
representing high DCF fluorescence. The maximum generation of ROS capacity of Staphylococcal
hyaluronidase in MCF-7 was very nearer to the maximum generation of ROS capacity of standard
drug paclitaxel.
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Figure 11. Microscopic image showing apoptotic morphological changes, as assessed by EtBr and AO
staining. (a) control cells showed evenly distributed acridine orange stain (green fluorescence) with
no morphological changes, (b) Staphylococcal hyaluronidase treated cells. The apoptotic features
with condensed or fragmented chromatin were observed in Staphylococcal hyaluronidase treated
MCF-7 cells, (c) Standard Paclitaxel treated cells showed apoptotic morphological features and cell
damage. (d) Effect of Staphylococcal hyaluronidase on apoptosis (%) in MCF-7 cells. Values are given
as mean ± S.D. of six experiments in each group. Values not sharing a common marking (a–c) differ
significantly at p ≤ 0.05.

4. Discussion

The present study isolated 12 strains of Staphylococcus sp., from coastal waters of
Parangipettai in south-east coast of India as evident by traditional biochemical and micro-
scopic techniques. Of the 12 isolates, CASMTK1 was found potential for the production
of hyaluronidase, and it was further tested for molecular identification, antioxidant and
antibreast cancer activities. Earlier studies reveal the occurrence of Staphylococcus aureus
in unpolluted region of seawater from west side to east end of the earth as 5% from
Narragansett Bay, Chesapeake Bay, and Atlantic Ocean coastal and open ocean waters
east of cape Henry [41], as 9.3% from Japan, 20.4% from South China sea [42], 76.9% of
surface water samples from Portugal [43] and as 98.1% from Hawai’i [44]. The present
study examined Staphylococcus sp. (CASMTK1) by sequencing its 16S region of rRNA and
the sequence had a high similarity to other Staphylococcus species sequences in GenBank
data base. Phylogenetic study verified the relationship between the species of the genus
Staphylococcus. The technique of 16S rRNA gene sequences for classifying and identi-
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fying prokaryotes depends primarily on comparing the database of relevant species of
known sequences in particular, sequences of typical strains of 99% of prokaryotic species
with available NCBI databases [45]. In general, hyaluronidase producing bacteria be-
long to the genus of Streptococcus, Streptomyces and Staphylococcus [46]. The enzyme aids
in invasion of bacteria by degrading hyaluronic acid-rich host tissue. Furthermore, the
hyaluronan oligomers of the enzymes are powerful inflammatory agents that promote a
microbial friendly environment [24]. Previous studies have investigated the presence of
hyaluronidase in Staphylococcus species, and these species are also reported to be positive
for coagulase and DNAase activities [47]. The present study also found the potential of
marine staphylococcus species in production of hyaluronidase and also it was found to
be influenced by carbon and inorganic nitrogen sources, pH, salinity, incubation period,
and temperature.

The bacterial production of hyaluronidase increased with increasing salinity, and this
high level of salt tolerance of the marine Staphylococcus species will be favourable for the in-
dustrial application. Consequently, there is a growing interest in using the marine bacteria
for medical applications [48]. The carbon source is required for hyaluronidase production,
whereas bacterial phosphotransferase system (PTS) transporters allow the uptake of sugars
from the external surroundings, concomitant phosphorylation, and release into the cyto-
plasm as sugar-phosphates. The use of phosphoenolpyruvate (PEP) as phosphoryl donor
and power source of Staphylococcus aureus has a completely unique PTS delivery system
for N-acetylglucosamine [49]. Of the carbon sources tested, the maximum enzyme yield of
92.5 U/mL was in starch. Of inorganic nitrogen sources examined, the optimal enzyme
production of 95.0 U/mL was in ammonium sulphate. The highest enzyme production
was also achieved at pH 5 and 45 ◦C. Such optimization of hyaluronidase has already been
made [50] as well in Bacillus species (CQMU-D, A50) [51], similar to the present study using
marine S. aureus.

In the present work, the strain CASMTK1 with the highest specific activity of the
hyaluronidase enzyme was 33.26% in ammonium sulphate precipitation, 24.12% in ion
exchange chromatography and 18.36% in gel filtration chromatography. The partial purified
Staphylococcal hyaluronidase showed the molecular weight of 92 kDa, which falls in the
range of 50–160 kDa molecular weight as reported earlier for bacterial hyaluronidase [24,52].
These studies are mostly on hyaluronidase of low molecular weight; however, the high
molecular weight hyaluronidase showed no significant homology with the low molecular
weight hyaluronidase, proving its mechanism of degradation of hyaluronic acid [53]. The
balance between the synthesis and degradation techniques of hyaluronic acid performs a
crucial regulatory function in the human body, as it determines not solely the quantity of
hyaluronic acid, but its molecular weight determines a number of organic actions of the
hyaluronic acid [54]. The secondary structure of the hydrogen bonding is responsible for
stiffness of the chain in hyaluronidase [55] in accordance with the present study as evident
by FT-IR and FT-Raman spectroscopy. The IR absorption bands between about 4000 and
500 cm−1 are more often assigned to the functional groups. In addition, functional groups
corresponding to the bands at 1113 cm−1, 1077 cm−1, 1025 cm−1 as well C-O stretching and
C-1-H bending vibrations in sugars of recombinant hyaluronidase (Apis mellifera in E. coli
B121 (DE3)) is identified in the FT-IR spectrum [56], which is in support of the present
staphylococcal hyaluronidase. FTIR spectra were used in the present study to analyse the
crude extract for the presence of functional chemical groups. This identified a typical amine
group, protein methyl groups, lipid C-H stretching vibrations, a C-N group, an OH group
of ribose rings, and carbohydrate C-OH groups, similar to earlier works [56].

Antioxidants play vital roles in the upkeep of cell integrity and accordingly are im-
perative in keeping the homeostasis of the host immune system. The stability between the
ranges of pro-oxidants and antioxidants defines the cell destiny of genomic integrity by
means of retaining the redox reputation of the cells. These antioxidants protect against cell
damage by reacting and eliminating oxidizing free radicals, and this is relevant to adjuvant
chemotherapy [57].
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The present work revealed antioxidant activities for staphylococcal hyaluronidase by
five different in-vitro assays. The ability of hyaluronidase to scavenge DPPH could also
reflect its ability to inhibit the formation of free radicals. The presence of carboxylic groups
in hyaluronidase is most likely responsible for its anti-radical properties [58]. This will
be defined by fact that; the antioxidants donate protons to the loose radicals to neutralize
rate within the solution as a result of which the absorbance decreases at wavelength at
515 nm [59]. Earlier work has found that low molecular weight hyaluronic acid degrades
with the aid of hydroxyl radical as an antioxidant mechanism [60]. Superoxide anion is
likewise known to initiate indirectly the fat peroxides as a result of the creation of H2O2
in generating hydroxyl radical [61]. Many researchers have reported on the ability of
hyaluronic acid to chelate sundry ions and transition metals [58]. The hydroxy radical is
the most harmful. ROS is especially responsible for oxidative damage to biomolecules.
For example, superoxide anion radicals immediately initiate lipid peroxidation [61]. ABTS
and DPPH radical scavenging techniques are the common spectrophotometry methods for
the determination of the antioxidant activity. The ABTS radical cation creation takes place
directly by the addition of potassium persulphate in ABTS solution. The present study
determined the antioxidant capacity of hyaluronidase in-vitro at various doses on ABTS.

Our study revealed that Staphylococcal hyaluronidase increased the antioxidant prop-
erties of total reducing power, DPPH radical scavenging, total antioxidant, superoxide
scavenging, in a dose dependently manner, similar to previous works [62–64]. In addition,
Staphylococcal hyaluronidase enzyme was found to have carboxylic and hydroxylic func-
tional groups, which enhanced the antioxidant properties. This is the first line of defence
against the adverse effects of cell damage caused by free radicals, and it is essential to
maintain optimal health through different mechanisms of action. The reactive oxygen
species, especially hydroxyl and peroxyl radicals, hydrogen peroxide, and superoxide
radical anions, have long been implicated in oxidative destruction of lipids, DNA, pro-
teins, and other cellular components. Several reactive oxygen species are created from
superoxide, including hydrogen peroxide (H2O2), peroxide anion, and hydroxyl radical
(OH), and these are used by cells for differentiation, proliferation, apoptosis, migration,
and contraction [65,66].

In the present study, the in-vitro anticancer properties of partially purified staphylo-
coccal hyaluronidase were tested in the human breast cancer cell line (MCF-7) by MTT
assay. The enzyme treatment significantly decreased the percentage of cell viability in
MCF-7 cells with LC50 value of 40 µg/mL by inducing apoptosis of cancer cells. The
drug dosage level lower than 30 µg/mL is much effective [67]. Therapeutic index value
of hyaluronidase enzyme is calculated for the safety of the drug. Drugs are considered
for further testing only when the therapeutic index value is 16 or above [63]. The present
research work revealed a therapeutic index value of 18.48 for hyaluronidase enzyme against
breast cancer. Hence, further purification of the enzyme will provide the most effective
anticancer drug. In the current investigation, it was discovered that enzyme pre-treatment
dramatically exacerbated morphological alterations associated with apoptosis in MCF-7
cells. The morphology of apoptosis in cells undergoing pyknosis, chromosomal conden-
sation, and nuclear fragmentation were observed under a microscope in enzyme-treated
cell at the dose of 40 µg/ml, and this treatment showed 80% apoptosis. Staphylococcus
hyaluronidase causes cytotoxicity, by disrupting mitochondrial dehydrogenase activity
inside the cancer cell [68].

The elevated molecular mass of hyaluronate inhibits cell growth. Additional, it is well
known that hyaluronidase therapy stimulates the production of hyaluronic acid [69], which
strongly inhibits cell proliferation through damaging DNA by helical strand breakage,
DNA cross-linking, and proteins as induced by ROS, which are connected with cancer
initiation and advancement. However sometimes, a paradox in organic systems is that ROS
can induce apoptotic cell death, which is a vital advance in cancer therapeutics [70]. In the
present study, the ROS levels were evaluated after 24 h of incubation with hyaluronidase.
The escalated ROS level occurred after the treatment, perhaps because of its disturbance in
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the oxidative imbalance in cancer cells. The interactions between tumor cells and fibroblasts
of the host may be responsible for the elevated hyaluronate concentration in tumors. The
hyaluronidase treatment of tumor cells seems to have induced an irreversible replacement
in cell cycle kinetics. Hence, hyaluronidase has already been used in anticancer treatment
as it is believed to make penetration easier and to lower interstitial fluid pressure, allowing
anticancer medicines to reach cancerous cells [71]. A key tactic for cancer treatment could
be the use of medications that target the mitochondria in tumor cells to start mitochondrial-
activated apoptosis [72]. The present work proved that partially purified staphylococcal
hyaluronidase from marine Staphylococcus aureus has effective anticancer activity, which
will be helpful for the therapeutic, and pharmaceutical applications in the future.

5. Conclusions

The present study partially purified hyaluronidase from marine Staphylococcus aureus
CASMTK1, and its potency was almost similar to that of standard anticancer chemotherapy
tested in the present study. This study created a new option for treating cancer, and this
pioneer work on marine hyaluronidase will serve as baseline data to further understand
the molecular aspects and exact mechanisms of action by the marine hyaluronidase enzyme
both by in-vitro and in-vivo studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse11040778/s1, Table S1: Optimization of hyaluronidase enzyme
production from marine S. aureus CASMTK1, Table S2: FTIR band assignments of hyaluronidase the
region of 500–4000 cm−1 and Table S3: FT-Raman band assignments of hyaluronidase the region of
500–3000 cm−1.
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