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Abstract

Inflammatory disease of cow and buffalo is known as Bovine mastitis caused by different type of infectious and non-infectious 
etiological agents. About 95% of the intramammary infections are mainly caused by Staphylococcus aureus, Streptococcus 
agalactiae, also by Streptococcus dysgalactiae, Streptococcus uberis and Escherichia coli. Mastitis is global problem, which 
adversely affects health of animals, quality of milk and economics of milk production. It is the most common cause for 
the use of antibacterial drugs in lactating dairy cattle and results in presence of above-the-limit residues in antibacterial 
agent’s marketed milk. Antibacterial therapy of bacterial induced disease has been incriminated for resistance in bacteria; a 
major drawbacks of utilizing conventional antimicrobial agents. There is need of advanced technology to address the issue. 
Application of nanotechnology in the field of antibiotics contained in nano-sized carriers for drug delivery has explored along 
with their effectiveness in the treatment of infectious disease, including antibiotic resistant ones with minimal side effects. 
This review summarizes need of advanced nanotechnology in treating most economically important disease bovine mastitis. 
Particularly, antimicrobial nanoparticles, nanocarriers and nanoantibiotics are emerging as new nanomedicine tool to tackle 
the current or upcoming challenges in infectious disease. 
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Abbreviations: SCC: Somatic Cell Count; MIC: Mean 
Inhibitory Concentration; MAP: Mycobacterium Avium Spp. 
Paratuberculosis; MRSA: Methicillin-Resistant S. aureus; 
ROS: Reactive Oxygen Species; DCs: Dendritic Cells; MPS: 
Mononuclear Phagocytic System; APS: Antigen Presenting 
Cells; ROS: Reactive Oxygen Species; PVA: Polyvinyl Alcohol.

Introduction to Mastitis

Mastitis is the most and more complex disease condition 
mainly because of multiple causative agents, poorly 

understanding of the early immune response and 
complications associated with mammary epithelial cell 
damage by both the agents and the host factors. Mastitis is 
defined as inflammation of mammary gland parenchyma 
caused by microorganism; usually bacteria that process 
of invade the udder, multiply and produce toxins that are 
harmful to the mammary gland. Mastitis is identified by 
physical, chemical and usually bacteriological changes in 
milk. There is also pathological changes in glandular tissues 
of the udder and affects the quality and quantity of milk. It 
can have an infectious or non-infectious etiology [1-4].
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Types of Mastitis

Mastitis can be divided into two categories; clinical 
and sub-clinical. It is a disease that has a different level of 

intensity (Table 1) and may be caused by different types of 
organisms.

Types of Mastitis Characteristic Symptoms

Acute clinical Inflammation of the teat, fever above 39°C, weak and dejected animal, lack of appetite. Drastic drop in 
milk yield. Often follows calving and, less seriously, after cow goes dry.

Hyperacute clinical Swollen, red, painful quarter. Milk passes with difficulty. Fever over 41°C. Cow has no appetite, shivers 
and loses weight quickly. Lactation often stops.

Subacute clinical No apparent change in udder, presence of flaky particles in milk, especially in initial ejection. Subject 
appears healthy.

Subclinical
No symptoms. 15 to 40 cases for every clinical case. Milk appears normal. Only change is detection 
of pathogenic agent in analysis and increased somatic cell count. Mostly caused by Staphylococcus 

aureus.

Chronic Repeated but mild clinical attacks, generally without fever. Lumpy milk, quarters sometimes swollen. 
Quarter may become hard (fibrous indurations). Antibiotic treatments often do not work.

Gangrenous Affected quarter is blue and cold to the touch. Progressive discoloration from the tip to the top. 
Necrotic parts drop off. Cow often dies.

Contagious Mastitis caused by bacteria such as Staphylococcus aureus and Streptococcus agalactiae, and other of 
which other infected cows are the main source.

Environmental Mastitis caused by bacteria such as coliforms (e.g. E. coli) and streptococci (S. uberis, S. disgalactiae, S. 
bovis), of which the main source is a contaminated environment, i.e. manure.

Table 1: Different levels of mastitis disease.

Clinical (Visible) Mastitis: 

• Mild signs flakes or clots in the milk may have slight 
swelling of infected quarter.

• Severe signs secretion abnormal, hot and swollen quarter 
or udder; cow may have a fever, rapid pulse, loss of 
appetite, dehydration and depression, death may occur.

Subclinical (Invisible) Mastitis: 

• Somatic cell count (SCC), of the milk is elevated.
• Bacteriological culturing of milk shows bacteria in the 

milk.

Somatic Cell Count (SCC) is the Number of 
Leukocytes or White Blood Cells per Milliliter of 
Milk:

• Normal milk has less than 200,000 cells per milliliter.
• An elevated Somatic Cell (SCC) is an indication of 

inflammation in the udder.
• Bulk tank SCC gives an indication of the level of a sub-

clinical mastitis and the loss of milk production in a herd 
due to mastitis.

Why Mastitis is Important?

Mastitis is commercially important disease of dairy 
cattle because it affects 38% of the total direct costs of the 
common production diseases (reference). Mastitis is a global 
problem as it adversely affects animal health, quality of milk 
and economics of milk production. Every country including 
developed ones suffers huge financial losses due to mastitis. 
It is the most important complicated and deadly disease of 
dairy animals. It is responsible for heavy economic losses 
due to decreased milk yield (up to 70%), also milk discard 
after treatment (9%), cost of veterinary services (7%) and 
premature culling (14%) [5,6]. One of the study report 
proved that the annual economic losses due to mastitis were 
increased 114 folds in India in last 4 decades from 1962 (INR 
529 million/annum) to 2001 (INR 60532 million/annum) 
[7,8]. Subclinical mastitis was found more important in 
India. Estimates vary from 10-50% of the milk producing 
cows and 5-20% of the milk producing buffaloes compared 
to around 1-10% in case of clinical mastitis [9]. Though India 
is the highest milk producer in the world, the efficiency of 
the process remains low. Per capita production of milk still 
remains half of the world average. The estimated loss due to 
mastitis is nearly INR 16,702 millions per annum in India. 
Strategic intervention is necessary to fully harness the full 
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potential of milk production in India. The annual economic 
loss because of mastitis even in developed countries like 
United States of America is nearly $1.5 to 2.0 billion.

Microorganisms Causing Mastitis

There are large numbers of microorganisms present on 
and in cow udder as well as on the teat. Several of them are the 
part of the normal flora and do not cause mastitis; examples 
include Staphylococcus hyicus, Staphylococcus epidermis and 
Corynebacterium bovis. They may even protect the udder 
from infections caused by pathogenic bacteria. Several 
other microorganisms may cause infection in the mammary 
gland. There are mainly contagious and environmental 

microorganisms. Contagious microorganisms are the main 
source of the infected cows and mainly survive and proliferate 
on the skin and teat wounds. It consists of Streptococcus 
agalactiae, Staphylococcus aureus, Streptococcus dysgalactiae 
and environmental microorganisms like Escherichia coli 
and other coliforms, Streptococcus uberis (Table 2 & Figure 
2). Presence of these microorganisms in soil, bedding, and 
water indicates high degree of contamination. Nearly 95% 
of intramammary infections are caused by Streptococcus 
agalactiae, also Staphylococcus aureus, Streptococcus 
dysgalactiae, Streptococcus uberis, and Escherichia coli, while 
remaining 5% are caused by other organisms [10-13].

Species Main Source Living 
Conditions Symptoms Preventive 

Treatment

Streptococcus 
agalactiae Infected cows

Infected 
quarter and 
udder only

Mild fever for about 24 hours

Wash udders after 
milking, reduces 
problem by 50% 

Cull infected cows

Staphylococcus 
aureus Infected cows

On abnormal 
udder and 

teat, milkers, 
vagina, tonsils

Often quite acute for a few days after 
calving. May be fatal. Quarter swells 

and turns purple. Quickly affects 
entire system. In chronic state, udder 
hardens, aqueous secretion, eventual 
atrophy of the quarter. Intermediate 

form produces granular secretion. Milk 
hotter than normal.

Wash udders after 
milking, reduces 
problem by 50% 

Cull infected cows

Streptococcus 
dysgalactiae Infected cows

Infected 
quarter, 
injuries

Pronounced swelling of one or more 
quarters. Milk highly abnormal. High 

fever in serious cases.

Wash udders after 
milking, reduces 
problem by 50% 

Cull infected cows

Streptococcus uberis Contaminated 
environment

On cow’s skin, 
mouth, ground

Pronounced swelling of one or more 
quarters. Milk highly abnormal. High 
fever in serious cases. Affects mostly 

dry cows and heifers.

Wash teats only, dry 
well with disposable 

paper towels for 
each cow Supply 

generous bedding

Escherichia coli Contaminated 
environment

Ground, 
bedding 

(sawdust and 
shavings), 

manure, water

Often very serious. May lead to loss 
of quarter or even death. Thin yellow 

secretions, with granular texture 
resembling bran. Often high fever.

Wash teats only, dry 
well with disposable 

paper towels for 
each cow

Corynebacterium 
pyrogene Certain insects Humid valleys, 

wooded areas

Pronounced systematic reaction due to 
toxins caused by bacteria. Often more 

than one quarter affected. They become 
hard, produce thick smelly secretion 
like cheese and difficult to eliminate. 

Followed by abscess that bursts, 
releasing creamy pus, and tissue loss.

Supply generous 
bedding

Table 2: Main microorganisms involved in mammary infections, their characteristics and prevention treatment.
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Development of Mastitis

The basic knowledge of mammary gland, anatomy and 
physiology is necessary to understand the development of 
mastitis. The mammary gland is made up of a teat cistern, 
gland cistern, and glandular tissue (Figure 1A). Glandular 
tissue consists of millions of microscopic sacs known as 
alveoli (Figure 1B). Each alveolus is lined with milk producing 

epithelial cells, which is surrounded by muscle cells that 
contract and squeeze milk from alveolus during milking. 
Blood vessels transfer nutrients to each alveolus whereas 
epithelial cells convert nutrients into milk. Milk accumulates 
in the alveolar spaces, milk ducts and, while accumulated 
fluid is removed through the teat ducts during milking.

Figure 1: Structure of the mammary gland with teat and gland cisterns, milk ducts, and glandular tissue (A). Glandular tissue 
is made up of many small microscopic sacs called alveoli which are lined by milk-producing epithelial cells (B). There are 
millions of alveoli present within each mammary gland.

Figure 2: Structure of S. uberis, S. agalactiae, S. dysgalactiae, Klebsiella, S. aureus, E. coli. 
In the development of mastitis, microorganisms enter the quarter and multiply while some microorganisms enter the udder 
from the other part of body, but this theory is under debate. The steps involved in mastitis infection shown below [14].
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In the first step, there is contact with the microbe and 
then, the number of microorganisms multiplies near the 
orifice or sphincter of one or several teats. At this step, hygiene 
and milking habits play an important role in preventing the 
microbes from entering the quarter.

In the second step, microbes enter into the teats; this 
may be inadvertently facilitated by the milking machine, 
particularly at the end of milking. Structures and conditions 
like injuries, injured keratin inside teat or teats whose 
openings are too large may be easily invaded. At this point 
adjusting milking machines and preventing injuries are 
critical.

In the later, immune response of the cow develops in 
which the first line of defense is to send white blood cells 
i.e. leucocytes to eliminate the microbes that have penetrated 
the teat. If the response is insufficient then microbes multiply 
and the cow shows other immune responses such as a fever. 
The effectiveness of the cow’s immune system depends on 
the many factors.

Conventional Antibiotics and Antimicrobial 
Agents

Infectious diseases are the leading cause of death 
worldwide in twenty first century. The decreases in 
morbidity and mortality from the infectious diseases over 
the last century were possible due to an introduction of 
antimicrobial agents. So resistance to antibiotics has been 
reaching a critical level, antimicrobial agents in general 
and antibiotics in particular is still the main reason for low 
mortality and morbidity both in human beings and animals 
[15-17]. Over the last few decades, antibacterial drugs 
have been used to treat the mastitis. There is a fair degree 
of concern regarding inappropriate use of antibiotics as 

mastitis treatment is the most common cause of over-the-
legal-limit antibacterial residues in milk available in the 
market [18]. The use of antibacterial therapy for bacterial 
induced disease in cattle had been incriminated as a catalyst 
for resistance in bacteria isolated from treated animals, other 
animals within the herd, and food derived from cattle for the 
human use [19]. Bacterial resistance to antibacterial drugs 
was reported soon after antimicrobial drugs were accepted 
for use in both human and veterinary medicine. The bacteria, 
which cause mastitis, are mostly resistant to drugs like 
streptomycin, penicillin, ampicillin, cloxacillin, amoxicillin 
and neomycin. Data revealed that 30-fold difference in the 
mean inhibitory concentration (MIC) values among species 
of streptococci for the used drug can exist (Table 3) [20,21]. 
Approximately three decades ago Jones, et. al observed that 
S. aureus had very high MIC values for the drugs like penicillin 
and ampicillin resulting from beta-lactamase inactivation of 
the drugs. Beta-lactamase is an enzyme that breaks down 
‘Beta-Lactam’, a specific heterocyclic ring structure in the 
penicillin family of antibiotics. Beta-lactamase production is 
induced in some bacteria, when it was exposed to the Beta-
lactam drug. The MIC values (Tables 4 & 5) and disk diffusion 
results Table 6 shows that S. aureus are most commonly 
resistant to ampicillin and other penicillin drugs. Attempts 
have been made to address the issue of bacterial resistance 
to antimicrobial drugs by discovering new antibiotics 
and chemically modifying existing ones. But, there is no 
assurance that the development of new antimicrobial 
drugs can catch up to the microbial pathogen’s fast and 
frequent development of resistance in a time. Drug resistant 
infections caused by both Gram-positive and Gram-negative 
bacterial pathogens are growing and the continued evolution 
of antimicrobial resistance threatens health of animals and 
human beings by seriously compromising our ability to treat 
serious infections.

 1990 1997 2002 1998 1984 1987 1993
Ampicillin --- --- 0.5, -1 2 --- --- ---
Ceftiofur --- 0.5, -1 2.0, -0 1 --- --- ---

Cephalothin* --- 0.25, -0.25 1.0, -1 8 --- --- 0.58
Cloxacillin --- 4.0, -0.5 --- --- 0.25 0.87 0.45

Erythromycin** > 256, (4), 2 1.0, -0.25 8.0, -0 4 0.27 0.16 0.34
Gentamicin --- --- --- --- --- 3.13 3.33
Novobiocin --- 4.0, -2 --- --- --- --- ---

Oxacillin --- --- 1.0, -1 16 --- --- ---
Penicillin < 1, (< 1), <1 .125, < (0.06) 0.25, -1 2 0.07 0.25 0.11
Pirlimycin --- --- 8.0, -0 4 --- --- ---

Tetracycline 32, (8), 0 --- 16.0, -16 ---    
Chloramphenicol --- --- --- --- 3.27 2.5 3.3

Table 3: Summary of studies using MIC data for Streptococci MIC90 φ.
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 1997 2000 1967 1983 2000 1986 1997 1997 1984 1987 1993
Ampicillin --- --- --- 0.5 1 --- 4 0.5 --- --- ---
Ceftiofur 2 --- --- --- 1 --- 1 1 --- --- ---

Cephalothin* 0.25 0.75 --- --- 1 --- 0.5 0.25 --- --- 1.21
Cloxacillin 0.5 --- 0.07 ---  0.5 --- --- 0.25 0.4 0.22

Erythromycin** 0.5 0.75 --- 0.5 0.5 0.5 64 0.5 3.28 3.46 3.21
Neomycin --- --- --- 8 2 1 --- --- 0.41 0.55 0.39

Novobiocin 0.5 --- 1.25 ---  0.5 --- --- --- --- ---
Oxacillin --- 0.5 --- 0.25 1 --- 1 0.25 --- --- ---
Penicillin 0.13 1.5 > 100 0.25 0.5 -- 16 0.25 (47.8%)# (33.3%)# (10.1%)#
Pirlimycin 1 --- --- --- 1 --- 64 0.5 --- --- ---

Streptomycin --- --- 5 8  4 --- --- --- --- ---
Tetracycline --- --- 0.6 2  0.5 --- --- --- --- ---

Table 4: Summary of MIC data for S. aureus from dairy cows MIC90 (µg/ml).

1998 Denmark 1998 New Zealand 1995
Ampicillin 0.5 --- ---
Ceftiofur 1 2 1

Cephalothin 0.5 0.5 0.5
Cloxacillin --- 0.5 0.5

Erythromycin 0.5 0.5 0.5
Novobiocin --- 1 0.5

Oxacillin 0.5 --- ---
Penicillin --- --- 0.14
Pirlimycin 0.5 1 0.5

Enrofloxacin --- 0.25 0.5
Tetracvcline --- --- 0.6

Table 5: Summary of MIC data for S. aureus from heifers MIC90 (µg/ml).

1988 1986 1971 1982-
83 1996 2000 2000 1988 1995 1994-

2001
1994-
2000

Ampicillin 7 54 83 --- --- --- 34.9 49.6
Ceftiofur --- --- --- --- --- --- --- 0.2

Cephalothin* 0 1 3.5** 0** 0** 0 0 0.3 2 0.1 0.2
Cloxacillin --- 20 --- --- --- --- 6.8 ---

Erythromycin 0.3 6 3*** 9*** 12*** 17 11.6 4.1 2.6 14.9
Gentamicin 0 1 --- 3.4 --- --- --- 1.1
Novobiocin 0 7 0 3 1 --- --- --- --- 21.8 ---

Oxacillin 0 --- 42 0 1.5 0 --- 0.6
Penicillin 7 57 38** 75** 51** 75 40 31.8 50.7 32.6 40.6
Pirlimycin --- --- --- 7.7 --- 13.6 2.1

Streptomycin 6 36 26 --- --- --- --- --- --- --- ---
Tetracycline 0 8 21 8 9 17 --- 7 11.7 22.6 8.5

* Or cephapirin
Table 6: Summary of studies using disk diffusion for S. aureus % of Isolates Resistant.
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Need of Nanotechnology in Medicine

Nanotechnology is the area of science and technology 
which deals with developing and producing extremely small 
structures, platforms, tools and devices by controlling the 
arrangement of individual molecules in the overall particle 
structure. Such structures often called nanoparticles has 
been used in a wide variety of applications including 
material science, electronics, solar batteries, cosmetics, 
medical diagnostics, imaging and delivery of drugs to the 
target tissue. Nano-medicine i.e. the use of nanotechnology 
in treatment is focused to the monitor and potentially repair, 
reconstruct and control of human biological systems at the 
molecular/cellular level, using engineered nano devices and 
nanostructures. 

Nanoantibiotics

Nanomaterials, which either exhibit antimicrobial 
activity by themselves or elevate the effectiveness and safety 
of antibiotics administration, are known as “nanoantibiotics” 
and their capability of controlling infections in vitro and in 
vivo has been explored and demonstrated in last few years 
[22-24].

Antimicrobial nanomaterials products to which 
microbial pathogens may not be able to develop resistance 
as well novel nanosized platforms, are good candidates 
for antibiotics delivery. For example, it has been suggested 
in recent studies that some metal nanoconstructs such as 
silver nanoparticles possess antimicrobial activities, which 
could be utilized in controlling infectious diseases [24,25]. 
Antimicrobial nanoparticles (NPs) offer many distinctive 
advantages over the conventional antibiotics such as 
reduction of acute toxicity, reduction of drug resistance, 
cost effectiveness [26,27]. Different types of nanosized drug 
carriers are available to effectively administer antibiotics 
by enhancing pharmacokinetics and accumulation, while 
reducing the adverse effects of antibiotics. Nanoparticles 
are retained much longer in the body when injected outside 
the systemic circulation than small molecule antibiotics, so 
the sustained therapeutic effects can be achieved easily. The 
safety profiles of nanoparticles and nanosized antibiotics 
drug carriers, particularly upon long-term exposure, safety 
factor and therapeutic effects must be considered [28]. 
Antibiotics delivery using nanomaterials offers certain 
advantages such as [29-31]: 
1) Controllable and relatively uniformly distribution in the 
target tissue,
2) Improved drug loading, 
3) Sustained and controlled release, 
4) Improved patient-compliance due to sustained release, 
5) Minimized side effects due to better targeting, and
6) Enhanced cellular internalization.

Impact of Nanomedicine to Control of the 
Infectious Diseases

Nanotechnology is increasingly being investigated and 
used in immunization and delivering antimicrobial drugs 
in particular in overcoming antibiotics-resistant pathogens 
and in imaging. Nanomedicine has been investigated as a 
promising alternative to the conventional delivery systems 
of antibiotic [32] Allaker. This section introduces application 
of nanotechnology and various challenges in controlling 
infectious diseases, diagnosis of bacterial resistance, 
delivery of antimicrobial agents, and vaccination in the area 
of veterinary medicine.

Nanotechnology-Assisted Detection of Antimicrobial 
Infection and Resistance: Bacteria show the high sensitivity 
and reproducibility but still conventional diagnostic methods 
for a microbial infection require sample preparation and 
long readout time [33]. Advanced nanomaterials with unique 
electrical, magnetic, luminescent, and catalytic properties 
should be potentially enable fast, sensitive and cost-effective 
diagnosis as well as fast and rapid determination of the 
susceptibility and resistance of anti-bacterial drugs in short 
time [34,35].

Antibody conjugated nanoparticles have been shown 
to trigger the signals for the bioanalysis and enumeration 
of highly pathogenic bacterias like E. coli O157:H7, which 
results in highly selective, convenient, and rapid detection of 
single bacterium in 20 minute in laboratory [36].

It was demonstrated that nanoparticles with specific 
Raman spectroscopic fingerprints could differentiate 
antibiotic resistant bacteria, such as MRSA (Methicillin-
Resistant S. aureus, MRSA) from non-resistant strains in 
microarray based systems by detecting single-nucleotide 
polymorphisms [37]. The magnetic nanoparticle can be 
used as very sensitive and efficient tools in the detection of 
microbial infections. Super-magnetic iron oxide nanoprobes 
have been used in the identification of Mycobacterium avium 
spp. paratuberculosis (MAP) and the quick quantification of 
MAP with high sensitivity in milk and blood [38]. In addition, 
recent studies in nanotechnology have be demonstrated the 
feasibility of achieving fast and reliable pharmaceutical and 
biopharmaceutical assays for microbial infections without 
any sample preparations in opaque media like blood and 
milk [39,40].

Role of Nanotechnology in Antimicrobial Action and 
Treatment of Infectious Diseases: Nanoparticles made up 
of metal and metal oxide produce reactive oxygen species 
(ROS) under UV light. This property could potentially be 
used in antimicrobial formulations, preservative concoctions 
and dressings. Furthermore, nanosized silver, zinc and their 
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metal oxide particles have been reported to be effective in 
inactivating different microorganisms [41,42].

Antibiotics prepared with polymeric nanoparticles have 
demonstrated enhanced antimicrobial activities as well as 
anti-MRSA activities when compared with non polymerized 
forms of N-methylthio β-lactams and penicillin [43]. Gold (Au) 
nanoparticles of Vancomycin have also exhibited enhanced 
antimicrobial activities against VRE (Vancomycin Resistant 
E. Coli) strains and E. coli strains [44]. Recently selective 
killing of target bacteria by irradiating Au nanoparticle-
attached bacterial surface with a laser has been successfully 
demonstrated. In this technology, effective and irreparable 
damage occurs to the bacterium bound with Au nanoparticles 
of different sizes conjugated with antiprotein A antibodies 
[45]. Different type of antimicrobial agents can be effectively 
co-administered using various nanoparticles. A wide range 
of lipophilic and hydrophilic antibiotics can be conjugated 
inside, outside or on the surface of polymeric nanoparticles 
or nano-capsules. Major pharmacokinetic characteristics of 
antibiotics, including improved solubility, controlled release, 
sustained release and specific site-targeted delivery, can be 
effectively achieved by employing appropriate nanocarriers 
or nanotechnology [23].

Use of Nanotechnology in Vaccination and Prevention of 
Infectious Diseases: Application of nanoparticles as novel 
therapeutics, adjuvants and colloidal vaccine carriers for 
immunization has been investigated. Particulate systems 
exhibit unique similarity in sizes with bacteria and viruses. 
The micro and nanoparticles are relatively the same sizes as of 
bacteria and viruses that the immune system recognizes easily 
[46]. Various particulate vaccine carrier properties like size, 
chemical composition, charge, and surface characteristics 
and also be tuned for enhanced uptake by mononuclear 
phagocytic system (MPS) for immune presentation of 
antigens, and stimulation of antigen presenting cells (APs) 
[47,48]. For example, amphipathically coated nanoparticles 
smoothly deliver antigens to dendritic cells (DCs) that 
simultaneously organize cellular and humoral immunity 
[49]. In-vivo studies explored mixtures of nanoemulsions 
with either whole viruses like influenza a virus or proteins, 
(e.g., recombinant Bacillus anthracis [B. anthracis] protective 
antigens) as a potential vaccines [50,51]. Such vaccine does 
not require cold storage and can be administered via mucosal 
routes, which would be particularly suitable for vaccination 
in many developing countries.

Nanomaterials used in Preparation of 
Antimicrobial Dosage Forms

Antibacterial nanoparticles or nanocarriers include 
metals, metal oxides and naturally occurring antibacterial 
substances, different types of polymers, lipids, surfactant-

based nanoemulsions and carbon-based nanomaterials. 
Unique physical and chemical properties particularly large 
surface area to volume ratios of nanoparticles are believed to 
contribute to enhanced antimicrobial effect. A new study had 
been demonstrated that naturally occurring bacteria should 
not develop antimicrobial resistance to metal nanoparticle. 
In addition to treating microorganism with nanoparticles, 
the particles can themselves be prepared by bacterial cells 
or enzymes. In recent studies, intracellular or extracellular 
synthesis of metallic nanoparticles e.g. cadmium sulfide 
[CdS], gold [Au], and silver [Ag] using microbial cells or 
enzymes has been investigated as novel biosynthetic 
nanoparticles [52-55].

The antimicrobial nanoparticles act through various 
mechanisms [56,57] as shown in Figure 3:

Figure 3: Antimicrobial mechanisms of nanomaterials.

1) Photocatalytic production of reactive oxygen species 
(ROS) which damage the cellular and viral components. 

2) Compromising the bacterial cell wall and cell membrane.
3) Interruption of energy transduction. 
4) Inhibition of enzyme activity and DNA synthesis.

	Silver (Ag) NPs: Among the various types of metallic 
and metal oxide nanoparticles, Silver (Ag) nanoparticles 
have confirmed as the most effective against bacteria, 
viruses, and many other eukaryotic microorganisms 
[58-60]. Silver (Ag) nanoparticles access the respiratory 
chain and cell division that finally lead to cell death, 
while simultaneously releasing silver ions that increase 
bactericidal activity [61]. The antimicrobial activity of 
silver (Ag) nanoparticles is inversely proportional to 
size of the nanoparticles [62,63]. Concomitant use of 
silver (Ag) nanoparticles with antibiotics, e.g. penicillin 
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G, amoxicillin, erythromycin, and vancomycin, resulted 
in improved and synergistic antimicrobial effects against 
Gram-positive and Gram-negative bacteria. e.g., E. coli 
and S. aureus [64,65].

	Zinc Oxide (ZnO) NPs: Some nanoparticles made of 
metal oxides such as Zinc oxide are stable under rough 
processing conditions and have targeted toxicity to 
bacteria with less effect on human or animal cells. Zinc 
oxide nanoparticles (ZnO NPs) are relatively nontoxic 
and safe to humans and biocompatible; they are being 
investigated as drug carriers and have antibacterial 
activity against important food borne pathogens, e.g. 
enterotoxigenic E. coli and E. coli O157:H7 [66,67]. It has 
several advantages over silver nanoparticles (Ag NPs) 
including low production cost, UV-blocking properties, 
and a white appearance resulting in light reflection 
properties useful in sunscreen applications [68]. The 
nanoparticle of ZnO multilayer deposited on cotton 
fabrics exhibited excellent antibacterial activity against 
S. aureus [69]. It is also believed that nanoparticles 
of ZnO destruct lipids and proteins of the bacterial 
cell membrane, resulting in a leakage of intracellular 
contents and eventual death of bacterial cells. 
Furthermore, generation of hydrogen peroxide and Zn+2 
ions are proposed as major contributing mechanisms 
antibacterial activity of zinc oxide nanoparticles [70]. 
Polyvinyl alcohol (PVA)-coated zinc oxide nanoparticles 
have shown increased membrane permeability, cellular 
internalization, and intracellular structural changes.

	Titanium Dioxide (TiO2) NPs: Titanium dioxide 
nanoparticles are the most studied for photocatalytic 
antimicrobial activity among all the metal/metal oxide/
sulphide nanoparticles [71]. TiO2 nanoparticles have 
strong antibacterial activity upon receiving irradiation 
with near-UV and UV-A. The concentration required 
to kill bacteria varies in the range of 100-1000 ppm 
of nanomaterial. The potency of antimicrobial effect 
also depends on the size of the TiO2 nanoparticles as 
well as intensity and wavelength of the light source. 
A recent study reported the antibacterial efficiency 
of TiO2 nanoparticles are in the decreasing order 
of E. coli > P. aeruginosa > S. aureus > E. faecium > 
C. albicans. The antibacterial activity is apparently 
determined by the complexity and the density of the 
cell membrane or cell wall. In addition it was also 
reported that the photocatalytic antimicrobial efficiency 
of TiO2 nanoparticles were in the decreasing order as 
described virus > bacterial wall > bacterial spore, mainly 
depending on the thickness of microbial membrane/

sheath structure [72].
The photocatalytic antibacterial activity of TiO2 is mainly 

related to the production of ROS like free hydroxyl radicals 
and peroxide [73]. Photocatalysis of TiO2 generates hydroxyl 
radicals that are very potent oxidants with a broad reactivity. 
The microbial surface is the primary target of the initial 
oxidative attack. Damaged membrane structure affects many 
important biological functions like selective permeability of 
the membrane, respiration, and oxidative phosphorylation. 
Irradiation independent bacterial death also shows other 
unknown nonphotocatalytic antimicrobial pathway of cell 
death by TiO2 nanoparticles [74]. Ag/(C, S)-TiO2 nanoparticles 
indicated to have strong and light-independent antimicrobial 
activities as well against both E. coli and B. subtilis spores, 
probably because of the synergistic effect of bactericidal 
activity of Ag and TiO2 [75].

	Gold (Au) NPs: A variety of nanoparticles including 
near infrared light absorbing gold (Au) nanoparticles, 
nanoshells, nanorods, nanocages have been applied 
to treat bacterial infection by irradiation with suitable 
wavelengths [76]. Antimicrobial activity of gold 
nanoparticles (Au NPs) is mainly mediated by strong 
electrostatic attractions to the negatively charged 
bilayer of cell membrane [77]. Gold nanoparticles 
(Au NPs) conjugated with antimicrobial agents and 
antibodies have been investigated to determine selective 
antimicrobial effects, for example, selective killing of S. 
aureus by gold nanoparticles (Au NPs) conjugated with 
anti-protein A antibodies, which target the bacterial 
surface [78]. Strong laser-induced hyperthermic effects 
accompanied by bubble-formation around clustered 
gold nanoparticles (Au NPs) have been observed 
and the process effectively damaged bacteria. Many 
studies have noted strong antimicrobial agents effects 
against Gram-positive and Gram-negative bacteria and 
also including antibiotic-resistant strains, by gold/
drug nanocomposites, e.g., Gold nanoparticles coated 
with antibiotics such as streptomycin, neomycin, and 
gentamicin [79]. In a new study, chitosan-capped 
gold nanoparticles (Au NPs) coupled with ampicillin 
exhibited a 2-fold increase in antimicrobial activity 
when compared with that of free ampicillin. Therefore, 
gold nanoparticles (Au NPs) are promising and effective 
delivery platform for antibiotics therapy in treating 
serious bacterial infections at a lower antibiotics dosage 
and with fewer side effects. Several other antimicrobial 
nanomaterials with their mechanism of action are given 
in Table 7.
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Nanomaterial Antimicrobial mechanism
Ag NPs Release of Ag+ ions; disruption of cell membrane and electron transport; DNA damage

ZnO NPs Intracellular accumulation of NPs; cell membrane damage; H2O2 production; release of Zn2+ ions
TiO2 NPs Production of ROS; cell membrane and wall damage Antibacterial agent;
Au NPs Interaction with cell membranes; strong electrostatic attraction

Chitosan Increased permeability and rupture of membrane; chelation of trace metals; enzyme inactivation
Fullerenes Destruction of cell membrane integrity; enhancing activity of infiltrating neutrophil

CNTs Cell membrane damage by ROS; oxidation of cell membrane proteins and lipids
NO-releasing NPs NO release and production of ROS
Nanoemulsions Membrane disruption; disruption of the spore coat

Table 7: Nanomaterial and their antimicrobial mechanism.

Nanoparticle as Efficient Antimicrobial Drug Delivery:
	Liposomes: Liposomes are nano to micro sized vesicles 

consist of a phospholipid bilayer with an aqueous core. 
After the Doxil approved as first liposomal drug by 
the Food and Drug Administration in 1995, liposomes 
have been studied as promising clinically acceptable 
delivery carrier of enzymes, proteins and drugs [80,81]. 
Liposomes are one of the most widely used antimicrobial 
drug delivery vehicles, because of vehicles lipid bilayer 
structure mimics the cell membrane and can easily 
fuse with infectious microbes [82]. Furthermore, both 
hydrophilic and lipophilic antimicrobial drugs can be 
encapsulated and retained in aqueous core and in the 
phospholipids bilayer, respectively, without chemical 
modifications. For the application of liposomes as 
antimicrobial drug delivery platforms, a number of 
parameters such as the physico-chemical properties of 
lipids, drugs to be loaded, particle size of liposomes and 
polydispersity, surface charge (zeta-potential), stability 
in storage (shelf-life), and reproducibility and feasibility 

in large scale production should be considered [83].
Liposomes, following conjugation with stealth materials 

like e.g., polyethylene glycol, PEG on the surface of liposomes, 
resulted in enhanced in vivo stability. The platform can 
also be used for targeted delivery of antimicrobial drugs 
when tethered with various targeting ligands such as 
antibody, antibody segments, aptamers, peptides and small 
molecule [84,85]. In one of the studies it was reported 
that, benzyl penicillin-encapsulating cationic liposomes 
completely inhibited growth of S. aureus strain at lower drug 
concentrations for shorter exposure times when compared 
with free drugs [86]. Liposomal amikacin explored altered 
distribution in tissue and significantly extended half-life 
(blood 24.5 h, tissue 63–465 h) [87]. Liposomal gentamicin 
and ceftazidime exhibited prolonged blood circulation and 
enhanced localization at the site of infection [88]. Vancomycin 
and teicoplanin encapsulated liposomes resulted in 
significantly enhanced elimination of intracellular MRSA 
infection [89]. Liposomal carriers for antimicrobial drug 
delivery are shown in Table 8.

Encapsulated 
Antibiotics Target microorganism Mechanism for improved therapeutic effects

Streptomycin Mycobacterium avium Increased antimicrobial activity by drug encapsulation; 
targeted delivery to the site of bacterial multiplication

Ciprofloxacin Salmonella dubli Decreased mortality of animals; distribution of liposomes to 
all areas of infection

Vancomycin or 
Teicoplanin MRSA Enhanced drug uptake by macrophages; enhanced 

intracellular antimicrobial effect

Ampicillin Micrococcus luteus and Salmonella 
typhimurium Increased stability; activity against

Amikacin Gram-negative bacteria Prolonged drug residence in tissue and plasma; reduced renal 
clearance and excretion

Gentamicin Klebsiella pneumoniae Increased survival rate of animal models; increased 
therapeutic efficacy
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Polymyxin B Pseudomonas aeruginosa Decreased bacterial colony count in lung; decreased lung 
injury caused by bacteria; increased bioavailability

Benzyl 
penicillin Staphylococcus aureus Lower drug concentrations and shorter time of exposure

Table 8: Liposome nanocarriers for antimicrobial drug delivery.

	Solid Lipid (SL) NPs: Solid lipid nanoparticles offer the 
best of traditional solid nanoparticles and liposomes 
while avoiding their disadvantages [90,91]. SLNPs 
explored improved bioavailability and targeted delivery 
of antimicrobial drugs via parenteral, topical, ocular, 
pulmonary, and oral administration routes [92-94]. 
When SLNPs applied onto the skin, it tend to adhere to 
the surface and form a dense hydrophobic film that is 
occlusive and have a long residence time on the stratum 
cornea [95,96]. Furthermore, enhanced transdermal 

diffusion of water-insoluble azole antifungal drugs such 
as clotrimazole, miconazole, econazole, oxiconazole, and 
ticonazole was noted when they were applied in the 
encapsulating form in solid lipid nanoparticles [97,98]. 
The principle can be utilized in various formulations for 
oral administration and can also be used as antimicrobial 
drug delivery [99]. SLNPs can also be used for prolonged 
ciprofloxacin release, particularly in ocular and skin 
infections when used topically [100]. SLNPs investigated 
for antimicrobial drug delivery shown in Table 9.

Encapsulated 
Antibiotics Target microorganism Mechanism for improved therapeutic effects

Tobramycin Pseudomonas aeruginosa Increased drug bioavailability
Ketoconazole Fungi Prolonged drug release; high physical stability

Rifampicin, isoniazid, 
Pyrazinamide Mycobacterium tuberculosis Increased drug bioavailability and residence time; decreased 

administration frequency

Econazole nitrate Fungi Controlled drug release profile; high encapsulation efficiency; 
enhanced drug penetration through stratum corneum

Ciprofloxacin 
Hydrochloride

Gram-negative bacteria, Gram-
positive bacteria, and mycoplasma Prolonged drug release

Table 9: Solid Lipid Nanoparticle for antimicrobial drug delivery.

One of the reasons why traditional antibiotics have 
low effectiveness in bovine mastitis despite in-vitro 
susceptibility of the bacteria is the low intra-cellular uptake 
of the drug especially to the udder phagocytes [101]. 
Delivery of antibiotics and other antibacterial agents through 
nanoparticles and liposomes can actually help in cellular 
uptake of the drug as well as protect the drug from bovine 
physiological microenvironment. Antibiotics have been 
incorporated in polymeric nanoparticles as well as liposomes 
and drug-loaded delivery systems have been proved to 
enhance the intra-cellular delivery of antibiotics [102,103]. 
Incorporating antibiotics from different families is possible 
in nanoparticulate formulations [104] while protecting 
the drugs from degradation and prolonging the release. All 
these characteristics make the use of nanoparticles in the 
treatment of bovine mastitis extremely appropriate. Metal 
and polymeric and solid lipid nanoparticles have been 
shown to be effective in detection [105,106] and treatment 
of bacterial infection of bovine mastitis [107].

Advantages of Nanoantibiotics

1)  Nanocarriers and nanovehicles can be formulated to 

be stimuli-responsive e.g., chemical, magnetic field, 
heat, and pH for targeted drug delivery and biological 
sensors [108,109]. For example, freeze-dried amoxicillin 
in formulation with chitosan and polyvinyl pyrrolidone 
for acid-responsive release of antibiotics [110] is 
particularly useful for treating abscess which are 
frequently acidic and lowers the effect of conventional 
antimicrobial therapy.

2)  Nanoparticles can be molecularly modified to possess 
versatile physico-chemical properties in order to 
minimize side effects. The systemic administration 
of traditional antimicrobial agents often produces 
side effects such as hepatotoxicity of cephalosporins, 
ototoxicity and nephrotoxicity of aminoglycosides. 
Nanocarriers can reduce these side effects by reducing 
the dose required and localizing the drug in the carrier 
depots [111-113].

3) Nanoparticulate based antimicrobial drug delivery 
is promising in overcoming resistance to traditional 
antibiotics developed by different types of bacteria.

4) Administration of antimicrobial agents using 
nanoparticles can enhance therapeutic index, prolong 
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drug circulation i.e., extended half-life, and achieve 
controlled drug release, improving the overall 
pharmacokinetics. Different studies explored greater 
efficacy of antimicrobial nanoparticles than the use of 
antibiotics alone. For example, vancomycin-capped Au 
NPs exhibited 64-fold enhanced efficacy against VRE 
strains and Gram-negative bacteria. E.g. E. coli over 
vancomycin alone.

5) Antimicrobial nanoparticles can be developed and 

administered in convenient and cost-effective ways by 
different routes with lowered administration frequency. 

6) Nanoparticle-based antimicrobial drug delivery can 
achieve enhanced solubility and suspension of drugs and 
concomitant delivery of multiple agents for synergistic 
antimicrobial effects.

Products available in the market for the treatment of bovine 
mastitis shown in Table 10 & Table 11. 

Intramammary products Company Company Active ingredients per tube
Ampiclox LC Jurox Pty Ltd Ampicillin 75mg, cloxacillin 200mg
Cepravin LC Intervet/Schering-Plough Animal Health Cefuroxime 250mg

Clavet LC Norbrook Laboratories Aust P/L Clavulanic acid 50mg, amoxycillin
Lactaclox LC Norbrook Laboratories Aust P/L Ampicillin 75mg, cloxacillin 200mg

Mastalone Blue Pfizer Animal Health Oxytetracycline 185mg, oleandomycin 100mg, 
neomycin 100mg

Maxalac LC Jurox Pty Ltd Cefuroxime 250mg
Noroclox LC Norbrook Laboratories Aust P/L Cloxacillin 200mg
Orbenin LC Pfizer Animal Health Cloxacillin 200mg

Intramuscular products Company Active ingredients
Mamyzin Boehringer Ingelheim Pty Ltd Penethamate hydriodide 5g

Penethaject Bomac Animal Health Pty Ltd Penethamate hydriodide 5g
Table 10: Products available in the market used in the treatment of Mastitis:

Antibiotic product Company Active ingredient per tube
Ampiclox Dry Cow Jurox Pty Ltd Ampicillin 250mg, cloxacillin 500mg

Bovaclox DC LA Norbrook Laboratories Aust P/L Ampicillin 300mg, cloxacillin 600mg
Cepravin Dry Cow Intervet/Schering-Plough Animal Health Cephalonium 250mg

Elaclox DCX Norbrook Laboratories Aust P/L Cloxacillin 600mg
Juraclox LA 600 Dry Cow Jurox Pty Ltd Cloxacillin 600mg

Noroclox 500 Norbrook Laboratories Aust P/L Cloxacillin 500mg
Orbenin Enduro Pfizer Animal Health Cloxacillin 600mg

Non-antibiotic product
Teatseal Pfizer Animal Health Bismuth subnitrate 2.6g

Table 11: Antibiotic products available in the market:

Challenges and Future Opportunities

Socio-economics challenges, Management challenges, 
Milking Equipment challenges, Environment challenges, 
Pathogens challenges, Diagnostics challenges, Therapy 
challenges, Immunology challenges.

Opportunities like antibiotics development, vaccines 
development, bacteriocins, herbal therapy, immunotherapy, 
and nanoparticle technology development [114-120].

Conclusion

Increasing rate of mastitis in domestic animal’s like 
cows and buffaloes is a matter of broad discussion. More 
strategic research is required in this field to control the 
mastitis. Bovine mastitis is still big challenge to the field 
of veterinarians and mastitis researchers. The emergence 
of resistance to antibiotics acquired from and by microbial 
variants is a serious threat in the process of treatment 
against infectious diseases like mastitis. The development 
of antibiotic resistance is a universal challenge that is being 
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addressed by pharmaceutical companies and academic 
researchers alike. The unique physicochemical properties of 
various nanomaterials have the promise of making existing 
antimicrobial agents more effective and offer new types of 
antibacterial agents. Overcoming antimicrobial resistance 
by utilizing properties of nanoparticles as antibiotic carriers 
seems to hold great promise. Various nanoparticles have 
been explored as efficient antibiotics delivery vehicles that 
also protect antimicrobial drugs from a resistant mechanism. 
Most importantly, nanoparticles enable combining multiple 
independent and potentially synergistic approaches on the 
same platform, in order to increase the antimicrobial activity 
and overcome resistance to antibiotics [120-124]. 

To develop efficient, safe, cost-effective, and targeted 
therapy for bovine mastitis in an era of developing antibiotics 
resistance requires interdisciplinary knowledge and 
innovative tools of microbiology, immunology, biomaterials, 
polymers, and nanotechnology.
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