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Importance of the field: Antibiotic resistance is a serious problem that contin-
ues to challenge the healthcare sectors and has become increasingly alarming
in the past few years. To face this emerging global crisis, there is a need to
find a new class of antibiotics that act on new microbial targets and/or
harness existing antibiotics by developing new drug-targeting strategies.
Areas covered in this review: This review: explores an innovative drug-
delivery strategy of using hen egg lysozyme as a carrier to enable water
solubilization and to allow specific targeting to the microbial cells of a
water-insoluble antimicrobial agent with a powerful killing action; addresses
potentials for lysozyme in antibiotics drug targeting; and provides insight for
the future direction of this highly prospective technology.

What the reader will gain: The unique features and advantages of lysozyme-
based drug delivery system are highlighted. The efficiency of lysozyme in
solubilization and delivery of lipophilic antibiotics, to reformulate drugs
that may fail clinical trials owing to low solubility, is emphasized.

Take home message: Fewer pharmaceutical companies are inventing new
antibiotics because of long development times and high failure rates. Combin-
ing lysozyme with a powerful old antibiotic may open doors to revolutionizing
medicine, particularly in‘the treatment of deadly infections.
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1. Introduction

For the last 70 years, the effort to treat infectious diseases has relied heavily on tar-
geting microorganisms themselves with antimicrobial drugs (antibiotics). That
approach has been successful, especially against bacterial infections; but the inappro-
priate use of antibiotics has also resulted in the generation of drug-resistant micro-
organisms that are threatening to become untreatable. Pathogens have developed
strains that are resistant to almost all antibiotics in use today. Particularly worrisome
are infections by a large group of bacteria, which cause pneumonia and other often
fatal infections. The problem is highlighted by the emergence of multi-drug
resistance (MDR) of these organisms, which are resistant to vancomycin, a drug rec-
ognized as the last line of defense in many Gram-positive bacterial infections. The
manifestation of MDR in bacteria over the past few decades has resulted in one
of the most pressing clinical problems in modern medicine. In the face of newly
emerging infectious organisms and the global crisis in antibiotic resistance, there
is a need to invigorate the basic science and technology of anti-infective therapy.
What tips the balance towards this problem? As yet, a renewed commitment to har-
ness the potent hydrophobic antibiotics is the development of new drug-targeting
strategies. Even though the therapeutic efficacy of many hydrophobic drugs has
been well established, inefficient delivery can result in inadequate therapeutic index
and local and systemic side effects. In particular, many intracellular infections
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Article highlights.

« Several new lipophilic antibiotics with excellent efficacy,
targeting the essential type Il fatty acid synthesis
pathway, have been explored, but their exploitation in
therapy is hampered because they are basically insoluble
in water, and this paper approaches the issue from the
point of their targeted delivery strategy by

using lysozyme.

Using lysozyme, a naturally secreted protein in many of

human physiological fluids, as biodegradable drug

carrier, a broader range of drugs can be attached and a

higher renal selectivity can be attained.

Lysozyme displays unique features worth using as

antimicrobial drug-delivery molecules, including the

presence of a hydrophobic pocket with positively

charged residues around the active site, and it has a

dual behavior: specific recognition and interaction with

bacterial surface while its catalytic action enables the
release of the loaded drug on binding.

Accommodation of phenolic antibiotic in the

hydrophobic core of lysozyme provides potential

protection of both antibiotic and lysozyme against
oxidative damage, which might occur during
infection-induced inflammation.

» The globular structure of lysozyme, as opposed to the
random coil structure of most polymers, makes this
cationic enzyme a potential carrier to accommodate
several drug molecules for various infectious diseases.

This box summarizes key points contained in the article.

remain difficult to treat simply because of the high hydro-
phobicity and the poor cellular transport properties of
antimicrobial drugs. In addition, toxicity to healthy tissues
also poses significant limitations to the use of antimicrobials,
thus specific targeting of the drug to the bacterial cells is a
top priority.

Food proteins show great promise for developing a range
of new GRAS (generally recognized as safe) carriers with
the potential to incorporate pharmaceutical compounds and
provide controlled release by means of the oral route. Clear
advantages of food protein as drug carriers include their
high nutritional value, abundant renewable sources, and
acceptability as naturally occurring food components degrad-
able by digestive enzymes. As discussed in the paper, lysozyme
from egg albumin has unique biophysicochemical properties
that can be applied to facilitate the targeting of phenolic
antimicrobials, thereby introducing a new drug-delivery
strategy. The strategy is to solubilize and specifically deliver
the poorly soluble antimicrobial drug by loading the drug
into the hydrophobic core of lysozyme, and then deliver the
lysozyme to the bacterial cell, because lysozyme can recognize
and interact with the cell envelopes of both Gram-positive
and Gram-negative bacteria. After interaction and disruption
of the cell envelope, lysozyme releases its payload ‘antibiotic’
into the microbial cell to inhibit multiple cellular processes.
The author is developing a lysozyme-based drug-delivery

system that can deliver multiple drugs with different hydro-
phobicity and other characteristics to the bacterial cells in a
targeted manner.

2. Phenolic antibiotics and bacterial
resistance

Substantial discoveries of antimicrobial agents have been
made in the past decades, where most of these antibiotics
are a collection of phenolic compounds. Although numerous
studies have shown these natural phenolic compounds to be
effective against microorganisms, they still have considerable
drawbacks. As shown in Figure 1, they have limitations that
include the potential emergence of resistant strains as they
are either kept out of the bacterial cell by the so-called efflux
pump present at the surface of most pathogens or by virtue
of membrane exclusion. Also, their exploitation in human
therapy has not been widespread because most of the powerful
agents are basically insoluble in water and have in many
cases inherent chemical instability. Furthermore, only a few
antimicrobials possess broad-spectrum activity against both
Gram-positive and Gram-negative bacteria. With the difficul-
ties of identifying new natural-phenolic antibiotics, largely of
bacterial origin, existing natural antibiotics have been used as
chemical scaffolds for synthetic antibacterial drugs since the
1970s. Subsequent tweaking of these chemical scaffolds has
produced most of today’s antibiotics. It is believed that wide-
spread drug resistance among bacterial pathogens is because
of the limited choice of antibiotics that exploit a relatively
narrow range of mechanisms. Over the years, several new
synthetic antibacterials with excellent efficacy as drug candi-
date have been introduced. Antimicrobial drugs targeting
the essential type II fatty acid synthesis (FASII) pathway
have recently been explored for their efficacy against infec-
tions caused by multi-resistant Gram-positive bacteria [1].
Today, fatty acid synthesis inhibitory antibiotics are revolu-
tionizing the biotechnology platforms, spurring the creation
of next-generation therapies with greater effectiveness.
Triclosan (TCS), 5-chloro-2-(2,4-dichlorophenoxy)phe-
nol, is a broad-spectrum antimicrobial agent that possesses
potent activity against the most common bacteria responsible
for postoperative sternal wound infections [2]. Triclosan is
used in topical applications, and it was approved in
1997 for oral care products [3.4]. In the beginning the mode
of triclosan action was supposed to be through nonspecific
disruption of the bacterial cell membrane [5]. Newer studies,
however, revealed that the target of triclosan is the Fabl
gene product, which blocks bacterial fatty acid synthesis (par-
ticularly the enzyme enoyl-acyl carrier protein reductase
[ENR]) (6. The main hurdle in the development of effective
therapeutic (topical and postoperative sternal wound infec-
tions) formulations is, as in the case of > 50% of the drugs
approved for use, the insolubility of triclosan in aqueous
media. The problem with preoperative antibiotic prophylaxis
is that the need for homeostasis perfusion is markedly reduced
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B. Water insolubility of lipophilic antibiotics

Figure 1. The two common problems encountered with therapeutic application of the lipophilic antimicrobial agents. A. The
bacterial resistance through exclusion of the lipophilic antibiotics by the negatively charged surface of CM. Even once inside
the cell, efflux pumps can evacuate antibiotics of many classes before they reach their target. B. The poor water solubility of
the lipophilic antibiotics (such as sulfonamide) will limit their therapeutic manipulation, decrease the oral absorption and

thereby decrease the bioavailability and efficacy.
CM: Cytoplasmic membrane.

in the sternal wound, and therefore the necessary tissue con-
centration of antibiotic needed for optimum efficacy is seldom
reached. In particular, many intracellular or bloodstream infec-
tions are notoriously difficult to treat because the antibiotic
concentrations inside the cells are below the minimum inhibi-
tory concentrations. For a dilemma like this, microbe-specific
drug-targeting systems could be the solution for many infec-
tions. Further, to guarantee a suitable drug solubilization in
water and specific delivery to diseased cells, protein-based
delivery strategies were suggested, especially to cancer cells (7).
Owing to multiple functional groups in the primary sequences
of proteins or peptides and the diversity of chain folding
structures, food proteins can be exploited to create different
interactions with pharmaceutical hydrophobic compounds,
and subsequently form three-dimensional macromolecules to
incorporate and deliver them to the target cell in active
form [8,9].

3. Squeezing new drug-targeting protein out
of egg albumin

Egg albumin, the chemical defense line of avian eggs, repre-
sents a complex group of proteins with diverse biological
functions that intriguingly interact to protect the chick
embryo from microbial infection [10]. The constituent pro-
teins of egg albumin offer tremendous opportunities for
drug discovery and hope for the treatment of emerging
infectious diseases. In particular, most of the proteins found
in egg albumen appear to possess structures homologous to
proteins with known functions in the serum of other species,
including humans. Lysozyme is a key protein of the hen
egg’s antimicrobial defense system. It is widely distributed
in various biological fluids, including avian egg albumen,

human milk, tears, saliva, serum and airway secretions, and
is produced by specialized immune cells [11]. The mechanism
by which lysozyme kills the sensitive bacteria is known to be
the degradation of glycosidic B-linkage between N-acetylhex-
osamines of the peptidoglycan layer in the bacterial cell wall.
Its antimicrobial function is limited to certain Gram-positive
bacteria [12-15] owing to the differences found in composition
as well as the accessibility of the peptidoglycan to the enzyme
action (Figure 2). Apart from bacteriolytic action, it has
been demonstrated that lysozymes have many other func-
tions [16,17], including inactivation of certain viruses by form-
ing insoluble complexes, important roles in surveillance of
membranes of mammalian cells, enhancing phagocytic
activity of polymorphonuclear leukocytes, and stimulating
proliferation and antitumor functions of monocytes.

Studies have shown that lysozyme interacts with and indu-
ces fusion of phospholipids vesicles [18]. In parallel, immuno-
chemical in wvivo studies using confocal microscopy have
demonstrated that lysozyme is synthesized and secreted with
surfactant apoprotein A by rat alveolar type II epithelial cells
and alveolar macrophages, suggesting its role in the extracellu-
lar remodeling of surfactant phospholipids in the air-spaces of
lung (19]. Lysozyme is known to be specifically bactericidal
to certain Gram-positive bacteria, but less effective against
Gram-negative ones, despite its strong interaction with and
disruptive effect on lipopolysaccharides (LPS) of the latter
species [14,20] and phospholipid bilayers [18.21].

4. Lysozyme as a renal drug carrier

The low-molecular-mass proteins with a molecular mass
of < 30,000 Da are freely filtered in the kidney and have

been considered to be suitable to serve as renal-specific drug
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Figure 2. Comparison of cell membranes structures of Gram-positive and Gram-negative bacteria. View of the cross-section in
the envelopes of (A) Gram-positive and (B) Gram-negative bacteria. The negatively charged recognition molecules for
lysozyme at the outer surface of both Gram-positive (teichoic acid) and Gram-negative (lipopolysaccharide) bacteria

are shown.

carriers that can accumulate in the kidneys by means of endo-
cytosis [22]. The concept is based on four principles. One, the
carrier has functional groups allowing drug attachment. Two,
the low-molecular-mass protein accumulates specifically in
the kidney, in particular in the proximal tubular cells through
a luminal reabsorption mechanism. Three, the physicochemi-
cal properties of the low-molecular-mass protein overrule those
of the linked drug. Four, the drug-low-molecular-mass protein
conjugate is stable in the circulation, whereas after arrival in
the kidney the active drug is released in the catabolically active
lysosomes of the proximal tubular cell [22).

Using lysozyme as the drug carrier, a higher renal selectivity
can be attained and a broader range of drugs can be attached,
while the rate of drug release can also be manipulated [23].
The studies with captopril-lysozyme [24] and naproxen-
lysozyme [25] clearly showed that targeting resulted in a higher
renal selectivity and that drugs delivered into and regenerated
in the proximal tubular cell exert renal selective pharmacolog-
ical activity. Further study reported an intracellular delivery
approach as a strategy to treat renal fibrosis, by coupling an
inhibitor (SB202190) of mitogen-activated protein kinase
(MAPK) to lysozyme using either a carbamate bond or a
coordinative bond between drug and carrier [26).

Triptolide (TP) is a drug from a Chinese herb with potent
immunosuppressive and anti-inflammatory properties, which
has been suggested to play important therapeutic roles in
treating immunological renal diseases. The clinical use of
TP has been limited because of its low water solubility and
several toxic effects, which are associated mainly with damag-
ing the digestive, urogenital, blood circulatory and reproduc-
tive systems, as well as bone marrow. For clinically safe
application of TP, Zhang ez al. [27] utilized lysozyme as a
renal-specific drug carrier for targeted delivery of TP to the
renal cortex. The study revealed that the overall targeting

efficiency of the succinyl conjugate (TPS-lysozyme) was
enhanced significantly compared with TP, from 11.74 to
95.54%. At very low concentration, TPS-lysozyme could
significantly reverse the disease progression in renal
ischemia-reperfusion injury animal models, whereas the
mixture of free TP and lysozyme was ineffective. Further,
TPS-lysozyme conjugate presented much lower hepatotoxicity
(0.78-fold lower than TP) and no adverse effect on the
immune (1.13-fold higher than TP) and genital systems. The
authors concluded that TPS-lysozyme represents a very effec-
tive drug candidate for specific treatment of immunological
renal diseases with low adverse side effects.

Studies on the renal-specific drug targeting by lysozyme
indicated that the positive charges on the surface of lysozyme
play an important role in renal targeting and excretion of the
drug conjugate into the urine [28). In this way, lysozyme con-
jugates has been suggested as a carrier for targeting to the uri-
nary tract because positive charges on the protein surface are

important for interaction with the tubular uptake-receptor.

5. The new antibiotic-targeting strategy by
using lysozyme

Many potentially valuable drugs that look promising are,
unfortunately, not soluble in water, their clinical uses are
greatly restricted, and their delivery to target cells has always
been a challenge. The author and co-workers recently explored
a promising strategy by which water solubilization and
microbe-specific targeting of phenolic antimicrobial drug can
be achieved. This was achieved through incorporation of the
hydrophobic drug into lysozyme, a relatively hydrophilic pro-
tein able to recognize and disrupt the bacterial envelope [29].
The concept is based on the fact that lysozyme displays unique
features worth using as antimicrobial drug-delivery molecules.
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These features include the presence of a hydrophobic pocket
and positively charged residues around the active site cleft of
the molecule (see Figure 4 later). This structure confers the
molecule a dual behavior: specific interaction with the nega-
tively charged surface of bacteria and accommodation of the
hydrophobic, phenolic, drug (see Figure 3 later). In addition,
catalytic action enables the release of the loaded phenolic
drug on binding to the bacterial surface.

Before exploring this new antibiotic-targeting strategy by
using lysozyme, it would be helpful to discuss what the differ-
ence is in the membrane structures of Gram-positive versus
Gram-negative bacteria, and what the structural antimicrobial
properties of lysozyme are.

Bacteria show a surprising degree of complexity in their
envelopes. As shown in Figure 2, the basis for this difference
relates to the bacterial cell wall. The envelope structures of a
typical Gram-positive (Figure 2, left) and a typical Gram-
negative (Figure 2, right) cell are different. The layers of the
cell envelope lying external to the cytoplasmic membrane
(CM) are referred to collectively as the cell wall. Gram-
positive and Gram-negative cells do share one thing in
common, that is, the peptidoglycan (PG). The thick PG layer
constitutes most of the Gram-positive cell wall, which is sen-
sitive to the action of lysozyme. The cell walls of Gram-
negative bacteria have a more complicated structure. There
is an extra layer and externally the cell appears convoluted
(Figure 2, right). Outside the CM is an open area called the
periplasmic space containing a thin layer of PG and external
to the PG is an extra membrane, the outer membrane
(OM), whereas its outer leaflet is composed mainly of lipopo-
lysaccharides (LPS). Both Gram-positive and Gram-negative
cells again share one thing in common, that the outer surface
of the cell is negatively charged (highly hydrophilic), which
serves to exclude lipophilic compounds. The PG in Gram-
positive bacteria is much thicker (20 - 80 nm) than in the
Gram-negative bacteria (2 nm), and externally it has a
smoother appearance (Figure 2, left). Peptidoglycan is a rigid
layer that is found in both cell types and is composed of an
overlapping lattice of 2 sugars, N-acetylglucosamine (NAG)
and N-acetylmuramic acid (NAM), which are crosslinked by
amino acid bridges [30]. Peptidoglycan is not a barrier to
solutes, the openings in the mesh are large and all types of
molecule can pass through. The cell wall is the site of action
of many important antibacterial agents, including lysozyme
and penicillin.

The mechanism by which lysozyme acts on Gram-positive
bacteria is known to be recognition and hydrolysis of the
PG, as it belongs to the class of enzymes that lyse the bond
between NAG and NAM of the PG layer 111]. In Gram-
negative bacteria, the cell wall includes the OM, lipoprotein,
LPS and PG layers. Although lysozyme does not exert antimi-
crobial activity to many strains of Gram-negative bacteria, it
has the capacity to interact with and disrupt the lipid-
sugar layer LPS at its cell surfaces [14,20]. Despite its multiple
functions, lysozyme does not yet hold a clear place in

Ibrahim

therapeutics or nutraceuticals, owing to the mystery of its
molecular mechanism of action, which remained a dilemma
for decades. Surprisingly, studies from the author’s labora-
tory [31,32] and in the literature (33] indicated that antimicrobial
activity of lysozyme is independent of its enzymatic function
(Iysis of PG). The author’s study with co-workers revealed
that the antimicrobial action of lysozyme rather depends on
transition in the molecule on binding to the bacterial surface
under certain environmental conditions [17,34].

Advances made in unraveling the mysterious mechanism of
lysozyme antimicrobial action lend insight into the exploita-
tion of this fascinating protein in a new drug-targeting strat-
egy [3235]. Central to this new class of antimicrobial delivery
strategy is an engineering complex of the bacteriolytic
enzyme, lysozyme, with a phenolic antimicrobial agent that
could act in concert to exert optimal efficacy and recruit mul-
tiple targets on microbial cells. Basically, this new strategy uti-
lizes the ability of lysozyme to recognize and disrupt the
membrane of microbes, regardless of whether they are
Gram-positive or Gram-negative bacteria. As recognition sites
(receptor-like) of lysozyme, PG and LPS are permanently
present at the surface of Gram-positive and Gram-
negative bacteria, respectively, specific targeting of a powerful
phenolic antimicrobial drug to pathogen cells is thus a new
anti-infection strategy (Figure 3).

6. The rationale of lysozyme molecule as
phenolic drug carrier

Lysozyme is attractive because it is a ubiquitous microbicidal
protein, positively charged (with opposite charge to the bacte-
rial surface), specifically interacts with bacterial cell walls
(through PG or LPS) and is known to play important roles
in immune defense systems [11,36]. Hence, lysozyme may offer
exciting new myriad functions beyond its antimicrobial role.
Intriguingly, owing to the unique nature of the lysozyme
molecule, it can be a potential drug carrier to a specific target-
ing of the phenolic antimicrobial drugs to pathogen cells,
because recognition molecules of lysozyme, PG and LPS,
are permanently present at the surface of Gram-positive
and Gram-negative bacteria, respectively. Phenolic drug-
lysozyme conjugates, through non-covalent affinity, can
thus be a new anti-infection strategy and microbe-specific
drug-delivery system, to alleviate nonspecific toxicity
associated with chemotherapy.

The type of interaction between protein and phenolic com-
pounds is an important factor in producing an effective deliv-
ery system. Specifically, it has been demonstrated that weak
binding affinity of phenolic drug to the carrier molecule is cor-
related with the effectiveness of drug delivery (37. Therefore,
the effectiveness of phenolic drug-lysozyme conjugates may
be explored by identifying a phenolic antibiotic for lysozyme
that shows a lesser degree of association. Triclosan, also known
as Irgasan DP 300 or Ster-Zac, a phenolic antimicrobial
agent [38], is hydrophobic in nature (Figure 4). Triclosan exerts
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Figure 3. Principle of phenolic antibiotic delivery strategy by using lysozyme. The semipermeable membrane of bacteria
excludes phenolic antibiotics but allows the complex (antibiotic engulfed in lysozyme) to enter and be acted on its target
inside the cell by the enclosed antibiotic. Lysozyme, loaded with drug, is recognized by either LPS or PG at the surface
of bacterial cell. The strategy may be multifaceted, whereas other small molecules (including some anti-inflammatory or
anti-oxidants) can be designed to diffuse out from lysozyme into the body during infection for anti-inflammatory therapy.
LPS: Lipopolysaccharide; LZ: Lysozyme; PG: Peptidoglycan; TCS: Triclosan; TCS-LZ: Triclosan-lysozyme complex.

its action by inhibiting an essential enzyme enoyl-ACP reduc-
tase (or Fabl) [1] that uses NADH to reduce a double bond
during each cycle of bacterial fatty acid elongation. At higher
concentration, triclosan is likely to damage the bacterial mem-
brane [39]. Triclosan has also been shown to be an effective
antifungal agent 40}, and to have anti-inflammatory [41] and
anticarcinogenic [42] actions. Triclosan has a low toxicity and
a very low incidence of contact sensitization [43]. However, sev-
eral unfavorable biopharmaceutical properties, such as low sol-
ubility in aqueous solvents, rapid photodegradation [44] and
emergence of bacterial resistance (45, limit triclosan’s therapeu-
tic applications [40]. Triclosan was selected for the new strategy
of utilizing lysozyme as a specific drug-targeting molecule
because it has a powerful antimicrobial action and structurally
can be non-covalently accommodated in the hydrophobic
pocket of the active site cleft of lysozyme [29]. It has been
reported that interaction of triclosan with the ENR is exclu-
sively of hydrophobic nature, with the exception of a strong
hydrogen bond between a tyrosine residue and the 2-hydroxyl
group of triclosan 38]. The hydroxyl group of Tyr or Ser resi-
dues in the hydrophobic pocket of the ENR enzyme functions
as an electrophile to stabilize the accumulation of negative
charge of triclosan. The hydrophobic residues (Leu, Ile, Ala,
Phe and Trp) seem to be important for the formation of
the inner surface of the binding pocket and participation in
hydrophobic interaction between triclosan and ENR enzyme,
whereas NMR study revealed that inclusion of triclosan is
preferable when the pH is raised to 9 or 10 [46].

The 2,4-dichlorophenoxy ring of triclosan (Figure 4) is
predicted to interact with the faces of several hydrophobic
residues (Leu56, 83, 84, Ile55, 58, 98 and Trp62, 63, 108)

and hydroxyl-containing residues (Tyr53 and Ser36, 50, 60,
91) lining the inner surface of the active site cleft of lysozyme.
In particular, phenol rings (Trp62, 63, 108 and Tyr53 resi-
dues) underlying the active site cleft of lysozyme are the
preferred conformation for compounds of this class [47].
Tryptophan (Trp) fluorescence is strongly influenced by the
indole side chain and has proved to be a useful tool to moni-
tor protein-protein and ligand-protein interactions [48-50].
When buried in a hydrophobic environment, Trp fluores-
cence generally shows an increase in maximum fluorescence
intensity (FI,,,.,) and often shifts to a shorter (blue shift) max-
imal wavelength (A,,,). An opposite effect (intensity quench-
ing) is observed when Trp is exposed to the surface (polar
environment). Figure 5A shows the Trp fluorescence emission
spectra of control lysozyme (LZ), TCS-lysozyme complex
at 30 mol ratio (TCS-LZ) and triclosan alone (T'CS). The
fluorescence emission spectrum of lysozyme has a sharp
peak with maximum at 345 nm and a steep wavelength tail
typical of partially buried Trp within an apolar environment
(Figure 5A). By contrast, the spectrum of TCS-lysozyme com-
plex showed peaks at 347 nm (red shift) and a progressive
increase in emission (more buried Trp). As triclosan alone
(TCS) did not show any fluorescence emission spectra at the
Trp region (Figure 5A), quenching of Trp, that is, increased
emission, indicates ground state complex formation, whereas
fluorophore (Trp) and the hydrophobic quencher (TCS)
come into contact during the lifetime of the excited state. It
is known that phenolic compounds, such as triclosan, interact
with aromatic residues of protein, such as Trp, through n-n
interactions [51,52]. Most probably, the increased emission of
Trp residues of lysozyme in the complex is a result of
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Figure 4. Stereographic representation of the structure of
lysozyme illustrating the locations of the aromatic residues
in the active site cleft, which could accommodate the
phenolic structure of triclosan, and the positively charged
residues scattered at the tip of active site cleft, which
interact with the negatively charged peptidoglycan or
lipopolysaccharide at the surface of bacteria.

interaction with phenolic group of triclosan by means of non-
covalent -7 bonding. The red shift (longer wavelength) of
the TCS-lysozyme complex emission spectrum and its
enhanced fluorescence intensity relative to lysozyme spectra
suggest a direct association between lysozyme and triclosan,
and is consistent with at least one or two Trp residues being
quenched with triclosan in the TCS-lysozyme complex.

7. Physicochemical stability of phenolic
drug-lysozyme

The most important goal in the delivery of a drug is to bring
the drug solubility to a specific level and maintain its integrity
at that level. Stability and solubility are two key physicochem-
ical properties that must be considered when designing a
successful drug-delivery formulation. The challenge is to
formulate a drug complex that has sufficient chemical and
physical stability not to degrade during its shelf-life, yet has
sufficient solubility (and dissolution rate) to reach the
required therapeutic level. In particular, the ability to formu-
late a drug with sufficient stability against oxidation is becom-
ing both more important and more challenging. The stability
of TCS-lysozyme against photo-oxidative damage has been
investigated by using riboflavin as a sensitizer. Electrophoretic
and tryptophan fluorescence spectra revealed significant pro-
tection of lysozyme conformation in the complex against
excessive photo-oxidative treatment using variable mole ratios

Ibrahim

of riboflavin over lysozyme [53]. Lysozyme alone showed poly-
merization, fragmentation and quenching of Trp fluorescent
on photo-oxidation reaction. Further, the complex retained
its strong antimicrobial activity even on photo-oxidative
treatment, while causing a dramatic reduction in antimicro-
bial activity of the free triclosan. The results indicated that
the lysozyme interacts with triclosan and that the indole side
chains of Trp residues appear to be located in a more hydro-
phobic environment than in lysozyme, probably the interior
of the lysozyme molecule. Taken together, the results
confirm that accommodation of the triclosan in the hydro-
phobic pocket of lysozyme not only protects lysozyme
from oxidation-induced loss of structural and biological activ-
ities, but also protects phenolic antimicrobial triclosan from
oxidative damage until its delivery to the bacterial cell.

An important property of drug carriers that has particular
significance in pharmacy is their ability to increase the solubil-
ity of poorly soluble drugs in water and have non-covalent
interaction with the drug to facilitate delivery (37. The insol-
uble triclosan becomes completely soluble in water on com-
plexation with lysozyme (Figure 5B), most probably as the
phenolic ring is incorporated, non-covalently, into the hydro-
phobic core underlying the active site cleft of lysozyme, as
deduced from fluorescence study. The key residues make up
of the lysozyme active site highlights the cleft-like nature of
the lysozyme active site, whereas six sugar units (termed
A - F subsites) of substrate could accommodate a phenolic
agent, such as triclosan, within the cleft. The subsite C, which
provides most of the binding energy for the sugar substrate, is
formed by the side chains of Trp62 and Trp63, and most
importantly a deep hydrophobic hole formed by Ile58,
I1e98 and the indole ring of Trp108 [11,54] could accommo-
date the triclosan molecule (Figure 4). The presence of triclo-
san, therefore, appears to alter the hinge-bending motion of
the lysozyme active site cleft as well as the nature of the hydro-
phobic hole of the subsite C. It is important to note that tri-
closan possesses three chlorine groups and a hydroxyl group
within the two phenol rings, which may provide further
hydrogen bonds and van der Waals contacts with the saccha-
ride substrate in the active site of lysozyme, which affects the
binding and release of the substrate.

8. Antimicrobial activity of triclosan-lysozyme
complex

In a fluorescence study it has been revealed that the combina-
tion of lysozyme with triclosan could elicit aromatic stacking
interaction (T-T interaction), thus loading the triclosan into
the active site cavity of lysozyme molecule. The antimicrobial
activity of TCS-LZ when examined against number of
Gram-positive and Gram-negative bacterial strains was very
promising. Table 1 shows the antibacterial activity of the
complex against four Gram-negative bacteria (Escherichia
coli K-12, Klebsiella pneumoniae, Pseudomonas aeruginosa and
Salmonella typhimurium) and four Gram-positive bacteria
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Figure 5. Tryptophan (Trp) fluorescence emission of TCS-LZ and lysozyme alone recorded on excitation at 285 nm. A. Trp
fluorescence emission spectra of TCS-LZ and LZ were recorded in solutions containing derivatives (at a LZ-based concentration
of 0.1 mg/ml), or free TCS (at concentration equivalent to its content in the respective preparation) in 25 mM
Na-phosphate buffer (pH 7.4). B. Solution turbidity of LZ, the complex TCS-LZ and free TCS in water (H,0) or ethanol
(EtOH) at concentration equivalent to its content in the complex.

LZ: Lysozyme; TCS: Triclosan; TCS-LZ: Triclosan-lysozyme complex.

(Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus
zooepidemicus and Micrococcus luteus). When incubated with
Gram-positive bacteria for 20 h, triclosan alone at concentra-
tion equivalent to its content in the respective complex had
almost no activity. Although triclosan has been reported to
possess antimicrobial activity against S. aureus, the resistance
of S. awureus to triclosan has been reported recently [55,56].
Lysozyme alone was found to exhibit different bactericidal
activity ranging from strong to moderate against M. /uteus
and S. aureus, respectively, and was markedly weak against
S. epidermidis and S. zooepidemicus. As for Gram-negative
bacteria, lysozyme alone was completely inactive against all
Gram-negative strains tested. Triclosan alone showed variable
bactericidal activity ranging from strong to moderate against
K. pneumoniae and E. coli or S. typhimurium, respectively,
whereas it was inactive against P. aeruginosa. The bactericidal
activities of triclosan-lysozyme complex, however, were
remarkably stronger than that of triclosan alone against the
Gram-negative P. aeruginosa, E. coli and K. pneumoniae. In
particular, the complex showed potent anti-P. aeruginosa
activity to which triclosan alone was devoid of activity. It is
worth noting that the dose dependency of antimicrobial activ-
ity of the complex [29] showed the same trend as in Table 1.
The TCS-lysozyme complex was very effective against all
strains tested, resulting in a severe reduction in the CFU of

the bacteria (four to eight log;o orders of killing). The results
indicate that lysozyme seemed to facilitate the delivery of
triclosan to microbial cells and provide a new antibiotic-
targeting strategy for the treatment of microbial infections.
It is worth noting that TCS-lysozyme complex showed signif-
icant bactericidal activity against S. epidermidis and S. zooepi-
demicus, to which lysozyme or triclosan alone were almost
devoid of activity. Given this degree of TCS-loading depen-
dency, lysozyme seemed to serve as a carrier that allowed
specific targeting of triclosan into microbial cells.

9. Lysozyme delivers triclosan into the
bacterial cytoplasm

Triclosan blocks the active site of a cytoplasmic enzyme called
enoyl-acyl carrier-protein reductase (Fabl), preventing the
bacteria from manufacturing fatty acids it needs for building
cell membranes and other vital functions. The targeted deliv-
ery of triclosan into the cell of E. coli by lysozyme could be
confirmed by assessing the inhibition of Fabl in the cyto-
plasm. To investigate intracellular uptake of triclosan during
antimicrobial action of TCS-lysozyme, E. coli cells were
treated with the TCS-lysozyme complex (20 pg/ml, protein
based) and inhibition of Fabl enzymatic activity of the
cytoplasmic extracts was measured. Cells, suspended in
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Table 1. Antimicrobial activity of the lysozyme-triclosan complex against different strains of Gram-negative and

Gram-positive bacteria.

Gram-negative

Gram-positive

E. coli K. pneumon. P. aerugin. S. typhi. S. aureus S. zooepi. S. epiderm. M. lut.
Ctrl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TCS alone 0.9 2.5 0.0 0.7 0.1 0.6 0.1 6.0
LZ alone 0.0 0.0 0.0 0.0 3.9 0.6 1.1 3.2
TCS-LZ 6.6 5.2 53 3.6 5.0 8.0 7.4 6.3

Antimicrobial activity is expressed as bacterial killing power using the formula: dlog killing = log;q nc - logyo np, where nc and np are CFU per milliliter of mock
and treated cells, respectively. The assay was performed in trypticase soy broth at 30°C for 20 h incubation with protein-based 62.5 pg/ml of TCS-LZ or TCS alone
or LZ alone at concentration equivalent to their contents in the complex. TCS-LZ was prepared by adding 30-fold molar excess of TCS over LZ [29]. Control, cells
treated with solvent without compound. The initial cell number was adjusted to 108 CFU/ml.

Ctrl: Control; LZ: Lysozyme; TCS: Triclosan; TCS-LZ: lysozyme-triclosan complex.

trypticase soya broth (TSB), were mixed with an equal volume
of TCS-lysozyme complex or its triclosan or lysozyme equiv-
alents. After incubation at 30°C for 2 h, excess protein or tri-
closan was removed by centrifugation, then cell lysates of the
treated cells were prepared by freeze-thawing then sonication
of the pellets in 50 mM Tris-HCI, 2 mM EDTA (pH 7.6).
Cell debris was removed by centrifugation for 5 min at
12,000 r.p.m., and supernatant was saved as treated cell
extracts. Enzymatic activity of Fabl (the cytoplasmic target
of triclosan) in the treated cell extracts was monitored fluoro-
metrically by measuring NADH consumption for 20 min on
addition of crotonoyl CoA as substrate. Fluorometric mea-
surement of NADH oxidation was used in these experiments
to obtain a higher sensitivity. The result is interpreted as inhi-
bition of Fabl enzymatic activity in the cell extracts as ARFU
per minute per milligram total protein.

To test the ability of triclosan or the complex to inhibit
Fabl in the cytoplamic milieu of E. co/, first the isolated cyto-
plasmic fraction, from mock-treated cells, was mixed with tri-
closan or the complex and inhibition was monitored. Both
TCS-LZ and free TCS caused a similar magnitude of severe
inhibition of Fabl activity when added to the cytoplasmic
extract (Figure 6A), indicating their comparable potency to
inhibit the target enzyme in the complex environment of
cytoplasm and validate the assay. Figure 6B shows the kinetics
of NADH consumption by Fabl enzymatic activity of the
extracts of pretreated E. coli cells with 1.4 pM TCS-
lysozyme (carrier based) or equivalent free triclosan. Mock-
treated cell extracts (without any test compound) showed
profound enzymatic activity, causing linear decrease in
NADH fluorescence (Figure 6B). Lysozyme alone caused a
small decrease in NADH consumption, probably as a result
of partial complexation of NADH with the hydrophobic
core of lysozyme. The TCS-lysozyme and its free triclosan
equivalents showed reduced consumption of NADH (Fabl
inhibition), but the inhibition by TCS-lysozyme was remark-
ably higher than that of free triclosan. TCS-lysozyme complex
caused > 95% inhibition of Fabl activity, whereas 47%

inhibidon of actvity was observed by triclosan alone

(Figure 6C). The inhibition observed by triclosan is considered
to be the entrapment of triclosan in the hydrophilic cell mem-
brane as well as the lethal effect on bacterial cells [39] at this
concentration (42 pM corresponding to 12 pg/ml). The results
clearly demonstrate that in TCS-lysozyme complex, triclosan is
loaded in the hydrophobic cavity of lysozyme where lysozyme
facilitates its delivery into bacterial cytoplasm after dissociation
at the lipid environment of bacterial cell membrane, thus
inhibiting the target enzyme Fabl. The potent antimicrobial
action of TCS-lysozyme complex together with its specific tar-
geting of triclosan to the fatty acid synthesis pathway (cyto-
plasmic Fabl) of pathogenic bacteria confirms the successful
site-specific drug-delivery strategy by using lysozyme as a new
approach for therapeutic development.

10. Concluding remarks

Despite the supremacy of some phenolic antimicrobials, such
as triclosan, acting on weak targets of bacteria, for example
fatty acid synthesis pathway, they present formulation diffi-
culties because they are practically insoluble in water. Triclo-
san is very insoluble in water, but once inside the cell it
poisons a specific enzyme that many bacteria need for sur-
vival (45]. Triclosan blocks the active site of the Fabl, prevent-
ing the bacteria from manufacturing fatty acids. Humans do
not have this enzyme, so triclosan is harmless to humans.
Lysozyme is an antimicrobial enzyme having high water solu-
bility as well as a negligible toxigenic potential beside its
known anti-inflammatory activity. Lysozyme, possessing the
ability selectively to recognize and disrupt microbial cell walls,
could provide almost unlimited opportunities in producing
highly efficient and specialized systems for anti-infection
drug targeting. The unique properties of lysozyme, such as
its high degree of solubility, multivalency of its active site,
globular architecture and well-defined molecular mass, make
it a promising new scaffold for the delivery of various phenolic
drugs with different targets in the microbial cells. The strategy
proved to produce high water solubility of the drug-lysozyme
complex with significant efficiency against broad spectrum of
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Figure 6. The delivery of triclosan into E. coli K-12 cells and subsequent inhibition of the cytoplasmic Fabl (intracellular
target). Activity of Fabl was kinetically monitored by measuring NADH consumption, fluorometrically, on addition of
crotonoyl CoA as substrate. A. Inhibition of Fabl enzymatic activity in the isolated cytoplasmic extract, whereas the complex
TCS-LZ or free TCS was added to the extract as inhibitor. B. Cells were pretreated with TCS-LZ complex (20 pg/ml, protein-
based) or its TCS or LZ equivalents (in TSB). After incubation at 30°C for 2 h, cells were washed, and the lysates of the treated
cells were prepared by freeze-thawing then sonication. Total protein in the extract was normalized by using Bio-Rad protein
assay. Enzymatic activity of Fabl in the cytoplasmic extracts of treated cells was monitored. The result is expressed as inhibition
of Fabl enzymatic activity in the cell extracts as change in the relative fluorescence units per minute per milligram total
protein (ARFU). C. The residual Fabl activity expressed as percentage to the mock-treated cell extract. Each datum point
represents the mean plus or minus standard error of triplicates.

cLZ: Control lysozyme; LZ: Lysozyme; TCS: Triclosan; TCS-LZ: Triclosan-lysozyme complex; TSB: Trypticase soya broth.

microorganisms. The strategy provides great promise in allevi-  deposition, particularly in the topical or systemic treatment

ating: i) the antibiotic resistance problem; ii) the water solu-  of surgical wound infections. Regardless of the great contribu-
bility problem commonly encountered with pharmaceutical  tion of this approach to the basic science and pharmacology,
application of phenolic drugs, through loading of a phenolic
drug with the highly water-soluble lysozyme; and iii) the non-

specific toxicity associated with chemotherapy while improving

it has a bright future that may yield new avenues in the
treatment of different infectious diseases.

the therapeutic index of the drug.

Lysozyme as a natural anti-inflammatory protein and regu-
lator of the immune response offers exciting new alternatives
to conventional therapeutics and drug-delivery systems. Such
a multifaceted delivery system having its individual molecules
acting in a coordinated way should allow for delivery of
the phenolic antimicrobial drugs with required temporal

11. Expert opinion

Antimicrobial drug delivery sets high demands on the delivery
technology to target pathogens specifically and reduce side
effects as well as dosing frequency. However, the rise of bio-
logical formulations poses fundamental problems with this
approach as such molecules are degraded in the stomach,
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insoluble, and may target natural microflora such as the intes-
tinal lactic acid bacteria or mammalian cells. Protein-based
delivery by stable proteins able to recognize and disrupt
membranes of pathogenic cells may circumvent the issue
and herald a fascinating opportunity for delivery technology.

The application of protein-based drug delivery is still at a
relatively early stage of development, but has experienced
rapid growth in the past decade. Recent research has shown
that proteins are useful tools for studying fundamental target-
ing problems and, with their desirable globular structure and
polyvalent character, they can also present practical solutions
to drug delivery issues such as solubility, biodistribution and
targeting [7-937). The lysozyme, from avian egg albumen,
structure is likely to find uses in applications involving multi-
function particulate systems combining targeting and therapy.
This approach utilizes structurally permitted loading of lyso-
zyme with a phenolic antimicrobial drug that has a unique
target inside the microbial cells, that is, fatty acid biosynthesis,
and thus introduces an innovative strategy that offers a new
means in the treatment of infectious diseases. This finding is
the first to describe how the membrane disrupting function
of lysozyme can be utilized to target antimicrobial drug(s)
specifically to pathogen cells and heralds a fascinating oppor-
tunity for its potential candidacy as a new antimicrobial or
drug-targeting strategy.

Generally, protein drugs are administered as injections and
are incompatible with oral administration. The incompatibil-
ity of protein drugs with oral administration is a result of poor
permeability across the intestinal epithelium (57) and because
the intestinal lumen and epithelial cells contain many
enzymes that degrade proteins [58]. However, lysozyme as
well as cytochrome ¢ and bromelain are clinically considered
as oral protein drugs. Megalin, a large glycoprotein function-
ing as an endocytic receptor, is highly expressed in the renal
proximal tubule and intestinal epithelial cells (591, whereas its
ligands include lysozyme, cytochrome ¢ and aminoglyco-
sides [60,61]. Megalin is suggested to be involved in the absorp-
tion of intact lysozyme in the intestine [62,63]. Interestingly, it
has been found that the intestinal absorption of lysozyme is
segment-selective and occurs preferendally from the upper
intestine [63].

Notably, the orally administered lysozyme as well as micro-
encapsulated lysozyme can scavenge advanced glycated end
products (AGE) iz vivo and show a protective effect against
the development of the initial stages of diabetic nephro-
pathy and renal hypertrophy in an experimental diabetic rat
model [64]. In the study, lysozyme was found to be actively
taken up by the Peyer’s patches, where a remarkable amount
of the intact lysozyme was delivered into the systemic circula-
tion [64]. Further, lysozyme was found to be bioabsorbable in
human subjects with 48 h circulation time [65].

The gastrointestinal stability of lysozyme has also been
evident from several structural studies. In a recent work, it
was found that > 60% of hen lysozyme remained intact
after reaction with pepsin for 2 or 4 h at either pH 2.0 or
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pH 4.0 (35). Fontana ez al. [s6] found that whereas hen lyso-
zyme at pH 2.0 was fully resistant to proteolysis by pepsin,
the other members of the lysozyme superfamily were cleaved
at different rates at a few sites of the polypeptide chain.
They found that horse and pigeon lysozymes were attacked
by proteinase K at pH 8.3, whereas dog and hen lysozymes
were resistant to proteolysis under identical experimental con-
ditions. In another study, hen lysozyme was found to be fully
resistant to proteolysis by thermolysin and was partally
nicked in the presence of trifluoroethanol [67].

As hen lysozyme has been found to be bioabsorbable and
relatively stable against proteolysis in the gastrointestinal tract,
drug-lysozyme complex is expected to circulate in the blood
long enough to accumulate at the sites of infection, but can
also be eliminated from the body at a reasonable rate.
A comparison of the features of lysozyme with other polymers
shows that the lysozyme architecture can provide several
advantages for drug delivery applications. For example, the
controlled multivalency of the active site cleft of lysozyme
can be used to accommodate several drug molecules in a
well-defined manner. In addition, the low polydispersity of
lysozyme should provide reproducible pharmacokinetic
behaviour, in contrast to that of some polymers containing
fractions with vastly different molecular mass within a given
preparation. As cationic polymers have shown great promise
in the development of stomach-targeted antimicrobial drug
delivery systems [68], the application of the cationic lysozyme
in this area is particularly interesting. Furthermore, the more
globular shape of lysozyme, as opposed to the random coil
structure of most polymers, makes this enzyme a potential
drug carrier for antibacterial treatment.

Food proteins show great promise for developing a range of
new carriers with the potential to incorporate pharmaceutical
compounds and provide controlled release via the oral
route [8,69,70]. Notably, lysozyme has been affirmed as GRAS
by the FDA, with its tentative final rule dated 13 March
1998 (21 CFR Part 184, docket number 89G-0393). The
USDA 2009 (Doc. No. AMS-TM-09-0060; TM-09-07) has
authorized the use of lysozyme (CAS# 9001-63-2) as an ingre-
dient in or on processed products labeled as ‘organic’, whereas
the FDA established GRAS status when it is identified as ‘egg-
white lysozyme’. In addition, a recent study concluded that
the use of lysozyme as an additive in Grana Padano cheese
does not appear to be harmful in egg allergic subjects [71].
Clear advantages of lysozyme as a drug carrier include its
abundant renewable sources, and acceptability as naturally
occurring food components.

Although the extra effort required for the synthesis of lyso-
zyme complexes with phenolic drugs means that these mole-
cules must possess distinct advantages over the polymer
analogues to be useful in practical terms, research has shown
that lysozyme does indeed have many unique pharmaceutical
features that warrant its further exploration in drug delivery.
Inflammation is a biological response of immune cells
(macrophages, dendritic cells and neutrophils) already present
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in vascular tissues to microbial infections. At the onset of an
infection, these cells undergo activation and release inflam-
matory mediators responsible for the clinical signs of
inflammation. Reducing the inflammatory barrier is essential
to allow penetration of the antibiotic. Lysozyme is known
for its ant-inflammatory function through inhibition of
chemotaxis of activated neutrophils, inhibition of mitogen-
induced lymphoblastogenesis and autologus mixed lympho-
cyte reaction (72,73]. Besides, studies have shown that lyso-
zyme is also capable of directly modulating the entire
activation of complement system reaction cascade, inhibiting
the classical pathway, and inhibiting polymorphonuclear leu-
kocyte response towards complement-derived chemotax-
ins [13]. One of the areas that remains to be addressed is the
biodistribution behavior and allergenicity of drug-lysozyme

complexes. For example, the tissue localization of drug-
lysozyme complex is easy to predict in advance, but more
studies are required to determine its allergenic reaction on
long-term build-up. A further area that has to be investigated
is the release of drugs from lysozyme. The steric hindrance
associated with the dense globular lysozyme architecture is
a useful scaffold for the exploitation of various alternative
release mechanisms, including enzymatic cleavage. Some
work in this area is required.
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