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Abstract
Honey colloidal structure emerges as a new trend in research on honey functions
since it became recognized as a major factor altering bioactivity of honey com-
pounds. In honey complex matrix, macromolecules self-associate to colloidal
particles at the critical concentration, driven by honey viscosity. Sequestration of
macromolecules into colloids changes their activities and affects honey antibac-
terial function. This review fills the 80-year-old gap in research on honey col-
loidal structure. It summarizes past and current status of the research on honey
colloids and describes physicochemical properties and themechanisms of colloid
formation and their dissociation uponhoney dilution. The experimental observa-
tions are explained in the context of theoretical background of colloidal science.
The functional changes and bioactivity of honey macromolecules bound to col-
loidal particles are illustrated here by the production of H2O2 by glucose oxidase
and the effect they have on antibacterial activity of honey. The changes in the
production of H2O2 and antibacterial activity of honey were coordinated with
the changes in the aggregation–dissociation states of honey colloidal particles
upon dilution. In all cases, these changes were nonlinear, assuming an inverted
U-shaped dose–response curve. At the curve maximum, the production of H2O2

and antibacterial activity reached the peak. The curve maximum signaled the
minimum honey concentration required for the phase separation. With phase
transition from two-phase colloidal condense state to dilute state dispersion, the
change to opposite effects of dilution on these honey’s activities occurred. Thus,
the colloidal structure strongly influences bioactivity of honey compounds and
affects its antibacterial activity.

KEYWORDS
antibacterial activity, colloid aggregation/disaggregation, colloidal particles, dilution, H2O2
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1 INTRODUCTION

A traditional view of honey is as a viscous mixture com-
posed of constituents of plant, honeybee, and microbial
origins that are evenly distributed and freely diffusing in
sugar solution. With this presumption, there are a large

number of studies investigating bioactivity of purified,
individual honey compounds in in vitro systems, assum-
ing that their in vitro activity would reflect that in vivo
based on empirical in vivo–in vitro association. A classic
example is the research of antibacterial activity of extracted
flavonoids (Cushnie & Lamb, 2011), polyphenolic acids
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(Aljadi & Yusoff, 2003; Estevinho et al., 2008), enzymes,
such as glucose oxidase (White et al., 1963), or antimi-
crobial peptides (Kwakman et al., 2010) whose activities
are investigated out of context of honey matrix and with-
out consideration of any intermolecular interactions with
other honey constituents (proteins, phenolics, oligosac-
charides, lipids, minerals, etc).
There is, however, an increasing realization that honey

macromolecules do not operate as individual, single
molecules but rather in complexes with other compounds.
Recent evidence indicates that viscosity of high sugar
concentration forces honey macromolecules to interact
with each other and to coalesce into particles of col-
loidal dimensions (Brudzynski et al., 2017). By analogy
with the concept of macromolecular crowding in the
cytoplasm of living cell, honey milieu could be consid-
ered as a highly crowded macromolecular environment
that influences molecular conformation and intramolec-
ular interactions (Kuznetsova & Uversky, 2014; Minton,
2001, 2006; Zhou et al., 2008). Viscosity of honey inhibits
macromolecules’ diffusion and confines them to limited
spaces. The proximity to each other promotes nonco-
valent intermolecular interactions via attractive van der
Waals forces and/or electrostatic, repulsive forces. These
interactions lead to formation of complexes and colloidal
assemblies that are separated (de-mixed) fromhoney sugar
solution. The de-mixing event is known as phase sepa-
ration (Brudzynski et al., 2017). This conformational fea-
ture appeared to be of paramount importance for honey
bioactivity.
This review focuses on honey colloidal structure, its

physicochemical properties, mechanisms of colloids for-
mation and dissociation, and functional consequences of
such structure on honey antibacterial activity.

2 HISTORY OF RESEARCH ONHONEY
COLLOIDS

Before discussing current advancements in research on
colloidal structure of honey, it is important to begin the
review with a brief summary of pioneering work con-
ducted over 80 years ago by Lothrop and Paine (1931)
and Paine et al. (1934). These researchers recognized
that honey constituents aggregate to colloidal particles
affecting honey clarity, color, and organoleptic properties,
thereby decreasing consumer appreciation of this natural
product. Thus, this early research was focused mainly on
colloid physical properties such as size, surface charge, and
settling conditions that could help with the development
of clarification methods. Honey colloids were estimated to
comprise 0.1% to 1% of dry mass in different honeys, with
the lowest content in light honeys (such as clover) and the

highest in dark honeys (such as buckwheat) (Paine et al.,
1934). Despite their relatively small abundance, honey col-
loids affected rheological behavior, dispersion, and struc-
tural stability.

2.1 Surface charge and
reversible/irreversible colloids

Paine et al. (1934) have found that a surface charge of
honey colloidal particles determined whether the par-
ticles repel each other and remain dispersed or attract
each other and form aggregates. These electrostatic repul-
sions/attractions were pH dependent and could be also
changed by honey dilution. At pH near the isoelectric
point (pI), pH approximately 4.3, the colloidal particles
formed aggregates that subsequently flocculate (Lothrop&
Paine, 1931; Paine et al., 1934). Inmost honeys, these floccu-
lated, soluble aggregates could be dissociated and reversed
back to fine colloidal particles by several washes with
deionized water (Lothrop & Paine, 1931). These colloids
were called reversible. Reversible colloids were typically
observed among light honeys. However, in some honeys,
the strong association between particles could not be dis-
rupted by dilution. Such colloidal system was irreversible.
Dark honeys were often observed to form irreversible
colloids that precipitated out of solution upon honey
dilution.
In addition to surface charge, the size of particles was

also a factor influencing reversibility of colloidal system.
Colloidal particles in the irreversible fractions were larger
and heavier and were readily separated by centrifugation
or ultrafiltration, whereas the particle of reversible fraction
would remain in colloidal suspension (Lothrop & Paine,
1931; Paine et al., 1934).

2.2 Chemical composition of colloidal
particle

Chemical composition of colloids of reversible and irre-
versible fractionswas found to be similar. In both fractions,
the average protein content was about 54%, although dark
honeys, such as buckwheat and heather honeys, showed
the highest protein content at 75% (Lothrop & Paine, 1931;
Mitchell et al., 1955).
Irreversible fraction consisted mostly of proteins of rel-

atively high molecular weight, pentosanes (pentose poly-
mers), and markedly higher levels of minerals such as Fe,
Si, Ca, and Mg. The reversible fraction on the other hand
was more organic in nature. In addition to nitrogenous
compounds and inorganic material, it contained wax-like
lipids (Lothrop & Paine, 1931; Paine et al., 1934).
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3 CURRENT RESEARCH ONHONEY
COLLOIDS

After a gap lasting several decades, the research on honey
colloids recently reemerged but is still at the infancy stage.
In contrast, the recent progress in colloidal structure of
other foods or that of cytoplasm of cells can be used as an
example to study honey colloids (Brudzynski et al., 2017;
Dickinson, 2015; Minton, 2001).
The crucial event in the formation of honey colloids is

water evaporation during honey ripening. Lowwater activ-
ity and viscosity of a concentrated solution of fructose and
glucose in honey decrease mobility of macromolecules,
provoking intra- and intermolecular interactions and self-
association to colloidal particles. The colloidal particles
dispersed in sugar solution separated into two distinct
physical phases, condensed particles and dilute phase
(Brudzynski et al., 2017).

3.1 Macromolecules involved in a
colloidal particle formation

The detailed chemical composition of honey colloidal par-
ticles has not been completely established. According to
the earlier research, colloids in honey amounted to 0.1%
to 1% of honey mass and were composed of 54% pro-
teins (Lothrop & Paine, 1931; Paine et al., 1934). Thus, pro-
teins were found to be an essential part of honey colloids.
Majority of honey proteins originate from honeybee and
are introduced to honey with the secretion of hypopha-
ryngeal and mandibular glands during nectar harvesting.
Some proteins originate from pollen and nectar (Di Giro-
lamo et al., 2012; Erban et al., 2019; Šimúth, 2001; Iglesias
et al., 2006; Rossano et al., 2012). Consistent with recent
estimates, the total protein content in honeys ranges from
0.2% to 0.7% of honey mass (Bogdanov et al., 2008) sug-
gesting that most of honey proteins exist in a form of col-
loids. The proteomic analysis of honey revealed that up to
90% of proteins belong to the family of Major Royal Jelly
Proteins (MRJPs) (Di Girolamo et al., 2012; Erban et al.,
2019; Rossano et al., 2012) with a predominance of one spe-
cificmember,Major Royal Jelly Protein 1 (MRJP1) (Šimúth,
2001; Šimúth et al., 2004; Buttstedt et al., 2014; Di Girolamo
et al., 2012; Erban et al., 2019; Rossano et al., 2012; Won
et al., 2008). The structural features of MRP1, its propen-
sity for oligomerization, and the range of interactions with
other honey molecules make it a good candidate to be
the main component of a colloidal particle (explained in
Section 7). In addition, a marked portion of honey proteins
include enzymes involved in sugar metabolism (glucosi-
dases, amylases, transglucosylases, and phosphorylases)

and a high-molecular-weight, multi-subunits enzyme, glu-
cose oxidase (Schepartz & Subers, 1964).
MRJP1 and other proteins are dominant, surface-active

constituents of honey and are engaged in interactions
with other organic molecules such polyphenolic acids,
flavonoids and their derivatives, saccharides (pentosanes),
volatile oils, Maillard reaction products, minerals, and
wax-derived fatty acids (Brudzynski & Miotto, 2011a;
Brudzynski et al., 2013; Lothrop & Paine, 1931; Manyi-
Loh et al., 2011; Paine et al., 1934; Turkmen et al., 2006).
There are twomajor mechanisms of inter- and intramolec-
ular interactions in food colloids: hydrophobic or elec-
trostatic interactions (reviewed by Dickinson, 2015). The
type of interactions determines stability and reversibility
of colloids. Protein glycosylation is an example of cova-
lent interactions in honey. Majority of honey proteins are
N-glycosylated, with high-mannose glycans attached to
the asparagine residue of protein side chain, including
MRJP1 (Kimura et al., 1995, 2003; Zhang et al., 2014). How-
ever, the noncovalent binding of proteins with other com-
pounds dominates in food colloids (Dickinson, 2015). In
honey, transient, noncovalent protein–protein interactions
between monomers of glycosylated MRJP1 lead to for-
mation of a large, 350 to 420 Da heterohexamer, apisin
(Kimura et al., 1995; Šimúth, 2001; Kimura et al., 2003),
whereas both the noncovalent and covalent interactions
between protein and polyphenols lead to formation of
protein–polyphenol complexes (Brudzynski et al., 2013)
and melanoidins (Brudzynski & Miotto, 2011a; Turkmen
et al., 2006). During food processing at elevated tempera-
ture or during honey storage, these compounds react with
the Maillard reaction products and convert into polymer-
ized, high-molecular-weight melanoidins (Brudzynski &
Miotto, 2011a; Moreira et al., 2012; Turkmen et al., 2005).
The chemical composition of colloidal particles of beer

haze may serve as a comparable example to honey col-
loids. The main constituents of haze colloids are protein–
polyphenols complexes (40% to 75%) and polysaccha-
rides (starch, beta-glucans, and arabinoxylans) (2% to 15%)
(Siebert et al., 1996). Also, metal ions and residues of
hop resins found in these colloids play role in a phase
separation.
Similarly, polyphenol–proteins complexes constitute the

core of honey colloidal particle. Recent research revealed
two types of polyphenol–protein complexes in honey dif-
fering in molecular size, in the ratio of protein to polyphe-
nols content, in polyphenolic profiles, and in the total
hydrophobicity (Brudzynski et al., 2013). Using a combina-
tion of size-exclusion chromatography, gel electrophoresis,
Liquid Cghromatography-Electrospray Ionization- Mass
Spectrometry (LC–ESI–MS), and Matrix- Assisted Laser
Desorption/Ionization - Time of Flight (MALDI-TOF),
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the separated complexes were estimated to be of 230
to 180 and 110 to 85 kDa in size. The high-molecular-
weight complexes (230 to 180 kDa) were enriched in pro-
teins (“protein-type” complexes), whereas lower molec-
ular size complexes (110 to 85 kDa) were enriched
in polyphenols (“polyphenol-type” complexes) (Brudzyn-
ski et al., 2013). Two-dimensional polyacrylamide elec-
trophoresis and MALDI-TOF revealed the presence of
members of MRJPs, specifically MRJP1, and glucose oxi-
dase in “protein-type” complexes (Brudzynski & Sjaarda,
2015). The lower molecular weight complexes charac-
terized by increased content of polyphenols contained
an unidentified protein of a 31-kDa molecular mass
that seemed to assist in polyphenol polymerization
and organization of the structure of these complexes
(Brudzynski et al., 2013). With regard to polyphenolic
composition, LC–ESI–MS revealed the differences in the
distribution of hydrophilic monophenolic acids (ferulic, p-
coumaric, and caffeic) between these two types of com-
plexes; they were absent in “polyphenol-type” complexes
but occurred in “protein-type” complexes (Brudzynski
et al., 2013). Consequently, the qualitative and quanti-
tative differences in the distribution of phenolic com-
pounds between polyphenol–protein complexes affected
the degree of hydrophobicity and their water solubility.
These two distinctive properties of complexes determined
what type of interactions they developed with other com-
plexes and with hydrophilic sugar solution.

3.2 The arrangement of
macromolecules within a colloidal particle

Water solubility of the macromolecules involved in assem-
blies and the ratio of hydrophobic to hydrophilic groups are
the main factors that determine their arrangement inside
the complex in hydrophilic honey solution. Hydrophobic
compounds such as polyphenols or fatty acids with poor
water solubility are buried inside the complexes, whereas
hydrophilic, charged protein residues are exposed on their
surfaces, allowing free interactions between particles in
aqueous sugar solution. In order to decrease the contact
with water, the hydrophobic molecules interact with each
other leading to clustering and aggregation. One can envi-
sion a simplified model of the honey particles composed of
polyphenol–protein complexes, where polyphenolic com-
pounds comprise the particle core immiscible with water,
whereas the hydrophilic protein portion protrudes into
solution.
The proteins conformation and chain flexibility influ-

ence the shape and function of colloidal particles. For
examples, filamentous proteins often form a scaffold to
which other compounds would bind transiently or per-

manently. The scaffold structure is considered a host (a
core of colloid, usually of larger size), which transiently
interacts with guest molecules that are present in another,
smaller colloidal particle (Banani et al., 2016). Filamentous
proteins that have organized secondary structure tend to
fold into geometrical structures. In contrast, the amphi-
pathic guest proteins with less organized structure show
flexibility and plasticity. Due to these properties, the guest
proteins of colloidal particles are able to spontaneously
switch between different conformations at different pH
or ionic strength conditions (Alberti, 2017) and have abil-
ity to interact with multiple different partners (Uversky,
2013, 2017). The phenomenon creates a dynamic system
exchanging constituents between host and guest particles
(Banani et al., 2016). The host–guest complexation inter-
action leads to transient, reversible, or permanent aggre-
gation.
The recognition of two types of polyphenol–protein

complexes in honey, differing in molecular sizes and the
protein to phenolic ratio, raises the possibility that they are
a part of twodifferent types of colloidal particles engaged in
the host–guest interactions. Interestingly, the most abun-
dant honey protein,MRJP1, has been recognized as a struc-
tural protein with propensity to form oligomeric structure
(Šimúth, 2001; Kimura et al., 1995). MRJP1 can sponta-
neously self-assemble to symmetrical arrangements. The
abundance of MRJP1 in honey, the MRJP1 tendency to
aggregation, and interactions with other honey compo-
nents are highly relevant in structuring honey’s colloidal
system. MRJP1 oligomers provide extensive hydrophobic
and hydrophilic interfaces that allow multiple molecular
interactions with othermolecules such as polyphenols and
with the aqueous dispersed phase (Tian et al., 2018). These
molecular interactions of attractive or repulsive charac-
teristics depend on surface charge of the proteins of the
colloidal particle and are central to colloid formation or
dissociation.

3.3 Particle surface charge, zeta
potential, and pH dependence

The hydrophilic, ionizable groups of proteins within a par-
ticle, such as MRJP1, carry an electric charge on the sur-
face that governs the electrostatic interactions. The num-
ber of ionizable groups affects the formation of an elec-
tric double layer surrounding the particles. Adsorption of
counterions close to the particle surface is followed by the
diffused cloud of co-ions. The electric potential between
these two layers is called zeta potential. At zeta potential
between 15 and 30mV, colloids can either aggregate or sep-
arate, whereas ±30 mV is considered a range at which the
colloidal system becomes stable (Uskoković, 2012).
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The surface charge of the colloidal particles and zeta
potential depends on pH of honey. The charge of ionizable,
functional groups on the surface of the molecule, such as
carboxyl and amino groups, depends on the pH of solu-
tion. Under acidic condition, the H+ ion is released from
the carboxyl group and the surface of molecule becomes
negatively charged. Amino groups become protonated and
acquire positive charge. The pHof solution therefore deter-
mines the surface charge of the colloidal particle. Zero
charge occurs at isoelectric point.
Most honeys have pH between 3.4 and 5.5 (Bogdanov

et al., 2004: Ratiu et al., 2020). Similarly, proteins in honey
colloidal particles are protonated at pH below pI (pH 4.3)
giving the particle a net positive surface charge, whereas
proteins above pI are deprotonated changing the surface
charge to negative. At pI, the surface charge is neutral-
ized by counterions abating electrostatic interactions and
supporting colloidal aggregation by hydrophobic interac-
tions between molecules (Lothrop & Paine, 1931; Paine
et al., 1934). The relationship between the surface charge
and aggregation is best illustrated by a pH-dependent self-
assembly of MRJP1 to oligomers (Buttstedt et al., 2018;
Mandacaru et al., 2017; Tian et al., 2018). MRJP1 is a
tetrameric protein possessing “dimer on dimer” quater-
nary structure. The structure is held together by four small
protein connectors—apisimin—and eightmolecules of 24-
methylcholesterol (Mandacaru et al., 2017; Tian et al.,
2018). The complex is kept by noncovalent interactions
between all the components. The distribution of sur-
face charge within tetramer plays crucial roles in the
pH-dependent self-association of the MRJP1 oligomer. At
pH 4.0 to 4.5, which comes close to pI of MRJP1, the
hydrophobic interactions dominate, triggering aggregation
andMRJP1 oligomerization (Buttstedt et al., 2018). The pH-
dependent oligomerization of MRJP1 is highly relevant to
formation of honey colloidal structure.
In summary, the surface charge, zeta potential, and

pH control aggregation/dissociation of the main proteins
involved in colloidal particle formation. Figure 1 presents
schematic relationship between zeta potential and pH-
dependent aggregation/dissociation of colloidal particles.

3.4 Types of interactions between
particles

As described above, the interactions between components
of colloidal particles are noncovalent and involve attrac-
tive and electrostatic double-layer repulsive forces. Attrac-
tive forces include short-range van der Waals interac-
tions, hydrophobic bonds, electrostatic hydrogen bonds,
and metal coordination covalent bond. The van der Waals
and hydrophobic forces are transient interactions between

F IGURE 1 Colloidal stability reflected by the pH-dependent
aggregation/dissociation

uncharged colloidal particles and dominate at the iso-
electric point of honey. These types of interactions are
relatively weak and therefore occur when the distances
between particles are short. In undiluted honey, themolec-
ular crowding at low water activity results in shortening
distances betweenmolecules and facilitates their attractive
interactions.
Likewise, the strength of repulsive forces between parti-

cles of the same charge is the highest at short distances;
however, in contrast to van der Waals forces, the repul-
sive forces decay over a long range (Israelachvili, 2011). In
addition to electrostatic double-layer repulsive forces, the
amount of water in honey modulates the molecular inter-
actions. Hydration of polar molecules weakens electro-
static attractive forces and hydrogen bonding between the
functional groups in proteins as the polar water molecules
competing for their binding (Zhou & Pang, 2018). Honey
dilution with water, at low ionic strengths and beyond pI,
increases the electrostatic repulsive forces and ultimately
leads to the dramatic change in a conformational state of
colloid (see Section 4).

4 ROLE OF PHYSICOCHEMICAL
PROPERTIES IN COLLOID FORMATION

4.1 Effect of pH on the colloid
aggregation

In addition to the composition, concentration, and chem-
ical nature of honey macromolecules, the properties of
honey solution such as pH, acidity, ionic strengths, and
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mineral content regulate the formation of colloidal parti-
cles. As described above, changes in pH of solution influ-
ence self-assembly ofmain proteins into colloidal particles.
The relationship between pH and particle aggregation was
demonstrated experimentally by Lothrop and Paine (1931).
They found that yield of colloids in different honey vari-
eties (clover, alfalfa, dandelion, buckwheat, and tupelo)
was the highest at pI, and decreased at pH above and
below pI. In addition, dark honeys such as buckwheat
that contained the highest concentration of proteins pro-
duced the highest amount of colloids/per weight at pI. The
yield of colloids decreased inmedium-color honeys (amber
alfalfa), and the least amount of colloidalmaterial was pro-
duced by white clover honey (Lothrop & Paine, 1931) sug-
gesting that the protein content was a dominant factor to
the formation and aggregation of colloidal particles.
In addition to protein concentration and pH depen-

dence,mineral concentrations in dispersingmedium influ-
enced self- assembly of honey colloids.

4.2 Metal binding, surface charge
inversion, and colloidal aggregation

The metal content in honey solution increases positive,
electrostatic interactions between particles and enhances
colloid aggregation. The binding of metal cations to col-
loidal particles can neutralize or even inverse the electro-
static double-layer repulsive forces. At relatively high ionic
strengths and in acidic solution, the colloidal particles
can absorb multivalent cations with electric charge oppo-
site to their surface, reducing the electrostatic repulsive
force. These electrostatic interactions depend on chemical
nature of ligands and a number of metal binding sites in
their structure (Roosen-Runge et al., 2013). Themainmetal
binding ligands in honey are proteins and polyphenols. As
mentioned in a previous section, changes in pH of solu-
tion cause either protonation or deprotonation of protein
functional groups (amino-, carboxyl-, thiol-, and imida-
zole groups in proteins) and hydroxyl and carboxyl groups
in proteins and phenolic compounds. At protonated state,
amino acids’ functional groups possess electron-donating
capabilities (such as sulfur of Cys, nitrogen ofHis, and oxy-
gen of glutamate or aspartate) and can form bridges with
Zn (II), Fe (III), or Cu (II) by coordination. At deprotonated
state, negatively charged carboxyl groups of amino acids
react with metal cations (Roosen-Runge et al., 2013).
In phenolic acids and flavonoids, catechol or galloyl

groups are particularly good chelators of metal ions
(Kasprzak et al., 2015; Belščak-Cvitanović et al., 2018). The
pH of solution is important for the efficiency of binding
because deprotonation of these groups is required formetal
coordination. Flavonoids bind Fe (II), Fe (III), and Cu

(II) in their neutral or anionic form at weakly acidic pH
(around pH 5 to 6). Increased number of catechol or gal-
loyl groups in phenolic compounds increases the extent of
metal coordination. For example, Fe (II) and Fe (III) can
coordinate up to three catechol or galloyl groups. The com-
bined efficiency ofmetal chelation by protein and polyphe-
nols in colloidal particles contributes to surface charge
reversal and colloid aggregation.
In honey, the effect of neutralizing the surface charge

of colloids by electrostatic interaction with metal ions on
the formation of colloidal aggregates and flocculation was
demonstrated by Paine et al. (1934). Accumulation of iron,
silicon, and calcium was disproportionally larger in irre-
versible colloidal fraction of dark versus light honeys, indi-
cating participation of metal ions in colloid formation
(Paine et al., 1934). Honey contains multiple minerals and
trace metals (Bogdanov et al., 2008; White & Doner, 1980).
The concentration of the main minerals such as calcium,
copper, iron, magnesium, manganese, phosphorus, potas-
sium, and zinc varies betweenhoneys of different botanical
and geographical origins (Bogdanov et al., 2007), thereby
affecting colloid formations in these honeys. The metal
content and pH of honey on one hand and the polyphe-
nol and protein concentrations as ligands influence the
strength of the electrostatic, attractive interactions.

4.3 Honey color as a predictive factor of
colloids formation

Phenolic compounds are chromophores by themselves
but their metal-binding (chelating) ability strengthens the
color changes. The intensity and the hue of the color
of the metal–flavonoid complexes depend on polyphenol
structure, that is, presence of catechol or galloyl moiety
and number of hydroxyl groups as well as the length of
the conjugated double bond system. The increased num-
ber of conjugated double bonds (over eight) can shift the
absorption toward a longer wavelength of visible light
changing the honey hue from yellow to red to brown.
Moreover, binding of color metal ions (e.g., brown Fe
or yellow Cd) to conjugated system results in the for-
mation of colored complexes. Taken together, increased
concentrations of polyphenol–metal complexes produce
darker colors of honeys (Malesev & Kunti, 2007). In
addition to having an influence on honey color, metal
binding by flavonoids and other polyphenols has antiox-
idant properties by preventing trace metals from par-
ticipating in free radical generation via redox reactions
(Castro-Vazquez et al., 2008; D’Arcy et al., 1997; Muller
& Boehm, 2011; Paiva & Russell, 1999). Not surprisingly,
several studies have shown a strong relationship between
honey color, polyphenolic content, and antioxidant activity
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(Bertoncelj et al., 2007; Blasa et al., 2006; Brudzynski &
Miotto, 2011; Chen et al., 2000; Combarros-Fuertes et al.,
2019; Gheldof & Engeseth, 2002; Halagarda et al., 2020;
Vela et al., 2007). In addition, a strong, positive correlation
was found betweenmineral content and acidity and honey
color (r, (21) = 0.76 to 0.90, P = 0.01) (Ratiu et al., 2020).
The correlation data indicate a direct association between
honey color, total polyphenols and/or total flavonoids con-
centrations, mineral concentrations, and the conditions of
the solution such as acidity and pH. These conditions facil-
itate the metal binding to ligands, reducing the electro-
static repulsive forces and increasing the particle growth
in size and phase separation. Thus, the colloid formation
in honey is strongly influenced by these physicochemical
properties of honey. In light of these experimental data, it
appeared that the metal binding to polyphenols has sev-
eral physicochemical ramifications, including the effect on
honey color. Thus, honey color can be used as a predictor
of the formation of colloids, in addition to traditional asso-
ciation between honey color, polyphenolic content, and
antioxidant activity.
In summary, the colloidal particle formation and aggre-

gation in honey is regulated by physicochemical fac-
tors of honey solution—the concentration of metal ions,
pH/acidity as well as protein and phenolics concentrations
as chelating agents. These variables can effectively balance
a surface charge of colloidal particle, decrease zeta poten-
tial, and cause the particles’ aggregation.

5 AGGREGATION/DISAGGREGATION
OF COLLOIDAL PARTICLES IN HONEY

5.1 Effect of macromolecules’
concentration as a critical factor for phase
separation

A critical concentration of macromolecules is a key fac-
tor in the spontaneous formation of colloidal structures
(Ganesh et al., 2018). In honey, like in other colloidal sys-
tems, a certain, minimal concentration of macromolecules
was required to promote their self-assembly. Knowing that
colloidal particles are optically active, we investigated the
effect of macromolecular concentration on colloid for-
mation by employing a combination of UV absorption
spectroscopy and light scattering. Honey macromolecules
involved in self-assembly (proteins, polyphenols, andMail-
lard reaction products) all absorb UV light, often in over-
lapping ranges. The combination of UV spectral analysis
and dynamic light scattering (DLS) methods enabled us to
semi-quantify the total concentration of macromolecules
and to monitor their self-assembly (Brudzynski et al.,
2017).

F IGURE 2 The relationship between changes in macro-
molecules concentration (expressed in AUC) (top) and the size and
rate of dissociation of large colloidal particles upon honey twofold
consecutive dilution (bottom) in three groups of honeys differeing in
the color (ligh, medium, and dark honeys)

The concentration of macromolecules was estimated by
scanning individual honeys at UV range 200 to 400 nm to
cover absorption maxima of all contributing compounds.
The combined absorbance of each honey scan was mea-
sured as the area under the curve (AUC). Thus, obtained
AUC values corresponded to the total content of UV
absorbing molecules for a given honey. The highest con-
centration of macromolecules was found in dark honeys
and the lowest in light honeys, according to the follow-
ing order: dark > medium > light honeys (P < 0.0001)
(Brudzynski et al., 2017).
The concentration of macromolecules was a critical fac-

tor in the formation of colloidal particles and in the size
of particles. The tendency to aggregation and formation of
large particles was disproportionally higher in dark and
medium honeys characterized by high concentrations of
UV absorbing compounds as indicated by DLS (Figure 2).
The analysis of the intensity distribution versus particle
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size revealed that the percentage of micron-size particles
in medium and dark honeys (35%) exceeded that in light
honeys (5.6%). However, despite the dominance of large
particles in dark and medium honeys, all honey possessed
a commonparticle populationwith themean size diameter
between 541 ± 73 and 259 ± 35 nm.
Taken together, the UV spectral data on concentration

of UV absorbing compounds in combination with DLS in
light, medium, and dark honeys supported the notion on
the critical role ofmacromolecule concentration on the for-
mation of colloidal particles and on the particle size.

5.2 Stability of colloidal structure upon
honey dilution and phase transition

Stability of a colloidal system is usually described as a state
of equilibrium between electrostatic repulsive and attrac-
tive forces acting on particles dispersed in dilute solution.
However, stability of honey colloids upon dilution was
observed at two extremal conditions: at very low honey
dilution where honey viscosity maximized the particle
aggregation and at very high dilution that maximized the
particle dispersion. The large colloidal particles of dark and
medium honeys displayed unusual colloidal stability as
indicated by steady, high AUC values despite the increased
water dilution up to 16- to 32-fold (Figure 2). DLS analy-
sis of particle size also revealed the slow change in size at
low honey dilutions. A compact structure of the micron-
size aggregates was less accessible to the penetration by
water molecules and disintegration (Figure 2). When the
AUC values were plotted against twofold honey dilution,
the absorbance intensity and AUC values did not decrease
in a linear manner with the degree of dilution in these
honeys. Rather, the AUC drops suddenly when the con-
centration of UV absorbing molecules decreased to a crit-
ical threshold at a certain dilution point. At this dilution,
the colloidal stability was lost and the condensed colloidal
conformation has transitioned to dispersion, as indicated
by the DLS analysis (Figures 2 and 3a). The threshold con-
centration was defined as a phase transition point that sep-
arated two conformational states: two-phase colloidal state
and one-phase state of dispersion at dilute solution condi-
tions. At the phase transition point, the combined effects of
particle hydration, decreased viscosity of the solution, and
increased pHwithwater dilution lead to change of the elec-
trostatic equilibrium toward restoration of repulsive inter-
actions andparticle dispersion. The changes inAUCvalues
upon honey dilution could be graphically presented as an
inverted sigmoid or inverted U-shaped curve (Brudzynski
et al., 2017).
At phase transition, the disintegration of colloidal struc-

tures from micro- to nanoparticles was already detectable

F IGURE 3 A correlation of changes in honey colloidal struc-
ture upon dilution with honey activities. (a) The arrow indicates the
phase transition point at the threshold macromolecular concentra-
tion (AUC = 240 to 250 nm) beyond which the particle aggregates
undergo dissociation in medium-color honey. (b) The relationship
between the growth inhibition and a phase transition point for dark,
medium, and light honeys. (c) The relationship between hydrogen
peroxide generation and a phase transition point by dark, medium,
and light honeys. Figure adapted from Brudzynski et al. (2017). This
work is licensed under the Creative Commons Attribution 4.0 Inter-
national License
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F IGURE 4 Proposed sequence of events in the colloid formation in honey

by DLS. The size distribution of particles versus honey
dilution showed that aggregates of over 6,000 nm were
predominant in dark and medium honeys compared to
light honeys at two- to fourfold dilutions (Figure 2). The
mean effective diameters of the particles (Z-average) of
dark buckwheat honey had significantly larger diameters
at two- to fourfold honey dilution than that of medium
and light honeys (P < 0.0001) (Brudzynski et al., 2017).
These observations confirmed that disaggregation of par-
ticles depended on their size and was nonlinear with
dilutions.
In contrast to dark and medium honeys, destabilization

of conformation occurred rapidly in light honeys. In light
honeys, the low concentration of macromolecules resulted
in formation of smaller size particles, with the average
diameter ranging from 541 ± 73 to 259 ± 35 nm. The con-
formational integrity of these particleswas readily compro-
mised by dilution.Nophase transition pointwas detectable
for light honeys. The decrease of the AUC values was lin-
ear with the consecutive twofold dilutions indicating that
the light honey conformation was that of a dilute state
conformation.
Based on principal features governing colloids for-

mation, a simplified explanation for colloid destabiliza-
tion and phase transition upon dilution would include
decreased viscosity, increased diffusion rates and parti-
cle mobility, increased distances between particles, and
changes in pH of solution toward neutral, beyond isoelec-
tric point of given honey. Together, the physicochemical
changes of dispersing medium and a particle hydration
played a role in restoration of electrostatic repulsive forces,
leading to dissociation of aggregates and phase transition.
Thus, the stability of honey colloids depended on the

concentration of macromolecules (proteins and polyphe-
nols) and the physicochemical conditions of the solution
(dispersing phase) that controlled the particle aggrega-
tion/dissociation process: viscosity, pH, and a content of
dissolved multivalent cations. The schematic interpreta-

tion of the formation/dissociation of honey colloids and
factors involved is presented in Figure 4.

5.3 Self-organization of colloidal
particles in honey

Interestingly, the disintegration of the large colloidal par-
ticles into smaller particles occurred in a quite orderly
manner. The large colloid particles of 5,179 ± 379 nm in
size in dark and medium honeys were dissociated first
to the 1,308 ± 135 nm and then into the common pop-
ulation of particles of the mean size diameter of 541 ±
73 and 259 ± 35 nm, observed in all honeys. Beyond the
phase transition point, the effective diameter of particles
was superimposable among dark, medium, and light hon-
eys. The hierarchical order of dissociation of large parti-
cles suggested that they might be formed by coalescence
from basic colloidal units (Brudzynski et al., 2017). This
could explain reversibility of honey colloids. The dispersed
small-size colloidal particles could self-assemble and coa-
lesce back to larger particles in response to changes in
physicochemical properties of honey solution, such as pH,
ionic strength, or viscosity. Because there was no sharp dif-
ference in chemical composition between reversible and
irreversible fraction of colloids (Paine et al., 1934), this sug-
gests the existence of a basic unit(s) of colloidal particle
that can reversibly associate to micron-size aggregates and
dissociate to nanosize basic units (Figure 4).
These observations revealed a striking analogy to the

dissociation/association of MRJP1 monomers at differ-
ent pH. The noncovalent interactions between monomers
of MRJP1 form tetrameric structures. Under acidic con-
ditions, tetramers further oligomerize to long filaments
(Buttstedt et al., 2018; Tian et al., 2018). The MRJP1 units
in oligomers are held by weak van der Waals forces and
can be easily disrupted by pH changes. Subsequently,
oligomers dissociate into a mixture of tetramers, dimers,
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and monomers (Buttstedt et al., 2018; Tian et al., 2018)
resembling the hierarchical order of dissociation of large
colloidal particles in our studies (Brudzynski et al., 2017).
The spontaneous formation and dissociation of colloids

has a high significance in preserving and regulating bioac-
tivity of molecules entrapped/incorporated into particles.
The reversible self-aggregation and dissociation of honey
colloidal particles is apparently involved in themodulation
of glucose oxidase activity and the H2O2 production upon
honey dilution (see below).

6 RELATIONSHIP BETWEEN
COLLOIDAL STRUCTURE AND ACTIVITY
OFMACROMOLECULES

After establishing a role for honey macromolecules in the
formation of colloidal assemblies, the following questions
arose: (a) how the function of a macromolecule in such
complexes differs from its function as a free molecule in
solution, and (b) what is the impact of colloidal structure
on the overall honey antibacterial activity?
Literature data indicate that the properties and activi-

ties of compounds in the assemblies are definitely altered.
In pharmacology and drug discovery research, aggrega-
tion of small molecules and drugs into colloidal particles
has been shown to reduce their biological or pharmaco-
logic efficacy (Ganesh, et al., 2018). Some studies indi-
cated that nonspecific adherence of enzymes to the sur-
face of colloidal particles led to noncompetitive inhibition
of their activities (Ganesh et al., 2018). The loss of activity of
enzymes bound to colloids was transient and could be eas-
ily restored after colloid disruption tomonomers by solubi-
lization with detergent or by dilution (Ganesh et al., 2019).
Fromaperspective of drug design, such reversible colloidal
systems with predictable, versatile, and switchable prop-
erties are advantageous. Reversible colloids could timely
deliver the colloid-bound drug by releasing it via colloid
dissociation tomonomers (McLaughlin et al., 2016). On the
other hand, the enzyme/protein amphiphilic properties
and their spontaneous self-assembly into colloidal struc-
tures are often applied to build synthetic nanostructures
with the goal to promote the enzyme activity. For example,
the enzymes bound to preformed biocolloids consisting of
polystyrene carrier particles showed accelerated rates of
the catalytic reactions and enhanced activities (Caruso &
Schüler, 2000).
The question arose, how are the activities of

enzyme/molecules bound to colloids changed in natural
environment? In the cytoplasm of prokaryotic and eukary-
otic cells, the formation of transient colloidal particles
containing clusters of enzymes is of common occurrence.
The condensed enzyme clusters allow separating cellular

reactions and processes that can occur concurrently in
the cytoplasm. Enzymes within such clusters were found
to possess much higher activity compared to the single
isolated, purified enzyme (Johnson et al., 2014; Srere,
1987; Sweetlove & Fernie, 2018). For example, clusters of
enzymes involved in glycolysis or tricarboxylic acid (TCA)
cycle included in colloidal particles showed activity many
orders of magnitude higher than the same molecule tested
alone in diluted solution in in vitro conditions (Sweetlove
& Fernie, 2018). Specifically, the clusters of enzymes
carrying out the multistep reactions showed enhanced
efficiency due to their coordinated action and substrate
channeling. Reversible association and dissociation of
such assemblies allow a fast response to environmental
cues, such as in a case of a transient formation of stress
granules or the fast formation of DNA repair nanoparticle
surrounding the DNA lesion consisting of the enzyme
cluster specialized in DNA repair (Alberti, 2017). Many
of these large colloidal assemblies of microscopic dimen-
sions (ribosomes, nucleoli, or chromatin) are involved
in processes that are essential for life and fitness and
therefore require fully active participating molecules.
Thus, formation of reversible colloidal structures in the
cytoplasm seemed to be the natural way to regulate the
enzyme activities (Srere, 1987).

6.1 Effect of colloidal structure of honey
on the H2O2 production and antibacterial
activity

The significant discrepancies between enzyme activities in
colloidal system in natural environment and in vitro assays
indicate that their bioactivity is affected by the concentra-
tion, chemical nature of interacting macromolecules, and
the physicochemical conditions of the dispersing solution
(viscosity, metal content, and pH). How the bioactivity of
molecules is changed in honey colloids is still unknown
and a topic for future research. However, our preliminary
evidence gave an indication as to the directions of these
changes in relation to (a) antioxidant activity of honey
polyphenols during formation of melanoidins (Brudzyn-
ski &Miotto, 2011a), (b) the enzymatic production of H2O2
(Brudzynski, 2006; Brudzynski et al., 2011), and (c) antibac-
terial activity uponhoney dilution (Brudzynski et al., 2017).
Honey phenolic acids and flavonoids are known for

their antioxidant and antibacterial activities when inves-
tigated under in vitro assay conditions. However, in
natural honey environment, binding of polyphenol to
proteins and incorporation of protein–polyphenols com-
plexes into melanoidins had negative effects on their
function as antioxidants. When protein–polyphenol com-
plexes were separated based on their molecular weight
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F IGURE 5 A schematic representation of a proposed inverted
U-shaped dose–response curve divided into activity zones adapted
from the classical U-shaped dose–response curve described by
Lushchak (2014b)

and investigated for their antioxidant activity, the smaller
size “polyphenol” type of protein–polyphenol complexes
exhibited high antioxidant activity (measured by Oxy-
gen Radical Absorbance Capacity (ORAC) method) before
their sequestration into the large melanoidin complexes.
The sequestration to melanoidins significantly reduced
their ORAC activity. These observationsmight suggest that
the hydroxyl groups of polyphenols involved in radical
scavenging reaction were blocked or used in the formation
of melanoidins (Brudzynski & Miotto, 2011a). Formation
of melanoidins during honey storage also decreased honey
antibacterial activity (Brudzynski & Kim, 2011).
With respect to enzyme activity, the production of H2O2

by glucose oxidasewas negatively affected by the size, com-
pactness of colloidal particles, viscosity of solution, and
limited water content in undiluted honey. Due to these
apparent obstacles, glucose oxidase has been inactive in
undiluted honey (reviewed in Brudzynski, 2020). How-
ever, the inhibition of enzyme activity was reversible and
resumed immediately after addition of water. Initially, the
production of H2O2 increased almost linearly with dilu-
tion reaching the maximum concentration at a phase tran-
sition point (different for different honeys), after which it
declined rapidly (Brudzynski, 2020). In dark and medium
honeys, the maximum concentration of H2O2 occurred
at 16- to 32-fold dilution (Brudzynski et al., 2017; Str-
elec et al., 2018). Further honey dilution had an oppo-
site effect on H2O2 production, causing drastic reduction
(Figure 5). Quantitatively, the changes in H2O2 concen-
trations with consecutive, twofold dilution assumed an
inverted U-shaped curve.
The turning point of the curve is reflecting the reversal

in the effects of dilution on the production of H2O2.

When changes in synthesis of H2O2 upon dilution were
investigated in parallel with the changes in colloidal state
of honey (using Amplex Red method for H2O2 quantita-
tion and DLS, respectively), it was realized unexpectedly
that the phase transition point coincided with the max-
imum peak of H2O2 production (Figure 5) (Brudzynski
et al., 2017).
The inverted U-shaped dose–response relationship has

been also observed between dilution and antibacterial
activity of honey. The study of bacterial growth inhibition
by different honeys against standard bacteria (Escherichia
coli and Bacillus subtilis) indicated that the maximum
antibacterial activity expressed as Minimum Inhibitory
Concentration (MIC) against E. coli coincided with the
maximum production of H2O2 and declined passing the
phase transition point (Brudzynski et al., 2017). Number of
studies demonstrated that growth inhibitory and bacterici-
dal activities of honey are strongly influenced by the con-
centration of H2O2 (reviewed in Brudzynski, 2020). H2O2
is produced in honey as a by-product of glucose oxidation
by glucose oxidase (White et al., 1963). The glucose oxi-
dation is considered to be the main pathway of the H2O2
production in honey, although other mechanisms are now
recognized (Brudzynski, 2020). Honey’s endogenousH2O2
concentrations of 2.5 mM or higher, or added externally
to bacterial cultures, produced bactericidal effect through
DNA degradation (Brudzynski et al., 2012; Imlay & Linn,
1987). There is a strong relationship between levels of H2O2
and antibacterial activity of honey. Inmost honeys of Euro-
pean and American origin, H2O2 is the main antibacte-
rial component and the H2O2 production directly relates
to honey MIC and Minimum Bactericidal Concentration
(MBC) (Brudzynski et al., 2012).

7 THE FUNCTIONAL SIGNIFICANCE
OF COLLOIDAL STRUCTURE FOR HONEY
ACTIVITY

As stated beforehand, the efficiency of the H2O2 produc-
tion in dark and medium honeys upon dilution depended
on macromolecule concentrations (expressed as AUCs),
the size of particles, and their stability against water dilu-
tion. Based on the observations in other colloidal systems,
the correlated changes in the H2O2 production and in
the colloidal state of honey upon dilution can be inter-
preted by the metastable state of colloid near the phase
transition where the compactness of large, dense col-
loidal is weakened by the molecules hydration. The partial
destabilization of the colloidal structure at low dilutions
(two- to fourfold) did not affect the particle integrity as
indicated by the size changed (Z-average) in dark hon-
eys. However, the relaxation of the particle structure
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and increased water availability for the catalytic reac-
tions might activate glucose oxidase bound to the parti-
cles as evidenced by the steady increase in the enzymatic
H2O2 production. Near the phase transition point with
increased hydration of the particles, the rates of aggrega-
tion/dissociation become unbalanced toward disaggrega-
tion. The metastable state of colloids near the phase tran-
sition point coincided with the maximum production of
H2O2 and the MIC values in antibacterial assays. Dilu-
tion changed several physicochemical parameters of honey
milieu, including viscosity that increased molecule mobil-
ity and with it, the distances between particles. Changes in
pH with water dilution and hydration of particles rebuild
colloidal particles’ electrostatic double layer, leading to re-
appearance of repulsive forces and disassembly of large
colloidal particles. At critical dilution at the phase transi-
tion point, the disaggregation rates overcome aggregation
and rapid particle degradation occurred with the system
transitioned toward the dilute state dispersion. The par-
ticle degradation and dispersion was associated with the
cessation of the H2O2 production and antibacterial activ-
ity. The phase transition point ended up the production of
H2O2 and decreasedMIC values to zero (Brudzynski et al.,
2017).
In contrast to dark honeys, the colloidal state in light

honeys was of the diluted state dispersion form the begin-
ning; it did not undergo the phase transition. In these hon-
eys, the maximum production of H2O2 occurred at low
dilution and the amount ofH2O2 inmost caseswas not suf-
ficient to inhibit bacterial growth (Brudzynski et al., 2017).
A comparison of the H2O2 production and antibacterial

activity of honey between darker and light honeys revealed
that the colloidal stability was of outmost importance for
these honey activities. In dark and medium honeys, the
nonlinear, quantitative changes in colloidal stability upon
dilution associated with degradation/dissociation of parti-
cleswere observed to be causally coordinatedwith changes
in enzymatic production of H2O2 and antibacterial activity
of honey.
Thus, accumulating evidences show that the conforma-

tional changes in colloidal structure of honey upon dilu-
tion are a key principle that affects its function (Figure 5).
Sequestration of other active honey components dur-

ing colloid formation might also reduce their activity. In
addition to H2O2 concentrations, honeys of high antibac-
terial activities are usually enriched in secondary metabo-
lites including polyphenolic acids, flavonoids, and volatile
compounds of plant origin (Table 1). The majority of sec-
ondarymetabolites exert the antibacterial effects indirectly
by interacting with macromolecules and modulating their
functions (Covan, 1999; Cushnie & Lamb, 2011). Depend-
ing on the structure, polyphenols can be involved in cova-
lent and noncovalent binding of proteins, carbohydrates, T
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and lipids of bacterial cell membrane components, inhibit
enzymes, and disrupt biofilm formation and quorum sens-
ing, thereby reducing viability and survival of microorgan-
isms (Sindi et al., 2019). However, their sequestration into
condensed colloidal particles might make them unable
to perform these functions, at least temporarily, until
honey dilutions and phase transition occur in reversible
colloids.

7.1 An inverted U-shaped
dose–response curve relationship between
colloidal structure of honey and its
function

The inverted U-shaped dose–response curves are
widespread phenomenon in biological systems observed
in a drug response, stress response, enzyme activities,
and behavioral responses (Calabrese & Baldwin, 2001;
Lushchak, 2014a).
This nonlinear, biphasic dose–response relationship

describes the rapid change in biological response to the
opposite direction depending on the dose of effector: from
the stimulatory effect at the low dose to the inhibitory
effect at high dose.
The classical U-shaped dose–response curves can be

divided onto three phases (Lushchak, 2014b). The phase
I has been characterized as a short, uneventful phase at
low effector doses, followed by the increase in positive,
stimulatory responses over the increasing range of effec-
tor concentrations (phase II) toward reaching the peak (a
threshold) after which the adverse, inhibitory responses to
increasing doses of the effector are observed (phase III).
This theoretical, simplified graphical representation of

the inverted U-shaped dose–response curve (Lushchak,
2014b) fit well to our experimental data.
By analogy to this model, we found that the responses

such as changes in the AUC, H2O2 production, and
antibacterial activity of honey upon dilution (dose) dis-
played similar descriptive features: a short phase at low
honey dilution representing a stable colloidal state (phase
I), followed by the metastable state characterized by
increasing changes in the AUC, H2O2 production, and
increased antibacterial activity. After reaching the max-
imal point of H2O2 synthesis and the MIC of honey at
the maximum point of the inverted U-shaped curve, the
phase III is initiated by the fast decline in these activities
and the phase transition to the dispersion of nanoparticles
(Figure 5) (Brudzynski et al., 2017).
These three dilution-related inverted U-shaped dose–

response curves (AUC curve, the H2O2, and antibacte-
rial activity) strongly suggested that the observed changes

were interconnected and were related to the same phe-
nomenon, the dissociation of colloidal particles upon
dilution. Thus, it is reasonable to assume that the con-
formational changes in colloidal structure and stability
were responsible for coordinated changes in enzymatic
production of H2O2 and antibacterial activity of honey.
These data provide first evidence on the relationship
between the colloidal structure of honey and its func-
tion as antibacterial agent. The inverted U-shaped dose–
responses curves are the illustration of an integrative func-
tional response to the change of conformational state of
honey.

7.2 Relevance of MRJP1 structure and
activity to the colloidal structure and
activity of honey

There are extensive similarities between conformational
changes observed in honey colloids and in the MRJP1
structure. Our results from biochemical assays, size-
exclusion chromatography, UV absorption spectroscopy,
andDLS indicated thatmacromolecular concentration and
physicochemical properties of dispersing medium (low
water activity, viscosity, acidity, pH, and minerals content)
led to the colloid formation and phase transition. Simi-
larly, varying protein concentrations and pH changes led to
MRJP1 aggregation or dissociation. In both cases, oligomer
formation and degradation involved basic units and these
conformational changes were coordinated with changes
in bioactivity. The monomeric form of MRJP1, but not
its oligomer, has been shown to be biologically active. As
a glycoprotein glycosylated with high-mannose type gly-
cans (Zhang et al., 2014), the MRJP1 molecule exhibits
lectin-like activity causing agglutination of both Gram-
positiveB. subtilis andGram-negativeE. coli (Brudzynski&
Sjaarda, 2015). Second, the C-terminus of MRJP1 contains
three antimicrobial peptides, jelleines, which have bacte-
ricidal effect on several multi-drug-resistant clinical iso-
lates (Brudzynski & Sjaarda, 2015; Brudzynski et al., 2015;
Fontana et al., 2004). However, jelleines of native MRJP1
tetramer are hidden by the interactions of C-terminus of
one MRJP1 monomer with N-terminus of another MRJP1
monomer (Tian et al., 2018). Activity of these antimicro-
bial peptides is only revealed after dissociation of MRJP1
oligomers tomonomers and after their proteolytic cleavage
from the C-terminus (Fontana et al., 2004). Based on strik-
ing similarities in the structural and functional behavior of
MRJP1 and honey colloids under similar physicochemical
conditions, we speculate thatMRJP1, as amain component
of honey colloidal particle, determines colloidal structure
of honey.



2076 Honey colloidal structure. . .

8 CONCLUSIONS AND OUTLOOK

The colloidal structure of honey and its influence on bioac-
tivity constitute a significant conceptual change to our
knowledge on how bioactive compounds of honey might
function in vivo. First, this review demonstrates that the
dynamic self-assembly of honey macromolecules into col-
loidal structures alters molecules properties and activities
from that usually observed in in vitro studies. Proteins
sequestrations, such as sequestration of glucose oxidase,
to condensed colloidal aggregates are the prime reason for
the inhibition of glucose oxidase–dependent production of
H2O2 in honey and with it, the reduction of antibacterial
activity of honey. In the reversible colloids, the glucose oxi-
dase activity can be “rescued” upon honey dilution dur-
ing phase transition from the condensed to more relaxed,
metastable colloidal state. Therefore, phase transition has
important consequences for the overall honey activity. In
a future research, changes to the physicochemical con-
ditions of honey (pH, surface charges, and the mineral
content) governing the aggregation/dissociation and phase
transition could be used to control antibacterial activ-
ity or other specific honey function, such as antioxidant
activity.
Second, compiling and analyzing recent studies on self-

assembly and phase transition of honey colloids with the
self-organizing properties of MRJP1 (Buttstedt et al., 2018;
Mandacaru, et al., 2017; Tian et al., 2018) has raised the pos-
sibility that MRJP1 may be the fundamental component
of honey colloidal particles. MRJP1 is the most abundant
among honey proteins and its structural properties, includ-
ing reversible self-assembly and disassembly in the pH-
and concentration-dependentmanner, show strong resem-
blance to the behavior of our colloidal particles under
the same conditions. Moreover, the large surface area of
hydrophobic interfaces in MRJP1 oligomers enables the
multiple interactions with other molecules and facilitates
the formation of large colloidal particles. The resemblance
between these two entities extends to the dramatic func-
tional changes as the result of particle condensation or
MRJP1 oligomerization. As in the case of glucose oxi-
dase inhibition by sequestration to the colloid, the MRJP1
monomer loses its ability to induce queen differentiation
after oligomerization (Kakamura, 2011, 2016), or to act as
immune stimulator (Majtan et al., 2006; Tonks et al., 2003).
Lastly, MRJP1 oligomeric complexes, held by noncovalent
interactions, can be easily dissociated to tetramers, dimers,
or monomers in response to changes of pH of dispersing
medium (Tian et al., 2018), resembling hierarchical order
of dissociation of honey micron-size particles. The likeli-
hood that the MRJP1 is a major component of colloidal

particle of honey very clearly points to the need for further
research.
Third, a reversible self-association of the proteins into a

dynamic colloidal network is the advantageous property of
honey colloids. Reversible colloids could reactivate colloid-
bound active ingredient (such as glucose oxidase) upon
colloid dissociation to monomers. In this respect, it has
been proposed that a slow release of H2O2 from honey-
based wound dressing accounts for a continued antibac-
terial effect of this dressing (Molan, 2006).
We believe that reversibility of honey colloidal struc-

ture has a potential practical application in clinical set-
tings, pharmaceutical formulation, and food sciences. In
drug discovery, reversible honey colloids could find an
application in the development of new delivery systems
based on controlled catch and release of therapeutic agents
or other bioactive compounds (McLaughlin et al., 2016).
Similarly, in food industry, designing the delivery sys-
tem based on reversible honey colloids has considerable
advantages; stability of condensed colloid particles pro-
vides protection for incorporated bioactive compounds
against microbial breakdown during storage, whereas the
colloid reversibility upon controlled dilutions ensures their
release in bioactive form. Moreover, such delivery sys-
tem has high bioavailability and is safe for consumption
(GRAS).
After an 80-year hiatus, the study of colloidal struc-

ture of honey and its impact on honey functions has been
resumed. It is our hope that this review may stimulate fur-
ther research into colloidal structure of honey.
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