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Allicin, an organic compound produced via the transformation of biologically inactive alliin by alliinase,
an enzyme found in garlic, combines a strong antibacterial effect with suppressed development of bac-
terial resistance. However, because of the high reactivity and volatility, controlled in-situ production of
allicin that mimics the natural synthesis is essential to achieve desired therapeutic effects. In this work,
the spray-drying technique was employed for encapsulation of alliinase into polymer micro-carriers with
an emphasis on the effect of process parameters, i.e., drying temperature, nozzle type, choice of the car-
rier materials, on the activity of encapsulated alliinase in soluble maltodextrin and swellable chitosan
microparticles. The results show that maltodextrin is a suitable carrier for the effective protection of alli-
inase against thermal stress. On the other hand, we can control allicin production and release from chi-
tosan carriers with immobilized alliinase by variation of the cross-linker amount. Antibacterial activity of
in-situ formed allicin vapors was confirmed against Escherichia coli bacterial strain using customized sam-
ple holders preventing physical contact of powder sample with the inoculated agar plate.
� 2021 The Society of Powder Technology Japan. Published by Elsevier BV and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

An increasing number of multidrug-resistant (MDR) bacterial
strains hand-in-hand with the fact that only a few new antibiotics
have been discovered during the past 30 years (known as the dis-
covery void) [1] were identified as a major threat to modern global
society. Less than 100 years after the breakthrough discovery of
penicillin [2], we are facing the grim scenario that even common
superficial injuries or routine surgical procedures may become
dangerous and life-threatening again [3] and alternative solutions
are, therefore, needed [4,5]. Recently, a new antibiotic (Halicin)
was discovered by a novel methodology using AI machine learning
and deep neural network for the prediction of antibacterial activity
of molecules cataloged in enormous chemical libraries [6]. How-
ever, due to practical and financial difficulties associated with
the development of new antibiotics, most pharmaceutical compa-
nies have already shifted their attention to other, more cost-
effective products. On the other hand, we can find a variety of
antibacterial substances in nature providing essential antibacterial
protection for various living species for thousands of years. It has
been reported that the development of bacterial resistance against
potent but highly reactive and unstable plant-specific bactericides
found in genus Allium is more than 1000 times slower compared to
certain antibiotics [7], which could be the key to drug
sustainability.

Garlic (Allium sativum), one of the most studied plants in our
history, has been used since ancient times all around the globe
as a natural remedy praised for its healing powers. The substance
responsible for the beneficial properties is one of the most bioac-
tive compounds found in nature - allicin. Allicin is a volatile
organosulfur low molecular weight compound with a short half-
life produced upon mechanical damage of the garlic tissues. It is
formed rapidly (greater than 97% conversion after 30 sec [8]) by
the transformation of a non-proteinogenic amino acid alliin (a
major organosulfur compound located in the cytoplasm) with the
enzyme alliinase (isolated in the vacuoles) [9]. First, allyl sulfenic
acid is formed in the presence of water and cofactor pyridoxal
50-phosphate (PLP), followed by rapid condensation of two mole-
cules to allicin (Fig. 1). Alliin, a substance found in a garlic cell, is
not the only sulfoxide involved in the natural self-defense
mechanism of genus Allium since other plants (e.g., onion, leek)
have their chemical analogs, e.g., isoalliin, methiin, propiin and
others (Fig. 1) [10]. The plant-specific compounds with similar
chemical backbone share reaction mechanisms and produce corre-
sponding thiosulfinates upon contact with alliinase [11].
liinase,
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Fig. 1. Enzymatic conversion of alliin and alliin analogs.
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Allicin volatility, high reactivity and short shelf-life are why the
most effective way of allicin production is to mimic the original
concept of a garlic cell compartmentalization, i.e., a binary system
containing physically separated enzyme and substrate(s). Most
commercial dietary products use powdered garlic where the
enzyme, substrate and other compounds initially present in garlic
are in the form of a dry powder [8]. Alliin as a prodrug has been
declared by the FDA as a safe substance (GRAS - Generally Recog-
nized As Safe), and it can be administered in unlimited amounts
[12]. The most typical oral administration relies on rehydration
and activation of the dry enzyme in an aqueous environment,
e.g., saliva, gastric fluids, followed by the fast conversion of alliin
into allicin. However, the acidic environment of gastric fluid and
the action of digestive enzymes both result in complete deactiva-
tion of the unprotected enzyme, and only a minor fraction of the
claimed allicin content is formed [13]. Several techniques have
been employed for the improvement of alliinase stability and
activity under various conditions along with the simplification of
enzyme recovery and reuse, e.g., i) enzyme bonding through amino
groups of lysine residues to sepharose and beaded cellulose [14];
ii) sugar-lectin binding to porous aluminum oxide [15]; iii) immo-
bilization in layered double hydroxides [16]; iv) encapsulation into
cross-linked polymers (alginate particles [16,17] and N-succinyl-
chitosan [18]). Except for allicin synthesis, the immobilized alli-
inase can be valuable for biosensor development, e.g., detection
of cysteine sulfoxides in food products [19].

To this date, the spray-drying technique, commonly used in the
food and pharmaceutical industry for the encapsulation and drying
of heat-sensitive materials such as probiotics [20], enzymes [21],
monoclonal antibodies [22], or vitamins [23], has been used for
encapsulation of alliinase only occasionally. For instance, Strehlow
et al. demonstrated a successful encapsulation of alliinase in sol-
uble lactose microparticles aimed at pulmonary delivery [24]. Alli-
cin was formed upon rapid dissolution and mixing of two types of
carriers (one with enzyme and the other one with alliin) in the
alveolar model.

In this work, spray-dryer Büchi B-290 was employed for the
preparation of maltodextrin and cross-linked chitosan microparti-
cles with alliinase with controllable swelling aimed to control alli-
cin production. Maltodextrin is a popular encapsulating agent for
its low price, high water solubility, and low viscosity, which is in
favor of the atomization and spray formation [25]. It has also been
reported that maltodextrin, as wall material, provides effective
protection of encapsulated proteins against external factors, i.e.,
oxidation and thermal stress [26]. The second carrier material, chi-
tosan, belongs to the most commonly used compounds for
microencapsulation thanks to being widely available, non-toxic,
bioadhesive, and biodegradable [27]. Moreover, in combination
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with a suitable cross-linker, it allows encapsulation and protection
of sensitive substances such as proteins in reusable insoluble car-
riers [21].

To the best of our knowledge, little is known about the relations
between chitosan composition, matrix density and swelling behav-
ior, the activity of the encapsulated alliinase, and mass transport of
alliin/allicin, which are valuable information to i) control otherwise
very fast enzymatic reaction; ii) prevent the burst release of allicin
from compartmentalized systems; iii) tailor the release profile to
the specific end-user application.
2. Materials and methods

2.1. Materials

Maltodextrin (dextrose equivalent 4.0–7.0), chitosan (low
molecular weight; 75–85% deacetylated), pyridoxal 50-phosphate
hydrate (PLP; � 98% purity), Brilliant Blue G 250, ethylendi-
aminetetraacetic acid (EDTA; BioUltra; anhydrous; � 99% purity),
Polyethylene glycol (PEG) 6000, kanamycin sulfate, and N-[Tris(h
ydroxymethyl)methyl]glycine (Tricine; � 99% purity) were pur-
chased from Sigma-Aldrich (Germany). Bovine Serum Albumin
(BSA; fraction V; pH 7.0; standard grade; lyophilized) was pur-
chased from Serva Electrophoresis (Germany). Ethanol (absolute
for UV spectroscopy), acetic acid (99% p.a.), concentrated phospho-
ric acid (85%), glycerol (anhydrous, p.a.), sodium phosphate dibasic
heptahydrate, sodium phosphate monobasic dodecahydrate, Tryp-
tone (microbiologically tested, peptone from casein), yeast extract,
sodium chloride (p.a.), sodium hydroxide and potassium hydroxide
were purchased from Penta Chemicals. Sodium tripolyphosphate
(TPP; for analysis) was purchased from Acros Organics (part of
Thermo Fisher Scientific, USA). L-lactate dehydrogenase (LDH)
from rabbit muscle and nicotinamide adenine dinucleotide dis-
odium salt grade II (NADH; purity ~ 98%) were purchased from
Roche Diagnostics (Switzerland). Demineralized water was pro-
duced by Aqual 25 (Czech Republic; conductivity ~ 0.07 lS.cm�1).
All chemicals were used as received without any further purifica-
tion. Garlic bulbs of Czech origin were purchased from a local mar-
ket. Escherichia coli K12 (EC43) was kindly provided by Dr. Zdeněk
Knejzlík (Czech Academy of Sciences).
2.2. Alliin synthesis

Alliin, a natural substrate for alliinase, was synthesized by a
two-step method previously published by Stoll and Seebeck [28].
In the first step, L-cysteine (50 g; 0.413 mol.dm�3) was dissolved
in 1.2 dm3 of an aqueous solution of ammonium hydroxide
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(2 mol.dm�3) and alkylated with allyl bromide (75.0 g;
0.620 mmol.dm�3) at 0 �C. After 40 min, the reaction was termi-
nated, and volume reduced using a rotary evaporator. The raw pro-
duct (S-(2-propenyl)cysteine) was filtered, washed with ethanol,
vacuum dried, and recrystallized from 2:3 water/ethanol mixture.
In the second step, S-(2-propenyl)cysteine (53.0 g; 0.329 mmol.
dm�3) was suspended in 530 cm3 of water at 25 �C and mixed with
hydrogen peroxide (30% w/w; 37 cm3) while stirring. After two
days, the volume was reduced by a rotary evaporator, 400 cm3 of
acetone was added, and the mixture was stirred for 2 h. Then,
the crude (±)–L-Alliin was filtered, washed with 5:1 acetone/water
mixture and vacuum dried. The product was used without addi-
tional separation of diastereomers.

2.3. Alliinase extraction

Alliinase was extracted from fresh garlic according to previously
published protocols with minor modifications [29,30]. The whole
isolation procedure was carried out at 4 �C. Peeled garlic cloves
were homogenized using a hand mixer in a stabilizing buffer (ra-
tio 1:1.5 w/v, pH 6.5, sodium phosphate buffer 0.02 mol.dm�3,
glycerol 10% v/v, 5 mmol.dm�3 EDTA, NaCl 5% w/v, 0.02 mmol.
dm�3 PLP). The garlic pulp mixture was squeezed through four lay-
ers of cheesecloth and further separated by vacuum filtration. Poly-
ethylene glycol (PEG) 6000 (25% w/w) was added to the
supernatant while stirring to ensure alliinase precipitation. After
30 min, the mixture was centrifugated (30 000 g, 30 min) and
the obtained yellow pellet was resuspended in PLP solution
(0.02 mmol.dm�3) followed by the second centrifugation cycle.
The resulting supernatant containing alliinase was passed through
a 0.45 mm syringe filter to remove residual solid impurities. The
final solution was lyophilized and stored at -20 �C prior to use.
The alliinase content in the lyophilized product was determined
by the Bradford method for protein quantification using bovine
serum albumin (BSA) as a standard according to the protocols
described elsewhere [31–33].

2.4. Preparation of carrier solutions

Maltodextrin and chitosan were chosen as suitable carrier
materials for the alliinase immobilization. Maltodextrin 3% w/w
solution (labeled as A) was prepared by dissolving maltodextrin
in demineralized water. Chitosan solution (labeled as B) was pre-
pared by dissolving an appropriate amount of chitosan in an aque-
ous solution of acetic acid (1% v/v) under constant stirring at
1400 rpm and elevated temperature (60 �C). A corresponding
amount of sodium tripolyphosphate (TPP) dissolved in 10 cm3 of
the acetic acid solution was then added drop-wise to chitosan solu-
tion using a syringe (29Gx1/200, 0.33x12 mm) and left stirring
(1400 rpm; 25 �C) overnight. TPP cross-linked carriers were pre-
pared using 0.5% chitosan solution due to the formation of insol-
uble coagulates at higher chitosan concentrations (Table 1).
Rheological properties of prepared chitosan solutions, i.e., viscosity
Table 1
Prepared carrier solutions and conditions of spray-drying.

code nozzle type operating conditions carrier material

A 2F 2F** maltodextrin
B1 US 3.5 V chitosan
B2 US 4.0 V chitosan
B3 US 5.0 V chitosan
B4 US 7.2 V chitosan
B5 2F 2F** chitosan

* WTPP is defined as (weight of TPP)/(weight of chitosan)
** 0.7 mm nozzle tip, 1.4 mm nozzle cap diameter, atomizing air flow rate 473 dm3.hr
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and surface tension, governing the morphological properties of a
spray-dried powder, were determined by rotary viscosimeter Rhe-
olab QC (Arton Paar). Surface tension measurements were per-
formed on Attension Theta Optical Tensiometer (Biolin Scientific)
using a pendant drop method coupled with image analysis.

2.5. Spray-drying process

All feed solutions were prepared as a mixture of a carrier solu-
tion (98 cm3) and alliinase or alliin (the appropriate amount to
obtain 2% w/w powder product dissolved in 2 cm3 of Tricine-
KOH buffer, 0.2 mol.dm�3, pH 8.0 ± 0.05). Feed solution, stirred at
1400 rpm, was directly spray-dried to prevent excessive enzyme
degradation in an aqueous medium, which was slightly acidic in
the case of chitosan solution.

Büchi Mini Spray-Dryer B-290 (Fig. 2A) was used for all exper-
iments using filtered air as a drying medium (open mode configu-
ration) and a high-performance cyclone for more efficient product
separation. Two-fluid (2F) and ultrasonic (US) nozzles were used
for feed atomization (Fig. 2B). Atomization via 2F nozzle relies on
the atomization of a coherent inlet feed with the compressed air
flowing through the nozzle (flow rate 473 dm3.hr-1). US nozzle uses
mechanical vibrations of the nozzle surface for droplet formation
and it should, therefore, allow drying of materials sensitive to
shear stress such as proteins [34]. The flow rate of the compressed
air for the 2F nozzle and the voltage used to create mechanical
vibrations in the US nozzle are the main factors governing the dro-
plet size. An additional water cooling system of the cyclone (12 �C,
flow rate 300 cm3.min�1, tube diameter 4 mm) (Fig. 2A) was used
to cool down the cyclone surface. This arrangement was designed
to prevent excessive thermal degradation of the adhered powder
product unless its use was prohibited by reaching the dew point
of the system for given operating conditions. The specific process
parameters were optimized according to the physical properties
of the atomized solution, i.e., viscosity, surface tension. The feed
flow rate (5 cm3.min�1) was maintained by peristaltic pump
Perysys, and the drying air flow rate was set to a constant value
of 31.5 m3.hr-1. Each batch contained 100 cm3 of feed to ensure a
comparable processing time for all experiments, i.e., approximately
30 min, including the time needed for the device cool-down pro-
cedure. All spray-dried products were stored overnight in a vac-
uum desiccator, and the enzyme activity was analyzed the
following day.

2.6. Characterization of powders

The particle size distribution (PSD) and swelling were studied
using a static light scattering method in a wet mode (Horiba Par-
tica LA-950 S2). Before PSD measurement, particles were dispersed
in absolute ethanol and sonicated for 5 min to break apart tempo-
rary agglomerates. The particle suspension was then added under
constant stirring into a quartz sample cell prefilled with absolute
ethanol. Sample preparation for swelling experiments with
feed concentration w/w % WTPP* surface tension [mN.m�1]

3.0 – 71.43 ± 0.04
0.5 0.00 68.13 ± 0.05
0.5 0.08 67.87 ± 0.09
0.5 0.16 67.63 ± 0.05
0.5 0.32 64.97 ± 0.11
1.0 0.00 74.50 ± 0.08

-1



Fig. 2. A) Scheme of spray-drier Büchi B-290 with 2F nozzle; 1 - compressor, 2 - air filter, 3 - heater, 4 - nozzle, 5 - atomized solution, 6 - drying chamber, 7 - cyclone for
product separation with optional cooling loop, 8 - outlet filter, 9 - aspirator; B) scheme of two-fluid nozzle (left) and ultrasonic nozzle (right); 1 - cleaning needle, 2 - nozzle
tip, 3 - nozzle cap, 4 - feed inlet, 5 - inlet of atomizing gas, 6 - pressurized gas for cleaning nozzle, 7 - inlet/outlet of heating/cooling medium for the nozzle, 8 - atomizing
surface, 9 - power cable.
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chitosan particles was the same, except using aqueous media in
the sample cell (demineralized water, Tricine-KOH buffer,
0.2 mol.dm�3, pH 8.0 ± 0.05). The dynamics of swelling behavior
was monitored at the beginning of the experiment and after
10 min. All measurements were performed in triplicates.

The zeta potential of hydrated particles was measured using the
Zetasizer Nano-ZS (Malvern Instruments, UK). The samples were
prepared as follows: i) spray-dried particles were dispersed in
absolute ethanol and sonicated for 5 min; ii) the mixture was
transferred into demineralized water and centrifuged; iii) super-
natant was discarded, particles resuspended in fresh water and
centrifuged (four times); iv) collected particles were redispersed
in KCl solution (0.01 mol.dm�3) and measured in triplicates.

Scanning transmission electron microscope (STEM) VEGA 3SBU
(Tescan) was used to observe particle size and surface morphology.
A powder sample was attached to a carbon conductive tape, and
the surface was sputter-coated with 5 nm gold layer (Emi-
tech K550X) to prevent sample charging and drift during image
acquisition. All measurements were performed at the acceleration
voltage of 19 kV.

Residual moisture content was analyzed gravimetrically by
heating a known mass of sample at 200 �C while monitoring the
weight loss. The measurement was terminated when a constant
mass of the sample was reached, indicating that all free moisture
was removed. All measurements were performed in triplicates.

The flowability of prepared powders was determined by the
Carr’s Index (also known as Compressibility Index) [35], which
was selected as a suitable powder flowability indicator for a lim-
ited amount of spray-dried sample, prohibiting the application of
conventional powder flow rheometers. Carr’s index is defined as
CI = (qtapped - qbulk)/qtapped � 100%, where qtapped and qbulk are
tapped and bulk density of spray-dried samples. All measurements
were performed in triplicates.

2.7. Determination of protein content

The Bradford method was used for the determination of protein
content. It is based on the shift of absorbance maximum of Coo-
massie Brilliant Blue G-250 dye (CBB) from k = 465 to 595 nm in
the presence of a protein [33]. This change is linked with the bind-
ing of amino acids, e.g., arginine, histidine, lysine, to the dye [36].
As the exact extent of the protein binding depends on the unique
composition of a given protein, i.e., the total number of binding
4

amino acids, the choice of standard protein is very important as
its amino acid composition should be as close to the analyzed pro-
tein as possible. In this case, bovine serum albumin (BSA) was used
as a standard protein according to the protocol described else-
where [31].

The CBB reagent was prepared as follows: 10 mg of Brilliant
Blue G dye was dissolved in 7.1 cm3 of absolute ethanol; 14 cm3

of concentrated phosphoric acid was added and diluted with
121 cm3 of demineralized water. The reagent was filtered and
stored in the dark at 25 �C [32,33]. Protein samples were prepared
as follows: i) 20 mg of BSA was dissolved in 10 cm3 of demineral-
ized water and a calibration concentration range up to 1.0 mg.cm�3

was prepared; ii) amount of 10 mg of lyophilized alliinase was dis-
solved in 1 cm3 of demineralized water and diluted to the final
concentration of 1.0 mg.cm�3.

Due to unfavorable interactions amongst alliinase, carrier mate-
rials and the CBB reagent, spray-dried samples containing BSA as a
model compound (Mw 66.5 kDa) instead of alliinase (a dimer of
two subunits of Mw 51.5 kDa each [37]) were used to determine
the encapsulation and entrapment efficiency (similar molecular
weight and amino acid composition of both proteins ensure similar
behavior). The encapsulation efficiency indicates the effectivity of
the spray drying process, i.e., how much protein is recovered
within the powder product. Soluble samples (A, B1), containing
the appropriate amount of BSA to obtain 2% w/w powder product,
were used in this experiment: 20 mg of the sample was dissolved
in demineralized water and used for analysis. The encapsulation
efficiency was defined as the amount of protein in the spray-
dried sample determined with the Bradford assay divided by the
theoretical amount corresponding to 100% protein recovery. The
entrapment efficiency was defined for the insoluble samples (B2
to B4) as the amount of protein tightly entrapped within the insol-
uble particles divided by the total amount of protein present. First,
20 mg of the sample was dispersed in 0.5 cm3 of absolute ethanol,
sonicated for 15 min, centrifugated and the supernatant was ana-
lyzed for the protein content. The samples were analyzed as fol-
lows: 20 mL was added in a Greiner 96 flat transparent well plate
mixed with 180 mL of the CBB reagent. The samples were incubated
at 25 �C for 5 min while mixing, and the absorbance at a wave-
length of 595 nm was measured using spectrophotometer Tecan
infinite M200 PRO. All samples were measured in triplicates at
once, and the measurement cells were checked for the formation
of agglomerates after each measurement.
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2.8. Determination of the specific activity of encapsulated alliinase

L-lactate dehydrogenase (LDH) catalyzed reduction of the pyru-
vate to lactate (Fig. 3) was used for the indirect determination of
alliinase activity as the allicin formation itself cannot be quantified
spectrophotometrically. This coupled reaction is linked with a sig-
nificant decrease in absorbance at k = 340 nm thanks to the oxida-
tion of NADH to NAD+ [38]. For accurate determination of the
specific activity of alliinase, defined as micromoles of substrate
transformed per second per milligram of pure protein [mmol.s�1.
mg�1], it is essential to ensure that all active sites of alliinase are
saturated with substrate, i.e., the reaction must follow zero-order
kinetics.

Prior to the enzymatic assay, a series of experiments was per-
formed to determine suitable initial concentrations of reagents,
i.e., alliin, NADH and LDH, that ensure the zero-order kinetics.
The experimental conditions were: 100 mL of the reaction mixture
containing alliin (200 mmol.dm�3), NADH (0.8 mmol.dm�3), PLP
(0.02 mmol.dm�3), LDH (0.25 v/v %) and alliinase (lyophilized
– 12.5 mg.cm�3; spray-dried powder with the same or lower theo-
retical enzyme content) was prepared immediately before the
measurement in a Greiner 96 flat transparent well plate, and the
absorbance was measured by the Tecan infinite M200 PRO spec-
trophotometer at 340 nm.

In the case of maltodextrin-based particles, their appropri-
ate amount was dissolved in the Tricine-KOH buffer (0.2 mol.
dm�3, pH 8.00 ± 0.05) and an aliquot was assayed immediately.
Chitosan-based particles were suffering from poor wetting and
formation of larger agglomerates, which was noticed even in the
presence of surfactants and vigorous mixing. In this case,
chitosan-based powder (10 mg) was dispersed in 200 mL of abso-
lute ethanol (4 �C), sonicated for 10 s (132 kHz; 26.7 W), diluted
with 5 cm3 of cold Tricine-KOH buffer (4 �C) and an aliquot was
checked for the enzyme activity. To minimize the negative effects
of ethanol [39], all steps were performed at low temperature
followed by instant mixing with the cold buffer. The influence of
ultrasound on alliinase activity was neglected since it has been
reported that the activity of alliinase and other enzymes was rather
enhanced in the presence of mild ultrasonic irradiation [40,41].
This procedure ensured: i) fast and homogenous wetting of chi-
tosan particles; ii) a suspension of individual particles that do
not tend to agglomerate or sediment, which is essential to properly
investigate the overall rate of allicin production in individual
particles and to assess the effect of the spray-drying process
parameters on alliinase stability.

The Michaelis–Menten kinetic constants of free and encapsu-
lated alliinase, i.e., the maximum specific velocity (Vmax) and
Michaelis–Menten constant (KM), were calculated by non-linear
least-square regression of V0-S0 data using SigmaPlot 11 (Systat
Software Inc., Chicago, IL), where the initial reaction velocity (V0)
was determined for alliin concentration (S0) in the range of 0.05
to 200 mmol.dm�3.
Fig. 3. (a) enzymatic formation of allicin from alliin; (b) coupled reaction of
pyruvate, co-product of the reaction of alliin with alliinase, with NADH and LDH
used for the UV–VIS spectroscopic assay.
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2.9. Influence of heat stress

To compare the carrier materials and their ability to protect the
enzyme against the thermal stress, maltodextrin and chitosan par-
ticles with encapsulated alliinase and a sample of lyophilized alli-
inase were exposed to elevated temperature in the oven at 100 �C
for 30 min followed immediately by the LDH enzyme assay.

2.10. Antibacterial susceptibility testing

Luria-Bertani medium (LB) used for bacterial cultivation was
prepared as follows: 20 g of LB salt mixture (10 g Tryptone, 5 g
yeast extract, 5 g NaCl) was dissolved in 1 dm3 of demineralized
water, and pH was adjusted to 7.2–7.4 with sodium hydroxide
solution (1 mol.dm�3). Bacterial colonies were resuspended in
10 cm3 of LB medium and grown overnight at 37 �C. Bacterial sus-
pension (0.1 cm3, OD600 = 0.4) was spread onto the surface of LB
agar plates (1.5 g of agar per 100 cm3 of liquid LB medium).

The antimicrobial effects of spray-dried samples (A, B1-B4) with
encapsulated alliinase (2% w/w) were tested against Gram-
negative bacteria Escherichia coli. For this purpose, spray-dried chi-
tosan microparticles (B1) with encapsulated alliin (2% w/w) were
prepared to ensure better manipulation and homogenous distribu-
tion of the substrate within the sample. The experimental set-up
illustrated in Fig. 4 can be described as follows: i) a mixture of
powders is placed in a 3D printed holder (15.2 mm diameter,
2 mm height, 1% w/w alliin, 1% w/w alliinase in the reaction mix-
ture, 40 mg total), covered by a permeable dialyzation membrane
secured with a retaining ring (Fig. 4 a, b); ii) the holder, placed on a
Petri dish with inoculated bacteria, is incubated at 37 �C for 24 h.
The water vapor is transported through the membrane towards
the sample fixed in the protrusion of the holder. Upon hydration
of the sample, alliin released from chitosan carriers is enzymati-
cally converted to allicin, transported as vapor across the mem-
brane to bacteria (Fig. 4 c). Hydration of the sample was achieved
i) actively - the addition of alliin solution to the sample; ii) pas-
sively - water uptake from humid air.

After incubation, allicin’s antibacterial activity can be observed
as a zone of inhibition emerging under the holder. Blank chitosan
particles, i.e., without enzyme/substrate, were used as a negative
control. Kanamycin, aminoglycoside bactericidal antibiotic, was
used as a positive control applied on a paper disc (50 mg.
cm�3, 0.02 cm3).
3. Results and discussion

This section is presented as follows: i) rheological properties of
feed solutions; ii) particle characterization (PSD, surface morphol-
ogy, powder flowability, zeta potential, residual moisture content);
iii) the specific activity of alliinase encapsulated in maltodextrin
and chitosan carriers as a function of the inlet temperature of dry-
ing air; iv) swelling behavior, and its effect on the observed
enzyme activity of immobilized alliinase; v) antibacterial suscepti-
bility testing.

3.1. Rheological properties of feed solutions

The physicochemical characteristics of the feed solution, i.e.,
viscosity, density, and surface tension govern along with the type
of atomizer formation of the spray. In general, their higher values
contribute to a larger mean size of the final powder product [42].
The experimentally measured values of surface tension of ato-
mized feed solutions are summarized in Table 1. The surface ten-
sion value of 3.0% maltodextrin (A) was comparable to pure
water (rwater = 72.53 mN.m�1 at 20 �C). The surface tension of



Fig. 4. The experimental set-up of non-contact diffusion method; a) exploded diagram of customized 3D printed holder; b) assembled holder preventing physical contact of
powder and bacteria; c) holder placed on the inoculated agar plate.
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0.5% chitosan solution remained constant up to WTPP = 0.16 (sam-
ple B3) with a noticeable drop at WTPP = 0.32.

The results of rheological measurements performed at 23 �C are
presented in Fig. 5. Maltodextrin solution displayed typical Newto-
nian liquid behavior with a constant dynamic viscosity of 1 mPa.s
across an investigated range of shear rates. The chitosan carriers
displayed distinct behavior depending on chitosan concentration
and TPP/chitosan ratio (WTPP). Samples with no TPP (B1 and B5)
and low TPP content (B2, B3) showed Newtonian liquid behavior
as well, whereas solutions with the highest TPP amount (B4)
exhibited non-Newtonian pseudoplastic characteristics, i.e.,
dynamic viscosity decreased with shear rate. The increase of chi-
tosan concentration leads to a higher value of dynamic viscosity.
However, the addition of low amounts of TPP (B2, B3) decreased
the dynamic viscosity in comparison to the non-cross-linked sam-
ple of the same chitosan concentration.
3.2. Characterization of spray-dried particles

The comparison of maltodextrin (A) and chitosan (B1-5)
microparticles prepared by Büchi B–290 and their respective val-
ues of volume mean diameter D[4,3] and span are summarized
in Table 2. Span, the indicator of the distribution width, is defined
as (d90 - d10)/d50, where d90, d10 and d50 are the upper decile, lower
Fig. 5. Dynamic viscosity as a function of shear rate for atomized solutions.
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decile, and median. In all cases, the calculated span number was
very close to one, i.e., the size distribution can be considered nar-
row [43,44]. The PSDs of analyzed samples showing log-normal
distribution are illustrated in Fig. 6A (samples A and B5, 2F nozzle)
and Fig. 6B (samples B1 and B4, US nozzle).

The volumemean diameter D[4,3] of maltodextrin particles was
larger than chitosan particles prepared by the same 2F nozzle
(Fig. 6A), which can be explained by different rheological proper-
ties of atomized solutions and higher content of soluble solids.
The choice of the inlet temperature (Tin varied in the range
110 �C to 180 �C) had no particular effect on the PSD of both chi-
tosan and maltodextrin microparticles. With the increasing
amount of TPP cross-linker (B1 to B4) in chitosan-based particles,
the increasing value of mean particle size was observed (Fig. 6B),
shifting the PSD to the right. This observation is in agreement with
previous studies [45,46] conducted using 2F atomizers but with
generally larger particles due to the use of ultrasonic nozzle.

The zeta potential values (f) are summarized in Table 2 (note:
samples A, B1 and B5 are soluble in KCl solution). The observed
zeta potentials of samples B2 (WTPP = 0.08) to B4 (WTPP = 0.32) were
not significantly different, which is in agreement with the previous
studies concerning the stability of spray-dried chitosan particles
prepared by 2F nozzle [45].

The Carr’s index values (Table 2) indicate the flowability of
spray-dried particles. Given by small particle size, calculated CI
values are relatively high (CI � 35), indicating cohesive powders
with poor flowability. However, the flow properties can be eventu-
ally enhanced with suitable additives, e.g., magnesium stearate.
Moreover, the results suggest that TPP addition positively impacts
powder flowability as the CI decreases with higher WTPP.

The typical morphologies characteristic for each formulation
can be observed in Fig. 7. Chitosan particles without cross-linker
(B1 and B5) feature spherical shape and brain-like surface struc-
ture, whereas maltodextrin particles have a smooth surface but
visibly irregular shape caused by buckling of the particles after
cooling. Cross-linked chitosan particles have a smoother surface
and deflated shape resembling maltodextrin carriers which is more
accented with increasing WTPP ratio (B2 to B4).
3.3. Residual moisture analysis

Chitosan and maltodextrin particles prepared at three different
inlet temperatures of the drying air (110 �C, 130 �C and 180 �C)



Table 2
Summary of the particle size distribution measurements, zeta potential (f) and Carr’s index (CI).

code Tin [�C] Tout [�C] D[4,3] [mm] d50 [mm] d10 [mm] d90 [mm] span f [mV] CI*

A 110 53 7.5 ± 2.5 7.2 4.6 10.9 0.9 – 44 ± 3
A 180 86 8.1 ± 2.9 7.7 4.8 12.0 0.9 –
B1 120 54 6.5 ± 2.4 6.2 3.9 9.8 1.0 – 54 ± 1
B2 120 54 6.2 ± 2.1 6.3 4.0 9.9 1.0 22.0 ± 1.8 45 ± 2
B3 120 54 7.5 ± 2.5 7.2 4.7 10.9 0.9 22.0 ± 2.4 39 ± 1
B4 120 57 9.3 ± 3.1 8.9 5.6 13.6 0.9 23.1 ± 1.0 36 ± 1
B5 110 56 4.2 ± 1.8 3.9 2.3 6.5 1.1 – 51 ± 2
B5 180 89 3.3 ± 1.4 3.0 2.0 6.6 1.1 –

* Measured for the samples prepared at Tin = 120 �C

Fig. 6. Particle size distributions: A) maltodextrin (sample A) and chitosan (B5)
particles prepared by 2F nozzle at 110 �C; B) non-cross-linked (B1) and cross-linked
(B4) chitosan particles prepared by US nozzle at Tin = 120 �C.
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were analyzed (Table 3). No major change in residual moisture of
chitosan or maltodextrin was observed for higher temperatures
of the drying air. However, significant differences were observed
comparing maltodextrin and chitosan particles, which is in agree-
ment with the theory of convective drying [47]. The formation of
solid crust around a liquid core ends the first period of drying that
is not limited by the moisture transport to the surface. The crust is
formed once the local concentration of solute material exceeds its
solubility in the used solvent. Compared to chitosan, the higher
water solubility of maltodextrin results in latter crust formation
and longer duration of the first drying period characterized by
the maximum drying rate. This is reflected in ~ 35% lower residual
moisture content in maltodextrin particles and lower temperatures
of the outlet stream leaving the drying chamber.

3.4. Effect of temperature on specific enzyme activity

The variation of the inlet temperature of the drying air Tin
(110 �C to 180 �C) allows to i) isolate the effect of heat stress on
the specific activity of encapsulated alliinase; ii) compare the
protective ability of maltodextrin and chitosan as carrier material;
7

iii) optimize the spray-drying conditions in respect to the alliinase
activity. All results are presented as the relative activity, i.e., the
ratio of the specific activity of encapsulated and lyophilized alli-
inase. No catalytic activity was observed for a negative control
(alliinase-free chitosan and maltodextrin particles), which indi-
cates that the material of carriers does not interfere with the col-
orimetric LDH assay.

Experimentally determined values of specific activities for mal-
todextrin and chitosan-based particles are not directly comparable
due to different sample preparation for the enzymatic assay, i.e.,
the use of ethanol and ultrasonic bath for dispersion of chitosan
particles. Following the same protocol, the maltodextrin particles
lost approximately 40% of the specific activity compared to the
dry sample dissolved directly in the buffer solution. For a better
representation of thermal effects on enzyme activity of both poly-
mers, the results summarized in Table 4 were normalized accord-
ing to the highest specific activity of samples of the corresponding
polymer spray-dried at 110 �C (the last column in Table 4 and
Fig. 8).

Following this approach, we can compare the protective ability
of maltodextrin and chitosan without further uncertainty caused
by the differences in sample preparation for the UV–VIS assay. In
agreement with the theory of enzyme degradation [39], the
decrease of alliinase activity at higher temperatures was observed
for both carrier materials. Based on the results, the optimal operat-
ing inlet temperature was 120 �C for both polymers with the use of
external cooling for chitosan particles. The lower temperatures, i.e.,
110 �C, resulted in excessive deposition of materials on the drying
chamber walls and the cyclone and a lower yield. The temperature
of inlet air above 130 �C did not significantly improve product
quality in terms of the yield or residual moisture content.

The activity of alliinase encapsulated in maltodextrin was unaf-
fected by the drying temperature up to 160 �C. Surprisingly, alli-
inase remained highly active even at 180 �C (outlet temperature
exceeding 86 �C), losing only 21% of the activity compared to mal-
todextrin spray-dried at 110 �C. Alliinase encapsulated in chitosan
showed a gradual decrease with increasing inlet temperature
resulting in 70% lower activity for Tin = 180 �C compared to alli-
inase encapsulated at 110 �C. The results indicate that maltodex-
trin is significantly more effective in protecting the encapsulated
alliinase against thermal stress compared to chitosan. This phe-
nomenon is attributed to better protective properties of maltodex-
trin thanks to a higher amount of hydroxyl groups. Maltodextrin
carrier mimics the hydrogen bonding between protein and water
molecules in a cellular environment. In this way, the native confor-
mation of the protein is maintained even in a solid state [48].
Moreover, the negative effect of moisture, which is 4–times higher
in chitosan compared to the maltodextrin particles, on protein sta-
bility is well documented [30,49]. Thereby, the protective effect of
maltodextrin can be further magnified, lowering the moisture con-
tent in the final product.

The protective properties of chitosan and maltodextrin against
the thermal stress were compared to purified lyophilized alliinase.



Fig. 7. Characteristic surface morphologies (SEM) of maltodextrin (A) and non-cross-linked (B1, B5) and cross-linked chitosan microparticles (B2 - WTPP = 0.08,
B3 - WTPP = 0.16, B4 - WTPP = 0.32).

Table 3
Residual moisture content analysis for maltodextrin and chitosan particles prepared at different inlet temperatures of the drying air.

code carrier inlet temperature [�C] outlet temperature [�C] residual moisture content [%]

A maltodextrin 110* 53 12.7 ± 0.1
A maltodextrin 130 63 13.6 ± 0.9
A maltodextrin 180 86 9.1 ± 2.2
B5 chitosan 110* 56 44.5 ± 4.2
B5 chitosan 130 65 46.1 ± 2.8
B5 chitosan 180 89 51.6 ± 2.5

* external cooling is not applicable due to moisture condensation

Table 4
Summary of the specific activity of alliinase encapsulated in maltodextrin and chitosan carriers prepared at various temperatures of the drying air.

code Tin [�C] Tout [�C] cooling specific activity [mmol.s�1.mg�1]* relative activity [%]** normalization [%]

A 110 53 No*** 1.40 ± 0.04 98.4 ± 2.8 100.0 ± 2.9
A 120 56 No*** 1.27 ± 0.01 89.2 ± 0.3 90.7 ± 0.7
A 130 63 Yes 1.30 ± 0.07 91.3 ± 4.9 92.9 ± 5.0
A 160 79 Yes 1.31 ± 0.06 92.0 ± 4.4 93.6 ± 4.3
A 180 86 Yes 1.10 ± 0.05 77.7 ± 3.6 78.6 ± 3.6
B5 110 56 No*** 0.71 ± 0.06 45.4 ± 3.7 100.0 ± 8.5
B5 120 59 Yes 0.62 ± 0.02 40.0 ± 1.5 87.3 ± 2.8
B5 130 65 Yes 0.47 ± 0.03 32.4 ± 1.8 66.2 ± 4.2
B5 160 80 Yes 0.29 ± 0.03 18.4 ± 1.8 40.8 ± 4.2
B5 180 89 Yes 0.21 ± 0.01 13.7 ± 0.4 29.6 ± 1.4

* specific activity is defined as micromoles of substrate per second per mg of pure protein; protein content was determined by the Bradford assay
** the specific activity of lyophilized alliinase represents 100%, i.e., 1.43 ± 0.02 mmol.s�1.mg�1 and 1.55 ± 0.05 mmol.s�1.mg�1 for maltodextrin (A) and chitosan (B5) particles,

respectively
*** external cooling is not applicable due to moisture condensation
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Visible degradation of pure lyophilized alliinase was observed after
the heating experiment (100 �C, duration of 30 min) due to the
color change and a partial loss of solubility. Moreover, no catalytic
activity was observed during the LDH assay. Alliinase encapsulated
into maltodextrin and chitosan carriers lost only 20% and 26% of
8

the initial activity of the spray-dried product, respectively. The
total degradation of the encapsulated enzyme (samples A, B5)
was achieved at 200 �C when no catalytic activity was observed,
but the physical appearance and solubility of particles in pure
water remained unaffected.



Fig. 8. The enzyme activity of maltodextrin and chitosan particles vs. inlet drying
temperature.
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3.5. The effect of cross-linking on allicin production

Chitosan particles incubated in neutral or slightly basic aqueous
media, i.e., the Tricine-KOH buffer and demineralized water, swell
by incorporating water molecules and form a porous heteroge-
neous structure through which molecules can be transported
[50,51]. Their swelling behavior can be greatly modified by cross-
linking with tripolyphosphate anions (TPP). The extent of particle
swelling can be described by the swelling ratio Xswell, defined as
the ratio of the mean particle size in aqueous media and a dry
state. The particles with a varying WTPP produced by ultrasonic
nozzle were used for the investigation of swelling behavior. The
upper limit of the cross-linking ratio was set as WTPP = 0.32 for
the following reasons: i) rheological properties of polymeric solu-
tions with WTPP greater than 0.32 were not compatible with the
atomization via ultrasonic nozzle; ii) produced particles were
prone to the formation of agglomerates, due to the high TPP anion
surface concentration balancing out the positive charge of proto-
nated chitosan chains [52]. Demineralized water was used as an
aqueous reference medium allowing comparison with previous
studies, while the Tricine-KOH buffer provided information about
particle behavior in the environment used for the UV–VIS LDH
assays. The obtained results are summarized in Table 5.

Depending on the cross-linking ratio and type of solvent, we
observed two different types of particle behavior, i.e., particle dis-
solution and swelling. In both media, the swelling was suppressed
at higher cross-linking ratios. This trend is in agreement with pre-
viously published experimental results [45]. The higher cross-
linker concentration leads to tighter bonds between individual chi-
tosan chains, which prevents more extensive swelling. Moreover,
we observed significant differences in particle behavior in
Tricine-KOH buffer (0.2 mol.dm�3, pH 8.00 ± 0.05) and demineral-
Table 5
Results of swelling behavior experiments for samples B1-B4.

code WTPP demineralized water

0 min 10 min

mean size [mm] Xswell* mean size [mm]

B1 0.00 dissolution of particles
B2 0.08 37.6 ± 11.4 6.1 40.6 ± 15.1
B3 0.16 25.9 ± 9.9 3.5 25.3 ± 12.9
B4 0.32 11.3 ± 3.6 1.2 10.9 ± 3.5

* Xswell is defined as the mean size of the particles in aqueous media vs. mean size in
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ized water. The swelling ratios of cross-linked particles in deminer-
alized water were significantly higher. Pure chitosan particles
(sample B1) were dissolved in water immediately. No significant
change after 10 min of incubation was observed in either media,
i.e., particles increased their volume instantly, and their mean size
did not change significantly (Table 5).

The observed differences in the swelling behavior in aqueous
media have an important impact on the effective diffusion coeffi-
cients of compounds transported within the structure. The effec-
tive diffusion coefficient is derived from the coefficient
describing free diffusion in a corresponding homogenous liquid
environment considering various porous structure properties:
porosity, tortuosity and hindrance factor. The increasing value of
the swelling ratio translates into the higher porosity and lower tor-
tuosity of the chitosan matrix, which results in a higher diffusion
coefficient of transported solutes. Moreover, based on the theory
of enzyme kinetics [39], the kinetic parameters, i.e., Michaelis con-
stant, maximum reaction rate Vmax, are lowered upon enzyme
immobilization leading to a lowered rate of reaction regardless of
the substrate diffusion limitations. However, these differences in
kinetic parameters cannot be observed separately, as they are
always connected with substrate diffusion limitations. The connec-
tion between the structure of the carrier polymer and the rate of
allicin production is discussed in the following text.

Under the conditions described in the methods section, the pro-
cess of alliin transformation can be described as follows: i) parti-
cles with encapsulated alliinase are dispersed/dissolved in the
solution; ii) alliin, LDH and NADH are added; iii) alliin is either
directly transformed in the solution or transported through the
porous structure of swelled particle to the active site of immobi-
lized alliinase, transformed to allicin which is then, along with
the side products, transported to the bulk solution; iv) side product
pyruvate is reduced to lactate while NADH is oxidized and a
decrease in absorbance at k = 340 nm is monitored.

The LDH assay results for all prepared samples with encapsu-
lated alliinase (2% w/w) are in Fig. 9. The absorbance decrease over
time is attributed to the combination of both the reaction occur-
ring in the bulk liquid (free enzyme) and inside/on the surface of
swelled carriers (immobilized enzyme). The specific enzyme activ-
ity for every sample calculated from the initial slope of the absor-
bance vs. time curve (0 to 100 s) was compared with the specific
activity of pure alliinase (Table 6).

The alliinase encapsulated in soluble maltodextrin particles
(sample A) was upon homogenization instantly liberated to the
reaction mixture, which resulted in very fast, unhindered alliin
conversion to allicin. In this scenario, the substrate transport to
the active site of the enzyme is not affected by the carrier’s mate-
rial properties. Observed enzyme activity for swellable chitosan
carriers without TPP (samples B1 and B5) was, compared to sample
A, significantly reduced since the chitosan matrix acts as a barrier
hindering the mass transport of reactants and products. However,
even though samples B1 and B5 share the same material proper-
ties, the calculated relative specific activity of sample B5 was 27%
buffer

0 min 10 min

Xswell mean size [mm] Xswell mean size [mm] Xswell

18.1 ± 7.7 2.7 15.7 ± 5.6 2.4
6.5 14.4 ± 5.7 2.3 13.8 ± 5.2 2.2
3.4 25.9 ± 9.9 2.8 25.3 ± 12.9 2.7
1.2 11.3 ± 3.6 1.2 10.9 ± 3.9 1.2

a dry state



Fig. 10. Evaluation of the Michaelis–Menten kinetic constants (Vmax and KM) of free
and encapsulated alliinase (samples A and B5).Fig. 9. UV–VIS LDH assay - the influence of carrier composition on overall enzyme

production of allicin.
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higher than B1. The difference can be explained by various PSD of
both samples prepared by different nozzles. The mean diameter of
the sample B5 prepared by 2F nozzle was almost 2-times smaller
compared to B1 (Fig. 6), which results in a higher specific surface
area exposed to the reaction mixture. With the addition of TPP, a
significant decrease in enzyme activity was observed. With higher
TPP content, chitosan chains are more densely cross-linked, which
results in tighter confinement of alliinase, reduced swelling upon
hydration (Table 5) and a more compact matrix hindering the mass
transport considerably. Increasing of WTTP from 0 to 0.08, 0.16 and
0.32 reduced the overall enzyme activity by 40%, 62% and 77%,
respectively.

The typical curves of Michaelis-Menten kinetics for samples A,
B5 and their corresponding standard (lyophilized alliinase) are
shown in Fig. 10. The Vmax/Vmax_ref ratio summarized in Table 6
shows that for insoluble carriers the apparent Vmax values are with
increasing WTPP reduced five to more than ten times compared to
standard. This result can be expected due to transport limitation
hindering the substrate diffusion to the catalytic site of immobi-
lized alliinase.
3.6. Encapsulation and entrapment efficiency

The encapsulation and entrapment efficiency were determined
for water-soluble (A, B1) and swellable (B2 to B4) samples, respec-
tively. The results are summarized in Fig. 11. Encapsulation effi-
ciency for both pure maltodextrin and chitosan exceeds 94%. The
protein losses could be attributed to adhesion to the glassware,
tubing, or nozzle interface. The entrapment efficiency determined
Table 6
Specific activities for all samples (Tin = 120 �C).

code WTPP Tout [�C] overall specific activity [mmol.s�

A – 56 1.27 ± 0.01
B1 0.00 54 0.23 ± 0.01
B2 0.08 54 0.14 ± 0.01
B3 0.16 54 0.09 ± 0.01
B4 0.32 54 0.05 ± 0.02
B5 0.00 59 0.62 ± 0.02

* specific activity is defined as micromoles of substrate per second per mg of alliinase
** the specific activity of lyophilized alliinase represents 100%, i.e., 1.43 ± 0.02 mmol.s�1.

and B5, respectively
*** Vmax and Vmax_ref are maximal specific velocity for encapsulated and lyophilized alli
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for the insoluble samples demonstrates the ability of the carriers
to immobilize the protein upon hydration in an aqueous environ-
ment. The results suggest that cross-linked chitosan carriers can
hold more than 93% of initially encapsulated protein regardless
of TPP amount.

3.7. Testing of antibacterial susceptibility of binary systems

The antibacterial activity of prepared samples with immobi-
lized alliinase was tested against Gram-negative bacteria E. coli
using two ways of alliin addition: i) a mixture of spray-dried pow-
ders with encapsulated alliin and alliinase in the dry form; ii) a
sample containing encapsulated alliinase prewetted with alliin
solution. In both cases, the studied sample was confined in a cus-
tomized holder separated from the surroundings by a membrane
permeable for water vapor and allicin (Fig. 4). The visible ‘‘coffee
ring” on agar plates represents the footprint of the 3D printed
holder. The positive antibacterial effect was observed as an inhibi-
tion zone emerging under the holder. As a positive control, antibi-
otic kanamycin was applied on a filter paper disk (20 lL, 50 mg.
cm�3).

In the first set of experiments, the dried forms of encapsulated
alliinase and alliin were tested, and an antibacterial effect was vis-
ible when both types of particles were present simultaneously
(Fig. 12B, ‘‘A_E + B1_S”). In this case, the enzyme was encapsulated
in 20 mg of maltodextrin particles (A_E, 2% w/w), and the substrate
was encapsulated in 20 mg of chitosan particles (B1_S, 2% w/w).
Negative controls, alliinase encapsulated in maltodextrin particles
(A_E), alliin encapsulated in chitosan particles (B1_S), pure chi-
tosan (B1 - blank), and maltodextrin (A - blank) particles, did not
1.mg�1]* relative specific activity [%]** Vmax/Vmax_ref [%]***

88.8 ± 0.7 78.9
37.7 ± 1.6 20.4
23.0 ± 1.6 16.3
14.8 ± 1.6 12.2
8.2 ± 3.3 8.2
40.0 ± 1.3 29.7

present in the sample
mg�1, 0.61 ± 0.06 mmol.s�1.mg�1 and 1.55 ± 0.05 mmol.s�1.mg�1 for samples A, B1-B4

inase



Fig. 11. The encapsulation and entrapment efficiency of spray-dried maltodextrin
and chitosan carriers (A, B1) and cross-linked chitosan carriers (B2 to B4).

L. Mašková, P. Janská, V. Klimša et al. Advanced Powder Technology xxx (xxxx) xxx
show any antibacterial effect (the minimum inhibitory concentra-
tion (MIC) for pure chitosan has been found between 0.38 and
0.75 mg.cm�3).
Fig. 12. Non-contact testing of antibacterial activity of binary alliin-alliinase system in po
= enzyme, ‘‘S” = substrate and ‘‘blank” = none): A) negative controls of various chitosan p
encapsulated enzyme (A_E, 20 mg) and sample B1 with encapsulated alliin (B1_S, 20
increasing TPP amount in samples B1 to B4 (20 mg per holder) in the mixture with B1_S
(10 mg to 25 mg) in the mixture with B1_S (25 mg); a positive control of kanamycin an
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The effect of WTPP on the antibacterial activity of B1_S (20 mg)
in the mixture with chitosan carriers B1 to B4 (20 mg) is shown in
Fig. 12C. The observed antibacterial performance agrees with the
results of particle swelling and enzyme activity described in Sec-
tion 3.5. The higher WTPP (increasing from B1 to B4) resulted in a
weaker antibacterial effect related to a slower allicin formation.
In Fig. 12D, the influence of B1_E amount (10 to 25 mg) on the
antibacterial activity in the mixture with B1_S (25 mg) is pre-
sented. Even the lowest alliinase amount (10 mg of B1_E powder,
0.2 mg of enzyme) was effective against E. coli.

In the second set of antibacterial tests, the spray-dried particles
with encapsulated alliinase placed in the holder were pre-wetted
with alliin solution (50 mL of 100 mmol.dm�3) and sealed by the
permeable membrane. In this case, all samples showed antibacte-
rial activity in contrast to Fig. 12C. In some instances, the outlines
of inhibition zones were larger than the footprint of the sample
holder (Fig. 13). The sample A_E showed a strong bactericidal effect
because of the complete dissolution of maltodextrin carriers upon
alliin addition, followed by immediate allicin production (Fig. 13A).
In the case of cross-linked chitosan-TPP particles, the pre-wetting
enhanced the antibacterial effect, and even the sample with the
highest WTPP (B4_E) was effective as opposed to the dried particles
solely relying on the absorption of air moisture initiating alliin dis-
solution, release and enzymatic conversion to allicin (Fig. 12C).
wder forms (labeling – ‘‘sample formulation”_‘‘type of encapsulated material”, i.e., ‘‘E”
article samples (20 mg per holder); B) mixture of sample A (maltodextrin) with the
mg) and corresponding negative controls (A_E, B1_S and A – blank); C) effect of
(20 mg); D) effect of the increasing amount of encapsulated enzyme in sample B1_E
tibiotic ‘‘ATB” was used in all cases.



Fig. 13. Non-contact testing of antibacterial activity of binary alliin-alliinase
system with encapsulated alliinase and alliin solution (50 mL of 100 mmol.dm�3):
A) maltodextrin carriers (sample A) with the enzyme; B) chitosan carriers (samples
B1 to B4) with the enzyme. Note: the amount of dry sample was 20 mg for all
experiments; a positive control of kanamycin antibiotic ‘‘ATB” was used in all cases.
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4. Conclusion

In this work, we present spray-drying as a suitable technique
for encapsulation of garlic alliinase into soluble (maltodextrin, chi-
tosan) and swellable (chitosan-TPP) micro-carriers. We studied
and optimized the process parameters, e.g., the inlet temperature
of the drying air, additional cooling, and type of the atomizing noz-
zle, to maintain a high specific activity of encapsulated alliinase in
the final product. Compared to chitosan, maltodextrin showed
superior properties in terms of protection of encapsulated alliinase
against thermal stress, preserving more than 90% of the initial
enzyme activity in the spray-dried product. In contrast to soluble
maltodextrin, chitosan in combination with TPP cross-linker
allows enzyme encapsulation in swellable carriers with tunable
transport properties. Altering the degree of chitosan cross-
linking, we can control the progress of the enzymatic reaction
and tailor the production of allicin according to specific demands.
The excellent protective properties of maltodextrin suggest its pos-
sible application as an excipient in chitosan particles providing an
additional layer of enzyme protection during spray-drying and
long-term storage. Using the innovative non-contact diffusion
method, we demonstrated that the spray-dried powders activated
by air moisture or the pre-wetted powder could be applied for in-
situ generation of therapeutically effective doses of allicin.

The knowledge about the relationship between carrier material
and enzyme activity allows to prolong allicin in-situ formation and
avoid its high local concentrations or burst release, leading to
undesired side effects such as skin irritation or severe chemical
burns. These findings may contribute to the development of sus-
tainable nature-inspired products based on the controlled in-situ
synthesis of highly reactive antibiotics from their stable
precursors.
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