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Abstract

In this paper gelatin beads reinforced with natural hemp hurd have been produced as pH sensitive devices for the release of
eugenol, as green pesticide. The composites beads, with a mean diameter of about 1 mm, were obtained by polymer droplet
gelation in sunflower oil. Thermal properties were evaluated showing no noticeable difference after the introduction of hemp
hurd. Barrier properties demonstrated an improvement of hydrophobization. The introduction of 5% w/w of hemp hurd led
to a reduction of sorption coefficient of about 85% compared to unloaded gelatin beads. Besides, the diffusion coefficient
decreased, introducing 5% w/w of hemp hurd, from 8.91 x 107 to 0.77 x 107 cm?/s. Swelling and dissolution phenomena
of gelatin beads were studied as function of pH. The swelling of gelatin beads raised as pH increased up to 2.3 g/g, 9.1 g/g
and 27.33 g/g at pH 3, 7 and 12, respectively. The dissolution rate changed from 0.034 at pH 3 to 0.077 h™! at pH 12. Release
kinetics of eugenol at different pH conditions were studied. The released eugenol after 24 h is 98%, 91%, 81 and 63% w/w
(pH 3), 87%, 62%, 37 and 32 wt% (pH 7) and 81%, 68%, 60 and 52 wt% (pH 12) for unloaded gelatin beads and gelatin
beads with 1%, 3 and 5% of hemp hurd, respectively. The eugenol release behavior was demonstrated to be highly sensitive
to the pH release medium, which allows to tune such devices as green pesticide release systems in soils with different level

of acidity/basicity.
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Introduction

Nowadays, with the emerging intensification of farming
systems, higher production and increased efficiency are
required. In fact, some agricultural products are sold off
season; that is greatly due to the excessive use or misuse
of synthetic pesticides [1]. In the last 50 years, the average
yields of some product crops are increased as pesticide use
increased, even for controlling the deterioration due to insect
pests [2]. Although these benefits as well as the economi-
cal relevance are noticeable, the intensive use of them is
leading to serious environmental issues [3] as well as to ill
effects on benign insects [4] In general, a synthetic pesticide
is defined as a substance able to repel, reduce, destroy or
kill unwanted organism such as pests. Some of them, called
persistent pesticides, are substances that tend to accumulate
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in the environment with a half-life ranging between 5 and
15 years [5, 6]. As a consequence, the increase in pollution
risk is being verified [7-9] meanwhile the adverse effects
of synthetic pesticides have been found out regarding either
the human health [10, 11] or the environment [12, 13]. This
is even due to the fact that, according to some estimations,
roughly 0.1% of used product reaches the target; the resid-
ual 99.9% tends to enter the environment [2, 14]. However,
the misuse of synthetic pesticides over a long period can
not only be a source of harmful effect to soil, animals and
humans but along with that, it could lead to a series of side
effects such as the possibility for some pests to resist to
them, the growth of stronger pests, the possibility to attack
not targeted organisms, the too high concentration of pesti-
cides in food products. To sum up, the not controlled use of
pesticides could seriously be a source of hazardous effects
on environment posing a threat to ecosystem [15-17]. All
these unspeakable considerations are requiring, nowadays,
a green and innovative alternative to protect crops without
generating harmful consequences on ecosystem [1, 18]. A
possible route lies in the use of natural derived substances


http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-021-02148-9&domain=pdf

Journal of Polymers and the Environment (2021) 29:3756-3769

3757

(in general from plants, seeds, roots, leaves etc.) able to be
effective against pests as well as to be safer than synthetic
pesticides [19]. These substances could act as insecticides,
antifeedants, insects-growth regulators and repellent, rep-
resenting a valid green alternative to synthetic pesticides.
From practical point of view, the dispersion of pesticides in
the soil is a crucial issue [17]. Except from volatilization,
the retention on soil particles and degradation biotic and
abiotic are the most noteworthy processes that could control
the fate of pesticides. Both processes could lead to either
transitory or permanent accumulation of pesticides in the
soil. To avoid that, the use of new approaches is required
aiming of guaranteeing a controlled dispersion of green pes-
ticides in soil [20, 21]. Controlled release methodologies are
emerging as a versatile tool to avoid or reduce such problems
[22]. Among various strategies adopted, encapsulation is
taking a center stage as a technique to achieve a controlled
release device. In this process, an active compound is usu-
ally encapsulated in the biopolymer hydrogel which acts as
a slow or safe release carrier of insecticide. Usually, bio-
degradable polymeric matrices such as cellulose, agarose,
starch, chitosan gelatin or albumin are employed [23-26].
Scientific literature reports many pesticide controlled release
systems such as calcium alginate-starch microspheres for the
release of chlorpyriphos [27], ethyl cellulose incorporating
clay and nanoclays loaded with atrazine [28], ethyl cellulose
polymer microspheres for controlled release of norfluazon
[29], alginate-gelatin beads crosslinked by CaCl, encapsulat-
ing cypermethrin [30], sodium alginate-poly (vinyl alcohol)
system for base-triggered release of dinotefuran [31] and
many other systems [32, 33]. Among the different prepa-
ration techniques, the polymer droplet gelation could rep-
resent an innovative approach to process a soil-compatible
and bio-based polymer matrix such as Gelatin (Ge). It is a
natural water-soluble protein obtained from collagen [34]
characterized by biodegradability, low cost, abundancy and
renewability [35-38]. In the attempt to improve the physical
properties of polymeric beads, to control the release rate of
the loaded green pesticide and safely protect it from degra-
dation phenomena in the soil, lignocellulosic biomass can
be incorporated into the polymeric matrix. Lignocellulosic
biomass derived from fiber-based plants is being taken into
consideration as scientific and technological innovation in
the area of new materials [39] since they have properties
such as low cost, low density, biodegradability, recyclability,
specific mechanical properties, and flexibility in processing
[40—43]. Its use could represent an environmentally friendly
choice [24, 25]. Based on the above, this research focuses
on the design and the preparation of an innovative green
composite made up of hemp hurds reinforcing gelatin beads
as a pH-sensitive delivery system of an active compound.
Thermal, barrier and swelling properties of the polymeric
composite beads were analyzed. Since the pH-triggered

beads have been attracting increasing interest, the effect
of pH level of the release medium and hemp hurd concen-
tration were studied on either the release rate of the green
pesticide or the swelling behavior of composite hydrogels.
Results of the present investigation highlight the potentiality
of novel gelatin/hemp hurd biocomposites as pH sensitive
release systems of eugenol, as green pesticide. To the best
of authors’ knowledge no scientific papers are still reported
on the formulated biocomposites.

Experimental
Materials

Hemp hurds (HH) were supplied by Nafco Company
(Naples). Gelatin from bovine skin (CAS: 9000-70-8) was
purchased from Sigma Aldrich in powder form. Eugenol
(CAS: 97-53-0) was purchased from Sigma Aldrich. Sun-
flower oil (Selex) was purchased in a local market. Finally,
NaOH in pellet form (CAS: 1310-73-2) was purchased from
Sigma Aldrich while HCI solution 37% v/v (CAS: 7647-01-
0) was purchased from Carlo Erba Reagents.

Beads Preparation

Prior to perform droplet gelation process, hemp hurds have
been grinded using a stainless stell blade grinder (Duronic-
CG250). The reduction in size is required to better disperse
the lignocellulosic matrix inside the polymeric matrix. The
hemp hurd grinded (HH) was sieved using a aluminium
sieve with mesh size of 250 pm. Gelatin (Ge; 1.6 g), Euge-
nol (Eu; 10 wt% on gelatin basis) and HH (1%, 3 and 5%
on polymer basis) were mixed with 15 mL of water and
stirred at 45 °C for 4 h. The solution was added dropwise
to sunflower oil kept at 4 °C using ice bath. To complete
gelification, the beaker containing the oil and the prepared
beads was kept in an ice water mixture for 2 h. Then, gelatin
beads were collected from the dispersed phase and washed
several times with pure ethanol and distilled water to obtain
the Ge—Eu-HH-x (x= wt% of hemp hurd powder) composite
beads. Finally, the composite beads were air dried for 48 h.
Figure 1 reports a schematization of the gelification process
and, by way of example, the picture of Ge—Eu-HH 1% beads
was also reported.

Methods

Beads diameter was evaluated by analyzing digital images.
To ensure statistical representativeness, 50 gelatin beads were
analyzed for each condition. The bead diameters were obtained
from recorded photographs and are expressed as the mean +
standard deviation. The mean value of bead diameter was
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Fig. 1 Schematization of gelification process

hereainafter used for applying the mathematical modeling of
the release kinetics.

Thermogravimetric analyses (TGA) were carried out
in an air atmosphere for evaluating the thermal stability of
hydrogel composites and the effect of hemp hurd on it. A
Mettler TC-10 thermobalance from 30 to 400 °C at a heating
rate of 10 °C/min was used.

Differential scanning calorimetry (DSC) were carried out
for evaluating the effect of hemp hurd on melting tempera-
tures of hydrogel composites. A thermal analyzer Mettler
DSC 822/400 under N, atmosphere from 25 to 250 °C at a
heating rate of 10 °C/min was used.

Barrier properties to water vapor were evaluated using
a DVS Automated multi-vapor gravimetric sorption ana-
lyzer, using dry nitrogen as a carrier gas, to investigate the
water adsorption properties of produced composites. The
temperature was fixed to 30 °C. Samples were exposed to
increasing water vapor pressures obtaining different water
activities a%P/P, (from a%0.1 to a%0.8), where P is the
saturation water pressure at the experimental temperature.
The adsorbed water mass was measured by a microbalance
and recorded as a function of time. Measuring the variation
of weight of the sample as a function of time, at a given par-
tial pressure, it was possible to obtain the equilibrium value
of sorbed vapor, Ceq (& sovent’ dry basis)- I order to analyze
the sorption isotherms, the Sips model was adopted [44, 45].
Being a combination of Langmuir and Freundlich isotherms
and it is given the following general expression (Eq. 1):

1/n
Gm X AsCeq

de= —— 1/ ey
1+agc)"
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where ge is the is amount of the adsorbate at equilibrium
(mg/g), .4 is equilibrium water concentration of the adsorb-
ate on the adsorbent, g,, is the monolayer adsorption capac-
ity (mg/g), is Sips isotherm model constant and # il related
to the heterogeneity of the system.

Swelling properties of gelatin beads were determined
since they are supposed to affect the relase rate of a deliv-
ery system. Firstly, 10 mg of material were air-dried and
then weighed. Then, they were immersed in 20 mL of lig-
uid medium (pH 3, pH 7 and pH 12) solution for different
periods of time. The pH values of the tested release media
were adjusted at 3 and 12 using 0.1 M HCI and 0.1 M
NaOH solutions, respectively. Wet samples were wiped
with filter paper to remove excess liquid and weighed. The
swelling degree (SD) was calculated as (Eq. 2):

Ww Wdry
SD(%) = ——— x 100 2)
Wdry

where W, and W, are the weights of the beads measured

at a specific time point and the initial weight of air-dried
samples. A Voight-based equation (Eq. 3) has been applied
to describe the experimental swelling data [46]:

Sy = Sey(1 = e'") 3

where S, is the swelling at time t, S, is the equilibrium
swelling, T is a rate constant.

Dissolution kinetics were determined, as for swelling
properties, to better understand the release behavior of
composite hydrogels. As first step, gelatin beads were
dried for 24 h in a vacuum oven. The dry matter (M,)
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was weighed and immersed in 15 mL of liquid medium
at different pH values (3, 7 and 12), kept under mechani-
cal stirring. At fixed time intervals, the beads were taken
out, dried under vacuum conditions and the weight was
recorded. The solubility kinetic, for each pH value, was
determined by plotting the gelatin beads weight as a func-
tion of the dissolution time. For each sample, tests were
performed in triplicate, and average value was recorded.
Equation 4 was proposed to describe the dissolution kinet-
ics of gelatin beads:

m(t) = My, X exp(=k,y X (t = 1)) )

where M, . represent the maximum weight of Ge beads
reached at stationary phase and t X represent the time cor-
responding to the stationary phase.

The release kinetics of eugenol were performed by ultra-
violet spectrometric measurement using a Spectrometer
UV-2401 PC Shimadzu (Japan). The tests were performed
using a fixed amount of composite beads (200 mg), placed
into 15 mL of ethanol and stirred at 100 rpm in an orbital
shaker (VDRL MOD. 711%+%Asal S.r.1.). The release
medium was withdrawn at fixed time intervals and replen-
ished with fresh medium. The considered band was at 280
nm. The effect of pH and hemp hurd concentration on
release kinetics were taken into account. The experimen-
tal data were fitted according to Baker and Lonsdale model

oM

M

o0

M
_’=ki
M r2

(s

2/3

X { 1- < > } X S))
where M, is the amount of drug released at time t, Moo is the
amount of drug release at infinite time, k is the Baker-Lons-
dale release constant and r is the radius bead, supposing it to
have spherical shape [48]. Since the gelatin beads underwent
to swelling phenomena, which are differently affected by pH
level of release medium, the bead radius is supposed to be
time-dependent (r%r(t)). Equation 6, obtained from Eq. 3 by
expliciting the definition of Swelling degree (S,), needs to be
considered for the time interval from O to 24 h (maximum
time before prevalence of dissolution phenomena):

N W

m(t) = My X [1+8,,(1—¢77)] (6)

after 24 h, the dissolution phenomena are supposed to occur

and the bead mass underwent a reduction. Then, at times
higher than 24 h, the Eq. 4 will be considered to describe
the mass variation of gelatin beads.

For a spherical bead, considering the equation of a
spherical volume, the time-dependent radius equations
were derived. Equation 5 could then be modified by sub-
stituting the radius » on the right side of the equation with
the previously obtained time-dependent radius equations
and embedding all the constant parameters in the k’ and
k’> coefficients. The time-dependent radius equation are

(Eq. 5) [47].
d reported as Eqgs. 7 and 8:
2/3
3 M, M t
0 <1< 24h= % 1—<1——’> X —— =k .
2 _ M IPENE (7)
My (1+5,(1—e ')
2/3
3 M, M, t
;>24h§><{1—<1—M—’> }xM—’=k” - (8)
o o [M paXexp(—k,y X (t = )] 3

Table 1 k’ and k’’ parameters
S 1 H 3 H7 H 12

obtained from fitting of ample P P P

experimental data applying k (g2/3 X k% xh™) Kk (gz’3 X k” (gzl3 X k’ (g2/3 X k” (g2/3 X

Eqgs. 7 and 8 h-1) h7h h™) hh hh)
Ge-Eu 0.0342 0.0047 0.0190 0.0039 0.0028 0.0016
Ge-HH-Eu 1%  0.0263 0.0035 0.0062 0.0033 0.0013 0.0015
Ge-HH-Eu 3% 0.0132 0.0028 0.0044 0.0026 0.0011 0.0011
Ge-HH-Eu 5% 0.0091 0.0022 0.0031 0.0014 0.0006 0.0006
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Table 2 Gelatin beads

) Sample Diameter, mm
diameters
Ge 0.95 + 0.06
Ge-Eu 0.97 + 0.05

Ge-Eu-HH 1% 1.02 + 0.04
Ge-Eu-HH 3% 1.13+0.12
Ge-Eu-HH 5% 1.15+0.10

The obtained result are listed in Table 1.

Result and Discussion
Beads Diameter Distribution

Figure 2 reports the beads diameter distributions while
Table 2 reports the numerical values of such diameters.

Observing the data reported in the Table 2, it can be
deduced that the diameter of gelatin beads is quite constant
for all samples.

FTIR Analysis

Figure 3 shows the FTIR spectra of pure gelatin bead and
Ge-Eu-HH composite beads.

For the gelatin beads, three main region are present:
1627-1632, 1532-1546, and 1235-1276 cm™! assigned to
amide I (C%O stretching), amide II (N-H bending and C-N
stretching), and amide III (C—N and N-H groups vibrating),
respectively [49]. Besides, the region 3100—2800 cm™!
belongs to C-H stretching of gelatin structure as well as C-H
stretching modes of cellulosic components of hemp hurd

eugenol

gelatin N w
Ge-Eu-HH OWW

Ge-Eu-HH 1%

Ge-Eu-HH S%WW

o 5%W

1 1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500

<

Trasmittance

Wavelength, cm™

Fig.3 FTIR spectra of pure gelatin beads, gelatin composite beads
and eugenol

(CH Stretching in aromatic methoxyl groups and methylene
of cellulose and hemicellulose) [50-52]. The increase in
the peak intensity at 1740 cm™~1, 1454 cm ™" and 1240 cm™!
could be attributed to the carbonyl (C=0) stretching vibra-
tion of the acetyl groups of hemicellulose present in the
hemp hurd, CH, bending vibrations in lignin and to C-O
stretching of acetyl [52—54]. Eugenol showed characteristic
peaks at 1514, 1608 and 1637 cm™! related to the aromatic
C=C stretching [55], 2960-2930 cm™', and 2870-2860 cm™"
(stretching -CH; and —-CH,-); 1637 and 1463 cm™! (bending
—CH,-); 1451 and 1366 cm™! (bending —CHs); and 672 cm™!
(bending C%C) [56]. Finally, the more pronounced peaks
at 3076 cm™!, 990 cm™! and 720 cm™! could be attributed
to the C%C stretching, C%C-H, bending and CH, bending
modes of eugenol [57]. These findings proved the effective
encapsulation of eugenol in the gelatin beads.

Thermal Characterization

Figure 4 shows the change in weigth (%) as function of tem-
perature (°C) of pure gelatin (Ge), Ge—Eu and Ge-Eu-HH
composite beads.

The degradation of gelatin is mainly characterized by two
thermal steps: loss of bound water (50 -150 °C) and thermal
decompositon of gelatin matrix [58]. Figure 4 evidences that
Ge beads start to decompose at about 240 °C. The Ge-Eu
bead shows an additional thermal step (160-200 °C) related
to the loss of eugenol [59, 60]. No further decomposition
steps are present for Ge—Eu-HH beads since the thermal
decomposition of the main component of hemp hurd (holo-
cellulose (250-380 °C), cellulose (250-350 °C), hemicel-
lulose (200-290 °C) and lignin (280-500 °C) [61-64])
occurred simultaneously to gelatin decomposition. Besides,

100
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40 - Ge-Eu-HH 3%
Ge-Eu-HH 5%
30 1 1 1 1 1
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Fig.4 Thermogravimetric curves of Ge, Ge-Eu and Ge-Eu-HH
beads
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of gelatin and composite gelatin temperature
beads °
[°C]
Ge 97
Ge-Eu 90

Ge-Eu-HH 1% 89
Ge-Eu-HH 3% 88
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the onset temperature of Ge—Eu-HH-5% beads (288 °C)
was delayed compared with Ge and Ge—Eu beads (about
260 °C). The thermal improvement could be attributed to
hemp hurd loading. This effect might be due to the for-
mation of hydrogen linkages involving gelatin matrix and
OH groups of hemp hurd. Moreover, the formation of low
molecular weight compounds, due to the thermal decompo-
sition of hemicellulose and pectin, could generate a physical
hindrance between the heat source and the polymer leading
to the thermal decomposition delay. This barrier could be
even responsible of the increase in mass transfer resistance
for the volatile gases.

Figure 5 reports the differential thermal analysis (DSC)
evaluated on gelatin beads.

In all curves, it is evident an endothermic peak related to
melting temperature (T,,) [65]. The addition of hemp hurd
and eugenol to beads formulation slightly altered the thermal
stability of gelatin beads. The melting temperatures of all
samples are reported in Table 3.

The introduction of hemp hurd powder do not alter the
melting point of gelatin beads. Besides, the slight decrease
in melting point of gelatin beads could be attributed to the
formation of a low regular and compact chain arrangement

@ Springer
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Table 4 Sips parameters obtained by fitting experimental data with
Eq. 1

Sample qm (g/2) a, (10° g x L™ n

Ge 56 +2.52 4.0+0.10 0.36 +0.02
Ge-Eu 53 +3.66 2.8 +0.12 0.32+0.01
Ge-HH-Eu 1% 53 +3.21 25+0.13 0.31 +0.02
Ge-HH-Eu 3% 51 +2.54 2.2 +0.08 0.26 + 0.03
Ge-HH-Eu 5% 40 +1.95 1.9 +0.07 0.24 + 0.01

caused by the introduction of eugenol. It follows a reduc-
tion of polymer chains movement which, in turn, allow to
decrease the thermal stability of the beads [65].

Barrier Properties Evaluation

Figure 6 shows the sorption data of gelatin beads compos-
ites, reporting the equilibrium moisture content g, (on dry
basis) as a function of the water concentration C,, (g/L).
The knowledge of water vapor properties of hydrogel com-
posites is required to better understand the behavior of the
produced delivery systems for outdoor exposures such as
agricultural ones. The improvement in hydrophobization
is needed to avoid the probability of clustering occuriing
or the alteration of composite properties due to the forma-
tion of cracks induced by swelling and shrinkage phenom-
ena. The evaluation of barrier properties is crucial since a
high moisture content affects dramatically the physical and
chemical ageing of the composites and, thus, their lifetime
in interactive environments.

The extrapolated Sips parameters from Eq. 1 are
reported in Table 4:
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Fig.7 Water sorption parameters of gelatin beads evaluated from
Eq. 3

The sorption parameters can be evaluated taking into
account Henry’s law of solubility (Eq. 9):

dq
§=
dpr

®

The sorption coefficient can be evaluated from the lin-
ear part (0 < a,, < -0.4) of sorption isotherm and reported
in Fig. 7.

Proper interactions are supposed to occur between gela-
tin matrix and hemp hurd functional groups. The intro-
duction of hemp hurd inside the gelatin matrix led to a
decrease in adsorbed moisture content. Then, as evidenced
in Fig. 7, as hemp hurd concentration increases, sorption
parameter underwent to a substantial decrease since the
hydrophobization offered by the hemp hurd components.
Reduced water sorption of gelatin beads as HH amount
increases can be a consequence of enhanced interaction
of gelatin chain and OH groups that are less available for
the interaction with water vapour. Such explanation is
supported by decrease in monolayer adsorption capacity
(q,)- The 1/n parameters concerns the heterogeneity of the
system and, as the hemp hurd content increases, it under-
went to an increase since the presence of not-homogeneous
phase inside the gelatin matrix [66].

The diffusion coefficient came from the evaluation of the
sorption kinetics, modeled by Fick’s second law solution.
The average radius reported in Table 2 was used in Fick’s
law solution and the diffusion coefficient has been evaluated.
Figure 8 reports the log (D) as a function of the equilibrium

moisture content (C.q, g/g on d.b.).
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Fig. 8 Diffusion coefficient of water vapor, D (cm?/s), as function of
equilibrium moisture content Ceq (g/g)

Table 5 reports the Dy, the thermodynamic diffusion coef-
ficients extrapolated at m ,=0 for all the samples.

From Eq. (10) it is possible to evaluate the water perme-
ability coefficients (reported in Table 5).

P=S%D, (10)

As expected and in accordance with data in Table 5, dif-
fusivity and permeability of the composites decrease with
filler loading, in full agreement with the sorption data. This
could be, firstly, explained by taking into account the inter-
actions HH-matrix, mainly hydrogen bondings, with hydro-
philic groups of gelatin matrix. From transport phenomena
point of view, the HH loading increases the mass transfer
resistance which, likely, led to a reduction of mean cross
sectional area available for water diffusion. The reduction
of adsorbed water could be then attributed to the decrease in
free volume due to the presence of lignocellulosic reinforce-
ment which constituted a physical hindrance for the diffusion
of water molecules, determining an higher heterogeneity of
the system (as evidenced by 1/n parameter). It follows that
the change in mean water molecules pathway and an increase

Table 5 D, and permeability coefficients

Sample D, (1077 cm?s) P07 g/gx 1/
atm X cm?/s)

Ge 8.91 6.15

Ge-Eu 8.26 4.63

Ge-HH-Eu 1% 3.19 0.97

Ge-HH-Eu 3% 1.55 0.26

Ge-HH-Eu 5% 0.77 0.08
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Fig.9 Swelling and deswelling degrees of Ge beads as function of
time at different pH values

in the tortuosity of the system occurred, justifying the reduc-
tion of Dy, coefficients observed.

Swelling and Deswelling Behavior

In agricultural applications, the pH has to be considered as
a crucial factor to affect the release phenomena [67]. So, a
deep study of the effect of pH on swelling and deswelling
degree has been accomplished. Figure 9 reports swelling
and deswelling degrees of gelatin beads along the time as a
function of pH level.

Figure 9 highlighs the pH-dependence of swelling and
deswelling behavior of gelatin beads. For short times, the
rate of water uptake sharply increases and then reachs a
level off. After a certain time interval, dissolution phenom-
ena occurr and deswelling is verified. It can be deduced that
gelatin swelling and deswelling degrees are clearly affected
by pH of the medium due to the presence of ionizable groups
[68, 69]. In acidic conditions, NH;r and COOH are pre-
sent while in basic conditions the species present are NH,
and COO™. In neutral conditions, the predominant species
are NH,/COOH [70]. It is reported that gelatin hydrogels
swelled less when placed in acidic dissolution medium (pH
3) compared to other media (pH 7 and pH 12) [71, 72].
Since pKa value of main amino-acids of gelatin (glycine,
proline and hydroxyproline) are 9.6, 10.6 and 10.6, as pH
of medium is 12, a deprotonation of gelatin and an increase
in charge on proteins is supposed to occurr. The subsequent
charge repulsion of deprotonated groups lead to a higher
swelling degree [73]. It follows that the ionization of all
COO™ groups in gelatin increases the swelling degree of
the gelatin beads. Ionic repulsion between charged groups
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incorporated in the gelatin matrix could be assumed to be the
main driving force responsible for the swelling behaviour.
As pH changes, due to the ionizable groups in gelatin chains,
there are hydrostatic repulsion between them so, as gelatin
beads adsorb water molecules, these latter occupy a certain
volume and, as a consequence, an expansion of the structure
occurrs [74]. Besides, the higher swelling at basic pH could
be ascribed to the possibility of forming a porous structure
due to alkaline hydrolysis [46].

Figure 9 reports the plotted experimental data accord-
ing to Eqgs. 3 and 4. Medium dashed lines represent the fit-
ting curves. Rate constant values were reported in the same
graph. Since t could be considered a measure of the resist-
ance to water permeation, lower t value corresponds to
higher water uptake rate. From Fig. 9 it is evident that after
about 24 h a decrease in swelling degree can be observed
due to the dissolution rate of gelatin. The dissolution of a
solid in a liquid regards the transfer of mass from the solid
phase to the liquid one [75]. Its rate tend to decrease as pH
increases from 3 to 12, following an exponential behaviour.
In acidic conditions, gelatin began to break down since the
dissociation of the gelatin macromolecular structure. This
phenomenon could explain the fast complete dissolution of
gelation. The reported results are quite in agreement with
other studies on crosslinked gelatin beads [76], polyacryla-
mide-gelatin [74], cross-linked acrylic acid/gelatin hydrogels
[77], gelatin-based nanospheres [78] and gelatin-sodium car-
boxymethyl cellulose [79].

The k,; constant could be considered as an estimation of
the dissolution rate constant and noticeably decreases pass-
ing from acidic to basic medium as pH level differs from iso-
electric point (IP) of gelatin (pH 4.7) [80]. The slowdown of
gelatin beads dissolution at high pH level could be due to the
inherent pH-solubility behavior of gelatin and appears to be
a consequence of the physico-chemical properties of gelatin
[81]. At low pH (pH <%IP), the conformation of the gelatin
is probably less stable, and its overall net charge is highly
positive. It follows that in the gel state, gelatin retains part
of its secondary and tertiary structures and the gel rigidity
decreases due to the decreased conformation stability. The
dissolution of gelatin in water is quite fast and the complete
bead erosion occurred in a short time interval.

Release Kinetic Evaluation: Effect of pH

The release of eugenol from gelatin composites was fol-
lowed. The effect of pH on the release kinetics and the con-
tribution of hemp hurd on the release phenomena were ana-
lyzed. The release of encapsulated compound is enabled by
entry of release fluids through the systems toward the bulk
and thereby the counter diffusion movement of molecules to
surface of the system followed by the complete release from
the polymeric system. Figure 10 report the release curves of
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eugenol for pure gelatin and gelatin beads composites vary-
ing the pH of the release medium.

The mechanism and kinetics of drug releases were
affected by many parameters such as physical properties
of polymers, drug to polymer ratio and geometric shape of
release matrix, as well as swelling and dissolution phenom-
ena [82]. So, a complex heterogenous release curves were
obtained. Figure 10 shows that the release rate of eugenol is
dependent on the pH of the release medium. The initial burst
release is supposed to be related to the amount of encap-
sulated compound not effectively protected by the carrier.
It occurred since the initial swelling of the matrix and the
osmotic pressure difference between the release medium
and the bead [83]. The penetrating water molecules could
initially generates phenomena such as relaxation of poly-
mer chains and hydration [84]. The adsorbed water mol-
ecules could then enhance the internal pressure allowing the

eugenol to be released and promoting the burst release effect.
Moreover, it is worth noting that the burst is reduced as pH
increases, as consequence of the higher stability of gelatin
network which, probably, is able to better retain the encap-
sulated eugenol; then a slower and more controlled release
follows [85]. As shown in Fig. 10, after 24 h more than 98%
of eugenol is released from gelatin beads at pH 3. Besides,
91%, 81 and 63% of eugenol is released after 24 h for gelatin
beads with 1%, 3 and 5% of hemp hurd, respectively. As
pH level increases, a noticeable change of release kinetic is
observed. The released eugenol after 24 h is 87%, 62%, 37
and 32 wt% (pH 7) and 81%, 68%, 60 and 52 wt% (pH 12)
for Ge-Eu and gelatin beads with 1%, 3 and 5% of hemp
hurd, respectively. At low pH (pH <%IP), the SD is quite
reduced, as previously reported. The low stability of gelatin
conformation determined a low gel rigidity, consequently
the diffusion of eugenol in the release medium speeded up.
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As pH >%IP, the gelatin structure is more stable and the
beads are able to better adsorb water molecules determining
an increase in SD. The adsorption of high amount of water
and the increasing of gelatin volume could justify the higher
amount of eugenol released at pH 12 compared to pH 7 con-
ditions. In any case, the network structure due to hemp hurd
located inside gelatin matrix could slow down the release
rate of encapsulated eugenol. Probably, hemp hurd acts as a
physical barrier which improves the mass transfer resistance
by increasing the tortuosity of the system.

The fitting process of release kinetic curves allowed to
obtain the k’ and k’’ parameters, by using Egs. 7 and 8,
which are reported in Table 1:

In controlled release formulation, swelling, diffusion and
erosion represent the most important rate-controlling mecha-
nisms. The modified Baker and Lonsdale model allowed to
take into consideration all of them. The fitting of experimen-
tal release data by applying Egs. 7 and 8 allows to evaluate
the diffusion constants (k’ and k’”) to support the previous
reported statements. The k’ diffusion constant underwent
a decrease as pH level increases and, for each pH regime,
it decreases as hemp hurd concentrations increases. The
decrease in k’ constant as pH increases could be attributed
to different swelling behavior of gelatin beads. Moreover,
since k’ constant is directly proportional to diffusion coef-
ficient, its reduction as HH concentration increases may be
due to increase in mass transfer resistance offered by HH
powder which enhances the tortuosity of gelatin path length.
Besides, the same behavior characterized the k>’ constant
which refers to dissolution regime. As gelatin bead volume
decreases, due to erosion phenomena, the eugenol diffusion
is favored. Moreover, a slow deswelling rate, by virtue of a
slow erosion kinetic (k,y constant), could partially delay the
dissolution of gelatin bead external layer in conjunction with
the effect of a gelatin-OH groups network which is supposed
to partly put the dissolution phenomena back, in accordance
with what was previously reported. Moreover, since the rate
of dissolution is proportional to surface area, at relatively
long experimental times, it slows down the release kinet-
ics allowing to prolong the eugenol diffusion up to 120 h.
Results confirmed that the addition of hemp hurd could lead
to a decrease in eugenol released amount. The hydropho-
bicity of hemp hurd, due to the presence of external non
cellulosic material, could enhance the reduction of water
uptake rate and, as a consequence, the amount of swelling
of the composite beads [86]. The mass transfer resistance
generated by hemp hurd could explain the slower eugenol
release rate as HH concentration increases. Finally, it could
be claimed that a novel agricultural compound delivery
system, completely based on renewable resources, has been
designed to achive a pH-triggered release. Similar systems
have already been reported in literature. Roy et al. devel-
oped calcium-alginate microspheres for controlled release of
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endosulfan [87] and alginate-gelatin swellable beads loaded
with cypermethrin [88], reporting similar results and simi-
lar trends as pH changes. Moreover, the unique developed
release system, made of aqueous gelatin/lignocellulosic
material solution, is completely sustainable and no other
similar systems have already been reported.

Conclusions

In this study pH-responsive composites hemp hurd/gelatin
beads were produced through gelation on oil. Eugenol, a
green pesticide, was encapsulated. Spectroscopic analy-
sis confirmed the presence of eugenol and hemp hurd.
Besides, thermal properties were not affected by the inclu-
sion of hemp hurd and eugenol. Barrier properties resulted
dependent on hemp hurd concentration which hydrophobic-
ity noticeably reduced the adsorbed water content. Swelling
and dissolution phenomena were studied over time (up to 8
days) and demonstrated a different behavior of gelatin beads
varying the pH level of the medium. Swelling phenomenon
is reduced in acidic conditions while gelatin dissolution rate
was slower at basic pH compared to neutral and acidic ones.
The release kinetics of eugenol was dependent on of hemp
hurd and pH. Besides, even the inclusion of hemp hurd, at
fixed pH level, allowed to tailor the controlled release system
due to the physical hindrance of hemp hurd and the weak
interaction with bound water molecules which reduced the
dissolution rate. Finally, the results demonstrated the pos-
sibility of tailoring the release of a loaded compound by
designing natural polymeric devices through an environmen-
tally friendly methodology.
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