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Abstract

This study utilises an electrohydrodynamic technique to prepare core-shell lipid nanoparticles with a tunable
size and high active ingredient loading capacity, encapsulation efficiency and controlled release. Using stearic
acid and ethylvanillin as model shell and active ingredients respectively, we identify the processing conditions
and ratios of lipid:ethylvanillin required to form nanoparticles. Nanoparticles with a mean size ranging from
60 to 70 nm at the rate of 1.37 x 10° nanoparticles per minute were prepared with different lipid:ethylvanillin
ratios. The polydispersity index was ~ 21% and the encapsulation efficiency =~ 70%. It was found that the
rate of ethylvanillin release was a function of the nanoparticle size, and lipid:ethylvanillin ratio. The internal
structure of the lipid nanoparticles was studied by transmission electron microscopy which confirmed that the
ethylvanillin was encapsulated within a stearic acid shell. Fourier transform infrared spectroscopy analysis
indicated that the ethylvanillin had not been affected. Extensive analysis of the release of ethylvanillin was
performed using several existing models and a new diffusive release model incorporating a tanh function.
The results were consistent with a core-shell structure.
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1. Introduction other so called “nutraceuticals” [1, 11, 13, 14].
They are effective carriers for both lipophilic and
hydrophilic flavour components, and have been
shown to increase bioavailability as compared with
oral administration of unencapsulated material[15—
18]. Several liposome-containing food ingredients
have already been approved for use or entered
trial development[19-22]. The limitations of lipo-
somes for food encapsulation, however, include
a relatively low loading capacity, rapid flavour
component release, and instability in storage[23].
Solid lipid nanoparticles, consisting of a matrix of
solid lipid as opposed to a lipid lamellar struc-
ture surrounding a liquid core, have been shown to
exhibit greater stability and more sustained release
profiles[24, 25].

Nanotechnology has been widely utilised for
encapsulation and controlled release of active ingre-
dients in the pharmaceutical, cosmetic, and food
industries in recent years[1-8]. For these appli-
cations the nanoparticles must be stable, non-
toxic, have high encapsulation efficiency and load-
ing capacity and enable the release kinetics of the
flavour component to be tailored to meet specific
requirements[9, 10]. Lipid-based colloidal parti-
cles meet these requirements and there are sev-
eral different classes, e.g. solid lipid nanoparti-
cles, liposomes and micelles[11, 12]. They have a
wide spectrum of applications, for example encap-
sulation of flavour, preservatives, vitamins and

There are three main strategies for flavour encap-
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sulation reported in the literature: (i) Homoge-
neous matrix, (ii) Flavour component enriched
shell, and (iii) Flavour component enriched core.
In homogeneous matrix particles the flavour com-
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ponent is dispersed uniformly throughout the parti-
cle. This allows for prolonged flavour release (over
weeks) and hence protection against oxidation[26,
27], and high encapsulation efficiency[24, 28]. Par-
ticles with flavour component enriched shells con-
versely are characterised by very rapid release rates
(over minutes)[29, 30]. Particles with flavour com-
ponent enriched cores exhibit release rates governed
by Ficks law of diffusion[31] and dependent upon
the physicochemical properties (i.e. partition coef-
ficient) of the flavour component molecules and the
thickness and density of the outer lipid shell[32, 33].

A range of different techniques has been utilised
to prepare solid lipid nanoparticles. There are two
main classes[24, 26]: hot homogenisation and cold
homogenisation. The former provides poor control
over the physical and chemical properties of the
solid lipid nanoparticles and loss of the active ingre-
dient to the surrounding medium and/or through
recrystallisation. ~ Cold homogenisation however
favours the formation of particles with flavour com-
ponent enriched shells[8]. It is desirable therefore
to explore alternative methods for fabricating solid
lipid nanoparticles that have the potential to over-
come these drawbacks. This study examines the use
of electrohydrodynamic techniques for this applica-
tion. Electrohydrodynamic atomisation or electro-
spraying is the process of generating fine droplets
ranging from micro or nanometres in diameter from
the electrically induced focusing and breakup of
a liquid jet[34-36]. The size and uniformity of
the particles generated depends principally upon
the physical properties of the materials being pro-
cessed, their flow rate(s) and the applied electrical
potential difference[37, 38].

Electrohydrodynamic techniques have been used
to produce nano- and micro-scale structures for a
wide range of applications[39-49]. They offer excel-
lent control over particle size, structure and unifor-
mity and do not require the use of multiple pro-
cessing steps or elevated temperature or pressure.
It has also been shown recently that multilayer par-
ticles can be generated using both single[50, 51] and
co-axial spraying devices[52—-54].

In this work, electrohydrodynamic processing
was used to form stearic acid (SA) nanoparticles
encapsulating ethylvanillin (EV). Both materials
are widely used in the food industry[55] and are
representative of typical hydrophobic coatings and
hydrophilic flavour components respectively. The
aim in this paper was to undertake a detailed char-
acterization of the rate of release of active compo-

nent as this is of great importance in tuning particle
characteristics to a particular application. Thus, as
well as demonstrating that our techniques[50, 51]
are applicable to a wider range of materials combi-
nations, we have significantly improved our analysis
of the release kinetics.

2. Materials and methods

2.1. Materials

Stearic  acid, ethylvanillin ~ (3-ethoxy-4-
hydroxybenzaldehyde), and 95% (v) ethanol
were all purchased from Sigma-Aldrich (Poole,
Dorset, UK). Doubled distilled (DD) water was
used as the release medium in all the experiments.

2.2. Preparation and characterisation of spraying
solutions

Stearic acid and ethylvanillin were dissolved in
ethanol with concentrations ranging from 1 to
4w% and (Table 1). The solutions were mixed
using a magnetic stirrer at ambient temperature
(25°C) until optically transparent: this took about
10 minutes. Surface tension and viscosity were
obtained for each solution from three repeat mea-
surements by the plate method using a Kriiss ten-
siometer (Model-K9, Kriiss GmbH, Germany) and
U-tube viscometer (75ml Cannon-Fenske Routine
Viscometer, Cannon Instruments, USA), respec-
tively.

2.3. Electrohydrodynamic processing

The solutions were fed through silicone tubing
from a 10ml plastic syringe driven by a high pre-
cision syringe pump (Harvard PHD 4400, Eden-
bridge, UK) into a stainless steel needle with inter-
nal diameter 450 um, at a flow rate of 15 ulmin—!.
The applied electrical potential difference between
the needle and a ground electrode was varied
between 13 and 15kV, using a high voltage power
supply (Glassman Europe Ltd., Tadley, UK). Once
a stable cone jet had been obtained, at an opti-
mal voltage of 14.5 kV, nanoparticles were collected
either on a glass microscope slide, or in a vial con-
taining DD water for the release studies, both of
which were kept at distance of ~ 100 mm from the
needle tip. The jet created at the tip of the needle
during nanoparticle production was observed using
a video camera (Leica S6D JVC-color). Optimi-
sation of the operating parameters and formulation



with regard to their influence on nanoparticle physi-
cal properties and ethylvanillin release rate was car-
ried out prior to this work[50, 56] and the operat-
ing parameters for this study (i.e. lipid concen-
tration, solution flow rate, distance between nee-
dle tip and collector) were selected in order to pro-
duce a stable cone jet and controlled nanoparticle
formation[50, 56].

2.4. Scanning electron microscopy (SEM)

To characterise the size and morphology of the
lipid nanoparticles, they were examined using SEM
(Model JEOL JSM 3600, UK). Dried lipid nanopar-
ticles were vacuum sputter coated with gold for
2min, at 40 mA, and mounted on aluminium stubs
with double sided carbon tape, prior to SEM exam-
ination, which was carried out at 5kV. ImageJ soft-
ware (National Institutes of Health NIH, Maryland,
USA) was used to measure the standard deviation
and mean of the nanoparticle diameter. Approx-
imately 300 nanoparticles were measured for each
set of processing conditions.

Using the particle diameters to compute the aver-
age particle volume V;,, m?, the number of particles
produced per minute, R, was calculated from

_ Veva + Vsa F
Veva + Vsa + Vieon Vap'

where Vgya, Vsa and Vgion are the volumes of
ethylvanillin, stearic acid, and ethanol in a unit vol-
ume of the spraying fluid and F' is the flow rate of

the fluid in m® minute—!.

2.5. Transmission electron microscopy (TEM)

To characterise the internal structure of the lipid
nanoparticles, they were observed by TEM (JEOL-
1010, Tokyo, Japan) with negative staining of the
lipid to improve their electron density with 2% solu-
tion of uranyl acetate for 30s and allowed to dry.
Analysis of the stained grids was carried out at an
accelerating voltage of 80kV.

2.6. X-ray diffraction

The powder X-ray diffraction (XRD) pattern of
the nanoparticle samples was determined using a
Thermo-ARL Xtra, Thermo Scientific diffractome-
ter using CuKal radiation (A = 1.542A). The
generator voltage was set at 40kV and the current
at 30mA. The nanoparticle sample was scanned
over the 26 angular range 3° to 40° with a step size

of 0.02° and a scanning speed of 4° min—!.

2.7. Fourier transform infrared (FTIR) spec-
troscopy

Characterisation of lipid nanoparticle structure
was performed using Fourier Transform Infrared
(FTIR) Spectroscopy (Perkin-Elmer, 2000 FT-
IR spectrometer, Cambridge, UK). 2mg sam-
ples of powdered lipid nanoparticles were mixed
with Potassium Bromide (KBr) and hydraulically
pressed to form pellets. Measurements were taken
over the range of 400 — 4000 cm™~!, averaging 256
scans at a resolution of 1cm™! for each run, at the
ambient temperature (25°C).

2.8. Determination of ethylvanillin encapsulation
efficiency, loading capacity and release profile

To measure the ethylvanillin encapsulation effi-
ciency, loading capacity and release profile of ethyl-
vanillin from nanoparticles made from each solu-
tion, 3ml of the collected suspensions were split
equally into 3 tubes. These tubes were filtered
through 200 nm syringe filters in 10 ml of DD water
at the ambient temperature (25°C). Lipid nanopar-
ticles from three tubes were obtained individually
and mixed with an equal amount of DD water
to disperse the lipid nanoparticles. The result-
ing free ethylvanillin content in each tube was
examined using ultraviolet (UV) spectrophotome-
try (Perkin Elmer, Lambda 35, UV /Vis spectropho-
tometer, Waltham, USA). Ethylvanillin absorbance
was measured by a UV spectrophotometry detector
at 278 nm. The amount of ethylvanillin encapsu-
lated in the lipid nanoparticles was calculated by
subtracting the amount of ethylvanillin in the DD
water from the total amount of the ethylvanillin in
the lipid nanoparticle solution. Encapsulation effi-
ciency (EE) and loading capacity (LC) were deter-
mined using equations 1 and 2 respectively.

EV,, —EVg,
NP

where EV,,, is the weight of ethylvanillin in the
nanoparticles, EVyg, is the weight of ethylvanillin
in the supernatant, NP is the total weight of lipid
nanoparticles and DNP is the total weight of dried
electrosprayed nanoparticles. Release studies were
conducted over 240 mins and repeated three times
for each set of lipid nanoparticles and the results
combined to obtain the cumulative ethylvanillin
release rate, which was plotted as a function of time.



In addition, the ethylvanillin release rate profile
data were fitted using Higuchi, zero-order, Hixson-
Crowell, first-order, and Ritger-Peppas models,
respectively[57-59] and equations for the released
fraction are given below. The zero-order expression
is

Qt = Kot (3)

where @, is the proportion of ethylvanillin released
in time ¢, and K is the zero order release constant
with units of inverse time.

The first order expression is

Qi = Qoo (1—e7") (4)

where Qs is the total fraction of ethylvanillin
released from the nanoparticles, @; is the propor-
tion released in time ¢ and K; is the release con-
stant. In a simple quasistatic model of release in
which a sphere of radius a in which the concentra-
tion does not vary with position is surrounded by a
membrane of thickness § and diffusion constant D
we may identify K; with 3D/ad.
Higuchi’s expression is

Q: = Kyt'/? (5)

where @ is the proportion of ethylvanillin released
in time ¢, and Ky is the Higuchi dissolution con-
stant.

The Hixson-Crowell model gives

Qt = Qo (1= (1= at)?) (6)

where (), is the total fraction of the ethylvanillin
released from the nanoparticles, @); is the fraction
of ethylvanillin released in time ¢ and o« = 9K /ro
depends on the release constant for Hixson-Crowell
release, K¢ and the initial radius rg.

Peppas and collaborators give a power-law
release rate, applicable only to the first 60% of the
release,

Q= At" (7)

where @Q); is the fraction of ethylvanillin released at
time ¢, A is a constant incorporating geometric and
structural features of the nanoparticles, and n is
the release exponent that indicates the release rate
mechanism. The value of n is 0.45 for a Fickian dif-
fusion mechanism, 0.89 for so-called Case II release
mechanism, and n > 0.45 and n < 0.89 for a non-
Fickian diffusion mechanism; n > 0.89 for Super
Case II release mechanism[60].

In order to distinguish between different models
of the particle structure we needed a model for dif-
fusive release from a homogeneous particle which
could be applied across the whole release process —
not one which not limited to a part of the process
or which had to be artificially truncated to limit
the release to 100%. We therefore developed an
expression (see Appendix) based on the same dif-
fusive release model as used by Peppas and collab-
orators but applicable to the whole of the release
process:

Q+ = Qoo tanh (atlﬂ) (8)

where Q.. is the total fraction of ethylvanillin
released from the nanoparticles, Q; is the fraction
released in time ¢ and « is a constant which may be
related to the particle size and diffusion constant.

We used the NonlinearModelFit function of
Mathematica©), and assessed the goodness of by
considering the R? values, the adjusted R? which
takes account of the number of fitting parameters,
and the size-corrected Akaike Information Crite-
rion, AICc.

3. Results and discussion

In this work, we used a lipid (stearic acid)
to encapsulate ethylvanillin using electrohydrody-
namic technology. Since stearic acid is a natu-
ral lipid extracted from animal fat; we expect the
lipid nanoparticles should be safe and biocompat-
ible for food applications. As showed in Figure
la, nanoparticles were successfully prepared using
a single step electrohydrodynamic technique at a
flow rate of 15 ulmin~! with an applied voltage
of 14.5kV and a collection distance of ~ 100 mm.
Uniform nanoparticles with a mean diameter of
65 + 6nm (Figure 1b, ¢) at the rate of 1.37 x 10°
nanoparticles per minute were obtained. Lipid
assembles around the ethylvanillin core to form a
shell (Figure 1d). TEM examination indicated an
EV rich core surrounded by an SA rich outer layer
(Figure le). The concentration of SA will change
the solution viscosity, surface tension and electrical
conductivity; this will in turn alter the behaviour of
the jet and hence the characteristics of the nanopar-
ticles produced[37].

As shown in Figure 2 (a, b), varying the
lipid weight ratio from 1 to 4w% to encapsu-
late 1w% ethylvanillin solutions, viscosity (0.82
to 1.18mPas) and surface tension (21.4 to



(a)

f_________

1040 nm

Nanopartiche diameter [rm)

Figure 1: Schematic illustration; (a) EHD set-up. (b) SEM image of 4w% stearic acid lipid nanoparticles encapsulating
1.6 w% EV in their structure generated at an applied voltage of 14.5kV and flow rate of 15 ulmin~". (c) Size distributions of
nanoparticles containing EV. (d and e) schematic and corresponding TEM image of nanoparticle. Average size is 65 + 6 nm.
Scale bar 100 nm.



22.1mNm~1!) results in nanoparticles with diam-
eters from 52 — 65nm, for ethylvanillin delivery
application[50, 56]. Keeping the SA weight con-
stant at 4w%, we varied the ethylvanillin weight
concentration ratio from 1 to 4 w%, decreasing the
viscosity and surface tension and revealed that we
can tune the nanoparticle size in a reproducible
manner[61]. For example, when the viscosity of
the SA-EV solution was decreased from 1.18 to
0.98 mPas, the nanoparticle size decreased from
65 + 7nm (polydispersity = 21%, N = 300) to
58 + 10nm (polydispersity = 33%, N = 300) (Fig-
ure 2b), while the nanoparticle solution surface ten-
sion only slightly fluctuated in the range of 22.1 to
21.8mNm~! Figure 2 (¢, d)[61-64]. The observed
influence of ethylvanillin inherent viscosity on the
solution was consistent with what has previously
been reported for stearic acid-ethyl cellulose hybrid
nanoparticles[50].

The X-ray diffraction (XRD) patterns obtained
are shown in Figure 3. The XRD pattern for the
ethylvanillin loaded lipid nanoparticles (solid line)
is very similar to the peaks assigned to a standard
lipid crystal structure (dotted line). As the XRD
pattern of the ethylvanillin loaded lipid nanopar-
ticles did not show any peak corresponding to the
ethylvanillin crystal structure (dashed line) we con-
clude that pure ethylvanillin is present in the centre
and pure SA at the surface of the particle, which
further confirms our interpretation of the particle
structure.

The FTIR spectrum of EV (dashed line in Figure
4) shows peaks at 3366, 2918, 2850, and 1701 cm~!
which belong to phenolic (—O — H) stretch-
ing, asymmetric stretching of alkenes (—CH-—) of
the OCHg group, aromatic C = C stretching
vibration[65] and the C = O carbonyl stretch-
ing vibration[66], respectively. In addition to this,
peaks at ~ 1111 cm ™! were seen, belonging to C—O
stretching and at 524 cm ™! corresponding to vibra-
tion and bending[67]. The spectrum of SA (dotted
line in Figure 4) shows two strong absorption peaks
at 2953cm™! and 2852cm™! that are attributed
to the asymmetric and symmetric stretching vibra-
tions of its —CHy group. The strong absorption
peak at 1711cm™! corresponds to the stretching
vibration of the carbonyl C = O group. The
absorption peaks around 1471cm™! represent the
bending vibration of —CHj groups. The absorp-
tion peaks from 1310cm™" to 1105cm ™! represent
the rocking vibration of the —CHsy group. The
nanoparticle spectra (solid line in Figure 4) exhib-

ited peaks that were a combination of the charac-
teristic peaks obtained with pure EV and pure SA.
However, the C = O band shifted from 1701 to
1711 nm, which indicates hydrogen bonding formed
between O — H and C — H in EV within SA. This
indicates that there was no degradation or chemical
interaction which occurred between EV and SA.

Next, we examined the EV loading capacity,
encapsulation efficiency, and release profile from
the SA lipid nanoparticles prepared from solutions
with different SA concentrations from 1 to 4 w%.
As shown in Figure 5a, for nanoparticles prepared
from the EV: SA 1 : 4 solution, 71 & 3% of EV was
encapsulated into the nanoparticles. In contrast,
EV encapsulation efficiencies for the nanoparticles
prepared from 1, 2 and 3% solutions were 48 + 3,
55 4+ 4 and 62 4 6%, respectively. Increasing the
ethylvanillin content of the spraying solution even-
tually led to unstable jets, which may explain the
non-monotonic variation of loading capacity with
ethylvanillin content shown in Figure bc. Figure
5b shows the how the release of the EV varied
over 240min. The 4 w% lipid nanoparticles release
~ 5% of EV over 60min compared to 12, 20 and
48 mins for 1, 2, 3w% lipid nanoparticles, respec-
tively. These results further indicate that the SA at
the interface of the core acts as a shell that helps to
protect the ethylvanillin inside the nanoparticles.

We further observed that the EV loading capaci-
ties of these nanoparticles were relatively high. For
instance, when the EV concentration was 1, 2 and
3w%, the measured loading capacity reached 0.6,
1.2, and 1.6% respectively (Figure 5¢). However,
EV loading capacity decreased when the initial EV
input was increased to ~ 4w%. We also observed
that EV was released from the nanoparticles in a
controlled manner until its loading capacity was
higher than ~ 1.6% (Figure 5d).

Lastly, we examined which release model gave
the best fit to the experimental results. The mod-
els which performed best were the tanh function
and the first-order model, and the results are sum-
marised in Table 1 (note that a better fit is denoted
by a larger R? or Ridj, but by a smaller AICc).

Examining the parameters which result from the
fit, however, we find that the parameter « from
the tanh(ay/t) fit does not scale as 1/d as we
would expect for diffusion of an active ingredi-
ent from a solid particle. This suggests that we
should reject this model. The first-order model,
however, yielded parameters K; which could be
fitted very well by K; = 3D/(({d)/2 — 0)d) with
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Table 1: Model parameters for food component release from nanoparticles. The percentages of ethylvanillin (EV) and stearic
acid (SA) are shown, together with the average diameters of the nanoparticles (d). Values of AICc, Ri A and R? are reported
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D =12x107"¥m?s7 ! and § = 22 x 107 m.
This suggest diffusional release from a spherical
capsule with a lipid layer thickness in close agree-
ment with what we observed. A diffusion constant
of this magnitude is broadly comparable with the
value of 5 — 7 x 1072 m? s~! observed[68] for lido-
caine in polylactic acid particles with sizes in the
range 250 to 800nm. We conclude that diffusion
is the determining factor in the release rate. We
intend to undertake more detailed numerical mod-
elling, including variation of the capsule shell prop-
erties with time, in order to address the two-stage
behaviour apparent in the release rate curves.

4. Conclusions

We have demonstrated that lipid nanoparticles
encapsulating a model active component (ethyl-
vanillin) can be produced by electrospraying. We
found that the diameter and size distribution of
the nanoparticles could be controlled by varying
the lipid:ethylvanillin concentration ratio in the
sprayed solution. The nanoparticles were found to
have a core-shell structure, with the thickness of
the outer lipid layer being dependent upon the con-
centration of lipid in the processed solution. The
encapsulation efficiency and loading capacity were
similarly found to be dependent on the lipid: ethyl-
vanillin concentration ratio; although there was
found to be a limit above which both started to
decrease. It was shown that the release of the ethyl-
vanillin was consistent with diffusion through a lipid
membrane. A new release model incorporating a
tanh function provided the best overall fit to the
time dependence of the release of ethylvanillin from
the nanoparticles, but further analysis suggests that
a first-order release model is more applicable. The
electrohydrodynamic technique for preparation of
lipid nanoparticles in one step may be very appro-
priate for mass production of lipid based nanopar-
ticles with different characteristics for food or med-
ical applications.
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Appendix A. New Fitting Function

The expression derived by Peppas and
collaborators[59, 69-71] is frequently used to
fit release rates, but it has the disadvantage that
it is not applicable to the whole of the release. As
a result some of the measurement data must be
discarded in order to use the expression. Alterna-
tively, the expression can be misused, and applied
to the whole range of the release. Here we propose
a one- or two-parameter expression which applies
to the whole release, which is simple enough to be
used for fitting to experimental data, and in which
the parameters have clear physical interpretations.

We start from the same point as Peppas et al,
and consider the release to take place by diffusion
out of a spherical solid matrix with instant removal
of the solute from the surface. That is, we solve the
radially symmetrical equation for diffusion of the
solute with concentration C

aC(r,t) 92C(r, 1) 26C( t)
ot b ( FIER (A1)
with
C(r,0)=Cy for r<a (A.2)

C(a,t) =0 for r >a for all t, (A.3)

where a is the sphere radius.

The solutions are well known (see, for example,
the monograph by Carslaw and Jaeger[72]), and we
may write for the average concentration inside the
sphere at time ¢

7600 Z 1w < Dn27r2t) (A4)

6(Dt)'/? 3Dt
aT a
L2 &
Zlerfc( Dr 1/2> ,

where ierfc is the integral of the complementary
error function. Equation A.4 is suitable for longer
times, equation A.5 for short times. Of course,
Cav(t)/Co = 1-Q(t)/Qo, where Q(t) is the amount
of the original loading @y that has been released
from the particle.

We make three observations: the fractional
release depends only on one parameter, (Dt)/?/a;
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the fractional release saturates for long times at
a value of 1; the short-time release has the form

Q(t)/Qo ~ 6(Dt)"/?/(x'/?a). We find that

Lo

wl/2q

Qa(t) = tanh ( (A.6)

fits the exact expressions from Equations A.4 and
A.5 with a maximum error of 0.03 over the whole
release range from Q(¢f) = 0 to 1. A marginally
better fit, with a maximum error of 0.02, can be
obtained by using

Wt)”)

Qv (t) = tanh ( o (A.7)

with 8 = 3.345 (compare with 6/7/2 = 3.385).
It is worth noting that fitting a power law of the
form Bt"™ to the first 60% release according to
Qn(t) gives n = 0.43, which agrees with the power
law fit to the exact expression over that range, as
calculated by Peppas et al. Over the time range
from zero to the time of 60% release as predicted
by the exact solution of the diffusion equation the
fitted tanh function deviates from the exact solu-
tion by a maximum of 0.03, whereas at the end of
that range Bt™ deviates by 0.04. We note that for
long times the exact solution varies exponentially as
exp(—Dm?t/a?) whereas the fitted function varies
as exp(—24/(36Dt/(ma?))): although these forms
are very different, the numerical differences in the
range where these asymptotic forms apply would be
below the resolution of practical experiments. The
‘obvious’ alternative saturating function which has
an appropriate asymptotic form is 1 — exp(—at),
but this has a maximum deviation from the exact
release profile of 0.09 and overall is inferior to the
expression given by either equation A.6 or A.7.
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Highlights

e Electrohydrodynamic spraying
is used to produce lipid-coated
nanoparticles.

e A new model is proposed for the
release rates of active components
from nanoparticles.

e The technique has potential
applications in food science and
medicine.
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