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•	 Maltodextrine with low hydrolytic 
conversion (DE: 8) was utilized as 
the wall material. 

•	 RSM was utilized for the modeling 
and optimization of three 
independent variables.

•	 The surfactant concentration and 
the mixture intermixing were 
significant factors.

•	 Spherical shaped NPs with a size 
of 52 nm with a loading efficiency 
of 98% were produced.

•	 Hydrogen bonding is the main 
mode of interaction between the 
core and the shell.
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The main aim of this study was to prepare apple pomace polyphenolic extract (APPE- 
referred to as a core) loaded into biodegradable and commercially available natural polymer 
such as maltodextrin (MD-referred to as a shell). The polymer coating potentially improves 
its low stability and bioavailability and also directs the control release of the encapsulated 
material. The MD-nanoparticles (NPs) loaded with the APPE were prepared by a modified 
nanoprecipitation method. An experimental central composite design was utilized for the 
modeling, optimization and to assess the influence (and interactions) of the shell to core 
ratio, surfactant concentration, and sonication time (as the independent variables) on the 
NPs preparation to maximize the level of polyphenols loading and the NPs formation yield 
(referred to as dependant variables). The adopted models were verified statistically and 
experimentally. The results showed that amongst the independent variables, the shell to core 
ratio and the surfactant concentration were statistically significant in the experimentally 
selected ranges. By adopting the optimal process conditions, the spherical shaped NPs were 
prepared with a mean average size of 52 nm (confirmed by the Dynamic Light Scattering 
and FE-SEM techniques) and polyphenols loading efficiency of 98%. FT-IR spectroscopy 
confirmed the successful entrapment of the core in the shell of NPs. Hydrogen bonding is one 
of the modes of interactions between the hydrophilic moieties of polyphenols and MD. The in 
vitro polyphenols release of the NPs through simulating cancerous tumor acidity conditions 
represented a sustainable release, indicating potential anticancer application of the NPs.
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1. Introduction

Polyphenols with natural origins e.g., apple pomace 
polyphenols could be potentially used as food 
supplements, pharma- and cosmeceuticals due to their 
antimicrobial, antiradical and antioxidant activities 
[1,2]. The significance of these natural antioxidants in 
preventative medicine, particularly for reducing cancer 
risk, is well known and has been the subject of recent 
reviews [3]. The high activity of natural polyphenols 
makes them prone to chemical instability against 
environmental conditions such as oxygen, moisture, etc. 
Moreover, most natural polyphenols show low in vivo 
bioavailability and solubility, which may weaken or 
even suppress their full beneficial health effects [4]. In 
this regard, nanoencapsulation of polyphenols, i.e., their 
incorporation into biodegradable natural polymers, not 
only enhances their chemical stability but also provides 
passive and active targeting and controlled release 
[5]. Additionally, their low in vivo bioavailability and 
solubility will be improved considerably [6], which 
affects their absorption by the gastrointestinal system [7]. 
For example, the recent substantial  research conducted 
on the nanoencapsulation of curcumin [8-10] and 
quercetin [11-13] as model polyphenols are indicative 
of the importance of this new emerging technology 
in preventative medicine. By adopting a biomimicry 
approach it is believed that polyphenolic compounds, 
e.g., green tea polyphenols, act synergistically together as 
their nature’s pattern. Therefore their mixed extraction, 
purification, and bioavailability have been the subject of 
intensive research over recent years [14,15]. 
The main objective of this study was to identify 

the most suitable operating conditions for the green 
production of natural polymer based-nanoparticles 
loaded with polyphenol extract produced from Iranian 
industrial apple pomace.
Apple is one of the most frequently consumed fruit 

in the Iranian diet. According to the latest FAOSTAT 
report (2012), the total worldwide production of apple 
is approximately 60-70 million metric tons (MMT)/
annually, and the Iranian contribution is about 5% (above 
3 MMT) of this production, making it the fourth largest 
world producer.   In Iran apples  are mostly consumed 
fresh and roughly 0.57 MMT  are processed into juice, 
jams, and syrup [16]. Therefore, during the processing 
of apple products a considerable amount of industrial 
apple waste is produced annually in Iran.  This waste is 

mostly used as animal feed. The recovery of value added 
natural by-products from industrial wastes e. g., apple 
pomace, is a global research trend to reduce environment 
pollution in addition to increase profitability [3,17]. 
According to a study conducted on the polyphenol 
profile of the mixture of flesh and peel of   the main 
Iranian apple cultivars [18], the main constituents were 
(-)-epicatechin, cyanidin-3-galactoside, quercetin-3-
galactoside followed by chlorogenic acid and phloridzin 
dehydrate (Figure 1). 
In the encapsulation process varieties of natural 

and/or synthetic polymers could be   used as a matrix 
and/or coating to retard the diffusion of oxygen and/
or small organic molecules, which further leads to 
oxidative stability [19]. Polysaccharides such as 
maltodextrin, chitosan and cellulose are examples of 
such wall compounds [20], e.g., chitosan was used as 
wall material for encapsulation of a natural antioxidant 
extracted from yerba mate [21].  
However, use of the MD (high DE: 18-20) is restricted 

as an appropriate shell material due to its low glass 
transition temperature (Tg). Low Tg may prompt crystals 
formation under increasing temperature, for example 
during the storage period and also the applications [22]. 
Therefore, the structural integrity of the particles will 
be disrupted and premature release  of the encapsulated 
active components will occur [23]. In this study, MD 
with low hydrolytic conversion (DE: 8) was utilized as 
the wall material. We propose that a lower DE value 
increases the MD polymer solubility in organic polar 
solvents and reduces its water solubility. These will 
presumably result in a more rapid precipitation, greater 
encapsulation efficiency, and finally potential higher 
stabilization during the storage period.

Fig. 1. Chemical structure of main polyphenolic constituents of 
industrial apple pomace.
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In this study the nanoprecipitation method was utilized 
for the fabrication of the novel MD- APPE composite 
NPs. Nanoprecipitation is a straightforward process 
which generates a narrow unimodal size distribution 
of NPs [24] and is mostly suitable for hydrophobic 
compounds [25]. However, the amphiphilic character 
of various mixed polyphenolic compounds (due to 
the presence of both aromatic rings and hydroxyl 
groups) make the suitability of the nanoprecipitation 
method questionable as the technique of choice for 
the encapsulation. Therefore, high molecular weight 
polyvinyl alcohol (dissolved into water) was used as 
surfactant to reduce (or even zeroing) the polyphenolics 
leakage towards the aqueous phase. 
Low power sonication homogenization was used to 

improve the solvent-nonsolvent intermixing due to its 
increasing the aqueous phase viscosity. The operating 
conditions were expressed in terms of the wall to the 
core ratio, the surfactant concentration (w/w %) and 
the sonication homogenization time (as independent 
variables) to maximize the entrapment of the apple 
pomace polyphenol extract and the NPs formation yield 
(as response variables).
In this study a 33-full factorial design and RSM were 

employed to investigate the interactions as well as the 
optimization of the variables. RSM has been recently 
adopted and used in the optimization of encapsulation 
process of various natural polyphenols [26,27].
 

2. Experimental

2.1. Materials 

Maltodextrin (DE: 8, Mw: 15,000 g mol-1) was 
supplied by Arian glucose CO (Iran). Ethanol (96%) 
was obtained from the Zakaria Jahrom Institute (Iran). 
Folin Ciocalteu’s phenol reagent, Gallic acid, and 
polyvinyl alcohol (Mw: 72000 g mol-1) were obtained 
from Merck Chemical Co (Germany). All other reagents 
were of analytical grade. Deionized water was used in 
all experiments.
Apple pomace including the peel and seeds was 

provided immediately after processing in October, 2015 
by the Sanich Co. (Iran). The waste was transferred 
within a few hours to a laboratory, dried in an air flow 
cabinet oven at 30 °C for 48 h, and powdered in a hammer 
mill crusher. The ground material was consecutively 
passed through the sieves of various mesh sizes and the 

fraction between 35 and 60 mesh sizes (a mean particle 
size of 0.25-0.50 mm) was collected for further 
processing. The sized material was placed in an opaque 
plastic bag and stored at room temperature (20-25 °C) 
in a dry ventilated area until used. 

2.2. Methods

2.2.1. Determination of total phenolic compounds (TPC)

The method used to determine the TPC employed 
Folin-Ciocalteu (FC) reagent; this was done according to 
a procedure described in the literature [28]. Six different 
concentrations of Gallic acid solutions (25–500 mg/l) 
were used for the calibration plot. The estimation of 
phenolic compounds was carried out in triplicate, and the 
results were averaged (standard deviations <5%). The 
results were expressed in Gallic Acid (GA) equivalents 
(mg GAE/g waste). The measurements were carried out 
by ultraviolet absorption at their maximum wavelength 
on a MESU LAB UV/V-3000 spectrophotometer, Hong 
Kong. 

2.2.2. Extraction of phenolic compounds

40 g of the powdered apple waste was placed into 
individual cotton bags in the five cells of a multistage 
counter current extraction system. For extraction ethanol 
concentration of 45%, solvent to dry waste ratio of 10, 
extraction temperature of 65 °C and extracting time of 6 
h were selected. Multi stage counter current extraction 
was performed according to a procedure previously 
reported [29]; then the extracts produced from each 
stage were mixed and filtered. The filtrate was further 
concentrated via evaporation under reduced pressure 
and further subjected to spray drying [30]. 10 mg of the 
dry extract was dissolved in 25 ml of hydroethanol of 
50% and was analyzed for TPC, which was 288 mg/l 
GA.   

2.2.3. Preparation of the NPs containing apple pomace 
polyphenols

Accurately weighed amounts of the MD (selected 
from experimental arrangements designed using RSM 
(Table 1) and dried APPE (20 mg) were magnetically 
stirred (Model EM3300T, Labotech Inc., Germany) 
overnight in ethanol 96% (8 ml) at room temperature. 
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The colloidal solution was then added to 15 ml of 
water containing accurately weighed amounts of 
polyvinyl alcohol as surfactant (selected from Table 1, 
magnetically stirred and dissolved at 70 °C temperature). 
Upon dilution with water, a dispersion of NPs was 
generated instantaneously. The latter was immediately 
sonicated with 150 W power by using a prob sonicator 
for the defined times, according to the experimental 
arrangements designed using RSM (Table 1). 
The produced NPs were further collected by 

ultracentrifugation 3 times (Model 29318, Sigma, 
Laborzentrifugen GmbH, Germany) at 13500 rpm for 
45 min, the supernatants were mixed and analyzed 
for the TPC. Therefore, the difference between the 
total amount used to prepare the nanopaticles and the 
amount that was found in the supernatant was attributed 
to the amount of polyphenols loaded within the NPs. 
The collected particles were washed twice with 5 ml 
of hydro-ethanol 50% (v/v) and subjected to drying 
using a vacuum oven (Model 3737, Precision Scientific, 
INC,) at 40 °C and weighed. The filtrates were analyzed 
for TPC. There was no detectable polyphenols in 
the washing filtrates as evidenced by TPC analysis, 
suggesting that polyphenols did not exist on the NPs 
surfaces. The vacuum dried particles were stored at 4 °C 
until used for other characterizations.

2.3. Ultrasonic generator

The equipment employed in this search was a 20 
kHz, 600 W ultrasonic generator, MISONIX Ultrasonic 
liquid Processor, Model S-4000 (Qsonica, LLC, USA) 
and a titanium microtip 419 BR as the probe.

2.4. Loading efficiency, polyphenol loading content and 
NPs’ yield 

The percentages of loading efficiency (% L.E), 

polyphenol loading content (% LC) and the NPs yield 
(% N.Y) were calculated according to equations Eqs. 
(1), (2) and (3), respectively. The N.Ys’ were obtained 
gravimetrically. 

L.E = (TPC of the NPs⁄TPC of       (1)
the feeding sample)×100    

L.C = (weight of polyphenol in the        (2)
NPs⁄the weight of NPs)×100

N.Y = (the weight of NPs ⁄ the weight of          (3)
feeding polymer and sample)×100

The polyphenols loaded in nanospheres expressed as 
mg GAE/L were also quantified by the Folin-Ciocalteu 
method after dissolving 50 mg of NPs in 20 ml acetone.

2.5.  Experimental design

The Minitab Version 16 software was used to conduct 
the experimental design and the statistical analysis. A 
three factor and three levels second order regression 
for the central composite design (CCD) in RSM that 
consisted of 20 experimental runs was employed. This 
was not only used to evaluate the interaction of targeted 
variables, but also to optimize the TPC and the NPs 
yield (% N.Y) as response variables. The coded values, 
levels, and real values are listed in Table 1. Regression 
analysis was performed to establish an empirical 
second-order polynomial model through Eq. (4).

	 	 	 	 	 	

where Y is the predicted response variable, β0 is defined 
as the constant, βi is the linear coefficient, βii is the square 
coefficient, and βij is the cross-product coefficient. Xi 

and Xj are two independent variables.

2.6. Characterization of the MD- APPE NPs: Size 
distribution and morphology of the nancapsules

The particle size distribution of NPs was determined 
by dynamic light scattering (DLS) measurement using 
Zetasizer nano ZS instrument (Malvern Instruments 
Ltd, United Kingdom). The appropriate concentration 

Table 2. Independent variables and coded values employed for 
optimization of the nanoparticle preparation procedure.

Independent variables Factor units level

-1 0 1

Shell to core X1 5 7.5 10

Surfactant (w/w %) X2 2 3.5 5

Time of ultrasonic
homogenizaton (min)

X3 2 4 6

3 3 2
0 1 1 1 1i i ii i (4)

i i
Y X X X Xβ β β β

= =
= + + +∑ ∑
3 3 3 32

0 1 1 1 1i i ii i ij i ji i i j i
Y X X X Xβ β β β

= = = = +
= + + +∑ ∑ ∑ ∑
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experimental results of the nanoparticle formation are 
shown in Table 2. The multiple regression coefficients 
were calculated using Minitab 16 software for both 
responses. By applying the coefficients into the 
generalized model (Eq. (4)), the second order polynomial 
equations for the acquired TPC (Eq. (5)) and the NPs 
yield (Eq. (6)) were obtained in terms of coded values 
of shell to core ratio (X1), surfactant weight percentage 
(X2), and time of the sonication homogenization (X3).

Y1 =179.83 + 19.67X1 + 2.58X2 +        (5)
14.02X3 – 1.93X12 – 0.98X22 – 1.53X32

Y2 =49.40 + 4.79X1 – 0.83X2 + 4.28X3 –	        (6)
0.48X12 – 0.06X22 – 0.36X32 – 0.52X1X2 – 

              0.04X1X3 – 0.41X2X3

of the sample was prepared with the deionized water, 
and then was filtered with a 0.45 mm Millipore filter, 
before analysis.
The shape and the surface morphology of NPs were 

observed by TESCAN WEGA3-SB scanning electron 
microscopy (FE-SEM). 

2.7. FTIR spectrum analysis

Each powdered sample was mixed with KBr salt, 
using a mortar and pestle, and compressed into a thin 
pellet. Fourier transform infrared (FTIR) spectroscopy 
experiments were performed on a Perkin-Elmer (model: 
Spectrum-1) over a frequency window from 4000-400 
cm-1. Interferograms (64) with a resolution of 4 cm-1

were co-added and Fourier transformed for each sample 
and background.

2.8. In vitro polyphenols release of polyphenol loaded 
NPs

In vitro release studies of polyphenols from the NPs 
were performed by diffusion technique. Nanospheres 
(50 mg) inside a cellulose dialysis bag (10 cm, dialysis 
tubing, molecular weight (Mw) cut off 12,000 Da, 
Sigma-Aldrich) were suspended inside a beaker 
containing 100 ml of a release medium consisting of 
buffer (pH 4.5 and 6.8) at 37 °C and 125 rpm (Brunswick 
INNOVA 4430 incubator shaker, GMI.inc, USA). The 
NPs suspensions were aliquoted in 1.5 ml centrifuge 
tubes in time intervals of half an hour for the first 4 h, 
an hour for the next 6 h and finally two hours for the 
third 8 h, centrifuged at 15,000 rpm for 10 min, then 
decanted and the supernatant was utilized to quantify 
the in vitro release profile of polyphenols in slight 
acidic environment models , i.e. pH 4.5 (Acetate Buffer 
Saline) and pH 6.8 (Phosphate Buffer Saline) using the 
Folin-Ciocalteu method as described previously. All 
experiments were carried out in triplicate.

3. Results and discussion

3.1. Fitting the response surface models and models 
verification for the responses

Independent variables and coded values employed for 
optimization of the nanoparticle preparation procedure 
are presented in Table 1. The design arrangement and 

Table 2. The arrangement and responses of the three-factor, three-
level second-order regression for central composite design.

Run
order 

Shell to
core (X1)

Surfactant
(% w/w)

Time of 
sonication
(min)

TPC
(mg GAE/l)

N.E. 
(%)

1 7.5 (0) 3.5 (0) 4 (0) 280.56 73.62
2 7.5 (0) 3.5 (0) 6 (1) 270.47 70.98

3 10 (1) 3.5 (0) 4 (0) 265.22 69.60

4 5 (-1) 2 (-1) 6 (1) 267.67 70.76

5 7.5 (0) 3.5 (0) 4 (0) 272.44 71.50

6 7.5 (0) 3.5 (0) 2 (-1) 275.11 72.19

7 10 (1) 5 (1) 6 (1) 256.89 67.41

8 10 (1) 2 (-1) 6 (1) 238.67 62.63

9 10 (1) 2 (-1) 2 (-1) 234.67 61.58

10 7.5 (0) 3.5 (0) 4 (0) 280.113 71.64

11 7.5 (0) 3.5 (0) 4 (0) 278.11 72.98

12 7.5 (0) 2 (-1) 4 (0) 276.56 73.10

13 5 (-1) 3.5 (0) 4 (0) 268.56 70.47

14 10 (1) 5 (1) 2 (-1) 265.78 72.37

15 7.5 (0) 3.5 (0) 4 (0) 279.56 66.54

16 5 (-1) 2 (-1) 2 (-1) 266.33 69.89

17 5 (-1) 5 (1) 6 (1) 261.89 68.72

18 5 (-1) 5 (1) 2 (-1) 273.56 71.78

19 7.5 (0) 5 (1) 4 (0) 276.89 72.66

20 7.5 (0) 3.5 (0) 4 (0) 279.67 73.39
The estimation of phenolic compounds was carried out in triplicate, 
and the results were averaged (standard deviations <5%).
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the significant factors affecting both the acquired TPC 
loaded within the MD and nanoparticle formation yield.

3.2. Analysis of response surfaces for the responses
	
The three-dimensional response surfaces of four 

independent variables were obtained by keeping two of 
the variables constant. The constants were equal to the 
natural value of the zero level. The response surfaces 
for TPC and N.Y % are shown in Figures 2(a-c) and 
(a'-c'), respectively. 
The most important results are outlined as:
1-The combined effect of the surfactant concentration 

and the shell/core ratio variables on the acquired TPC 
loaded within the NPs, (Figure 2a), indicates in the 
range of the surfactant concentration as low as 2-3.5% 
w/w and the core/shell ratio from 5-8 that the polyphenol 
loading value remains relatively constant and high 
(275-280 mg GAE/l), and then starts to decrease as the 
core/shell ratio increases up to 10. The highest level 
of loaded polyphenols (maximum TPC value) was 
obtained in the shell/core ratio ranging of 6-7.5 and the 
surfactant concentration more than 4% w/w.
Under controlled conditions, after the addition of the 

organic solvent to the nonsolvent, a dispersion of NPs 
is generated instantaneously by spontaneous diffusion 
of the solvent in the aqueous phase. Moreover, as the 
polymer concentration in the organic phase increases, 
a high viscosity of the polymeric solution prevents the 
appropriate organic phase diffusion towards the aqueous 
phase, so the coprecipitation of the maltodextrin/ 
polyphenol solution into water was restricted and the 
level of  TPC loading was decreased. This was consistent 
with the results gained by other studies [31]. This result 
also shows that in this critical point, due to the presence 
of the surfactant in the aqueous phase, the interfacial 

The analysis of variance (ANOVA) result (summary 
tables for TPC and N.Y %) used to check the adequacy 
of the developed models is presented in Table 2.  From 
the ANOVA table, it can be seen that the models were 
significant and adequate at a 95% confidence level. 
The similarity between the experimental values and 
the predicted ones (using the models) for both response 
variables were another indication of satisfactory models. 
According to the summary table of ANOVA (Table 3), 
the calculated F-value of the lack of fit for both TPC 
(3.31) and N.Y % (3.33) did not exceed the tabulated 
values of the F-distribution (3.5) found from the 
standard table at the 95% confidence level. This implies 
that for both models, the lack of fit is not significant 
(p>0.05) relative to the pure errors; therefore, both 
models were statistically significant and the responses 
were optimized. 
On the other hand, the F-values from the regression 

models (16.11 for TPC and 12.22 for N.Y %), which are 
the calculated values using the adjusted mean square of 
regression models divided by the adjusted mean square 
of the residual errors, are more than 1.  This indicated 
that there were significant differences between the 
models data and the mean values, which were not due 
to sampling or experimental error (rejecting the null 
hypothesis). So the experimental values of TPC (Y1) 
and N.Y % (Y2), as dependent variables, were fitted to 
the second-order polynomial equations using RSM as 
shown in Eqs. (3) and (4). It is worth mentioning that 
the coefficients of the determinations (R2) of TPC and 
N.Y % were 0.935 and 0.917, respectively, which were 
another indication that both models adequately fit the 
chosen parameters.
The absolute values indicated that the shell to core 

(X1) followed by time of the sonication homogenization 
(X3) and the weight percentage of surfactant (X2) are 

Table 3. Summary table of analysis of variance for TPC and NY %.

TPC N.Y %

Source DF Adj. SS Adj. MS F P Adj. SS Adj. MS F P
Regression 9 2881.55 320.173 16.11 0.00 188.63 20.96 12.22 0.00

Residual Error   10 198.72 19.87 17.15 1.71

Total 19 3080.27 205.79

Lack of fit 5 152.65 30.53 3.31 0.11 13.187 2.64 3.33 0.11

R-Sq 93.55 91.67

R-Sq (adj)   87.74 84.17
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Fig 2.  Response surface plots of the combined effect of shell-to-core ratio and surfactant (PVA) 

concentration (a), shell-to-core ratio and time of sonication (b), PVA concentration and time of 
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to-core ratio and time of ultrasonication (b’), PVA concentration and time of sonication (c’) on 
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Fig. 2. Response surface plots of the combined effect of shell-to-core ratio and surfactant (PVA) concentration (a), shell-to-core ratio and 
time of sonication (b), PVA concentration and time of sonication (c) on the TPC of loaded NPs, shell-to-core ratio and PVA concentration  
(a'), shell-to-core ratio and time of ultrasonication (b'), PVA concentration and time of sonication (c') on the yield of NPs preparation.

tension between two liquids is appropriately lowered 
and the organic phase diffusion towards the aqueous 
phase is improved, leading to the highest level of TPC 
loading. However, the high viscosity of the aqueous 
phase would also hamper the diffusion of the organic 
solvent; therefore, the surfactant/ polymer ratio must 

be carefully optimized [32]. This mechanism is more 
prominent at medium and high polyvinyl alcohol 
concentrations (more than 7%). The critical influence 
of the type and the concentration of various surfactants, 
e.g. polyvinyl alcohol, on nanoparticles loaded with 
silymarin as a hydrophobic compound using the 
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efficiency, and the formation yield of the NPs. On the 
other hand, the sonication homogenization transforms 
the maltodextrin solution into small droplets immediately 
after entering the water, leading to acceleration of the 
solvent-nonsolvent intermixing process. Moreover 
the possible formation of large aggregates due to 
flocculation of particles is overcome, which leads to NPs 
with unimodal size distributions and low polydispersity. 
Furthermore, the sonication homogenization as well as 
the surfactant application lowered the NPs growth in 
the initial steps; leading to finer NPs. Our observation 
is in contrast with research that reported no substantial 
improvement in the diffusion rate of organic solvent 
towards aqueous solvent in the surfactant presence. 
These results are not clearly in agreements with some of 
the principles of the common nanoprecipitation models 
based on the so-called “Marangoni effect” in which 
interfacial tension and mechanical turbulence were not 
considered as the driving forces during the course of the 
NPs formation [36]. 

3.3. Optimization of the NPs formation process 
	
To achieve the maximum level of TPC and NPs 

formation yield, the optimal level of extraction 
parameters were generated based on both two separate 
single response variables and in combination. Multiple 
graphical and numerical optimizations were run to 
determine the optimum level of the independent 
variables, with desirable response targets, and further 
verified experimentally. The optimal conditions were 
expressed as the wall to core ratio of 7.5, the percentage 
of surfactant of 4% w/w, and the time of sonication 
homogenization of 2 min. The NPs were prepared 
in triplicate according to the optimal conditions to 
assess the experimental reproducibility and the models 
verification. The response surface models were verified 
by similarities between the observed and the predicted 
values. For the NPs obtained experimentally in optimal 
process conditions, the L.E of 98% , the L.C of 8.62 % 
and the N.Y of 75% were quantified according to the 
Eqs. (1-3), respectively. 
The DLS result on these NPs showed a mean particle 

size of 52 nm with the 40 nm distribution width (Figure 
3a), which was composed of just one population, 
corresponding to 100% of all particles.  This is less than 
the previously reported studies on PLA-grape extract 
NPs, which was 351.9 and 291.6 nm for the seed and 

nanoprecipitation method has been investigated [33].
2- Figure 2b shows the combined effect of the 

sonication time and the shell/core ratio variables 
on the acquired TPC. It indicates as the shell/core 
increases, during nearly the entire range of the time 
of sonication, the polyphenol loading decreases. This 
clearly indicates the negative effect of increasing the 
polymer concentration, attributed to a shell/core ratio 
more than 7, in preventing the appropriate organic phase 
diffusion into the aqueous phase despite the sonication/ 
enforced (helped) stirring. However, a maximum peak 
is observed in the shell/core 6.6-6.8 and the sonication 
time of 3.7-3.9 min, which is attributed to a polyphenol 
loading level more than 95%.  
This result indicates the positive effects of moderate 

homogenization time in polyphenols loadings via the 
nanopercipitation method. The positive influence of 
the solvent-nonsolvent intermixing to reduce the mean 
NPs diameter during the nanopercipitation process has 
already been investigated [34,35]. 
The interaction effect of the surfactant concentration 

and the sonication time variables on the acquired TPC, 
(Figure 2c), indicates as the surfactant concentration 
increase in the range of the sonication time between 
2-5 min, the polyphenol loading increases, until a 
maximum peak is observed in the moderate surfactant 
concentration of 4-5% w/w and the sonication time of 
2-4.2 min.
This observation might be attributed to a less favorable 

mixing efficiency during the sonication/homogenization 
process resulting from a higher viscosity of the aqueous 
phase, above a critical concentration of surfactant. The 
less favorable mixing efficiency in a higher viscosity 
of the aqueous phase has been already reported [32]; 
however, it has neither been optimized nor its interaction 
with other variables been studied.
Interestingly the relatively same patterns (in terms 

of rises and falls) were observed with the nanoparticle 
formation yield (Figures 2(a'-c')), meaning that both 
dependant (response) variables were directly correlated 
and followed the same trends upon the programmed 
variations in the independent variables. This correlation 
has not been previously reported. 
Our study showed that in a critical surfactant 

concentration an interfacial tension lowering effect is 
observed. This finding also showed the constructive 
influence of the solution-nonsolvent intermixing in the 
particle size distribution of NPs, the level of loading 
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evaluated by FT-IR spectroscopy to identify the 
functional groups of the active components and also 
any mode of interactions between the polymeric wall 
and the polyphenolic core. The resulting spectrums 
are shown in Figure 4. For the APPE, the major peaks 
were assigned to the stretching vibration of hydroxyl 
groups (a broad band around 3390 cm-1), asymmetrical 
stretching vibration of CH2 groups (ν(CH2) 2928 cm-1) 
, accompanied by the corresponding δ(CH2) bending 
vibration (1350, 1226, and 632 cm-1), –CO stretching 
(1727 cm-1), and aromatic bending and stretching 
(ν(C–C) conjugated with C=C (1350 cm-1) and ν(C=C) 
(1615 cm-1). Additionally, two peaks at lower wave 
numbers were assigned to C–H and C–C out of plane 
bending vibrations at 875 and 776 cm-1, respectively, 
which are associated with 1, 4-disubstituted benzene 
molecules [39]. A very strong broad peak at 1051 cm-1 

corresponds to the ν(C–O–C), which is associated with 
the glycosydic bond. 
As it is clearly shown in Figure 4 and Table 4, the 

wave numbers of the major peaks of the APPE (c) 
and MD (b) were shifted in the NPs (a) and also their 
intensities were changed. A very strong broad peak 
correspondent to the glycosydic bond at 1051 cm-1 

Fig. 3. Particle size spectrum of MD-APPE NPs, DLS result (a), 
FE-SEM image (b).

skin grape extracts, respectively [37]; and also (PLGA-
PEG) NPs loaded with pomegranate extract, which 
was in the range of 120-200 nm [38]. Both NPs were 
prepared by the modified emulsion-solvent evaporation 
method. It seems that presumably at the initial stage of 
the nanoprecipitation process, sonication inhibited the 
crystal growth. Then it was followed by adsorption of 
the polyvinyl alcohol on to the NPs, leading to further 
inhibition growth and producing finer NPs. This would 
certainly influence their final bioavailability due to the 
higher surface to volume ratio. 
The FE-SEM micrographs of NPs’ suspension 

(Figure 3b) showed a spherical shape of the dispersed 
particles with smooth surfaces, and the NPs sizes 
were in agreement with the results governed by DLS 
measurements.

3.4. Fourier Transform Infra-Red (FT-IR) 
characterization of MD-APPE NPs

The MD, the APPE, and the loaded NPs were 

Fig. 4. FT-IR spectra of MD-APPE NPs (a), MD (b) and APPE (c).
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was absent in the NPs. These observations indicate the 
successful entrapment and also an interaction between 
the wall and the core. Hydrogen bonding is suggested as 
one of the mode of interactions between the hydrophilic 
moieties of polyphenols and MD. The hydrogen bonds 
can be formed between the hydroxyl groups of APPE 
and MD (intra- and inter-chain bonds) or between the 
hydroxyl groups of polymer chains and surfactant 
molecules [13].

3.5. In-vitro release of MD-APPE NPs, simulating 
cancerous tumor acidity conditions

Figure 5 presents the release profile of MD-APPE 
NPs under mild acidic conditions (pH 4.5, 6.8). Both 

simulations represented a sustainable release of 
MD-APPE NPs and also the higher release rate of 
phenolics in pH 4.5 than pH 6.8, prolonged to 9 and 15 
h, respectively. This shows an initial burst release on 
average of 50-65% and 70-80% of APPE within 2-3 h 
at pH 6.8 and 4.5, respectively.  An initial burst release 
of the nanoencapsulated polyphenols were also reported 
by other studies, which was attributed to the fraction of 
active component placed near the surface of the NPs 
[37,40] . 
The MD-APPE nanoparticles with the sustainable 

release ability produced in this study could be considered 
as a potential candidate to target certain cancerous 
tumors, e.g. colon cancer. Application of the pH-
sensitive polymeric NPs loaded with an anticancer drug 
to target solid tumors with slightly acidic extracellular 
pH (pH 4.5-6.8) environment has been reviewed [41]. 
However, more specific in vitro and in vivo experiments 
are necessary to shed more light into the feasibility of 
this potential application.

4. Conclusion

A modified nanoprecipitation method was successfully 
implemented for the preparation of the MD-APPE 
NPs and RSM was utilized for the process conditions 
modeling and optimization. The results indicated that 

Fig. 5. In vitro release profile of MD-APPE NPs at pH 4.5 (a) and 
6.8 (b).

Table 3. FT-IR major peaks assignments of the APPE, the MD and 
the loaded NPs.

Assignment APPE MD NPs

ν(O–H···O) 3390 (s,b) 3398 (s,b) 3291 (s,b)
νa(CH2) 2928 (s) 2925 (s) 2940 (s)

νs(CH2) - - -

ν(C=O) ester 1642 (s)

ν(C=O···H) ester

ν(C=O···H weak) acid 1727 (vs)

ν(C=O···H strong) acid

ν(C=C) phenolic acid 1615 (vs)

ν(C–C) aromatic 

ν(C–C) aromatic

ν(C–C) aromatic
(conjugated with C=C)

1500 
(vw,sh)

δ(CH2) scissoring 1420 (m,b) 1435 (vs,b)

ν(C–C) aromatic
(conjugated with C=C)

1424 
(vw,sh)

δ(CH2) wagging and
twisting

1350 (m,b) 1383 (w) 1380 (vw)

δ(OH) 1227 (s,b) 1153 (s) 1228 (vw)

νa(C–O–C), ester

νs(C–O–C), ester

ν(C–O–C), glycosydic
bond

1051 (vs,b) – –

ν(CvO) 902 (vw) 857 (m)

γ(C–H) aromatic 875 (w)

δ(CH2) rocking 632(s,b) 762 (m) 655 (m,b)

ν: stretching; δ: bending; γ: out of plane; a: asymmetric; s: symmetric
 s: strong; m: medium; w: weak; vs: very strong; vw: very weak; b:
broad; sh: shoulder
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the all the independent variables; i.e. the shell to core, 
the time of sonication homogenization, and the weight 
percentage of surfactant, were statistically significant 
factors affecting both the acquired TPC loading 
efficiency within the MD and nanoparticle formation 
yield. In the optimal condition, NPs with a mean 
average size of 52 nm with the distribution width of 40 
nm and high loading efficiency of 98% were produced. 
The scientific basis of our hypothesis was strengthened 
by the use of FT-IR spectrums, DLS measurement and 
FE-SEM image and in vitro release studies. 
Future studies include the stability and shelf life of 

the final product during food processing operating 
conditions, such as pH fluctuations in different finished 
products and thermal treatment during pasteurization 
and sterilization. 
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