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ABSTRACT: A totally biodegradable mixed system made up of phospholipids and zein was developed in order to 
effectively improve the photostability of all-trans retinoic acid, preserving its pharmacological properties. Photon 
correlation spectroscopy showed that the formulation obtained using phospholipon 85G and zein at a ratio of 7:3 w/w was 
characterized by an average diameter of less than 200 nm, a narrow size distribution and a significant time- and 
temperature-dependent stability. The use of specific cryoprotectants such as mannose and glucose favoured the long-
term storage of the nanocarriers after the freeze-drying procedure. The nanoparticles increased the stability of the ATRA 
against photochemical degradation with respect to the free drug and its antitumor effect was preserved as a consequence 
of the cell uptake of the colloidal systems. The results demonstrate the potential of the proposed hybrid nanosystems to 
provide a high level of stabilization for sensitive and labile antitumor compounds.

In recent years, the development of hybrid colloidal particles 
using natural biomaterials (i.e. proteins and lipids) has drawn 
great interest due to their excellent degree of safety, notable 
biocompatibility, easy preparation procedure and their 
versatility in applications as drug delivery systems.1-4 Indeed, 
the nanoparticles made up of a single main component often 
have inherent drawbacks, such as their scarce time- or 
temperature-related stability, limited drug loading capacity 
and reduced range of functionality.5 On the contrary, hybrid 
nanoparticles are promising systems able to combine the 
specific features of different materials.6-10 Among these, 
proteins are being widely used for the preparation of colloidal 
particles because they can easily self-assemble into various 
structures due to the presence of numerous types of functional 
groups that allow them to interact with other components.11-13 

In particular, zein, a natural protein obtained from corn 
characterized by a substantial lipophilic nature, has been 
amply employed in the formation of nanoparticles, favouring 
the encapsulation of poorly-soluble compounds while avoiding 
the use of harmful chemical crosslinkers.14,15 The US Food and 
Drug Administration (FDA) approved the protein as a GRAS 
(Generally Recognized as Safe) material for drug delivery 
applications due to these favourable characteristics.16,17 
Namely, a recent study showed that composite colloidal 
particles made up of lecithin and zein could significantly 
enhance the thermal and saline stability of protein-based 
nanosystems, demonstrating the feasibility of developing 
useful multicomponent nanoparticles.18 Moreover, it has been 
shown that the nanoencapsulation of curcumin in zein-lecithin 

complexes enhances the stability as well as the functional 
properties of the hydrophobic drug.19 In another experimental 
work, the nanoparticles made up of a blend of zein and 
rhamnolipid have been shown to optimize the encapsulation 
efficiency and the bioavailability of curcumin.20,21 Based on 
these findings, the aim of this investigation was to exploit the 
biomimetic and stabilizing activity of several phospholipon® 
made up of different compositions of phospholipid mixtures 
and also the peculiar characteristics of raw zein for obtaining 
hybrid nanoparticles. The physico-chemical, thermal and 
morphological properties of the resulting systems were 
investigated and the best formulation was chosen for 
improving the photostability of all-trans-retinoic acid (ATRA), 
a metabolite of retinol (vitamin A), which generally shows 
significant degradation when exposed to physical stress. 
Moreover, the cytotoxicity of ATRA-loaded lipoprotein 
nanoparticles was investigated with respect to the free form of 
the drug in order to evaluate whether the colloidal formulation 
could preserve the pharmacological activity of the compound 
on different human cancer cell lines. Indeed, ATRA is an 
effective differentiating agent that exhibits anticancer 
properties associated with a strong antiproliferative effect that 
contributes to the noteworthy remission of different types of 
tumors.22-24 This phenomenon is related to the activation of 
retinoic acid receptors (RAR) and the retinoid X receptor 
(RXR) on the nuclear membranes of cancer cells that are able 
to regulate the transcription of genes which cause growth 
inhibition, differentiation and apoptosis.25-26
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In Table 1 it is possible to observe the composition of the 
hybrid nanoparticles. The first phase of the characterization 
was focused on the evaluation of the physico-chemical 
properties of the systems obtained through nanoprecipitation 
of the lipid/protein mixture in water. In particular, photon 
correlation spectroscopy showed a significant variability of the 
dimensional values of the systems as a function of the mixtures 
of components used. Specifically, the use of PL90H and PL80H 
induced the formation of macro-aggregates and large particles 
with heterogeneous dimensions, as evidenced by the 

polydispersity index. This phenomenon may be related to the 
low degree of unsaturation present in the phospholipid 
structure, a consequent lower structural rigidity and a different 
interaction with the protein. Inversely, the use of non-
hydrogenated lipid mixtures (PL90G and PL85G) showed 
nanoparticles characterized by a smaller average diameter 
(Table 1). 

Table 1. Physico-chemical characterization of zein PL-nanoparticlesa

PLb Composition of the 
phospholipid mixtures Zein (%w/w) Mean sizes 

(nm) PDIc
Zeta 

Potential 
(mV)

10 439±19 0.618±0.083 -30±1
20 >1000 0.647±0.039 -28±1
30 536±15 0.408±0.099 -28±1
40 >1000 0.910±0.155 -35±2
50 >1000 0.297±0.132 -34±1
60 >1000 0.609±0.376 -36±1
70 >1000 0.255±0.284 -33±2
80 >1000 0.998±0.003 -18±1

80
H

Hydrogenated 
Phosphatidylcholine min. 60.0 

%

Hydrogenated 
Lysophosphatidylcholine max. 

10 %
90 >1000 0.650±0.367 -13±1
10 >1000 0.890±0.191 -18±1
20 >1000 0.949±0.089 -10±1
30 >1000 0.768±0.401 -10±1
40 >1000 0.563±0.134 -11±1
50 >1000 0.337±0.193 -23±1
60 >1000 0.996±0.058 -6±1
70 >1000 0.943±0.098 -9±1
80 >1000 0.533±0.095 -10±1

90
H

Hydrogenated 
Phosphatidylcholine min. 

90.0%

Hydrogenated 
Lysophosphatidylcholine max. 

4.0 %

Oil/triglycerides max. 2.0% 90 >1000 0.678±0.237 -10 ± 1
10 70±1 0.266±0.07 -30±2
20 74±4 0.288±0.05 -29±1
30 89±5 0.317±0.023 -24±1
40 123±2 0.227±0.026 -22±2
50 812±90 0.626±0.328 -32±1
60 552±24 0.431±0.136 -28±2
70 >1000 0.763±0.149 -24±1
80 >1000 0.656±0.131 -24±1

85
G

Phosphatidylcholine min. 
60.0%

Lysophosphatidylcholine 3-6%

90 >1000 0.861±0.241 -26±1
10 114±1 0.454±0.02 -31±1
20 253±1 0.521±0.008 -21±1
30 240±4 0.528±0.077 -17±1
40 719±5 0.653±0.057 -24±1
50 >1000 0.547±0.454 -20±2
60 >1000 0.405±0.125 -23±1
70 >1000 0.535±0.105 -9±1
80 >1000 0.624±0.114 -20±1

90
G

Phosphatidylcholine 94-100%

Lysophosphatidylcholine max. 
4.0%

Tocopherol max 0.3%

90 >1000 0.876±0.215 -10±1
aThe concentration of the components of the various formulations are 0.2% w/v. 
bPL:Phospholipon
cPDI: Polydispersity Index.
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In particular, the systems prepared using PL90G were of 
mean sizes ranging between 110 and 250 nm (9:1, 8:2 and 
7:3 % w/w), though a wide range of dimensional 
distribution was maintained. The destabilizing effect 
exerted by zein on the structure of the hybrid systems was 
evident because the increase of their average diameter 
and the polydispersity index was directly proportional to 
the amount of the protein used. It should be noted that 
macroaggregates and precipitates were observed when 
protein concentrations over 60% w/w were used (Table 1), 
data in agreement with Dai and co-workers.18 

The use of PL85G promoted a decrease of the mean 
diameter and PdI of the nanosystems prepared using a 
protein concentration up to 40%, demonstrating that it is 
the best phospholipid-derivative to be used for the 
development of hybrid nanoparticles (Table 1). The 
evaluation of the surface charges showed a certain 
variation occurring among the various nanosystems. In 
particular, the systems prepared using PL85G and PL80H 
were characterized by a zeta potential of about -30 mV, 
ideal for their stability over time.27 However, all the 
formulations showed negative values as compared to the 

zein nanoparticles18,28 demonstrating the huge 
contribution the phospholipid mixture makes towards the 
formation of the hybrid nanoparticles. This is a result of 
the binding between the hydrophilic and lipophilic 
portions of zein and the polar heads and alkyl chains of 
the phospholipids, respectively, via hydrogen bonds, 
hydrophobic effects, and electrostatic interactions, as 
previously reported.19 

The use of the sonication process made a significant 
improvement in the aforementioned parameters, 
demonstrating the usefulness of this approach to obtain a 
better homogeneous size distribution of 
nanosystems.27,29Again in this case, the best results were 
achieved with the formulations prepared using PL85G 
(Figure 1). The presence of a phospholipid-based coating 
on the zein nanoparticles was demonstrated by TEM 
(Figure 1), confirming the results of the surface charge 
previously discussed (Table 1). For this reason, the next 
steps of the experimental study were focused on the 
characterization of the hybrid nanosystems made up of 
PL85G and zein.

Figure 1. TEM micrograph of A) zein nanoparticles (2 mg/ml of protein) and of B) PL85G/zein hybrid nanosystems (7:3 
w/w, 2 mg/ml of materials). Bar=200 nm C) Physico-chemical characterization of phospholipon/zein nanohybrids after 
the sonication process.
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Moreover, the temperature-dependent stability of a 
formulation is a very important parameter to be evaluated. The 
analysis was carried out using a Turbiscan Lab® apparatus and 
the results were reported as the Turbiscan Stability Index 
(TSI), which correlates the transmittance and backscattering of 
a sample as a function of time and temperature.30,31 The 
colloidal systems prepared with PL85G were incubated at room 
(25 °C) and body temperature (37 °C) in order to evaluate 
whether their stability could be affected by the variation of the 
amount of zein. The results showed excellent stability of the 
systems, revealing the absence of destabilization phenomena 
induced by the presence of the protein in the colloidal 
structure. Furthermore, a decrease in the slope of the TSI 
profiles following the sonication process of the samples was 
evident, probably as a consequence of the modulation of 
interfacial phenomena (Figure S1). 
The freeze-drying process can be a useful way to preserve the 
intrinsic characteristics of the colloidal systems.32 For this 
reason, lyophilization studies were carried out on the 
formulations prepared with PL85G and zein (9:1-5:5 w/w) 
enriched with various cryoprotectants (Tables S2). All the 
excipients enabled the systems to be resuspended in water in 
the same volume of medium initially used, but the ideal 
concentrations were 5 and 10% w/v. Namely, the addition of 
excipients below 5% w/v induced structural destabilization of 
the systems and the presence of aggregates after resuspension, 
data in agreement with several other studies.33-37 
Indeed, as shown in table 2, the addition of mannitol (5-10% 
w/v) and sorbitol (5% w/v) did not promote the preservation 
of the mean sizes of the colloidal systems made up of 
PL85G/zein 7:3, while the addition of the other cryoprotectants 
induced a slight increase of the average diameter (100-200 nm) 
and the size distribution (Table 2). Moreover, these excipients 
did not induce significant variations in the surface charges of 
hybrid nanoparticles, showing negative values of Zeta potential 
similar to those of the nanosystems before the freeze-drying 
process. In particular, it was observed that glucose and 
mannose favour the development of acceptable freeze-dried 
nanosystems characterized by a long-term storage stability. 
Considering these results, the formulation prepared using 
PL85G and zein (7:3 w/w) was selected as the ideal system and 
was used to encapsulate ATRA in order to preserve the 
physico-chemical and pharmacological properties of the 
lipophilic drug.

Table 2. Physico-chemical properties of nanoparticles 
prepared using PL85G and zein (7:3 w/w) subsequent to the 
freeze-drying process as a function of different cryoprotectants 
used.

Sample Mean 
sizes (nm)

Polydispesity 
Index

Zeta
Potential 
(mV)

Zein Nanoparticles 106±1 0.20±0.01 20±1

PL85G Nanoparticles 100±1 0.22±0.01 -30±1

PL85G/Zein 7:3 w/w 79±2 0.214±0.04 -31±1

5% 143±7 0.306±0.09 -33±2
Glucose

10% 99±4 0.238±0.05 -31±3

5% >1000 0.618±0.21 -38±5
Mannitol

10% >1000 0.594±0.30 -36±6

5% 106±8 0.295±0.06 -34±3
Mannose

10% 140±15 0.345±0.05 -33±4

5% 160±6 0.412±0.06 -37±2
Sucrose

10% 132±3 0.361±0.07 -33±1

5% 401±22 0.538±0.11 -35±4
Sorbitol

10% 223±7 0.337±0.13 -33±3

5% 111±17 0.350±0.10 -31±2
Trehalose

10% 131±14 0.477±0.09 -34±3

Different amounts of bioactive (0.5, 1 and 2 mg/formulation) 
were used in order to evaluate the ability of the hybrid systems 
to retain the lipophilic compound. For this reason, the 
colloidal formulation prepared with PL85G and zein (7: 3 w/w) 
required a new PCS study as a function of the amount of ATRA 
initially used in the preparation phases of the systems. As can 
be seen in Table S3, the active compound induced a significant 
increase in the average size of the systems, causing the 
appearance of aggregates and polydispersed populations. For 
this reason, the colloidal systems were sonicated resulting in 
particles characterized by a mean diameter of ~90 nm and a 
homogeneous size distribution (Figure 2). 
The zeta potential of the nanosystems was not affected by the 
bioactive, probably because ATRA did not significantly 
influence the protein arrangement. Moreover, the 
encapsulation rate of ATRA was investigated as a function of 
the drug/lipoprotein ratio (Figure 2B). Namely, an initial 
concentration of ATRA equal to 0.1 mg/ml favoured a 
retention of the bioactive of about 60% (~ 0.3 mg/formulation) 
in the colloidal structure, while the use of 0.4 mg/ml gave an 
encapsulation of about 35% of the lipophilic drug (~0.7 
mg/formulation). The best results were achieved using 0.2 
mg/ml of drug because the amount of bioactive compound 
effectively retained by the nanosystems was approximately 
55% (~0.55 mg/formulation) (Figure 2B). Probably the 
increased encapsulation of the drug among the hybrid 
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nanoparticles with respect to the zein nanoparticles28 is related 
to the numerous hydrophobic interactions coming about 
between the lipophilic portion of the bioactive and the 
lipophilic tail of the phospholipids, as well as the electrostatic 
interactions and hydrogen bonding occurring between the 
polar hydroxyl group of the drug and head group of the lipids, 
as evidenced by Fourier transform infrared spectroscopy in 
several papers.27,29,30 

The application of ATRA is limited because of its sensitivity 
following exposition to external agents such as light. The 
hybrid nanoparticles provide a great degree of protection of 
ATRA against UV light-induced degradation in comparison to 

the free form of the drug in ethanol (Figure 2 panels D and E). 
In fact, the PL85G/zein nanosystems showed a reduced 
decrease of absorbance after UV-exposition with respect to an 
ethanol solution of the drug (from 1.795 to 1.655 and from 1.733 
to 1.594, respectively, after a UV exposure of 360 min) (Figure 
2, panels D and E). This phenomenon is probably due to the 
structure of the lipopolymer which contains aromatic and 
double bond residues and is able to absorb UV light preserving 
the active compound from photochemical degradation as 
described in other experimental works. 19,40,41

Figure 2. Physico-chemical properties of PL85G/Zein nanoparticles containing ATRA (A,B). Entrapment efficiency of ATRA as a 
function of the amount of the drug used during the preparation of nanoparticles (C). Photostability of ATRA (drug concentration 
of 110 μg/ml) as an ethanol solution (D) and entrapped in PL85G/zein nanoparticles (7:3 w/w) (E) as a function of the duration of 
UV-exposition.

The next phase of the study was focused on the evaluation of 
the cytotoxic activity of the nanosystems prepared with PL85G 
and zein (7:3 w/w ratio). Indeed, although both phospholipon® 
and zein have been approved by the FDA and the EMA for 
pharmaceutical use, the safe concentration of obtained 
colloids to be used must be evaluated in order to operate at 
subtoxic dosages. The investigated cell lines were A549 
(human lung cancer) and CaCo-2 (human colon cancer) 
because they are ideal models upon which ATRA has been 
shown to exert significant biological effects.42,43

Figure 3A shows that the cytotoxic effects of the colloidal 
formulation were evident only at concentrations of lipoprotein 

material greater than 200 μg/ml and at incubation times of 
over 24h. These findings revealed that the hybrid carriers were 
highly biocompatible. In addition, the toxic concentrations 
reported above were not reached in the following experiments 
in order to evaluate the real benefits deriving from the 
encapsulation of ATRA in the nanosystems. For this reason, 
the cytotoxic profiles of hybrid systems containing the drug 
have been compared to those of the free drug (Figure 3B). The 
pharmacological activity of ATRA was evident at a drug 
concentration ≥1 μM on both cell lines and the best cytotoxic 
effects were obtained at a concentration of 10 μM. The 
nanoencapsulation of the drug within hybrid nanoparticles did 

Page 5 of 13

ACS Paragon Plus Environment

ACS Macro Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



not compromise the pharmacological efficacy of the active 
compound and increased after 24 h of incubation (Figure 3).

Figure 3. (A) Evaluation of in vitro cytotoxicity of PL85G/zein nanoparticles on A549 and CaCo-2 cells as a function of the 
material concentration and incubation time; (B) In vitro cytotoxicity of ATRA and ATRA-loaded PL85G/zein nanoparticles on 
A549 and CaCo-2 cells as function of the drug concentration and the incubation time.
Results are the mean of three different experiments ± standard deviation. *p < 0.05, **p < 0.001 (with respect to the untreated 
cells).

A plausible explanation for the improved cytotoxic effect of 
ATRA could be attributed to the enhanced cellular uptake 
promoted by the colloidal systems, which allowed the 
bioactive to concentrate itself in the cytosol, maximizing its 
biological effects as was described with the use of many other 
polymeric carriers.44,45 In this regard, the incubation of 
fluorescent nanosystems (containing rhodamine-DHPE) with 
A549 cells confirmed  their high degree of interaction with 
biological substrates; in fact, a massive staining of the cytosol 
was obtained after just 3 h incubation as a result of the great 
uptake of hybrid nanoparticles (Figure 4). The Z-stack analysis 
demonstrated the successful internalization of the systems in 
the cells, confirming that they are able to effectively deliver the 
encapsulated active compounds.

Fig. 4. CLSM micrographs of A549 cells incubated with 
rhodamine-DHPE-labelled PL85G/zein nanoparticles for 3 h. 
2D (upper), Z-stack (right). Panel A,D: Hoechst filter; panel 
B,E: TRITC filter; panel C,F: overlay. No auto-fluorescent 
phenomena were observed.

In conclusion, the hybrid nanosystems made up of PL85G and 
zein showed promising features for a useful delivery of ATRA. 
In conclusion, the hybrid nanosystems made up of PL85G and 
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zein showed promising features for a useful delivery of ATRA. 
The lipoprotein structure preserved the lipophilic active 
compound from UV-related degradation maintaining its 
antitumoral pharmacological efficacy. The hybrid nanosystems 
herein described are innovative carriers for the delivery of 
photo-sensitive, poorly-water-soluble drugs. This is because 

they favour the administration of entrapped compounds in 
polar media thus avoiding the use of organic solvents and their 
potential degradation due to various types of external stimuli.
. 
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Figure 1. TEM micrograph of A) zein nanoparticles (2 mg/ml of protein) and of B) PL85G/zein hybrid 
nanosystems (7:3 w/w, 2 mg/ml of materials). Bar=200 nm C) Physico-chemical characterization of 

phospholipon/zein nanohybrids after the sonication process. 
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Figure 2. Physico-chemical properties of PL85G/Zein nanoparticles containing ATRA (A,B). Entrapment 
efficiency of ATRA as a function of the amount of the drug used during the preparation of nanoparticles (C). 

Photostability of ATRA (drug concentration of 110 μg/ml) as an ethanol solution (D) and entrapped in 
PL85G/zein nanoparticles (7:3 w/w) (E) as a function of the duration of UV-exposition. 
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Figure 3. (A) Evaluation of in vitro cytotoxicity of PL85G/zein nanoparticles on A549 and CaCo-2 cells as a 
function of the material concentration and incubation time; (B) In vitro cytotoxicity of ATRA and ATRA-

loaded PL85G/zein nanoparticles on A549 and CaCo-2 cells as function of the drug concentration and the 
incubation time. 

Results are the mean of three different experiments ± standard deviation. *p < 0.05, **p < 0.001 (with 
respect to the untreated cells). 
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Fig. 4. CLSM micrographs of A549 cells incubated with rho-damine-DHPE-labelled PL85G/zein nanoparticles 
for 3 h. 2D (upper), Z-stack (right). Panel A,D: Hoechst filter; panel B,E: TRITC filter; panel C,F: overlay. No 

auto-fluorescent phenomena were observed. 
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