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Introduction
Proteinoids are polymers made from amino acids by thermal 

step-growth polymerization. Fox and coworkers discovered these 
polymers in the previous century while studying the origin of life [1-3]. 
Proteinoids can be used for many applications, such as drug delivery 
and diagnosis of diseases [4-7]. Proteinoids, made from natural 
amino acids, are non-toxic, non-immunogenic and biodegradable [7]. 
Following their synthesis, the proteinoids can self-assemble to form 
hollow nano or microparticles (NPs or MPs) due to the hydrophilic/
hydrophobic character of the different functional groups in the random 
polymer backbone [5]. When proteinoids are self-assembled in suitable 
conditions, the hydrophobic residues form a hydrophobic core in the 
inner side of the particle, in order to minimize their contact with water, 
while the hydrophilic groups remain on the outer shell of the particle 
and form hydrogen bonds with the water continuous phase. In addition, 
when the self-assembly procedure is performed in the presence of a 
suitable molecule, a proteinoid particle containing the molecule is 
formed [6]. Previous studies of proteinoids in our group presented dye 
and drug-filled proteinoid nanoparticles [4-7].

The manipulation of surface wettability through a combination 
of chemical and structural modifications has been of recent interest 
for a variety of applications such as anti-fog surfaces [8-10]. The “fog 
phenomenon” describes the condensation of water vapor to small 
drops that are dispersed on a solid surface. In our day-to-day life, fog 
is a problem in many technological products like plastic packaging, 
agricultural films and many optical devices, such as lenses, mirrors, 
windshields and visors. In all examples mentioned, fog causes a 
reduction in the light transmission, hence damaging the visibility of the 
products. In food packaging, the esthetics of the package is damaged, 
and the quality of the food may decrease to the point where it can no 
longer be sold due to the accumulated moisture [8,11]. In agricultural 
films, the fog droplets reduce light transmission and inhibit the growth 

of crops. Furthermore, the water droplets can cause the “lens effect”, 
where sunlight is being focused, and harms the plant top leaves [11]. 
One way to avoid water condensation is to control the temperature 
and humidity of the environment. The other approach is to use anti-
fog coatings on the surface of devices, which is preferable due to lower 
costs and lower energy consumption. The degree of hydrophilicity of 
surfaces, measured by water droplet contact angle, provides a measure 
for their anti-fogging ability. Generally, surfaces with a water contact 
angle degree of less than 40° are often explored as anti-fog surfaces 
[10]. The main reason is that condensing water droplets on this type 
of surface can rapidly spread into a uniform and non-light-scattering 
water film. In this case, although condensation still occurs, the surface 
remains optically clear, without disruption of light transfer. Hydrophilic 
polymeric systems containing hydroxyl groups (OH), amino groups 
(NH2) and carboxylic groups (COOH) are often utilized as anti-fog 
formulas. Another important property of anti-fog films is the roughness 
of the film surface. Fog will accumulate on rough surfaces, as the water 
droplets penetrate the holes in the surface and stay there [8]. The 
combination of both a smooth surface and a low water contact angle 
yields a good anti-fog film. However, the preparation of optical quality 
thin-film coatings with good coating characteristics and mechanical 
durability is still a great challenge [10].
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water (15 mL) was added to the crude product, and the mixture was 
stirred overnight. The solution was then intensively dialyzed through 
a cellulose membrane (500-1000 Da MWCO) against distilled water. 
The content of the dialysis tube was then lyophilized to obtain a yellow-
white proteinoid powder.

The molecular weights and polydispersity indices of the proteinoids 
were determined using Gel Permeation Chromatography (GPC) 
consisting of a Waters Spectra Series P100 isocratic HPLC pump 
with an ERMA ERC-7510 refractive index detector and a Rheodyne 
(Coatati, CA) injection valve with a 20 µL loop (Waters, MA). The 
samples were eluted with super-pure HPLC water through a linear 
BioSep SEC-s-3000 column (Phenomenex) at a flow rate of 1 mL/min. 
The molecular weight was determined relative to poly(ethylene glycol) 
standards (Polymer Standards Service-USA, Silver Spring, MD, USA) 
with a molecular weight range of 100-450,000 Da, HSA (67 kDa), and 
bovine plasma fibrinogen (340 kDa), using Clarity chromatography 
software.

The optical activities of the proteinoids were determined using a PE 
343 polarimeter (PerkinElmer). The measurements were done in water, 
at 589 nm and 25°C.

In order to determine the free carboxyl groups in the synthesized 
proteinoids, a titrimetric method was carried out [12]. Briefly, to a 
known quantity of dry proteinoid, a known excess of 0.05 N NaOH 
was added, followed by the addition of 37% formaldehyde solution. 
The unreacted NaOH was back-titrated with standard 0.05 N HCl. A 
blank titration was also performed. In addition, human serum albumin 
(HSA) was titrated for comparison.

Preparation of proteinoid nanoparticles by self-assembly

Proteinoid particles were prepared by a self-assembly mechanism 
[4-7,13]. Briefly, 100 mg of the dried proteinoid were added to 10 mL of 
10−5 N NaCl solution. The mixture was then heated to dissolution of the 
proteinoid, at 80°C. Proteinoid particles were formed by self-assembly 
upon removal of the heating and slow cooling to room temperature.

Encapsulation of the anti-fogging agent sorbitan monooleate (SMO) 
was performed similarly. To the heated proteinoid mixture (100 mg in 
9.8 mL NaCl 10-5 N, at 80°C), SMO (10% relative to the proteinoid, 10 
mg in 200 µL) was added. The heating was stopped and the mixture was 
mechanically stirred at 250 rpm and left to cool to room temperature in 
order to form proteinoid particles containing SMO.

The obtained particles were dialyzed through a cellulose membrane 
(500-1000 Da MWCO) against distilled water to wash-off excess 
reagents.

The hydrodynamic diameter and size distribution of the 
nanoparticles were measured at room temperature by a DLS analyzer 
Vasco 2, Particle Sizing System (Cordouan Technologies SAS, France).

In addition, the size and size distribution of the NPs were measured 
with a cryogenic transmission electron microscope (cryo-TEM). For 
this purpose, a small droplet of an aqueous dispersion of the NPs was 
placed on a perforated lasy carbon film supported on a TEM copper 
grid held by tweezers. The drop was blotted with a piece of filter paper, 
resulting in the formation of thin films of 100-300 nm. The specimen 
was subsequently plunged into a reservoir of liquid ethane cooled by 
liquid nitrogen to ensure its vitrification (rapid freezing) and to prevent 
ice crystal formation. The vitrified specimen was transferred under 
liquid nitrogen and mounted on a cryogenic sample holder cooled to 
-170°C. All samples were observed under low-dose conditions. Vitrified 

In this study, we present new anti-fog coatings on polypropylene 
(PP) plastic films. The anti-fog coatings made from proteinoids or 
proteinoid particles, either hollow or encapsulating sorbitan monoleate 
(SMO). SMO is a small polar amphiphilic molecule, commonly used as 
an additive for food packaging and is approved for food contact by FDA, 
Figure 1 [11]. In recent studies, SMO was used in the compounding 
of linear low density polyethylene (LLDPE) and its anti-fog ability 
was investigated. In our study, SMO was used as an anti-fog additive, 
encapsulated within the proteinoid NPs, in order to achieve a good 
anti-fogging effect with the release of SMO molecules from the particle 
interior. The SMO-filled NPs were compared to hollow NPs to see the 
direct effect of the proteinoid itself as an anti-fog agent.

Materials and Methods
Materials

The following analytical-grade chemicals were purchased from 
commercial sources and were used without further purification: (L)
glutamic acid (E), (L)phenylalanine (F), (L)isoleucine (I), surbitan 
monooleate (SMO), brilliant blue FCF, human serum albumin (HSA), 
Triton-x-100 and bovine plasma fibrinogen from Sigma (Rehovot, 
Israel); phosphate buffered saline (PBS), minimum essential medium 
Eagle’s supplement (MEM), fetal bovine serum (FBS), glutamine, 
penicillin, streptomycin and mycoplasma detection kit from Biological 
Industries (Bet Haemek, Israel); cell cytotoxicity assay kit (LDH) from 
Roche (Switzerland); human osteosarcoma U-2 OS cell line from 
American Type Culture Collections (ATCC, VA,USA); PP films (air 
corona treated) of A4 size and 30 μm average thickness from Dor Film 
Ltd., Israel. Standard glass microscope slides and primer (film former) 
A131-X from MICA corporation (CT, USA). Water was purified by 
passing deionized water through Elgastat Spectrum reverse osmosis 
system (Elga Ltd., High Wycombe, UK).

Preparation and characterization of proteinoids by thermal 
step-growth polymerization

Three amino acids were used to prepare a series of proteinoids: (L)
glutamic acid (Glu, E), (L)phenylalanine (Phe, F) and (L)isoleucine 
(Ile, I) in different weight ratios, to give a total monomer weight of 
5 g, as specified in Table 1. Each mixture of amino acids was heated 
in a heating mantle to 180°C, under nitrogen. The mixture was kept 
at 180°C and mechanically stirred at 150 rpm for 45 min, to yield a 
brown glassy mass. When the mixture cooled to room temperature, 

Figure 1: Chemical structure of sorbitan monoleate (SMO).

Proteinoid Amino acid content (g)a

(L)Glu (L)Ile (L)Phe
P(EI) 2.5 2.5 -
P(EIF) 2.5 1.25 1.25
P(EF) 2.5 - 2.5

aTotal monomer weight is 5 g.
Table 1: Amino acid content of the different proteinoids.
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samples were examined in an FEI T12 G2 Cryo-TEM operating at 120 
kV, equipped with a Gatan 626 cryo-holder system. The mean diameter 
was determined by measuring 200 NPs using an image analysis software 
(AnalySIS Auto, Soft Imaging SystemGmbH, Germany).

Fourier transform infrared measurements were performed by the 
attenuated total reflectance (ATR) technique, using a Bruker ALPHA-
Fourier transform infrared QuickSnap™ sampling module equipped 
with a Platinum attenuated total reflectance diamond module.

The thermal behavior of the proteinoids and proteinoid particles 
was determined using thermo gravimetric analysis (TGA) with a TGA/
DSC 1 STARe system (Mettler Toledo, Switzerland). The samples were 
heated at 25 - 700°C at a rate of 10°C/min under nitrogen atmosphere.

Preparation of the anti-fog coatings by spreading

Polypropylene (PP) films were coated by spreading with a coating 
rod method. The PP was pre-treated by air corona to improve the 
adhesion of the coatings. A131-X, a typical adhesive aqueous solution 
of polyethyleneimine widely used as a commercial film former, was 
used in order to allow good adhesion between the anti-fog additives and 
substrate surface. First, a mixture of A131-X and proteinoid particles 
or crude proteinoid was prepared (5% w/w proteinoid to film former). 
Then, the mixture was spread onto the surface of the substrate by using 
Mayer rod (RK Print Coat Instruments Ltd., Litlington, Royston) 
[14,15]. Following this coating process, the substrate was dried in a 
heating oven at 80°C for a few minutes.

Preparation of the anti-fog coatings by spray

Glass slides were coated by a spray method. Briefly, a mixture of 
A131-X and crude proteinoid P(EI) was prepared (100 mg proteinoid 
in 1 mL ethanol and 1 mL A131-X). Then, the mixture was sprayed on 
the surface of the glass by using a commercial spraying bottle. Following 
this coating process, the substrate was dried at room temperature for a 
few minutes.

Characterization of the anti-fog coatings

Surface topography analysis of the coated and uncoated PP were 
obtained using atomic force microscopy (AFM, NanoScope9, Bio 
FastScan, Bruker AXS, Santa Barbara, CA) with 1-3 N/m ScanAsyst-Air 
probe (Bruker, Santa Barbara, CA). Scans for each film were performed 
on an area of 3 µm × 3 µm using the ScanAsyst mode with a 2 Hz 
scan rate. The height images were captured with 512 scans/line image 
resolution. AFM images were obtained in air at RT. Before analysis of 
the images, the second order “flatting” and first “planefit” functions 
were applied to each image. The analysis of the height images was done 
by using the NanoScope Analysis Software. The morphological changes 
of the films were determined by the root mean square roughness (Rq) 
values averaged over three different regions on each film. The reported 
values are an average of at least 3 different points of four different films.

The sessile drop measurements (water contact angle) were done 
using a Goniometer (System OCA, model OCA20, Data Physics 
Instruments GmbH, Filderstadt, Germany). Drops of 5 µL distilled 
water were dropped on five different areas of each film and images were 
captured a few seconds after the deposition. The static water contact 
angle values were performed using Laplace-Young curve fitting. All of 
the measurements were done at 25°C and 60% moisture. Each result 
represents an average of 4 measurements with up to 5% standard 
deviation. Uncoated PP was used as a reference.

In addition, a solution of distilled water colored by brilliant blue 

FCF was dropped on a PP film uncoated and coated with P(EI). The 
images clarifying the differences between the films were taken at several 
time periods using a digital camera (Canon EOS 550d).

Haze measurements were performed using Haze-Gard Plus 4752 
model with ASTM D1003 standard (BYK-Gardner, Germany). Gloss 
measurements were performed using Micro-Gloss 45° 4535 model with 
ASTM D2457 standard (BYK-Gardner, Germany).

The anti-fog behavior of the films and glass was studied using a 
hot fog test and a cold fog test [11,16], conducted as follows. An open 
28 mL vial filled with 10 mL water was covered with a 5 cm × 5 cm 
film, subsequently kept in a 60°C water bath or 4°C in refrigerator for 
180 min. Variations of the optical visibility of the films were observed 
and recorded at different time intervals. Ratings of A to D were used, 
where D denotes zero visibility with an opaque layer of small water 
droplets and A describes excellent optical visibility where a transparent 
continuous film of water is displayed.

The stability of the coatings was examined. Briefly, the coated films 
were put in a laboratory cupboard for 12 months. The films were taken 
at different time periods for hot fog test as described above.

In vitro cytotoxicity of the proteinoids and proteinoid 
nanoparticles

In vitro cytotoxicity of the proteinoids and proteinoid nanoparticles 
were tested by using human osteosarcoma U-2 OS cell lines. The cells 
are adherent to the used culture dishes. U-2 OS cells were grown in 
MEM with heat-inactivated FBS (10%), penicillin (100 IU/mL), 
streptomycin (100 μg/mL) and (L)glutamine (2 mM).

Cell cytotoxicity was measured by quantification of the release of 
cytoplasmic lactate dehydrogenase (LDH) into cell culture supernatants. 
LDH activity was assayed using the cytotoxicity detection kit according 
to the manufacturer’s instructions [17]. Cells (3×105) were seeded and 
grown to 90-95% confluency in 24-well plates before treatment with 
the proteinoids and proteinoid NPs. Untreated cells were included in 
all assays as negative controls. Cells treated with 1% Triton-x-100 were 
used as positive control. Cells were exposed to a mixture containing 
maximal concentrations of proteinoid or NPs (1 mg/mL) in PBS and 
1% Triton-x-100 in order to provoke possible interaction with the kit 
components. Cells were incubated with the proteinoids and proteinoid 
particles dispersed in PBS (1 mg/mL and 0.1 mg/mL) at 37°C in a 
humidified 5% CO2 incubator and then checked for cellular cytotoxicity 
at intervals of 72 h. The percentage of cell cytotoxicity was calculated 
using the formula shown in the manufacturer’s protocol [17]. All 
samples were tested in tetraplicates.

XTT assay was performed to determine the viability of the 
human osteosarcoma U-2 OS cell lines after proteinoids and particles 
treatment. The assay is based on the ability of the mitochondrial 
succinate-terazolium reductase system to convert yellow tetrazolium 
salt XTT (sodium 3´-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro)benzene sulfonic acid hydrate) to orange 
formazan dye [18]. The test denotes the percentage of the survived cells 
after toxic exposure. Cells were seeded in a 96-well plate at a density 
of 104 cells/well in 100 μL culture medium and grown in a humidified 
5% CO2 atmosphere at 37°C. After 24 h at 37°C, different volumes of 
the proteinoid and proteinoid particles dispersed in PBS were added to 
the cells, giving final concentrations of 1 and 0.1 mg/mL per well. After 
incubation for 72 h at 37°C, 50 μL XTT solution was added to each well 
according to the kit manufacturer's instructions. Absorbance was read 
at 480 nm. Cell viability was determined using the formula shown in 
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the manufacturer's protocol [18]. Reference wavelength used was 650 
nm.

Results and Discussion
Synthesis and characterization of the proteinoids

Proteinoids were prepared by thermal condensation of different 
amino acids and characterized for their molecular weights, 
polydispersity, optical activity and free carboxyl group, as shown in 
Table 2. The synthesized proteinoids were of relatively high molecular 
weights, in the range of 57-68 kDa with narrow polydispersity index 
(PDI) in the range of 1.04-1.07. This indicates that the simple thermal 
polymerization procedure used here provides relatively long polymer 
chains with a very narrow PDI, as already reported in previous studies 
of our group [4-7,19]. Furthermore, Table 2 shows that all proteinoids 
exhibit optical activity, although the monomers are known to racemize 
during the thermal process [20]. All proteinoids display approximately 
similar values of free carboxyl groups, between 85-97 mmol/g. The 
proteinoids were compared to the natural protein albumin, which 
possess 56 mmol/g carboxylic groups. The amount of the carboxyl 
groups in the proteinoids is higher than the amount of carboxyl 
groups in albumin, due to the high percentage of glutamic acid in the 
proteinoid.

Polymers containing hydroxyl groups (OH), amine groups (NH2) 
and carboxyl groups (COOH) are often utilized in anti-fog formulas 
[21]. Hence, the amount of the free carboxyl group in the proteinoids 
is very important.

Characterization of proteinoid nanoparticles

Proteinoid NPs were prepared by self-assembly and characterized 
for their size distribution and thermal properties (Table 3). The hollow 
P(EI) NPs produced a single population of hollow spherical particles 
in the range of 89.7 ± 6 nm diameter as shown by the DLS histogram 
(Figure 2A) and 73.0 ± 19 nm as shown by the cryo-TEM measurements 
(Figure 2C). SMO-filled P(EI) NPs were larger, containing a single 
population of a diameter of 166.1 ± 20 nm according to the DLS 
measurements (Figure 2B) and 172.4 ± 21 nm as measured by the cryo-
TEM (Figure 2D). P(EIF) and P(EF) yielded larger particles, either 
hollow or SMO-filled. Hence, P(EI) is preferable for further research.

Decomposition temperatures of the different proteinoids range 
between 290 and 315°C, as shown in Table 3. The range of temperatures 
derives from the difference in the monomeric units used in each 
proteinoid. When using phenylalanine, as in P(EF) and P(EIF), the 
resulted proteinoid gains rigidity in the overall structure, due to the 
aromatic rings which allow pi-stacking. Moreover, when SMO is 
encapsulated, the decomposition temperatures increases (by about 

Figure 2: DLS histograms and cryo-TEM images of hollow P(EI) NPs (A, C) and SMO-filled P(EI) NPs (B, D), respectively.

Proteinoida Mn (kDa)b Mw (kDa)b Mp (kDa)b PDIc Optical Activity [α]
D

25°C (°)d
Carboxyl groups 

(mmol/g)e

P(EI) 66 68 55 1.04 -1.7 97
P(EIF) 57 61 44 1.07 4.1 85
P(EF) 53 57 42 1.07 1.2 97

aThe proteinoids were prepared at 180°C according to the experimental section; bmolecular weights were measured by GPC, Mp is the molecular weight at the peak; cPDI 
is the polydispersity index, given by Mw/Mn; dspecific optical rotation (c=1, in H2O, at 25°C); eeach experiment was performed 4 times, with an error of 0.5-2%.

Table 2: Mw, Mn, Mp, PDI, optical activity and carboxyl groups of the various proteinoids.
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10°C), probably due to the hydrophobic interactions between the inner 
part of the proteinoid particles and the SMO.

The proteinoid particles were also characterized by infrared 
spectroscopy, as shown in Figure 3. Figure 3A exhibits the spectrum of 
P(EF) NPs as a typical spectrum for all the proteinoid particles, which 
show the same characteristic peaks; NH stretching at 3360-2990 cm-l, 
amide CO stretching at 1565 cm-1, and CO bending at 500-700 cm-1.

Figure 3B exhibits the FTIR spectrum of free SMO, including 
characteristic peaks of C=O stretching at 1735 cm-1, C=C stretching at 
722 cm-1 and 1350-1450 cm-1, and CH at 2850-2920 cm-1.

Figure 3C exhibits the spectrum of SMO-filled P(EF) NPs. It 
can be seen that the SMO-filled NPs possess a combination of the 
characteristic peaks of SMO and P(EF). Hence, it can be assumed that 
the encapsulation of SMO was successful.

Coated PP film characterization

PP films were coated by the proteinoids and proteinoid NPs and 
measured for their surface roughness and contact angle. Results are 
shown in Table 4. For the roughness measurements, it is clearly shown 
that coating by proteinoids or proteinoid NPs improves the smoothness 
of the film. PP films that were treated by air corona, showed the 
highest surface roughness of 4.7 nm. The high roughness is caused by 
the collisions of oxygen ions with the film that create pores in the PP 
film. Coating the PP film with the film former A131-X itself, did not 
improve the roughness, as it decreased insignificantly to 3.8 ± 0.9 nm. 
However, PP films after coating with the proteinoids or proteinoid NPs 
display roughness in the range of 0.7-1.5 nm. The surface roughness 
significantly decreases and the film becomes smoother compared to the 
uncoated PP. The proteinoids and proteinoid NPs fill the film pores and 
form a smoother surface. It is clearly seen in Figure 4 that the rough 
surface of uncoated PP film (Figure 4A) compared to the smooth 
topographic surface of P(EF)-coated PP (Figure 4B) and P(EI)-coated 
PP (Figure 4C) with roughness of 4.7 ± 0.2, 0.7 ± 0.1 and 1.2 ± 0.6 
nm, respectively. The roughness of P(EI) is lower than P(EF), due to the 
incorporation of isoleucine in the proteinoid backbone which improves 
the hydrophobic interaction between the P(EI) and the PP films. The 
similarity in the chemical structure between the isoleucine side chain 
group and the PP films form better compatibility than a phenylalanine 
side chain. Phenylalanine consists of an aromatic ring side chain that 
prevents the interaction and the compatibility between the P(EF) and 
the PP films.

The proteinoids and proteinoid particles coatings also decrease the 
contact angle of the PP films to the required values for anti-fogging 
properties, shown in Table 4. The low contact angle degrees indicate 
the hydrophilicity of the coated films, hence achieving a good wetting 
character. Air corona-treated PP films possess a low water contact 
angle of 29°, compared to untreated PP with a contact angle of 90°. 
Nevertheless, fog accumulates on the air corona-treated PP film surface 
during 5 minutes of the hot fog test, as shown in Table 5. This can be 
probably explained by the high surface roughness of the uncoated PP 
film. As mentioned above, in order to achieve a good anti-fog coating, 
both surface roughness and low contact angle are important.

Proteinoid NPs Size (nm)c Tdec (°C)d

P(EI) NPsa 89.7 ± 6 290
SMO-filled P(EI) NPsb 166.1 ± 20 310
P(EIF) NPsa 125.9 ± 12 300
SMO-filled P(EIF) NPsb 202.8 ± 23 315
P(EF) NPsa 119.0 ± 16 300
SMO-filled P(EF) NPsb 356.0 ± 32 310

aHollow proteinoid NPs prepared by self-assembly; bSMO-filled proteinoid NPs with 
10% encapsulated SMO; csize and size distribution measured by Nanophox; dTdec 
(temperature of decomposition) was measured by TGA/DSC. Each experiment 
was performed 3 times.

Table 3: Size and decomposition temperature of the different NPs.

Figure 3: FTIR spectrum of hollow P(EF) NPs (A), SMO (B) and SMO-filled 
P(EF) NPs (C).

Coating typea Roughness (nm)b Contact angle (°)b

Uncoated PP 4.7 ± 0.2 29 ± 1
A131-X 3.8 ± 0.9 70 ± 2
P(EI) 0.7 ± 0.1 7 ± 0.7
P(EI) NPs 0.8 ± 0.3 12 ± 1
SMO-filled P(EI) NPs 1.2 ± 0.3 30 ± 0.5
P(EIF) 1.1 ± 0.5 6.5 ± 0.7
P(EIF) NPs 1.4 ± 0.6 11 ± 2
SMO-filled P(EIF) NPs 1.3 ± 0.6 40.5 ± 1
P(EF) 1.2 ± 0.6 9 ± 1
P(EF) NPs 1.5 ± 0.6 14.5 ± 1
SMO-filled P(EF) NPs 1.5 ± 0.7 24 ± 1.5

aAll samples refer to air corona-treated PP films (A4 30 µm) coated with film former 
A131-X, proteinoid or proteinoid particles as specified, at 5% w/w to A131-X, as 
described in the experimental part; beach result represents an average of three 
measurements at three different areas of the film.

Table 4: Surface roughness of the various films.
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A131-X coating increased the contact angle to 70 ± 2°, thus affecting 
the hydrophilicity and the anti-fog character of the film. However, it 
was used as a film former with the proteinoids and proteinoid NPs and 
gave low contact angles. Overall, using the proteinoids in their crude 
form yielded better results than the NPs. Additionally, it can be seen 
that the encapsulation of SMO within proteinoid particles did not 
improve the roughness significantly, and affected the contact angle, 
compared to proteinoid-coated PP. Figure 5 shows the contact angles 
of A131-X coated, SMO-filled P(EI) NPs, hollow P(EI) NPs and P(EI) 
in the form of a free proteinoid. As seen, the proteinoid particles give 
a higher contact angle compared to the proteinoids in the free form.

Figure 6 illustrates the visual difference between uncoated and 
proteinoid coated PP films over time. As seen, the water spread into 
a continuous and uniform layer only on the coated film (B, D and F). 
Nevertheless, on uncoated PP films the water form ball-shaped droplets 
on the surface (A, C and E). The coating changes the interfacial tension 
between the water and the PP surface and enables strong connectivity 
between the film and the water droplets.

Optical properties

The haze and gloss of coated and uncoated PP films (Table 6). PP 
film after coating by proteinoid polymer or proteinoid particle exhibit 
similar values of haze and gloss as uncoated PP film, all in the range of 2.00-
2.70 and 80.9-91.0, respectively. Hence, the coatings in all forms may be 
used for many applications requiring relatively non-hazy and glossy films.

Coating typea  Hot test Time (min) Cold test Time (min)
5 60 180 5 60 180

Uncoated PP D D D D D D
A131-X D D D D D D
P(EI) A A A B A A
P(EI) NPs B A A C A A
SMO-filled P(EI) NPs D B A D C B
P(EIF) D B A D C B
P(EIF) NPs D B A D C B
SMO-filled P(EIF) NPs D B A D C B
P(EF) D A A D D B
P(EF) NPs D B A D D B
SMO-filled P(EF) NPs D B A D D B

aAll samples refer to PP films coated with film former A131-X, proteinoid or proteinoid particles as specified, at 5% w/w to A131-X.

Table 5: Hot and cold fog test over 3 h.

Figure 4: AFM images of PP (A), PP film coated with P(EF) (B) and PP film 
coated with P(EI) (C).

Figure 5: Contact angle images of PP film coated with film former A131-X (A), 
PP film coated with SMO-filled P(EI) NPs (B), PP film coated with P(EI) NPs (C) 
and PP film coated with P(EI) (D). 

Figure 6: Water droplets on an uncoated PP film at different time periods (A, 
C and E), and on a coated PP films (B, D and F). The presented coating is 
P(EI). Water droplets were dyed with brilliant blue FCF to show contrast (similar 
results were obtained in the absence of dye).

Fog test

The coated films were tested in hot fog and cold fog as described in 
the experimental section, all the results were over 3 h of heating in 60°C 
and cooling in 4°C, Table 5. Figure 7 shows the range of optical visibility 
through the films, ranked as A-D.

Figure 8 shows the Mayer rod coating setup for coating on plastic 
films. The PP plastic film is put on a flat surface and the Mayer rod is 
pulled over the mixture of proteinoid or proteinoid NPs with A131-X 
in water, yielding a uniform layer with thicknesses of 6 µm (Figure 8A).

Uncoated PP films show poor visibility, ranked as D over 3 h, with 
no change (Figure 8B and 8D). Coating the films with A131-X does 
not improve the visibility during the hot or cold fog tests. However, 
when coated by the proteinoids or proteinoid particles in A131-X the 
visibility improves to rank A in hot fog and to rank A/B in cold fog. The 
film coated with P(EI) shows the best optical visibility, rank A, received 
within 5 min and remaining the same over 3 h in the hot fog test (Figure 
8C and 8E). Coating with P(EF) shows rank A only after 60 min. The 
difference in the results may be due to the chemical structure of the 
proteinoids. As mentioned earlier, P(EI) contains isoleucine which is 
similar in the chemical structure to the PP film structure. The similarity 
in the chemical structure leads to a better compatibility between the 
film and the proteinoid mixtures. An improvement can also be seen 
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when coating with P(EI) and P(EF) hollow and SMO-filled particles, 
but over more time (in hot fog, 5-60 min to rank B and 3 h to rank A 
and in cold fog 3 h to rank B). The stability of the coatings was examined 
by hot fog tests of the films after storage in a laboratory cupboard for 
12 months. The films showed unchanged results as the results achieved 
after 3 h of the test, as shown in the table.

Spray-coated glass was also tested in comparison to uncoated 
glass, by the hot fog test as described in the experimental section, the 
results were over 3 h of heating in 60°C. Figure 9 shows the clear results 
achieved within the first 5 min of the test, where the left glass presented 
is uncoated and the fog rank is D, opposed to the right glass which is 
coated and ranked A. The difference in fog accumulation on the glass 
surfaces is well expressed by the visibility of the paper placed under the 
coated and uncoated glass.

Cellular cytotoxicity of the proteinoids and proteinoid 
particles by LDH assay

In order to revoke the cell toxicity of the proteinoids and proteinoid 
particles, in vitro cytotoxicity was tested using osteosarcoma U-2 
OS cell lines. Cell cytotoxicity was assessed by measuring the release 
of cytoplasmic lactate dehydrogenase (LDH) into the cell culture 
supernatants. LDH is an intracellular enzyme which catalyzes the 
reversible oxidation of lactate to pyruvate. Since LDH is predominantly 
in the cytosol, the enzyme is released into the supernatant only upon 
cell damage or lysis [17].

When tested by the LDH quantitative assay, proteinoids and 
proteinoid particles dispersed in PBS (1 mg/mL and 0.1 mg/mL) had 
none, or minor cytotoxic effect on the osteosarcoma U-2 OS cells 
line compared to untreated (blank) cells, as demonstrated in Figure 
10. Therefore, proteinoids and proteinoid particles can be suitable for 
various applications.

Cellular cytotoxicity of the proteinoids and proteinoid 
particles by XTT assay

The proteinoids and proteinoid particles were also tested by XTT 

Coating typea Hazeb Glossb

Uncoated PP 2.70 ± 0.10 82.0 ± 1.6
A131-X 2.36 ± 0.13 80.9 ± 7.2
P(EI) 2.29 ± 0.17 88.5 ± 1.4
P(EI) NPs 2.00 ± 0.11 84.3 ± 2.0
SMO-filled P(EI) NPs 2.16 ± 0.02 86.6 ± 1.6
P(EIF) 2.30 ± 0.15 88.4 ± 2.6
P(EIF) NPs 2.22 ± 0.11 91.0 ± 1.2
SMO-filled P(EIF) NPs 2.53 ± 0.14 85.8 ± 1.2
P(EF) 2.54 ± 0.18 90.9 ± 0.8
P(EF) NPs 2.38 ± 0.14 86.6 ± 1.6
SMO-filled P(EF) NPs 2.31 ± 0.26 84.1 ± 8.6

aAll samples refer to PP films coated with film former A131-X, proteinoid or 
proteinoid particles as specified, at 5% w/w to A131-X; beach result represents an 
average of three measurements at three different areas of the film.

Table 6: Haze and gloss of the various films.

Figure 7: Optical visibility ranking: (A) transparent continuous layer of water, 
excellent optical performance; (B) large water drops on some parts of the 
surface allowing partial light transition; (C) medium water drops on most of 
the surface allowing partial light transition; (D) small water drops on the whole 
surface, causing very poor visibility.

Figure 8: Mayer rod coating setup for coating on plastic films. The PP plastic 
film is put on a flat surface and the Mayer rod is pulled over the mixture of 
proteinoid or proteinoid NPs with A131-X in water, which leaves a uniform layer 
with thicknesses of 6 µm (A), images of uncoated PP film (B) and P(EI)-coated 
PP film (C) at time zero, uncoated PP film (D) and P(EI)-coated PP film (E) after 
3 h in 60°C.

Figure 9: Hot fog test of uncoated (left) and P(EI) spray-coated glass (right).

Figure 10: Cytotoxic effect of the proteinoids and proteinoids NPs on human 
osteosarcoma U-2 OS cells measured by the LDH assay. Cells (3 × 105) were 
incubated with the proteinoids and proteinoid particles dispersed in PBS (1 mg/
mL and 0.1 mg/mL) according to the experimental section. Cells were incubated 
with Triton-x-100 1% as positive control (100% toxicity). In addition, cells were 
incubated with Triton-x-100 1% and each one of the proteinoids to revoke any 
interaction. Untreated cells (negative control) were similarly incubated. Each 
bar represents mean ± standard deviations of 4 separate samples.
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assay for in vitro cell viability following exposure to the proteinoids and 
particles. In order to determine the number of viable cells the XTT assay 
uses 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5 
carboxanilide salt (XTT) [22]. Only in living cells, mitochondria are 
capable to reduce XTT to form orange colored water-soluble dye, which 
its concentration is proportional to the number of living cells and can 
be calculated.

Human osteosarcoma U-2 OS cells were exposed to different 
concentrations (1 mg/mL and 0.1 mg/mL) of the proteinoids and 
proteinoid particles. Figure 11 exhibits the cell viability levels of the 
cells post treatment. Treatment of U-2 OS cells with 1 mg/mL and 0.1 
mg/mL in PBS produced a minor decrease in viability level (20%) after 
72 h when compared to untreated (blank) cells. Overall, the proteinoids 
and proteinoid nanoparticles can be considered as non-toxic and can be 
suitable for various applications.

Summary and Conclusions
In this study, a series of proteinoids containing Glu, Phe, and Ile was 

synthesized to form proteinoid and proteinoid NPs that encapsulate 
SMO for anti-fog application. The proteinoids, synthesized by thermal 
step-growth polymerization, were mostly uniform in size distribution 
with relatively high molecular weights. Following proteinoid synthesis, 
NPs were prepared by a self-assembly procedure and characterized for 
their size, thermal properties and FTIR spectrum. Then, coatings were 
made on air corona-treated PP films by mixture of a film former and 
proteinoids or nanoparticles. Surface roughness and contact angle of 
the films were characterized and shown hydrophilic coatings with static 
contact angle in the range of 7-40° and a surface roughness in the range 
of 0.7-1.2 nm. The optical characteristics of the coatings demonstrated 
good wettability and transparency for all the coatings, especially for the 
coated with proteinoid P(EI). However, coatings based on SMO-filled 
NPs did not achieve better anti-fogging abilities, and the proteinoid 
in its simple form achieved the best anti-fogging proficiency. The 
proteinoids and proteinoid NPs are non-toxic to human cells. Hence, 
proteinoids may potentially become useful as an anti-fog material for 
many devices, including biological or food-related applications. Further 

studies concerning the optimization of the proteinoid coatings for anti-
fog application are ongoing in our laboratories.
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