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wings, and electrical devices.[1] Ice accre-
tion on condensers of energy systems 
increases power consumption, whereas 
ice on roads might result in accidents.[2] 
Developing substrates having anti-icing 
properties decreases the ice adhesion 
strength on a surface while extending the 
lifetime of the surface by reducing opera-
tional costs.[3] To moderate ice accumu-
lation on surfaces used in the industry, 
both passive anti-icing materials (AIM) 
(i.e., polyelectrolyte brushes, superhy-
drophobic surfaces (SHSs), low elastic 
modulus surfaces) and active de-icing 
methods (i.e., thermal heating, mechan-
ical removal, chemical fluid spraying) 
have been employed.[4] Conventional pas-
sive AIMs lack mechanical durability and 
low ice adhesion strength maintenance. 
In contrast, active de-icing methods have 
issues with high operational costs and 
energy demands, environmental pollu-
tion, efficiency, and safety deficiencies.[4,5] 
For instance, the adhesion strength of ice 

on a smooth surface is much less than on SHSs due to inter-
locking effects between ice and rough surface, which consti-
tutes an obstacle against applications of SHSs as anti-icing 
materials.[6] Besides, the widely used active de-icing method, 
electrothermal heating, might lead to surface overheating in an 

Ice formation on a solid surface is a major challenge in industrial applica-
tions, it causes higher energy consumption and performance deterioration 
and may lead to catastrophic results. The preparation of anti-icing surfaces to 
prohibit ice accumulation on a surface is crucial to reduce operational costs 
and to extend the surface’s lifetime. The utilization of cryoprotectants to 
obtain anti-icing surfaces is an effective method and is applicable in multiple 
fields. Antifreeze proteins (AFPs) are natural cryoprotectants to obtain anti-
icing surfaces, which have the ability to decrease the freezing point and to 
prevent ice-crystal growth via thermal hysteresis (TH) and ice recrystallization 
inhibition (IRI). This study reports the molecular cloning, expression, and pro-
duction of AFP protein from Escherichia coli (E. Coli). This wok also demon-
strates the activity of coated AFP on aluminum surfaces. The expressed AFP 
is immobilized on aluminum surfaces treated by oxygen plasma. The coated 
AFP exhibits promising antifreeze activity with a high anti-icing ability on 
aluminum surfaces in the size of evaporator fins (40 × 40 cm). The outcome 
of this study provides new insights into the biotechnological implementa-
tion of AFPs to various industrial applications for energy-saving and higher 
performance.
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1. Introduction

Ice accumulation on metallic surfaces is a critical issue that 
deteriorates industrial outcomes. The added weight caused 
by ice formation adversely affects wind turbines, aircraft 
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uncertain environment.[7] In addition, several materials such as 
modification of the surface structure and properties by using 
nanosilica,[8] polysiloxane-modified carbon nanotubes, fluorine-
silicone-resin,[9] and fluorosilane-modified epoxy have been 
employed to obtain anti-icing surfaces.[10] Nevertheless, most of 
them consist of labor-intensive processes and high-cost equip-
ment.[11] The use of cryoprotectants is an effective method to 
acquire anti-icing surfaces, and they have been utilized in var-
ious fields such as agriculture, food technology, therapeutics, 
cosmetics, and industry.[12–14] Among recently used cryoprotect-
ants such as glycols, dimethyl sulfoxide (DMSO), and glycerol, 
antifreeze proteins (AFPs) have gained a reputation due to their 
innate ice-binding properties and safety profile.[11,15]

AFPs function as natural cryoprotectants that play a sig-
nificant role for many organisms, including Antarctic marine 
fishes, to keep them alive under sub-zero conditions.[16] AFPs are 
classified as specific types of proteins, peptides, and glycopep-
tides that can bind to various angles of ice crystals and hamper 
their growth. They can be isolated from several species, such 
as microorganisms, plants, arthropods, and fish, with distinc-
tive structures resulting from the origin of the species.[17] AFPs 
have six categories, namely, AFPs I, AFPs II, AFPs III, AFPs IV, 
hyperactive AFPs, and anti-freezing glycoprotein AFPs, based 
on their structural differences.[18] They have the ability to modify 
the formation of embryonic ice crystals by being attached to 
particular crystal planes, thereby inhibiting ice growth.[19] The 
working mechanism of AFPs (while interacting with ice) is 
based on depressing the water’s freezing point with the pre-
vention of ice crystal growth.[20,21] Thermal hysteresis (TH) and 
ice recrystallization inhibition (IRI) are the two key factors that 
identify the activity of AFPs.[22] TH can be described as the tem-
perature gap between the melting and freezing points, which 
indicates the activity of AFPs. TH activity has a crucial role in 
the freeze avoidance mechanism, which is vital for organisms 
to inhibit freezing of the body fluids at below 0 °C.[23] Enlarge-
ment of ice crystals from the presence of the smaller ones is 
defined as the ice recrystallization (IR) phenomenon with 
Kelvin effect.[24] IR consists of ice grain boundary migration, 
which suggests that small ice crystals vanish whereas large ones 
increase in size since large ice crystals, have lower free energy, 
and are thermodynamically more stable.[23,25] AFPs have IRI 
activity that prevents grain boundary migration by ceasing the 
growth of ice and melting it at the boundaries. There are many 
antifreeze glycoproteins to inhibit ice growth, recrystallization, 
and nucleation. Therefore, several attempts have been made to 
employ AFPs as cryoprotective agents.[22] Since the formation of 
ice crystals is challenging for multiple fields, AFPs have been 
utilized in various areas such as agriculture, anti-icing mate-
rials, food industry, and cryomedicine.[23] AFPs are efficient 
biomaterials for anti-icing applications due to their environmen-
tally friendly profile and natural attachment through ice-crystal 
planes to inhibit ice-crystal growth with TH and IRI activities. 
However, these proteins can be easily denatured when exposed 
to a high temperature, a high salt concentration in the buffer 
solution, and pH change, and they might lose their stability.[26] 
Therefore, the parameters leading to AFP denaturation must 
be well considered to achieve effective and sustainable anti-
icing systems. Coatings have been applied in many applica-
tions, such as chemistry, agriculture, medicine, automotive, and 

energy industries. The development of coatings is required to 
functionalize the materials to obtain specific properties such as 
anti-freezing, wear resistance, anti-UV property, fire-resistance, 
anti-corrosion, and antimicrobial property.[27–33] Biomaterial-
based surface modification techniques have been utilized to 
reduce the negative environmental effects of coatings which are 
utilized to increase energy efficiency, anti-fogging surfaces, and 
flame-retardant fabrics.[34–37] Among biomaterials, AFPs exhibit 
anti-icing properties where AFP is used as a coating agent on 
metallic surfaces and can be utilized in multiple industrial 
applications.[20] For instance, an anti-icing surface was achieved 
by the polymer-linked conjugation of AFPs on a glass surface, 
and a polymer coating enhanced the stability of AFPs on the 
glass surface.[38] In another study, Gwak et  al. reported that 
AFP-coated aluminum surfaces had low supercooling points. 
The addition of trehalose delayed the denaturation of AFP by 
forming hydrogen bonds between hydroxyl groups of trehalose 
and polar residues in proteins.[11,39] Furthermore, an antifreeze 
coating for windshields was developed on a glass surface by 
mixing antifreeze polypeptides and silane coupling agents.[40] 
Moreover, Jeonn et al. prepared anti-icing surfaces by employing 
AFPs on PDA-treated aluminum with the use of Tannic acid 
(TA) coating.[41]

Aluminum is the third most abundant element on the 
Earth and a highly produced metal after steel.[42,43] It has low 
density, is nontoxic, has high thermal conductivity, and can be 
easily cast, machined, and formed. As one of the most recycled 
commodities, such properties make aluminum eligible for its 
extensive use in the automotive, electrical distribution, trans-
portation, building, aerospace, and packaging industries.[43] 
Nevertheless, ice formation leads to severe damage to systems 
and higher energy consumption where aluminum surfaces 
with anti-icing properties are essential.[11]

In this study, we performed molecular cloning, expression, 
and production of AFP protein in Escherichia coli (E. Coli) strain 
Rosetta (DE3) and its coating on Al surfaces. A synthetic AFP 
gene (pUC-AFP) encoding for afpA protein was designed, and 
the gene was subcloned in the expression vector, pET28.[44] Sub-
sequently, the AFP protein was produced in Rosetta E. coli host 
cells. The recombinant AFP was ionically bonded to Al surfaces 
by oxygen plasma, and the anti-icing activity was monitored by 
a lab-made experimental setup. To the best of our knowledge, 
for the first time, this study demonstrates the recombinant 
protein technology and immobilization of AFPs on aluminum 
surfaces using synthetic AFP gene for anti-icing purposes. The 
outcome of this study provides new insights into the biotech-
nological implementation of AFPs to various industrial applica-
tions with large-scale protein production efficiency. 

2. Experimental Section

2.1. Reagents and Chemicals

Chemicals and enzymes used in this study were purchased 
from Sigma (USA), Merck (Germany), and Fisher Scientific 
(Leicestershire, UK). Restriction enzymes, DNA markers, 
T4 DNA ligase, DNA isolation kit, and DNA extraction kits 
were purchased from Thermo Fisher Scientific (MA, USA), 
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Taq DNA polymerase from Oligonucleotide primers were 
been synthesized by Oligomer Company (Ankara, Turkey), 
and pUC-AFP gene was synthesized by Integrated DNA 
Technologies (Iowa, USA). Lurian Broth Medium, isopropyl  
β-d-1-thiogalactopyranoside (IPTG), Trizma Base, Bromophenol 
Blue, Coomassie Blue Reagent, sodium dodecyl sulphate, 
ammonium persulfate, 30% polyacrylamide were purchased 
from Sigma. Tetramethylethylenediamine (TEMED) was pur-
chased from Neofroxx (Germany).

2.2. Construction of AFP Recombinant Cloning  
and Expression Vector

The cloning construct, pUC-AFP that encodes the afpA pro-
tein in Mryoi et  al. first was chemically transformed in E. coli 
DH5α.[44,45] The formed plasmid constructs were isolated by 
GeneJet Plasmid Miniprep kit. The isolated constructs were 
restricted by Nde I (5″-CATATG-3″) and Xho I (5″-CTCGAG-3″)  
restriction enzymes. The size of the isolated and restricted 
constructs was evaluated by agarose gel electrophoresis, and 
their concentrations were obtained by Nanodrop (Thermo Sci-
entific 2000c). The amplified AFP gene was subcloned to the 
expression vector, pET28, which contains a nickel his-tag. The 
generated construct, pET28-AFP, was isolated, and its size was 
evaluated by agarose gel electrophoresis. Sequencing analysis 
of recombinant pET28-AFP was conducted by BM Labosis 

company. For this purpose, bidirectional sanger sequencing 
was utilized using Universal T7 primers. Herein, bidirectional 
sequencing refers to the sequencing of an initial fragment 
of DNA from its top and bottom strands, where the top and 
bottom sequence reads can be matched and compared.[46] After 
the sequence confirmation, the pET28-AFP was transformed 
into E. coli strain Rosetta (DE3). The expressed product was 
analyzed by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Figure  1a displays the procedure of 
the recombinant AFP production.

2.3. Production Optimization, IPTG Induction,  
and Purification of AFP

Protein production was made by inoculation of Rosetta-pET28-
AFP overnight at 37 °C, 200 rpm. A total of 1% of the growth 
was transferred to 5  mL LB medium and was incubated at a 
shaker incubator until the OD (600 nm) reached 0.4 abs. When 
OD reached 0.4 abs, 0.5 × 10−3 m IPTG induction was done, and 
the induced cell suspension was incubated at 30 °C for 4 h. After 
induction, the cell suspension was centrifugated at 8000  rpm,  
4 °C for 10 min. The remaining pellet was dissolved in Tris-Cl 
buffer (pH 8) to stabilize the protein content. The recombinant 
AFP protein production was optimized using several parame-
ters such as induction time (4 h and 24 h), IPTG concentration 
(0.5 × 10−3, 0.8 × 10−3, and 1 × 10−3 m), induction temperature  

Adv. Mater. Interfaces 2023, 2300021

Figure 1.  a) Schematic of the basic methodology of the recombinant cloning and expression of the AFP. b) Schematic of the recombinant AFP coating 
on aluminum surfaces using the oxygen plasma activation technique.
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(15 °C, 23 °C, 30 °C, 37 °C), and volume of the culture  
(5, 200, and 400  mL). To obtain the recombinant AFP from  
E. coli cells, a probe sonicator that disrupted the cell membrane 
while applying ultrasonic pulses was used. The soluble protein 
products were purified by dialysis and His-tag affinity chroma-
tography. The purified protein samples were run on SDS-PAGE 
to visualize the size and expression of the protein.

2.4. Circular Dichroism (CD) Spectroscopy and Thermal  
Stability Analysis

Secondary structure of the recombinant AFP was evaluated 
by circular dichroism (CD) spectroscopy measurements by 
Jasco J-810 CD Spectrophotometer. The process was conducted 
according to the methodology of Marshall et al.[47] Accordingly, 
the 60 µg mL−1 recombinant AFP sample was dialyzed against 
10  × 10−3 m Tris-chloride buffer (pH 8.0) at 4 °C. The dialysis 
buffer was scanned to establish the baseline CD. Wave scans 
were obtained between 180 and 260 nm by sampling the data 
at 1.0 nm and 50 nm min−1 scanning rate with three repeating 
cycles for each data. The results were defined as the mean 
residue ellipticity (mdeg). The thermal stability analysis was 
carried out by CD spectroscopy to determine the effect of tem-
perature fluctuations on the secondary structure of the recom-
binant AFP. For this, several scans were obtained at multiple 
temperatures (−8°, −4°,0°,4°,8°,10°,20°,30°,40°,50°, and 60°).

2.5. Structure Prediction and Homology Modeling

The amino acid sequence of the Pseudomonas putida afpA gene 
for the AFP was retrieved from the website of the National 
Centre for Biotechnology Information[48] and was used as a 
query sequence for structure prediction and homology mod-
eling. The sequence was submitted to NCBI Blast[49] to get the 
most similar protein with the most similar Crystal structure. 
The SWISS-MODEL was utilized to obtain the most similar 3D 
tertiary structure of the recombinant AFP.[50,51]

2.6. Recombinant AFP Immobilization to Aluminum Surfaces

The recombinant AFP was immobilized on oxygen plasma-pre-
treated aluminum surfaces. Each aluminum surface was treated 
with oxygen plasma for 1 min to activate functional groups on 
the surfaces and enhance cross-linking, as shown in Figure 1b.[52] 
The recombinant AFP immobilization was carried out at 
zero degrees by spreading the recombinant AFP consisting of  
50 × 10−3 m Imidazole solution on the pretreated aluminum surfaces.

2.7. Icing Characterization

A scanning electron microscopy (SEM) (Zeiss Leo Supra 35VP) 
was employed to characterize the surface structure of the recom-
binanant AFP coating on aluminum substrates. Contact angle 
(AC) measurements on the recombinant AFP coated/plain alu-
minum surfaces were performed to evaluate the wettability of 

the developed surfaces. The activity of produced recombinant 
AFP and the anti-icing activity of the immobilized recombinant 
AFP were characterized using a lab-made test section. Figure 2 
shows the schematic of the experimental setup. It consists of a 
closed chamber with relative humidity and temperature regu-
lator, a power supply to regulate the temperature (supercooling 
temperature) of the tested specimen, temperature and humidity 
sensors, a data acquisition system (DAQ), and a light source. A 
high-speed (Phantom v9.1 vision research, 2000 fps), a Digital 
Single-Lens Reflex (DSLR) (Canon EOS, 30 fps), and an IR 
thermal camera (FLIR T1020) were used for the observation. The 
sample was attached to the cold plate of a Peltier cooler (Peltier 
Module TEG High Temperature) using a thermally conductive 
adhesive tape (McMaster Carr, 6838A11). The surface subcooling 
was provided using the Peltier cooler at different temperatures. 
A liquid cooling loop was used to reduce and maintain the tem-
perature of the hot side of the Peltier device for thermal stability 
in long icing experiments. The sample surfaces were moni-
tored and measured simultaneously using the thermal camera. 
The DSLR camera was used to visualize the icing experiments 
from the top. The humidity and temperature of the chamber 
were constantly measured and checked with temperature and 
humidity sensors during the tests (PCE Instruments – PCE-
313A, with ±0.1% and ± 0.8 °C precisions in RH and tempera-
ture, respectively). The humidity range of the tests was changed 
from 0.4 to 0.8 to cover a wide range of testing conditions. The 
temperature of the samples was monitored using an IR thermal 
camera (FLIR T1020) and a T-type thermocouple. The experi-
ments were repeated for three to five times. The humidity and 
temperature of the chamber, sample’s subcooling, and time 
were crucial parameters, which were monitored continuously 
during the experiments. The accuracy of the devices and uncer-
tainties in the experimental parameters are provided in Table 1.

Adv. Mater. Interfaces 2023, 2300021

Figure 2.  Schematic of the experimental setup.

Table 1.  Accuracy of devices and uncertainty of measurements.

Parameter Accuracy [%] Uncertainty [%]

Power supply [V] 0.1 ±0.5

Temperature [K] 0.1 ±0.1

Data logger [°C] 0.1 ±0.1

Multimeter 0.1 ±0.01
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3. Results

3.1. Construction, Expression, and Optimization  
of recombinant AFP

The synthetic AFP gene pUC-AFP encoding for the afpA protein 
in Mryoi et  al.[31] was established by the recombinant cloning 
technology. The recombinant pET28-AFP vector was designed as 
mentioned above. The size of the constructs was confirmed by 
agarose gel electrophoresis. As shown in Figure 3a, the results 
indicate that the AFP gene was successfully amplified by PCR 
amplification, where 1.5  kb represents the AFP gene. Besides, 
the size of the pET28-AFP matched with the calculated construct 
size and was verified by restriction digestion (Figure  3c). The 
agarose gel electrophoresis confirms that the amplified AFP 
product was favorably cloned in the pET28 expression vector 
since the size of the pET28-AFP matches with the calculated 
construct size. (pET28 band size is 5.4 kb and the recombinant 
pET28-AFP construct is around 6.9 kb, Figure 3b).

Sequencing analysis was performed as mentioned previ-
ously. Its results demonstrate that both plasmid constructs, the 
ligated parts as pET28 and AFP, were in the correct order. More 
information about the sequencing analysis results is provided 
in Supporting Information 1 and 2.

The SDS PAGE results shown in Figure  3d indicate that 
produced recombinant AFP has a molecular mass of 63  kDa. 
The SDS PAGE results lead to optimum parameters to express 
the recombinant AFP. The optimization experiments allow the 
production of high recombinant AFP using 0.8 × 10−3 m IPTG 
induction in 4 h at the incubation temperature of 30 °C.

3.2. CD Spectroscopy and Thermal Analysis

CD spectroscopy analysis was conducted to analyze the recom-
binant AFP’s secondary structure and thermal stability. CD 
spectrums were collected between −8 °C and 60 °C to determine 
the effect of temperature change on the recombinant AFP. The 

Adv. Mater. Interfaces 2023, 2300021

Figure 3.  Gel red stained 0.8% agarose gel showing. a) Lane 1, molecular marker (SM1333); Lane 2, PCR Product of pUC-AFP (1.5 kbp). b) Gel red 
stained 0.8% agarose gel showing; Lane 1, molecular marker (SM1333); Lane 2, pET 28-AFP. c) Gel red stained 0.8% agarose gel showing; Lane 1, 
molecular marker (SM1333); Lane 2, double-restricted pET28-AFP. d) Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE) (12%), 
stained with Coomassie blue, the AFP samples were induced by 0.8 × 10−3 m IPTG. SDS gel shows AFP expression and purification of the recombinant 
AFP. Lane 1, molecular marker; Lane 2, AFP expression by E. Coli Rosetta; Lane 3, partially purified AFP. The size of the recombinant AFP is around 
63 kDa.

Figure 4.  CD spectra of the recombinant AFP, between 190– 260 nm. a) Representation of CD spectrum above 0 °C. 0 °C (red), 4 °C (blue), 10 °C 
(orange), 20 °C (green), 30 °C (black), and 40 °C (navy blue). b) Representation of CD spectrum below 0 °C. 0 °C (red), −4 °C (blue), −8 °C (green).
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CD spectra of the recombinant AFP sample within the range of 
190–260 nm display the α-helical spectrum with negative bands 
at 208 and 222 nm and a positive band at 193 nm.[53] The results 
show no significant structural change with temperatures up 
to 40 °C (Figure  4a). Besides, the recombinant AFP exhibits 
structural stability even below zero degrees since it results in 
the α-helical spectrum until −4 °C where structural distortions 
could be observed (Figure 4b).

3.3. Structure Prediction and Homology Modeling

Among the proteins whose structure has been determined, 
AFP from cyanobacterial phycobilisome from Anabaena sp. 
PCC 7120. is found to be most similar, with a homology of 22.7 
percent. Therefore, it was used as a template for structure pre-
diction and homology modeling studies, as shown in Figure 5. 
The general properties and amino acid composition of the 
recombinant AFP are presented in Tables 2 and 3, respectively.

3.4. Anti-icing Activity

Figure  6 displays the SEM image of the coated aluminum 
sample with the recombinant AFP concentration of 60 µg mL−1.  
As can be seen, the coating has a smooth profile with an 
average roughness value of 1.7  µm (Figure  6). SEM might 
induce radiation damage on the biological samples,[55] the 
“vein-like” structures could be partially denatured proteins due 
to harsh conditions during SEM analysis. While exposure to 
room temperature gradually reduces the life span of the AFPs, 
the electron beams break down the structure of the protein.
Figure  7 shows the CA results of the recombinant AFP 

coated aluminum and plain aluminum surfaces. Accordingly, 
both of the surfaces exhibit hydrophilic nature. However, a 
slight increase in the wettability of the recombinant AFP coated 
sample can be noticed.

Anti-icing performances of the recombinant AFP-immobi-
lized surfaces were investigated and compared to those of the 

reference samples (plain) at sub-zero temperatures. Figure  8 
shows the icing on the plain surface and the anti-icing activity of 
the AFP-coated surface with the AFP concentration of 60 µg mL−1  
at the surface temperature of −4 °C. Significant ice formation 
can be observed on the bare substrates at early stages, and 
ice completely covers the surface in less than 10 s. However, 
although ice formation occurs on a small area on the coated 
samples, ice growth is hampered due to the presence of AFPs.

4. Discussion

In the current study, the synthetic AFP gene (pUC-AFP) having 
the same amino acid sequence as the original afpA in Mryoi 
et al.[44] was established by the recombinant cloning technology. 
The original microorganism is the plant growth-promoting 
rhizobacterium P. Putida GR12-2, isolated from a soil sample 
from the Canadian High Arctic. The afpA was expressed by  
P. putida GR12-2 inside a growth medium at a cold temperature 
range. The recombinant AFP was expressed using E. coli strain 
Rosetta (DE3) cells by the IPTG induction. The SDS PAGE 
results exhibited in Figure  3 indicate that produced recombi-
nant AFP has a molecular mass of 63  kDa, whereas the orig-
inal afpA has a size of 72 kDa, which is even higher than the 
predicted size, 47.3 kDa (Figure 3d). The mass difference could 
be attributed to the posttranslational modifications (PTMs). 
PTMs are chemical modifications affecting protein stability, net 
charge, binding properties, conformation, and localization.[56,57] 

Adv. Mater. Interfaces 2023, 2300021

Figure 5.  Predicted structure of the recombinant AFP with 22.7% 
similarity of Phycobiliprotein ApcE Cryo-EM structure of cyanobacterial 
phycobilisome from Anabaena sp. PCC 7120.[54]

Table 2.  General Properties of AFP.[49]

Recombinant AFP

Number of amino acids 473

Molecular weight 47 316.12 Da

Theoretical pI 3.67

Total number of negatively charged 
residues (Asp + Glu)

61

Total number of positively charged 
residues (Arg + Lys)

10

Charge Negative

Table 3.  Amino acid composition of recombinant AFP.[49]

Ala (A) 82 17.3% Lys (K) 3 0.6%

Arg (R) 1.5% 1.5% Met (M) 1 0.2%

Asn (N) 34 7.2% Phe (F) 14 3.0%

Asp (D) 38 8.0% Pro (P) 8 1.7%

Cys (C) 0 0.0% Ser (S) 39 8.2%

Gln (Q) 16 3.4% Thr (T) 42 8.9%

Glu (E) 23 4.9% Trp (W) 4 0.8%

Gly (G) 53 11.2% Tyr (Y) 8 1.7%

His (H) 4 0.8% Val (V) 35 7.4%

IIe (I) 30 6.3% Pyl (O) 0 0.0%

Leu (L) 32 6.8% Sec (U) 0 0.0%
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Several modifications such as proteolytic cleavage, phospho-
rylation, glycosylation, methylation, acetylation, and lipidation 
raise PTMs in proteins and consequently alter protein char-
acteristics such as molecular weight.[58,59] The functionality of 
AFPs is diversified by their ice-binding site (IBS), which alters 
binding through ice crystal planes. The diversity in amino acid 
sequence and structure folding of AFPs affects the ice-binding 
affinity.[60] However, residual variations in the AFPs might have 
a direct relationship with the antifreeze activity of the AFPs.[61] 
It is suggested that Threonine repeating units play a significant 
role in conformational change as well as ice-binding properties 
of various AFPs rendered by methyl and hydroxyl functional 
groups.[62] As indicated in Table 3, the most repeated residues 
in the amino acid sequence are Ala (17.3%), Gly (11.2%), Thr 
(8.9%), Ser (8.2%), Asp (8%), and Asn (7.2%). The Alanine 
(Ala) and Threonine (Thr) residues are essential residues in the 
IBS of the recombinant AFP. Figure  9 shows the position of 
the hydrophobic region of a-helix.[22] The polypeptides present 
the best IRI activity among arginine polypeptides and glutamic 
acid polypeptides.[63] Besides, Glycine (Gly) amino acids have 
an essential role in the formation of IBS due to conformation-
ally flexible structure.[64] Cysteine (Cys), Serine (Ser), Trypto-
phan (Trp), Gly, Asparagine (Asn), and Thr are the particular 
residues of AFPs.[65,66] In addition, the insignificant number of 
hydrophobic residues such as Leucine (Leu), Valine (Val), and 
Isoleucine (Ile), which are particularly notable in highly stable 
proteins, is perhaps one of the main reasons for the low sta-
bility of this protein at higher temperatures.[67]

Repeating TxT sequences (T is Threonine and x is a non-
conserved amino acid) have strong binding efficiency to the ice 

by anchored clathrate (AC) motifs.[68] The clathrate-like water 
molecules are formed around the methyl groups of the Thr 
residues by water molecules in the AC motifs and the bound 
hydroxyl group of the proteins. The hydrophobicity of the AFPs 
is another key parameter. The IBSs of the AFPs are hydro-
phobic, affecting water molecules’ ordering during ice forma-
tion.[69,70] The recombinant AFP could be considered an effec-
tive AFP due to the abundance of Ala, Gly, and Thr residues, 
having 4 TxT repeated sequences and hydrophobic characteris-
tics in the whole sequence, demonstrating the functional IBS of 
the recombinant AFP (Figure 10).

3D structure prediction is based on models already deter-
mined through the X-Ray crystallization method. The most 
homologous protein to the recombinant AFP has a maximum 
of 22.7% homology. Based on this homology, we modeled our 
protein using the Expasy database to have knowledge about 
the kinetics mechanism and configurations of active sites of 
the recombinant AFP. Together with CD spectrum results, the 
secondary structure prediction of the recombinant AFP protein 
will help us in one step closer understanding of the kinetics 
and mechanism of the recombinant AFP.

The amino acid analysis of the AFP protein leads to the 
highest amount of alanine residues (17.3%) which is generally 
the reason for forming a coiled-coil structure. The CD spectra 
of AFP at various temperatures follow the same pattern shown 
in the coiled–coil secondary structure. These types of α-helices 
are situated in the interior part of the protein chain.[71] More-
over, as the alanine residues bury more apolar regions during 
folding and have lower backbone entropy, they stabilize the 
helical conformation more consistently than glycine.[72] Based 

Adv. Mater. Interfaces 2023, 2300021

Figure 6.  a) SEM image of the plain aluminum surface and b,c) SEM images of the recombinant AFP coated aluminum surface.

Figure 7.  CA results of a) recombinant AFP coated aluminum surfaces. b) Plain aluminum surface.
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on our observations, the AFP protein maintains the structure of 
a coiled-coil structure at lower temperatures (←8 °C). The flexi-
bility is further minimized with a similar pattern with a slightly 
negative peak at ∼200 nm.

AFPs hampers the ice formation in a noncolligative manner 
by ceasing the ice crystal growth through a concentration-
dependent temperature range explained by the adsorption-
inhibition hypothesis.[73] Herein, a critical concentration value, 
which decreases in function of temperature, must be exceeded 
by the surface concentration of adsorbed AFP molecules to 
inhibit ice crystal growth. AFPs can present IRI activity even at 
submicromolar concentrations, while TH activity requires mil-
limolar concentrations.[25,74] Therefore, IRI is assumed to be the 
primary function of AFPs secreting from several cold-adapted 
organisms.[75] Besides, it was reported that the TH value of 
fungus-originated AFP increases with protein concentration.[60] 
Although both TH and IRI activity alter the ice adsorption of 
AFPs, there is no definite correlation between IRI and TH.[23] 

Figure 8.  The icing behaviour on recombinant AFP coated and plain aluminum surfaces.

Figure 9.  Schematic representation of ice-binding of threonine (orange), glycine (green), and alanine (blue) residues to the ice crystals by hydrogen 
bonding.

Figure 10.  The predicted 3D structure of the AFP shows TxT repeating 
units.[54]
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Thus, we could assume that the recombinant-AFP indicates IRI 
activity due to micromolar concentrations.

The ability of the recombinant AFP to hinder ice crystal 
growth is attributed to the binding of AFPs to specific interfaces 
on ice crystals. When AFP experiences irreversibly binding to 
an interface of a growing ice crystal, the interface around the 
AFP becomes curvy (Figure  11). As a result, the melting tem-
perature (Tm) at the curved interface becomes locally lower than 
the Tm of bulk ice because of the Gibbs–Thomson effect. 
Assuming the growth of a spherical ice crystal with a radius 
r around AFPs at an interface of an ice crystal, the thermal 
hysteresis (TH – ΔTm) caused by the Gibbs–Thomson effect is 
given as:[76]

2
m

sl m

f s

T
T

r H

σ
ρ

∆ =
∆

	
(1)

Here, σsl is the surface tension between solid and liquid 
phases,ΔHf is the heat of fusion, ρs is the density of the solid 
phase, and r is the radius of the ice crystal. ΔTm increases as 
r decreases and reaches a maximum when r decreases to half 
the distance between two AFP molecules bound to the inter-
face (rmin). In this case, the shape of the grown ice crystal corre-
sponds to a hemisphere. It can be assumed that rmin is inversely 
proportional to the AFP concentration (×10−3 m). Thus, the 
maximum of ΔTm, which corresponds to ΔTmf, increases with 
concentration. Consequently, the model based on the Gibbs–
Thomson effect qualitatively explains why the binding of the 
recombinant AFP inhibits ice growth to an ice interface.

Unlike the available superhydrophobic surfaces/coatings 
that suggest water repellency as the main reason responsible 
for anti-icing, the mechanism responsible for the anti-icing 
of activity of the AFP-coated substrate is related to the Gibbs–
Thomson effect. CA measurements (Figure  7) show that the 
AFP-coated surfaces are hydrophilic. The molecular level of 
hydrophobicity (hydrophobic parts of the α-helix of the protein) 
and low concentration of AFPs (60 µg mL−1) could be the main 
reasons for the hydrophilicity of the coated substrates.

5. Conclusion

This study presents the production of AFP using the recom-
binant technology, followed by its novel immobilization 

on aluminum surfaces and further demonstration of anti-
icing activity. The major goal is to propose environmentally 
friendly and scalable coating and to show its applicability to 
relevant industries such as refrigeration systems. The recom-
binant technology enables large-scale protein production 
of the AFP for industrial applications via surface immobi-
lization methods. The application of oxygen plasma allows 
the activation of surface functional groups and is suitable 
for different shapes and geometries while increasing the 
coating stability. In the current study, produced recombinant 
AFP was coated on aluminum surfaces with oxygen plasma  
pretreatment, and the activity of AFP-immobilized surfaces 
was tested under different conditions. The recombinant AFP-
coated substrates exhibit a significant anti-icing performance 
compared to uncoated surfaces in terms of ice growth due 
to the Gibbs–Thomson effect. Consequently, this study offers 
a new perspective for biotechnological implementation of 
AFPs to ensure energy-saving and efficiency with an environ-
mentally friendly aspect. The coating proposed in this study 
can be used as a futuristic biological coating for the next gen-
eration of appliances and heat exchangers with applications 
in space heating and cooling, refrigeration, air conditioning, 
as well as a scalable and low-cost biological heat transfer 
coating.
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