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Abstract 

Antifreeze proteins (AFPs) allow biological organisms, including insects, 
fish, and plants, to survive in freezing temperatures. While in solution, 
AFPs impart cryoprotection by creating a thermal hysteresis (TH), impart-
ing ice recrystallization inhibition (IRI), and providing dynamic ice shap-
ing (DIS). To leverage these ice-modulating effects of AFPs in other 
scenarios, a range of icing assays were performed with AFPs to investigate 
how AFPs interact with ice formation when tethered to a surface. 

In this work, we studied ApAFP752, an AFP from the beetle Anatolica 
polita, and first investigated whether removing the fusion protein attached 
during protein expression would result in a difference in freezing behavior. 
We performed optical microscopy to examine ice-crystal shape, micro-
structure, and the recrystallization behavior of frozen droplets of AFP so-
lutions. We developed a surface chemistry approach to tether these 
proteins to glass surfaces and conducted droplet-freezing experiments to 
probe the interactions of these proteins with ice formed on those surfaces.  

In solution, ApAFP752 did not show any DIS or TH, but it did show IRI ca-
pabilities. In surface studies, the freezing of AFP droplets on clean glass 
surfaces showed no dependence on concentration, and the results from 
freezing water droplets on AFP-decorated surfaces were inconclusive. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

Biological organisms present many design strategies for developing next-
generation advanced materials with unique functionalities. For instance, 
antifreeze proteins (AFPs), found in biological organisms, including fish, 
insects, and plants, confer protection from the effects of freezing tempera-
tures. Various applications require the prevention of freezing. In the medi-
cal field, for example, robust and versatile cryoprotective materials are 
needed to ensure the quality of frozen medications and vaccines as well as 
cells, tissues, and embryos (Chang and Zhao 2021). A seemingly disparate 
but related example is unmanned aerial vehicles, which need lightweight, 
low-power ice mitigation solutions (Cao et al. 2018). AFPs present a prom-
ising solution to icing problems, but further studies are needed to under-
stand their mechanisms.  

In general, AFPs do not prevent ice formation but, rather, modulate ice 
formation in biological media to protect species from damage caused by 
the uncontrolled growth of ice. The characteristics that define the effects of 
AFPs on ice growth are dynamic ice shaping, thermal hysteresis, and ice 
recrystallization inhibition (Ghalamara et al. 2022).  

Dynamic ice shaping (DIS) refers to the irreversible binding of AFPs to 
specific crystallographic planes of ice, inhibiting further growth of those 
planes. Ice growth depends on many factors, such as supersaturation and 
temperature. At standard pressure, ice is mainly in the hexagonal ice crys-
tal (Ih) form, schematically shown in Figure 1. The top facet of the crystal, 
perpendicular to the c-axis, is the basal plane, while the sides of the hexag-
onal crystal have primary and secondary prism planes. There is also a py-
ramidal prism plane that is formed by intersections at the c-axis and two 
an-axes. As temperature is lowered, a regular ice crystal will grow in all di-
rections, with different rates for each plane. The prism facets tend to grow 
faster than the basal facets, causing them to be less prevalent in the final 
crystal shape. As the temperature continues to decrease, the prism planes 
will eventually start to grow dendrites. AFPs can change the shape of ice 
crystals, from growing in the hexagonal form to growing in different 
shapes, depending on the planes to which the AFP has bound. Essentially, 
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AFPs do not stop the formation of ice but, rather, control its growth 
(Clarke et al. 2002).  

Figure 1. Illustration of the notable crystallographic planes within a hexagonal ice crystal. 

 

Thermal hysteresis (TH) describes the difference between the freezing 
temperature and the melting temperature. By shaping the ice, AFPs de-
press the freezing-point temperature, based on the Gibbs-Thompson ef-
fect, which describes how increased surface curvature results in a lowered 
freezing point (Gerhauser and Gaukel 2021). The TH is a quantitative indi-
cation of how strong the activity of the AFP is. At millimolar concentra-
tions, moderate AFPs, which tend to be from fish, have TH values of 
around 0.5°C to 1.0°C,* while hyperactive AFPs, which mainly come from 
insects, can have TH values of up to 6°C (Celik et al. 2010). The crystallo-
graphic planes that AFPs bind to affect the TH; moderate AFPs bind to the 

 
* For a full list of the spelled-out forms of the units of measure used in this document, please refer 

to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: US Government Publishing 
Office, 2016, 248–252, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-STYLEMAN-
UAL-2016.pdf. 



ERDC/CRREL TR-22-17 3 

prism and pyramidal facets, while hyperactive AFPs bind to the basal fac-
ets (Scotter et al. 2006).  

Ice recrystallization inhibition (IRI) is the ability to prevent the regrowth 
of larger ice crystals at the expense of smaller ones while maintaining a 
constant ice-phase volume. Recrystallization is driven by the Ostwald 
ripening mechanism, in which water molecules diffuse across the grain 
boundaries of neighboring ice grains (Budke and Koop 2006); thus, the 
interfacial energy between the ice grain and the solution is reduced 
through the regrowth of these larger ice crystals (Budke et al. 2009). AFPs 
are thought to prevent ice recrystallization through the binding of ice 
facets; whether this is the only mechanism for IRI is still being debated 
(Biggs et al. 2019). 

In this research, we investigated the properties of ApAFP752. This AFP 
comes from the beetle Anatolica polita, which resides mainly in the Xin-
jiang and Central Asian regions, where temperatures reach as low as 
−40°C (Mao et al. 2011). Figure 2a shows the structural representation of 
ApAFP752, which is cysteine-rich and has a beta-helix structure formed by 
disulfide bonds (Mao et al. 2011). The ice binding surface (IBS) of this AFP 
is made up of beta sheets consisting of the threonine-cysteine-threonine 
(TCT) sequence, giving it a flat surface. This sequence follows the TXT mo-
tif, where T is threonine and X is an amino acid, that is seen in the IBSs of 
other hyperactive insect AFPs, such as the TmAFP (Liou et al. 2000) or 
sbwAFP (Graether et al. 2000). The threonines of this sequence have hy-
drophobic methyl groups, responsible for the water molecules rearranging 
into a clathrate structure, and hydrophilic hydroxyl groups, responsible for 
anchoring the clathrate arrangement (Garnham et al. 2011). Proteins with 
such a sequence are expected to be hyperactive due to the match of the 
spacing between the threonine on the IBS and the distance of the oxygen 
atoms on the ice planes (Graether et al. 2000; Liou et al. 2000). Previous 
studies have demonstrated that ApAFP752 does show antifreeze activity, 
reaching a TH of 0.76°C at 1.0 mg/mL concentrations (Mao et al. 2010). 
To obtain high concentrations of this AFP, the recombinant protein, TrxA-
ApAFP752, must be expressed through E. coli (Mao et al. 2011).  
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Figure 2. (a) Structural model of the TrxA-ApAFP752 fusion protein. The circled 
magenta arrows on the ApAFP752 indicate the beta sheets that contain the 

threonine-cysteine-threonine (TCT) motif, which make up the ice-binding surface. The 
blue links on the ApAFP752 are the disulfide bonds formed through cysteine 

bonding, forming the beta helix. (Image republished with permission from Mao et al. 
2011). (b) Structural model of the Type III antifreeze protein (AFP). The magenta 

arrows represent the beta sheets, while the light blue sections are the alpha helices. 
(Image republished from Bialkowska et al. 2020) 

 

A wild Type III AFP from an eel pout was used as a comparison for results 
from studies with ApAFP752. This Type III AFP, shown in Figure 2b, is a 
moderate AFP that is globular in shape and consists of a one-turn alpha-
helix and beta sheets but does not have any repetitive structural motifs 
(Chao et al. 1994; Verreault et al. 2018). Unlike other AFPs, the Type III 
AFP does not have the threonine sequence, and its IBS consists of mostly 
hydrophobic residues that arrange the water molecules to the IBS 
(Chakraborty and Jana 2019). The wild Type III AFP is naturally ex-
pressed and, therefore, has a mixture of different isoforms: the quaternary 
aminoethyl (QAE)-Sephadex binding subgroup and the sulfopropyl (SP)-
Sephadex binding subgroup, with the QAE isoform responsible for the ob-
servable AFP properties, such as DIS and TH (Takamichi et al. 2009). 

1.2 Objectives 

AFPs have been studied for their ability to prevent ice growth while in an 
aqueous solution. This has led to their utilization in cryobiology and food 
science; however, AFPs are not yet developed for applications that require 
control over ice formation on surfaces. Very little has been studied about 
how AFPs function when restricted to a two-dimensional platform, such as 
an aluminum surface (Esser-Kahn et al. 2010; Koshio et al. 2018; Liu et al. 
2016; Gwak et al. 2015). We studied the freezing behavior of both the re-
combinant protein TrxA-ApAFP752, which contains the fusion protein 
TrxA from expression, and cleaved ApAFP752 in solution form and then 
pursued studies of surface-grafted AFP752, using a wild Type III AFP as a 
reference material. 



ERDC/CRREL TR-22-17 5 

1.3 Approach 

First, the antifreeze properties of ApAFP752, such as the ice microstruc-
ture, IRI, TH, and DIS, were studied in solution, along with the Type III 
AFP from eelpout for comparison. Next, we conducted freezing experi-
ments for ApAFP752 droplets in oil and on glass surfaces to see if the 
AFP’s freezing behavior was affected by the presence of a surface. Finally, 
we did surface modifications to glass slides via self-assembly to tether 
ApAFP752 to glass surfaces and conducted freezing experiments with 
those surfaces. 
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2 Experimental Methods 

2.1 Materials 

The Trx-ApAFP752, cleaved ApAFP752, and buffer solutions (50 mM 
KHPO4, 20 mM NaCl)* were provided by Professor K. Varga (University of 
New Hampshire, Durham, NH, USA). The provided AFPs were modified 
with an extra cysteine at the N-terminus or C-terminus of the protein to fa-
cilitate surface grafting. Wild Type III AFP was purchased from AF Protein 
(Waltham, MA, USA). 

For surface chemistry experiments, glass slides were obtained from Corn-
ing Life Sciences (Tewksbury, MA, USA); silicon wafers were obtained 
from WaferPro (Santa Clara, CA, USA); N-(6-aminohexyl)aminomethyltri-
ethoxysilane (AHAMTES) was obtained from Gelest (Morrisville, PA, 
USA); and dimethyl sulfoxide (DMSO), ethylenediamine tetraacetic acid 
(EDTA), and molecular sieves (Type 3A, 4–8 mesh beads) were obtained 
from Sigma Aldrich (Burlington, MA, USA). Na2PO4 (Acros Organics, 
99+%), ethanol (100%), hydrogen peroxide (30%), NaCl (99.0% to 
100.5%), and NaOH (99.2%) were obtained from Fisher Scientific (Hamp-
ton, NH, USA).  

2.2 Antifreeze protein (AFP) and ice microstructure study 

Room temperature droplets (10 μL) of AFP solutions were deposited on 
clean glass slides that were chilled to −16°C in a cold room. Droplets were 
allowed to freeze under the isothermal conditions of −16°C on the micro-
scope stage. All droplets froze within 5 min. After freezing, droplets were 
imaged in cross-polarized light with a stereomicroscope (Model SZH-10, 
Olympus, Bartlett, TN, USA) using a bottom-mounted halogen light 
source. Images were acquired with a 6-megapixel digital camera (Model 
Infinity3-6URC, Lumenera, Ottawa, ON, Canada). Images were processed 
using ImageJ (National Institutes for Health, public domain). 

 
* For a full list of the spelled-out forms of the chemical elements used in this document, please re-

fer to US Government Publishing Office Style Manual, 31st ed. (Washington, DC: U.S Government Pub-
lishing Office, 2016), 265, https://www.govinfo.gov/content/pkg/GPO-STYLEMANUAL-2016/pdf/GPO-
STYLEMANUAL-2016.pdf. 
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2.3 Ice recrystallization inhibition (IRI) studies via splat assay  

Splat assay experiments, which were conducted to study the IRI ability of 
AFPs, were modified from previous procedures (Knight et al. 1988). To 
create a “splat” drop, a dewar of liquid N2 was placed underneath an alu-
minum plate. A coverslip was placed on the aluminum plate, which had a 
local temperature of −14 ± 1°C. A 10 μL droplet of solution was dropped 
from a height of approximately 1 m onto the coverslip, where it instantly 
formed a flat ice disk. The coverslip was sealed with vacuum grease and 
another coverslip on top to prevent evaporation, and the sample was 
transferred over to a cross-polarizer stage underneath a digital optical mi-
croscope (Dino-Lite, Los Angeles, CA, USA), both of which were equili-
brated at −8°C. Snapshots of the microstructure of the ice were recorded 
every 30 min. The screenshots after the first 30 min were analyzed using 
ImageJ to measure 50 of the grains to obtain the mean grain area (MGA). 

2.4 Dynamic ice shaping (DIS) 

The procedure for studying DIS was modeled after previously reported ex-
periments (Drori et al. 2014). A 0.5 µL droplet of solution was deposited in 
the center of a 22 mm coverslip. The coverslip was sealed with a ring of 
vacuum grease and another coverslip placed on top to ensure that no sub-
limation occurred during the testing. The sample was placed on the heat-
ing block of a temperature-controlled stage (Model BCS 196, Linkam, 
Epsom, England, UK), which was placed under a compound microscope 
(Model BX60, Olympus, Bartlett, TN, USA) and viewed through a 5× ob-
jective. Images were acquired with a digital camera (Model GS3-U3-
32S4C-C, Teledyne FLIR, Nashua, NH, USA) within the Linkam software 
(LINK 1.2.17.13) at a rate of 1 image/sec.  

Heating and cooling were controlled through the LINK software, with pro-
grammed temperature ramps that influenced the pump speed of flowing 
liquid nitrogen. Initially, the sample was rapidly cooled to –40°C to ensure 
that the droplet was completely frozen. Then, the sample was heated 
slowly to as close to the melting point as possible to facilitate the for-
mation of the smallest single crystal possible (target diameter = 10 μm). 
Due to the sensitivity of the temperature differences affecting the freezing 
or melting process, the melting point of the buffer was defined as the tem-
perature right before the crystal started refreezing. The temperature was 
then cooled at a rate of 0.1°C/min or 1°C/min, depending on the rate of 
melting, to observe the growth of the crystal.  



ERDC/CRREL TR-22-17 8 

2.5 AFP solution droplet freezing in oil solutions 

Droplets (10 μL) of AFP solution were suspended in silicone oil within an 
aluminum beaker that was placed within an environment chamber with a 
temperature-controlled Peltier plate. A thermocouple was placed within 
the oil, adjacent to the suspended droplet. The approximate distance be-
tween the droplet and the thermocouple was 1–2 mm. A temperature 
ramp of 5°C/min was imposed on the plate to heat and cool the system 
from ambient to –20°C for three cycles. The thermal changes associated 
with solidification and melting were monitored by the thermocouple, and 
the freezing temperature was taken as the temperature at the start of the 
latent heat spike. Five droplets were used for each solution composition, 
allowing for 15 replicate measurements for each composition. 

2.6 Freezing AFP droplets on glass surfaces 

Droplet-freezing experiments were carried out in a thermal chamber 
(Model 9076, Delta Design, Cohu Inc, Poway, CA, USA) equipped with liq-
uid nitrogen for cooling. The heating and cooling of the chamber were con-
trolled with a Python script. The temperature of the droplets was 
measured with a thermal imaging camera (Model A6703sc, Teledyne 
FLIR, Nashua, NH, USA) with a 1× microscope lens and 3–5 µm wave-
length sensitivity. The 15 µm pixels of the camera provided a resolution of 
3 × 10−6 as a proportion of the 9.7 mm × 7.7 mm field of view (640 × 512 
pixel array). Integration time (equivalent to shutter speed) was 5 ms. The 
FLIR software (FLIR Research Studio Professional, 2013) was used to set 
up the camera parameters and triggering to capture 1 image (frame)/sec. 

The camera was calibrated with a blackbody chamber to achieve 0.1°C 
accuracy from −20°C to 0°C. Emissivity was input manually with a 
distance-to-target of 0.03 m and the average ambient temperature to 
convert camera infrared (IR) counts to temperature (Hori et al. 2013). The 
emissivity of ice crystals and water in the 3–5 µm spectral range were both 
0.95–0.98. 

A clean glass slide was used as the substrate for the droplets of interest. 
The glass slide was held in a rectangular insulated foam structure with an 
open top to minimize evaporation during the experiment. A 10 µL drop of 
water was placed on the slide, and the IR camera was focused. After clos-
ing the chamber, the temperature was equilibrated at 10°C for 10 min, 
then cooled to −30°C at 1°C/min. The chamber was then ramped back to 
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10°C at the same rate and cycled, for a second time, down to −30°C. The 
reported data are from the second freezing cycle. 

A temperature of 10°C was chosen as the upper bound because this was 
the temperature at which the frozen droplet from the first cycle would melt 
before the second cycle began. Due to air circulation causing minor evapo-
ration, the droplet volume was slightly diminished during the second cy-
cle. A temperature of −30°C was chosen as the lower bound to the ramp 
program because this resulted in a sample temperature of approximately 
−20°C, which was cold enough because, even with supercooling, the drop-
lets consistently were frozen before reaching −20°C. 

The data were processed in Python (version 3.8.3, Python Software Foun-
dation, public domain) to remove and smooth noise in the data caused by 
the IR camera recalibrating during the test as a result of the large tempera-
ture swings. Plots were created to compare the temperature and length of 
freezing during the first and second cycle for all concentrations of AFPs as 
well as for two controls: water and buffer. 

2.7 Attaching AFPs to glass surfaces 

Prior to functionalization, glass slides and silicon wafers were cleaned by 
submerging them in freshly prepared Piranha solution (7:3 mixture of sul-
furic acid to 30% hydrogen peroxide) for 1 hr (Caution: Piranha solution 
reacts violently with organic matter). After rinsing with water (3×), the 
slides were dried in an oven at 70°C for 1 hr. Aminosilane functionalization 
of slides and wafers was carried out in 250 mL anhydrous ethanol under 
ultrahigh-purity nitrogen to which 2.5 mL AHAMTES was added. The re-
action was allowed to proceed at 70°C for 3.5–4 hr. Following the reaction, 
the slides were rinsed with ethanol (2×) and water (1×), dried in an oven at 
70°C for 30 min, and then dried overnight under vacuum.  

Three different lengths of succinimide-maleimide polyethylene glycol 
(SM(PEG)n) crosslinkers were used for the attachment of proteins to glass 
slides and silicon wafers, where n = 2, 12, and 24. The SM(PEG)n cross-
linker stock solutions were prepared by dissolving 100 mg of crosslinker in 
DMSO to prepare a 250 mM solution—adding 840, 360, or 187 μL DMSO 
to 100 mg SM(PEG)2, SM(PEG)12, and SM(PEG)24, respectively. Solutions 
were then further diluted to 1 mM with DMSO. Crosslinker stock solutions 
were stored at 5°C. 
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The SM(PEG)n crosslinker attachment was performed by submerging 
AHAMTES-functionalized slides in 45 mL of phosphate-buffered saline 
(PBS) buffer (pH 7.2) with 1 mM EDTA, to which 45 μL of crosslinker solu-
tion was added for a final crosslinker concentration of 0.01 mM. Slides 
were left in the crosslinker solution for 1 hr, then rinsed with PBS/EDTA 
buffer and water, and then dried under vacuum for at least 2 hr.  

Protein attachment was carried out by submerging crosslinker-functional-
ized slides in 45 mL of pH 6.0 buffer (50 mM KH2PO4, 20 mM NaCl, ad-
justed to pH 6.0 with NaOH) for AFP and bovine serum albumin (BSA) or 
pH 8.0 buffer (150 mM NaCl, 50 mM NaPO4, adjusted to pH 8.0 with 
NaOH) for Trx-AFP attachment. Protein solutions (100 μM, 22 μL) were 
added to slides in buffer, and reactions were kept at 4°C overnight 
(~18 hr). Following reaction, slides were rinsed in buffer and water and 
then dried under vacuum for at least 2 hr. 

2.8 Attaching AFPs to surfaces: surface characterization 

The glass surfaces were characterized at each step in the surface-function-
alization process. Contact angle goniometry (Model 590, Ramé-Hart, Suc-
casunna, NJ, USA) was used to measure wettability; a Fourier transform 
infrared (FTIR) spectrometer (Model Nicolete 6700, Thermo Fisher Scien-
tific, Waltham, MA, USA), equipped with a deuterated triglycine sulfate 
(DTGS) detector and a variable grazing angle attenuated total reflectance 
accessory (Model VariGATR, Harrick Scientific, Pleasantville, NY, USA), 
was used to probe for changes in chemical bonds.  

2.9 Water-droplet-freezing experiments on surfaces with AFP 

Droplet-freezing experiments were carried out in a Delta Design 9076 
thermal chamber (Cohu Inc, Poway, CA, USA) equipped with liquid nitro-
gen for cooling. The heating and cooling of the chamber were controlled 
with a Python script. An aluminum box was placed inside the chamber to 
isolate the sample and droplet from winds. Eight thermocouples were 
placed at various locations in the chamber, both inside and outside the iso-
lation box, so that air, stage surface, and sample temperature could be 
monitored throughout the experiments. LabVIEW graphical programming 
environment (National Instruments, Austin, TX, USA) was used to control 
temperature recordings. Nucleation experiments were recorded with a dig-
ital microscope (Model Premier, Dino-Lite, Los Angeles, CA, USA) and a 
cross-polarized stage using DinoCapture 2.0 software. The frame rate for 
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all recordings was 10 fps. In all experiments, a substrate was positioned on 
the stage such that the tip of the thermocouple was in contact with the 
glass (Figure 3). A 10 µL drop of water was placed on the sample, and the 
microscope was focused on the drop. The chamber was shut, and video 
and temperature recordings were begun. The temperature was equili-
brated at 10°C for 10 min and then cooled to −30°C at 20°C/min. The 
chamber was held at −30°C for 10 min, during which time the temperature 
inside the isolation box decreased and the droplets froze. Then the cham-
ber was warmed to ambient temperature, and the sample was removed.  

Figure 3. A picture of the experimental set up used for water-droplet-freezing 
experiments on modified surfaces.  
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3 Results 

3.1 Effect of ApAFP752 on the microstructure of polycrystalline ice 

While AFPs are widely known to shape individual ice crystals, their effect 
on shaping grains within polycrystalline microstructures is not yet under-
stood. Therefore, we investigated the microstructures of polycrystalline ice 
specimens made by freezing droplets. Because all AFP solutions are stabi-
lized in a buffer, we performed all experiments relative to the buffer alone 
and to pure water. The individual 10 μL droplets of water all froze within 
5 min at −16°C. Imaging of pure-water ice showed the dendritic polycrys-
talline structure characteristic of isothermally frozen ice (Figure 4a), with-
out any preferential crystallographic orientation of the grains, as 
evidenced by the full spectrum of colors present in cross-polarized light. 
The ice formed from buffer alone was also polycrystalline; but it was com-
posed of much smaller individual grains, which had a muted spectrum of 
colors present (Figure 4b). The ices formed from AFP solutions were also 
composed of smaller grains with muted colors (Figure 4c–e) and were 
nearly identical to the ice microstructures present in the buffer alone. 
These results are consistent with a scenario in which the buffer salts domi-
nate the freezing behavior of AFP solutions, masking any effect that the 
AFPs themselves might have on the ice microstructure.  

Figure 4. Images of frozen droplets taken in cross-polarized light at −16°C: (a) water, (b) 
buffer, (c) TrxA-ApAFP752, (d) cleaved ApAFP752, and (e) wild Type III AFP. All solutions were 

100 μM. All images taken at the same magnification; scale bar shown in panel a is 1 mm. 
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3.2 Splat assay IRI with various AFPs  

The IRI for an ice droplet formed from the buffer is shown in Figure 5a. 
After 30 min, the grains already seemed larger because of the Ostwald 
ripening mechanism. The grains continued to grow larger over the course 
of 24 hr. In contrast, the TrxA-ApAFP752 and the cleaved ApAFP752, as 
seen in Figure 5b and c, respectively, did not show drastic changes in the 
size of the grains, demonstrating the ability of these compounds to inhibit 
the recrystallization mechanism. For comparison, the IRI of the Type III 
AFP is also shown (Figure 5d). Over the course of 24 hr, the grains within 
the ice formed with Type III AFP maintained a similar size, also 
demonstrating IRI. 

Figure 5. Snapshots of the grains of splat assay for sample ice droplets at −8°C over the 
course of time (0, 0.5, 4, 12, and 24 hr). The samples investigated included the buffer 

solution (50 mM K2HP4, 20 mM NaCl) only, shown in the top row. All AFP solutions (TrxA-
ApAFP752, cleaved ApAFP752, and AFP Type III) were at 100 μM concentrations in the 

same buffer. 

 

To quantify the IRI results, we analyzed the images from Figure 5 to 
calculate the MGA. After only 30 min, the IRI abilities of the AFPs were 
apparent. The MGAs of the Trx-ApAFP752 and the cleaved ApAFP752 
were 49.6% and 62.8%, respectively, of that of the buffer. Their average 
values were within one standard deviation of each other, which means that 
the IRI ability was unaffected by the cleaving of the fusion protein. The 
MGA of the Type III AFP was 59.4% of the buffer. This means that all of 
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these AFPs have similar IRI ability at the same concentration. The MGAs 
were checked after 24 hr, which is sufficient time to notice a change in 
grain size and thus to determine if there is IRI activity (Biggs et al. 2019). 
The MGAs after 24 hr also illustrate that all three AFPs have statistically 
similar IRI (Figure 6). 

Figure 6. Mean grain area (MGA) percentage of each sample compared 
to the MGA of the buffer after 30 min of annealing at −8°C. 

 

3.3 DIS with various AFPs 

We studied the DIS behavior of AFP compounds relative to a buffer solu-
tion by growing and monitoring single ice crystals in an optical microscope 
equipped with a cryo-stage. Figure 7 shows the ice growth of a single ice 
crystal in a buffer solution, taken in cross-polarized light. The crystal first 
grew into a hexagonal shape (Figure 7a) and then started to form den-
drites, as expected of an ice crystal. Witnessing the ice crystal habit in con-
junction with the lack of contrast seen in the optical polarizer implies that 
the crystal was being viewed along its c-axis, which is the optic axis for the 
hexagonal ice lattice. A second DIS experiment, shown in Figure 7b, ap-
peared colored in cross-polarized light, indicating that the crystal was not 
positioned with its c-axis parallel to the view direction. The melting point 
of the ice crystal formed in buffer solution, found from the temperature 
just before the ice crystal started growing again, was about −0.30°C. This 
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was expected based on the calculation of the ideal freezing-point depres-
sion of a salt solution: 

 𝛥𝛥𝑇𝑇𝑓𝑓 = 𝐾𝐾𝑓𝑓 ×  𝑏𝑏 ×  𝑖𝑖, 

where  

 ∆Tf = the change in freezing temperature,  
 Kf = the cryoscopic constant (1.86 K-kg/mol for water),  
 b = the molality (in moles solute per kilogram solvent), and  
 i = the van’t Hoff factor (i = 3 for K2HPO4, i = 2 for NaCl). 

Figure 7. Two different dynamic ice shaping (DIS) experiments for ice crystals growing in a 
buffer (50 mM K2HPO4, 20 mM NaCl) solution with cross-polarized light. Here, (a) shows an 
ice crystal in which the c-axis can be assumed to be in the perpendicular direction, while (b) 

shows an ice crystal with the c-axis in the parallel direction. 

 

The DIS crystal growth experiment for the TrxA-ApAFP752 is shown in 
Figure 8a. Similar to crystals grown in the buffer, the ice crystal in this 
AFP solution started to form a hexagonal shape and then continued to 
grow into dendrites. Notably, a TH was not observed; as soon as the tem-
perature was decreased by even 0.1°C from the melting point to initiate the 
cooling process, the crystal began to regrow. In other words, we were una-
ble to identify a stability region that is characteristic of a TH. Removing 
the fusion protein TrxA did not change the ice shaping or delay freezing, as 
demonstrated in the DIS experiments for the cleaved ApAFP752 in Figure 
8b. Increasing the concentration of the AFP also did not show any differ-
ence regarding the ice growth and TH, as shown in Figure 8c. 
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Figure 8. Microscope images taken at notable changes in shape during DIS 
experiments for (a) 100 μM Trx-ApAFP752, (b) 100 μM cleaved ApAFP752, (c) 350 
μM cleaved ApAFP752 solution, and (d) 100 μM Type III AFP solution. Panel d was 

taken in cross-polarized light. 

 

We also studied the ice-shaping behavior of the Type III AFP, shown in 
Figure 8d. For these experiments, it was remarkably easier to follow the 
reported procedure for studying TH and DIS. Unlike what we observed 
with the ApAFP752, the crystals with the Type III AFP neither melted nor 
regrew as the temperature was slightly lowered and held constant for 
10 min. For the Type III AFP, the temperature was able to be very slowly 
lowered, at a rate of 0.1°C/min, compared to the ramp of 1°C/min needed 
to prevent the ApAFP752 from completely melting. At a certain tempera-
ture, the ice crystal changed shape and started growing uniquely; it 
adopted a diamond shape (highlighted by the red lines in Figure 8d) due 
to the AFP binding to the prism planes, which allowed the crystal to grow 
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in the c-direction instead, as reported in the literature. As the temperature 
continued to decrease, the ice crystal continued to elongate and “burst” 
into a needle-like crystal. The TH value was 0.34°C, which is similar to 
what was reported in the literature (Scotter et al. 2006; Olijve et al. 2016). 
The noticeable TH and DIS from these AFPs further confirmed that the 
ApAFP752 sample had no TH or DIS, even at high concentrations. 

3.4 Pseudohomogeneous freezing of ApAFP752 solutions 

We sought to confirm our findings from the DIS studies, which indicated 
that ApAFP752 did not have TH. To further understand how AFPs can be 
leveraged to modulate the freezing behavior of ice, we performed pseudo-
homogeneous freezing studies on droplets (10 μL) of AFP solutions sus-
pended in silicone oil. We refer to this experiment as pseudohomogeneous 
because the droplet was not in contact with a surface but, rather, was sus-
pended in oil and insulated to achieve isothermal conditions in an effort to 
initiate nucleation within the bulk volume of the droplet. 

Figure 9 shows a typical time-versus-temperature profile. During the 
cooling ramp of each cycle, there is a sharp peak showing a sudden 
increase in the temperature, which corresponds to the latent heat released 
during droplet freezing. We defined the freezing temperature for each 
droplet-freeze cycle as the temperature at the onset of this spike. The 
average freezing temperature and time for droplets of water, buffer, and 
different concentrations of ApAFP752 (Figure 10) were all within one 
standard deviation of each other, showing that ApAFP752 does not affect 
freezing temperature or time. This is consistent with our observations 
from DIS studies. 

Figure 9. A representative time-versus-temperature profile for 
droplet-freezing cycles. Data shown were from buffer solution 

(10 μL droplet). 
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Figure 10. Results from droplet-freezing studies with ApAFP752 solutions under pseudo-
homogeneous conditions: (a) average freeze temperature and (b) average freeze time for 

variable concentrations of ApAFP752 with reference to buffer and water. 

 

3.5 Heterogeneous freezing of ApAFP752 solutions on clean glass 
surfaces 

To investigate the interaction of ApAFP752 with ice on surfaces, we carried 
out experiments in which AFP solutions were frozen on clean glass slides. 
For these experiments, we also monitored droplet freeze temperature as 
the temperature spiked due to latent heat release, but we used a high-reso-
lution thermal imaging camera. In these images, the latent heat released 
during the phase transition of water to ice was evidenced by brighter red 
and yellow regions in the droplet images (Figure 11). By analyzing a circu-
lar region of interest (ROI), which was completely encompassed by the 
droplet, the mean droplet ROI temperature as a function of time was de-
rived. To ensure thermal stability, the temperature profiles for analysis 
were selected from the second freezing cycle (Figure 12).  

Thermal analysis of the water data showed that freezing occurred at 
−2.4°C, while the buffer solution was observed to freeze at −3.5°C. The 
ApAFP752 solutions showed a consistent trend of decreasing freezing tem-
perature, from −2.9°C to −3.3°C to −3.6°C, as the concentration was in-
creased from 2.5 to 5.0 to 20 µM; however, with a standard deviation of 
0.5°C in the temperature measurements, all the AFP freezing tempera-
tures were statistically equivalent to the buffer. These results corroborate 
the results from earlier studies (e.g., on droplet microstructure), wherein 
any potential ice-freezing modulations by ApAFP752 were masked by the 
colligative effects of the buffer. To fully understand the interactions of 
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ApAFP752 with ice, the AFP needs to be isolated from the buffer, such as 
might be accomplished by immobilizing the AFP on a surface.  

Figure 11. A representative image of a 10 μL 
droplet of AFP solution during freezing. Red regions 

are warmer and result from the release of latent 
heat during solidification of water. 
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Figure 12. (a) A representative plot of the thermal profile 
imposed to freeze droplets of ApAFP752 solutions on clean 

glass slides. The freezing events are labeled. (b) A focused view 
of the latent heat released during the second freeze cycle for 
the ApAFP752 concentrations studied, shown with pure water 

and the buffer only. 

 

3.6 Surface characterization for ApAFP752-functionalized surfaces 

Due to the dominating effects of buffer colligative properties in the freez-
ing studies on ApAFP752, we sought to isolate the AFPs from the buffer by 
grafting them to glass surfaces. We developed a self-assembly surface 
chemistry approach that leveraged the pendant thiol present on 
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ApAFP752. In short, we first added a primary amine to the glass surfaces 
by silanization with AHAMTES (Figure 13). Next, we carried out a reaction 
between the primary amine and an N-hydroxysuccinimide (NHS) ester, 
which was a terminal group in a polyethylene glycol crosslinking agent. 
With the NHS ester bound to the surface, the new pendant functionality 
was a maleimide group, which was then reacted with the available thiol on 
ApAFP752 via Michael Addition. The surface chemistry was tracked at 
each step by contact angle goniometry, atomic force microscopy (AFM), 
and FTIR spectroscopy.  

Figure 13. Schematic of the experimental procedure to graft ApAFP752 to silica surfaces. 

 

We measured an increase in the contact angle of the amine-terminated 
surface over a freshly cleaned (i.e., pristine) glass slide, as expected based 
on the reduction in hydroxyl groups (Asenath-Smith and Chen 2008). A 
subsequent decrease in contact angle was expected after grafting with the 
crosslinker SM(PEG)2 due to the increase in oxygen-containing functional-
ities. We observed both relative changes in contact angle (Figure 14). To 
further confirm the successful reaction of the crosslinker with the surface, 
we used high-performance chromatography to monitor the decrease of 
crosslinker from the solution and found a decrease of over 80% in 2 hr (re-
sults not shown). These results indirectly indicated that the crosslinker 
was tethered to the surface. 
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Figure 14. Dynamic contact angle measurements of AFP-functionalized surfaces 
and control surfaces. All bars and points represent the average of five values, 

and error bars are the standard deviation of five values. All tests were conducted 
with 10 μL drops of Milli-Q water, except for those on the Piranha-cleaned slides, 

where 5 μL drops were used.  

 

We only observed a minimal change in contact angle after reaction with 
the TrxA-AFP752 and ApAFP752 to the maleimide, which was unexpected 
due to the relative abundance of hydrophobic components present in pro-
teins. This observation raised the question of whether the AFPs were on 
the surface. To further investigate for the changes in bonding and chemical 
groups on the surface, we attempted characterization with FTIR using var-
iable angle grazing incidence techniques, but the results were inconclusive 
due to low detector sensitivity (results not shown).  

As a control experiment to our protein grafting, we carried out the same 
sequence of reactions but used BSA in place of the AFP. The BSA protein 
has an available thiol, so this experiment was chosen to confirm that our 
surface chemistry process was proceeding as designed and to disaggregate 
any issues that may have been specific to the AFPs themselves. After react-
ing BSA with the crosslinker surface, the contact angle increased to 48 ± 
3°, consistent with the presence of a hydrophobic protein on the surface. 

We further studied the surface modifications with AFM, looking for 
changes in roughness at each functionalization step (Figure 15). After reac-
tion with AHAMTES, the roughness of the surface increased from Ra = 
0.429 nm to 0.658 nm, consistent with the presence of a thin monolayer. 
After grafting the SM(PEG)2 crosslinker, we observed the roughness to 
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decrease rather than increase as expected. In fact, the Ra value of 
0.424 nm was on par with that of the pristinely clean glass slide (Figure 
15a), yet the chromatography studies mentioned previously strongly indi-
cated that the crosslinker was deposited on the surface. In these studies, 
we used the short chain crosslinker, n = 2, so changes in roughness are not 
sufficient to draw firm conclusions about the presence of the molecular 
species on the surface. We also observed no change in surface roughness 
after reaction with the AFPs, a result which was unexpected given the 
bulky nature of proteins. Meanwhile, the AFM images of the BSA control 
surface revealed distinct islands of high intensity, and the roughness in-
creased significantly to Ra = 1.47 nm. These results draw into question the 
availability of the thiol group on TrxA-ApAFP752 and ApAFP752, which is 
needed to react the AFPs with the maleimide on the surface.  

Figure 15. Atomic force microscopy (AFM) scans of glass substrates (a) cleaned with Piranha 
and functionalized with (b) AHAMTES, (c) SM(PEG)2 crosslinker, (d) ApAFP752, and (e) BSA 

control protein. Mean roughness values (Ra) for each scan are shown on each image. 

 

To look for an available thiol in the ApAFP752 protein, we conducted FTIR 
studies on concentrated micromolar solutions, using water as a reference 
(Figure 16). Despite the ApAFP752 spectrum being mostly dominated by 
the water, the C-O peak from the threonine residue was still noticeable at 
1,075 cm−1. However, the characteristic thiol peak at 2,550 cm−1 from the 
cysteine residue could not be seen, and the spectrum for ApAFP752 was 
flat in that key region. These results further indicated that the thiol group 
needed for surface reactions with maleimide was not available. 
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Figure 16. Fourier transform infrared (FTIR) spectra of a highly concentrated 
ApAFP752 solution (blue), compared to that of pure water (black). 

 

3.7 Heterogeneous freezing of water on functionalized surfaces  

Despite inconclusive results from surface characterization and chemical 
analysis about whether the AFPs were present on the surface, we carried 
out some droplet-freezing studies. In these studies, we froze pure water 
droplets (10 μL) on glass slides with variable surface chemistries. In short, 
after the deposition of water on the target surface, the droplet was sealed 
with another glass slide and subject to a temperature ramp while the tem-
perature was monitored at the droplet (Figure 17). The onset of freezing 
was determined from the temperature rise caused by the latent heat of 
freezing (Figure 17 inset). 

Figure 17. Temperature profiles during the freezing experiments. The probes 
are labeled as follows: Air in Chamber was the inside wall of the large 

environmental chamber, Air in Box refers to the smaller enclosure that housed 
the experimental apparatus, Sample temperature was taken on the glass slide 

directly under the droplet, and Stage temperature was taken on the metal stage 
adjacent to the mounted sample. Inset: the thermal trace from Sample shows 

the increase of temperature induced by the freezing of the droplet. 
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In addition to temperature data, droplet freezing was manifest in the mi-
croscope images taken during these studies. With these images (Figure 
18), we were able to assign an approximate nucleation time as the time 
when a contrast change was first observed in the droplet (time 11:49, Fig-
ure 18). Statistical results on the average freeze time and average nuclea-
tion time are summarized in Figure 19. No significant difference was seen 
between the average freezing times or nucleation temperatures of water 
droplets on different surfaces. 

Figure 18. A representative series of time-lapse images for a water droplet freezing on a 
chemically modified substrate. This figure shows the freezing of a water droplet on a surface 

that had been reacted with ApAFP752. 

 

Figure 19. Results from droplet freezing on chemically modified substrates: (a) average 
freezing temperature taken from the start of the peak in the thermal data and (b) average 

nucleation start time for each sample taken as the time when ice crystals were first seen in 
the microscope images. 

 



ERDC/CRREL TR-22-17 26 

4 Discussion 

The results presented herein demonstrated that ApAFP752 has very little 
effect on the freezing of ice: the microstructure of polycrystalline ice and 
both the pseudohomogeneous and heterogeneous freezing temperatures 
were all statistically similar to those of the buffer alone. Attempts to study 
ApAFP752 by tethering it to a surface were unsuccessful, possibly due to a 
lack of availability of the necessary thiol group. It is noteworthy, however, 
that while ApAFP752 did not show any effect on freezing temperature or 
microstructure, it did have the ability to inhibit IRI.  

The lack of DIS and TH of ApAFP752 observed during our experiments is 
consistent with the null effects on freezing discussed above. These results 
are especially puzzling because previous studies have demonstrated that 
ApAFP752 has a TH (Mao et al. 2010). Observing a TH and DIS is ex-
pected for the ApAFP752 because it shares characteristics (i.e., the TCT se-
quence and the beta-helix structure) with hyperactive AFPs. However, the 
ApAFP752 we tested through these experiments did not show any signifi-
cant change in freezing temperature or DIS. Interestingly, despite the lack 
of TH and DIS, ApAFP752 still showed IRI activity, which is perplexing as 
it has been hypothesized that ice binding also affects IRI activity (Rahman 
et al. 2019).  

It is also possible that an AFP can exhibit IRI activity but not necessarily 
show any TH or DIS. Some studies have suggested that there is no 
mechanistic relationship between the TH, DIS, and IRI activity 
(Gruneberg et al. 2021). It is possible that one of the mechanisms for IRI 
may not even depend on any ice binding; one hypothesis was that the AFP 
can prevent ice recrystallization staying within the quasi-liquid layer of the 
forming ice, instead of actually binding to the ice (Biggs et al. 2019). 
However, the reasons for this lack of correlation between TH and IRI are 
still not entirely understood. 

One possible explanation for this discrepancy in results is that the protein 
has undergone unfolding. An extra cysteine was added to ApAFP752 to fa-
cilitate subsequent derivatizations with other chemical moieties. This cys-
teine or different expression conditions could have disturbed the cysteine 
residues in the disulfide linkages that formed the beta-helix structure, 
causing the protein to unfold (De Rosa et al. 2021). Because DIS and TH 
are highly dependent on the ice-binding site maintained from the 
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structure of the AFP, an unfolded protein would result in a loss of activity, 
and thus, there would be no DIS or TH. Characterization of the AFP struc-
ture would be needed to fully confirm that this is the case.  

The FTIR analysis on a highly concentrated ApAFP752 solution showed no 
peak corresponding to the presence of S-H bonds. This could explain why 
the ApAFP752 was not detected on the glass surfaces after undergoing 
functionalization; the S-H bond is crucial to reacting with the maleimide 
functional group of the SM(PEG)n crosslinker (Thermo Scientific 2012). 

Whether DIS, TH, or IRI is a more important antifreeze property for con-
trolling icing depends on the application. For instance, in the field of cryo-
preservation, having a high IRI and a low TH is desirable because ice 
shaping and ice regrowth can cause damage to the cells or organs being 
preserved (Chang and Zhao 2021). From our results, it seems that the AFP 
having no DIS or TH correlates to the lack of change in freezing droplets. 
However, it is still unclear which AFP properties are associated with re-
duced ice adhesion.  
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5 Conclusions  

Results from various freezing experiments showed that neither the TrxA-
ApAFP752 nor cleaved ApAFP752 showed any significant difference in 
shaping ice during growth or delaying or preventing freezing. These obser-
vations were supported by the noticeable DIS and TH exhibited by the 
Type III AFP. As a result of the lack of activity from ApAFP752, freezing 
experiments for ApAFP752 appeared to be dominated by the colligative ef-
fects of the buffer solution instead of by the AFP itself. However, 
ApAFP752 exhibited IRI activity, suggesting that the mechanisms for IRI, 
TH, and DIS for AFPs are not necessarily related. In addition, attempts to 
graft ApAFP752 to glass surfaces for further freezing studies left open 
questions about the availability of the needed thiol group on the AFP for 
reaction with the pendant maleimide on the surface. Additional studies on 
the presence and location of the thiol group are needed before further sur-
face grafting studies can proceed. 
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Abbreviations 
AFP Antifreeze protein 

AFM Atomic force microscopy 

AHAMTES N-(6-aminohexyl)aminomethyltriethoxysilane 

BSA Bovine serum albumin 

DIS Dynamic ice shaping 

DMSO Dimethyl sulfoxide 

DTGS Deuterated triglycine sulfate 

EDTA Ethylenediaminetetraacetic acid 

FTIR Fourier Transform Infrared 

IBS Ice-binding surface 

IR Infrared 

IRI Ice recrystallization inhibition 

MGA Mean grain area 

NHS N-hydroxysuccinimide 

PBS Phosphate-buffered saline 

QAE Quaternary aminoethyl 

Ra Roughness value 

ROI Region of interest 

SP Sulfopropyl 

T Threonine 

TCT Threonine-cysteine-threonine 

TH Thermal hysteresis 
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