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Abstract 

BACKGROUND: Keratinocytes are exposed to a thermal gradient throughout 

epidermal layers in human skin depending on environmental temperatures.  

OBJECTIVE: Here, the effect of cyclic temperature changes (ΔT) on HaCaT cell 

behaviors was explored.  
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METHODS: HaCaT cells were cultured at constant temperature (37 °C or 25 °C) 

or under ΔT conditions. The morphology, mechanics, cell cycle progression, 

proliferation, and lipid synthesis of HaCaT cells were determined. 

RESULTS: ΔT conditions led to the inhomogeneous arrangement of the 

cytoskeleton in HaCaT cells, which resulted in enlarged size, rounder shape, and 

increased stiffness. Accumulation in the G2/M phase in the cell cycle, a decreased 

proliferation rate, and a delayed lipogenesis were detected in HaCaT cells 

cultured under ΔT conditions.  

CONCLUSIONS: ΔT conditions resulted in the re-arrangement of the 

cytoskeleton in HaCaT cells, which showed similarity to the temperature-induced 

disassemble and re-assemble of cytoskeletons in keratinocyte in vivo. The altered 

cytoskeleton arrangement resulted in the cell enlargement and stiffening, which 

reflected the changes in cellular functions. The application of oscillatory 

temperature in the in vitro culture of keratinocytes provides a way to gain more 

insights into the role of skin in response to environmental stimuli and maintaining 

its homeostasis in vivo. 

Keywords: oscillatory temperature, HaCaT cells, mechanics, morphology, 

proliferation  
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Introduction 

The skin barrier plays an important role in response to environmental stimuli and 

maintaining tissue homeostasis [1]. The barrier function of skin is affected by 

ambient temperatures. Decreased temperature would lead to a general decrease 

in skin barrier function and increased sensitivity to physical or chemical stress, 

which might be attributed to the alterations in keratinocytes [2]. This result 

suggested that keratinocytes not only form the physical barrier but also act as 

thermal receptors in skin [3]. Keratinocytes were capable of thermal transduction 

and are required for normal cold (15 ºC to 30 ºC) and heat (> 43 ºC) sensation 

[4,5]. The transient receptor potential (TRP) superfamily serves as 

thermoreceptors in keratinocytes [6,7]. TRPV1 and TRPV2 are heat transducers 

[8], whereas TRPM8 transduce cold-dependent signals [6]. For instance, TRPM8 

could mediate the Ca2+ shuttling from the endoplasmic reticulum to mitochondria, 

resulting in alterations in mitochondrial ATP and superoxide production [6].  

Temperature variations could lead to robust changes in keratinocyte physiology, 

which drives the rhythmic skin functions [9]. The rhythms could be modulated 

through controlling the period, amplitude, and phase of temperature oscillations 

[10,11]. On the molecular level, these changes are related to changes in the 

translation regulatory networks, proteome networks, and metabolic networks 

[9,10,12]. For instance, the keratin filaments could disassemble when exposure 

to elevated temperature (43 °C) within 15 minutes and resemble in 60 minutes 
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after temperature returned to 37 °C [13]. This result may explain how temperature 

affects the barrier function and integrity of skin, considering keratins are the 

major components for withstanding the external stimuli [14,15].  

In static monolayer culture, keratinocytes are maintained generally under the 

constant culture conditions, including nutrients, oxygen level, temperature, and 

humidity [16]. However, the human skin temperature is within the range of 24 ºC 

to 33 ºC, when unprotected [7,17]. Here, a thermal chamber was employed to 

control the cyclic temperature from 37 °C to 25 °C (ΔT) to mimic the temperature 

devotions experienced by skin keratinocytes in vivo. Cell cycle progression was 

determined using flow cytometry. Cell mechanics and morphology including cell 

topography, area, and aspect ratio was measured using atomic force microscopy, 

and confocal laser scanning microscopy. Cell proliferation potential and 

lipogenesis were next evaluated. We hypothesize that the application of 

oscillatory temperature in the in vitro culture of keratinocyte leads to rapid 

changes in cell morphology. The changes in cell morphology are attributed to the 

re-arrangement of cytoskeleton, which induces alterations in cell mechanics. The 

altered cell mechanical properties may be related to the physiological responses 

in keratinocytes, such as cell cycle progression and metabolism. Taken together, 

the oscillatory temperature mimics the variation of temperature in nature, which 

is required for a better understanding of the cellular response to the environmental 

signals (Figure 1). 
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Figure 1. Schematic diagram depicting the responses of skin keratinocytes 
to the oscillatory temperature. Ambient temperature variations could induce 
changes in keratinocyte morphology and mechanics, and further resulted in a 
difference in keratinocyte behaviors, including changes in proliferation, 
differentiation, and metabolism. 

 

Method 

Cell culture 

HaCaT cells were purchased from American Type Culture Collection (ATCC, 

USA). HaCaT were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% (v/v) fetal bovine serum (Life Technologies, Germany) 

at 37 °C in a humidified atmosphere containing 95% (v/v) air and 5% (v/v) CO2. 

Once reaching 80% confluence, cells were dissociated into single cells using 0.25% 

(w/v) Trypsin-EDTA (Gibco, Germany) and seeded onto TCP with desired 

density. Fresh culture medium was changed every other day. Cells were cultured 
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in a thermal chamber (Instec, USA) providing either periodic cooling (25 °C, 1 

hour)/heating (37 °C, 1 hour) cycles (ΔT) or constant cold stress (25 °C). HaCaT 

cells cultured at 37 °C was used as control group. 

Flow cytometry 

For cell cycle analysis, HaCaT cells were seeded onto TCP at a density of 5.0 × 

103/cm2 and cultured at 37 ºC, 25 ºC, or under ΔT conditions. After 2 days of 

culture, cells were harvested and fixed with cold 70 % v/v ethanol at 4 ºC 

overnight and then stained with FxCycle™ PI/RNase Staining Solution (Thermo 

Fisher Scientific, Germany) at room temperature for 30 minutes. Flow cytometer 

(MACSQuant®, Miltenyi Biotec, Germany) was applied to detect the stained cells, 

and the fractions of cells in different phases of the cell cycle were analyzed based 

on Dean-Jett-Fox model using FlowJo V10 (FlowJo LLC, USA).  

Atomic force microscopy (AFM) 

During the AFM  experiments, HaCaT cells were maintained at the same 

temperature as in culture (37 °C or 25 °C), cells kept before under ΔT conditions 

were maintained at 25 °C. An AFM probe (qp-BioAC-10, NanoAndMore GmbH, 

Germany) was used to generate images of cells by QI™ mode (128 × 128 arrays 

of force-distance curves). Cell topography and mechanics were processed using 

JPKSPM Data Processing software (JPK, Germany). Hertz model was used to 

calculate Young's modulus from the force curve at each pixel. 
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Cytoskeleton staining 

Microfilaments, microtubules, and intermediate filaments were stained to observe 

the changes in the arrangement of the cytoskeleton. Briefly, HaCaT cells were 

fixed with 4% (w/v) paraformaldehyde (PVA, Sigma Aldrich, Germany) for 10 

minutes at room temperature and then permeabilized with 0.1% (v/v) Triton X-

100 (Sigma Aldrich, Germany) for 10 minutes at room temperature. Pan 

Cytokeratin (ThermoFisher Scientific, Germany) was used to stain intermediate 

filaments at 4 °C overnight. Then secondary antibody staining was performed at 

room temperature for 1 hour using Goat anti-Mouse Alexa Fluor 633 

(ThermoFisher Scientific, Germany). FITC-conjugated β-tubulin (Sigma Aldrich, 

Germany) and TRITC-Phalloidin (Sigma Aldrich, Germany) were used to stain 

microtubules and F-actin at room temperature for 1 hour. Then, nuclei were 

stained with 0.5 µg/mL 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 

Germany). Cell morphology was determined using a confocal laser scanning 

microscope (LSM 780, Carl Zeiss, Germany). The cell spreading area and the 

aspect ratio of cells were analyzed using ImageJ software (National Institutes of 

Health, USA). 

Proliferation assay 

HaCaT cells were seeded at a density of 5.0 × 103/cm2 on TCP and cultured at 

37 ºC, 25 ºC, or under ΔT conditions for 7 days. The cell number was measured 

using the FluoReporter™ Blue Fluorometric dsDNA Quantitation Kit 
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(ThermoFisher Scientific, Germany). The standard curve that represents the 

relationship between the fluorescent intensity and a series of cells with known 

numbers was obtained according to the manufacturer’s instruction. Samples were 

harvested at indicated time points and were frozen at -80 °C. The frozen samples 

were thawed and the fluorescent probes were added to the cell lysate. The 

fluorescence intensity was measured by a microplate reader (Infinite 200 PRO, 

Tecan Group Ltd., Switzerland). The cell number was calculated from the 

standard curve.     

Lipid synthesis  

After removing the culture medium, cells were fixed with 4% (w/v) PFA for 15 

minutes and washed with PBS at room temperature. Cells were then stained using 

0.2% (w/v) Oil red O (Sigma Aldrich, Germany) at room temperature for 30 

minutes. To extract the Oil red O-stained lipid droplets, 100% (v/v) isopropanol 

was used. Elusion was performed for 10 minutes at 120 rpm on an orbital shaker. 

For each sample, 100 µL of the eluate was transferred to a 96-well plate and the 

absorbance at 490 nm was measured by a microplate reader (Infinite 200 PRO, 

Tecan Group Ltd., Switzerland). 

Statistical analysis 

Data were collected from at least three independent experiments and are 

expressed as the mean value ± standard deviation (SD). Statistical analysis was 
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performed using one-way or two-way ANOVA followed by Tukey's test in 

GraphPad Prism software (Version 8.0.1, USA). Differences were considered 

statistically significant at p < 0.05. 

 

Results and Discussion  

Cytoskeleton arrangement and morphological alteration 

To visualize the temperature effects on the cytoskeleton arrangement, the major 

components of the mammalian cytoskeleton [18,19], filamentous actin (F-actin), 

intermediate filament (Pan Cytokeratin), and microtubule (β-tubulin), were 

detected using the confocal laser scanning microscopy. The culture temperature 

grossly affected the arrangement of the cytoskeleton (Figure 2A). Constantly 

exposed to low temperature led to cell shrinking, the distribution of all three 

cytoskeleton components was restricted around the nuclear regions. In the 37 ºC 

and the ΔT group, β-tubulin showed a fibrous pattern and distributed all over the 

cytoplasm, spreading from the perinuclear area towards the cell margin. In 

HaCaT cells cultured at 37 ºC, F-actin stress fibers were visible and aligned with 

the long axis of the cell. By contrast, in HaCaT cells cultured under ΔT conditions, 

F-actin fibres were disintegrated and present as small fibrils or amorphous 

aggregate structures throughout the cell. Less long fibrils were observed at the 

cell periphery in ΔT groups compared to those cultured at 37 ºC. In contrast to 
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microfilaments and microtubules, intermediate filaments are expressed in a 

tissue-specific manner [18]. Keratins are the intermediate filament proteins 

characteristic of keratinocytes. The staining of cytokeratin showed highly 

organized networks, located not only around the nuclear areas but also throughout 

the cytoplasm. In HaCaT cells cultured under ΔT conditions, more keratin 

bundles and knots tended to wrap around the cell nuclei to form a cage-like 

structure, as compared to those cultured at 37 ºC. This might be attributed to the 

function of keratins playing a central role in sustaining external stresses in 

epithelial cells [20].  

To further evaluate the temperature effects on cell morphology, the contact areas 

of cells with the substrate were quantified. The area of substrate contact of HaCaT 

cells cultured under ΔT conditions was significantly larger than control cells that 

were cultured at 37 ºC, while of those that were cultured at 25 ºC were 

significantly smaller than control cells (Figure 2B). Another important character 

of cell shape is the cell aspect ratio that has a significant influence on cell 

behaviors. The cell aspect ratio, which is defined as the ratio of the length of the 

major axis to the length on the minor axis of a single cell, was used to quantify 

the cell elongation. HaCaT cells cultured at 37 ºC exhibited the highest aspect 

ratio, and those cultured at 25 ºC showed the lowest aspect ratio (Figure 2C). ΔT 

conditions caused the HaCaT cells to become larger in size, and rounder in shape, 

as compared to those cultured at 37 ºC.  
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Figure 2. Arrangement of cytoskeleton in HaCaT cells. (A) Representative 
images of HaCaT cells cultured under different conditions. Three major 
components of the cytoskeleton, microtubule (β-tubulin, green), filamentous 
actin (F-actin, red), and intermediate filament (Cytokeratin, pink) were detected. 
Nuclei were counterstained with DAPI (blue), scale bar = 20 µm. The area of 
substratum contact (B) and the aspect ratio (C) of HaCaT cells was plotted (at 
37 ºC, n=132; under ΔT conditions, n=189; at 25 ºC, n=195; one-way ANOVA 
followed by Tukey’s test, * p<0.05). 

Topography and mechanics 

Temperature changes could not only result in the alteration of cell morphology 

but also cell mechanics. To directly analyze the temperature effects on HaCaT 



12 

 

cell elasticity, in situ imaging of single cells was performed with AFM. The AFM 

contact point images showed that the height in nuclei regions generally raised and 

the cell topography sloped away from the nucleus to the cell margin (Figure 3). 

A heightened edge at cell peripheries was observed in HaCaT cells cultured at 

25 ºC, as compared to 37 ºC and ΔT groups. Cold exposure could lead to an 

increase in the height of nuclei, which might be the result of variation in the 

vertical nuclear-cytoskeletal arrangement [21]. Studies have demonstrated that 

nuclei are able to respond to external stimuli through adjusting their stiffness [22]. 

Young’s modulus maps (Figure 3) showed the elasticity of cells was variable for 

the different points on the cell surface, as the cell membrane is highly 

heterogeneous [23]. At 37 ºC, HaCaT cells were more compliant. In response to 

low temperature, Yong’s modulus of the HaCaT cell increased,  which might be 

explained by alterations in the arrangement of cytoskeleton [24]. 
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Figure 3. HaCaT cell topography and mechanics. Representative AFM QI 
image of a single HaCaT cell. For cells cultured at 37 ºC, the AFM measurement 
was conducted at 37 ºC; for cells cultured at 25 ºC or under ΔT conditions, AFM 
measurement was conducted at 25 ºC.  

Cell cycle progression and metabolism 

The temperature variations could not only induce changes in cytoskeletal 

organization and the mechanical properties of cells, but also lead to alteration in 

cellular functions [25,26]. The cell cycle distribution patterns of HaCaT cultured 
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under different conditions was shown in Figure 4A. Temperature decrease led to 

a decrease in the percentage of cells in S phase and an increase in G2/M phase. 

In HaCaT cells cultured at 25 °C, the number of cells in G0/G1 phase was higher 

than those cultured at 37 °C. While for those cells cultured under ΔT conditions, 

a decrease of cells in G0/G1 phase but an increase of cells in G2/M phase were 

detected as compared to those cultured under static conditions. Previous studies 

showed that progression through G1 and S was not blocked by “sub-optimal” 

(25 ˚C-33 ˚C) temperatures, but these cells failed to undergo the G2/M transition 

[27]. This was consisting with our result that cold exposure led to an 

accumulation of cells in G2/M (Figure 4B). More cells were accumulated in 

G2/M under ΔT conditions compared to those cultured at 25 °C constantly, 

suggesting this oscillatory temperature could influence more temperature 

sensitive processes that modulate the progression through G2/M phase.  
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Figure 4. Cell cycle analysis of HaCaT cells cultured under different 
conditions. (A) Representative cell cycle distribution of HaCaT cells cultured at 
different conditions. The cells were analyzed using flow cytometry after 48 hours 
of cultivation. (B) Bar graphs showing the percentage of cells in the indicated 
phases of the cell cycle. (one-way ANOVA followed by Tukey’s test, n = 3, * 
p<0.05). 

As shown in Figure 5A HaCaT cells cultured at 37 ºC rapidly proliferated from 

day 1 to day 4, but from day 4 to day 7, the proliferation almost ceased as the 

proliferative rate dropped tremendously. This might be a result of cell reaching 

confluence overtime. Although the proliferation was relatively slow in HaCaT 

cells cultured under ΔT conditions, the proliferation rate of those cells gradually 

increased with time. This might be the result of a cold-induced delay in entering 



16 

 

mitosis in cells and then the cells re-enter mitosis and complete division as 

temperature increased [27]. For those cultured at 25 ºC continuously could not 

proliferate, and cell death was observed after day 4. Keratinocytes are able to 

differentiate from the proliferative layer to the spinous and granular layers that 

are able to synthesize lipid, and end up with the non-living stratum corneum [28]. 

The synthesis of neutral lipids could be an indicator of the spontaneous 

differentiation of HaCaT cells in vitro. Lipid drops could be observed in HaCaT 

cells 7 days after cultured at 37 ºC, while a delayed formation of lipid drop was 

found in HaCaT cells cultured under ΔT conditions or at 25 ºC (Figure 5B). The 

rate of lipogenesis, especially of neutral lipids, was sensitive to the changes of 

culture temperature [29].  

 

Figure 5. Temperature effect on HaCaT cell proliferation and lipid synthesis. 
(A) Proliferation potential of HaCaT cells (two-way ANOVA followed by 
Tukey’s test, n=3, * p<0.05). (B) Synthesis of neutral lipids in HaCaT cells (one-
way ANOVA followed by Tukey’s test, n=5, * p<0.05).  

In vivo studies showed that heat or cold treatment could compromise the skin 

barrier homeostasis [30,31]. The barrier function could be recovered after the 
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removal of thermal stimuli, which was related to the temperature induced Ca2+ 

influx in keratinocytes [30,31]. In addition , the physiological responses of skin 

to temperature variations are also related to the metabolic adjustment in 

keratinocytes [32]. In our study, HaCaT keratinocytes showed alterations in cell 

morphology and mechanics through cytoskeleton re-arrangement and preserved 

their proliferative capacity in response to the oscillatory temperature, suggesting 

the in vitro cultured keratinocytes are capable of adapting the thermal stimuli. 

Taken together, both the in vivo and the in vitro skin keratinocytes are able to 

precisely adapt to daily cyclic alterations in the ambient environment to maintain 

the skin homeostasis.  

 

Conclusion  

The present study explored the adaptation of in vitro cultured keratinocytes to the 

oscillatory temperature. The oscillatory temperature (from 37 ºC to 25 ºC) 

induced altered organization of cytoskeletons, which was related to the cold-

induced cell enlargement and stiffening. The delayed progression through the 

G2/M phase in the cell cycle, prolonged HaCaT cell life-span, and hindered 

lipogenesis were partly attributed to the changes in cell mechanics. This might 

also be the result of temperature oscillation-induced change in 

transcriptional/translational regulation and metabolism, which need to be further 

studied in the future. Taken together, our findings showed the altered behaviors 
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of keratinocytes in response to the oscillatory temperature, which advanced our 

understanding of how the human skin senses and responds to environmental 

stimuli. We established a versatile cell culture system by controlling the 

environmental temperature and directing cell development. This method can be 

combined with various imaging technology simultaneously and enable long-term 

observation. Our biophysical means is simple, straightforward and cost-effective 

in achieving the effective cell phenotype transformation. Through precise control 

over the temperature, the dynamic in vitro cell culture systems provide us a 

unique platform to mimic in vivo microenvironments for developing in vivo-like 

skin equivalents in the future. 
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