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Abstract: Through the process of cryopreservation, cells are stored at very low temperature for a 

long time to decrease the biological and chemical reactions in viable cells. In this process, the 

administration of cryoprotective agents is crucial since cryopreservation is regarded as a leading 

process in various research fields such as biotechnology, clinical medicine and maintenance of both 

animal and plant cells. Even after a long time of storage in very low temperatures, a recovery is 

achieved by cryo-preservative agents that act on cellular metabolism and biophysiology of cells. In 

the current study, the effect of boron on cryopreservation of human lung cancer cell line, A549, 

and murine fibroblast cell line, L929, was investigated with the help of cell viability assay, colony 

forming unit assay and RT-PCR analysis. 15 µg/ml boron supplemented freezing medium was 

found to indicate a positive effect on cell viability. Moreover, gene expression profiles of A549 and 

L929 cell lines have been altered. The levels of apoptosis related genes decreased while 

proliferation related gene levels increased significantly after repeated freeze-thaw cycles or long 

period of freezing. As indicated through our results, sodium pentaborate pentahydrate, as a boron 

source, might be a crucial cryoprotective agent for cryo-protection and bio-banking of cancer and 

healthy cells while keeping their viability and functionality. 

Özet: Canlı hücrelerin uzun süre boyunca çok düşük sıcaklıklarda saklanması işlemi kriyo-

korunma olarak adlandırılır. Kriyo-koruma işlemi biyoteknoloji, klinik çalışmalar ve hayvan veya 

bitki hücreleriyle ilgili birçok çalışmada çok önemli bir rol oynadığından dolayı, kriyo-korumada 

kullanılan ajanların araştırılması son derece mühimdir. Kriyo- koruma ajanları, hücresel 

metabolizma ve biyofizyoloji üzerindeki etkileri nedeniyle uzun süreli kriyo-korumanın ardından 

hücresel canlılığın korunmasını sağlarlar. Mevcut çalışmada; hücre canlılık testi, koloni oluşturma 

testi ve gerçek zamanlı polimeraz zincir reaksiyonu tekniklerinden yararlanılarak, borun kriyo-

koruma üzerindeki etkisi, insan akciğer kanser hücre hattı, A549 ve fare fibroblast hücre hattı, L929 

kullanılarak araştırılmıştır. Hücre dondurma ortamını 15 µg/ml bor ile desteklemenin hücre 

canlılığı üzerine olumlu etki ettiği gözlemlenmiştir. Ayrıca, tekrar eden dondurma - çözme 

döngüleri ve uzun süreli kriyo-koruma sonucunda, gen anlatım profilleri değişen A549 ve L929 

hücre hatlarının, bor takviyesi sonrasında, programlı hücre ölümüyle alakalı genlerinin anlatımında 

azalma, hücre çoğalması ile ilgili genlerinde de artış gözlemlenmiştir. Sonuçlarımız göstermiştir ki 

bor kaynağı olarak sodium pentaborat pentahidrat, kanser veya sağlıklı hücrelerin canlılıklarını 

kaybetmeksizin dondurulmalarını ve hücrelerin uzun süreli saklanmaları için son derece önemli bir 

kriyo-koruyucu ajan olarak kullanılabilir. 

 

Introduction

Cryopreservation is a process that is used to store cells 

for a long period of time at very low temperature which 

reduces the biological and chemical reactions in viable 

cells (Pegg 2007). Cryopreserved cells are in the state 

called suspended animation which refers to decreasing 

biological functions of the cells to keep them in fine 

structure for desired period of time (Mazur 1970, Asfar et 

al. 2014, Sambu 2015). Nevertheless, due to water-to-ice 

transition, the formation of extra- and intracellular ice 

crystals can be mortal for living cells (Mazur 1970, 

Karlsson & Toner 1996, Pegg 2007). The freezing rate of 

the cells is important since slow cooling results in osmotic 

alterations caused by formed ice crystals or hypertonic 

medium. However, fast cooling causes an increase in 

intracellular ice formation (Jang et al. 2017). To 

overcome these limitations, freezing medium is supplied 

with cryoprotective agents to control water transport, 

nucleation and ice crystal formation (Jang et al. 2017). 
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Cryoprotective agents should possess some properties 

such as being biologically acceptable, being able to 

penetrate into the cell and being low toxic (Jang et al. 

2017).  With the purpose of maintaining the best survival 

rate of cells, the sample volume, cooling rate, warming 

rate and cryoprotective agent concentrations are required 

to be modified concerning different cell types (Yavin & 

Arav 2007). Therefore, optimizing the cryopreservation 

procedures by using effective cryoprotective agents is 

fundamental to reduce freeze-thaw stress.   

Boron is an abundant mineral that plays a critical role 

in microorganisms (Tanaka & Fujiwara 2008), plants 

(Warington 1923), animals (Park et al. 2005, Hu et al. 

2014) and humans (Clarke et al. 1987, Park et al. 2005). 

Previous studies showed that cell wall and membrane 

unity of plant cells is disrupted due to the lack of boron 

suggesting that boron is involved in membrane integrity 

(Dordas & Brown 2005). Furthermore, several studies 

demonstrated that boron is a key player in wound healing 

as well as in cellular proliferation (Blech et al. 1990, 

Dogan et al. 2014, Demirci et al. 2015, Demirci et al. 

2016). Boron was also demonstrated as a potential 

cryoprotective agent in mesenchymal stem cells (Demirci 

et al. 2014) and semen (Yeni et al. 2018) culture systems. 

In this study, sodium pentaborate pentahydrate (NaB) was 

used as a boron source to investigate the effects of boron 

on cryopreservation of human lung carcinoma cell line, 

A549, and murine fibroblast cell line, L929. Thus, the use 

of NaB aims to develop an advanced method that offers a 

decrease in the adverse effects of long-term 

cryopreservation and freeze–thaw procedures. 

Materials and Methods 

Cell Lines  

A549 and L929 cell lines were purchased from ATCC 

(American Type Culture Collection, Rockville, MD). 

Dulbecco's Modified Eagle's Medium (DMEM, Gibco, 

UK) which was supplemented with 10% fetal bovine 

serum (FBS, Gibco, UK) and 1% 

Penicillin/Streptomycin/Amphotericin (PSA, Gibco, 

UK), was used as a culture medium for both cell lines. 

Cells were incubated in humidified incubator at 37°C. 

Atmospheric conditions were adjusted as 5% CO2. Cells 

were de-attached from the surface with the help of 0.25% 

trypsin-EDTA (Gibco, UK). Additionally, cells were kept 

in growth phase at all times by controlling the confluence 

less than 80%. 

Freeze-Thaw Cycles 

Freeze-Thaw cycles were conducted to determine any 

potential cryoprotective effect of NaB on A549 and L929 

cells. Freezing procedure was conducted as described 

previously with minor alterations (Demirci et al. 2014).  

Briefly, cells were trypsinized and counted with 

hemocytometer. 106 cells were suspended in 1 ml freezing 

medium (90% FBS, 10% DMSO) with or without 15 

µg/ml NaB supplementation. Cells were cryopreserved in 

2 ml cryo-vials. The cryo-vials were frozen in Nalgene 

Mr. Frosty (Thermo Fisher, Waltham, MA, USA) to 

ensure gradually freezing at -80°C. After 24 hours, frozen 

cells were transferred to -196°C liquid nitrogen tank. 

Thawing was performed by increasing the temperature to 

37°C immediately to reduce harmful effects of 

dimetilsulfoxide (Me2SO, DMSO). Viable cells were 

counted after each thaw. Cell viability test was conducted 

by using trypan blue (T-8154, Sigma-Aldrich) and a 

hemocytometer. The cryo-preservative effect of NaB was 

determined by two different experimental designs, short-

term and long-term cryopreservation. Routine cell culture 

conditions and cell banking for extended period of time 

were mimicked by short-term and long-term freeze-thaw 

cycles, respectively. Thawing procedure was performed 

after 1 day or 6 months after each cycle for short-term and 

long-term cryopreservation, respectively. Following each 

thawing, cells were cultured up to 80% confluency before 

they were subjected to another freezing cycle. 

Colony Forming Unit (CFU) Assay 

Alterations in colony-forming capability caused by 

freeze-thaw cycle were determined via CFU assay 

(Digirolamo et al. 1999). After each thaw, A549 and L929 

cells were plated in six-well plates (Corning, NY) as 300 

cells/well. Culture medium was changed in every 48 

hours with fresh growth medium (10% FBS, 1% PSA 

containing DMEM high glucose) for 15 days. Formed 

colonies were fixed by using 4% paraformaldehyde and 

stained with crystal violet. ZEISS microscopy system 

with AxioCam ICc 5 camera and ZEN2 (blue edition) 

application was used to take pictures. 

Real Time PCR Assay 

Distinguishing primers for Beta actin (β-actin), 

Caspase-3, Caspase-7, B-cell lymphoma 2 (BCL2), 

Myelocytomatosis (C-MYC), Nuclear Factor Kappa B 

(NFKB), P53, Ubiquitin Specific Protease 7 (USP7) were 

designed by using the Primer-BLAST software (National 

Center for Biotechnology, USA) and Sentegen (Turkey) 

synthesized the primers. Relative gene expression levels 

were determined by SYBR Green method (Navarro et al. 

2015). Briefly, 5 µl of PowerUp™ SYBR™ Green Master 

Mix (Thermo-Fisher, USA) was supplied with 1.5 µl 

dH2O, 1 µl primer and 2.5 µl cDNA for each well of 96-

well PCR plate. RT-PCR conditions were applied by 

using RT-PCR system (Bio-Rad, Hercules, CA). 

Statistical Analysis 

All experiments were conducted at least three times. 

Normality assumptions were checked using Shapiro-Wilk 

test by using GraphPad Prism 7 software. Statistical 

analyses were conducted using one-way ANOVA and 

Tukey’s post hoc test by using GraphPad Prism 7 software. 

Statistical significance was determined as P < 0.05. 

Results 

NaB supplementation protects A549 and L929 cells in 

cryopreservation process 

To identify the effect of NaB on repetitive freeze-thaw 

cycles, trypan blue staining was conducted. A549 and L929 
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cells were frozen and thawed for four times, repetitively, 

and viable cells were counted and compared. Results 

showed that after first freeze-thaw viable A549 and L929 

cells were increased by 1.5 and 3 fold, respectively (Fig. 

1A). Moreover, cryopreservation media supplemented with 

15 µg/ml NaB increased the cell viability of A549 cells by 

2.5 fold after second freeze-thaw cycle in which viability of 

L929 cells were observed to be increased by 3 fold (Fig. 

1B). Similarly, increased profile of cell viability was 

noticed in both A549 (1.4 fold) and L929 (2 fold) cells after 

third cycle (Fig. 1C). However, the most remarkable results 

were obtained after fourth freeze-thaw cycle. Cell viability 

of A549 cells increased by 4 fold and L929 cells by 3.3 fold 

(Fig. 1D). 

NaB supplemented cryopreservation medium alters 

colony forming capacity of A549 and L929 cells 

CFU assay was conducted to determine the possible 

changes in colony forming capacity of A549 and L929 

cells after short term freeze-thaw cycles. Obtained results 

demonstrated that the amount of A549 colonies doubled 

after NaB addition to cryopreservation media (Fig. 2A-B). 

Furthermore, dramatically bigger colonies were noticed in 

NaB included cryopreservation group (Fig. 2C). 

However, there was no significant change observed in 

number of L929 colonies between control and NaB 

groups (Fig. 2D-E). Also, no significant change was 

detected in diameter of L929 colonies after short term 

cryopreservation (Fig. 2F). 

 

Fig. 1. NaB decreases the harmful effects of freeze-thaw cycles on viability of A549 and L929 cell lines. 106 cells were suspended in 

1ml freezing medium with or without 15 µg/ml NaB supplementation. Cell viability analysis was conducted after first (A), second (B), 

third (C) and fourth (D) freeze-thaw cycles. NC: Negative control, NaB: sodium pentaborate pentahydrate, P<0.05. 

NaB supplemented cryopreservation medium changes 

gene expression profiles of A549 and L929 cell lines 

To investigate the effect of NaB supplemented 

cryopreservation medium on gene expression profiles of 

A549 and L929 cell lines, RT-PCR assay was performed. 

A549 and L929 cells were frozen and thawed for four times 

and after each thaw, alterations in CASP3, CASP7, BCL2, 

C-MYC, NFKB and P53 gene expression levels were 

determined. Fig. 3 demonstrates that after the first freeze 

thaw cycle, expression levels of BLC2 gene dramatically 

increased in both A549 (12.6 fold) and L929 (3.5 fold). 

Approximately, 2-fold increase was observed in BCL2, C-

MYC and NFKB expression levels in A549 cell line after 

the second freeze-thaw cycle. Similarly, expression levels 

of C-MYC (2 fold) and NFKB (2.3 fold) genes increased in 

L929 cells after the second freeze-thaw cycle. Additionally, 

after the second cycle, CASP3 gene expression level was 

found to be 4.6 and 5.99 fold decreased in A549 and L929 

cells, respectively. After the third cycle, BCL2 and C-MYC 

expression levels of A549 cells increased by 10 fold and 8.9 

fold, respectively. 5 fold increase in NFKB gene expression 

level was observed in L929 cell line after the third cycle. 

Last freeze thaw cycle with NaB supplemented media, 

resulted in a significant drop in P53 gene expression (27.7 

fold) compared to the control group. Also increased C-

MYC gene expression (2 fold) was observed in L929 cells 

after the fourth freeze-thaw cycle with NaB 

supplementation (Fig. 3). 

NaB supplemented freezing media prevents A549 and 

L929 cells from long term cryo-damage 

In addition to the short-term freeze-thaw cycles, the 

long term cryo-preservative effect of NaB 

supplementation was also investigated in A549 and L929 

cells. Frozen cells were transferred into liquid nitrogen 

tank for 6 months and after that time, all experiments 

which were conducted for short-term freeze-thaw cycles, 

were replicated. Obtained results showed that, after long 

term cryopreservation, cell viability of A549 cells 

increased (5 fold) with NaB supplementation (Fig. 4A). 

Similarly, long term storage with regular freezing media 

resulted in a significant decrease (71.5%) in cell viability 
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of L929 cells compared to NaB including freezing media 

(Fig. 4B). After 6 months at -196°C, colony forming 

capacity of A549 cell line was found to be increased with 

NaB added freezing media (Fig. 4C). The amount of A549 

colonies nearly doubled after NaB supplementation (Fig. 

4D) and diameters of the colonies increased by 26.8 mm 

(Fig. 4E). Yet, there was no significant different observed 

in L929 colony forming capacity (Fig. 4F), the amount of 

colonies (Fig. 4G) and diameter of colonies (Fig. 4H). 

Furthermore, 4 fold increase in C-MYC gene expression 

was observed in A549 cell line (Fig. 4I). Additionally, the 

expression levels of CASP3 and CASP7 genes in A549 

cell line decreased by 37-fold and 48-fold, respectively 

(Fig. 4I). A significant decrease in CASP3 (10-fold) and 

CASP7 (5.2-fold) gene expressions was also observed in 

L929 cell line (Fig. 4J). Moreover, after long-term 

cryopreservation of L929 cell line with the NaB 

supplemented freezing media, BCL2 and P53 expression 

levels were found to be increased by 2 fold and 3.5 fold, 

respectively (Fig. 4J). 

 

Fig. 2. NaB supplemented cryopreservation medium protects the colony forming ability of A549 and L929 cell lines. 15 µg/ml of NaB 

supplementation increased the capability of colony formation of A549 cell line (A) in terms of number (B) and diameter (C) of colonies. 

There was no significant change detected in the colony formation ability of L929 cell line (D) as similar amount (E) and size of colonies 

(F) was observed. NC: Negative control, NaB: sodium pentaborate pentahydrate, P<0.05. 
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Fig. 3. NaB supplemented freezing medium alters the proliferation or apoptosis related gene expressions of A549 and L929 cell lines 

after each freeze-thaw cycle. NC: Negative control, NaB: sodium pentaborate pentahydrate, CASP3: Caspase 3, CASP7: Caspase 7, 

BCL2: B-cell lymphoma 2, C-MYC: Cellular myelocytomatosis, NFKB: Nuclear factor kappa B, P<0.05. 

Discussion 

Cryoprotective agents have several vital roles in the 

cryopreservation process which can be considered as 

one of the most important technologies in different 

research areas such as biotechnology, clinical medicine 

and maintenance of animal and plant cells. The multiple 

effects of these agents on cellular metabolism and 

biophysiology of cells provide a recovery with 

functionality even after long time of cryopreservation in 

very low temperatures (Elliott et al. 2017). Previous 

studies identified boron as a possible cryoprotective 

agent for cryopreservation of stem cells (Demirci et al. 

2014) and semen (Yeni et al. 2018). The cryoprotective 

effect of boron may be related to its ability to protect 

integrity and functionality of the membrane along with 

its interactions with ions to balance osmatic pressure 

(Park et al. 2004, Henderson et al. 2009). It is known 

that the type and the amount of cryoprotective agents 

might differ according to the cryopreserved cell type 

(Yavin & Arav 2007). Therefore, here we identify boron 

as a potential cryoprotective agent for human lung 

cancer cell line, A549, and murine fibroblast cell line, 

L929.  
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Fig. 4. As a cryoprotective agent, NaB protects A549 and L929 cell lines from harmful effects of long term freezing at -196°C. Cell 

viability of A549 (A) and L929 (B) cell lines was significantly increased by NaB supplementation after 6 months of cryopreservation. 

(C) Alterations in colony formation capacity of A549 cell line. The number (D) and diameter (E) of A549 colonies increased due to 

addition of NaB into cryopreservation medium. (F) Colony formation capacity of L929 cell line after cryopreservation with or without 

15µg/ml NaB supplemented freezing medium. There was no significant change observed in the amount (G) and diameter (H) of L929 

colonies after long-term cryopreservation. NaB supplemented freezing medium changes the proliferation/apoptosis related gene 

expressions of A549 (I) and L929 (J) cell lines after 6 months of freezing. NC: Negative control, NaB: sodium pentaborate pentahydrate, 

CASP3: Caspase 3, CASP7: Caspase 7, BCL2: B-cell lymphoma 2, C-MYC: Cellular myelocytomatosis, NFKB: Nuclear factor kappa 

B, P<0.05. 
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Previous studies demonstrated that boron 

supplemented cryopreservation medium significantly 

increases the cell viability of mesenchymal stem cells 

after freeze-thaw cycles (Demirci et al. 2014). Our 

results showed similar effects of boron on cell viability 

of A549 and L929 cell lines. The viable numbers of 

A549 and L929 cells were found to be significantly 

increased by the freezing medium supplemented with 

boron after short term freeze-thaw cycles. A similar 

effect of boron on cell viability was also observed even 

after long time cryopreservation of A549 and L929 cells 

as well. CFU result of A549 cell line also supports our 

results on cell viability. However, we observed no 

significant change in CFU assay of L929 cell line since 

CFU assay is used to detect stem cell products in the 

culture (Pamphilon et al. 2013). It is known that freeze-

thaw cycles alter the gene expression profiles of cells 

(Caliskan et al. 2014). Our RT-PCR analysis revealed 

that NaB addition increases the expression levels of 

proliferation-related genes in both A549 and L929 cell 

lines. The expression levels of BCL2, C-MYC and 

NFKB were found to be increased in both A549 and 

L929 cell lines during freeze-thaw cycles. It is known 

that Bcl2, an anti-apoptotic protein, can interact with C-

Myc and NFkB transcriptional pathways to increase 

proliferation and survival (Braun et al. 2013). Similarly, 

after long period of freezing, gene expression level of 

BCL2 was found to be increased in L929 cell line. 

Moreover, c-Myc as an essential protein for cell 

proliferation and reduction of apoptosis (Dang 1999) 

was found to be increased in A549 cell line after long 

term of cryopreservation with NaB supplemented 

medium. Furthermore, apoptosis related gene 

expression levels were found to be dramatically 

decreased in A549 and L929 cell lines after short term 

freeze-thaw cycles with boron supplementation. Gene 

expression level of P53 which is a vital protein for 

control of apoptosis (Fridman & Lowe 2003) is 

decreased after the fourth freeze-thaw cycle in A549 cell 

line. Additionally, expression levels of Caspase 3 and 7 

that are identified as executioner caspases (Cardona et 

al. 2015) were found to be decreased dramatically in 

both A549 and L929 cell lines after short term freeze-

thaw cycles. Long term cryopreservation of A549 and 

L929 with NaB supplemented freezing medium also 

resulted in a significant decrease of Caspase 3 and 7 

expression profiles. 

Conclusion 

Taken together, our results indicate that NaB, as a 

boron source, may be a very important cryoprotective 

agent for cryo-protection and bio-banking of cancer and 

healthy cells without losing their viability and 

functionality. The impact of boron on cryopreservation 

of various cell types should be further investigated to 

reveal the exact molecular mechanism of boron on 

cellular metabolism at low temperatures. Additionally, 

combination and comparison of different cryoprotective 

agents with boron should be investigated especially on 

highly sensitive cell lines such as embryonic stem cells 

and oocytes. 
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