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Abstract 

The purpose of the current study was to establish a valid protocol for nerve cryopreservation, and to evaluate if the 

addition of albumin supposed any advantage in the procedure. We compared a traditional cryopreservation method 

that uses dimethyl sulfoxide (DMSO) as cryoprotectant, to an alternative method that uses DMSO and albumin. Six 

Wistar Lewis rats were used to obtain twelve 20 mm fragments of sciatic nerve. In the first group, six fragments were 

cryopreserved in 199 media with 10% DMSO, with a temperature decreasing rate of 1 °C per minute. In the second 

group, six fragments were cryopreserved adding 4% human albumin. The unfreezing process consisted of sequential 

washings with saline in the first group, and saline and 20% albumin in the second group at 37 °C until the 

crioprotectant was removed. Structural evaluation was performed through histological analysis and electronic 

microscopy. The viability was assessed with the calcein-AM (CAM) and 4',6-diamino-2-fenilindol (DAPI) staining. 

Histological results showed a correct preservation of peripheral nerve architecture and no significant differences were 

found between the two groups. However, Schwann cells viability showed in the CAM-DAPI staining was 

significantly superior in the albumin group. The viability of Schwann cells was significantly increased when albumin 

was added to the nerve cryopreservation protocol. However, no significant structural differences were found between 

groups. Further studies need to be performed to assess the cryopreserved nerve functionality using this new method. 
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Introduction 

The main current indication for the use of cryopreserved nerve allografts is the reconstruction of 

extensive injuries of the peripheral nerve system (Mackinnon 1989). Nevertheless, the concept of tissue 

banking is an emerging field, and experimental research is being performed to find the protocols for the 

cryopreservation of several organs and tissues (Arav et al. 2017; Giwa et al. 2017; Zhang et al. 1998). 

Tissue allotransplantation has being performed successfully in a clinical setting, and cryopreservation 

could be used regarding its immunomodulatory properties and allowing tissue preservation for indefinite 

time (Dubernard and Devauchelle 2008). Tissue banking could allow immediate availability of different 

tissues for reconstructive purposes. 

 

The cryopreservation is a method for preserving tissues through the use of cold, leading to reduced tissue 

methabolic needs and to the immediate availability of the graft (Bakhach et al. 2007). The 

cryopreservation was proved successful in animal and human reproductive cells, arterial and venous 

vessels, tendon, cartilage, bone, heart valves, corneal tissue or skin (Jung et al. 2016; Li et al. 2017; 

Kiroshka et al. 2017; Shabani Nashtaei et al. 2017; Esther Rendal Vázquez et al. 2004; Sriuttha et 

al. 2016; Lisy et al. 2017; Díaz Rodríguez et al. 2017; Routledge and Armitage 2003; Pianigiani et 

al. 2016). Recently, it was also performed in composite tissue allografts, such as the epigastric flap in a 

rat model, with reported good outcomes (Cui et al. 2007). 

 

The nerve cryopreservation may lead to a decreased immunogenic response in the hostage, and would 

permit the storage of nerve tissue in tissue banking, being an immediate alternative in case of extent 

injury to the peripheral nerve system (Fansa et al. 2000). These immunomodulatory properties of 

cryopreservation have been associated to a reduction in cell viability. In the case of peripheral nerve, 

Schwann cells have been pointed out as the main immunogenic material within the nerve allograft. 

Cryopreservation of peripheral nerve leads to reduced Schwann cell viability, which helps decreasing 

immunogenic response. 

 

However, Schwann cells play an important role in nerve regeneration. That is the reason why the nerve 

regeneration through acellular nerve allografts is decreased compared to isografts (Fairbairn et al. 2016). 

The ideal protocol for nerve cryopreservation would allow preserving the viability of Schwann cells, and 

achieving immunotolerance or a decrease in host immunogenic response at the same time. In fact, 

cryopreservation proved to reduce the metabolic activity and the release of pro-inflammatory cytokines 

from the cryopreserved tissues, leading to a reduced monocyte and T cell migration (Schneider et 

al. 2017). 

 

The cryopreservation process is citotoxic because of two different mechanisms: the first one is due to the 

increase of extracellular osmolarity, the second one is due to the intracellular ice formation. Since there is 

an increased risk of cell death linked to cryopreservation, and only Schwann cells are sensitive to freezing 

in the peripheral nerve, the main objective of the process should be keeping the viability of Schwann 

cells, that would be unachievable in uncontrolled freezing (Arnaud 1992; Lassner et al. 1995). One of the 

parameters we must evaluate to reduce cell death is the cooling rate, and also the thawing rate, both of 

which depend on the tissue involved. Regarding nerve tissue, the best cryopreservation protocol to 

preserve Schwann cells viability and nerve architecture seems to be slow freezing and fast thawing (Zhu 

et al. 2014a). 

 

In addition, the cryopreservation of solid tissues such as nerve, unlike cell suspensions, could be 

subjected to other risks, such as fractures of the tissue. The protocol for nerve cryopreservation must 

ensure the absence of cracks or fractures of the nerve, which could compromise the use of the graft as a 

channel for nerve regeneration. 

 

Other parameters that would determine the viability of Schwann cells are the ischaemia time, the 

preservation solution used or the correct storage of the cryopreserved nerve graft (Arnaud 1992). 

Another variable that increases cell viability is the addition of cryoprotectant, such as glicerol or dimethyl 

sulfoxide (DMSO), which decreases the hyperosmolarity lesion, and are also specific for each tissue. 

Albumin is a serum high weight protein which acts as a stabilizing cell membrane protein, which is 

widely used in tissue banks for the cryopreservation of cells (hematopoietic progenitor cells) and tissues 

(heart valves, arteries, corneal tissue) (Delbosc et al. 1984).  
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The purpose of the current study was to establish a valid protocol for nerve cryopreservation by 

evaluating histological features of cryopreserved nerve allografts, and to evaluate if the addition of 

albumin supposed any advantage in the procedure. We compared a traditional cryopreservation method 

that uses DMSO as cryoprotectant, to an alternative method that uses DMSO and albumin. 

Methods 

Supply of the nerves 

The study was approved by the Institutional Review Board (Ethics Committee of Animal 

Experimentation at the University Hospital of A Coruña) and all animal care complied with the Guide for 

the Care and Use of Laboratory Animals. Six Wistar Lewis rats were used to obtain twelve 20 mm 

fragments of sciatic nerve. The surgical procedure was done under inhalation anaesthesia, and the 

euthanasia of the animal was performed in the same surgery, using intracardiac injection of potassium 

chloride, to avoid postoperative suffering. 

Preparation of the nerves 

Cold ischaemia (time from surgical removal of the nerve to antibiotic incubation) was inferior to 1 min. 

The nerve fragments were stored in sterile containers with antibiotic solution, at 4 °C for 20–24 h. The 

composition of the antibiotic solution was Vancomycin 50 mg/l, Amphotericin 5 mg/l, Amikacin 50 mg/l 

and Metronidazole 50 mg/l. After antibiotic incubation, the nerves were washed with saline and a 3 mm 

sample was taken for histology analysis. 

Experimental groups 

In the first group, six fragments were cryopreserved in 199 media with 10% of DMSO, without using 

albumin neither in the cryopreservation media nor in the unfreezing process. 

In the second group, six fragments were cryopreserved in 199 media with 10% DMSO and 4% human 

albumin, and during the unfreezing process sequential washings with saline and 20% human albumin 

were performed. 

Cryopreservation and thawing 

The volume of the cryopreservation solution per sample was 5 ml. The type of flask used is a 5 ml 

cryovial. 

 

For the cryoprotectant addition in the DMSO and albumin group, a 5 ml solution containing DMSO 

(10%), albumin (4%) and TC-199 media (86%) was prepared. The nerve was placed in the cryovial, and 

the solution was added drop by drop for 2 min. The cryovial was then stirred for 10 min at 4 °C. 

 

For the cryoprotectant addition in the DMSO group, a 5 ml solution containing DMSO (10%) and TC-

199 media (90%) was prepared. As it was with the DMSO and albumin group, the nerve was placed in the 

cryovial, and the solution was added drop by drop for 2 min. The cryovial was then stirred for 10 min at 

4 °C. 

 

Cryopreservation was carried out in a biological refrigerator (CM25 Carburos Metalicos SA, Madrid, 

Spain) with a programed temperature decrease of 1 °C/min until a temperature of − 40 °C was reached, 

and with cooling rate of 5 °C/min thereafter until − 140 °C was reached. The cooling rate was identical 

for both groups. The fragments were individually stored in sterile flasks inside tanks of nitrogen in gas 

phase at − 140 °C for 3 weeks. 

  



The thawing process was conducted at room temperature for 5 min, and then using a water bath at 37 °C 

for another 5 min.  

 

After that, five to six sequential washings of 5 min each were performed. For the DMSO and albumin 

group, three wells were prepared containing 5 ml of 20% albumin each. The nerve was left 3 min in each 

of them sequentially. For the DMSO group, one well was filled with 5 ml from the cryovial and another 

5 ml of saline. With a syringe, 5 ml were removed and 5 ml of saline were added, this proscess being 

repeated 5–6 times. 

Histological analysis 

Two 3 mm sample were taken from the proximal part of each nerve before cryopreservation for 

histological analysis and electronic microscopy. This control group of fresh samples were taken after 

antibiotic incubation. 

 

After cryopreservation, thawing, and removing the cryoprotectant, a macroscopical qualitative assessment 

was performed by the neuropathologist and two samples were taken from the proximal part of each nerve 

for optical microscopy (hematoxylin and eosin and toluidine blue) and for electronic microscopy. The 

remaining nerve was used to assess viability through calcein-AM (CAM) and 4′,6-diamidino-2-

phenylindole (DAPI) staining. 

Hematoxylin and eosin 

The fixation with 10% formalin was performed for 24 h, followed by gradient alcohol dehydration. After 

that, the nerve segment was embedded in paraffin and transverse sections of 4 µm width were cut with a 

microtome. The deparaffinization of the slices was done at 60 °C in a heater, and with xylene. The slices 

were later hydrated by immersion in 100° alcohol, 96° alcohol and tap water, and stained by Harris 

hematoxylin for 5 min. After that, they were rinsed in tap water, incubated in eosin staining for 1 min, 

dehydrated in 96° alcohol and 100° alcohol, immersed in xylene and protected with clarity gum. 

Hematoxylin and eosin staining slices were observed under light microscopy to see the general structure 

of the nerve. 

Toluidine blue 

Nerve fragments were fixed in 2.5% glutaraldehyde for 12 h at 4 °C in 0.1 M cacodylate buffer with pH 

7.4. This is followed by postfixation in 1% osmium tetroxide, dehydration by immersion in ascending 

series of acetone, and inclusion in a SPURR low-viscosity epoxy resin. The segments were cut with the 

ultramicrotome in 1 µm slices and died with toluidine blue that were observed under optic microscope. 

Electronic microscopy 

Processing of the samples is common to toluidine blue staining, except for the cutting with the 

ultramicrotome in 60 nm slices that were observed under transmission electron microscope JEM 1010 

(Jeol, Akishima, Japan). Images were taken with a digital camera Mega View III and analyzed by the 

software analySIS (Soft Imaging System GmbH, Olympus, Shinjuku, Japan). 

 

The electronic microscopy was useful to evaluate the integrity of Schwann cells, myelin sheath and basal 

lamina. The histology technician was blinded to the method of cryopreservation used. 

  



Viability assessment 

CAM (calcein AM) and DAPI (4′,6-diamidino-2-phenylindole) staining 

To investigate the viability of the sciatic nerves, live cells were labeled by CAM (calcein-AM) and the 

nucleus of apoptotic cells was stained with DAPI (4′,6-diamidino-2-phenylindole). 

 

CAM consists of an acetomethoxy group joined to calcein. It penetrates the plasmatic membrane and in 

the viable cell intracellular esterases degrade calcein-AM to calcein, turning all living cells fluorescent 

green (Grogan et al. 2002; Martinez-Madrid et al. 2004). 

 

DAPI is a blue fluorescent marker which crosses the cellular membrane, enter the cell nucleus and bind to 

DNA, specially in sequences containing adenine and thymine. Cell membrane permeability is higher in 

dead cells than in live cells for DAPI, which is consequently used as an apoptosis cell marker (Yang et 

al. 2017). 

 

The nerve fibers were stained with CAM (2 μmol/l) at 37 °C for 15 min in the dark, and also with DAPI 

(5 μmol/l) at 37 °C for 30 min in dark, and washed with phosphate buffer saline to remove the staining 

solution. The fluorescent intensity was measured under a laser scanning confocal microscope and 

analyzed with an image system (LAS-AF-Lite 2.6, Leica, Germany) at 200× as described previously (Ma 

et al. 2012). The assessment of the viability of each nerve was performed by two laboratory technicians, 

blinded to the method of cryopreservation used for each sample. 

Statistical analysis 

Cuantitative variables were expressed as the mean ± SD (Standard Deviation). Mann–Whitney test was 

applied for assessing Schwann cell viability. SPSS 22.0 software (SPSS, Chicago, IL, US) was used for 

analysis. A p < 0.05 (< 5%) was considered a significant difference. 

Results 

Macroscopical examination 

The macroscopical appearance of the cryopreserved nerves from both groups was similar to fresh sciatic 

nerves (Fig. 1). There was no edema, shrinkage or noticeable alterations of the elasticity. There were no 

fractures in any of the nerve fragments. 

 
 

 
Fig. 1. Macroscopic aspect of the sciatic nerve after cryopreservation with DMSO and albumin. The transverse and oblique bands 
along the nerve correspond to the bands of Fontana, typically seen in normal nerves 
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Hematoxylin and eosin and toluidine blue 

Staining the samples with hematoxylin and eosin and toluidine blue did not reveal any obvious 

differences between the group cryopreserved with DMSO alone and the group cryopreserved with DMSO 

and albumin (Figs. 2, 3, 4, 5, 6). 

 
 

 
Fig. 2. Hematoxylin and eosin. ×10. Cross section of a normal sciatic nerve 

 
 

 
Fig. 3. Hematoxylin and eosin. ×10. Cross section of the sciatic nerve after cryopreservation using DSMO 

  



 
 

 
Fig. 4. Hematoxylin and eosin. ×10. Cross section of the sciatic nerve after cryopreservation using DSMO and albumin 

 
 

 
Fig. 5. Toluidine blue. ×40. Cross section of the sciatic nerve after cryopreservation using DMSO 

  



 
 

 
Fig. 6. Toluidine blue. ×40. Cross section of the sciatic nerve after cryopreservation using DMSO and albumin 

No morphological alterations in nuclei, epineurium and neural vessels were observed. 

Electronic microscopy 

Electronic microscopy of both groups showed intact myelin sheath and basal lamina (Figs. 7, 8, 9). No 

myelin fragmentation was observed in neither group. Schwann cells structure appeared to be intact. 
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Fig. 7 Electronic microscopy. ×3000. Cross section of a normal sciatic nerve 

 
 

 
Fig. 8. Electronic microscopy. ×4000. Cross section of the sciatic nerve after cryopreservation using DMSO 

  



 
 

 
Fig. 9. Electronic microscopy. a shows a cross section of the sciatic nerve (×4000) after cryopreservation using DMSO and 

albumin. b shows the well preserved myelin sheath (×60000) 

CAM and DAPI staining 

The fluorescent intensities of CAM and DAPI staining were measured and compared. The viability, 

defined as the percentage of fluorescence regarding the fluorescence of the fresh nerve, was significantly 

higher in DMSO and albumin group (74.9%, with a standard deviation of 8.1%) than that in DMSO group 

(61.9%, with a standard deviation of 3.3%) (p = 0.01) (Figs. 10, 11, 12). 
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Fig. 10. a A cross section of the fresh sciatic nerve (Hematoxylin and eosin. ×20). b The same cross section of the fresh sciatic 

nerve after CAM and DAPI staining (×40). c A longitudinal section of the fresh sciatic nerve (Hematoxylin and eosin. ×20), 

and d reveals the same longitudinal section of the fresh sciatic nerve after CAM and DAPI staining (×40) 

 
 

 
Fig. 11. a A cross section of sciatic nerve after cryopreservation with DMSO (Hematoxylin and eosin. ×20). b The same cross 

section of the DMSO cryopreserved sciatic nerve after CAM and DAPI staining (×20). c A longitudinal section of the cryopreserved 
sciatic nerve with DMSO (Hematoxylin and eosin. ×20), and d reveals the same longitudinal section of the DMSO cryopreserved 

sciatic nerve after CAM and DAPI staining (×20) 

  



 
 

 
Fig. 12. a A cross section of sciatic nerve after cryopreservation with DMSO and albumin (Hematoxylin and eosin. ×20). b The 
same cross section of the DMSO cryopreserved sciatic nerve after CAM and DAPI staining (×20). c A longitudinal section of the 

cryopreserved sciatic nerve with DMSO (Hematoxylin and eosin. ×20), and d reveals the same longitudinal section of the sciatic 

nerve after cryopreservation with DMSO and albumin, following CAM and DAPI staining (×20) 

Discussion 

In this study, histological examination of the rat sciatic nerve after cryopreservation demonstrated a 

proper conservation of nerve structure in both groups, the traditional cryopreservation using DMSO, and 

the experimental protocol adding albumin. However, Schwann cell viability, assessed by CAM and DAPI 

staining, was significantly higher in the albumin group. 

 

In the few experimental articles published about nerve cryopreservation, histological structure remains 

relatively well preserved by either simple freezing or controlled freezing. (Fansa et al. 2000; Zalewski et 

al. 1993; Zhu et al. 2014b). However, the feature that ultimately determines the efficacy of the 

cryopreservation protocol is the functionality of the Schwann cells (Fansa et al. 2000). 

 

The cooling rate of the nerve cryopreservation protocols must be low enough to avoid intracellular ice 

formation, and at the same time fast enough to reduce the cell exposure to the osmotic effect (Fansa et 

al. 2000). 

 

Slow freezing or low cooling rates have been proposed in the few experimental reports available for nerve 

cryopreservation (Fansa et al. 2000; Hirasé et al. 1992; Decherchi et al. 1997). In addition, fast thawing is 

usually the recommended protocol, since its association with higher viability of Schwann cells (Zhu et 

al. 2014a; Decherchi et al. 1997; Gurina et al. 2016). In this study, we performed a slow freezing protocol 

of 1 °C per minute down to − 140 °C, and fast thawing. 

 

As far as cryoprotective agents are concerned, 10% DMSO has been reported to significantly enhace 

survival of cultured Schwann cells, but on the other hand it was associated with the inhibition of 

functional recovery and the generation of cryoinjury in the peripheral nerve (Trumble and Whalen 1992). 

Nevertheless good results have been published in most experimental studies using DMSO as a 

cryoprotective agent in the cryopreservation of peripheral nerve (Fansa et al. 2000; Zalewski et al. 1993; 

Ruwe and Trumble 1990). We did not perform any additional test to make sure the cryoprotectant DMSO 

was removed after 4 to 5 sequential washings. Despite residual DMSO concentration has been reported to 
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be found after thawing in some cryopreserved tissues, this is the general practice of tissue banks when 

DMSO is used, since the absence of DMSO determined by spectrophotometry was reported after 4 to 5 

washings during thawing (Nakamura et al. 2017). 

 

Hirasé et al. used glicerol as a cryoprotective agent, leading to a good axonal regeneration (Hirasé et 

al. 1992). 

 

Zalewski compared glicerol, DMSO and 2:1 DMSO and formamida, being the glicerol the one with worst 

results, and DMSO and formamida the best option to preserve Schwann cells (Zalewski et al. 1993). In 

this study, we used 10% DMSO as cryoprotective agent. 

 

In terms of the removal of the cryoprotective agent in the thawing phase, the sequential washings seem to 

be the best method in the nerve vitrification (Decherchi et al. 1997), but there is not enough evidente 

about the best technique in slow cooling. 

 

Regarding the storage time of the peripheral nerve, it has been reported that long term storaged nerves can 

lead to excellent axonal regeneration (Hirasé et al. 1992). The storage time in the published protocols for 

peripheral nerve cryopreservation is about 3 weeks, the same one we chose for this study (Hirasé et 

al. 1992; Jensen et al. 1990). There are many experimental studies evaluating the viability of Schwann 

cells when the preservation of the peripheral nerve is at 4 °C, also termed as cold preservation (Lassner et 

al. 1995; Evans et al. 1995; Evans et al. 1998). However, to the best of our knowledge, there are no 

studies correlating the Schwann cells viability with the storage time. 

 

The addition of albumin was broadly studied in the cryopreservation protocols for hematopoietic 

progenitor cells, heart valves, arteries or cornea. Borderie et al. found that the differences in albumin 

concentration (2% vs. 10%) in the cryoprotectant solution had no impact on the number of living cells 

after cryopreservation of human corneal keratocytes, but failed to evaluate the same protocol of corneal 

cryopreservation without albumin (Borderie et al. 1998). In our study, just as Decherchi et al. (Decherchi 

et al. 1997), we added 4% albumin in the cryoprotectant solution and 20% albumin in the thawing phase, 

leading to a significant increase in the viability of Schwann cells, with regard to the use of DMSO without 

albumin, but we did not evaluate the dosing effect on the viability of Schwann cells. The 4% albumin in 

the cryoprotectant solution is the same percentage used for fragile tissues such as ovarian cortex or 

parathyroid tissue (Krausz et al. 2017). In our preliminary studies, we did a pilot study with 4, 10 and 

20% albumin in the cryoprotectant solution, with the greatest viability being found on the 4%. However, 

largest groups are needed to reach significant conclusions. We did not test different doses in the thawing 

phase. As far as we know, there are no studies published evaluating the dose-dependence effect of the 

addition of albumin in the peripheral nerve cryopreservation protocol. 

 

Several limitations of this study should be considered, such as the low number of samples or the absence 

of an experimental design that could allow differentiating if the observed effect is due to the presence of 

albumin in the cryoprotective solution or in the washing solution, or in both of them. In addition, as we 

already noticed, we did not assess the albumin dosing-dependency of the results, which would require 

further studies with several subgroups. 

 

In conclusion, despite further studies need to be performed to assess the regeneration through 

cryopreserved nerve allografts in an in vivo model, we observed that the addition of albumin to the 

cryopreservation process of peripheral nerves allows a good preservation of the nerve morphology and an 

increased Schwann cell viability. 
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