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ABSTRACT

The current method of organ preservation is static cold storage on ice (SCS) (4-10 degrees 
Celsius). Although SCS can effectively preserve organs up to several hours it does not 
allow for longtime storage. In the field of vascularized composite allotransplantation 
(VCA), storage time of at least 24 hours is necessary to enable new developments in the 
field. Subzero non-freezing (SZNF) is an attractive, new concept that allows for extended 
preservation of organs and tissues. In this chapter we describe a protocol of SNZF for 
rodent limbs that we developed. Moreover, we implementated the machine perfusion 
protocol previously designed and described in chapter 9. This protocol is currently used 
to study the efficiency of 24 hours of SNZF to extent the preservation time of rodent 
VCA grafts.
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INTRODUCTION

Vascularized composite allotransplantation (VCA) remains the most advanced treatment 
option to restore motor function and aesthetics in patients living with devastating 
disfigurements. The current gold standard of organ preservation is static cold storage 
on ice (4-10 degrees Celsius) allowing a maximum of 4-6 hours of cold ischemia of 
VCA grafts (1,2). The limited preservation time constitutes a major limiting factor for 
the matching process and drastically reduces the donor pool. Furthermore, tolerance 
induction protocols are in great development offering the opportunity to circumvent 
the need of life-long immunosuppression, making VCA an accessible treatment 
option for thousands of patients per year (3–6). Clinical implication of these promising 
tolerance induction protocols is, however, currently impossible as they require grafts 
to maintain viable for at least 24 hours after harvest. The high metabolic activity of 
muscle cells – the dominant tissue type as per quantity of most VCA grafts – mainly 
limits the maximum cold ischemia time that VCA grafts can endure. Hypothermia has 
always been a key component in preservation as it is extremely successful in slowing 
down metabolism (7). At extremely low temperatures (nota bene minus 196 degrees 
Celsius), all biological and chemical processes are suspended which means that tissues 
can, at least in theory, be kept forever (8). In this line of thought, preservation below zero 
degrees Celsius – the freezing point of water – has always been desirable yet impossible. 
The major but obvious impediment has been the transition of water into ice. Formation 
of both extracellular and intracellular ice crystals causes severe cell damage by abrupt 
changes in concentration gradient, mechanical forces on the delicate cell membrane 
and disruption of the cell architecture (9). Interestingly, wood frogs (Lithobates 
sylvaticus) are able to withstand extreme cold by accumulation of urea and glucose in 
their intracellular environment, thereby limiting ice formation and osmotic shrinkage.

Subzero non-freezing (SZNF) is a novel technique recently demonstrated on liver for 
long-term preservation of organs below the freezing point without the induction of 
ice formation (10,11). The glucose derivative 3-O-methyl-d-glucose (3-OMG) was an 
essential component in this protocol (12). In this chapter we describe a protocol that was 
designed to allow up to 24 hour SNZF preservation of rodent limbs. We implemented 
the machine perfusion protocol designed in chapter 9, as the recovery phase of this 
protocol. 

Overview SNZF Protocol
The fluid and temperature changes are summarized in Figure 1. All limbs were kept 
at minus 5 degrees Celsius for 24 hours. The subnormothermic machine perfusion (at 
room temperature) was used to i) deliver cryoprotectants to the graft prior to SZNF 
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and  ii) to recover the graft and assess viability after SZNF. Ice formation was mitigated 
by intracellular accumulation of cryoprotectant 3-O-methyl-d-glucose (3-OMG) 
and extracellular damage and osmotic shrinking was alleviated by the addition of 
polyethylene glycol (PEG). 

FIGURE 1. Schematic overview protocol. Temperature and fluid changes are summarized. 
During the loading phase, the graft is perfused with the ‘loading solution’ followed by a cold 
flush (4 degrees Celsius) of the same solution and subsequently a flush with the ‘SZNF solution’ 
(4 degrees Celsius). The graft is stored in the ‘SZNF solution’ and hanged in a basin with the anti-
freeze solution. The temperature of the chiller is gradually lowered at a rate of 0.1 degree Celsius 
per minute. Once the temperature has reached minus 5 degrees Celsius, the limb is stored for 
24 hours. After 24 hours of SZNF, the temperature of the chiller is gradually rewarmed. Once the 
temperature in the chiller has reached 4 degrees Celsius, the limb is connected to the perfusion 
system and perfused for 1 hour using the ‘recovery solution’.

MATERIALS

Reagents
• Male Lewis rats (weight range 250-300 g)
• Ethanol 70%
• Demineralized water
• Saline or NaCl 0.9% 
• Sodium Bicarbonate (8.4% for i.v. use)
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• Skeletal Muscle Growth Medium (PromoCell, cat. no. C-23160)
• Penicillin-Streptomycin 5,000 U/ml, 100 ml (Life Technologies, cat. no. 15070-063)
• L-glutamine, 200 mM (Invitrogen, cat. no. 25030-156)
• Insulin (Eli Lilly, cat. no. Humulin R U-100)
• Sodium heparin (APP pharmaceuticals, cat. no. heparin 10.000 USP)
• Hydrocortisone (MGH pharmacy, cat. no. 7750500)
• Dexamethasone (Sigma-Aldrich, cat. no. D2915)
• Sodium bicarbonate powder (Sigma-Aldrich, cat. no. S5761)
• Sodium bicarbonate solution, 7.5% (Sigma-Aldrich, cat. no. S8761)
• Bovine serum albumin (BSA), chromatographically purified (Sigma-Aldrich, cat. no. 

A1933)
• Polyethylene glycol (PEG), 35 000 (Sigma-Aldrich, cat. no. 94646)
• HBOC-201 (Hemopure, HbO2, Therapeutics LLC)
• 3-OMG (Sigma-Aldrich, cat. no. M4879)
• HTK solution (Custodiol ®, Durham, NC)
• Prostaglandin, Alprostadil 500mcg/mL vial (MGH Pharmacy, cat. no. 7029700)
• Antifreeze solution
• Mucasol detergent (Sigma-Aldrich, cat. no. Z637181)

Equipment

General Supplies
• Media bottles, 250 and 500 mL (Fisher Scientific, Hampton, NH)
• Bottle-top filter, pore size 0.22 μm (Cole-Parmer, cat. no. EW-06730-43)
• Balance scale (Cole-Parmer, cat. no. EW-10000-12)
• i-STAT analyzer (Albott, Princeton, NJ)
• i-STAT cartridges CG4+ and CHEM8+ (Albott, Princeton, NJ)
• Oxygen tank, 100% O2 (Airgas, Radnor, PA)
• Mini organ bags (ULINE, cat. no. S-17703)
• Insulin syringe 0.3 mL (BD, Franklin Lakes, NJ)
• Syringes 1, 5, 10, 30 and 60 mL (BD, Franklin Lakes, NJ)
• Needles 20 and 25 gauge (BD, Franklin Lakes, NJ)
• Peripheral IC Catheter, 24 gauge cannula (BD, Franklin Lakes, NJ)
• Latex gloves
• Eppendorf tubes
• Crushed ice + ice container
• Liquid nitrogen + liquid nitrogen container
• Sterile hood
• Magnetic stir bar and stir plate
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• Aluminum foil

Machine Perfusion and SZNF System 
• Masterflex pumps (Cole-Parmer, cat. no. HV-07522-20)
• Pump head for L/S 16 tubing (Cole-Parmer, cat. no. EW-07016-20)
• Masterflex platinum-cured silicone tubing, L/S24 (Cole-Parmer, cat. no. HV-96410-

24)
• Masterflex platinum-cured silicone tubing, L/S16 (Cole-Parmer, cat. no. HV-96410-

16)
• Membrane oxygenator tubing (Radnoti, cat. no. 130144-078)
• Portable Pressure Monitor (Catamount Research and Development, cat. no. PM-P-1)
• Pressure Transducer (Living Systems, cat. no. PT-F)
• Lab stand (Radnoti, cat. no. 159951-1)
• Bubble trap, compliance chamber (Radnoti, cat. no. 130149)
• Tissue bath (Radnoti, cat. no. 158400)
• Membrane Oxygenation Chamber Tubing (Radnoti, cat. no. 130144)
• Ring clamps (Radnoti, Covina, CA)
• Microfluidics Programmable Syringe Pump (Pump Systems Inc., cat. no. NE-1002X)  
• Portable top-opening fridge-freezer-warmer with digital controls, MHD13F-DM 

(Engel Coolers, cat. no. MHD13F-DM)
• Mini organ box with self-made ‘washing line’ from Prolene 2/0 (esutures.com, cat. 

no. 8623H)
• Binder clips medium

Surgical Equipment
• Surgical microscope M530 OHX (Leica Microsystems, Buffalo Grove, IL)
• Isoflurane (Forane, Baxter, Deerfield, IL)
• Tech 4 vaporizer (Surgivet, Waukesha, WI)
• Specialty gas regulator (Airgas, Radnor, PA)
• Tabletop rodent anesthesia machine (VetEquip, Inc., Livermore, CA)
• Heating pad (Braintree Scientific, Braintree, MA)
• Scalpel handle no. 3 solid, 4 inch (Roboz Surgical Instrument, cat. no. RS-9843)
• Sterile scalpel blade, no. 15 (Roboz Surgical Instrument, cat. no. RS-9801-15)
• Metzenbaum scissor (Roboz Surgical Instrument, cat. no. RS-6953)
• Addison forceps (Roboz Surgical Instrument, cat. no. RS-5234)
• Retractor, 3 Blunt Prongs (Roboz Surgical Instrument, cat. no. RS-6612)
• Micro scissor (Roboz Surgical Instrument, cat. no. RS-5600)
• Micro forceps, no. 4 (Roboz Surgical Instrument, cat. no. RS-4972)
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• Micro needle holder Castroviejo (Roboz Surgical Instrument, cat. no. RS-6416)
• Micro vessel dilating forceps, no. 7 (Roboz Surgical Instrument, cat. no RS-4929)
• Bone cutter Liston (Roboz Surgical Instrument, cat. no. RS-8555)
• Micro clips, 0.75 mm (Roboz Surgical Instrument, cat. no. RS-5420)
• Micro clip applying forceps (Roboz Surgical Instrument, cat. no. RS-5410)
• Micro instrument tip protectors (Roboz Surgical Instrument, cat. no. IT-1000)
• Sterile surgical gloves
• Gauzes and cotton buds
• Silk 7/0 sutures (esutures.com, cat. no. TG140-8)
• Ethilon 8/0 sutures (esutures.com, cat. no. 1714G)
• Petri dish

Reagent Setup

Loading Solution – Machine Perfusion Solution (i)
Weigh 10 mg bovine serum albumin (BSA) (Sigma-Aldrich, cat. no. A1933), 15 mg 
polyethylene glycol (Sigma-Aldrich, cat. no. 94646), 400 mg sodium bicarbonate 
powder (Sigma-Aldrich, cat. no. S5761) and 8 mg dexamethasone (Sigma-Aldrich, cat. 
no. D2915). Add all powders and 500 mL of skeletal muscle growth medium (PromoCell, 
cat. no. C-23160) to a 500 mL glass bottle and stir until all powders are dissolved, using a 
stir bar and plate. Add 4 mL of penicillin-streptomycin (Life Technologies, cat. no. 15070-
063), 5 mL L-glutamine (Invitrogen, cat. no. 25030-156), 375 mL insulin (Eli Lilly, cat. no. 
Humulin R U-100), 100 mL hydrocortison (MGH pharmacy, cat. no. 7750500) and 5 mL 
of sodium heparin (APP pharmaceuticals, cat. no. heparin 10.000 USP). If all reagents 
are dissolved and mixed properly, sterile filter the entire solution using a 0.22 mm filter 
(Cole-Parmer, cat. no. EW-06730-43) into a new sterile 500 mL bottle.

Subzero Non-Freezing Solution
Dissolve 12 mg BSA (Sigma-Aldrich, cat. no. A1933) in 200 mL of HTK solution using a stir 
bar and plate. Caution: HTK solution should be kept dark and cold thus wrap the entire 
bottle in aluminum foil. Add 2 mL of penicillin-streptomycin (Life Technologies, cat. no. 
15070-063), 1 mL of sodium heparin (APP pharmaceuticals, cat. no. heparin 10.000 USP) 
and 100 mL insulin (Eli Lilly, cat. no. Humulin R U-100) to the solution and mix again. 
Again, if all reagents are dissolved and mixed properly, sterile filter the entire solution 
using a 0.22 mm filter (Cole-Parmer, cat. no. EW-06730-43) into a new sterile 250 mL 
bottle. Wrap the entire. Place the bottle in a 4 degrees Celsius fridge until use.
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Recovery Solution – Machine Perfusion Solution (ii)
Prepare the recovery solution in the same fashion as the loading solution only now i) 
add 19.42 mg of 3-OMG (Sigma-Aldrich, cat. no. M4879) and ii) dissolve it in 375 mL 
of skeletal muscle growth medium (PromoCell, cat. no. C-23160). After the solution is 
sterile filters, add 125 mL HBOC-201 (Hemopure, HbO2, Therapeutics LLC).

PROCEDURES

Preparing ex situ Machine Perfusion System
1. Spray the glassware with 70% ethanol and wipe of dust with a paper towel.
2. Turn on the pump and pressure measuring device.
3. Flush the system with 1 L of demineralized water for 15 minutes. Collect the flushed 

water in a ‘waste bottle’; do not recirculate. Once the entire bottle is flushed through 
the system, let the pump run (circulating air) for 5 minutes to dry the system.

4. Fill the system with the loading solution and discard the first 50 mL of solution 
into the waste bottle and subsequently start recirculation the solution though the 
system. Use a medium high flow rate of 10 mL/min, because higher flow rates will 
cause bubbles.

5. Turn on the oxygen flow at 1.5-2.0 L. 

Priming the Machine Perfusion System
6. Make sure to remove all bubbles from the system. Caution: closely check the tubing 

prior to preceding with priming the system.
7. Connect a 24 gauge cannula to the inflow outlet. Secure the inflow cannula to the 

basin (use sterile tape if needed) at the level of the pressure valve in a 20-30 degree 
angle pointing downwards.

8. Calibrate the system to atmospheric pressure by pausing the roller pump, open 
the pressure valve and push the zero button on the pressure reader multiple times. 
Caution: calibration only works if the fluid is not in motion.

9. Start the roller pump and increase the flow rate in increments of 0.1 mL/min circa 
every 2 minutes until a flowrate 2.0 mL/min. Caution: down the pressure per flow 
rate to calculate the ‘real pressure’ during perfusion.

10. Take a perfusate sample for blood gas analysis using a CG4+ cartridge in the 
i-STAT machine. Correct the pH is the perfusion solution to 7.35-7.45 using sodium 
bicarbonate and repeat the measurement after. Also collect 1.5 mL of perfusion 
solution in an Eppendorf tube as a baseline sample and store in a -80 degrees 
Celsius freezer until further analysis.
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Preparing Limb Amputation Surgery
11. Turn on the microscope and connect the bipolar machine. 
12. Fill a 0.3 mL syringe with 1000 IU/mL of heparin (300 IU/mL total).
13. Prepare 20mL of 10 IU/mL heparinized saline.
14. Place all instruments, syringes and other surgical equipment summarized under 

‘surgical equipment’ on the table. 

Limb Amputation Surgery
15. All animals are housed in a temperature controlled room with a 12 hour day/night 

cycle. Caution: all animals should be housed in accordance with local animal 
committee rules. Animals may have access to both water and food ad libitum prior 
to surgery.

16. Weigh the rat before beginning of the procedure. We optimized the system for 
limbs of rats with a weight range between 250-300 g.

17. Animals are anesthetized using a mixture of 100% oxygen and isoflurane. The 
anesthesia system should be set to 3% isoflurane with an oxygen flow of 1.0 mL/
min for induction. 

18. Place the animal on the heating pad in a supine position and secure the nose in the 
anesthesia cone, use sterile tape if needed. Cautions: monitor the position of the 
neck and the dept of the breaths throughout the entire procedure.

19. Shave the animal  from the right ankle up to the distal lower ribs. 
20. Use the scalpel to make a circular incision around the ankle.
21. Ligate the anterior and posterial tibial pedicles with 7/0 silk suture, cut all tendons 

and expose the tibial periosteum by pushing back all tendons with a scalpel. 
Caution: use bipolar cauterization if needed and use the bifurcation of the fibula as 
your cranial landmark.

22. Disinfect the penile region and inject 30 I/U heparin in the penile vein. Caution: 
draw back blood to make sure not to inject in the cavernosa.

23. Make a circular skin incision above the medial tight and mobilize the buccal fad pad 
using surgical scissors. 

24. Skeletonize the femoral artery and vein using microsurgical forceps and ligate all 
side branches using 8/0 ethilon sutures.

25. Place a micro clip on the cranial end of the femoral artery, make sure to get as much 
length for your pedicle as possible. Cannulate the artery with a 24 gauze catheter 
and secure it with two separate sutures using 7/0 silk.

26. Place micro clip on the cranial end of the femoral vein and cannulate the vein in the 
same fashion as the artery.

27. Flush the graft with 5-7 mL heparinized saline (10 IU/mL) in 2-3 minutes.
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28. Mobilize the graft by cutting the upper limb muscles and use the bone cutter to cut 
the bones. Caution: in case of transplantation, make sure to use a bipolar to cut the 
muscles to minimize leakage.

29. Wrap the graft in a damp gauze in an organ bag and start perfusion within 10-15 
minutes.

Machine Perfusion: Loading Phase
30. Prior to connecting the graft to the perfusion system, make sure to weigh the graft, 

turn down the flow to 0.1 mL/mL and remove the primer canula.
31. Place the liver in the organ chamber with the medial side of the limb facing upwards. 

Connect the canula in the femoral artery to the perfusion system and start the 
timer. Caution: prohibit any air bubbles of going in to the graft.

32. Time the time to optimize the position of the graft. Make sure the arterial cannula is 
hanging in a 20-30 degree angle and ensure free outflow from the venous canula. 
Caution: use sterile tape of gauzes to optimize the position of the cannulas; this 
directly influences your pressures. 

33. Slowly increase the flowrate while aiming for a pressure between 30-35 mmHg. 
Write down the flow and pressure every 10 minutes. Take a perfusate sample for 
blood gas analysis (i-STAT machine) using both CG4+ and Chem8 cartridges and 
collect 1.5 mL of perfusion in an Eppendorf tube every 30 minutes. 

34. Continue to perfuse the limb for 2 hours.

Subzero Non-Freezing 
35. Disconnect the femoral artery canula from the machine and place the graft, 

wrapped in sterile gauzes, in a Petri dish on ice. Connect the femoral artery canula 
to the syringe with cold loading solution via a connecting piece of tubing.

36. Turn on the syringe pump and perfuse 6-7 mL of cold loading solution at a flow rate 
of 0.5 mL/min. Caution: make sure no air bubbles are going in to the graft and that 
the graft is not in direct contact with ice.

37. Replace the cold loading syringe by a syringe filled with subzero non-freezing 
solution. Set the flowrate to 0.2 mL/min and perfuse the limb with the subzero non-
freezing solution for 30 minutes.

38. After the second flush, disconnect the limb from the syringe pump and place it in a 
sterilized mini organ bag. Add 15 mL of subzero non-freezing solution. 

39. Transfer the closed bag to the temperature controlled chiller. Caution: make sure 
the temperature controlled chiller is always set at 4 degrees Celsius, check this prior 
to starting the experiment.
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40. Place the entire organ bag (with the solution and limb) in the temperature 
controlled chiller and remove all air bubbles form the bag. Make sure the bag is 
fully submerged in the antifreeze solution.

41. Gradually lower the temperature at a rate of 0.1 degrees Celsius per minute until 
the temperature will be set at -5 degrees Celsius. 

42. Leave the limb in the temperature controlled chiller for 24 hours. Caution: attempt 
to minimally disturb the limb at this point.

Machine Perfusion: Recovery Phase
43. After 24 hours of subzero non-freezing, increase the temperature of the chiller 

again to 4 degrees Celsius at a rate of 0.1 decrease Celsius per minute.
44. Start priming the machine perfusion system again, similarly as outlines by Steps 

1-10 but this time use the recovery phase solution instead of the loading solution.
45. Place the loading solution in a bucket of ice.
46. Prepare 50 mL syringe with saline and an entire bottle of prostaglandin, alprostadil 

500mcg/mL vial (MGH Pharmacy, cat. no. 7029700).
47. Put 10 mL of this saline/prostaglandin mixture in a syringe and place the syringe in 

a syringe pump.
48. Connect the prostaglandin mixture to a piece of tubing and a 25 gauge needle. 

Stick the needle in the ‘inflow’ tubing and place the needle right before the inflow 
‘artery canula’. 

49. Set the flow rate of the syringe pump at 0.2 mL/min.
50. Take the organ bag out of the chiller when the temperature in the chiller has 

reached 4 degrees Celsius.
51. Connect the femoral artery to the inflow.
52. Slowly increase the flowrate while aiming for a pressure between 30-35 mmHg. 

Write down the flow and pressure every 5 minutes. Take a perfusate sample for 
blood gas analysis (i-STAT machine) using both CG4+ and Chem8 cartridges and 
collect 1.5 mL of perfusion in an Eppendorf tube every 15 minutes. Store samples 
in the -80 degrees Celsius freezer until further analysis. Caution: during the first 10 
minutes a pressure of 40-50 mmHg is accepted.

53. Remove the ice bucket after 10 minutes of perfusion.
54. Perfuse the limb for one hour. Disconnect the limb and weigh the limb again on 

the scale.
55. Collect a muscle biopsy an Eppendorf tube, snap freeze it in liquid nitrogen and 

store it in -80 Celsius freezer until further analysis.
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Cleaning the System
56. Collect all the perfusion solution in a waste bottle and then flush 1L of demineralized 

water through the system. 
57. Make a cleaning solution with 2% of mucasol detergent in 1 L of demineralized 

water and flush the system with this mixture. Leave the solution in the system 
overnight, remove the solution the next day and flush the system again with 1L of 
demineralized water (single pass).

Real-Time Perfusion Parameters
During SNMP, arterial flow and vascular resistance can be monitored. Lactate levels 
and oxygen consumption can be evaluated as markers of viability of the muscle tissue. 
During our first experiments, we noticed that an increase in edema of more than 20% 
(over the course of the entire protocol) is associated with worse real-time perfusion 
parameters (data not shown). The amount of edema can be calculated as:  Edema = 
weightend – weightstart / weightstart * 100%.

Limitations to This Protocol
During the ‘supercooled state’ of the SZNF phase, the slightest impurity in the solution can 
trigger ice crystal formation. Sterile filtering all solutions is thus of utmost importance. 
Since vibrations of the chiller can also initiate ice crystallization, the grafts in our 
protocol are hanging in the anti-freeze solution to buffer the vibrations. Furthermore, 
this SZNF protocol was optimized for small rodent VCA limbs (±15 g). Adjustments to 
the protocol might be needed for other VCA types (e.g. face, penis et cetera) or for grafts 
of larger size. Moreover, a controlled rate chiller to gradually change the temperature 
of the machine perfusion system would be desirable to minimize harsh temperature 
changes (and thus the change of hypothermia induced damage). Future studies should 
investigate the viability of rodent limbs after 24 hours of VCA in a transplant model.
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