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Introduction: Interest in lyophilized plasma products has increased. However, data on their use in dogs are limited. This study aimed to evaluate the in vitro stability and hemostatic efficacy of single-donor lyophilized canine plasma.

Methods: Ten canine plasma units were lyophilized and stored at −80 °C, 4 °C, room temperature, and 38 °C for 45 days. The plasma compositions before and after lyophilization were compared to assess the impact of the lyophilization. The following parameters were assessed to evaluate storage stability: blood gas analysis, biochemical parameters, coagulation profiles [prothrombin time (PT); activated partial thromboplastin time (aPTT); fibrinogen concentration; the activities of coagulation factors II, V, VIII, IX, X, and XII, as well as those of antithrombin (AT); and protein C], and kaolin-activated thromboelastography. Aerobic bacterial cultures were performed using thioglycollate broth to assess sterility. Lyophilized plasma samples were reconstituted to 50, 60, 80, and 100% of the original plasma volume to assess the effects of different reconstitution volumes on plasma components. Total protein, albumin, osmolality, selected coagulation factors (II and V), fibrinogen, and AT were measured and compared across the reconstituted groups.

Results: Lyophilization decreased the partial pressure of carbon dioxide and increased the pH. No other significant immediate changes were observed. Plasma stored at −80 °C and 4 °C maintained stable biochemical and coagulation profiles over 45 days of storage, with only a slight but statistically significant decrease in fibrinogen concentrations on Days 30 and 45 for refrigerated conditions when compared with post-lyophilization values. Significant reductions in the activities of coagulation factors II, V, and VIII were observed at room temperature by Day 45, whereas PT, aPTT, and thromboelastography remained within normal reference ranges relative to the post-lyophilization values. Storage at 38 °C led to marked deterioration in coagulation function, as evidenced by the prolonged PT and aPTT, substantial decline in fibrinogen concentrations, and >50% reduction in the activity of all assessed coagulation factors relative to the post-lyophilization values. The AT activity declined for all storage groups, whereas protein C and thromboelastography profiles remained relatively stable, except at 38 °C. No bacterial growth was observed in any reconstituted plasma samples across all storage temperature and time points. Reconstitution at lower volumes (50 and 60%) increased the concentrations of albumin and activities of coagulation factors and osmolality.

Conclusion: The lyophilization process did not significantly affect the concentrations or activities of major plasma proteins, including coagulation factors and anticoagulant proteins. Storage at −80 °C and 4 °C for 45 days preserved the stability of biochemical and hemostatic parameters. However, storage at room temperature resulted in minor reductions in select coagulation factors (such as factors II, V, and VIII). PT, aPTT, and thromboelastography parameters remained within the normal reference ranges, confirming the short-term stability of the product. Changes in the reconstitution volume affected plasma concentration and highlighted the potential of lyophilized plasma as a rapid resuscitative product in veterinary medicine.
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1 Introduction

Plasma products are frequently used for patients with critical illness due to their essential roles in supporting coagulation and hemostasis. They include fresh plasma, fresh frozen plasma (FFP), frozen plasma, and cryoprecipitate based on their method of preparation and storage conditions. Despite their therapeutic benefits, traditional plasma products have several limitations, including strict storage conditions to preserve protein stability, time-consuming preparation procedures, and the risk of volume overload with excessive administration.

Recent efforts have been directed toward developing novel plasma products to overcome the limitations of traditional products. Among these, lyophilized plasma (LP) has emerged as one such promising alternative. LP has several advantages over traditional plasma products, including room-temperature storage, high portability, and rapid reconstitution. It can also be formulated as a hyperosmotic and hyperoncotic solution, which may extend its application to low-volume resuscitation strategies (1, 2). However, its clinical adoption remains limited due to the lack of comprehensive data on its biochemical stability, safety, and efficacy. The risk of pathogen transmission also remains a concern for all blood-derived products. Several studies have evaluated the effects of storage conditions on LP stability in human medicine, with findings indicating that stability can be preserved for 6 months to 2 years depending on the specific storage temperature and duration (3–7). While a study has explored the stability of reconstituted LP in dogs (8), these have primarily focused on post-reconstitution properties. To date, no study has systemically investigated the intrinsic stability of the lyophilized product itself or the impact of storage conditions prior to reconstitution.

This study aimed to evaluate the effects of lyophilization on the biochemical and coagulation profiles of canine plasma and to assess the in vitro stability and potential clinical utility of single-donor canine lyophilized plasma. Based on this aim, the following hypotheses were evaluated: (1) the lyophilization process would not significantly alter plasma components; (2) LP stability would vary depending on storage conditions, including temperature and duration; and (3) the reconstitution volume would lead to volume-dependent changes in plasma component concentrations.



2 Materials and methods


2.1 Study design

Three in vitro experimental protocols were implemented to evaluate the stability and clinical applicability of LP. First, the effects on plasma composition were assessed by comparing samples before and after lyophilization. Second, the impact of storage temperature and duration on the stability of LP components was evaluated. Lastly, the influence of different reconstitution volumes on osmolality regulation and compositional changes was investigated (Figure 1). The research protocol was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) GNU-240129-D0031 of Gyeongsang National University.
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FIGURE 1
 Study design for in vitro evaluation of lyophilized canine plasma stability and clinical applicability.




2.2 Sample preparation


2.2.1 Plasma collection

Ten units of fresh whole blood were collected from five healthy purpose-bred research Beagle dogs (weighing up to 15 kg) with normal hematologic and hemostatic profiles on two separate occasions, spaced at least 2 months apart. Approximately 10–15 mL/kg of blood was obtained via jugular venipuncture using a citrate–phosphate-dextrose-adenine (CPDA) anticoagulant multi-bag system (CY Medical Co., Ltd., Seoul, Korea), equipped with a 16-gauge needle, at a blood-to-anticoagulant ratio of 7:1. The venipuncture site was clipped and aseptically prepared using 70% isopropyl alcohol, and 2% lidocaine was administered intradermally to provide local anesthesia. Blood was then collected by gravity flow without suction to minimize hemolysis. Plasma was separated from refrigerated whole blood by centrifugation at 5,000 × g for 7 min at 4 °C within 4 h of collection, without prior leukoreduction. The separated plasma was then aliquoted into 22 individually sterilized commercial glass vials (HanSol Science, Seoul, Korea) in equal volumes using an open system with manual pipetting for subsequent analysis and processing. Each vial was designated for a specific storage condition (defined by temperature and duration) and reconstitution volume.



2.2.2 Lyophilization

The stock solution containing glycine and citric acid was prepared to stabilize plasma proteins. Plasma samples were mixed with the stock solution at a 19:1 ratio, resulting in final concentrations of 60 mM glycine and 2 mM citric acid. The plasma-stabilizer mixture was stored at −80 °C for 7 days before lyophilization. Lyophilization was performed over 2 days using a bench-top freeze dryer (TFD8503, IlShinBioBase, Dongducheon, Korea) set at −80 °C and 5 mTorr to produce the final lyophilized canine plasma samples. Each glass vial was securely sealed with a sterile rubber stopper and an aluminum cap using a manual crimping tool (HanSol Science, Seoul, Korea), ensuring an aseptic condition for long-term storage.



2.2.3 Storage

Immediately after lyophilization, LP samples were stored under four different temperature conditions: −80 °C, 4 °C, room temperature, and 38 °C. Storage at −80 °C was maintained using a deep freezer, while 4 °C storage was maintained in a laboratory refrigerator with adjustable settings. The 38 °C condition was maintained using a temperature-controlled incubator. All equipment was dedicated exclusively to this experiment to ensure temperature consistency and avoid external influence.




2.3 Analysis of plasma components


2.3.1 Reconstitution

LP was reconstituted using sterile Water for Injection (JW Pharmaceutical, Seoul, Korea) at room temperature for subsequent analysis. Standard reconstitution was performed using 94% of the original plasma volume. Additional plasma vials were reconstituted to final volumes corresponding to 50, 60, 80, and 100% of the original volume to evaluate the effects of different reconstitution volumes. All samples were gently mixed using a rolling shaker for 10–15 min after reconstitution to ensure complete dissolution, which was confirmed visually by the absence of any visible precipitate. For analysis, the reconstituted samples were collected using a syringe via negative pressure aspiration.



2.3.2 Evaluation parameters

The evaluation parameters specific to each experiment are summarized in Table 1. Blood gas parameters were measured using a blood gas analyzer (Stat Profile pHOX Ultra Analyzer; Nova Biomedical, Waltham, MA, USA). Osmolality was assessed using a vapor pressure osmometer (Model 5,600; ELITechGroup, Logan, UT, USA). Biochemical parameters such as the total protein, albumin, and glucose concentrations were analyzed using an automated chemistry analyzer (Catalyst Dx Chemistry Analyzer; IDEXX Laboratories, Westbrook, ME, USA) based on a dry-slide reflectance photometric assay system.


TABLE 1 Evaluation parameters used in each experiment.


	Experiment
	Purpose
	Evaluation parameters

 

 	1 	Effect of lyophilization 	pH, partial pressure of carbon dioxide, total protein, albumin, osmolality, coagulation factors (II, V, VIII, IX, X, XII)


 	2 	Effect of storage condition 	Total protein, albumin, glucose, osmolality, PT, aPTT, fibrinogen, coagulation factors (II, V, VIII, XI, X, XII), antithrombin, protein C, TEG parameters (R time, K time, alpha angle, MA)


 	3 	Effect of reconstitution volume 	Total protein, albumin, osmolality, fibrinogen, coagulation factors (II, V), antithrombin





*Units: partial pressure of carbon dioxide = mmHg; total protein/albumin = g/dL; osmolality = mOsm/kg; coagulation factors = % activity; PT/aPTT = sec; fibrinogen = mg/dL; TEG parameters = standard TEG units.

*PT, prothrombin time; aPTT, activated partial thromboplastin time; TEG, thromboelastography; R time, reaction time; K time, clot formation time; MA, maximum amplitude.
 

An automated coagulation analyzer (Sta Compact Max; Diagnostica Stago, Asnières-sur-Seine, France) with commercially available reagents was used to assess coagulation profiles, including prothrombin time (PT), activated partial thromboplastin time (aPTT), fibrinogen concentration, and the activities of coagulation factors II, V, VIII, IX, X, and XII and the endogenous anticoagulants antithrombin and protein C. Fibrinogen concentration was measured using the Clauss method, and individual coagulation factor activities were determined using one-stage clotting assays with factor-deficient human plasma. Antithrombin and protein C were measured using chromogenic substrate assays. Calibration was performed using human plasma calibrators, and internal quality control was maintained through routine analysis of commercially available control plasmas, following the manufacturer’s protocols. Thromboelastography was performed at 37 °C using a Single TEG® 5,000 Hemostasis Analyzer System (Haemonetics Corporation, Braintree, MA, USA) with kaolin as the coagulation activator to evaluate clot formation kinetics and strength. In the kaolin tube, 400 μL of citrated whole blood from a dog with a normal hemostatic profile—held for 30 min prior to analysis—was mixed with 300 μL of lactated Ringer’s solution and 300 μL of the LP sample to prepare a total volume of 1,000 μL of diluted blood. Then, 340 μL of this diluted sample was added to 20 μL of 0.2 mM calcium chloride in a prewarmed disposable plastic cup, using manual pipetting as recommended for thromboelastography assays (9, 10). As only a single analyzer was available, measurements were performed sequentially. Therefore, multiple citrated blood samples were obtained from the same healthy donor dog at different time points, with a maximum holding time of 30 min before use. Calibration and quality control procedures were conducted according to the manufacturer’s instructions. The following thromboelastography parameters were recorded: reaction time (R), clot formation time (K), alpha angle, and maximum amplitude (MA). The analysis was continued until the MA value plateaued, reflecting stabilization of clot strength. For aerobic bacterial culture, 1 mL of reconstituted plasma collected from each storage temperature and time point was aseptically inoculated into 9 mL of sterile thioglycolate broth (Asan Pharmaceutical Co., Ltd., Hwaseong, Korea). The cultures were incubated at 38 °C for 48 h. Turbidity or visible sediment indicated bacterial growth, whereas their absence was considered a negative result.




2.4 Statistical methods

All data were analyzed using SPSS for Windows (version 27.0; SPSS Inc., Chicago, IL, USA) with non-parametric statistical methods. The Wilcoxon signed-rank test was used to compare values before and after lyophilization. The Friedman test was used to evaluate differences related to storage conditions (temperature and duration) and reconstitution volume. Dunn’s multiple comparisons test was used for post hoc analysis to determine pairwise differences between conditions when significant differences were detected.

All data are presented as medians with interquartile ranges (IQRs) and visualized using box plots, where boxes represent the 25th to 75th percentiles and whiskers indicate the minimum and maximum values. Statistical significance was defined as p < 0.05, with the following symbols used throughout the results to indicate significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All comparisons were applied to the post-lyophilization (Day 0) and 100% dilution conditions. All graphical analyses were performed using GraphPad Prism version 8 (GraphPad Software, La Jolla, CA, USA).




3 Results


3.1 Effect of lyophilization on blood laboratory test results

The pH significantly increased after lyophilization (p = 0.02), which was attributed to a marked reduction in the partial pressure of carbon dioxide (p = 0.002), as shown in Table 2. In contrast, no significant changes were observed in total protein, albumin, glucose, osmolality, or the activities of coagulation factors II, V, VIII, IX, X, and XII.


TABLE 2 Effect of lyophilization on blood laboratory test results: comparison of plasma parameters before and after lyophilization.


	Variables
	pH
	pCO2 (mmHg)
	Total protein (g/dL)
	Albumin (g/dL)
	Osmolality (mOsm/kg)
	Factor II (%)
	Factor V (%)
	Factor VIII (%)
	Factor IX (%)
	Factor X (%)
	Factor XII (%)

 

 	Pre-lyophilization 	7.32 (7.29–7.42) 	27.15 (23.78–28.73) 	4.25 (3.75–4.53) 	2.40 (1.88–2.53) 	314.0 (304.5–316.3) 	99.5 (8.8–108.5) 	943.5 (763.5–1,059) 	320.5 (141.5–363.3) 	102.5 (62.3–147.8) 	143.0 (119.8–175.0) 	53.5 (34.5–112.0)


 	Post-lyophilization 	7.67** (7.59–7.78) 	10.25** (8.35–11.08) 	4.30 (3.57–4.33) 	2.35 (2.05–2.50) 	312.0 (301.3–321.0) 	103 (86.5–118.3) 	971.0 (731–1,323) 	402.5 (218.5–478.3) 	100 (80.8–141.8) 	127.5 (120.0–154.3) 	76.0 (50.5–108.0)





Data are presented as median (IQR). **p < 0.01 versus pre-lyophilization group.
 



3.2 Effect of storage temperature and duration on stability

The quantitative analysis of lyophilized plasma revealed changes in biochemical and coagulation parameters based on storage temperature and duration.


3.2.1 Stability evaluation over 45 days of storage at −80 °C and 4 °C

The lyophilized plasma maintained stable biochemical and coagulation profiles under −80 °C and 4 °C (Figures 2, 3) for 45 days. No significant changes were observed in the biochemical parameters, and PT and aPTT remained unchanged. However, a modest but statistically significant decrease in fibrinogen concentration was observed on Day 30 (p = 0.0005) and Day 45 (p = 0.02) during storage at 4 °C. The activities of all evaluated coagulation factors showed no significant reductions. A mild decrease in antithrombin activity was observed on Day 10 and Day 30 under both −80 °C (p = 0.03, p < 0.0001, respectively) and 4 °C (p = 0.01, p = 0.0001, respectively) conditions. However, the protein C activity and thromboelastography parameters remained unchanged (Tables 3–5).
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FIGURE 2
 Analysis of changes in plasma composition over 45 days of storage at −80 °C (n = 10 samples per time point). Friedman test analysis of biochemical and coagulation parameters over 45 days of storage at −80 °C. The dotted lines represent the upper reference limit for PT, the upper and lower reference limits for osmolality and aPTT, and the lower reference limits for total protein, albumin, and fibrinogen concentrations. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


[image: Twelve box plots display changes over days in various blood parameters: total protein, albumin, glucose, osmolality, prothrombin time (PT), activated partial thromboplastin time (aPTT), and several coagulation factors and proteins. Significant differences over time are indicated by asterisks, with albumin, PT, factor V, factor VIII, fibrinogen, and antithrombin showing changes. Measurements were taken on days 0, 10, 30, and 45.]

FIGURE 3
 Analysis of changes in plasma composition over 45 days of storage at 4 °C (n = 10 samples per time point). Friedman test analysis of biochemical and coagulation parameters over 45 days of storage at 4 °C. The dotted lines represent the upper reference limit for PT, the upper and lower reference limits for osmolality and aPTT, and the lower reference limits for total protein, albumin, and fibrinogen concentrations. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



TABLE 3 Analysis of changes in plasma composition over 45 days of storage at −80 °C.


	Variables
	Post-lyophilization
	Day 10
	Day 30
	Day 45

 

 	Total protein (g/dL) 	4.30 [3.58–4.33] 	4.00 [3.65–4.25] 	4.05 [3.58–4.30] 	3.95 [3.63–4.43]


 	Albumin (g/dL) 	2.35 [2.05–2.50] 	2.35 [2.05–2.50] 	2.25 [2.03–2.43] 	2.30 [1.88–2.43]


 	Glucose (mg/dL) 	527.0 [479.3–565.8] 	519.5 [495.5–561.3] 	527.5 [496.5–570.3] 	531.5 [501.3–582.0]


 	Osmolality (mOsm/kg) 	312.0 [301.3–321.0] 	301.0 [295.5–313.5] 	315.5 [304.0–319.0] 	298.0 [295.5–309.8]


 	PT (sec) 	8.20 [7.90–8.40] 	8.10 [7.80–8.25] 	8.00 [7.85–8.25] 	8.20 [7.95–8.30]


 	aPTT (sec) 	15.60 [14.35–17.70] 	14.50 [14.15–15.90] 	15.00 [14.70–15.90] 	14.70 [13.95–16.15]


 	Factor II activity (%) 	103.0 [86.5–118.3] 	102.5 [93.5–117.0] 	90.5 [84.5–109.3] 	98.0 [85.3–107.0]


 	Factor V activity (%) 	971.0 [731.0–1,323.0] 	1057.0 [843.5–1,232.0] 	893.5 [733.5–1,146.0] 	1028.0 [907.0–1,133.0]


 	Factor VIII activity (%) 	402.5 [218.5–478.3] 	256.0 [196.0–395.5] 	321.5 [237.8–413.3] 	349.5 [247.0–435.0]


 	Factor IX activity (%) 	101.0 [91.0–140.0] 	131.0 [81.0–181.0] 	142.0 [116.0–174.0] 	95.0 [76.0–108.0]


 	Factor X activity (%) 	127.5 [120.0–154.3] 	140.5 [125.0–185.3] 	142.5 [112.0–191.0] 	155.5 [128.8–172.5]


 	Factor XII activity (%) 	64.0 [38.5–103.0] 	65.0 [54.0–112.0] 	100.0 [83.0–113.5] 	81.0 [62.0–112.0]


 	Fibrinogen concentration (mg/dL) 	149.0 [138.5–190.5] 	141.0 [131.0–186.5] 	144.0 [128.0–173.0] 	146.0 [131.0–173.0]


 	Antithrombin activity (%) 	122.0 [113.0–133.5] 	108.0* [98.0–121.5] 	105.0**** [94.0–116.5] 	108.0 [101.5–120.5]


 	Protein C activity (%) 	23.0 [19.5–26.5] 	26.0 [21.5–26.0] 	26.0 [23.0–27.5] 	26.0 [21.5–29.0]





Data are presented as median (IQR). *p < 0.05, ****p < 0.0001 versus post-lyophilization group.
 


TABLE 4 Analysis of changes in plasma composition over 45 days of storage at 4 °C.


	Variables
	Post-lyophilization
	Day 10
	Day 30
	Day 45

 

 	Total protein (g/dL) 	4.30 [3.58–4.33] 	4.20 [3.68–4.30] 	4.10 [3.58–4.20] 	4.10 [3.68–4.33]


 	Albumin (g/dL) 	2.35 [2.05–2.50] 	2.30 [2.03–2.53] 	2.30 [1.98–2.50] 	2.35 [1.98–2.50]


 	Glucose (mg/dL) 	527.0 [479.3–565.8] 	531.5 [476.0–577.0] 	528.0 [488.0–587.5] 	548.0 [511.3–608.8]


 	Osmolality (mOsm/kg) 	312.0 [301.3–321.0] 	300.5 [290.0–316.5] 	310.0 [304.0–318.0] 	297.5 [293.5–307.8]


 	PT (sec) 	8.20 [7.90–8.40] 	8.20 [7.90–8.40] 	8.00 [7.90–8.15] 	8.30 [8.05–8.45]


 	aPTT (sec) 	15.60 [14.35–17.70] 	15.30 [14.35–16.10] 	15.10 [14.80–15.95] 	14.50 [13.60–14.95]


 	Factor II activity (%) 	103.0 [86.5–118.3] 	103.5 [94.3–114.3] 	98.0 [80.3–115.3] 	99.5 [88.3–105.3]


 	Factor V activity (%) 	971.0 [731.0–1,323.0] 	917.5 [797.3–1,261.0] 	893.5 [762.3–1,112.0] 	962.0 [735.5–1,224.0]


 	Factor VIII activity (%) 	402.5 [218.5–478.3] 	333.0 [182.0–385.5] 	356.0 [183.5–460.5] 	318.0 [224.0–493.5]


 	Factor IX activity (%) 	101.0 [91.0–140.0] 	98.0 [81.0–174.0] 	145.0 [70.0–169.0] 	98.0 [90.0–173.0]


 	Factor X activity (%) 	127.5 [120.0–154.3] 	131.5 [119.5–156.8] 	144.0 [112.8–179.5] 	153.0 [125.3–185.0]


 	Factor XII activity (%) 	64.0 [38.5–103.0] 	100.0 [55.0–113.5] 	94.0 [79.5–108.0] 	86.0 [72.5–111.5]


 	Fibrinogen concentration (mg/dL) 	149.0 [138.5–190.5] 	140.0 [132.5–180.0] 	142.0*** [124.5–170.5] 	137.0* [128.5–175.0]


 	Antithrombin activity (%) 	122.0 [113.0–133.5] 	107.0* [98.5–121.0] 	101.0*** [94.0–117.5] 	110.0 [101.5–118.5]


 	Protein C activity (%) 	23.0 [19.5–26.5] 	25.0 [21.8–27.0] 	25.5 [21.8–27.5] 	24.5 [22.8–28.0]





Data are presented as median (IQR). *p < 0.05, ***p < 0.001 versus post-lyophilization group.
 


TABLE 5 Analysis of changes in thromboelastography parameters under different storage temperature conditions.


	Variables (reference interval) (25)
	Storage temperature
	Post-lyophilization
	Day 10
	Day 30
	Day 45

 

 	R time (min) [3.8 (3.6–4.3)] 	−80°C 	2.15 (1.33–2.38) 	1.75 (1.58–2.23) 	1.80 (1.58–1.90) 	1.80 (1.48–2.13)


 	4 °C 	1.65 (1.50–1.95) 	1.85 (1.69–2.03) 	1.80 (1.70–2.05)


 	RT 	1.80 (1.63–2.00) 	2.05 (1.68–2.28) 	2.10 (1.88–2.33)


 	38 °C 	1.90 (1.80–2.20) 	2.25 (2.18–2.65) 	2.40 (2.20–2.43)


 	K time (min) [1.5 (1.2–1.6)] 	−80°C 	2.20 (1.83–2.43) 	1.90 (1.70–2.28) 	1.80 (1.70–1.90) 	2.15 (2.03–2.98)


 	4 °C 	1.70 (1.43–1.80) 	1.50 (1.18–1.90) 	2.10 (1.60–2.53)


 	RT 	2.05 (1.73–2.23) 	1.90 (1.65–2.05) 	2.45 (1.90–3.15)


 	38 °C 	1.90 (1.53–2.23) 	1.75 (1.58–1.90) 	2.75 (2.25–3.30)


 	Alpha angle (degree) [70.7 (49.3–71.9)] 	−80°C 	68.00 (65.30–70.88) 	70.65 (66.88–73.93) 	72.35 (70.90–74.20) 	69.60 (66.43–71.98)


 	4 °C 	72.75 (71.75–73.83) 	73.65 (70.05–77.03) 	71.00 (69.68–73.65)


 	RT 	70.30 (67.33–72.35) 	71.65 (70.78–73.80) 	69.25 (66.33–72.33)


 	38 °C 	71.30 (67.73–74.35) 	72.05 (70.83–73.66) 	69.56 (67.13–72.86)


 	Maximum amplitude (mm) [62.3 (58.9–65.2)] 	-80°C 	52.50 (50.65–54.58) 	54.40 (52.78–57.40) 	55.15 (54.15–56.88) 	52.50 (47.38–54.33)


 	4 °C 	56.25 (55.60–58.55) 	57.15 (54.60–61.08) 	51.50 (50.83–56.03)


 	RT 	53.35 (52.30–55.90) 	53.75 (52.90–55.48) 	49.40 (46.10–52.30)


 	38 °C 	53.20 (49.03–55.70) 	49.30 (46.08–53.73) 	45.35* (42.46–48.03)





Data are presented as median (IQR). *p < 0.05 versus post-lyophilization group.

RT (room temperature).
 



3.2.2 Stability evaluation over 45 days of storage at room temperature

A significant decrease in albumin concentration was observed on Day 45 (p = 0.008) for the group stored at room temperature. This was accompanied by a significant reduction in fibrinogen concentration on Days 30 (p = 0.001) and 45 (p = 0.0008). The activities of coagulation factors II (p = 0.02), V (p = 0.001), and VIII (p = 0.02) were significantly reduced on Day 45. In contrast, no significant changes were observed for factors IX, X, and XII. Antithrombin activity declined significantly on Days 30 (p = 0.0001) and 45 (p = 0.004), which is consistent with findings under other storage conditions. However, no significant changes were observed in protein C activity or thromboelastography parameters (Figure 4; Tables 5, 6).

[image: Box plots showing changes in various blood markers over a 45-day period. Each plot represents a different marker, including Total Protein, Albumin, Glucose, Osmolality, PT, aPTT, and several factors. The x-axis displays days (+0, +10, +30, +45), and y-axes represent measurement units. Some markers show statistical significance with asterisks indicating p-values.]

FIGURE 4
 Analysis of changes in plasma composition over 45 days of storage at room temperature (n = 10 samples per time point). Friedman test analysis of biochemical and coagulation parameters over 45 days of storage at room temperature. The dotted lines represent the upper reference limit for PT, the upper and lower reference limits for osmolality and aPTT, and the lower reference limits for total protein, albumin, and fibrinogen concentrations. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



TABLE 6 Analysis of changes in plasma composition over 45 days of storage at room temperature.


	Variables
	Post-lyophilization
	Day 10
	Day 30
	Day 45

 

 	Total protein (g/dL) 	4.30 [3.58–4.33] 	4.10 [3.65–4.40] 	4.05 [3.65–4.20] 	4.05 [3.60–4.23]


 	Albumin (g/dL) 	2.35 [2.05–2.50] 	2.30 [2.05–2.50] 	2.30 [1.95–2.40] 	2.30** [1.88–2.40]


 	Glucose (mg/dL) 	527.0 [479.3–565.8] 	514.0 [465.8–570.3] 	525.5 [476.5–550.5] 	517.5 [478.3–567.5]


 	Osmolality (mOsm/kg) 	312.0 [301.3–321.0] 	296.5 [290.0–317.8] 	312.0 [293.8–322.3] 	297.5 [287.8–307.8]


 	PT (sec) 	8.20 [7.90–8.40] 	8.30 [7.95–8.40] 	8.50 [8.15–8.55] 	8.70*** [8.45–8.95]


 	aPTT (sec) 	15.60 [14.35–17.70] 	15.80 [14.90–17.00] 	16.00 [15.80–16.50] 	16.40 [15.50–16.50]


 	Factor II activity (%) 	103.0 [86.5–118.3] 	95.0 [83.0–101.8] 	89.5 [73.0–101.0] 	85.0* [73.5–90.0]


 	Factor V activity (%) 	971.0 [731.0–1,323.0] 	882.5 [705.8–1,203.0] 	701.0 [676.0–867.0] 	645.5** [600.0–767.3]


 	Factor VIII activity (%) 	402.5 [218.5–478.3] 	322.0 [134.5–381.5] 	301.0 [138.5–343.0] 	248.0* [166.0–286.5]


 	Factor IX activity (%) 	101.0 [91.0–140.0] 	132.0 [70.0–183.0] 	107.0 [55.0–120.0] 	137.0 [119.0–161.0]


 	Factor X activity (%) 	127.5 [120.0–154.3] 	142.5 [122.0–174.8] 	168.5 [133.5–190.3] 	158.0 [135.8–183.0]


 	Factor XII activity (%) 	64.0 [38.5–103.0] 	99.0 [63.5–104.0] 	70.0 [44.5–90.0] 	65.0 [60.5–69.5]


 	Fibrinogen concentration (mg/dL) 	149.0 [138.5–190.5] 	143.0 [132.0–181.5] 	137.0** [128.5–174.0] 	136.0*** [128.0–176.0]


 	Antithrombin activity (%) 	122.0 [113.0–133.5] 	106.0 [96.0–119.0] 	102.0*** [87.5–113.0] 	98.0** [94.5–112.5]


 	Protein C activity (%) 	23.0 [19.5–26.5] 	24.0 [21.5–25.5] 	23.0 [21.5–25.5] 	20.0 [19.0–23.5]





Data are presented as median (IQR). *p < 0.05, **p < 0.01, ***p < 0.001 versus post-lyophilization group.
 


TABLE 7 Analysis of changes in plasma composition over 45 days of storage at 38 °C.


	Variables
	Post-lyophilization
	Day 10
	Day 30
	Day 45

 

 	Total protein (g/dL) 	4.30 [3.58–4.33] 	4.15 [3.65–4.23] 	4.05 [3.53–4.30] 	4.20 [3.70–4.50]


 	Albumin (g/dL) 	2.35 [2.05–2.50] 	2.30 [1.88–2.43] 	2.15** [1.78–2.40] 	2.15*** [1.88–2.30]


 	Glucose (mg/dL) 	527.0 [479.3–565.8] 	506.0 [465.3–539.5] 	497.0**** [434.5–541.3] 	488.0** [434.8–550.5]


 	Osmolality (mOsm/kg) 	312.0 [301.3–321.0] 	295.0 [289.8–317.5] 	300.0 [295.0–312.3] 	290.5* [285.8–297.5]


 	PT (sec) 	8.20 [7.90–8.40] 	9.00 [8.75–9.15] 	10.90** [10.05–11.10] 	11.70**** [10.55–11.95]


 	aPTT (sec) 	15.60 [14.35–17.70] 	18.30 [16.85–19.45] 	21.80** [19.75–23.75] 	21.80*** [19.75–24.75]


 	Factor II activity (%) 	103.0 [86.5–118.3] 	81.0 [74.8–85.0] 	61.5** [53.8–66.0] 	48.0**** [43.8–55.8]


 	Factor V activity (%) 	971.0 [731.0–1,323.0] 	678.0 [611.0–929.0] 	371.0* [297.0–432.0] 	312.0*** [287.0–344.0]


 	Factor VIII activity (%) 	402.5 [218.5–478.3] 	183.0 [140.3–249.5] 	122.5* [99.3–163.0] 	119.0* [90.0–150.0]


 	Factor IX activity (%) 	101.0 [91.0–140.0] 	81.5 [49.0–93.5] 	44.5** [39.0–51.5] 	49.0 [42.0–61.3]


 	Factor X activity (%) 	127.5 [120.0–154.3] 	131.0 [114.5–151.3] 	77.5 [61.8–86.3] 	55.5*** [51.8–67.8]


 	Factor XII activity (%) 	64.0 [38.5–103.0] 	69.0 [61.0–83.5] 	30.0 [26.0–32.5] 	24.0** [17.0–25.5]


 	Fibrinogen concentration (mg/dL) 	149.0 [138.5–190.5] 	137.0 [128.0–183.5] 	119.0** [115.0–131.5] 	112.0**** [107.0–132.5]


 	Antithrombin activity (%) 	122.0 [113.0–133.5] 	97.0 [90.0–111.0] 	84.0**** [71.0–89.0] 	78.0*** [74.0–90.0]


 	Protein C activity (%) 	23.0 [19.5–26.5] 	20.0 [19.0–23.0] 	15.0* [14.0–17.0] 	12.0**** [11.5–14.5]





Data are presented as median (IQR). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus post-lyophilization group.
 



3.2.3 Stability evaluation over 45 days of storage at 38 °C

The concentrations of albumin and glucose significantly decreased on Days 30 and 45 in the group stored at 38 °C (albumin: p = 0.002 and p = 0.0008; glucose: p < 0.0001 and p = 0.003, respectively). PT and aPTT were significantly prolonged (PT: p = 0.003 and p < 0.0001; aPTT: p = 0.001 and p = 0.0004), and fibrinogen concentrations significantly decreased (p = 0.002 and p < 0.0001) on Days 30 and 45, respectively. The activities of all measured coagulation factors decreased by more than 50% on Day 45 from the post-lyophilization values. The activities of antithrombin and protein C significantly decreased on Days 30 and 45, respectively (antithrombin: p < 0.0001 and p = 0.0008; protein C: p = 0.01 and p < 0.0001). Thromboelastography revealed a significant decrease in MA (p = 0.02) on Day 45, likely attributable to the marked loss of fibrinogen concentration (Figure 5; Tables 5, 7).

[image: Box plots illustrate changes in total protein, albumin, osmolality, Factor II, Factor V, fibrinogen, and antithrombin at reconstitution volumes of 50%, 60%, 80%, and 100%. Trends generally show a decrease in levels as reconstitution volume increases, with statistical significance indicated by asterisks.]

FIGURE 5
 Analysis of changes in plasma composition over 45 days of storage at 38 °C (n = 10 samples per time point). Friedman test analysis of biochemical and coagulation parameters over 45 days of storage at 38 °C. The dotted lines represent the upper reference limit for PT, the upper and lower reference limits for osmolality and aPTT, and the lower reference limits for total protein, albumin, and fibrinogen concentrations. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


No bacterial growth was observed in any reconstituted plasma samples under aerobic culture conditions throughout the study, across all storage temperatures and time points.




3.3 Effect of reconstitution volume on plasma composition and osmolality

The effects of different reconstitution volumes on osmolality and plasma composition were determined by assessing total protein, albumin, osmolality, coagulation factors II and V activities, fibrinogen concentration, and antithrombin activity (Figure 6). Reconstitution at 50 and 60% volumes, relative to 100%, significantly increased the concentrations of total protein, albumin, osmolality, and fibrinogen concentration, as well as the activities of coagulation factors II, V, and antithrombin (Table 8).

[image: Box plots showing changes in various biochemical and coagulation parameters over time. Parameters include total protein, albumin, glucose, osmolality, PT, aPTT, and activities of coagulation factors II, V, VIII, IX, X, XI, XII, fibrinogen, antithrombin, and protein C. Measurements are taken at days 0, 10, 30, and 45, with statistical significance indicated by asterisks.]

FIGURE 6
 Analysis of changes in plasma composition according to reconstitution volume (n = 10 samples per time point). Friedman test analysis of plasma parameters according to reconstitution volume. Data are presented as median (IQR). The dotted lines represent the upper and lower reference limits for osmolality, and the lower reference limits for total protein, albumin, and fibrinogen concentrations. The 50 and 60% reconstitution groups exhibited statistically significant increases in all measured parameters compared to the 100% reconstitution group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus 100% reconstitution group.



TABLE 8 Analysis of changes in plasma composition according to reconstitution volume.


	Variables
	50% volume
	60% volume
	80% volume
	100% volume

 

 	Total protein (g/dL) 	7.00**** [5.95–7.63] 	5.85** [5.13–6.15] 	5.10 [3.75–5.50] 	4.15 [3.58–4.53]


 	Albumin (g/dL) 	4.85**** [4.10–5.13] 	3.55** [4.10–4.43] 	3.25 [2.75–3.45] 	2.50 [2.03–2.50]


 	Osmolality (mOsm/kg) 	616.0**** [594.8–656.5] 	508.5** [496.5–557.8] 	408.5 [388.8–420.0] 	333.5 [303.8–359.0]


 	Factor II activity (%) 	151.5**** [117.8–168.0] 	136.5* [104.0–149.0] 	113.0 [79.5–127.8] 	94.0 [64.0–108.5]


 	Factor V activity (%) 	2,083.0**** [1,147.0–2,110.0] 	1,707.0* [980.5–1,961.0] 	1,401.0 [733.5–1,541.0] 	1,154.0 [622.5–1,388.0]


 	Fibrinogen concentration (mg/dL) 	319.0**** [245.0–345.0] 	290.0** [203.0–297.0] 	222.0 [159.0–232.0] 	181.0 [129.0–189.5]


 	Antithrombin activity (%) 	234.0**** [139.0–242.0] 	188.0* [120.0–215.0] 	161.0 [96.0–169.0] 	126.0 [72.0–137.0]





Data are presented as median (IQR). *p < 0.05, **p < 0.01, ****p < 0.0001 versus 100% reconstitution group.
 




4 Discussion

This study demonstrated that lyophilization did not significantly affect the compositional integrity of canine plasma. Storage stability analysis showed that plasma maintained stable biochemical and coagulation profiles for up to 45 days under −80 °C and 4 °C conditions. In contrast, storage at 38 °C resulted in marked deterioration of coagulation function, including prolonged PT and aPTT, significant reduction in fibrinogen concentrations, and more than 50% reductions in all measured coagulation factor activities. Room temperature storage significantly reduced the activities of coagulation factors II, V, and VIII by Day 45. However, PT, aPTT, and thromboelastography parameters remained within normal limits, suggesting acceptable short-term clinical efficacy under ambient conditions. Reconstitution at reduced volumes resulted in dose-dependent increments in albumin concentration, osmolality, and coagulation protein concentrations. These findings support the feasibility of tailoring plasma osmolarity to specific clinical needs and highlight the potential for developing customized formulations based on therapeutic goals.

Previous studies have reported promising results on the hemostatic efficacy of LP under specific conditions. For example, reconstituted canine LP maintained hemostatic capacity for up to 14 days in refrigerated storage (8). However, comprehensive evaluations of its stability across a wider range of storage temperatures and durations have not been performed. Several studies in human medicine have focused on the long-term stability of LP under various temperature settings (4, 5, 7). These studies have identified fibrinogen and factor V as the most temperature-sensitive components. Significant degradation of these factors has been reported after 6–12 months of storage at 4 °C, 25 °C, and 40 °C (4). Up to 46% fibrinogen loss has been observed after 24 months at room temperature (5). Fibrinogen concentrations remained within normal limits during refrigerated storage, but complete degradation occurred within 12 days at 56 °C. Progressive degradation of coagulation proteins, especially after storage at ≥ 30 °C for more than 4 weeks, was observed during a short-term study (1–6 weeks) using storage temperatures of 22 °C, 30 °C, and 38 °C (7).

The present study demonstrated temperature-dependent degradation of specific coagulation proteins and substantiated the existing evidence that elevated storage temperatures accelerate the degradation of plasma components. These results highlight the critical importance of selecting appropriate storage conditions to preserve the functional integrity of lyophilized plasma and support its potential clinical application in veterinary emergency care under well-controlled temperature settings.

Selective administration of LP based on patient-specific indications is warranted. For example, caution is required for patients with hemophilia A due to the temperature-sensitive degradation of coagulation factor VIII. In the present study, factor VIII activity remained stable only when stored at −80 °C or 4 °C for the 45-day observation period. Therefore, LP stored at temperatures exceeding standard refrigeration cannot be considered suitable for the treatment of hemophilia A. This highlights the importance of evaluating the stability of individual coagulation factors when determining the clinical suitability of LP.

Additionally, substantial inter-individual variability was observed across several parameters. This likely reflects biological variation in plasma composition among individual donor dogs. Greater variability may be expected when using heterogenous canine donor populations with diverse breeds, ages, and health statues, which could further affect the consistency and standardization of LP products in clinical applications.

The clinical data on LP are limited in small animal medicine. However, its potential in vivo efficacy has been demonstrated in several animal model studies. In swine models, LP exhibited resuscitative effects comparable to those of FFP, with similar outcomes in serum lactate concentrations, interleukin-6 levels, hemodynamic parameters, and overall hemostatic function (11, 12). In rodent models of pneumonia and lung injury, LP improved vascular permeability and attenuated inflammatory responses, mirroring the effects of FFP (13). Furthermore, in a canine hemorrhagic shock model, LP preserved the endothelial glycocalyx more effectively than isotonic saline and synthetic colloids, with protective effects comparable to FFP (14). These findings support the potential utility of LP in clinical practice for dogs.

LP has potential clinical advantages beyond its storage and handling benefits. It can be used as a hyperosmotic resuscitation agent, allows rapid administration in emergency settings, and enables timely hemostatic resuscitation. It can be used in euvolemic patients without the risk of volume overload. Volume-dependent increases in plasma component concentrations with decreasing reconstitution volumes have been reported for LP in previous in vitro studies in canine and human models (15, 16), and similar findings were observed in the present study. Although these effects have been well documented in vitro, in vivo evaluation in dogs remains limited. Notably, in vivo studies using a swine hemorrhage model demonstrated that both 100 and 50% reconstituted LP resulted in comparable improvements in hemodynamic parameters, thromboelastography profiles, and serum lactate concentrations (11, 12, 17–22). These findings suggest that hyperosmotic LP may support physiological recovery even at reduced volumes and could serve as an effective resuscitative fluid for low-volume hypotensive hemostatic resuscitation in veterinary clinical practice. Considering the diversity of clinical conditions, adjusting the osmolality of lyophilized plasma according to the veterinary patient’s volume status is important. In euvolemic patients with coagulopathy, hyperosmotic LP may allow adequate hemostatic resuscitation while minimizing fluid overload. In contrast, for hypovolemic patients, reconstituting LP with a larger volume of diluent may provide the benefits of both effective volume expansion and adequate coagulation support.

This study has several limitations. First, the relatively small sample size may limit the statistical power and generalizability of the findings. Second, the 45 days of storage may not adequately reflect long-term stability or delayed degradation of plasma components. Third, the evaluation of LP stability and efficacy was limited by the absence of additional coagulation parameters, such as von Willebrand factor and factors VII and XIII, as well as colloid osmotic pressure. Given that hyperoncotic solutions exert greater physiological effects than iso-oncotic solutions (23, 24), this should be considered in future studies. In addition, not all parameters such as fibrinogen were measured across all experimental conditions, which may affect data completeness and comparability. Fourth, several aspects of the preparation process—most notably the use of a vial-based lyophilization system—reflect experimental rather than clinically applicable conditions, and the reliance on human-derived calibrators in the absence of canine-specific alternatives may have introduced interspecies variability and affected measurement accuracy. Fifth, the interpretation of certain functional assay results should be approached with caution. For example, some thromboelastography parameters showed numerically enhanced coagulation profiles after storage, despite no statistical significance, which may reflect the confounding influence of endogenous coagulation factors present in the healthy donor whole blood used for reconstitution and potentially mask LP-specific deficiencies. Finally, because this study was conducted entirely in vitro, further investigation is required to support clinical translation. Future studies should include in vivo evaluations in dogs to assess the clinical efficacy and safety of LP under practical conditions.

In conclusion, this study demonstrated that the lyophilization process does not significantly alter the major components of canine plasma. Short-term stability was maintained even with storage at room temperature. However, storage temperature influenced protein stability. These findings emphasize the importance of selecting appropriate storage conditions to preserve product integrity. Based on the properties confirmed in this study, LP may be practical and efficient for rapid intervention in emergencies in clinical practice.
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