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Abstract  

Introduction: For stem cell therapies to be adopted in mainstream healthcare, robust, 

reliable and cost-effective storage and transport processes must be developed. 

Cryopreservation currently remains the best current platform for this and freezing 

cells at high concentration may have many benefits including savings on cost and 

storage space, facilitating transport logistics and reducing cryoprotectant volume. 

Cells, such as mesenchymal stem cells, are typically frozen at just one million cells 

per millilitre (mL) but the aim of this study is to examine the post-thaw attributes of 

human bone marrow derived mesenchymal stem cells (hBM-MSCs) frozen at one, 

five and ten million cells per mL.  

Methods: Thawed cells were assessed for their morphology, phenotypic marker 

expression, viability, apoptosis level, metabolic activity, proliferation and osteogenic 

and adipogenic differentiation.  

Results: Here, for the first time, it is shown that all assessed cells expressed the 

typical MSCs markers (CD90, CD105 and CD73) and lacked the expression of 

CD14, CD20, CD34, CD45 and HLA-DR. In addition, all cells showed elongated 

fibroblastic morphology. Post-thaw viability was retained with no difference among 

the three concentrations. Moreover, no significant statistical difference was observed 

in post-thaw apoptosis level, metabolic activity, proliferation and osteogenic 

potential, indicating that these cells are amenable to cryopreservation at higher 

concentrations.  

Conclusion: The results of this study are of paramount importance to the 

development of manufacturing processes around a useful freezing concentration, 

when cells are targeted to be stored for short term duration up to six months. 



Introduction 

As of December 2021, there were 22 cellular and gene therapy products approved 

by the US Food and Drug Administration [1]. With more than a thousand clinical trials 

using mesenchymal stem cells (MSCs) aiming to treat a wide variety of diseases 

(ClinicalTrials.gov), it is expected that many more products will soon reach the 

market which is predicted to triple in size by 2025 [2]. Improved MSC therapies’ 

manufacturing will allow their broader application [Wobma & Satwani, 2021]. A key 

process required to facilitate this market growth is product storage. Currently, storing 

cells at cryogenic temperature is the most common practice. It is more cost-effective 

than shipping fresh cells and conveys less risk when coordinating between the 

supply chain, surgical team and the patient [3]. Allogeneic cell therapies require 

production at a scale that is dependent on the number of patients, the number of 

doses required to treat a patient and the number of cells per dose [4]. A 2020 - study 

analysed 914 MSC clinical trials between 2004 and 2018 and concluded that the 

median dose for intravenous delivery is 100 million cells per patient per dose [5]. The 

range of annual demand on MSC products is estimated between 10 billion and 

10,000 billion cells [4] which means a huge number of doses are to be stored and 

distributed. Freezing MSCs at high concentration not only contribute to cost savings 

but is also beneficial clinically and for in vitro applications; in particular, bioreactor 

seeding. From a clinical perspective, increasing the cell concentration at freezing 

reduces the number of vials to be handled at bedside, the space required for cell 

storage, the volume of freezing medium and ultimately the volume of cryoprotectant 

infused into a patient. For in vitro applications, freezing MSCs at higher density 

makes the transition from a working cell bank to seeding bioreactor more feasible 

since 2x107 is a commonly used starting inoculum for many bioreactor systems [6-8].  



Bahsoun et al. [9] analysed 41 studies on the cryopreservation of human bone 

marrow derived mesenchymal stem cells (hBM-MSCs) and concluded that, within a 

research environment, the most common cell concentration for cryopreservation is 

1x106 cells per mL. Only one of the analysed studies briefly assessed the impact of 

cell concentration at freezing on post-thaw cell function [10]. Dave et al. [X] analysed 

15 studies on using fresh and cryopreserved MSCs in pre-clinical models and 

inflammation. Two thirds of the compared studies used MSCs at concentration 

between 1x106 and 1x107. According to Woods et al. [11], “with non-hematopoietic 

adult stem cells such as mesenchymal stromal cells, no comprehensive study has 

yet reported the effects of increasing cell concentration during cryopreservation and 

the resulting clinical outcome”. 

The novelty of this study lies in investigating the effect of hBM-MSCs concentration 

at freezing on post-thaw cell morphology, phenotypic marker expression, viability, 

apoptosis level, metabolic activity, proliferation and differentiation in order to assess 

the feasibility of freezing at high concentration. To our knowledge, this is the first 

study to compare these post-thaw attributes across cells frozen down at three 

different concentrations (1x106, 5x106 and 10x106). This is an important study that 

will inform efficient banking strategies for bioprocessing and clinical settings. 

Materials and methods 

hBM-MSCs culture 

hBM-MSCs were isolated from mononuclear cells (purchased from Lonza (USA)) by 

adhesion-based cell selection process. Isolated hBM-MSCs were cryopreserved at 

passage 0 (P0). Vials at P0 were thawed immediately in a water bath (40°C) for 

about 1 minute. Cells were re-suspended in warm complete culture medium 



(Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco, UK) low glucose 

supplemented with 10% FBS v/v (RMBIO, US)) and centrifuged to remove DMSO. 

Cells were seeded at 5000 cells per cm2 in warm complete culture medium. All 

cultures were maintained at 37°C and 5% CO2 in a humidified incubator. A complete 

medium change was done at day 3. At day 6 in culture (when cells reached about 

80% confluency), medium was aspirated, and cells washed with phosphate buffer 

saline (PBS) (Gibco, UK) then detached with 0.25% (w/v) trypsin-EDTA (Gibco,UK), 

counted and re-seeded at 5000 cells per cm2. For all assays, cells at Passage 2 or 3 

were used.  

Cryopreservation and thawing of hBM-MSCs 

At the end of P2 or P3, cells were detached, centrifuged and counted. According to 

cell count, the cells were re-suspended at 1x106, 5x106 or 10x106 cells per mL in 

FBS supplemented with 10% DMSO (v/v) (Sigma, UK). 1mL of cell suspension was 

transferred to each vial (Corning cryogenic vials, internal thread, 2mL capacity). Vials 

were kept in Mr Frosty (Nalgene cryogenic freezing container filled with 100% 

isopropyl alcohol) in a -80°C freezer for 24h to cool at a rate of -1°C per minute. After 

24h, the vials were transferred to liquid Nitrogen (LN2) for at least six months.   

For thawing, vials were removed from LN2 and immediately placed through a floating 

mat in a water bath at 40°C for about one minute. Next, cells were added to fresh 

warm complete medium (9 mL) to dilute DMSO and centrifuged at 200g for 5 

minutes at room temperature. The supernatant was discarded, and cells were then 

re-suspended in complete fresh medium, counted and used for assays. 

hBM-MSCs immunophenotyping 



The expression of surface markers was assessed by flow cytometry using MSC 

phenotyping kit (human) (Miltenyi Biotec, UK) according to the manufacturer’s 

instructions. The kit confirms compliance with International Society for Cellular 

Therapy (ISCT) criteria [12]. Positive markers stained for were CD105 linked to PE, 

CD90 linked FITC and CD73 linked to APC. Negative markers stained for were 

CD14, CD20, CD34, CD45 and HLA-DR all linked to PerCP. Analyses for the three 

cell concentrations were done immediately post-thaw. 5x105 cells were suspended in 

100µL flow cytometry buffer with 10µL of Human MSC phenotyping cocktail and 

10µL of Human Anti-HLA-DR-PerCP. Cells were incubated for 10 minutes at 5°C in 

the dark. After that, cells were re-suspended in 1mL buffer, centrifuged, supernatant 

removed and then re-suspended in fresh 500µL buffer and analysed. All samples 

were analysed using the BD Accuri C6 (BD Biosciences, UK). 100,000 events were 

collected for each sample.  

Viability and apoptosis assay 

The viability and percentage of apoptotic cells were assessed using the FITC 

Annexin V apoptosis detection kit with 7-AAD (Biolegend, UK) according to the 

manufacturer’s instructions. Analyses of all samples were done immediately after 

thawing. 3x105 cells were suspended in 100 µL Annexin V binding buffer with 5 µL of 

FITC annexin V and 5 µL of 7AAD viability staining solution. Cells were incubated at 

room temperature in the dark for 15 minutes then analysed using the BD Accuri C6. 

100,000 events were collected for each sample. All flow cytometry data was 

analysed using the BD Accuri C6 plus software.  

WST-1 assay 



30,000 cells per well were seeded in 100µL of complete culture medium in 96-well 

plates. 10µL of warm WST-1 solution (Sigma, UK) was added to each well at 0h 

(immediately after seeding) and 24h after seeding. Plates were then incubated for 

further 2 hours at 37˚C in a humidified incubator. After incubation, the absorbance 

was measured at 450nm using Varioskan Flash spectral scanning multimode reader 

(Thermo Fisher Scientific, UK). 

Cell proliferation assay 

To determine the post-thaw growth of cells frozen at each concentration, six T25 

flasks at a density of 5000 cells per cm2 were seeded immediately post-thaw for one 

passage. At day 6 in culture, flasks were removed from the incubator and the cell 

passage protocol was undertaken to determine the number of live cells per cm2.  

hBM-MSCs differentiation 

The assessment of the differentiation potential was conducted via incubation with 

osteogenic and adipogenic differentiation media for 16 and 19 days respectively. All 

media were prepared in-house and a complete medium change was performed 

every three days [13]. The chosen seeding concentrations, type of plates and length 

of incubation were based on the protocols for the StemPro differentiation kits 

(Thermo Fisher Scientific, UK) with adjustments to optimise the conditions for the cell 

line used. The detailed protocols are published in Bahsoun et al. [14].   

In this specific study, chondrogenesis differentiation was not conducted, due to the 

big number of cells required for this assay, but the same cell line was used in other 

studies from our lab where chondrogenesis of the M2 cell line was shown [15]. This 

confirms the compliance with the ISCT criteria for defining MSCs.  



Statistical analyses 

All data are presented as mean of triplicates or duplicates from two different 

experiments ± SD. The study was repeated twice, and for each repeat, the assays 

were conducted in triplicates except for the proliferation assay which was conducted 

in duplicates. Shapiro–Wilk test and Levene’s test were used to check normality of 

distribution and homogeneity of variance respectively. For normally distributed data, 

one-way between groups analysis of variance (ANOVA) was used as a parametric 

test and Kruskal-Wallis H was used as a non-parametric test when data was not 

normally distributed. Results were deemed to be significant at p≤0.05.  

Results 

The assessment of cell morphology, phenotypic surface marker 

expression, cell viability and apoptosis level 

Figure 1 shows that a fibroblastic elongated shape was observed in all thawed cells 

meaning that cell concentration at freezing did not influence the post-thaw cell 

morphology. Figure 2 shows that all samples expressed the most common MSCs 

markers (CD90, CD105 and CD73) at a level ≥95% which is the threshold set up by 

the ISCT for defining an MSCs population [12]. In addition, the percentage of cells 

expressing CD14, CD20, CD34, CD45 and HLA-DR is ≤2% for all three cell samples 

(Figure 2) thus further confirming compliance with the ISCT criteria.  

Immediately post-thaw, no significant statistical differences in viability or apoptosis 

levels were obtained across the three samples. Viability after thawing was 

maintained at 95.8%±1.6, 95.8%±2.0 and 97.5%±0.8 for cells frozen at one, five and 

ten million cells per mL respectively (Figure 3A). The percentages of apoptotic cells 



for the three cell concentrations were all less than 6.5% with no significant statistical 

difference observed (Figure 3B). Therefore, it can be suggested that cell 

concentration at freezing has no impact on viability and apoptosis levels post-thaw 

when a standard freezing medium and protocol were used.         

The assessment of cell metabolic activity and proliferation 

The metabolic activity of thawed cells was assessed at 0h and 24h post-thaw. At 

both time points, cells frozen at the three concentrations showed similar level of 

activity and no significant statistical difference was observed (Figure 4A).   

From a manufacturing perspective, the ability of MSCs to proliferate is one of the 

most important characteristics of this type of cell as the aim is to produce a large 

number of cells, given that the median dose for intravenous delivery is 100 million 

cells per patient per dose [5]. To assess growth, cells were defrosted and seeded at 

5000 cells per cm2 and incubated for 6 days with medium change at day 3. At day 6, 

cells were detached and counted. The number of live cells per cm2 is presented in 

Figure 4B where no significant statistical difference was obtained.  

  

The assessment of cell differentiation capability 

The post-thaw adipogenic and osteogenic differentiation potential of the MSCs were 

assessed qualitatively and quantitatively. Figures 5 & 6 show that differentiation 

potentials were preserved with thawed cells able to differentiate into adipocytes and 

osteoblasts. From the quantitative data, it can be noticed that cells frozen at five and 

ten million have a higher adipogenic potential compared to those frozen at one 



million (Figure 7A) while no significant statistical difference was observed for the 

osteogenic potential (Figure 7B).  

Discussion 

Freezing cells at high concentration is associated with several issues such as 

increased intracellular ice formation, stresses on intracellular tight junctions, 

increased cell-cell interaction and subsequently cell clumping [11, 16-18]. Despite 

this, cells, other than MSCs, are successfully cryopreserved at high concentrations. 

Hematopoietic stem cells from umbilical cord blood and bone marrow are regularly 

cryopreserved at 30 – 50x106 cells per mL [19-20]. Even higher concentrations, such 

as 100x106, are considered acceptable for freezing hematopoietic progenitor cells 

from bone marrow or peripheral blood [21]. It has also been shown that freezing 

nucleated cells from mobilized peripheral blood stem cells at 40, 70, 100, 160 and 

200x106 for 2-12 months has no detrimental effect on cell viability or stem cell 

clonogenicity [22]. Even higher concentrations have been reported showing enriched 

mononuclear cells from mobilized peripheral blood stem cells can be frozen at 2x108 

without the use of a programmed freezer [23]. These listed studies suggest that 

freezing cells at high concentrations is therapeutically and practically necessary and 

is achievable. However, these results cannot be generalised because it is known that 

cells from different tissue sources do not respond ‘equally’ to the cryopreservation 

stresses. Biological and physical factors, including the fluidity and antioxidant 

capacity of the cell membrane, may contribute to the cells’ freezing tolerance 

(Mizuno et al., 2022).  Cells from different sources may exhibit variabilities in their 

physical and biological properties in response to freezing [11].  



Very limited data exists in the literature regarding the cryopreservation of MSCs at 

high cell concentration. The study herein is the first to assess this aspect of hBM-

MSCs cryopreservation in a systematic way using six different assays. From the data 

presented above, it was determined that freezing hBM-MSCs at five or ten million 

per mL of standard freezing solution is feasible and comparable to freezing at one 

million cells per mL. All assessed cells showed markers expression as per the ISCT 

guidelines and exhibited elongated fibroblastic morphology. Post-thaw viability was 

retained with no difference among the three samples and this is in line with results in 

Yuan et al. and Thirumala et al. [10, 24]. Moreover, no significant statistical 

difference was observed in post-thaw apoptosis level, metabolic activity, proliferation 

and osteogenic potential while adipogenic differentiation potential increased with 

increasing cell concentration at freezing. This shows higher cell commitment to 

differentiation and potentially the initiation of some cell signalling related to 

adipogenesis as a result to freezing at a high concentration. From a therapeutic 

perspective, this observed impact can be evaluated according to the therapy being 

developed and manufactured.  

Freezing cells at high concentration has many benefits in cell manufacturing 

including reducing the volume of cryoprotectants, such as DMSO, to be infused in 

patients. In this study, the freezing medium was composed of 10% DMSO in FBS 

which is the most commonly used in BM-MSCs studies [9]. In fact, DMSO is 

considered the “default” cryoprotectant for research laboratory and clinical banks 

[25-26] and it is the most commonly used for the cryopreservation of mammalian 

cells including stem cells [27]. DMSO is an example of permeating cryoprotectants 

which have a high solubility and readily diffuse through the plasma membrane. 

Cryoprotectants reduce solution effect by replacing a fraction of the solutes in the 



partly frozen cells [27]. This reduces solutes concentration and consequently affects 

water transport and ice formation [28]. A drawback on the use of these types of 

cryoprotectants is the damage they can cause to cells and their adverse effects 

when infused into patients. 

In in vitro experiments, DMSO has been shown to impact the epigenetic profile in 

mouse embryoid body [29],  induce embryonic stem cell differentiation [30], down 

regulate the expression of Oct-4 and Sox-2 in human embryonic stem cells [31-32] 

and induce apoptosis in SV40-transformed human keratinocytes [33]. In clinical 

trials, when infused in patients, DMSO has been reported to cause severe 

respiratory depression [34], nausea, abdominal cramping and flushing [35], cardiac 

side effects [36-37] and severe neurotoxicity [38-39]. It was suggested that a 

reduced DMSO toxicity incidence rate was associated when using lower DMSO 

concentrations or washing cells before infusion [40]. The data in this study 

demonstrates that freezing five or ten times more hBM-MSCs in the same amount of 

freezing solution is not harmful to the cells. Thus, in a clinical setting, where cells are 

to be thawed and injected immediately into patients, this will potentially result in 

injecting five or ten times less DMSO. Without doubt, a reduction in the amount of 

DMSO delivered to any individual patient will be clinically beneficial. In addition, cells 

frozen at higher concentrations will reduce the number of vials to be handled at 

bedside, save on the cost of space required for cell storage as well as the cost of 

transportation. 

Freezing hBM-MSCs at up to 10 million cells per mL does not seem to incur cell 

damage and this is valuable information for starting to establish a benchmark of cell 

density from which damage starts to occur. It is worth noting that this study has 

some limitations. Since cells were manually cultured by one operator, it was not 



practical to freeze MSCs at a concentration higher than ten million cells per mL. The 

data was collected from one cell line only (due to the large number of cells required) 

and it is possible that the response to freezing may vary among donors. The freezing 

solution contained FBS which is not considered therapeutically relevant. Where large 

volume culture systems such as bioreactors or automatic platforms are available, 

larger number of cells can be cultured more easily so it would be of great interest to 

assess freezing cells from multiple donors at larger concentration combined with 

varying the DMSO and FBS concentrations in the freezing medium or with testing 

alternatives to DMSO such as sugars, proteins, polymers, amino acids, and other 

small molecules and osmolytes (Yao & Matosevic 2021) .  In addition, this study only 

assessed the short-term effect of the impact of cell concentration at freezing. This 

does not rule out the possibility that long-term effects may only be observed after 

several passages post-thaw. Therefore, it is necessary to assess the impact of 

cryopreservation beyond immediately post-thaw [14]. Moreover, evaluating the 

impact on the desired clinical function in the context of a particular treatment is also 

important.     

Despite the mentioned limitations, this study highlights the fact that increasing MSCs 

concentration at freezing is feasible but can make a difference in some cell attributes 

and therefore a manufacturing process must be developed around a useful freezing 

concentration, rather than assuming that what works for one million cells per mL will 

work the same way for the final product (biological therapy scale-up) [41].  
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