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Abstract 30 

A great challenge when conducting ex vivo studies of leukaemia is the construction of 31 

an appropriate experimental platform that would recapitulate the Bone Marrow (BM) 32 

environment. Such a 3D scaffold system has been previously developed in our group 33 

[1]. Additionally to the BM architectural characteristics parameters, such as oxygen 34 

and glucose concentration are crucial as their value could differ between patients as 35 

well as within the same patient at different stages of treatment, consequently affecting 36 

the resistance of leukaemia to chemotherapy.  37 

The effect of oxidative and glucose stress –at levels close to human physiologic ones- 38 

on the proliferation and metabolic evolution of an AML model system (K-562 cell 39 

line) in conventional 2D cultures as well as in 3D scaffolds were studied.  40 

We observed that the K-562 cell line can proliferate and remain alive for 2 weeks in 41 

medium with glucose close to physiological levels both in 20% and 5% O2. We report 42 

interesting differences on the cellular response to the environmental, i.e., oxidative 43 

and/or nutritional, stress stimuli in 2D and 3D. Higher adaptation to oxidative stress 44 

under non-starving conditions is observed in the 3D system. The glucose level in the 45 

medium has more impact on the cellular proliferation in the 3D compared to the 2D 46 

system.  47 

These differences can be of significant importance both when applying chemotherapy 48 

in vitro and secondly when constructing mathematical tools for optimisation of 49 

disease treatment. 50 

 51 

Keywords  52 

Acute Myeloid Leukaemia, starvation stress, oxidative stress, 3D scaffolds, K-562 53 

cell line. 54 



 3 

 55 

 Introduction 56 

Acute Myeloid Leukaemia (AML) is the most aggressive type of leukaemia. According 57 

to Cancer Research UK, approximately 8000 cases of AML occur annually in the UK. 58 

AML is a type of leukaemia which is characterized by an increased proliferation of 59 

immature blasts in the myeloid lineage and, as a consequence, insufficient normal 60 

blood cell production. These blasts have low proliferation capability. However, a 61 

small population of cells with higher proliferation capacity and self renewal potential, 62 

i.e., the Leukaemic Stem Cells (LSC)s, are the key component for the maintenance of 63 

the disease  [2].  AML is usually the result of somatic mutations in either a pluripotent 64 

hematopoietic stem cell or a slightly differentiated progenitor cell and leads to a 65 

deregulation and/or inhibition of normal haematopoiesis due to space restrictions as 66 

well as inhibitory and clonal factors specific to the disease [3-6]. 67 

The most common treatment for AML is intensive chemotherapy, which aims at 68 

eradicating the leukemic cell population. Current chemotherapy treatment protocols are 69 

designed based on pre-clinical animal experiments and on empirical clinical trials as well 70 

as the acquired experience of subspecialist physicians. The criteria- parameters for these 71 

protocols consist of the patient bone marrow aspirate examination (blasts percentage, 72 

immunophenotype, cytogenetics and molecular analysis) and physiological patient 73 

characteristics (height, weight) for the normalization of the dose according to the body 74 

surface area (BSA). It is well known that therapy based on the above can result in 75 

several life-threatening complications as only few patient-specific factors are taken 76 

into consideration in current protocols and the choice of treatment often depends on 77 

the physician’s experience. Furthermore, inter-patient and intra-leukaemia 78 

heterogeneity significantly increase the complexity in determining optimum treatment 79 
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protocols. As a consequence, no widely accepted ‘optimal’ chemotherapy treatment 80 

protocol exists, as the evolution of the cancer as well as the chemotherapy (drug) 81 

metabolism is highly dependent on patient characteristics such as age, weight, height, 82 

medical and family history as well as on a variety of unknown factors/parameters. 83 

A first step towards understanding and further optimising chemotherapy for AML 84 

treatment is to conduct in vitro studies to investigate these unknown parameters in an 85 

appropriate experimental platform that could efficiently reproduce ex vivo the in vivo 86 

environment [7]. Therefore, parameters derived from the in vitro platform could serve 87 

as an input for the construction of appropriate in silico tools for the optimisation of 88 

chemotherapy [8]. 89 

A variety of research in ex vivo studies of both normal and abnormal haematopoiesis 90 

is conducted in two dimensions (2D), i.e., laboratory T-flasks or micro-plates (see as 91 

examples [9-11]). Despite the fact that 2D cultures enable the understanding of 92 

growth and differentiation of normal and abnormal Haematopoietic Stem Cells 93 

(HSC), they require high amount of exogenous growth factors that differ from those 94 

in vivo, therefore, creating an artefact in the culture and, consequently in the cell 95 

kinetics. Moreover, they are unable to recapitulate the structure of the in vivo BM 96 

microenvironment, especially the 3D niches that are protective for leukaemic cells as 97 

well as micro-environmental aspects that may affect the cancer evolution and 98 

chemotherapy resistance ([6], [12 -19]). Overall, efficient in vitro cultivation of 99 

normal and abnormal HSC should reproduce as closely as possible the in vivo 100 

conditions ([6], [17], [20], [21]). 101 

Lately, several researchers have focused on the development and further studying of 102 

normal and leukaemic haematopoiesis in three dimensional (3D) culture systems. In 103 

particular, these cultures recapitulate the architectural characteristics of the BM 104 
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micro-environment by using a variety of polymer-based biomaterials and/or the BM 105 

extracellular matrix by using specific proteins and/or the BM stromal support by co-106 

culturing HSC with appropriate cellular systems [22]. 107 

 For example, Tun et al. (2002) [23] observed an increased expansion and 108 

proliferation of murine BM cells in a 3D polyvinyl formal (PVF) porous scaffolding 109 

system compared to suspension cultures. da Silva et al. (2005) [24] observed 110 

expansion and maintenance of HSC from adult BM as well as umbilical cord blood 111 

(UC) in serum free medium in presence of human stromal layers. Mortera Blanco et 112 

al. (2010) [1] showed that AML cell lines can be efficiently expanded for up to 6 113 

weeks in 3D polyurethane collagen coated scaffolds. Leisten et al. (2012) [25] 114 

proposed a three-dimensional collagen based gel system as an efficient in vitro bone 115 

marrow niche model in which Haematopoietic Progenitor Cells (HPC) proliferate and 116 

expand highly when co-cultured with mesenchymal stem cells. Alijtawi et al. (2014) 117 

[26] observed an increased resistance of the HL-60 and Kasumi leukaemic cell lines 118 

to drug induced apoptosis (cytarabine) when co-cultured with human bone marrow 119 

mesenchymal cells in 3D PGA/PLLA copolymer disks, compared to cells co-cultured 120 

in 2D.  121 

Additionally to the actual 3D structural characteristics a variety of other 122 

environmental factors should be taken into consideration when studying the evolution 123 

of AML in vitro. For example alterations of parameters such as oxygen and glucose 124 

concentration on the one hand in the different body compartments, e.g., in the BM and 125 

the peripheral blood or the liver, and, on the other hand, between patients, i.e., 126 

individual cases of hypoglycemia, hyperglycemia, may lead to a different stress 127 

adaptation of the leukaemic population. The latter may consequently affect the cancer 128 



 6 

growth and inactivation kinetics as well as the response to a chemotherapeutic drug in 129 

vivo.  130 

A variety of research has revealed the strong relation between resistance, i.e., longer 131 

survival and increased proliferation of haematopoietic or leukaemic cells and 132 

resistance to chemotherapy, and (1) oxygen or (2) starvation stress in vitro and/or in 133 

vivo.  134 

For example, Fecteau et al., (2013) [27] observed an increased in vitro survival of 135 

cells from BM aspirates of patients with Chronic Lymphocytic Leukaemia (CLL) in 136 

5% O2 compared to 20% O2. Wilkinson et al. (2012) [28], state that chronic oxidative 137 

stress may contribute to increased resistance of lymphoma patients to chemotherapy, 138 

due to alterations in the mitochondria. Zhou et al. (2010) [29], pointed the possible 139 

relation between the relapse of AML and increased oxidative stress in vivo. Lodi et al. 140 

(2011) [30] observed that hypoxia is a key factor that affects the metabolic activity, 141 

i.e., adaptation of phoshpolytic and glycolytic metabolism, and evolution of KG1a and 142 

K562 leukaemic cell lines. Herst et al. (2011) [31] has pointed a possible relation 143 

between the level of glycolytic metabolism of AML blasts and resistance to 144 

chemotherapy: analysis of 26 BM aspirates showed that AML cells with higher 145 

glucose consumption were more tolerant to in vitro apoptosis caused by 146 

chemotherapy. 147 

In general, from all the above studies it is clear that a systematic monitoring of 148 

environmental factors such as oxygen and glucose concentration are essential, on the 149 

one hand for a better understanding of the (normal and abnormal) haematopoietic 150 

cellular proliferation and metabolic activity and on the other hand for more efficient in 151 

vitro mimicry of in vivo systems in which fluctuations of environmental factors 152 

naturally occur. However, there is very limited available literature on the impact of 153 
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such stress factors on the leukaemic evolution in 3D cultures and at stress levels close 154 

to physiological. 155 

The aim of the current research is to study and compare the proliferation and 156 

metabolic evolution of an AML model system in 3D and 2D cultures for different 157 

oxygen and glucose conditions close to physiological (in vivo) levels. More 158 

specifically, the K-562 leukaemic cell line was cultivated in 3D polyurethane porous 159 

scaffolds (that mimic the 3D architecture of the BM and have been developed and 160 

optimised within our group) coated with collagen type I (to mimic the extracellular 161 

matrix present in the BM), as described in [1], as well as in 2D suspension cultures in 162 

5% (hypoxia) as well as 20%, (normoxia) oxygen and three different glucose levels, 163 

i.e., 4.3 g/L (optimal level generally applied in laboratory growth media), 1.3 g/L 164 

(highest human physiological level in vivo) and 0.6 g/L (lowest human physiological 165 

level in vivo) for 2 weeks. This time span was selected as the total chemotherapy 166 

cycle for AML treatment lasts approximately 10 days (NHS-Trust, UK). 167 

Consequently, understanding the effect of environmental factors on a leukaemic 168 

population within that time frame would be appropriate for comparison and/or future 169 

combination with in vitro chemotherapy experiments. The cellular proliferation and 170 

metabolic evolution was monitored in order to enable the understanding of the cellular 171 

response and possible adaptation to the environmental stress stimuli. 172 

 Materials and Methods 173 

Fabrication, coating and sterilization of 3 dimensional scaffolds 174 

3D scaffolds were fabricated and coated as previously described by our group in [1]. 175 

For the scaffold fabrication 3 g of  polyurethane (PU) (Noveon, Belgium) were added 176 

in 60 mL of Dioxan (99,8% pure, Sigma-Aldrish, UK). The foams were fabricated by 177 
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Thermally Induced Phase Separation (TIPS) of polymer solution followed by solvent 178 

sublimation as described in [32]. The PU solution was frozen at 179 

 -186oC and maintained there for 2h. Removal of the solvent took place by freeze-180 

drying in an ethylene glycol bath at -15oC for approximately 3 days. Prior to coating 181 

scaffolds were cut into 5x5x5 mm3 cubes. Scaffold porosity was approximately 90-182 

95% and average pore size 100-250 μm. 183 

After cutting, the scaffolds were coated with collagen type I from calf skin (Sigma 184 

Aldrich UK). The cubes were first dipped in ethanol (70% v/v) for 1 min and then 185 

transferred in phosphate buffered saline (PBS, Gibco, UK) for 10 min and then 186 

centrifuged at 2500 rpm for 10 min. Hereafter, the scaffolds were transferred in 187 

62.5μg/mL of collagen type I solution –soluble in 0.1 M acetic acid and dissolved in 188 

deionised water- of pH 7 (re-adjusted with addition of 0.1 M NaOH) and centrifuged 189 

at 2000 rpm for 20 min. At the end scaffolds were washed once more with PBS at 190 

1500 rpm for 10 min.  191 

Prior to cell seeding sterilisation of the scaffolds took place by combinatory exposure 192 

to ethanol (70% v/v) and UV (230v, 50Hz, 0.14A, Kedro Laboratory Products UK). 193 

More specifically, the scaffolds were immersed in ethanol for 2 h and then washed 194 

twice with PBS –in which they were kept for 15 min for each washing step- before 195 

exposure for 8 min under UV. After sterilisation the scaffolds were added to the 196 

growth medium (see section 2.3) in a humidified incubator for 3 days at 37oC and 5 % 197 

CO2 in order to be examined for possible contaminations.  198 

 199 

 Inoculum preparation  200 

The human leukaemic cell line K-562 (human erythromyelo-blastoid leukaemic cell 201 

line, ATCC®UK, CCL-243) which was originally derived from a patient with a blast 202 
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crisis of chronic myeloid leukaemia, i.e., therefore resembling acute myeloid 203 

leukaemia, was chosen as an AML model system. It has been previously reported by 204 

our group that this cell line can successfully expand in three dimensional polyurethane 205 

(PU) collagen coated scaffolds [1]. After thawing, as recommended by the cell line 206 

supplier, the cells were expanded by cultivation on standard polystyrene non-207 

pyrogenic tissue culture flasks (Fisher Scientific) and in a humidified incubator at 37o 208 

C in an atmosphere of 5% CO2. The cultivation medium was IMDM medium 209 

(Invitrogen Ltd, UK), supplemented with 10% foetal bovine serum (FBS, heat 210 

inactivated, Invitrogen Ltd), and 1% Penicillin/Streptomycin (Invitrogen Ltd). 211 

Feeding and appropriate re-suspension/sub-culturing of the cells in fresh medium took 212 

place every 48 hours, as indicated by the supplier, until a cell number, sufficient for 213 

the experimental purposes was reached. 214 

 215 

Cell culturing conditions  216 

During the experiments cells were cultured in DMEM, no glucose medium 217 

(Invitrogen Ltd, UK) supplemented with 10% foetal bovine serum (FBS, heat 218 

inactivated, Invitrogen Ltd), and 1% Penicillin/Streptomycin (Invitrogen Ltd) and 219 

either 4.3 g/L (optimal glucose concentration as suggested by the cell line supplier 220 

and, therefore, considered as control, [CTR]), 1.3 g/L (highest concentration in the 221 

human blood, resembling hyperglycemia, [HIGH]) or 0.6 g/L (lowest concentration in 222 

the human blood, resembling hypoglycemia [LOW]) of glucose.   223 

For culturing the cells in suspension, i.e., 2D, 100 μL of cell suspension (5 x 105 224 

cells/well) were added in a high throughput micro-tetri plate system (24 well micro-225 

plate), that contained 1.5 mL of medium exhausted at 37oC and 5% CO2 and in either 226 

normoxia (20% O2) or hypoxia (5% O O2) with appropriate glucose concentration, 227 
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i.e., [LOW] or [HIGH] or [CTR]. The plates were placed in either a hypoxic or a 228 

normoxic incubator. Medium was changed approximately every 2-3 days and the 229 

volume was re-adjusted when needed –depending on the cell counts- in order to 230 

maintain the cell density suggested by the supplier, i.e., between 2*105-2*106 cells per 231 

mL for a time period of 2 weeks. 232 

For culturing the cells in the scaffolds, i.e., 3D, 100 μL of cell suspension (6 x 105 233 

cells/well in order to have approximately the same initial inoculum level as the 2D 234 

system (5 x 105), since we have observed that the seeding efficiency of the K-562 cell 235 

lines was approximately 70-80% -see also [1]) were seeded onto the sterilized 236 

collagen scaffolds, placed in 24-well tissue culture plates and incubated for 15 min at 237 

37oC, 5% CO2 and either 5 or 20% O2 (depending on the oxygen condition of the 238 

experiment) in order to allow the cells to settle into the scaffolds. Hereafter, 1.5 mL of 239 

appropriate medium –as described above for the 2D cultures- was added in each well. 240 

The plates were placed in either a hypoxic or a normoxic incubator and medium was 241 

changed approximately every 2-3 days for 2 weeks. 242 

 243 

 Determination of growth in two dimensions 244 

Determination of growth took place almost approximately on a daily basis for all the 245 

conditions under study. For growth determination in the 2D system the whole medium 246 

of 3 different wells was removed  (triplicate) and a cell count was performed by using 247 

the haemocytometer.  248 

 249 

Determination of growth in three dimensions 250 

Quantitative assessment of the cell proliferation in the 3D scaffolds took place by 251 

means of changes in the number of metabolically active cells using the tetrazolium 252 
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compound (3-(4,5-dimetylthiazol-2-yl)-5-(3-carboxylmethox-yphenyl)-2-253 

(4sulfophenyl)-2H-tetrazolium; MTS, Promega, CellTiter96® AQueous Solution Cell 254 

Proliferation Assay)[33]. MTS together with fresh medium was added and incubated 255 

with the scaffolds seeded with cells over 3h at 37oC, 5% CO2 and either 5 or 20% O2 256 

(depending on the oxygen condition of the experiment). Absorbance was measured at 257 

490 nm. In order to correlate absorbance with actual cell numbers a calibration curve 258 

was previously constructed correlating the cell number in known (enumerated with 259 

the haemocytometer) 2D suspension with the absorbance at 490 nm after applying the 260 

MTS assay (see Figure A.1). This calibration curve was used for the calculation of 261 

cell numbers, enabling the comparison with the 2D system. 262 

 263 

 Analysis of metabolites 264 

Analysis of nutrients and metabolites took place with use of the Nova Bioprofiler 400 265 

(Nova Biomedical, UK). 1.5 ml of (waste) medium was pipetted and transferred in an 266 

eppendorf tube. Centrifugation took place at 2000 rpm for 5 min for removal of cells 267 

that could be present in the medium. Supernatants were stored at -20oC prior to 268 

analysis. Samples for nutrient and metabolite analysis were collected approximately 269 

on a daily basis for all the conditions under study, and from two different 270 

wells/condition in order to account for possible variability between different wells. 271 

Concentration of nutrients in the growth medium (free of cells) can be found on Table 272 

A.1, for all the conditions under study. The Nova Bioprofiler can detect glucose at 273 

level down to 0.1mM. For glucose levels lower then that, a glucose assay kit 274 

(ab65333, abcam, UK) was used, which is able to determine glucose levels lower than 275 

1 mM. 276 

 277 
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Scanning Electron Microscopy (SEM) of the 3D scaffolds 278 

3D scaffolds for all conditions under study were examined by SEM (JEOL JSM-279 

840A, JEOL Ltd., Welwyn Garden City, U.K) in order to observe possible space 280 

limitations within the 3D matrix. Scaffolds were collected for examination at different 281 

time periods, i.e., days 1-7-14. After collection, incubation of the scaffolds took place 282 

in 5 ug/mL of fibronectin for 2 h -to ensure the maximum attachment and 283 

maintenance of cells on the scaffold since a series of washing steps is introduced next-284 

, followed by fixation in 3% gluteraldehyde in Sorenson’s buffer for 1 h and washing 285 

with Sorenson’s Buffer for 5 min. Post-fixation with 1% Osmium Tetraoxide in 286 

Sorenson’s buffer took place for 1 h. Afterwards a first serial dehydration process of 287 

the scaffolds took place with washing in EtOH/Sorenson’s buffer solutions as follows:  288 

50% EtOH/50% Sorenson’s Buffer, 70% EtOH / 30% Sorenson’s Buffer, 90% 289 

EtOH/10% Sorenson’s Buffer, 95% EtOH/5% Sorenson’s Buffer. The scaffolds 290 

remained in each combination of solutions for 15 minutes. Thereafter, the scaffolds 291 

were immersed in 100% EtOH for 15 minutes for two successive washings. A second 292 

serial dehydration process of the scaffolds took place with washing in EtOH/HMDS 293 

solutions as follows:  0% HMDS/50% EtOH, 90% HMDS/10% EtOH. The scaffolds 294 

remained in each combination of solutions for 15 minutes. Hereafter, the scaffolds 295 

were immersed in 100% HMDS for 15 minutes for two successive washings. After 296 

the two serial dehydration procedures, the scaffolds were left to air dry overnight in an 297 

aseptic environment. The specimens were sectioned and then sputter-coated with gold 298 

in argon atmosphere for 2 min prior examination by SEM at an acceleration voltage of 299 

20 kV. 300 

 301 

 Statistical analysis 302 
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The experiments were conducted in duplicate (N=2) and cell proliferation was 303 

determined in triplicate (n=3) and bioprofiler in duplicate (n=2) for each experiment.  304 

Analysis of variance was performed with a level of significance of p<0.05 in order to 305 

evaluate whether there was a statistical difference between different conditions. 306 

 307 

 Results and Discussion 308 

 309 

Cellular Proliferation  310 

In general, the cellular proliferation was higher in normoxia (20% O2) compared to 311 

hypoxia (5% O2) for both the 3D and 2D system (Figure 1) apart from the [CTR], i.e., 312 

4.3 g/L glucose, in the 3D system at which no significant (p<0.05) difference in the 313 

cell proliferation was observed for the two different oxygen conditions (Figure 1c, 314 

1d). The latter highlights that –under non starving conditions, i.e., 4.3 g/L glucose 315 

which is normally used in most laboratory media- probably there is a higher oxidative 316 

stress response and further stress adaptation of the culture in the 3D system, leading to 317 

an increased resistance to hypoxia and consequent cell proliferation which is similar 318 

to the one in normoxia. The fact that the same trend in proliferation is not observed 319 

under conditions of nutrient limitation, i.e., 1.3 g/L and 0.6 g/L, (Figure 1c, 1d) 320 

further indicates that the observed trend for optimal nutritional conditions in hypoxia 321 

is not due to features of the 3D culture system  (for example increased cell to cell 322 

interaction due to space limitations) but it is actually most probably resulting as a 323 

cellular response to the environmental stress stimuli. In contrast, in the 2D system 324 

oxidative stress seems to act as an inhibitor to cell growth leading to slower 325 

proliferation compared to normoxia (Figure 1a, 1b).  326 
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In normoxia, i.e., 20 % O2, for both the 2D and the 3D system no effect (p>0.05) of 327 

the glucose concentration on the cellular proliferation is observed until day 9 (Figure 328 

1a, 1c) after which significant differences (p<0.05) can be seen for different glucose 329 

feeding levels. More specifically, in the 2D culture system significantly lower 330 

(p<0.05) cell numbers are observed for the [LOW] level of glucose, i.e., 0.6 g/L, 331 

compared to [HIGH], i.e., 1.3 g/L, and [CTR], i.e., 4.3 g/L, from day 9 up to day 12. 332 

For this time period no significant differences were observed in the cell numbers 333 

between [CTR] and [HIGH] and only at the end of the culturing period, i.e., day 14, 334 

[CTR] level leads to significantly higher (p<0.05) cell numbers compared to the lower 335 

glucose levels (Figure 1a). A similar trend can be observed for the 3D system, i.e., 336 

from day 9 on [LOW] level of glucose results in significantly lower cell proliferation 337 

compared to [CTR] and [HIGH]. Moreover, no significant difference on the 338 

proliferation between the two latter conditions is observed (Figure 1c). 339 

In contrast, in hypoxia, i.e., 5% O2, for both the 2D and 3D systems, there is a higher 340 

impact of the glucose level on the cell proliferation (Figure 1b, 1d). More specifically, 341 

for the 2D culture, the effect of glucose on the K-562 growth becomes significant 342 

(p<0.05) from day 9 on. From that time point, lower glucose, i.e., [LOW] leads to 343 

lower proliferation and the highest proliferation is observed for the [CTR] (Figure 1b). 344 

The difference in the cell number for [CTR], [HIGH] and [LOW] is more evident 345 

compared to normoxia (Figure 1a, 1b). In the scaffolds the impact of the level of 346 

glucose on K-562 expansion, becomes significant (p<0.05) between the [CTR] and 347 

the two lower glucose concentrations ([HIGH], [LOW]) on day 2 and among all three 348 

glucose levels from day 4 on. Especially the lowest glucose level, i.e., [LOW], seems 349 

to be limiting for growth in the 3D scaffolds in 5 % O2 as the cell expansion 350 
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throughout 2 weeks is very low (Figure 1d). As an overall, under oxidative stress the 351 

impact of the glucose level on the cellular proliferation is higher in the 3D system. 352 

To our knowledge, there is very limited literature available especially in 3D scaffold 353 

systems studying the proliferation of (normal or abnormal) haematopoietic cells under 354 

oxygen and glucose concentrations close to physiological levels. However, the trends 355 

of several of our findings are in agreement with the limited literature. For example, 356 

lower growth of K-562 for lower glucose levels and in hypoxic compared to normoxic 357 

conditions was also observed by Guintoli et al. (2011) [34] in a 2D culture system. 358 

More specifically,  K-562 cells proliferated lower in hypoxia (0.1% O2) compared to 359 

normoxia (20% O2) and low glucose level in the growth medium (1.1 g/L) lead to 360 

lower proliferation for both oxygen conditions compared to higher glucose (4.3 g/L).  361 

A reversed effect of the impact of oxygen on cell survival and proliferation, compared 362 

to our findings, was observed by Fecteau et al. (2013) [27] as well as dos Santos et al. 363 

(2010) [35] but for mesenchymal stem cells derived from the BM of patients with 364 

Chronic Lymphocytic Leukaemia (CLL) and normal human BM mesenchymal cells, 365 

respectively, in 2D culture: higher proliferation was observed in hypoxic in 366 

comparison to normoxic conditions.  367 

Metabolic evolution  368 

Next to the cell growth, the metabolic activity of the cells for all the conditions under 369 

study was monitored and compared for all different environmental conditions 370 

([LOW], [HIGH], [CTR] glucose and 5 & 20% O2) and systems (2D vs 3D), as, 371 

potential differences in the metabolism among different conditions or culturing 372 

systems could affect the AML progression and secondarily the cancer drug-response 373 

(Herst et al., 2011). 374 
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The metabolic production of individual cells (Figures 2 & 3) as well as the yields of 375 

metabolites such as Lactate (Lac) and Gluatamate (Glu) over their basic nutrients, i.e., 376 

Glucose (Gluc) and Glutamine (Gln) respectively, were calculated for all 377 

environmental conditions and culturing systems, for each feeding cycle (Tables 1 & 378 

2).  379 

The yield of lactate over glucose is, almost for all conditions under study, relatively 380 

higher than 2, indicating that the anaerobic metabolic pathway is followed (Tables 1 381 

& 2). The fact that in some cases this yield is much higher that 2, indicated that lactate 382 

is produced not only by glycolysis, but also from animo acids present in the FBS or 383 

the medium. With respect to lactate synthesis per cell, apart from the [CTR] level of 384 

glucose in normoxia at which, the lactate production was the same for 2D and 3D 385 

(Figure 2a) for all other conditions significantly higher (p<0.05) lactate was produced 386 

in 2D compared to 3D, as cellular proliferation is much higher in 2D (Figure 2b, 2c, 387 

2d, 2e, 2f). For all glucose concentrations under study, as expected, higher lactate and, 388 

consequently, relatively higher yield of lactate over glucose was gained in hypoxia, 389 

confirming that the cells follow anaerobic cell metabolism (Figure 2). Nevertheless, 390 

significant amounts of lactate were also produced in normoxia as well, possibly as a 391 

result of the Warburg effect. The latter is suggested to be a characteristic of highly 392 

proliferative and/or cancerous cells that -due to alterations or damage at the 393 

mitochondria- independently of the presence of oxygen, do not enter the TCA cycle, 394 

therefore, following the anaerobic pathway ([35], [36-38]). The K-562 cell line is 395 

cancerous, highly proliferative, and therefore, most likely following partly the 396 

anaerobic pathway under normoxic conditions both in the 2D and the 3D system 397 

(Figure 2). Additional to the Warburg effect another possible phenomenon that might 398 

occur as a result of the very high proliferation rate is the inability of the cells to 399 
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efficiently produce at all times all the enzymes that are essential for the TCA cycle, 400 

therefore, the cells shift their metabolism towards the anaerobic pathway.  401 

The yield of glutamine production over glutamate is significantly indifferent (p<0.05) 402 

for all conditions under study (Tables 1 & 2). However, it is rather difficult to draw 403 

conclusions relying on this yield as, during one feeding cycle, glutamate may be re-404 

consumed, reacting with ammonia in order to release cellular energy, i.e., ATP [39]. 405 

With respect to the glutamate (Glu) production per individual cell, for [CTR] glucose 406 

for almost all days no significant (p<0.05) difference between 2D and 3D cultures can 407 

be seen in neither hypoxia nor normoxia (Figure 3a, 3b). This was most likely due to 408 

the fact that glucose was present in excess and the cells did not prioritise the 409 

glutamine (-glutamate) pathway as a glucose supplement in cellular metabolism [40].  410 

In contrast, under glucose limitations, i.e., [LOW] & [HIGH] glucose, significantly 411 

higher (p<0.05) glutamate production per cell took place in the 2D compared to the 412 

3D system for most days (Figure 3c, 3d, 3e, 3f), most likely, due to glucose 413 

limitations in the growth medium: Glutamine acts supplementary to glucose 414 

metabolism for macromolecule production and cellular energy demands ([40], [41]). 415 

Therefore, due to the higher proliferation in 2D, higher glutamate production took 416 

place in order to meet the cellular demands for energy. In general, higher glutamate 417 

synthesis took place in hypoxia, compared to normoxia both for the 2D and the 3D 418 

system (Figure 3), not surprisingly, as several studies have shown that under hypoxia 419 

a switch from oxidative metabolism (alteration of acetyl-CoA to citrate ratio) to 420 

reductive glutamine metabolism (increase in a-ketoglutarate to citrate) takes place 421 

[42]. This switch leads consequently to an enhanced glutamate production. 422 

Note that, especially on days 7-8 the metabolic production per cell –both for 423 

glutamate and lactate- increased extremely in the 2D system (Figures 2 & 3) due to 424 
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the fact that the cells were transferred on day 7 from a 24 to a 6-well tissue culture 425 

plate (from approx. 1.5 mL to approx.10 mL of medium). This transfer took place as 426 

significantly higher volume of medium (not appropriate for the 24-well plates) was 427 

requested in the 2D culture during feeding in order to maintain the cell concentration 428 

levels at an acceptable range, according to the supplier’s instructions (see also 429 

Materials & Methods). The cells were exposed at a higher volume of metabolites and 430 

on that day and for approximately 1 feeding cycle, fewer cells/well were present, i.e., 431 

cells were given more space. We observed (by running experiments both in 24 and 6 432 

well plates and for different medium volume combinations) that the increased 433 

metabolic activity on that day was not singly due to the space or the increase on the 434 

medium volume but due to combination of the two (data not shown). 435 

At this point it has to be mentioned that the possibility of having nutrient and/or 436 

oxygen mass diffusion limitations within the scaffolds was examined 437 

computationally. A partial differential equation (PDE) model based on Fickian 438 

diffusion was constructed and simulated in gPROMS ModelBuilder®. The model 439 

considers the diffusion of oxygen & nutrients over time in three dimensions within the 440 

highly porous scaffold, including oxygen consumption by the cells 20-50% higher 441 

than the maximum consumption reported by Ma et al. (2012) [43] for leukocytes. The 442 

latter has been chosen as a representative average oxygen consumption rate for the K-443 

562 leukaemic blasts as according to Ma et al. (2012) [43], the proliferation rate of 444 

leukaemic cells is approximately 20-50% higher than that of leukocytes, therefore, we 445 

assumed oxygen consumption 20-50% higher than the maximum reported for 446 

leukocytes. According to simulation results, even at the end of the culturing period (in 447 

which approximately 4 million cells (i.e. maximum cell level observed) were present 448 

in the scaffold (Figure 1c, 1d) steady state both for oxygen and glucose was reached at 449 
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the centre as well as at the bottom of the scaffold within a few seconds (computational 450 

data not shown). Moreover, SEM images indicate that no space limitations were 451 

observed in the highly porous 3D scaffolds, not even for the condition at which 452 

maximal cell density was reached, i.e., on day 14 for 4.3g/L glucose in the medium 453 

(Figure 4). 454 

Therefore, it is fairly assumed that the kinetic and/or metabolic differences –both 455 

between different stress conditions in the 3D as well as between 2D and 3D- are not 456 

due to (1) diffusional limitations of nutrients in the scaffolds that could lead to areas 457 

of no oxygen and/or no glucose, neither due to (2) space limitations in the 3D matrix, 458 

but are due to the fact that cells experience differently, from a biological point of 459 

view, the environmental stress in the two different culturing systems.  460 

 461 

Conclusion 462 

From our findings it can be concluded that the K-562 cell line can proliferate and be 463 

maintained for 2 weeks in medium with glucose close to in vivo physiological levels 464 

(much lower than generally applied in laboratory systems) both in normoxia (20% O2) 465 

and hypoxia (5% O2). Generally, the cells proliferate more and are metabolically more 466 

active in suspension, i.e., 2D, compared to the PU collagen coated 3D scaffolds. 467 

Higher glutamate production was observed in hypoxia for all glucose conditions under 468 

study. Lactate is also produced in normoxia, pointing that the anaerobic metabolic 469 

pathway is followed, possibly as a result of the Warburg effect. It is remarkable that 470 

in, widely used, conventional 2D culture systems glucose fluctuations do not 471 

significantly affect the leukaemia evolution. In contrast, in the 3D BM mimicry 472 

glucose has a much higher impact on the cell proliferation, especially under low 473 

oxygen level (which recapitulates more realistically the in vivo bone marrow 474 
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environment in which the conditions are hypoxic).  Additionally, under optimal 475 

glucose levels the cells evolve almost identically in 3D for normoxia and hypoxia but 476 

evolve completely differently in 2D for different oxygen levels. We, therefore, 477 

speculate that in the 3D system the cells most probably perceive differently the low 478 

oxygen level as their proliferation is not altered in comparison to the one in normoxia. 479 

This hypothesis seems to be supported by the observation that in the 2D system the 480 

proliferation is significantly lower in hypoxia compared to normoxia. Moreover, the 481 

fact that in our highly porous 3D scaffolding system no diffusion limitations occur, 482 

points out that the different behaviour in the 3D system is purely biological. It is 483 

evident that the 2D system is an artificial system that boosts proliferation in an 484 

unrealistic way, therefore, failing to capture the actual cell stress responses to realistic 485 

environmental stress factors. 486 

The differences that we report on the K-562 proliferation under different oxygen and 487 

glucose levels as well as between the 2D and 3D cultures can be of significant 488 

importance when applying chemotherapy in vitro. Most chemotherapy agents 489 

generally applied for the treatment of patients with AML are targeting highly 490 

proliferative cells, i.e., anthracyclines such as DNR which are targeting cells of the G1 491 

phase of the cell cycle (Cancer Research UK). Therefore, under oxidative or glucose 492 

stress especially in a 3D microenvironment, cells proliferating slower may be less 493 

susceptible to chemotherapeutics. Future work should focus on unravelling the 494 

mechanisms of interaction of the cells with the 3D microenvironment in order to shed 495 

more light on the observed differences in proliferation. Moreover, studying the 496 

combined effect of environmental stresses of level close to that observed in vivo in 497 

tandem with chemotherapy in the 3D system would be of high importance for 498 

deriving realistic cell kinetics and for moving towards chemotherapy optimisation.  499 
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Tables: 699 

Table 1: Yields of metabolites in the 2D cultures, i.e., Lac, Glu, over their nutrients 700 

consumption, i.e., Gluc, Gln, respectively (and their standard deviations) for the days 701 

at which medium exchange took place. 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

Initial 
Glucose 
level in 
medium 

DAY NORMOXIA HYPOXIA 

YLac/Gluc 
 

YGln/Glu 
 

YLac/Gluc 
 

YGln/Glu 
 

LO
W

 (0
.6

 g
/L

) 2 2.46±0.51 0.21±0.14 4.07±0.78 0.16±0.12 
4 2.61±0.62 0.38±0.19 2.68± 0.57 0.22±0.15 
7 1.61±0.45 0.62±0.25 3.83± 0.42 0.19±0.20 
9 3.91±0.85 0.45±0.18 3.43±0.34 0.17±0.08 
11 3.15±0.62 0.32±0.15 2.69±0.47 0.19±0.12 
14 2.88±0.75 0.35±0.12 3.19±0.51 0.25±0.14 

H
IG

H
 (1

.3
 g

/L
) 2 2.12±0.42 0.21±0.11 2.78±0.52 0.18±0.13 

4 2.63±0.57 0.38±0.17 3.20±0.64 0.26±0.21 
7 1.84±0.50 0.43±0.14 3.78±0.52 0.20±0.14 
9 1.55±0.32 0.18±0.16 3.11±0.43 0.26±0.19 
11 2.69±0.46 0.30±0.20 2.73±0,76 0.57±0.15 
14 2.98±0.79 0.31±0.18 3.01±0.61 0.69±0.17 

CT
R 

(4
.3

 g
/L

) 2 1.89±0.55 0.35±0.24 2.17±0.42 0.28±0.13 
4 0.97±0.69 0.12±0.28 1.43±0.64 0.17±0.21 
7 0.69±0.34 0.49±0.17 4.35±0.92 2.21±2.14 
9 1.99±051 0.32±0.19 1.29±0.21 1.39±0.71 
11 2.38±0.68 0.17±0.14 2.37±0.57 0.17±0.18 
14 1.16±0.47 0.21±0.13 2.12±0.41 0.18±0.14 
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Table 2: Yields of metabolites in the 3D cultures, i.e., Lac, Glu, over their nutrients 713 

consumption, i.e., Gluc, Gln, respectively (and their standard deviations) for the days 714 

at which medium exchange took place. 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

Initial 
Glucose 
level in 
medium 

DAY NORMOXIA HYPOXIA 

YLac/Gluc 
 

YGln/Glu 
 

YLac/Gluc 
 

YGln/Glu 
 

LO
W

 (0
.6

 g
/L

) 2 3.63±0.85 0.25±0.08 3.25±0.58 0.24±0.14 
4 1.59±0.72 0.20±0.12 2.41±0.45 0.17±0.09 
7 2.03±0.34 0.31±0.15 1.39±0.67 0.19±0.12 
9 1.83±0.21 0.39±0.21 1.82±0.36 0.20±0.15 
11 2.32±0.15 0.41±0.11 2.08±0.40 0.08±0.14 
14 1.99±0.31 0.25±0.13 2.23±0.17 0.16±0.02 

H
IG

H
 (1

.3
 g

/L
) 2 2.46±0.45 0.51±0.16 3.47±0.42 0.23±0.12 

4 2.19±0.14 0.47±0.13 2.45±0.37 0.23±0.17 
7 2.56±0.43 0.34±0.21 1.96±0.22 0.21±0.11 
9 2.17±0.35 0.40±0.26 2.58±0.56 0.28±0.19 
11 2.76±0.67 0.34±0.17 2.29±0.47 0.15±0.14 
14 2.32±0.17 0.33±0.19 3.05±0.29 0.25±0.18 

CT
R 

(4
.3

 g
/L

) 2 0.81±0.45 0.54±0.27 1.32±0.25 0.18±0.14 
4 2.03±0.72 0.36±0.15 1.80±0.37 0.13±0.16 
7 1.64±0.61 0.43±0.23 1.63±0.35 0.19±0.12 
9 2.22±0.31 0.39±0.13 2.18±0.77 0.18±0.17 
11 2.47±0.26 0.43±0.15 2.84±0.85 0.15±0.15 
14 3.52±0.29 0.38±0.18 3.54±0.62 0.15±0.11 
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Figure Legends 728 

Figure 1: K-562 growth in the 2D (a), (b) and the 3D (c), (d) system, at different 729 

oxygen levels: (a), (c) 20% O2 and (b), (d) 5% O2. Different colours represent 730 

different glucose levels: (closed squares) [CTR], (closed diamonds) [HIGH], (closed 731 

circles) [LOW]. 732 

 733 

Figure 2: Evolution of Lactate, [Lac] for all the environmental conditions under study. 734 

Different colours represent the two different culturing systems: (closed bright-yellow 735 

squares) 2D cultures, (closed dark-purple squares) 3D scaffolds. Left column is 736 

normoxia and right column hypoxia. 737 

 738 

Figure 3: Evolution of Glutamate, [Glu] for all the environmental conditions under 739 

study. Different colours represent the two different culturing systems: (closed bright- 740 

yellow squares) 2D cultures, (closed dark-purple squares) 3D scaffolds. Left column 741 

is normoxia and right column hypoxia. 742 

 743 

 744 

Figure 4: SEM images for [CTR] glucose in normoxia  (the condition at which  the 745 

highest growth rate is observed) on day 14 for (a) x430 and (b) x950 magnification. 746 

 747 

Figure A.1: MTS standard curve of the K-562 cell line for 2D culture. 748 

 749 

 750 

 751 

 752 
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Appendix A 753 

This Appendix consists of Table A.1 & Figure A.1 754 

 755 

A.1 Concentrations of nutrients in different growth media as detected by the 756 

NOVA bioprofiler 757 

Table A.1: DMEM synthesis 758 

Components 

(mM) 

[CTR] [HIGH] [LOW] 

Glutamine 2.89 ± 0.01 2.89 ± 0.01 2.89 ± 0.01 

Glucose 23.80 ± 0.12 7.20 ± 0.03 3.30 ± 0.02 

Glutamate 0 0 0 

Lactate  0 0 0 

 759 

A.2 Calibration curve of MTS vs live K-562 cells (2D system) 760 

Figure A.1: MTS standard curve of the K-562 cell line for 2D culture. 761 

 762 

 763 


