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Resumo 

 
A criopreservação de organismos vivos celulares tem grande importância na indústria e investigação 

biotecnológica. Todavia, na maioria dos casos é de extrema dificuldade conseguir, de forma satisfató-

ria, realizar este processo como no caso do Plasmodium, o parasita que causa a infecção da malária. 

Os esporozoítos, uma das formas do Plasmodium, são isolados das glândulas salivares dissecadas 

manualmente de mosquitos infectados. Estes, são essenciais durante a invasão de células hepáticas, 

a mais crítica fase durante o processo de infecção por Plasmodium. Os esporozoítos, são portanto, 

de uma extrema importância para o estudo clínico da doença da malária. 

No contexto da pesquisa laboratorial em malária, a possibilidade de crio preservar esporozoítos de 

Plasmodium representaria um enorme avanço científico, eliminando a necessidade recorrente de 

utilizar parasitas, imediatamente após estes serem isolados das glândulas salivares dos mosquitos. 

Estabelecer um processo de criopreservação para estes organismos, tem sido estudado intensiva-

mente nos últimos anos, no entanto, os resultados até ao momento foram algo desanimadores. Assim 

sendo, a obtenção de um método para crio preservar esporozoítos de Plasmodium representa, não 

só, uma ferramenta importantíssima no estudo da infecção hepática, mas também no contexto do 

fabrico e armazenamento de uma vacina baseada num organismo-inteiro vivo da malária [1]. 

Este trabalho descreve, um estudo intensivo da optimização do processo da criopreservação de 

esporozoítos de Plasmodium, utilizando, a inovadora tecnologia de congelamento unidireccional. Os 

resultados obtidos correspondem a uma sobrevivência bastante satisfatória de 30-40%. São ainda 

apresentados vários estudos indicativos de futuras possibilidades para optimização do processo. 
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Abstract 

 
The ability to cryopreserve living organisms has a huge impact in the biotechnological industry and 

investigation. However in most of the cases it is extremely difficult to perform successfully this pro-

cess, which is the case of the malaria infectious parasite Plasmodium. 

One of the Plasmodium forms the sporozoits, are obtained from the manually dissection of salivary 

glands from infected mosquitoes. These are essential during the invasion of hepatocytes, the most 

critical phase during the Plasmodium infection. Sporozoites are therefore extremely important for the 

clinical study of the malaria disease. 

In the context of malarial laboratorial research, the possibility to cryopreserve Plasmodium sporozoits 

would represent a significant scientific advance, thence removing the need of obtaining freshly 

dissected parasites. The establishing of a cryopreservation process for this organisms have been 

intensively studied on the later years. However so far the results obtained were not satisfactory. 

Therefore, a method for cryopreserve Plasmodium sporozoits would represent a huge achievement for 

the hepatic infection study, such as an invaluable tool for the production and storage of a whole 

organism malarial vaccine. [1] 

 

The following thesis describes an intensive study of the Plasmodium sporozoits cryopreservation 

process, using an innovating unidirectional freezing technology. The results obtained correspond to a 

very satisfactory survival of 30-40%. Also in this work are presented several studies concerning 

possible future process optimizations. 

 

 

Keywords 

 
Cryopreservation; Malaria vaccine; Hepatic infection; Sporozoites; Unidirectional freezing;  

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

viii 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

ix 
 
 

Table of contents 

 

ACKNOWLEDGMENTS ....................................................................................................................................... III 

RESUMO V 

PALAVRAS-CHAVE .............................................................................................................................................. V 

ABSTRACT ......................................................................................................................................................... VII 

KEYWORDS ....................................................................................................................................................... VII 

TABLE OF CONTENTS ......................................................................................................................................... IX 

LIST OF TABLES .................................................................................................................................................. XI 

LIST OF FIGURES .............................................................................................................................................. XIII 

LIST OF ABBREVIATIONS................................................................................................................................. XVII 

INTRODUCTION .................................................................................................................................................. 1 

1.1 MOTIVATION ........................................................................................................................................... 1 
1.2 LITERATURE REVIEW .................................................................................................................................. 3 
1.2.1 Malaria a century fight ..................................................................................................................... 3 
1.2.1.1 The Plasmodium parasite ............................................................................................................................... 4 
Life cycle ............................................................................................................................................................................. 4 
Gliding Motility .................................................................................................................................................................... 6 
1.2.1.2 Controlled Human Malaria Infections ............................................................................................................ 7 
1.2.1.3 Malaria vaccine roadmaps .............................................................................................................................. 7 
Pre-erythrocytic malaria vaccines ................................................................................................................................... 8 
1.2.2 The adversities of freezing living cells: cryopreservation ................................................................ 12 
1.2.2.1 Plasmodium freezing .................................................................................................................................... 12 
Freezing of intracellular Plasmodium ................................................................................................................................. 12 
Freezing of extracellular Plasmodium SPZ .......................................................................................................................... 13 
1.2.2.2 The stresses associated with the freezing process ....................................................................................... 13 
Sub-optimal cooling rate injuries ....................................................................................................................................... 14 
Super-optimal cooling rate injuries .................................................................................................................................... 16 
Thawing and warming ........................................................................................................................................................ 17 
Vitrification ......................................................................................................................................................................... 17 
pH shifts during freezing processes .................................................................................................................................... 19 
1.2.2.3 Cryoprotectants for cells .............................................................................................................................. 20 
Intracellular cryopreservants ............................................................................................................................................. 21 
Extracellular cryopreservants ............................................................................................................................................. 21 
1.2.2.4 Trehalose ...................................................................................................................................................... 21 
Plasmodium interaction with trehalose ............................................................................................................................. 22 
Thermodynamic properties of trehalose............................................................................................................................ 23 
1.2.3 The geometry of freezing direction influence on heterogeneity of frozen matrix ........................... 25 

MATERIALS AND METHODS ............................................................................................................................. 26 

2.1 THERMODYNAMIC ANALYSIS OF SOLUTIONS USING DSC .................................................................................. 26 
2.2 INVESTIGATING IN VITRO HEPATIC INFECTION USING PLASMODIUM SPP. ............................................................. 27 
2.2.1 Human hepatoma cells.................................................................................................................... 28 
2.2.1.1 Cell seeding................................................................................................................................................... 28 
2.2.2 Freeze-thawing procedure .............................................................................................................. 28 
2.2.3 Cell infection .................................................................................................................................... 29 
2.2.4 Infection measurement ................................................................................................................... 29 
2.2.4.1 Luminescence ............................................................................................................................................... 29 
2.2.4.2 Flow cytometry ............................................................................................................................................. 30 
2.2.4.3 Microscopy ................................................................................................................................................... 30 



 
 

 
 

x 
 
 

RESULTS AND DISCUSSION ............................................................................................................................... 31 

3.1 DSC STUDIES ......................................................................................................................................... 31 
3.1.1 The cryostorage conditions within the ice structure – minimizing the effect of cryoconcentration 32 
3.2 FREEZE-THAW EXPERIMENT USING P.BERGHEI .............................................................................................. 37 
3.2.1 Assessing the effect of CPAs during the infection by P. berghei ...................................................... 37 
3.2.2 The influence of CPA on the SPZ activity/physiology after freezing – using dry ice ........................ 39 
3.2.2.1 Corroborating results for 10 and 15 w/t% trehalose with flowcytometry and microscopy techniques ....... 40 
3.2.2.2 Assessing the freezing survival by mixing trehalose and povidone 40 ......................................................... 43 
3.2.2.3 Assessing  survival after freezing by mixing trehalose and dextran 500....................................................... 45 
3.2.3 The influence of trehalose 10/15 w/t% on the SPZ activity/physiology after freezing – Liquid Nitrogen
 47 
3.2.4 Assesing the effect of SPZ incubation time ...................................................................................... 48 
3.3 ASSESING EFFECTS OF TREHALOSE CONCENTRATIONS DURING INFECTION OF HUH7 CELLS BY P.BERGHEII .................. 49 
3.4 ASSESSING THE EFFECT OF CHANGING L15 MEDIUM AS A REPLACEMENT OF DMEM MEDIUM................................ 52 

CONCLUSIONS AND FUTURE WORK ................................................................................................................. 53 

REFERENCES ..................................................................................................................................................... 57 

APPENDICES ..................................................................................................................................................... 61 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

xi 
 
 

List of Tables 

 
Table 1 – Maximum freeze concentration (Cg’) and its glass transition temperature (Tg’), reported by 

several authors [62] ..................................................................................................................................... 24 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

xii 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

xiii 
 
 

List of figures 

 
 
Figure 1 – World Risk of getting Malaria representation .......................................................................... 3 

Figure 2 - The life cycle of Plasmodium in a human host, the blood meal, the hepatic step, and 

erythrocytic.[5] .......................................................................................................................................... 4 

Figure 3 – Representation of the maturation and replication of sporozoites in hepatocytes. After the 

sporozoites (in green) have crossed the layer from the sinusoidal and entered in a hepatocyte, he will 

traverse several hepatocytes until stop in one, and form a parasiphorus vacuole. Each sporozoite will 

replicate and give origin to thousands of  merozoites forming a schizont. [5] .......................................... 5 

Figure 4 – The exit of merozoites from the liver. The final hepatic step envolve the release of 

merozoites (green) into the bloodstream, by the formation of merozoite-filled vesicles (merosomes).[5]6 

Figure 5 – Representation of radiation attenuated, genetically attenuated and Chloroquine sensitive P. 

falciparum sporozoites. ............................................................................................................................. 9 

Figure 6 – Microscopy showing the CS expression with the expected pattern and localization, 

comparing Pb WT, Pb(PfCS) and Pb(PfCS@UIS4). .............................................................................11 

Figure 7 – Hepatic infectivity of Pb(PfCSP) in green, Pb(PfCS@UIS4) in Orange and PbWT in white.11 

Figure 8 – Representation of both freezing injuries, sub-optimal cooling rate and super-optimal cooling 

rate [50]...................................................................................................................................................14 

Figure 9 –Survival gaussian representation of different kind of cells, where left of the maximum is 

quantified the sub-optimal cooling rate injuries and at the right is quantified the super-optimal cooling 

rate injuries [71] ......................................................................................................................................15 

Figure 10 – Representation of Tg values of freeze-concentrated solutes where Wg’ is the same as Cg’. 

[54] ..........................................................................................................................................................18 

Figure 11 – Effect of initial buffer concentration on the pH of Sodium Phosphate buffer solutions during 

non-equilibrium freezing to -10ºC. Total initial concentration of solute 8mM for clear bars, 20mM for 

wider stripes, 50mM for narrower stripes and 100mM for black column. [38] ........................................20 

Figure 12 - Registry number: 99-20-7; Molar mass: 342,296 g/mol anhydrous; 378,33 g/mol dihydrate; 

molecular structure: α-D-glucopyranosyl α-D-glucopyranoside (α,α-trehalose). .................................222 

Figure 13 – Phase diagram for trehalose/water system. The liquidus curve is extrapolated until reach 

the Tg curve to ilustrate the point of maximum freeze concentration Cg’, Tg’. [62] .............................233 

Figure 14 – Frozen matrix representation from bottom-up freeze method. .........................................255 

Figure 15 – Percentage of pure ice formation (A), transition glass temperature (B) and transition glass 

concentration (C) for increase concentrations of Trehalose in a binary system with DMEM ...............322 

Figure 16 – Representation of maximum concentration increase for different initial concentrations of 

trehalose in genera l(A) and specific for DMEM composition (B). Also here (C), the representation of 

initial Osmotic pressure in the solution from trehalose, and for the same initial solution the prediction of 

the maximum Osmotic pressure obtained during freezing, occuring right before glass transition 

(corresponding to Cg’). Pressure is given in Atm and concentration in w/t% ......................................344 

file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190909
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190910
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190910
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190911
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190911
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190911
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190911
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190913
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190913
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190914
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190914
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190915
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190916
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190916
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190917
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190917
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190917
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190918
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190918
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190919
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190919
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190919
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190920
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190920
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190921
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190921
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190925
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190928
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190928


 
 

 
 

xiv 
 
 

Figure 17 – Representation of the thermodynamic properties for the addition of Dextran 500 and 

Povidone 40 to a 10 w/t% solution of Trehalose and DMEM. The properties are (A) the % of “pure ice” 

formation, (B) Tg’ (Mid) and (C) Cg’. In blue is represented the Trehalose, in green the mixture of 

Trehalose and Dextran 500 and in red the mixture of Trehalose and Povidone....................................36 

Figure 18 - Representation of maximum concentration increase for different initial concentrations of 

trehalose in general (A) and specific for DMEM composition (B) with just trehalose or mixture 

trehalose/D-500. Also (C) the representation initial osmotic pressure in the solution from trehalose, 

and for the same initial solution the prediction of the maximum Osmotic pressure obtained during 

freezing for binary mixture trehalose/DMEM and Ternary mixture with D-500 also, occuring right before 

glass transition (corresponding to Cg’). Pressure is given in Atm and concentration in w/t%. Increase in 

concentration g/L of Sucrose and NaCl in binary and ternary mixture. ..................................................37 

Figure 19 – Variation of the infection load by the adition of gradual concentration of trehalose in blue, 

povidone 40 in green, glicerol in red, manitol in light blue and dextran 500 in dark red, all 

concentrations diluted in DMEM with 10.000 SPZ per 50µl. ..................................................................38 

Figure 20 – Representation of the percentage of load infection by freezing SPZ in dry ice, and adding 

gradual concentrations of trehalose and povidone from 1-25%, compared with non-frozen samples in 

DMEM (no media change) and DMEM with the same amount of CPA (positive control). .....................39 

Figure 21 -  Representation of the percentage of load infection by  freezing SPZ in dry ice, and adding 

gradual concentrations of trehalose from 5-20% and compared with non-frozen samples in DMEM (no 

media change) and DMEM with the same amount of CPA (positive control). .......................................40 

Figure 22 - Representation of the three techniques (flow cytometry, microscopy and luciferase) in 

percentage of survival and percentage of load infection respectively by  freezing SPZ in dry ice, and 

adding concentrations of 10 and 15 w/t% of trehalose, both compared with non-frozen samples in 

DMEM (no media change) and DMEM with the same amount of CPA (positive control). .....................41 

Figure 23 - Representation of the merozoite development (µ𝑚2) by wide field microscope in dry ice, 

freezing samples with 10- 15 w/t% of trehalose,  using as control non-frozen samples in DMEM (no 

media change) and DMEM with the same amount of CPA (positive control). .......................................42 

Figure 24 – Fluorescence microscopy, picture of MZT in a normal infection to the left, and MZT 

infection after Froozen-Thaw process. In Red the MZT protein (Hsp70), in blue cell nuclei. ................42 

Figure 25 - Variation of the infection load by the addition of increasing concentrations of trehalose or 

povidone 40. 5% trehalose + povidone 40 in blue, 5% povidone 40 + trehalose in green and 10% 

trehalose + povidone 40 in red, all solutes were diluted in DMEM (no media change) with 10.000 SPZ 

per 50µl. ..................................................................................................................................................43 

Figure 26 - Representation of the percentage of infection load by  freezing SPZ in dry ice, and adding 

gradual concentrations of povidone from 0-12,5% to 10% of trehalose. Compared with non-frozen 

samples in DMEM (no media change) and DMEM with the same amount of CPA (positive control)....44 

Figure 27 - Representation of the percentage of load infection by  freezing SPZ in dry ice, and adding 

gradual concentrations of povidone or trehalose from 0-12,5% to 5% of trehalose and 5% of povidone 

file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190937
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190937


 
 

 
 

xv 
 
 

respectively, both compared with non-frozen samples in DMEM (no media change) and DMEM with 

the same amount of CPA (positive control) ............................................................................................44 

Figure 28 - Variation of the infection load by the adition of gradual concentration of dextran 500 to 10 

w/t% of trehalose. All solutes were diluted in DMEM (no media change) with 10.000 SPZ per 50µl. ...45 

Figure 29 - Representation of the percentage of load infection by  freezing SPZ in dry ice, and adding 

gradual concentrations of dextran 500 from 0-7,5% to 10% of trehalose. Compared with non-frozen 

samples in DMEM (no media change) and DMEM with the same amount of CPA (positive control)....46 

Figure 30 - Representation of the percentage of survival by  freezing SPZ in LN2, using concentrations 

of 10/15 w/t% of trehalose, both compared with non-frozen samples in DMEM (no media change) and 

DMEM with the same amount of CPA (positive control). The techniques used were flow cytometry and 

microscopy. ............................................................................................................................................47 

Figure 31 - Representation of the merozoite development (µ𝒎𝟐) by wide field Microscope in LN2, 

freezing samples with 10% and 15% of trehalose, also using as control non-frozen samples in DMEM 

(no media change) and DMEM with the same amount of CPA (positive control). .................................48 

Figure 32 – Graphic of the different survival obtained for solutions of 10 and 15 w/t% trehalose, when 

incubated for two hours or with no incubation time. All solutions have been made in DMEM. ..............49 

Figure 33 – Schematic of the different time steps during an infection procedure with presence and 

non-presence of trehalose. Time steps representing from -5 to 0 the time of SPZ in ice at 4ºC, from 0 

to +2,5 invasion step after adding SPZ to cells, and +2,5 to +48 the MZT development until reading of 

the infection. The Blue filled line represent the addition of trehalose and the black stroke represents 

the media without trehalose presence. ...................................................................................................50 

Figure 34 – Infection load representation for the different time steps during an infection procedure for 

the concentrations 5, 10 and 15 w/t% trehalose. ...................................................................................51 

Figure 35 – Infection load percentage of DMEM as the positive control and testing DMEM + 10% of 

trehalose, L15 and L15 + 10% trehalose. ..............................................................................................52 

Figure 36 - Infection load percentage of frozen samples testing DMEM + 10/15 w/t% of trehalose and 

L15 + 10/15 w/t% trehalose. ...................................................................................................................53 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190948
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190948
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190948
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190948
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190948
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190949
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190949
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190949
file:///C:/Users/pedro%20gil/Dropbox/pasta%20pessoal/estágio/tese/versão%20tese.docx%23_Toc402190949


 
 

 
 

xvi 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

xvii 
 
 

List of Abbreviations 

 
AQP - Aquaporine 

b.i. – Before infection 

CFD – Computational Fluids Dynamic 

Cg' - Maximally freeze-concentrated solute matrix 

CHMI – Controlled Human Malaria Infections 

CPA - Crioprotectants 

CSP – Circumsporozoites Protein 

DMEM – Dulbecco’s modified Eagle’s medium 

DSC - differential scanning calorimetry 

ELISA – Enzyme-linked immunosorbent assay  

EM – Electron Microscopy 

EEF’s – Exorythrocytic forms 

FACS – Fluorescence-activated cell sorting 

FBS – Fetal bovine serum 

FDA – Food and Drug Administration 

GAS – Genetically Attenuated Sporozoits 

GAMG - geometric agglomerated algebraic multigrid 

GFP – Green Fluorescent Protein 

Hb – Hemoglobin 

HES – Hydroxy Ethyl Starch 

HSPG – Heparan Sulphate Proteoglycan 

IMM – Instituto de Medicina Molecular 

IST – Instituto Superior Técnico 

IV – Intravenous 

L15 – Leibovit’s culture media 

LN2 – Liquid nitrogen 

MZT – Morozoites 

NDA – New drug application 

PBS – Phosphate buffer saline  

Pb – Plasmodium berghei 

PCR – Polymerase chain reaction 

Pf – Plasmodium falciparum 

PfSPZ – Plasmodium falciparum sporozoites 

Pk – Plasmodium knowlesi 

p.i. – Post infection 

Pm – Plasmodium malarae 

Po – Plasmodium ovale 

PSPZ – Plasmodium sporozoites 

Pv – Plasmodium Vivax 

PV – parasitophorous vacuole 

Py – Plasmodium yoelii 



 
 

 
 

xviii 
 
 

RAS – Radiatted attenuated Sporozoites 

RBC – Red Blood Cells 

RPMI – Roswell park memorial institute 

SPZ – sporozoits 

TBV – Transmission Block Vaccines 

Tg' - Transition temperature of the freeze-concentrated fraction 

Tg - Glass transition temperature 

tg’ – Time until glassification occur 

WHO – World health organization 

WHOPE – Whole-organism pre-erythrocytic 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

1 
 
 

Introduction 

1.1 Motivation 
 

The immunization of humans against malaria, a disease caused by Plasmodium spp. parasites, has 

been possible for a few years and is well-studied in laboratory scale.  However, until recently, a 

licensed vaccine against malaria seemed unlikely. In 2003, Sanaria inc. announced the hope for the 

production of a metabolically active but non-replicating (radiation attenuated) sporozoite-based 

vaccine. Six years later, the first metabolically active, non-replicating sporozoite-based vaccine 

candidate started to be manufactured, the Sanaria
TM

 PfSPZ. More recently, safety, immunogenicity 

and protective efficacy studies in volunteers in MD, US were initiated. Sanaria’s efforts now concen-

trate on obtaining a successful Biological License Application. [2] Sanaria’s strategy is one among a 

few strategies existent nowadays for whole-organism, pre-erythrocytic malaria vaccines. These 

strategies will be further analyzed.   

 

In spite of these scientific advances, there is a gap of fundamental studies regarding cryopreservation 

methods for sporozoites, a requirement for an effective distribution of a whole-organism vialed vaccine 

in malaria-endemic regions. Even though freeze-thawing has been reported by Sanaria enterprise, the 

method is typically non-disclosed.  

 

At Instituto de Medicina Molecular (IMM), the Prudêncio lab proposed a novel whole-organism strategy 

to immunize humans against malaria. This new idea is based on the use of rodent Plasmodium 

sporozoites as immunization platforms against human malaria and is therefore completely different 

from all the strategies presented so far, with several potential advantages. [1] However, like all other 

whole-organism pre-erythrrocytic vaccination approaches, this strategy needs to deal with one of the 

greatest challenges for a malaria vaccine of this type, namely the cryopreservation of live Plasmodium 

sporozoites. In the world of live cell freezing sometimes serious challenges impose technological 

development limitations, particularly when microorganisms are more sensitive to the freezing process, 

which is the case of Plasmodium. Developing an effective sporozoite cryopreservation technique 

would potentially represent a huge step forward for the malarial research community, as the need for 

the fresh dissection of the mosquito salivary glands (the fresh parasites only live for 3-4 hours after 

harvest) for obtaining parasites would be suppressed. Not only would it be a major achievement for 

the liver stage Plasmodium researchers around the world, but it would also represent an invaluable 

resource in the context of production and storage of a whole-organism-based pre-erythrocytic malaria 

vaccine. [3] 

 

This thesis was then born from the ineluctable need to develop a method to successfully freeze-store-

thaw Plasmodium sporozoites. Controlling the process of freezing is very difficult, due to problems like 

ice nucleation and solute concentration having a huge impact on the cells’ destruction. A recently 
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proposed method of freezing under controlled and unidirectional temperature gradient has shown to 

improve substantially the reproducibility of the freeze-thawing process. [4] Some preliminary freeze-

thawing experiments using Plasmodium sporozoites have yielded promising results. Now, a more 

systematic study is needed to optimize the cryopreservation viability of living cells. 

This thesis will be carried under the orientation of Miguel Prudêncio and António Mendes (IMM), 

Miguel A. Rodrigues and Vitor Geraldes (IST), and Rui Estrela from SMARTFREEZ, which provided a 

freeze-thawing prototype system. 

The tasks will involve adjusting and further developing the freezing method and system; performing 

calculations using a computational fluid dynamics model; the use of dynamic calorimetry scan; 

manipulating living cells; utilizing microscopy and quantification methods (spectroscopy, fluorescence, 

microscopy, flow cytometry and others). 
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Figure 1 – World Risk of getting Malaria representation 

 

1.2 Literature Review 

1.2.1 Malaria a century fight 
 

Malaria is a well-known worldwide disease that affect every year 300-500 millions of people, resulting 

in more than half of a million deaths every year. [5] More than 90% of these cases occur in sub-

Saharan Africa in children under 5 years old. Malaria is an endemic disease to almost 100 nations in 

Africa, Asia, Latin America,  

 

 

 

 

the Middle East and the South Pacific. [6] Although recently the use of bed nets with impregnated 

insecticide, residual insecticide spraying and some anti-malarial drugs have reduced malaria morbidity 

and mortality in some areas, this effort is far from enough to stop this disease. [7] Malaria is transmit-

ted by the bite of an infected female Anopheles mosquito, infected with the parasite Plasmodium. 

There are five different species of Plasmodium that can cause malaria in humans: P. falciparum (Pf), 

P. vivax (Pv), P. ovale (Po), P. malariae (Pm) and P. knowlesi (Pk). Pf is by far the most deadly and 

the one responsible for the highest mortality and morbidity around the world. However Pv also repre-

sents an increasing concern in the malaria disease. Pm and Po are generally thought to be milder and, 

except on rare occasions, non-fatal. Pk is primarily a zoonosis in wild macaques as primary hosts but 

can also be fatal to humans in some occasions. [8] 

A naturally acquired immunity of the blood stage malaria is in some way developed in the endemic 

areas of the disease; this protects millions of people from severe disease and death. The pathways 

from which this natural protection occurs are not fully understood yet, but it is believed to derive from 

small infection loads due to residual blood stage parasites, which triggers an immune response.  [9] 

The symptoms of malaria include cyclical fevers and shivering, pain in the joints, headache, weakness 

and repeated vomiting. In the most severe cases convulsions and kidney failure can occur. The 
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infection by Pf may also lead to acute anemia and cerebral malaria. It can happen in Pv and Po 

infections, that some patients that seem to be fully free from the disease can still lodge the parasite in 

the liver under the form of hypnozoites.  

1.2.1.1 The Plasmodium parasite 

Life cycle 
 

All Plasmodium spp. have a similar life cycle, and it starts with the injection of sporozoites (SPZ), the 

mammalian-infectious form of Plasmodium, carried by the saliva of a female Anopheles mosquito, to 

the dermis of the mammalian host. The saliva of the mosquito contains vasodilators and anti-

coagulants making it easier to obtain the blood meal. [10] Most of the SPZ stay in the dermis but some 

will move through the dermis cells using gliding movement until they reach a blood vessel, entering the  

 

blood stream (an average of 500 SPZ) where they travel until they reach the liver. Also, roughly 30% 

of the SPZ will enter the lymphatic system where they will eventually be degraded. It is not known if 

the SPZ that are directly in contact with this important organ of the immune system, have any influ-

ence in the immune-malaria response. [11] 

SPZ arrive in the liver sinusoids in just a few minutes after the injection. The molecules involved in the 

SPZ binding to the liver sinusoids are highly studied, and a major PSPZ surface protein, the circum-

sporozoite (CS) protein has been shown to be crucial in the binding process to the heparin sulphate 

proteoglycans (HSPGs) of the liver cells. Although HSPGs are known to be present in almost every 

Figure 2 - The life cycle of Plasmodium in a human host, the blood meal, the hepatic step, and erythrocytic.[5] 
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tissue, in hepatocytes they have a much greater degree of sulphation, which is thought to be respon-

sible for the attachment of the SPZ. [12][13] 

Before reaching the hepatocytes, to cross the sinusoids, SPZ have to cross between two different 

types of cells: the endothelial and the Kupffer cells. Although is known that SPZ can cross both types 

of cells, there is evidence that they cross the sinusoidal layer mostly through Kupffer cells. [14][15] 

They subsequently traverse several hepatocytes using gliding movement until they reach a final cell 

which they productively invade with the formation of a parasitophorous vacuole (PV). Inside the PV, 

the parasite will multiply and differentiate into merozoites (MZT, blood infectious forms), a process that 

takes between 2 and 16 days, depending on Plasmodium species. [16] During this stage the parasites 

employ mechanisms to protect the infected cell from apoptosis [17] and potentially also modifying the 

host-cell cytoskeleton, [18] increasing the space for replication.  

 

 

 

As all intracellular pathogens or pathogens with intracellular stages, the egress from host cell after 

replication is an important step. The mechanism from how the parasites leave the hepatocytes is not 

yet fully understood, neither are the signals that trigger the exit. Recently, the idea that the hepato-

Figure 3 – Representation of the maturation and replication of sporozoites in hepatocytes. After the sporozoites (in 
green) have crossed the layer from the sinusoidal and entered in a hepatocyte, he will traverse several hepatocytes 
until stop in one, and form a parasiphorus vacuole. Each sporozoite will replicate and give origin to thousands of  
merozoites forming a schizont. [5] 
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cytes would burst releasing the MZT, was indeed replaced by the reported observation that MZT-filled 

vesicles (merosomes) are formed and released into the sinusoids of the liver. [19] 

From there, MZT will reach the blood stream and each parasite will infect and multiply inside a red 

blood cell (RBC), generating newly formed MZT that will eventually rupture the cell, releasing the 

parasites, and leading to the symptoms of the disease. The pathology associated with malaria infec-

tion only happens during the blood stage of the infection. 

 

 

Figure 4 – The exit of merozoites from the liver. The final hepatic step envolve the release of merozoites (green) into 
the bloodstream, by the formation of merozoite-filled vesicles (merosomes).[5] 

 

Also a few MZT will eventually transform into gametocytes. This form of the parasites does not cause 

disease symptoms but will stay in the system until cleared by drugs or by the immune system. Game-

tocytes can also be taken up in the blood meal of a mosquito. If that happens, in the stomach of the 

mosquito, a “male” gametocyte will fertilize a “female” gametocyte forming an egg (oocyst). This egg 

will be localized under the basal lamina of the mosquito, the midgut, maturing into thousands new SPZ 

that will travel to the salivary glands of the mosquito, starting once again the cycle. [20] 

Gliding Motility 
 

Gliding motility refers to the movement of the parasite while in the form of SPZ, and its importance is 

so large that in fact it is essential for the SPZ to be able to travel from the first contact with human 
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dermis or blood capillary until the final hepatocyte where the infection will occur. If this gliding move-

ment can be inhibited, also the efficacy of the whole infection will be compromised. For these reasons 

the gliding movement is an important target for several malaria eradication strategies. This movement 

is mediated by a unique actin-myosin system and follows a corkscrew movement pattern. [21] 

 

1.2.1.2 Controlled Human Malaria Infections 
 

In the last decades the ability to produce controlled human malaria infections (CHMI) has become a 

regular procedure, which represents a major asset in the clinical research of malaria. The ability to 

culture Pf gametocytes brought the possibility to produce infected mosquitoes, which are then used to 

carry out the CHMI. CHMI can be used to investigate the immunization of humans against malaria. 

Volunteers that were bitted by radiation attenuated PfSPZ (RAS) by mosquito bite were proven to be 

protected by more than 90% against malaria. Also recently 100% of protection against CHMI with 

PfSPZ administrated by mosquito bites was obtained in volunteers that were taking a prophylactic 

regimen of chloroquine. [22] 

More recently, infection or vaccination studies based on the injection of aseptic PfSPZ instead of 

mosquito bites became possible. This is achieved by purifying the mosquito’s salivary gland sporozo-

ites, vialing and preserving them, to administrate by injection. The successful application of PfSPZ by 

this method simplifies the CHMI and the clinical development of malarial vaccines and anti-malarial 

drugs. Also, studies show that the number of injected PfSPZ is more controllable by this method. [22] 

 

1.2.1.3 Malaria vaccine roadmaps 
 

Although the human host appears to only acquire natural immunity to blood stages of the infection, 

malaria vaccine strategies are focused on three infection stages: first the liver stage, in which the 

parasite is in the SPZ form (pre-erythrocytic vaccines), secondly the asexual blood stage (blood stage 

vaccines) and third the gametocyte/gamete stage (transmission blocking vaccines). Since the number 

of pre-erythrocytic and sexual stages is so low they represent bottleneck points in the infection cycle, 

thus they are conceptually a very good target for a vaccine strategy. [23] 

WHO traced a roadmap in 2006 to the goals for a malaria vaccine. The vision of this organization was 

then to obtain an effective vaccine to prevent severe disease and death caused by Pf in children under 

five in sub-Saharan Africa and other endemic areas. The strategic goal was to exist at least in 2025 a 

developed and licensed malaria vaccine that has a protective efficiency of more than 80% against 

clinical disease and that lasts more than four years. Also a landmark was traced to have in 2015 a 

first-generation developed and licensed vaccine that would offer a protective efficacy of more than 

50% against severe disease and death that would last longer than one year. [7] 

In 2013, the roadmap of WHO to the malaria vaccine was redesigned. The vision became to obtain an 

effective vaccine against Pf and Pv, preventing disease and death, and also that blocks the transmis-
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sion of the disease. The new strategic goal was now to have in the year of 2030 licensed vaccines 

targeting Pf and Pv, with 75% efficacy against clinical malaria, suitable for administration to at-risk 

groups in malarial endemic regions. [7] 

 

Pre-erythrocytic malaria vaccines 
 

It is important to notice that a big part of all research has been done by using Plasmodium spp. that 

infect rodent, namely Pb and Py. Pb has been the most used rodent parasite so far, as historically 

transfection technologies were developed first to Pb.  

As previously mentioned, the intrahepatic period of the PfSPZ is an obligatory step in the cycle of the 

Plasmodium infection and is where the parasites increase their numbers by four orders of magnitude. 

Although the Plasmodium blood stages are known since the 1880’s, the liver forms of the parasite 

were only discovered in 1948.  

There are some major reasons to elect this step as a perfect candidate for the control of the disease. 

First it is symptomatically silent and only a few SPZ will indeed infect the hepatocytes; second some 

types of Plasmodium can form cryptic dormant forms (hypnozoites) which would be avoided this way 

by inhibiting the development of SPZ before they could be formed; third the liver step is immunologi-

cally active; fourth, human Plasmodium parasites take nearly one week to complete the development 

inside the hepatocytes providing enough time to eliminate them. [24] 

It is also very important to notice that this pre-erythrocytic stage is an all-or-none phenomenon, as just 

one successful hepatocyte infection leads to a patent blood infection. 

 

Subunit pre-erythrocytic vaccines - The effort to create a subunit vaccine based on Plasmodium 

liver-stage antigens is not an easy task as this parasite contains more than 5000 proteins. The most 

promising candidate for this effort is the CS protein-based RTS,S vaccine. RTS,S is a recombinant 

protein that targets a part of the repeat region from Pf CSP and fuses an hepatitis B virus surface 

antigen combined with an adjuvant. [25] 

Using subunit vaccines a positive response from CD8+T is almost inexistent, however, new strategies 

have made possible a positive response from CD4+T which works as a substitute cells for immuniza-

tion. [25][26]  

Although RTS,S has achieved a good level of protection against SPZ challenge in human naïve 

subjects, however that results have actually shown not to provide the WHO landmark of the 50% 

protection against sever disease for at least one year, neither to offer the >80% goal of effective 

immunity in clinical disease. [27] 

 

WHOPE (whole-organism pre-erythrocytic) malaria vaccines – The first demonstrably effective 

vaccine, which was shown to confer sterile and relative lasting protection, was based on the inocula-

tion of radiation-attenuated metabolic active but non-replicative SPZ (RAS). The RAS strategy is 

known since late 1960’s and the way it works, is by invading the hepatocytes with these RAS which do 
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not fully develop to MZT due to an early development arrest. [28][29] This contact will trigger the 

immune response mediated by CD8+T cells (tested in mice) from a variety of genetic backgrounds 

which are essential and responsible for killing the liver stage parasites. It is also known that Py and Pb 

RAS-induced sterile immunity can occur in CD8+ deficient mice. Antibodies and IFN-g derived from 

CD4+T will mediate the protection. [30] This kind of strategy has been proofed in recent experiments 

to work by IV administration of the vaccine. [30] 

However this strategy presents several concerns in safety and logistical uneasy to exceed: the use of 

patogenic PfSPZ, the need of use huge amounts of immunization parasites (around 1000 bites are 

needed) and offers no protection against Pv. 

 

The appearance of reports showing that SPZ deficient in certain genes (genetically attenuated SPZ, 

GAS) could in fact confer long-lasting protection against malaria infections brought a new direction to 

follow. [31] A wide array of genes whose deletion leads to the arrest of infection was identified in 

rodent parasites. This SPZ have partial replication but no MZT production, as they are unable to 

complete liver stage development. The way this mechanism of protection works is similar to the RAS 

vaccine, by relying on CD8+T response. The later liver-stage arrest represents a higher protection but 

at the same time increases the risk of breakthrough infections. In order to create Pf GASs for human 

immunity it is essential that mutants do not revert to the wild type genotype and phenotype, and also 

that GAS lack drug-resistance markers to meet the regulatory concerns governing the use GAS in 

vaccines. [32]  

Some problems started to appear in some GAS vaccine candidates like Δp52+p36 and Δfabb/f, as 

they were not in fact adequately attenuated alerting for the danger of the vaccine. In recent trials on 

malaria-naive humans to assess safety and tolerability of escalating doses of Pf p52-/p36-GAP, the 

CP
S

GA
SsS

RA
SFigure 5 – Representation of radiation attenuated, genetically attenuated and Chloroquine sensitive P. falciparum 

sporozoites. 
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vaccine itself infected the host by developing stage forms. After 5-bite exposure, none of the volun-

teers has developed peripheral Pf parasitemia. However, after a second session of 200-bite exposure, 

one of the volunteers developed peripheral Pf parasitemia on the 12
th
  day after inoculation, activating 

a stopping regulating rule, then the genomic PCR analysis confirmed that the isolated parasite was 

indeed Pf p52-/p36-GAP and not the wild type. [31][32][33][34] 

 

Prophylactics-based strategies for vaccination are also being studied. This method works by adminis-

tering chloroquine, an anti-malarial drug that specifically kills blood stage parasites, after PfSPZ are 

injected. This allows parasites to progress through liver stage development so they do an initial and 

brief infection of erythrocytes right before being killed during the first round of asexual replication. The 

following strategy represents a complete replication from the SPZ and full MZT production. 

The trials were done with 10 subjects challenged eight weeks after the last immunization, when 

chloroquine was no longer detectable. The result was a full immunization of all the subjects. [35] This 

strategy represents a longer duration of sterile immunity than the one obtained from RAS immuniza-

tion. Also a smaller number of mosquitoes is needed than those employed in the RAS strategy. A 

follow up study 28 months later used 6 of the original subjects. They were re-challenged and four 

remained protected, while patent parasitemia was delayed in the remaining two. [35] 

Later experiments concluded that there was no protection against direct blood-stage challenge, 

indicating that CPS-induced protection is mediated by immunity against pre-erythrocytic stages only, 

and the subjects showed induction of anti-CS antibodies. [36][37]  

Although the results are positive and offer 100% protection it is obviously a dangerous and unpractical 

procedure to immune a whole population, as its success depends on the full and careful administration 

of chloroquine prophylaxis. Also presents a huge problem associated with the handling of infectious 

non-attenuated PfSPZ.  

 

 

“Thinking outside the species: a rodent Plasmodium-based strategy for vaccination against 

human malaria” – Prudêncio Lab strategy - The first vaccine to be developed in the world was the 

vaccine for smallpox, the result of the work of Edward Jenner in 1789. Jenner used the cowpox virus 

to immunize humans against its human counterpart, smallpox, leading to the eradication of smallpox in 

1979. This created the concept of cross-species protection, according to which immunization with 

human-harmless animal pathogen protects against infection by its human-infection counterpart. 

Pb, a species of Plasmodium that only infects rodents is the most common model for malaria research 

around the world. It is accepted as non-pathogenic and non-infectious in humans.  
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Pb is amenable to genetic manipulation. Studies carried out in the Prudêncio lab of IMM have also 

shown that Pb can successfully infect and complete its development in human hepatoma cells and 

human immortalized hepatocytes, in vitro as well as 

ex vivo, in micro patternedcocultures of human 

primary hepatocytes. Finally it is also known that in 

vivo Pb can also successfully infect and develop 

within human primary hepatocytes of liver-

humanized mice. These results show that Pb can in 

fact infect and develop inside human liver cells.  

In order to be sure Pb cannot cause disease in 

humans, experiments to evaluate Pb capacity to 

infect and develop inside human RBCs were per-

formed. Results showed that a few Pb could infect 

human RBCs in blood-humanized mice, but it was 

further shown that Pb parasites were unable to complete 

their life cycle inside human RBCs.  

Introducing a gene expressing the CS protein from Pf was the idea that was evaluated and two 

strategies to engineer this transgenic parasite have been used, beginning with the wild type (PbWT). 

One of the pathways was to replace the endogenous Pb CS gene by the human Pf CS gene this was 

named Pb(PfCS). The other approach consisted in inserting the Pf CS gene in a neutral locus fused to 

the promoter sequence of Pb UIS4, resulting in a parasite named Pb(PfCS@UIS4). 

Both strategies showed that CS expression had the right pattern and in the right localization. But 

infectivity data showed that Pb(PfCS) parasites have reduced salivary gland and hepatic infectivity, 

however Pb(PfCS@UIS4) presented similar infectivity to wild-type Pb, making Pb(PfCS@UIS4) a 

strong P. berghei-based vaccine candidate. Using a Pb parasite line that express heterologous CS 

from Pf it is hoped that sterile immunity can be achieved (not yet scientifically proofed) although the 

Figure 7 – Hepatic infectivity of Pb(PfCSP) in 
green, Pb(PfCS@UIS4) in Orange and PbWT 
in white.  

Figure 6 – Microscopy showing the CS expression with the expected pattern and localization, comparing Pb WT, 
Pb(PfCS) and Pb(PfCS@UIS4). 
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absence of immune response specific to the CSP of the parasite used. So, immune responses against 

Pf can be obtained using Pb expressing CS from Pf. The immune sera recognize and bind with high 

avidity to PfSPZ, also this sera inhibit Pf gliding motility and hepatic cell invasion. 

The advantages of such a strategy are enormous, as this will grant immunity to late liver stages of 

infection with no the safety problems.  

The next objective of this team is to carry phase 1/2 clinical trial with the vaccine candidates. Also this 

team is already working on the generation of Pb that offers not just protection against Pf but also to 

Pv, (Pb(PfCS@UIS4/PvCS@UIS4). 

1.2.2 The adversities of freezing living cells: cryopreservation 
 

The final goal of this work is to be able to cryopreserve whole living sporozoites. In the biotherapeutics 

industry the ability to freeze cells is a critical issue that has made scientists to be struggle with it for so 

many years. To freeze cells, bringing the temperature near 0ºC is not enough, although the metabo-

lism is reduced, the cells still keep some metabolic pathways active, and therefore they keep undergo-

ing deterioration. Hence the need to obtain lower temperatures that completely stops the metabolic 

activity. Freezing storage offers a lot of advantages when compared to liquid. There is a much lower 

degradation suffered by cells and therefore the increase of shelf time, but also the decrease of 

microbial contamination and easiness of transportation.[38][39][40] These factors have a huge weight 

in the productivity and efficiency. Therefore improving freeze-thaw processes can represent a huge 

reduction in process costs, and represent a benefit for end-users. [38][41]  

 

During the crystallization of aqueous solutions it is very difficult to control problems inherent to the 

profound physical and chemical changes occurring in the surrounding media, resulting in spatial 

heterogeneity of electrolytes, sugars and proteins. Also, has a consequence of the dependence that 

every living cell has on water, the progressive reduction and eventually disappearance of the liquid 

during ice formation results in an inevitable cell destruction of the cells from osmotic stress. 

 

1.2.2.1 Plasmodium freezing 

Freezing of intracellular Plasmodium 
 
The option of cryopreserving Plasmodium sporozoites inside cells is not our goal, however a better 

understanding in this subject is always important. 

The first reference founded about this subject was the experiments of Wolfson in 1945. P.cathemerium 

blood forms were frozen without any addition of cryoptrotectants except the blood serum itself. The 

parasites were frozen in a slurry of dry ice/ethanol (-79ºC) and warmed rapidly at 40ºC, the results of 

parasitemia were very low compared with the controls. [42] In 1962 Jeffrey tried using glycerol (16,6%) 

and a rapid freezing and thawing noticing a better recovery of Pb and P.gallinaceum. [43] In another 

study Schneider & Seal reported that the infectivity was in fact increased following freezing of Pb, Pf 
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and Pk, by using different concentrations of glycerol and DMSO, although this result was not com-

pletely understood. [44] Also in another experiment Pb was stored 6 months inside RBC cryo-

preserved in glycerol and it was observed that the intracellular malarial parasites exhibit amoeboid 

movement, and the growth inside the mice remained the same. [45]  

A very interesting study using RBC infected with Pk, showed that when the parasites were frozen in 

two steps, by holding the temperature at -20ºC to -40ºC for a period of time and then dropping into 

liquid nitrogen, improved the survival of the parasites. The improvement was attributed by the authors 

to the formation of a layer of extracellular ice, which absorbed the intracellular water, and thus reduc-

ing the formation of intracellular ice. It is important to notice that this phenomenon is probably only 

related to RBC and not to SPZ due to morphological and size differences between cells. [46] During 

10 years erythrocytic stages of malarial P. fallax parasites were stored in vapor phase of liquid 

nitrogen without significant loss of infectivity, establishing the idea that these forms can be stored 

indefinitely by this method. [47] 

Freezing of extracellular Plasmodium SPZ 
 
Before 1955 there is not any successful report of SPZ freezing. In that year, from the dissection of 

infected mosquitoes with Pv, Pf and Po SPZ were in fact frozen in droplets of plasma using a slurry of 

dry ice/ethanol (-79ºC). A group of volunteers were challenged with the thawed SPZ sample, and 30 of 

the 37 volunteers were infected proving that SPZ could be preserved by freezing processes. [48] 

Working with a constant concentration of SPZ and using different concentrations of DMSO, glycerol, 

PVP and HES within a range from 5-15% within mouse serum as solvent, an intense study was made 

varying cooling rates from 0.2 to 400ºC/min. The results showed that the serum is essential to improve  

the efficiency of the freezing, also that DMSO offered the lowest effective yielding of preservative 

infection offering 9% at the best conditions for it 1ºC/min. Serum alone or in combination with HES and 

PVP showed an optimum cooling  rate of  20-60ºC/min. The best infectivity was obtained with a 

combination of HES and serum, obtaining a yield of 60% of the infectivity. [49] 

1.2.2.2 The stresses associated with the freezing process 
 

When freezing an aqueous solution, water is the first component that undergoes phase change into 

solid. These first crystals formed from the pure water will absorb more water and will concentrate the 

solutes in the remaining liquid phase. Therefore, the remaining liquid phase will have a progressively 

lower freezing point due to the increase of solutes concentration. Having higher concentration of 

solutes will expose the cells into a hypertonic environment, leading to cell dehydration and pH chang-

es destroying consequently the cell membrane due to osmotic pressure. Moreover the proteins can 

suffer from the freeze-thaw process, minor molecular changes occur, not obvious at beginning but will 

reduce the protein stability over time. [50] In living organisms the intracellular ice crystals instability 

during storage and thawing also presents a challenge due to problems that will be further analysed. 
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These effects are time and temperature dependent, therefore the longer cells are exposed to this 

aggressive environment more likely they will die.  

 

Sub-optimal cooling rate injuries 
 

The survival dependence of living cells can be represented by a Gaussian distribution like the ones in 

the Figure 9. The left side of the Gaussian, for lower cooling rates than the optimum, can be explained 

by cells to suffer the solute effects and dehidratation. In the sub-optimal cooling process the ice is only 

formed outside the cells and the injury is not due to the direct action of the ice. This increases the 

proportion of ice versus unfrozen extracellular solution increasing the solute concentration. It was 

Lovelock who proposed that this disequilibrium of potential electrolytes during suboptimal cooling rates 

would lead to the dehydration due to osmotic pressure. [51] The quantitative relation of this osmotic 

pressures can be taken in account by the following expression: 

 

𝑀𝑒 = 𝛷𝑣𝑚𝑒 =
𝛷𝑛2

𝑉𝑒 =
𝛥𝑇

1.86
= 𝑀𝑖                  (1) 

 

Where 𝑀𝑒and 𝑀𝑖 are the external and internal molality, 𝛷 is the osmotic coefficient, 𝑣 is the number of 

species into the solutes dissociate, 𝑚𝑒 is the molality, 𝑛2 is the moles of the solute, 𝑉𝑒 is the volume of 

extracellular water, and 𝛥𝑇 is temperature variation below 0 ºC. The value of 1.86 represents the molal 

freezing point depression constant for water. The equation shows that intracellular and extracellular 

concentrations rise to high levels as the temperature drops. [51] 

Figure 8 – Representation of both freezing injuries, sub-optimal cooling rate and super-optimal cooling rate [50] 
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Lovelock also proposed that intracellular CPA solutes can protect the cells during the contact with 

hypertonic environments, especially during sub-optimal cooling rates when this effect is bigger. This 

protection from CPA solutes, in sub-optimal temperatures comes from the formation of a colligation 

suppressing the electrolytes concentration effect by diluting them. The addition of CPA does not 

change the value of 𝑀𝑒, however with the lowering of the temperature the CPA will reduce the concen-

trations of the salts present in the solution. The ability of these CPAs to reduce the concentration of 

solutes is not related to their chemical nature, but from the fact of their high solubility in water, mean-

ing they don’t dissociate from water even in low temperatures. The intracellular CPA’s due to their 

small molecular size, have also the ability to permeate the cell and dissolve the electrolytes inside the 

cells. [52] 

 

This protection doesn´t work the same way for every type of cells and there are several experiments 

showing that intracellular CPA sometimes don’t offer any protection, and the protection can be 

achieved by the simple add of a extracellular CPA. This is the case of spermatozoa that are protected 

by the addition of raffinose and no protection is conferred by permeating CPA. [52]  

In fact there is a different view of protection argument presented by Crowe and colleagues, this group 

presents the hypotheses that CPA with solute-specific interactions to the phospholipid bilayers can 

stabilize of the plasma membrane. This is the case of extracellular CPAs that can be very effective on 

a molecular level, however the protective mechanism of some high-molecular weight CPAs like PVP 

and HES are not yet comprehended. [52] 

 

Figure 9 –Survival gaussian representation of different kind of cells, where left of the maximum is quantified the sub-
optimal cooling rate injuries and at the right is quantified the super-optimal cooling rate injuries [71] 
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Super-optimal cooling rate injuries 
 
On the other hand if the cooling rates are higher (on the right side of the Gaussian distribution), the 

cells can’t maintain the osmotic equilibrium with the extracellular ice by losing their intracellular super 

cooled water quickly enough, eventually leading to the formation of ice inside them. This disequilibrium 

is determinate by the amount of super cooled water remaining inside the cells, which is proportional to 

the cooling rate and inversely proportional to the permeability of the cell to the concentration of water. 

In this effect the addition of intracellular CPAs is believed to not have significant effect since the major 

problem is not the time that the cells are in contact with the electrolytes. However extracellular CPAs 

can help cells losing the intracellular water since they absorb water fast, meaning they are an effective 

really good way of protecting cells in high cooling rates.  

Since rapid cooling forms intracellular ice, it has been assumed that the death of cells is a response to 

this ice formation. However the degree to which intracellular ice damages the cells and by which 

mechanism it occurs it is not fully understood so far. One of the most accepted theory’s, proposes that 

mechanically damage occurs during the freezing process due to the formation of intracellular crystals. 

[52] 

 

In most of the processes the optimum cooling rate is then achieved by establishing a balance from the 

aggressive effects of the solute concentration and the intracellular ice effects, this depends of the type 

of cells who will have a specific Gaussian curve. 

The different responses to these phenomena from cells can be related to their differences on the 

permeability of their cellular membrane, this permeability is intrinsically dependent of the transmem-

brane proteins the aquaporin's. This dependence from membrane permeability is known by the 

Mazur's two-factor hypothesis, which represented a landmark when published, even though the 

precise mechanism of slow freezing injury was still not fully understood back then. [53]  

Optimal cooling rates and warm rates were intensely studied since the 80's, however most of the times 

they were obtained not with the best experimental acquisition of data, as they simply measured the 

cooling rates of one central point of the sample, don’t taking in account what cooling rates were 

actually the cells suffering as a whole, moreover the nucleation temperature, ramps of cooling, 

warming and convection were not controlled. The control of these variables can be substantially 

improved using a unidirectional freezing geometry. This geometry, together with CFD modelling 

enables to estimate the thermal history of the samples, like the cooling rates.  
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Thawing and warming 
 
The thawing process can be as sensible to the cells as the freezing process, leading to a loss of 

viability. The damaging effect of thawing is in most cases dependent from the cooling rate used during 

freezing. For example when cells are frozen at super optimal cooling rates, it is believed to be better 

warm the cells as fast as possible without putting them in contact with aggressive temperatures. This 

benefit is explained by the fact that higher cooling rates form small crystals and those seem to have 

less damaging effect then bigger ones. If thawing is slow this crystals will enlarge by the process of 

recrystallization. Other possibility is that not all the water inside the cells will freeze forming a vitreous 

state, and if thaw process is slow these can freeze during thawing. In the literature several reports 

correlate the existent recrystallization with intracellular ice and cell death of slow warming of rapid 

cooled cells. [52] 

 

In the cells cooled at sub-optimal rates the effects of warming rate are more complex and not of easy 

interpretation. Three cases can occur: The damage that cells suffer is independent from the warming 

rate, a rapid warming is beneficial or instead a slow warming is better.  

In the first case the cells suffer the same phenomena that during freezing in a reverse mode, the 

solutes that have concentrated during the process are diluted and can put the cells again in a stress 

state of hyperosmotic pressure, this is the explanation why slow warming can be destructive after sub-

optimal cooling. [52] The cases where fast warming are less indicated after a suboptimal cooling 

process is a rare event to occur, and one explanation for this sensitivity to rapid warming can be 

explained by the osmotic shock if the cells are very sensitive to temperature changes. Another 

explanation is that in some cases there may not be enough time for the excess of solute to diffuse 

back out, swelling the cells and lysing while the medium turns diluted to fast by the extracellular ice. 

[52] 

 

The recrystallization phenomena it is also called migratory recrystallization and is actually believed to 

be the biggest causer of frost injury. During ice formation different ice crystals are formed, the small 

ones have higher vapor pressure than the larger ones. This different pressure leads to growth of the 

larger upon the expense of the smaller ones causing expansion and finally disruption the cells and his 

organelles upon recrystallization, thus to inhibit this process the cells have to be stored at least at -

100ºC. [52] 

 

Vitrification 
 

The vitrification process is a concept of huge impact in cryopreservation of living cells. When water 

molecules change into solid state the ice formed is constituted of pure water in the dendrites, so in an 

aqueous solution all water in the medium will progressively change into ice. If almost all of liquid water 

becomes ice, this will crush and shrink the existent cells progressively, leaving only small gaps of 
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liquid solution which are fulfilled with dangerous concentrations of solutes. Vitrification is a phase 

change during freezing, which is characteristic to some solutions that contain solutes with high 

viscosity. This phase change is characterized by a decrease on formation of total pure water ice, and 

an increase of non-ice spaces in the matrix. In this solutions when freezing starts, the ice formation will 

progressively occur reducing the space of liquid interstices existent and increasing the concentration 

of solutes existent on the remaining media. The difference from a normal aqueous solution is that the 

ice will only progress until the solutes reach a saturation point, and when that happens, the liquid 

changes to a vitreous state with high viscosity due to solutes high concentration, and the ice front 

stops to growth. This maximum concentration before the phase change to vitrification is very important 

as the living cells will be in an osmotic pressure equivalent to the concentration of the point of change. 

Once the vitreous state is achieved the cells stop dehydrating because the molecular movement is 

hindered. The time interval at which it happens is from the most importance since sooner it happens 

lesser is the time the cells will experience dehydration. [54] In living cryopreservation this change of 

phase can be achieved when using some CPAs, namely trehalose and high weight molecules. 

Therefore it is believed that one of the reasons why this CPAs help to preserve the cells is the vitrifica-

tion during the freezing process. 

The process of vitrification is different for each mixture of solution used, depending on the complexity 

of the total solutes existent in the media and even more important the characteristics from the solutes 

used. There are two very important variables in this process: the Tg' which represents the temperature 

Figure 10 – Representation of Tg values of freeze-concentrated solutes where Wg’ is the same as Cg’. [54] 
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at which the vitreous phase happens and the Cg', which is the corresponding solute concentration. 

When the composition reaches higher than the Cg' value, the phase separation happens giving place 

to a glassy phase with constant composition and constant Tg’ values. At lower ratios of solute/water 

the system is considered homogenous and follows the glass-liquid line that is given by the Gordon-

Tayler equation (G-T) [55] 

In a binary system, the Tg’ and Cg' are independent of the cooling rate and the initial concentration. 

Both Tg' and Cg’ will vary with the addition of other components, excipients like for example mannitol 

or dextran which are known to be very efficient to increase the Tg’ of the solution and very used in 

lyophilization processes.  

In the literature there are several studies of Tg curves (which represent the glass transition of the dry 

substance), and by knowing those curves and knowing the Tg' (represent the ice and mixture system 

of the same substance) is possible to predict the Cg' of the mixture, like the example in the Figure 10. 

For our studies other important issue to have into account is that all the solutes from the media are 

dependent from the initial concentration of the limiting solute, and will concentrate the same ratio that 

the limiting solute. For example if the limiting solute is 10 w/t% and the Cg’ is 70 w/t%, all other solutes 

will concentrate 7x.  

 

pH shifts during freezing processes 
 

As explained above the increase of the concentration of the solutes due to freezing is in most of the 

cases aggressive to the living microorganisms. One of the most dramatic consequences of this 

increase on solutes can be observed in the increase of sodium phosphates which are present in 

DMEM or L15 and many other pharmaceutical formulations. The problem of this salt during freezing is 

caused by the precipitation of 𝑁𝑎2𝐻𝑃𝑂4. 12𝐻2𝑂 changing abruptly the pH of the solution, by his 

precipitation. The precipitation of this salt is dependent from salt concentration, cooling rate, tempera-

ture and solution volume. So the way this phenomena will affect the survival of SPZ is not certain, as it 

can be relevant or not depending on how much precipitation will happen during a certain freezing 

process and the tolerance of parasites to pHshifts and the time they will suffer this stress until vitrifica-

tion occurs. The final pH reached when the salt precipitates depends on the initial concentration of 

sodium phosphate and the initial pH of the buffer, in the following figure is possible to see some 

examples of pH shifts for different initial solutions. [38] DMEM and L15 use phenol red as a pH 

indicator which changes for the color yellow when pH is lower than 6,6, and can help understand 

better these pH shifts. 
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From the totally of the concepts involved during freezing, it is recognized the complexity of the whole 

process, and a lack of a more comprehensive global and unifying picture of this biophysical event is 

still missing. It is interesting to see that for Pb it is believed to have the optimum cooling rate of 

20ºC/min until 60ºC/min and in RBC it is around 1100ºC/min, although this values are theoretical and 

only refer to osmotic variations seen in the Gaussian curve. [56] In the reality other characteristics 

from freeze-thaw referred before have to be taken in consideration, as the limbs of the Gaussian 

inverted U curve tend to vary with different warm and thaw methods, and from the concentration of 

CPA and additives present. [56] 

 

1.2.2.3 Cryoprotectants for cells 
 

Has we have been referring, one of the ways to offer some protection for cells during freeze, can be 

achieved by adding CPA’s to the solution used during freezing. This CPAs have to be carefully 

prepared in order to keep the cells in an isotonic solution to not injury the cells. CPAs can be divided in 

intracellular or extracellular: 

Figure 11 – Effect of initial buffer concentration on the pH of Sodium Phosphate buffer solutions during non-
equilibrium freezing to -10ºC. Total initial concentration of solute 8mM for clear bars, 20mM for wider stripes, 50mM 
for narrower stripes and 100mM for black column. [38] 
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Intracellular cryopreservants 
 
These chemicals are non-ionic small molecules with high solubility in water, which due to its simple 

chemical structure can easily penetrate the cellular membrane. The most commons used in cryopres-

ervation are Glycerol, DMSO and certain types of glycol (ethanol, propylenglycol, methanol, etc).  

 

Glycerol, is a low-molecular nonelectrolyte and was first used to freeze sperm.  Its cryoprotective 

effect sustains on his ability to penetrate the cell membrane creating a hyperosmotic environment. It is 

used to preserve mammal’s cells, embryos and unfertilized eggs. Glycerol have also a big importance 

and tradition in the RBC freeze-thaw where it is used from 20-40 w/t% concentration. 

DMSO, dimethyl sulfoxide it’s a nonelectrolyte with low-molecular mass. It works in a similar way to 

glycerol but is more toxic to the cells. So it is used in concentrations of around 10%. It has the ad-

vantage of being quicker to penetrate the membrane of cells.  

Extracellular cryopreservants 
 
This substances are normally long-chain polymers soluble in water and with large osmotic coefficients, 

due to their high molecular weight they can’t penetrate the cell membrane. From the several example’s 

it is important to refer some monosaccharide’s like glucose or hexose, disaccharides like sucrose or 

trehalose, trisaccaharides like raffinose, and polymers like polyvinylpyrrolidone or polyethylene glycol, 

there are also some other important macromolecular substances to refer like albumin or dextran. 

Trehalose is a great suitable component for cryopreservation since it protects the cells during freeze-

thaw and its non-toxic. The problem is trehalose during normal conditions don’t cross the cell mem-

brane, so some new techniques are actually being developed to overcome the impermeability of cell 

membranes by using liposomes to accumulate this sugar and others extracellular cryopreservants as 

HES. [57][58][59] 

 

1.2.2.4 Trehalose 
 
Trehalose is the most important CPA in the scope of this work. It is a non-reducing disaccharide of two 

glucose that are linked by an α-α-1,1-glycosidic bond. It was isolated in the mid of the 19
th
 century by a 

French chemist, Marcellin Berthelot, and his name come from Trehala manna a sweet substance 

obtained from nests and cocoons of a Larinus maculatus or Larinus nidificans. This sugar is very 

common to found in crustaceans, nematodes, bacteria, fungi, and plants, but not in vertebrates or 

mammals, since their cells are not able to synthetize it. However humans can metabolize the ingested 

trehalose into glucose in a similar way to other dissacharides by using an enzyme that exists in the 

intestinal villi, the trehalase. It has been in fact has long been ingested by humans as a component of 

mushrooms, baker’s and brewer’s yeasts, seaweeds and lobsters.  It has also numerous commercial 
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uses like in the food industry in large quantities as also in biopharmaceutical preservation of labile 

proteins drugs and cryopreservation of human cells.  

 

 

Plasmodium interaction with trehalose 
 

Trehalose is in fact the most predominant sugar in the Anopheles mosquito hemolymph existing more 

than ten times when compared with glucose or other sugars, provides him essential energy and 

protection from desiccation and heat stress. The sugar is metabolized in the fat body of the mosquito 

and enters the hemolymph by the trehalose transporter AgTreT1, [60] which is promoted by low 

humidity and elevated temperature. In fact the silencing of the RNA of this transporter reduces the 

trehalose concentration in the hemolymph by 40% and mosquitoes die when exposed to dessication 

or heat. Also the silencing of this transporter after a blood meal reduces the Pf oocyst by 70%. The 

plasmodium infection has been reported to deplete sugars in the mosquito hemolymph, meaning that 

trehalose is used by the parasites to a rapid growth. [60] However the molecular understanding of how 

the Trehalose is metabolized by the Plasmodium is not yet comprehended, there is the possibility of 

the parasites to directly absorb trehalose, or that trehalose is hydrolyzed to glucose by the mosquito 

and then taken by the Plamodium.  

 

 

 

 

 

 

 

 

 

 

Figure 122 - Registry number: 99-20-7; Molar mass: 342,296 g/mol anhydrous; 378,33 g/mol dihydrate; molecular 
structure: α-D-glucopyranosyl α-D-glucopyranoside (α,α-trehalose). 
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Thermodynamic properties of trehalose  
 

In the literature is suggested that the ability of disaccharides to cryoprotect living cells, is by a local 

increase of the viscosity near a growing ice interface, inhibiting the ice-crystal growth by  vitrification. It 

is studied that trehalose decreases the grow rate more than sucrose solutions. [61] By using a field-

emission gun type transmission electron microscope (FEG-TEM) the observations indicate that the 

size of ice crystals decrease exponentially with an increase on the trehalose concentration, while the 

number of crystals increase also exponentially. [63] This suggests that the size of the ice crystal is 

diminished when the number of nucleation sites increase in the trehalose solution, if this is correct 

trehalose is acting as a nucleation promoter. The viscosity of a solution that has up to 10 w/t% of 

trehalose is considered the same as pure water, but at higher concentrations, this viscosity is depend-

ent on both solute concentration and temperature. This is important to have in account since trehalose 

in cryoprotective applications is normally used under the 10% w/t concentrations. Also this means 

trehalose has two types of structures in the liquid phase: one for a concentration lowers than 10 w/t% 

and another for higher than 10 w/t%. In concentrations of less than 10 w/t% since the viscosity is 

Figure 133 – Phase diagram for trehalose/water system. The liquidus curve is extrapolated until reach the Tg curve 
to ilustrate the point of maximum freeze concentration Cg’, Tg’. [62] 
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nearly the same as in pure water the trehalose molecules make only a small contribution to the 

macroscopic solution properties, or to the hydrogen-bonding network of free water (even that trehalose 

has tendency to break hydrogen-bond network of water). For the high concentrations over the 10 w/t% 

concentration of trehalose the free-water molecules are consumed by trehalose molecules because of 

their high hydration properties (hydration number of trehalose is 11±4 [64]). The result is a change in 

the dynamic structure from the free water hydrogen-bond to a structure of hydrated-trehalose mole-

cules, increasing the viscosity.  

The ice growth excludes the trehalose molecules from the pure water solid-phase, and since the 

diffusion coefficient of trehalose molecules are is order of magnitude smaller than the water, the 

excluded trehalose stays near the freezing interface, increasing the local viscosity and the local 

concentration, this will lead to a decrease of the freezing temperature in the interface and then 

reducing the driving-force of crystal growth. With great interest it was observed that normally a growing 

crystal has facets, while a crystal in high trehalose concentration is blunt.[61] Meaning that the effects 

of trehalose not only decreases the mass transportation forming less ice but also interrupt the kinetic 

structuration of crystals due to the high viscosity in the interface.  

 

Table 1 – Maximum freeze concentration (Cg’) and its glass transition temperature (Tg’), reported by several authors 
[62] 

Reference C’g (wt% Trehalose) Tg’(ºC) 

L. Her 

L. Slade 

Y. Roos 

H. Nicolajsen 

H. Kawai 

[97] 

Not reported 

83,3 

81,6 

Not reported 

70,5 

81,2 

-31,8 

-29,5 

-35 

-30 

Not reported 

-22,2 
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1.2.3 The geometry of freezing direction influence on heterogeneity of frozen matrix  
 
The freezing geometry axial or radial has great impact on the heterogeneity of frozen matrix in terms 

of local concentration of solutes and thermal history. [4] Rodrigues et al. have shown that a significant 

improvement on the  

 

 

 

spatial heterogeneity was observed when the freezing front progression was unidirectional from 

bottom to top. The results were reproducible even when volume was raised from 30ml to 3L.  Also the 

temperature profile was predictable with a relatively simple computational fluid dynamics model. The 

unidirectional freezing direction has shown a great potential to improve and comprehend the risks from 

the frozen storage of living cells.  

Ideally all frozen matrixes should experience the same thermal history, meaning similar concentration 

solute concentration and temperature profiles during freeze-thaw process. The problem is that freezing 

is difficult to control, especially in a multicomponent solution with proteins, excipients and electrolytes. 

The final result will come from many variables such as nucleation temperature, ice crystals growth 

velocity, solutes interaction with ice and with each other, precipitation of solutes, pH shifts, diffusivity, 

geometry, supercoiling, etc. [38][41][66] 

Figure 144 – Frozen matrix representation from bottom-up freeze method. 



 
 

 
 

26 
 
 

The major problem is not the high concentration of solutes, which represent a thermodynamic con-

straint, the real problem is the spatiotemporal heterogeneity in the composition of the bulk that comes 

from the fact a large volume cannot be frozen with different time-temperature histories that come from 

different positions on the matrix. These differences happen because while proteins interact with ice 

interface (adsorbing) sugars and small solutes are transported due to convective flows. [41] This 

heterogeneity also comes with another problem, as different rates of freeze-thaw will happen in the 

same container. 

The unidirectional freezing method counters the density-gradient (gravity) driven convection, happen-

ing from bottom to top. The unidirectional temperature gradient along the vertical axis makes the ice 

front develop from bottom to top building a stable density gradient, due to the fact the denser liquid will 

be always stabilized gravitationally at bottom eliminating natural convection. [67] 

Other advantage of this method is the ability to control the nucleation of ice formation, normally when 

samples are frozen in a normal environment the heat transfer will occur from all spatial directions, also 

the (gravity) driven convection formed by this freezing process will represent a destructive and chaotic 

nucleation burst of instant ice formation destroying the cells. In unidirectional freezing since the 

(gravity) driven convection don’t exist and the heat transfer occur from the bottom-top of the sample 

there will eventually exist beneficially, just a small "sacrificial layer" that will suffer strong super cooling. 

From the bottom layer, dendrites will grow in an orderly and controlled direction from bottom-top. 

 

The buffer precipitating is another concern during freezing, and that’s another advantage on the 

vertical unidirectional technique, the precipitates will be entrapped in the dendrites formed from bottom 

top ice front, also will be homogeneous dispersed in the matrix. 

With this technique it´s possible to improve the uniformity of the media solutes relative concentrations, 

pH and ionic strength control, which are also important to succeed in cryopreservation of cells since 

osmotic pressure, is one of the biggest problems herein referred.  There are although some limitations, 

the studies demonstrate that there is a decrease in the reproducibility of results when the height of the 

liquid is over 7cm. Beyond this critical height, freezing becomes very slow and the heat lost horizontal-

ly for the walls of the recipient compromises the unidirectional characteristic. [4] 

Materials and Methods  

 

2.1 Thermodynamic analysis of solutions using DSC 
 
Differential Scanning Calorimetry (DSC) is a thermo-analytical technique that measures the amount of 

heat required to increase the temperature of a sample when compared to a reference with a well-

defined heat capacity. Generally the temperature program, in order to the sample holder, increases 

the temperature linearly as a function of time.  
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Using this technique it is possible to detect phase transitions of solutions and materials. When a 

sample suffers from a phase transition, a change in the heat flow will be visible to maintain both 

sample and reference at the same temperature, this difference will be positive or negative depending if 

the phase transition is exothermic or endothermic. Observing these changes not only is possible to 

detect major phase changes like a phase change from liquid to solid, as it is also possible to detect 

subtle changes like glass transition vitrification which have a great interest for our studies. 

The data was obtained from the histogram of the DSC 200 F3 (Maia) and can be analyze to obtain the 

rate of free water transformed into ice and the Cg’ of the samples. Although the ∆𝐻, 𝐻2𝑂𝑓𝑢𝑠𝑖𝑜𝑛 is 

referred on the literature has 334 j/g, in our experiments we used the calculated ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 of the 

media where the excipients were dissolved, thus the results are more accurate since the media have 

already some solutes changing the value of ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 and also to eliminate the error from readings. 

This way the percentage of ice, and percentage of glass formed during the freezing was obtained from 

the following equation: 

 

∆𝐻, 𝑀𝑒𝑑𝑖𝑎𝑓𝑢𝑠𝑖𝑜𝑛

∆𝐻, 𝑆𝑎𝑚𝑝𝑙𝑒𝑓𝑢𝑠𝑖𝑜𝑛
= % 𝑖𝑐𝑒 = 1 − %𝑔𝑙𝑎𝑠𝑠             (2) 

 

Having the value of %glass ratio is possible to obtain the Cg’ by using the following equation since all 

the excipient will be confined into the new volume of glass obtained: 

 

𝐶𝑖 × 𝑉𝑖 = 𝐶𝑓 × 𝑉𝑓         (3) 

 

For all necessary solutions were prepared previously, the nitrogen flow of the DSC machine was 

turned at 0,6 bar thirty minutes before the process starts. 10mg of the solution was weighted and 

pippeted to an Aluminum lid with 1mg. The capsule was then sealed and inserted into the DSC 

chamber along with an empty lid (Nietzsche) for reference. On the software the thermal program ramp 

was set on and the machine was putted in a standby position to reach 20ºC during 10 minutes. After 

that the program started.  Using the Nietzsche software the area relative to the melting of the ice was 

measured in order to obtain the ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 of the sample in (j/g). Also during the warming curve of the 

sample using the “Glass transition” option in the software the tg’ was obtained. 

2.2 Investigating in vitro hepatic infection using Plasmodium spp. 
 

Several methods can be used to evaluate hepatic infection by Plasmodium parasites. In this work Pb. 

expressing the luciferase gene or expressing the GFP gene depending on which technique was used 

to measure infection. The techniques used were luminescence, flow-cytometry and microscopy. 

Although the following techniques have differences in the methods, all of them have a similar temporal 

base respecting the Pb. liver stage cycle: 24 hours before the infection process (24 hours b.i.), human 

hepatoma cells (Huh7) are seeded in sterile 96-well plates; the culture medium changed (2,5 hours 

p.i.); and infection is measured 48 hours after the infection (48 hours p.i). 
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The selection of which technique to use depends on the available resources and transgenic parasites, 

and also on what type of results are intended and the number of samples needed. It is considered that 

in vitro, visual insight has a big importance (microscopy), however a large number of samples cannot 

be processed by this technique. This way the use of luminescence and flow cytometry becomes 

essential for the first screening of an investigation. In principle the results should be always supported 

by a combination of these techniques and not only just one. [1] 

2.2.1 Human hepatoma cells  
 

The use of cell lines represent some advantages when compared with other models like in vivo, as 

they have easy maintenance and propagation in laboratory, they have a well-defined genome and 

transcriptome and also a relatively readiness to do genetic manipulation.  The downside of the use of 

immortalized cell lines is the tendency to lose some of the normal features from the original cells. 

The most commonly used hepatoma cells for SPZ infection are HepG2, Huh7 or Hepa1-6. The Huh7 

are normally preferred when microscopy-based applications are made due to the uniform monolayer 

easily achieved.  

In this study, the human hepatoma cell line Huh7 was cultured in RPMI medium, supplemented with 

10% fetal calf serum (Gibco/Invitrogen), 1% nonessential amino acid (Gibco/Invitrogen), 1% penicil-

lin/streptomycin (Gibco/Invitrogen), 1% glutamine (Gibco/Invitrogen) and 1% Hepes at pH 7 (Gib-

co/Invitrogen). The cell line was maintained at 37°C with 5% CO2. 

 

2.2.1.1 Cell seeding  
 

For infection assays, Huh-7 cells were seeded in 96-well or 24-well plates the day before infection. 

Cells were trypsinized  by addition of 1ml of trypsin and incubation at 37ºC, until the cells start detach-

ing from the plate (2-4 minutes for Huh7). Nine ml of RPMI medium were then added to stop the 

reaction. The solution was retrieved into a 15ml Falcon and then centrifuged for 1200 rpm during 5 

minutes. The supernatant was discarded and the cells were resuspended in 3-5ml of complete 

medium. Cells were counted in a Neubauer chamber, and seeded in 96-well (10.000 cells/well) or 24-

well (50.000 cells/well) plates, Cells in 24-well plates were seeded on glass coverslips for microscopy 

analysis. 

 

2.2.2 Freeze-thawing procedure  
 
The SMART FREEZING machine was used to obtain the pretended unidirectional freezing conditions. 

The temperature program was set on the desired cooling rate and dry ice or LN2 was added to the 

machine half an hour before the freeze starts. A slim layer of Absolute Ethanol was added to the 

thermal balaster (to remove the air gap between the sample and the balaster) and the isolated thermal 
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chambers were placed over the thermal balaster, also a slim layer of Absolute Ehanol was placed 

inside of the chambers. Right before the samples were frozen they were mixed by a Vortex. After 

frozen, samples were held in dry ice until thaw.  

The thawing of the samples was done depending on the warming rate intended for the experiment. 

The excipients added to the medium were dependent from the experiments and were glycerol (Fisher 

scientific), dextran 500 (Sigma-Aldrich), mannitol (Sigma-Aldrich), povidone (Sigma-Aldrich) and 

trehalose (Fluka).  

 

2.2.3 Cell infection 
 
The luciferase- or GFP-expressing Pb ANKA SPZ were obtained from manual dissection of infected 

Anopheles stephensi mosquito salivary glands. [68] After grinding, the suspension was filtered through 

a 70 mm cell strainer to remove mosquito debris. Ten thousand and 30.000 SPZ/well were used for 

infection in 96-well and 24-well plates, respectively. SPZ addition was followed by centrifugation at 

1500g for 5 min. 

 

2.2.4 Infection measurement 
 
In order to assess the hepatic infection by Plasmodium there are several techniques that can be 

employed. The ones used in our experiments were luminescence, fluorescence microscopy and flow 

cytometry. 

 

2.2.4.1 Luminescence 
 

This technique uses chemiluminescence to measure infection by luciferase-expressing and it is one of 

the simplest ways to measure hepatic Pb infection. [69] 

In the current work, the viability of Huh-7 cells was assessed at 46 hpi by the AlamarBlue assay 

(Invitrogen, U.K.) using the manufacturer’s protocol. Briefly the Alamar Blue solution was prepared by 

making a dilution of 1:20 in RPMI complete medium. The cells were then incubated at 37ºC and 

5% 𝐶𝑂2in an incubator for 1,5 hours. Fluorescence was measured on a Tecan Infinite-200 plate-

reader. 

 

For infection measurement by luminescence, cells were infected with luciferase-expressing Pb ANKA 

parasites in 96-well plates. Parasite infection load was measured 48 h after infection using the Biotium 

Firefly Luciferase assay using the manufacturer’s protocol. Briefly, cells were lysed with Firefly Lysis 

Buffer followed by centrifugation for 5 minutes, 3000rpm at room temperature, to remove cell de-

bris/membranes, etc. The lysates can be stored at -20ºC or used immediately. Luminescence was 

measured on a Tecan Infinite-200 following addition of, 50µl of the luciferin solution to 30 µl of lysate. 
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2.2.4.2 Flow cytometry 
 
Flow cytometry uses cells infected with fluorescent transgenic parasites, in which the fluorophore is 

expressed under the control of a housekeeping promoter. [74] One of the most significant advantages 

of this technique is that it covers the three main phases of the hepatic cell infection: traversal, invasion 

and parasite development. [75] 

For infection measurement by flow cytometry, cells were infected with GFP-expressing Pb ANKA 

parasites in 96-well plates. Cell samples for flow cytometry analysis were washed with 1 ml of PBS, 

incubated with 150 ml of trypsin for 5 min at 37°C and collected in 400 ml of 10% FCS in PBS at the 

selected time points post SPZ addition. Cells were then centrifuged at 0.1 g for 3 min at 4°C and re-

suspended in 150 ml of 2% FCS in PBS. Data were acquired on a Fortessa II cytometer with HTS and 

the analyzed with the FlowJo software. 

 

2.2.4.3 Microscopy 
 
Immunofluorescence microscopy-based techniques have enabled the use of a variety of imaging 

methods to analyze Plasmodium liver stages, The method simultaneously provides not only visual 

information about parasite morphology but also, through the use of appropriate antibodies or dyes, an 

insight into host nuclear and cellular features. Infection quantifications are achieved by determining the 

number and the area of imaged EEFs and normalizing the data against cell numbers or confluency. 

 

Cells were fixed 48 hours post infection with 4% PFA in PBS for 10 minutes at room tempetrature. 

Cells were permeabilized with 0,2% Triton X and 1% BSA in PBS. Nuclei were stained using the DNA 

dye Hoechst (Invitrogen, UK). Plasmodium berghei EEFs were stained with a specific primary antibody 

that recognizes the parasite’s Hsp70 protein (2e6), and a secondary antibody, the anti-mouse 

AlexaFluor594 (Jackson ImmunoResearch). The cells were incubated with a 1:150 dilution of primary 

antibody for 1,5 hours at room temperature washed twice with PBS, and incubated with a 1:750 

dilution of secondary antibody for 1,5 hours at room temperature. The coverslips were mounted on 

glass slides with Fluoromount (Southern Biotech) and stored in the dark until the analysis. Immuno-

flurescence microscopy analyses were carried out on a widefield Axiovert 200M fluorescence micro-

scope or on a Zeiss LSM 510 Meta microscope. Images were analyzed with the ImageJ software.  
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Results and Discussion 

 
The results obtained in this work are divided into two main sections: one part of the experiments were 

performed at “IST” using methods of CFD modulation and thermodynamics the other part of the results 

were obtained from experimentation using Pb parasites at “IMM”. 

 

3.1 DSC studies 
 
Although the experiments using living SPZ are essential to obtain freezing survival results, a study of 

the thermo dynamical properties of the freezing process is of the most importance. These studies 

allow us to not only to better comprehend the mechanism behind the success of the cryopreservation 

of Plasmodium SPZ, but also to test different parameters considered important when using live 

parasites like CPAs, cooling rates vial geometries etc.  

The following experiments were performed by studying the thermodynamic properties of aqueous 

solutions of DMEM using the DSC technique and employing trehalose as a solute. Trehalose is our 

reference of compound since presented the best results during test in vitro experiments possible to 

see in section 3.2. 

 
 

The DSC studies also enable estimating the osmotic pressure variation during freezing by using the 

Tg’ and Cg’ values, since this variable is dependent on solute concentration and temperature. The 

Maximum osmotic pressure is achieved at the glass transition. The increase in osmotic pressure 

during freezing has been described as a critical factor for cells viability under freeze-thawing condi-

tions. 
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3.1.1 The cryostorage conditions within the ice structure – minimizing the effect of 
cryoconcentration 

 
The characteristics of trehalose/water binary solutions are well known in literature, however to better 

understand the characteristics of our DMEM solution, some experiences were carried out to describe 

the percentage of pure ice formation, the Tg' and the Cg' of the mixture when using different concen-

trations of trehalose. Panels in Figure 20 present those variables with increasing concentrations of 

trehalose in DMEM: 

 

 

 

As expected, Figure 15 - A shows that the ice formation decreases with the gradual increase of initial 

concentration of trehalose. This means that the glass phase, increases with increasing concentration 

of trehalose, consequently the chance for SPZ to be in a “safe zone” in between the dendrites, 

avoiding contact with ice. Also by increasing the initial trehalose concentration, SPZ will suffer from the 

freezing environment for a shorter time untill vitrification is reached, as the Cg’ is closer to the initial 

trehalose concentration it will be reached faster. Another advantage of increasing trehalose concentra-

tion, is that it leads to decrease of the freeze-concentration factor and consequently secondary solutes 

will not concentrate as much before vitrification. It is important to remember that all solutes will 

concentrate (not only trehalose) until glass transition occur.  

Figure 15 – Percentage of pure ice formation 
(A), transition glass temperature (B) and transi-
tion glass concentration (C) for increase concen-
trations of trehalose in DMEM 
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As expected the Cg’ obtained was constant, the trehalose mass concentration was 68%, which is 

considerably lower than the literature value for binary trehalose/water systems (around 80%). This is 

most likely due to the influence of the other components of DMEM.  

In the Figure 15 - B the value of Tg’ was obtained for three distinct readings the On set, the mid and the 

end, and instead of a constant value, a curve increasing with the concentration of trehalose was 

obtained. For higher concentrations values start to be similar to what is reported in the literature 

(values obtained for equilibrium) and tend to be constant, since at higher concentrations solutions 

easily get near the equilibrium.  

 

Overall more trehalose should mean more success in preserving SPZ, considering the increase of the 

vitreous phase and the smaller exposure to concentrated liquid before reaching Tg’. 

However during our experiment in section 3.2 the results obtained show that this logic cannot be 

followed strictly. For concentration higher than 10% w/t trehalose the survival of SPZ starts to de-

crease. We hypothesize that the reason for this difference is an increase in the toxicity to SPZ (see 

Figure 19) that arises from the high concentration and high osmotic pressure of the environment. 

 

Next we intend to represent the increase of the concentration factor of the mixture and discriminated 

for each solute existent in DMEM.  

To calculate  this parameters, data from sucrose (see appendices), was used to obtain a curve of the 

variation of osmotic pressure in a liquid mixture due to trehalose concentration. Therefore by knowing 

the concentration of trehalose in a certain mixture, the osmotic pressure was possible to predict. This 

osmotic pressure prediction was also optimized for the temperature of the mixture (20ºC used for room 

temperature). 

The maximum osmotic pressure (at the glass transition), was calculated using the Tg’s (Midset) and 

Cg’ obtained by DSC. These results are shown in Figure 16: 
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Figure 16 – Representation of maximum concentration increase for different initial concentrations of trehalose in 
general (A) and specific for DMEM composition (B). Also here (C), the representation of initial osmotic pressure in the 
solution from trehalose, and for the same initial solution the prediction of the maximum osmotic pressure obtained 
during freezing, occurring right before glass transition (corresponding to Cg’). Pressure is given in Atm and concentra-
tion in w/t% 

Increasing trehalose in the initial solution decreases freeze-concentration during freezing. However the 

final concentration of trehalose remains constant and independent from its initial concentration (Cg’). 

Also in Figure 16, is presented the corresponding concentration of some specific components in 

DMEM.  

The prediction of osmotic pressure shows that, the maximum osmotic pressure is independent from 

initial concentration of trehalose and directly related to the Cg’. However the osmotic pressure before 

freeze and therefore after thaw, increases fast with increment of initial concentration of trehalose, 

which may explain the reason why survival of SPZ start decrease after the 10% w/t of trehalose.  

Therefore, we can anticipate that higher the initial concentration of the limiting solute better would be 

the survival of living cells to freezing, because some of the other solutes may reach toxic concentra-

tions. However, raising the initial concentration of limiting solute, may also lead to death by osmotic 

pressure or other toxic effects. So the perfect balance has to be found to overcome these difficulties, 

and use the advantages of controlling the phase change vitrification in the process. 

 

In this section we conclude, that adding trehalose to a mixture will consequently increase the amount 

of glass formation while decreasing the concentration factor. However, adding trehalose indefinitely 

brings also disadvantages by the increase of osmotic pressure which is dependent from trehalose 

concentration and temperature of the mixture. Therefore a commitment between trehalose addition 

advantages and osmotic pressure has to be achieved.  
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A very important question also arises, would a decrease in the time that SPZ are in contact with high 

concentrations of trehalose (before and after freezing) increases the survival during freeze-thawing 

process. Regarding the “before” freezing and “after” thawing, reducing the time in which these toxic 

concentrations is present, would have great potential interest. 

 

Although this is a complex mixture, the determined Cg’ converges to 68%. Therefore in a composition 

with more than two components the Cg’ and Tg’ are dependent from the initial trehalose composition. 

Therefore, some other CPAs were added to change Cg’s and Tg’. 

 
Trehalose and polymers, should in theory offer advantages to the cryopreservation of SPZ. Solutes 

like povidone and dextran 500 are large molecules, that adding them to a solution the increasing 

viscosity which can potentially diminish the Cg’ and/or diminish the time to achieve it without increas-

ing the osmotic pressure (intrinsically dependent to the molar composition which change little with the 

addition of such big molecules). In fact, the reduction of Cg’ and Tg’, is explained from the fact that Cg’ 

is dependent from viscosity, decreasing with the increase of viscosity. This dependency from vitrifica-

tion to the viscosity is explained by the fact that during glass transition, the solution becomes so 

viscous that all the kinetic movement from water stops and no more ice is possible to form (rear-

rangement from water molecules are needed for ice formation). The decrease of Cg’ can offer many 

advantages since with a lower Cg’ more glass phase is formed and the osmotic pressure smaller. 

 

Figure 17 then represents the properties of ternary mixtures from trehalose/povidone(40k) and treha-

lose/dextran(500k) for 10 w/t% of trehalose in DMEM: 
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Figure 17 – Representation of the thermodynamic properties for the addition of Dextran 500 and Povidone 40 to a 10 
w/t% solution of trehalose and DMEM. The properties are (A) the % of “pure ice” formation, (B) Tg’ (Mid) and (C) Cg’. 
In blue is represented the trehalose, in green the mixture of Trehalose and Dextran 500 and in red the mixture of 
trehalose and povidone. 

 

The addition of povidone seems to have little effect on the properties during freezing. However dextran 

500 shows significant impact on the freezing process. The percentage of ice formed and the Cg’ starts 

to quickly decay from the new equilibrium points achieved, meaning more glass phase, lower Cg’, Tg’, 

and also less osmotic pressure during process.  

 

The osmotic pressure from in trehalose/dextran mixtures was then predicted. Since the osmotic 

pressure depends of the number of moles and temperature, dextran does not contribute much for the 

increase from the initial osmotic pressure of the solution because it has a high molecular weight while 

it’s addition decreases the Cg’ and the Tg’, due to the increase of viscosity. This causes the other 

components of DMEM to concentrate less comparatively to Figure 16. Figure 18 shows these charac-

teristics: 
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Figure 18 - Representation of maximum concentration increase for different initial concentrations of trehalose in 
general (A) and specific for DMEM composition (B) with just trehalose or mixture trehalose/D-500. Also (C) the 
representation initial osmotic pressure in the solution from trehalose, and for the same initial solution the prediction 
of the maximum Osmotic pressure obtained during freezing for binary mixture trehalose/DMEM and Ternary mixture 
with D-500 also, occuring right before glass transition (corresponding to Cg’). Pressure is given in Atm and concentra-
tion in w/t%. Increase in concentration g/L of Sucrose and NaCl in binary and ternary mixture. 

When looking to the figure, the potential advantage of dextran 500 in the solution becomes more 

obvious, especially since our explanation for trehalose limitations is correlated to the high osmotic 

pressure obtained for higher concentrations than 10 w/t%. The challenge will be to overcome the 

toxicity caused by dextran.  

 

3.2 Freeze-Thaw experiment using P.berghei 
 

3.2.1 Assessing the effect of CPAs during the infection by P. berghei 
 
The CPA toxicity effect was evaluated by establishing a relation between their concentration and the 

infection effectiveness.  

From the analyses of the literature, DSC studies, the following CPAs were chosen: glicerol, trehalose, 

povidone 40, dextran 500 and manitol. These experiments employed a luciferase assay by adding the 
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corresponding concentrations of the CPA to the solutions with SPZ, incubating it two hours before 

freezing. 

 

 

Figure 19 – Variation of the infection load by the adition of gradual concentration of trehalose in blue, povidone 40 in 
green, glicerol in red, manitol in light blue and dextran 500 in dark red, all concentrations diluted in DMEM with 
10.000 SPZ per 50µl. 

Figure 19 shows how infection load is affected by the addition of the CPAs when compared to an 

infection with SPZ incubated in standard DMEM. Every point above the “100%” represents a boost in 

the infection load and every point below represents a decrease in the infection load. It is important to 

have in account that these changes only affect the infection and not the cell growth since all the results 

are normalized to the number of cells by Alamar blue reading.  

The results in Figure 19 show a boost in infection load due to the addition of trehalose and povidone 

and a decrease in the infection due to the addition of glicerol, dextran and manitol to the infection 

mixture, indicating that, although CPAs are intended to help prevent the freezing stresses, some CPAs 

can also be toxic. Based on these results trehalose and povidone were selected for further studies, 

since the addition of glycerol, dextran and manitol quickly decreases infection load.  

The results show that 7,5% povidone can increase the infection up until 260% and 1% to 10% treha-

lose may also improve infection by 200%.  

 

In order to eliminate these effects during our experiment two positive controls were used:  

 

The improvement in storage stability promoted by unidirectional freezing is herein evaluated by 

comparing SPZ solutions that undergo unidirectional freezing with non-frozen samples (positive 

control) and SPZ that undergo uncontrolled freezing (negative control).  

However, positive controls pose a difficult challenge. The cryostabilizing agents produce an effect on 

SPZ viability even if no freezing occurs. It is therefore difficult to discriminate whether the effects on 
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the infection load arise from freezing survival or from an infection boost. To account this two different 

positive controls were employed: one, referred to as “no media change” is obtained by infecting cells 

with SPZ that have not been frozen and were incubated in standard DMEM; the second referred to as 

“positive control” was obtained by infecting cells with SPZ that have not been frozen but incubated with 

the same excipients as those used during freezing. 

In this way it was possible to evaluate the freezing survival rate without having the effect of CPAs as a 

variable.  

It is very important to take into account that when freezing results are different for both positive 

controls, the assumed result is always the control with the lower value. When the result of “no media 

change” is higher than other control, a boost from CPA in the infection is occurring so the other control 

should be considered. When “positive control” is higher by this means that the CPA is affecting SPZ 

survival, and once again the other control should be considered. 

 

3.2.2 The influence of CPA on the SPZ activity/physiology after freezing – using dry ice 
 

Since trehalose and povidone 40 were the only CPA’s that presented a positive effect during infection 

(see Figure 19), some experiences were performed by unidirectional freezing with solutions containing 

different concentrations of these solutes.  

In the Figure 20 it is possible to observe how the survival to freezing is affected by different concentra-

tions of those CPAs employing the luciferase assay, the concentrations used were from 0-25 w/t%: 

 

 

Figure 20 – Representation of the percentage of infection load by freezing SPZ in dry ice, and adding gradual 
concentrations of trehalose and povidone from 1-25%, compared with non-frozen samples in DMEM (no media 
change) and DMEM with the same amount of CPA (positive control). 

Im Figure 20 the first thing to see is the predicted differences from infection load due to the control 

differences. These are due to the boost in infection of these CPAs, as presented in Figure 19.  
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These results indicated a great potential for trehalose as a CPA for SPZ using dry ice. Following the 

control that offers the lowest survival as previously explained. Trehalose offered 30% of survival for 

15/10 w/t%, povidone 40, showed a lower survival, 5-7% for 15/10 w/t%.  

 

In order to get a more accurate notion of the survival obtained by the mixture of trehalose/DMEM, a 

new experiment using a concentration increment of 2,5 w/t% from 5-20 w/t% was performed. Figure 21 

shows the values for infection load obtained: 

 

 

Figure 21 -  Representation of the percentage of infection load by  freezing SPZ in dry ice, and adding gradual 
concentrations of trehalose from 5-20% compared with non-frozen samples in DMEM (no media change) and DMEM 
with the same amount of CPA (positive control). 

 

These results show that the best concentrations for freezing SPZ using trehalose in a simple unidirec-

tional preparation are in fact within the range of 10-15 w/t% of concentration resulting in a comparative 

infection load of 30%. 

3.2.2.1 Corroborating results for 10 and 15 w/t% trehalose with flowcytometry and 
microscopy techniques 

 

The results obtained from mixtures containing 10 and 15 w/t% trehalose, were corroborated using the 

techniques of flow cytometry and widefield microscopy. With these techniques it is possible to deter-

mine the percentage of survival and development of the parasite in the hepatic phase.  

 

Figure 22 shows the results obtained for a 10 and 15 w/t% concentration of trehalose when using a 

simple unidirectional freezing with dry Ice evaluated by the techniques of flow cytometry, wide field 

microscopy and luciferase assay: 
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Figure 22 - Representation of the three techniques (flow cytometry, microscopy and luciferase) in percentage of 
survival and percentage of infection load respectively by  freezing SPZ in dry ice, and adding concentrations of 10 and 
15 w/t% of trehalose, both compared with non-frozen samples in DMEM (no media change) and DMEM with the same 
amount of CPA (positive control). 

  

The survival results for these three techniques using a simple unidirectional freezing with dry ice with 

and a mixture of 10/15 w/t% trehalose were on average 20-30%. All the methods employed yielded 

reproducible results. 

As expected by using 10% of trehalose, the difference between the two controls is more pronounced 

due to the boost of trehalose. When 15% of trehalose is used, both controls are practically the same 

due to the neutral induction of infection by trehalose (see Figure 19).  

To complete these observations a study of the parasite development was also carried out as it is also 

crucial to know if frozen SPZ present a normal development during hepatic development.   

 

Using the results from microscopy the development of the parasite under the same freezing conditions 

was also evaluated, as seen in Figure 23: 
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Figure 157 – Fluorescence microscopy, picture of hepatic phase  in a normal infection to the left, and infection 
after Froozen-Thaw process. In Red the SPZ protein (Hsp70), in blue cell nuclei. 

 

Figure 23 - Representation of the hepatic stage development (µ𝒎𝟐) by wide field microscope in dry ice, in black 
freezing samples with 10- 15 w/t% of trehalose,  in blue using as control non-frozen samples in DMEM (no media 
change) and in grey DMEM with the same amount of CPA (positive control). 

 
Figure 23 shows that the normal size of a developed parasite in hepatic phase 48 hours p.i,, is on 

average around 175µm. Overall the development of the parasite seemed not to be affected (black) 

when frozen in either of the CPAs concentrations when compared to controls. 

 

In Figure 24 is possible to watch The hepatic phase physiology of Frozen SPZ and Normal SPZ 

infections. No differences were present between both.  
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3.2.2.2 Assessing the freezing survival by mixing trehalose and povidone 40 
 

The effect of the mixtures trehalose/povidone on the infectivity of the parasite after freezing with dry 

ice, were evaluated.  

These experiments were performed by luciferase assay adding increasing concentrations of povidone 

in a range from 0-12,5% to 10 w/t% and 5 w/t% of trehalose. Increasing concentrations of trehalose, in 

a range from 0-12,5%  w/t% was also added to 5 w/t% of povidone. 

 

 Figure 25 shows how the infection load is affected by these cocktails: 

 

 

Figure 25 - Variation of the infection load by the addition of increasing concentrations of trehalose or povidone 40. 
5% trehalose + povidone 40 in blue, 5% povidone 40 + trehalose in green and 10% trehalose + povidone 40 in red, all 
solutes were diluted in DMEM (no media change) with 10.000 SPZ per 50µl. 

The results show that adding povidone 40 to 10 w/t% of trehalose does not improve the infection load. 

This infection decrease is probably due to the high viscosity obtained from the solution, impeding the 

gliding movement from SPZ during invasion of hepatocytes. 

 

Figure 26 shows the infection load obtained from the cocktail of 10 w/t% trehalose and increasing 

concentrations of povidone 40: 
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Figure 26 - Representation of the percentage of infection load by  freezing SPZ in dry ice, and adding gradual 
concentrations of povidone from 0-12,5% to 10% of trehalose. Compared with non-frozen samples in DMEM (no 
media change) and DMEM with the same amount of CPA (positive control). 

As expected from the results shown in Figure 26 when increasing concentrations of povidone 40 are 

added to the 10 w/t% of trehalose, the efficiency of the freezing quickly decays. This result was 

expected, the results shown in Figure 17 indicated that povidone 40 did not alter the characteristics of 

the freezing conditions, so its addition results in higher toxicity for the cells without any significant 

advantages in terms of cryopreservation. 

 

For the conditions from the Figure 25 the cocktail had a positive effect on the infection. The Figure 27 

shows the results of adding different concentrations of povidone 40 and trehalose to 5 w/t% of treha-

lose and 5 w/t% of povidone 40, respectively. 

 

 

Figure 27 - Representation of the percentage of load infection by  freezing SPZ in dry ice, and adding gradual 
concentrations of povidone or trehalose from 0-12,5% to 5% of trehalose and 5% of povidone respectively, both 
compared with non-frozen samples in DMEM (no media change) and DMEM with the same amount of CPA (positive 
control) 
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Again as expected from DSC studies the addition of povidone does not improve the outcome of the 

freezing results. An average infection load of 15-20% was obtained for trehalose 5 w/t% + povidone 40 

and for povidone 40 5 w/t% + trehalose. Although a considerable infection load was achieved with 

these mixtures, using 10 and 15 w/t% trehalose as CPA yields better results. This demonstrates that 

using povidone as CPA does not constitute an advantage. 

 

3.2.2.3 Assessing  survival after freezing by mixing trehalose and dextran 500 
 
The results obtained in the DSC (section 31) with the ternary mixture using trehalose/dextran 500 and 

DMEM, show a great potential for improving the cryostorage conditions of the ice structure when 

compared to the binary solution of trehalose/DMEM.  

To assess if adding dextran 500 to trehalose could improve the cryopreservation of the SPZ, an 

experiment of simple unidirectional freezing was performed by adding increasing concentrations of 

dextran 500 to trehalose. Erro! A origem da referência não foi encontrada.28 shows the influence of those 

CPAs on the infection by Pb. 

 

 

 

Figure 28 - Variation of the infection load by the addition of gradual concentrations of dextran 500 to 10 w/t% of 
trehalose. All solutes were diluted in DMEM (no media change) with 10.000 SPZ per 50µl. 

 

The results show that despite the potential demonstrated by dextran 500 to improve the cryostorage 

the compound seems to be very toxic to SPZ. Since dextran 500 does not have osmotic pressure, the 

negative effect of its presence is probable to be due to the high viscosity of the final solution during the 

invasion of the cells.  

Figure 29 presents the infection load when dextran 500 is added to a 10 w/t% trehalose preparation: 
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Figure 29 - Representation of the percentage of infection load by  freezing SPZ in dry ice, and adding gradual 
concentrations of dextran 500 from 0-7,5% to 10% of trehalose. Compared with non-frozen samples in DMEM (no 
media change) and DMEM with the same amount of CPA (positive control). 

Although adding dextran 500 yields better freezing conditions by changing the characteristics of the 

solution (Figure 17), as expected from Figure 29 adding dextran 500 to 10 w/t% trehalose decreases 

the survival of the SPZ due to toxicity. Further studies to overcome this toxicity were performed and 

will be discussed ahead. 
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3.2.3 The influence of trehalose 10/15 w/t% on the SPZ activity/physiology after freezing 
– Liquid Nitrogen 

 
 

One of the important variables to take in consideration is the effect of the cooling rate on the activity 

and physiology during freezing of SPZ. An experiment using liquid nitrogen was performed to evaluate 

the impact of freezing rate. Solutions containing 10/15 w/t% trehalose as CPA were frozen by using a 

simple unidirectional preparation with liquid nitrogen (LN2) as freezing. These trehalose concentra-

tions were chosen in order to compare with the best results obtained so far using dry ice. These 

experiments employed flow cytometry and microscopy techniques Figure 30: 

 

 

Figure 30 - Representation of the percentage of survival by  freezing SPZ in LN2, using concentrations of 10/15 w/t% 
of trehalose, both compared with non-frozen samples in DMEM (no media change) and DMEM with the same amount 
of CPA (positive control). The techniques used were flow cytometry and microscopy. 

The SPZ survival results obtained using LN2 as cooling agent was an average of 20% for a 10 w/t% 

concentration of trehalose and around 35% for a 15 w/t% concentration of trehalose. We conclude that 

these results were not significantly different from the ones obtained for the same preparation using dry 

ice in section 3.2.2. Increasing the cooling rate does not seem to significantly change the survival, and 

the results are therefore inconclusive, and a more intensive study about the effects of the cooling rate 

in the parasite survival will have to be performed.  

 

The development study of the parasite was observed to determine if physiology was being affected for 

this cooling rate. Figure 31 show the development of the parasite for the different conditions assayed:  
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Figure 31 - Representation of the hepatic stage development (µ𝒎𝟐) by wide field Microscope in LN2, freezing 
samples with 10% and 15% of trehalose, also using as control non-frozen samples in DMEM (no media change) and 
DMEM with the same amount of CPA (positive control). 

 
A small decrease in parasite development was observed in the 15 w/t% trehalose preparation. 

However, as before a more detailed study related  to the cooling rate is necessary for more definitive 

conclusions. 

 

3.2.4 Assesing the effect of SPZ incubation time  
 
Most of the freeze-thawing experiments carried in this work involved an SPZ incubation time with the 

CPAs of two hours. The effect of the incubation time was studied. Two sets were considered, incuba-

tion of the SPZ for two hour prior to freezing or minimum incubation time: the SPZ were mixed rapidly 

and immediately frozen. Figure 32 represent the percentage of infection load obtained: 
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Figure 32 – Graphic of the different survival obtained for solutions of 10 and 15 w/t% trehalose, when incubated for 
two hours prior to infection or with no incubation time. All solutions have been made in DMEM. 

For the 10 w/t% solution of trehalose, in the Figure 3Figure 2 no significant difference exists in the 

infection load between both cases. However when 15 w/t% trehalose was used the average of the 

infection load increased from 30% to 38%. These differences can be explained by the results in Figure 

16 and Figure 19, which are related to the increase of osmotic pressure, which seems to be only 

significantly for 15 w/t% trehalose (since osmotic pressure increases with trehalose concentration). 

Therefore by reducing the time SPZ are incubated during preparation of the mixture, also the time they 

undergo osmotic stress is reduced, thereby increasing the final survival. The possibility to use higher 

trehalose concentration to remove the osmotic pressure factor was also predicted by results in Figure 

15 in which it is possible to observe the increase of the vitreous phase and Tg’ with the increase of 

trehalose concentration.  

 

3.3 Assesing effects of trehalose concentrations during infection of Huh7 cells by 
P.bergheii 

 
Previous results have shown, that during the infection of Huh7 cells with SPZ, solutions with concen-

trations of trehalose up to 15 w/t%, led to an increase of the infection load when compared to a no 

media change infection (see Figure 19).  

In order to study how trehalose affects the infection of cells a few hypotheses were put forth: is 

trehalose helping to preserve the SPZ during the time they are in the solution before the freezing 

step?; is trehalose providing energy to SPZ during the infection step?; or is it a mixture of both?. 

During literature review of this work was discussed the importance from presence of trehalose during 
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the SPZ development in the midgut of the mosquito. However there exists a blank if Plasmodium can 

directly synthetize trehalose into glucose or if is the vector that do it (since SPZ uses in fact glucose for 

metabolism purposes).  

To help answer our questions the following scheme of an infection assay was designed having in 

account the several steps during the infection of cells: the step before freezing (-5 to 0 hours), the 

invasion of cells by SPZ (0 to 2,5 hours) and the further development of SPZ (2,5 to 48 hours). These 

conditions are presented in Figure 33: 

 

 

 

 

 

 

 

Experiments were carried out with solutions containing 5, 10 and 15 w/t% of trehalose. It is important 

to remember that a 4x dilution in trehalose occurs when the thawed solution is added to cells (50 µl of 

thawed solution + 150 µl of RPMI). The results obtained are shown in Figure 34: 

 

 

 

 

 

 

 

 

Figure 33 – Schematic of the different time steps during an infection procedure with presence and non-presence of 
trehalose. Time steps representing from -5 to 0 the time of SPZ in ice at 4ºC, from 0 to +2,5 invasion step after adding 
SPZ to cells, and +2,5 to +48 the MZT development until reading of the infection. The Blue filled line represent the 
addition of trehalose and the black stroke represents the media without the presence of trehalose. 
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The results from D and I from Figure 39 served as positive controls for all other preparations since they 

represent a no media change setup.  

These results reveal several aspects about the influence of trehalose on infection.  

These results confirm that the best of three trehalose concentrations assayed is 5 w/t% (the same 

used for dilutions in section 3.2.5). As expected from the studies of osmotic pressure during DSC 

studies, 5 w/t% was also the only trehalose concentration that seemed not to decrease infection in the 

period of 2,5 to 48 hours. In fact when SPZ were in the presence of trehalose for a long period of time, 

infection load decreased significantly for all concentrations tested except 5 w/t%, as shown in H, 

resulting in large death of the SPZ for 10 w/t% trehalose and full death for 15 w/t%.  

Another important conclusion, was that trehalose is not protecting the SPZ during the incubation step, 

as can be seen in E. In fact except for the 5 w/t% trehalose concentration the infection actually 

decreases, once again showing that for 10 and 15 w/t%, a relevant effect from osmotic stress exists 

particularly for 15 w/t% also demonstrated in sections 3.1 and 3.2.4. This was corroborated by condi-

tion F where the SPZ that were incubated on ice with 10 and 15 w/t% of trehalose had a lower infec-

tion load when compared to G, which lack of the ice incubation in trehalose.  

Results also indicate in conditions G and B, that the SPZ are only being positively influenced by 

trehalose during the cell invasion step.  

Thus, we can conclude that trehalose is in fact beneficial during the invasion of the cells, however, its 

presence before and after cell invasion by SPZ has the opposite effect. 

 

 

 

Figure 34 – Infection load representation for the different 
time steps during an infection procedure for the concentra-
tions 5, 10 and 15 w/t% trehalose. 
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Figure 35 – Infection load percentage of DMEM as the positive control and testing DMEM + 10% of trehalose, L15 and 
L15 + 10% trehalose.  

3.4 Assessing the effect of using L15 medium as a replacement of DMEM medi-
um 

 
Although DMEM medium is commonly used for collecting SPZ, recently some studies indicated that a 

different medium, the L15 medium could offer better results than the ones obtained with DMEM for the 

same purpose.  

Before freezing, the effect of this medium was tested by incubating SPZ one hour on ice 4ºC and then 

measuring the infection load using the luciferase method. The results are shown in Figure 35: 

 

 

These results indicate that the L15 medium increases the infection load by almost 50% when com-

pared to DMEM. These results show us that L15 can in fact be a suitable replacement for DMEM in 

our studies. Therefore we tested the effects of freezing when using L15 for preparations of 10/15 w/t% 

trehalose. To remove the positive effect from L15 in maintaining the SPZ alive during incubation, the 

freezing was performed immediately after the addition of the SPZ to the mixture. The results are 

shown in the Figure 36:   
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Figure 36 - Infection load percentage of frozen samples testing DMEM + 10/15 w/t% of trehalose and L15 + 10/15 
w/t% trehalose.  

 

These results indicate that freezing in the presence of either DMEM or L15 leads to similar infection 

loads. The improvement obtained from using L15 in the previous experiment likely results from 

maintaining the SPZ alive during the incubation time and does not affect freezing survival. 

 

Conclusions and future work 

 
This thesis concerns the development of a suitable method for successfully cryopreserving Pb, and 

the issue of which details remain to be optimized. Also, an explanation as to why certain CPAs work 

better than others in the cryopreservation of Plasmodium SPZ is provided and discussed. 

 

Our results show that trehalose acts as an adequate CPA for cryopreserving Plasmodium SPZ. CPAs 

are intended to provide an appropriate environment for the SPZ during the freezing process to ensur-

ing their protection from the stress caused by this process. Therefore, CPAs must meet the necessary 

requirements during ice formation to stop the upcoming ice front and create vitrified zones where the 

media does not turn into ice but instead stays in a vitreous state. By stopping the ice front, CPAs will 

decrease the concentration of solutes from the media. So why does trehalose have the best perfor-

mance, even though povidone 40 and dextran 500 can also achieve similar vitrification freezing 

characteristics? A likely explanation is that the viscosity of povidone and dextran help cryopreserve the 

SPZ, but also prevents SPZ from gliding  and invading cells during infection. However, up to concen-
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trations of 10 w/t%, a trehalose solution maintains the characteristics of a normal aqueous solution, 

meaning that in the liquid state the SPZ (when using concentration up to 10 w/t%) invasion of cells will 

not be impaired by viscosity. During the freezing process, the concentration of trehalose in the solution 

will rise until Cg’ becomes a viscous solution that protects the parasites. This may explain why 

trehalose is only suitable at concentrations of 10-15 w/t%; as at higher concentrations the solutions 

changes from an aqueous solution into a viscous solution, also presenting an increased osmotic 

pressure that is detrimental to the parasites. In fact our results indicates that the percentage of glass 

phase for 10-15 w/t% trehalose is around 30% which is, approximately  the same as the SPZ survival 

obtained for these concentrations, indicating that most probably both factors are related. 

 

Given the high complexity of the problems and the solutions presented throughout this work, it seems 

clear that additional work should be envisaged. Due to the time limitation presented by this six months 

thesis, all work with Pb was performed exclusively in vitro. It is standard procedure in experimentation 

with infectious living organisms that all the experiments are first done in vitro (cell lines), due to system 

simplicity, ethical, financial reasons (when compared to in vivo experiments). Since all work was done 

only in vitro, will be necessary to perform assays for cryopreserved SPZ in an in vivo mouse model of 

malaria, evaluate infection load, parasite development as well as other as other aspects such as the 

infection boost caused by trehalose use. 

Regarding the CPAs used for cryopreservation, trehalose was identified in our work as the most 

effective CPA for SPZ cryopreserving. However since some of the CPAs presented significant toxicity 

for the SPZ, the question remains: if the toxicity adverse effects could overcome, as discussed in 

section 3.2.5, could these compounds also work for our purposes, especially taking into account the 

characteristics of dextran 500 discussed in sections 3.1.1, and 3.2.2.3.  Another aspect that remains 

from being fully elucidated is how the cooling rate affects the survival and development of SPZ, since 

the experiments described in section 3.2.3 not sufficient to completely clarify this aspect. The medium 

used for the freeze-thawing process is another important issue for further analysis. The limitations 

inherent to the use of media with 𝑁𝑎2𝐻𝑃𝑂4. 12𝐻2𝑂, discussed in section 1.2.2.2 should be taken in 

account when considering future changes in the medium used during freezing. The vial geometry used 

and the liquid height during freezing is yet to optimized, and it should be kept in mind that unidirection-

al bottom-up freezing processes has height limitations. All the work in this thesis employed Pb as a 

model parasite. However, for the specific purpose of cryopreserving parasites intended for a vaccine 

based on the transgenic Pb(PfCS@UIS4) parasite, experiments using this parasite have to be per-

formed to corroborate results. Also it would be important to extrapolate our results to other spp. and 

strains of Plasmodium that are used in malaria research and proposed vaccination strategies. Using 

unidirectional bottom-up freezing followed by a lyophilization process would also be of great interest, 

and would represent a new direction of major importance to follow. The shelf time of these freezing 

preparations is yet another problem that has to be evaluated, bringing an important experimental 

aspect since there is no way of comparing long time shelf preparations with accurate positive controls. 
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Of course all this future work will greatly gain from the use of the CFD model presented in our work 

and its continued optimization.  

What we have accomplished here is of significant importance as it constitutes the proof that it is 

possible to cryopreserve SPZ with significant survival ratios. Therefore this work paves the  way for 

future studies where the issues listed above can be addressed, ultimately leading to increasingly more 

effective methods for the cryopreservation of Plasmodium parasites.  
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Appendices 

 
Tg’ of several Common materials 

 

      Excipient Tg’(ºC)        Excipient Tg’(ºC)         Excipient Tg’(ºC) 

        Albumin 

      Arabinose 

         Byco A 

         Byco B 

         Byco C 

  Dextran (Mw 74 kD) 

        Dextrin 

      Fructose 

     L-Fucose 

     Galactose 

      Glucose 

  -33 

  -43 

  -14 

  -12 

  -15 

  -10 

  -12 

  -42 

  -45 

  -42 

  -43 

    Glutamic acid 

        Glycerol 

           HES 

      Myo-inositol 

         Isomalt 

        Lactose 

      Luria Broth 

         Maltose 

     Maltotriose 

        Mannitol 

        PVP (K17) 

  -32 

 -100 

  -12 

  -36 

  -32 

  -28 

  -29 

  -31 

  -24 

  -31 

  -24 

         Raffinose 

        Rahmnose 

           Ribose 

  Sodium Glutamate 

          Sorbitol 

          Sorbose 

        Stachyose 

          Sucrose 

         Trehalose 

    Tryptic Soy Broth 

           Xylose 

  -26 

  -45 

  -47 

  -49 

  -43 

  -42 

  -24 

  -32 

  -30 

  -33 

  -47 

From www.ta-prime.co.uk 

 

DMEM composition 

 

 

 

 

 

http://www.ta-prime.co.uk/


 
 

 
 

62 
 
 

L15 composition 

 

 

 
 
Dependency of osmotic pressure from several solutes to the concentration 

 

 
 

 

 


