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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 process, 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. 
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1. Introduction 

 

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. [2] 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. [3] Malaria is transmitted by the bite of an infected 

female Anopheles mosquito, infected with the parasite 

Plasmodium. In 2013, the roadmap of WHO to the malaria 

vaccine was to obtain an effective vaccine against P. 

falciparum and P. vivax, preventing disease and death, and 

also that blocks the transmission of the disease, with 75% 

efficacy against clinical malaria, suitable for administration 

to at-risk groups in malarial endemic regions. [4] 

Studies carried out in the Prudêncio lab of IMM have shown 

that P. berghei (rodent form of malaria) can successfully 

infect and complete its development in human hepatoma 

cells and human immortalized hepatocytes, in vitro as well 

as ex vivo, in micro patterned cocultures of human primary 

hepatocytes. Finally it is also known that in vivo P. berghei 

can also successfully infect and develop within human 

primary hepatocytes of liver-humanized mice. These results 

show that P. berghei can in fact infect and develop inside 

human liver cells. Introducing a gene expressing the 

Circumsporozoite protein from P. falciparum was the idea 

that was evaluated, resulting in a parasite named 

Pb(PfCS@UIS4). So, immune responses against P. 

falciparum can be obtained using P. berghei expressing 

Circumsporozoite from P. falciparum. 

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. 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. In most of the 

processes the optimum cooling rate is then achieved by 

founding a balance from the aggressive effects of the solute 

concentration and the intracellular ice effects, this is dependent 

from the type of cells which have a specific Gaussian curve. 

 

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 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. [5] 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 vitrification during the freezing process. 

 

The process of vitrification is different for each mixture of 

solution used, depending on the complexity of the total solutes  
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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 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) [6] 

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.  

 

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. [7][8][9] The major problem is 

not the high concentration of solutes, which represent a 

thermodynamic constraint, 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. This heterogeneity also 

comes with another problem, as different rates of freeze-

thaw will happen in the same container. Unidirectional 

freezing method counters the density-gradient (gravity) 

driven convection, happening 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. [10] Other advantage of this method is 

the ability to control the nucleation of ice formation. 

Therefore it´s possible to improve the uniformity of the 

media solutes relative concentration, 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.   

2. Methods 

 

DSC studies 

The nitrogen flow of the DSC 200 F3 (Maia) 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          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. 

In vitro infection study 

Human hepatoma cells 

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% penicillin/streptomycin 

(Gibco/Invitrogen), 1% glutamine (Gibco/Invitrogen) and 1% 

Hepes at pH 7 (Gibco/Invitrogen). The cell line was maintained 

at 37°C with 5% CO2. 

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 detaching 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. 

Freeze-thawing  

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 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).  

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. 

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. 

Infection measurement – Luminescence 

In the current work, the viability of Huh-7 cells was assessed at 

46 hpi by the AlamarBlue assay (Invitrogen, U.K.) using the 



3 
 

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%    in 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 

debris/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. 

Infection measurement – Flow cytometry 

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. 

Infection measurement – Microscopy 

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. 

Immunoflurescence microscopy analyses were carried out 

on a widefield Axiovert 200M fluorescence microscope or 

on a Zeiss LSM 510 Meta microscope. Images were 

analyzed with the ImageJ software.  

3. Results and discussion 

 

DSC studies 

The following thermodynamic characteristics were obtained: 

percentage of pure ice formation (during freezing, after 

vitrification phase), percentage of glass phase formation 

(after vitrification phase), as well as the Cg' and the Tg' of 

mixture.  

As expected, Figure 1 - 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. Other advantage of  

increasing trehalose, is the decrease of the freeze-

concentration factor i.e., it is important to remember that all 

solutes will concentrate (not only trehalose) until glass transition 

occur. The Cg’ obtained for trehalose mixture was constant as 

expected, the trehalose mass concentration was 68% wich is 

considerably lower than the literature value for binary 

trehalose/water system (around 80%). Figure 1 - B  the value 

of Tg’ was obtained for the Mid reading, a curve increasing with 

the concentration of trehalose was obtained. 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’. 

Also was obtained the 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).  

 

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 2 – B, is possible to 

observe, 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.  

 

 

Figure 1 - 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. 

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. Trehalose and polymers, 

should offer in theory advantages to the cryopreservation of 

SPZ. Solutes like povidone and dextran 500 are large  

molecules, and by adding them to a solution the increasing 

viscosity can potentially diminish the Cg’ and/or achieve it 
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faster without increasing the osmotic pressure (intrinsically 

dependent to the molar composition which changes 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 vitrification 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 

(rearrangement 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 is smaller. 

 

 

Figure 2 –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. 

Figure 1 and Figure 2 is also represented the properties of 

this ternary mixtures from trehalose/povidone(40k) and 

trehalose/dextran(500k) for 10 w/t% of trehalose in DMEM. 

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. 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. 

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. 

 

 

Freeze-thaw experimentation using P. berghei 

Assing the effect of CPA’s during the infection 

The CPAs toxicity was evaluated by establishing a relation 

between their concentration and the infection effectiveness. 

Figure 3 represents the way the infection load is affected 

by the addition of the CPA’s 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 into 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.  

 

Figure 3 – 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. 

Although CPA’s are intended to help prevent the freezing 

stresses, the results in Figure 3 show that some CPA’s can 

also be toxic to cells. These results show that trehalose and 

povidone, are better candidates for further studies, since 

the addition of glycerol, dextran and manitol quickly 

decreases the infection yield. Showing that 7,5% povidone 

can increase the infection up until 260% and 1% to 10% 

trehalose may also improve infection by 200%. In order to 

eliminate these effects during our experiment two positive 

controls were used: The cryostabilizing agents produce an 

effect on SPZ viability even if no freezing occurs. It is 

therefore difficult to discriminate whether the effects on the 

infection load arise from the freezing survival or from an 

infection boost.Therefore 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 were 

incubated with the same excipients as those used during 

freezing. 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. 

The influence of CPA on the SPZ activity/physiology 

after freezing with dry ice 

Since trehalose and povidone 40 were the only CPA’s that 

presented a positive effect during infection (see Figure 3), 

some experiences were performed by unidirectional 

freezing with solutions containing different concentrations of 

these solutes. In the Figure 4 it is possible to observe how 

the survival to freezing is affected by different 

concentrations of those CPA’s employing the luciferase 

assay, the concentrations used were from 0-25 w/t%. 
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Figure 4 – 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). 

Trehalose offered 30% of survival for 15/10 w/t%, povidone 

40, showed a lower survival, 5-7% for 15/10 w/t%. To 

corroborate this results also flow cytometry and microscopy 

were used for a simple unidirectional freezing with dry ice 

with and a mixture of 10/15 w/t% trehalose. The results 

obtained were an average 20-30%. 

.

Figure 5 - 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). 

Figure 6 shows that the normal size of SPZ 48 hours p.i is 

on average around 175µm. The development of the 

parasite seemed not to be affected. 

 

Figure 6 - Representation of the hepatic stage development (   ) 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). 

Assessing the freezing survival by mixing trehalose and 

dextran 500 

The results obtained in the DSC with the ternary mixture using 

trehalose and dextran 500, shown 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.  

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 7 represents the infection load when dextran 

500 is added to a 10 w/t% trehalose preparation: 

 

Figure 7 - 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). 

Assessing the effect of SPZ incubation time 

Most of the freeze-thawing experiments carried in this work 

involved a SPZ incubation time with CPAs of two hours. The 

effect of the incubation time was studied and two sets were 

considered: Incubation of the SPZ for two hour prior to freezing 

or minimum incubation time (the SPZ were mixed rapidly and 

immediately frozen. Figure 8 represent the percentage of 

infection load obtained. 

For the 10 w/t% solution of trehalose, in the Figure 7 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 from DSC, which are 

 

 
Figure 8 – 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. 
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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 in that preparation 

the time they undergo osmotic stress is also 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 Erro! A 

origem da referência não foi encontrada. in which it is 

possible to observe the increase of the vitreous phase and 

Tg’ with the increase of trehalose concentration.  

 

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 ensuring 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 performance, 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 concentrations 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, could these 

compounds also work for our purposes, especially taking into 

account the characteristics of dextran 500.  Another aspect that 

remains from being fully elucidated is how the cooling rate 

affects the survival and development of SPZ. The medium used 

for the freeze-thawing process is another important issue for 

further analysis. The vial geometry used and the liquid height 

during freezing is yet to optimized, and it should be kept in mind 

that unidirectional bottom-up freezing processes has height 

limitations. All the work in this thesis employed P.berghei 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 performed 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. 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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