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Introduction

It is commonly agreed that only one third of the crude oil trapped inside the reservoirs is extracted after primary and secondary recoveries. Among the Enhanced Oil Recovery (EOR) techniques, surfactant polymer (SP) and alkali surfactant polymer (ASP) flooding have proved their effectiveness in decreasing residual oil saturation. The addition of appropriate surfactants to polymer flooding drastically reduces the interfacial tension between crude oil and water, which allows oil mobilization and flow. The choice of the surfactant system is essential to decrease the interfacial tension enough to get an effective recovery [1][2][3]. In particular, the affinity of the surfactants for crude oil is crucial. To select the best surfactant systems for a given crude oil, some parameters related to the crude oil nature such as the Equivalent Alkane Carbon Number (EACN) have been introduced. To adjust the affinity of the surfactants to the crude oil, the salinity of the water flooding can be turned to maximize high solubilization of brine and oil [4]. The most effective approach consists in the obtainment of ultra-low interfacial tension occurring within the Winsor III three-phase microemulsion systems (WIII) [5].

In practice, the best surfactant system is determined by salinity scans at the reservoir temperature and the optimum formulation (corresponding to the minimum of interfacial tension) is visually determined at the salinity for which a WIII system is obtained, with the middle phase volume well-balanced between water and oil. Salinity scans are visualized at equilibrium, which requires in some cases lengthy equilibrium times to unambiguously identify the phase behavior of crude oil-based systems. In the case of well-defined oils, the equilibrium time is usually short (from several minutes to hours), but it can be much longer with some crude oils (several weeks until several months), which is a restricting factor to a fast determination of the appropriate surfactant system. Also, not all surfactant systems lead to threephase microemulsion systems but rather form gels or viscous phases over the salinity gradient, which is highly undesirable.

The study presented here shows that a fast determination of the optimum formulation in petroleum system can be achieved by dynamic phase inversion temperature (PIT) of emulsions. By analyzing the PIT curve obtained, it is possible to predict the formation of WIII systems or not at equilibrium, and also to carry out rapid screening of pre-selected EOR surfactant formulations before carrying out salinity scans at equilibrium. The dynamic phase inversion allows also classifying EOR surfactants to guide formulators in their search for the most appropriate surfactant system.

Crude oil microemulsions related to Chemical EOR

Chemical EOR techniques are based on the injection of low interfacial tension fluids in order to reduce the capillary forces which trap crude oil inside the reservoir pores. The oil/water interfacial tension must be depressed to ultralow values (10 -3 mN/m and lower) to significantly enhance the microscopic displacement efficiency, as shown by relation (1) [6].

∆ = 2 - (1) 
where ΔP, γ, r1 and r2 are the pressure difference, the interfacial tension and the curvature radii respectively. The ultralow interfacial tension value is obtained by addition of surfactant molecules to the water flooding [7]. These surfactants modify the phase behavior of crude oil/water system, and under specific conditions, can lead to the formation of three-phase microemulsion systems (Winsor III) in which the oil/water interfacial tension reaches the required ultralow values [8][9][10]. Such systems can be obtained by balancing the surfactant affinity for the aqueous and oil phases to suit the crude oil under study. The modification of the surfactant affinity can be made by tuning the temperature and the salinity, among other variables.

In the EOR field, temperature is a fixed parameter because it equals the reservoir temperature. In order to reach the optimized WIII microemulsion system, the salinity of the aqueous phase remains the variable parameter to adjust the surfactant affinity. In that way, the minimum of interfacial tension, called optimum formulation, is determined by mono-dimensional salinity scans carried out at equilibrium and at the reservoir temperature. This optimum formulation is determined at the salinity for which the WIII microemulsion incorporates equal amounts of water and oil.

From this equilibrated salinity scan, it is possible to determine the optimum salinity S* but also the efficiency of the surfactant system, which is evidenced by the microemulsion volume related to the volume of surfactant used. To express this efficiency, the solubilization ratio σ*, expressed in cm 3 /cm 3 or cc/cc, is often used [5,11].
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From the solubilization ratio, it is also possible to infer the minimum interfacial tension at the optimum formulation by considering the model proposed by Huh [START_REF] Huh | Interfacial tensions and solubilizing ability of a microemulsion phase that coexists with oil and brine[END_REF]. In this model, the middle-phase microemulsion is described as alternating layers of oil and water separated by a surfactant film. This description is basically in line with the bicontinuous structure of WIII microemulsions and the zero curvature of the surfactant film at optimum. From this simplified description, Huh derived the equations that rule the equilibrium, governed by van der Waal's attraction, electrostatic repulsion and entropy decrease. In that way, the thickness of the layers, directly related to the solubilization ratio at optimum σ*, can be calculated. The minimum interfacial tension is derived by calculating the energy required to divide in two a volume of microemulsion phase, thus creating two new microemulsion/excess phase interfaces. The Huh equation is displayed below [START_REF] Huh | Interfacial tensions and solubilizing ability of a microemulsion phase that coexists with oil and brine[END_REF]: (3)

where σ* is the solubilization ratio, γ* is the minimum of interfacial tension, Φ the volume fraction of oil or water, Aij the Hamaker constant between phases i (oil) and j (water), and τ the apparent thickness of the surfactant layer at the interface, which is close to the length of the surfactant molecule.

To simplify this equation, the parameter aH has been introduced and depends on the surfactant type [7].

With an equal volume fraction of oil and water (Φ=0.5), the classical Huh equation is obtained as displayed below: * = 8 

The parameter aH has been already characterized in the literature for a wide range of trade surfactants (Table 2). According to the Huh equation, a minimal solubilization ratio of 15cc/cc is needed to reach the interfacial tension value of 10 -3 mN/m required for EOR applications.

Table 1: aH values for three types of standard EOR surfactants

Surfactant type Chemical structures aH (mN/m) References

Sulfonated alkyl benzenes 0.48 ± 0.05 Verkruyse and Salter [13] Ethoxylated alkyl phenols 0.34 ± 0.06 Graciaa et al. [14] Sulfonated alkanes and αolefins 0.40 ± 0.15 Barakat et al. [15] By approximating aH to a mean value of ~ 0.42 for all surfactants, the Huh equation can be simplified as follows:
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This simplified expression is often used in practice. The interfacial tension has been shown later to correlate well with kT/d 2 , with d the characteristic length in the microemulsion [16]. In the same way, a parameter based on the Huh equation named "Perfind" has been introduced by Salager et al. to evaluate the influence of formulation variables on the solubilization efficiency [17].

Another way to predict the interfacial tension is to use the Net Average Curvature (NAC) model introduced by Acosta et al [18] (Equations 6 and 7), which has been coupled with the HLD equation proposed by Salager et al [19] (Equations 8 and 9).
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where Hn and Ha are the Net and Average curvatures respectively, RO and RW are the radii of coexisting hypothetical spherical of oil and water, L is a length scaling parameter proportional to the tail length of the surfactant, ξ is the "characteristic length" of the microemulsion defined by De Gennes and Taupin [20], φO and φW are the volume fraction of oil and water respectively, VM the volume of the middlephase microemulsion, and AS the surfactant interfacial area.

KLM = N + OP(Q) -R. STUV + W. XY + Z(T) (8) 
with σ, k, and t the parameters depending on the surfactant, S the salinity of the aqueous phase (wt%), EACN the equivalent alkane carbon number of the considered oil, ΔT the temperature difference (°C), A the alcohol concentration (wt%) and a the constant depending on the alcohol type. Another way to express the HLD equation is to introduce the concept of characteristic curvature (Cc) which redefined the original σ parameter as mentioned below. The value of Cc reflects the tendency of the surfactant to form micelles (negative values of Cc) or reverse micelles (positive values of Cc) in the presence of a reference oil [START_REF] Acosta | The HLD-NAC equation of state for microemulsions formulated with nonionic alcohol ethoxylate and alkylphenol ethoxylate surfactants[END_REF].
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The HLD equation allows a prediction of the optimum salinity as a function of the different parameters of the Surfactant/Oil/Water system used, such as the EACN, the temperature and the surfactant nature, but it does not allow to predict the amount of oil and water dissolved in the microemulsion phase.

The NAC model assumes that any microemulsion can be represented by coexisting hypothetical spherical droplets of oil and water, with the reciprocal of oil and water droplets as the curvature of microemulsion (Equations 6 and 7). Characterizing this curvature allows predicting the global phase composition as well as evaluating phase behavior, solubilization ability and IFT at optimum induced by surfactants [START_REF] Acosta | The HLD-NAC Model for Extended Surfactant Microemulsions[END_REF][23][24][25].

Phase Inversion Temperature (PIT)

The phase inversion is defined as the transition of an oil-in-water (O/W) to a water-in-oil (W/O) emulsion (and vice versa) resulting from the change of the surfactant affinity from water to oil (and vice versa). This affinity change is induced by the variation of a formulation parameter, which is most of the time the temperature. Temperature has different influences on the phase behavior of surfactants depending whether they are ionic or non-ionic. For ionic surfactants, increasing temperature allows increasing the hydrophilicity of the surfactant by a more efficient ion pair's dissociation with thermal energy. This is the reverse effect for ethoxylated and propoxylated non-ionic surfactants: increasing temperature leads to the cleavage of hydrogen bonds between water and the surfactant, which makes the surfactant less hydrophilic. The PIT is defined as the temperature at which a surfactant/oil/water system (SOW) reverses from an oil-in-water (O/W) to a water-in-oil emulsion (W/O) and vice versa [26]. The PIT is unique for a non-ionic surfactant in a SOW system and it was found that these surfactants exhibit at the PIT the highest solubilization of oil and water, which is characteristic of the optimum formulation [27]. In other words, the SOW system exhibits a Winsor III system at the PIT if the interfacial tension is sufficiently decreased. Under stirring, such a system gives a very unstable emulsion which quickly separates into three phases as soon as the agitation is stopped. The PIT value is also a descriptor of the surfactant taken in its environment, since it results from the crossed influences of the oil and the aqueous phases [10]. Actually, the more hydrophilic the interfacial film is, the higher the PIT is.

PIT evaluation methods

The PIT is readily detectable by conductivity measurements. For non-ionic surfactants, at low temperature, the stirred SOW system forms an O/W emulsion. Increasing the temperature leads to a decrease of the droplet size due to a decrease of the O/W interfacial tension. At the PIT, the SOW system reverses itself by giving a complex mixture of microemulsion with oil and water, which is less conductive than the previous O/W emulsion. It induces a fall in conductivity at this temperature. After the PIT, the SOW system shows a conductivity close to zero because a W/O emulsion is obtained. The PIT is then defined as the temperature at which the fall in conductivity occurs (Figure 5). The experiment may be conducted on pre-equilibrated samples at various temperatures, but it can also be performed in a dynamic way by applying a constant rate of temperature increase or decrease to a continuously stirred SOW system. This last method shows an important gain in time compared to the equilibrium temperature scan, a pretty good signal visualization and a margin of error close to zero with the equilibrium procedure [28].

The PIT can also be detected by viscosity measurements because the optimum formulation reached at the PIT exhibits a minimum of viscosity [START_REF] Pierlot | Cone-Plate Rheometer as Reactor and Viscosity Probe for the Detection of Transitional Phase Inversion of Brij30-Isopropyl Myristate-Water Model Emulsion[END_REF]30]. This minimum is linked to the ultralow interfacial tension that allows elongating the droplets along the stream lines with almost no expense of energy [START_REF] Salager | Surfactants in solution[END_REF]. On both sides of the "optimum formulation", close to the three phase area, the emulsion presents a minimum droplet size that produces 2 local maximum values of viscosity [32]. After the PIT, the W/O emulsion obtained shows a viscosity decrease with temperature due to the growth of droplet sizes up to a limit viscosity value (Figure 1). A drawback of the viscosity monitoring method is that the data can be only recorded during an increasing ramp of temperature because of the rapid phase separation of the W/O emulsion at high temperature inside the cone-plate rheometer. During conductivity measurements, the sample is continuously stirred and it is possible to record data in back and forth modes around the inversion, which provides a better precision for PIT determination. 

Materials and methods

The following study was performed using four crude oils (A, B, C, D) and one gas condensate (E) provided by TOTAL SA. The different characteristics of these petroleum oils such as Total Acid Number (TAN), Total Base Number (TBN), ASCI index, viscosity and density at 25°C, API degree and SARA fraction are listed below (Table 1). TAN and TBN of crude oils were determined using respectively the standard method ASTM D664 [33] and ASTM D2896 [START_REF]Standard Test Method for Base Number of Petroleum Products by Potentiometric Perchloric Acid Titration[END_REF], and ASCI index was carried out according to a specific method developed by TOTAL [35]. API degree was calculated from density extrapolated at 15°C and SARA fractions were determined by TLC-FID.

The EOR surfactants used in this study were developed and provided by BASF. These surfactants have various structure types among carboxymethylated and sulfated alkoxy alcohols for ionic surfactants and ethoxylated alcohols (CiEOj) for non-ionic surfactants. Hydrophobic tails may be linear or branched chains having between 10 and 18 carbons. Tween 85 used was purchased from Sigma. The C10E4 surfactant used for the characterization of EOR surfactants was synthesized in the lab and distilled to obtain an ultra-pure sample (> 99%) [36]. n-Octane (> 98%) was purchased from Sigma Aldrich. The reference system used for the PIT-Slope method was prepared by addition of 3 wt% pure C10E4 to a mixture of 10 -2 M NaClaq/n-Octane at a mass fraction of water equal to 0.5. The other n-alkanes used for crude oil EACN calibration or for comparative studies to petroleum oils were purchased from different suppliers (Sigma Aldrich, Alfa Aesar) with a high degree of purity (> 99%).

All dynamic PIT experiments (viscosity and conductivity) were performed with an increasing and decreasing temperature rate of 1°C/min. For conductivity experiments, data were recorded using a CDM210 conductivity meter from MeterLab® with a coupled conductivity-temperature electrode CDC641T from Radiometer Analytical® after one increasing and decreasing temperature cycle to homogenise the sample. The results were processed thanks to Labview software. In these experiments, the stirring rate of the sample was fixed at 700 rpm. For PIT determination in petroleum systems, the same system was employed and each sample was prepared in order to have a water/oil volume ratio (WOR) equal to 1. Each sample had a volume between 10 and 20 mL to get representative measurements. For viscosity measurements, 2 mL sample was placed in the cap of a cone-plate gap (6 cm, 2°) of a Kinexus rheometer from Malvern at a constant shear rate of 500 s -1 , as detailed elsewhere [START_REF] Pierlot | Cone-Plate Rheometer as Reactor and Viscosity Probe for the Detection of Transitional Phase Inversion of Brij30-Isopropyl Myristate-Water Model Emulsion[END_REF]. 

Results and discussion

Crude oil EACN determination by PIT measurements

In EOR applications, a suitable description of the apparent hydrophobicity of the crude oil is needed in order to adapt the aqueous phase formulation injected (surfactant system and salinity) with the view to get a WIII microemulsion. In that way, the EACN concept is often used because it is simple to assess, it is specific to the oil and easy to use for correlations. The EACN is defined as the number of carbons of the linear alkane which presents a minimum of interfacial tension (optimum formulation) under the same conditions as the original oil in a given SOW system. Its use in the petroleum field is all the more important that it was first developed for mimicking crude oils by n-alkane mixtures [37].

It can be determined from correlation with fish diagrams of n-alkane [36] or from equilibrated salinity scans, which are both at equilibrium and time-consuming. Recently, EACN of crude oils have been predicted using machine learning models [38]. Our work highlights a new method to determine crude oil EACN thanks to PIT measurements. Indeed, in an SOW system with a defined surfactant, the PIT measured with n-alkanes are linearly correlated with their ACN (Alkane Carbon Number). Figure 2 shows the data obtained with C10E4/n-alkane/10 -2 M NaClaq systems. The PIT measurements can be achieved either by conductivity or by viscosity. Considering the results obtained, it is possible to determine a crude oil EACN by measuring the PIT of the C10E4/Crude oil/10 -2 M NaClaq system (Figures 3 and4). The EACN of a crude oil is estimated by correlation with the ACN of n-alkanes. The curves obtained for some crude oils (A and B) present irregular shapes of conductivity compared to n-alkane curves. Nevertheless, the EACN values obtained are in the same range as those displayed in literature [37]. It is also important to be aware that the EACN depends on the surfactant used for its determination. Ideally, to be representative, the EACN should be determined with the same system of surfactants as the one used in the aqueous solution injected [39].

As mentioned also below, the viscosity and conductivity measurements present some discrepancies for crude oils D and E due to the lower precision of the viscosity PIT experiment (large area of minimum viscosity) compared to the conductivity one (PIT is the temperature at the conductivity fall). 

Assessment of the amphiphilicity of EOR surfactants by the PIT-Slope method

As mentioned before, the PIT can be precisely determined and expresses the amphiphilicity of the surfactant in its environment, including the contributions of oil hydrophobicity and water salinity. However, the PIT cannot be determined directly for SOW systems based solely on ionic surfactants, which are more hydrophilic than non-ionics. To characterize all surfactant types, it is better to measure the PIT variation induced by adding increasing amounts of the surfactant under study to a well-defined SOW reference system. The reference system used is C10E4/n-Octane/10 -2 M NaClaq because it shows a reproducible PIT close to room temperature (23.9°C) [28]. This SOW system allowed an accurate characterization of numerous surfactants according to the so-called PIT-Slope method [40,41]. Figure 5 shows the conductivity profiles as a function of temperature for different added concentration of two illdefined surfactants to the C10E4 reference surfactant: the non-ionic Tween 85 surfactant and a classical propoxylated sulfated alcohol surfactant nC16-18PO4SO4Na from BASF (Table 4) as described in the literature [START_REF] Chen | What dominates the interfacial properties of extended surfactants: Amphipathicity or surfactant shape?[END_REF]. Tween 85 produces a diminution of the PIT whereas the anionic surfactant increases the PIT. The increase of hydrophilicity due to the addition of the anionic surfactant is high and no more temperature-induced phase inversion is observed for concentrations over 0.380 wt.%. 

C10E4

To clearly identify the amphiphilicity of the surfactant under study, the variation of the PIT must be represented as a function of its molar fraction compared to the C10E4 reference surfactant as detailed below. Even if the added surfactants are complex mixtures, a mean molecular weight is taken to convert weight concentrations into molar concentrations.

ijklm ZmlnWojp q = ijkrs jZ lttrt sumZlnWlpW ijkrs jZ U vw S x y ijkrs jZ lttrt sumZlnWlpW (10) From the conductivity-temperature profiles, the relative amphiphilicity of the surfactant compared to C10E4 can be readily determined. If the slope of the PIT variation as a function of the molar fraction of the added surfactant is positive (dPIT/dx > 0), the surfactant added is more hydrophilic than C10E4. If this slope is negative (dPIT/dx < 0), the surfactant added is more hydrophobic than C10E4. The higher the PIT-Slope value is, the more hydrophilic the surfactant is.

Figure 6 shows the evolution of the PIT at different molar fractions of nC16-18PO4SO4Na surfactant. The experiment was repeated twice in order to demonstrate the reproducibility of this method. This evolution is clearly not linear for ionic surfactants [41], but in order to give a value of amphiphilicity to the surfactant, a linear correlation is assumed. The PIT-Slope value of a surfactant appears to be reproducible and specific to its amphiphilicity, even for ill-defined technical grade EOR surfactants that are complex mixtures (Figure 6 and Table 5). The margin of error obtained of 3.2 % indicates that the method used can provide a clear hydrophilicity description of EOR surfactants. These different PIT-Slope values of EOR surfactants can be compared to the ones of well-defined surfactants already determined similarly in the previous years [40,41], with a view to classify them according to their amphiphilicity in a more refined manner that Griffin HLB [START_REF] Griffin | Classification of surface-active agents by" HLB[END_REF] (Figure 7).

Figure 7 : PIT-Slope scale of well-defined (black) and EOR (blue) surfactants (E=EO=Ethoxylated groups)

Additionally, for non-ionic surfactants, this method can be used to determine the value of the characteristic parameter of the surfactant (β or Cc) in the HLD equation as showed by Zarate et al. [44] with Tween 80, Tween 20 and Span 20 from our PIT vs concentration data. Ontiveros et al [45] proposed the following equation to correlate directly the PIT-slope and some parameters of the HLD with the PACN [START_REF] Salager | How to Attain Ultralow Interfacial Tension and Three-Phase Behavior with Surfactant Formulation for Enhanced Oil Recovery: A Review. Part 1. Optimum Formulation for Simple Surfactant-Oil-Water Ternary Systems[END_REF]:
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The PACN is the preferred alkane carbon number, i.e. the oil that provides the optimum formulation at 25°C without alcohol or salt. The PACN of the reference system is 8 (octane) and the value of β is 1.2 .

PIT-slope values allows to get a preliminary good and fast estimation of HLD data that are normally obtained after an equilibration process.

However in EOR applications, surfactant systems are most of the time a mixture of different surfactants in order to adjust more easily the aqueous formulation to the salinity of injection water. Actually, the PIT-Slope values of individual surfactant can provide a relevant value of the amphiphilicity of EOR surfactant mixtures. Indeed, it is possible to predict the global value of a mixture of surfactants knowing the PIT-Slope value of each surfactant involved according to a linear mixing rule (Figure 8, Equation 7, and Table 6). In the first place, this model may appear questionable according to the interaction between surfactants polar heads already discussed in the literature [47][48][49]. The PIT-Slope value of EOR surfactant mixtures is calculated from the individual PIT-slopes and the molar fractions xi of the different surfactants in the blend:
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The following table 6 and figure 9 show the results obtained for the experimental and predicted PIT-Slope values for various EOR surfactant mixtures. As shown in figure 9, the linear model applied to the PIT-Slope leads to a pretty good correlation between experimental and predicted values. The most significant deviations to the model occur with one system carboxylates/CiEOj and two systems sulfates/2-BuOH. In this last case, the deviation is expected because 2-butanol is an amphiphilic solvent which partitions itself between the oil phase and the interfacial film. Therefore, only a part of the added butanol is localized at the interface and as the sulfate surfactant is more hydrophilic than butanol, the measured PIT-Slopes are higher than the predicted ones. Accordingly, the linear mixing rule based on molar fractions (Equation 7) appears to be relevant to predict the PIT-Slope values of mixture of technical grade ionic and non-ionic surfactants used in EOR applications. The PIT-slope method is also accurate whatever the type of surfactants used in EOR with a percentage of error of ± 8.4% for non-ionic surfactants, ± 9.0% for ionic ones and ± 7.5% for ionic/nonionic surfactant mixtures. 

Tracking the optimum formulation by the PIT

The phase inversion of emulsion is closely related to the formation of a WIII microemulsion system at equilibrium as demonstrated by Shinoda et al for non-ionic surfactants [27] and later by Salager et al for ionic surfactants [50]. The PIT determination could thus be an effective and fast method for tracking the formation of WIII microemulsion with crude oils. Traditionally, the optimum formulation of a petroleum system is determined at equilibrium by varying the salinity at a constant temperature equal to the reservoir temperature. For tracking the optimum formulation with the PIT, the reverse experiment is performed. Instead of maintaining the temperature constant, the salinity is kept constant and the temperature is the variable parameter. The PIT is now considered as the theoretical reservoir temperature associated to the fixed optimum salinity of the system. The phase inversion experiments were carried out first with one particular crude oil (B) and different EOR surfactant systems previously characterized with the PIT-Slope method (Figure 10 and Table 7). The results obtained show that the shape of the PIT signal is closely associated to the phase behavior of the petroleum system tested. For a "clean" profile of inversion, the petroleum system tested exhibits a WIII at the PIT. In the case of an incomplete or fluctuating inversion, the system does not provide a WIII at the PIT (systems E and F in Figure 10 and 11). It is also important to have a concentration of the surfactant which must be slightly higher than the minimal concentration needed to get the first WIII system at equilibrium. If the concentration is close to this critical value, the conductivity profile is similar to those observed for the formulations E and F as reported by Pizzino et al [28]. Therefore, the shapes of the conductivity profiles can be considered as a relevant descriptor to infer the formation or not of a WIII with a given EOR surfactant/Crude oil/Water system at a given temperature.

Figure 10 shows that the surfactant system has an important influence on the PIT shifts and shapes. Indeed, the PIT shift is correlated with the hydrophilicity of the surfactant system. The more hydrophilic the surfactant system is, the higher the PIT is and vice versa. It is therefore possible to correlate the PIT values obtained for a same crude oil with the PIT-Slope values of each surfactant systems used (Figure 10, right). The results highlight also a possible limit temperature below which the system cannot form a WIII microemulsion. The PIT-Slope method proves its efficiency not only to quantify the amphiphilicity of EOR surfactant systems, but also to estimate the dynamic PIT and the optimum formulation of petroleum systems using alkyl-propoxylated sodium sulfate/CiEj mixtures. 7 and with the same crude oil B

Even if the PIT can be an effective method to find the optimum formulation, in EOR applications the salinity remains the adjustable parameter to reach the WIII microemulsion system inside the reservoir. Fortunately, the PIT can be correlated with the salinity of the aqueous phase at a logarithmic scale for a defined surfactant and oil used (Figure 12) according to the HLD equation in case of ionic surfactants displayed below [10].

KLM = N + OP(Q) -R. STUV + W. XY + Z(T) (13) 
The "σ" parameter for ionic surfactants (or β for non-ionic) in the HLD equation is also called characteristic curvature (Cc) by Acosta's group in the HLD-NAC model as described in the introduction.

It has been shown that the HLD equation including the characteristic curvature is really useful to predict the optimum formulation as shown in particular by the recent work of Nguyen et al [51]. In this study, the Cc parameter is used to classify the surfactant toward their salinity affinities as well as providing the salinity area in which the surfactant provide ultralow interfacial tension with tetradecane.

Considering our method, at the optimum formulation, the HLD equation is equal to 0 and without alcohol and considering the PIT as the reservoir temperature the equation become as follow.
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For these experiments, different crude oils were used with the same surfactant system. In the same way, for each SOW system, different aqueous phase salinities were fixed and the associated PIT was measured. For each sample, the system was left at equilibrium during 1 day at the PIT in order to observe the presence or not of a WIII microemulsion system.

The classical HLD equation for ionic surfactants assumes a correlation between the PIT and the logarithm of the aqueous salinity which is in agreement with our results displayed in figure 12.

However, the slope is different for the three crude oils, even if the surfactant system remains the same, which is not in agreement with the HLD equation. A possible explanation of this phenomenon is the insertion within the interfacial film of crude oil endogenous surfactants revealed by addition of Na2CO3 as described in the literature [52,[START_REF] Varadaraj | Molecular Origins of Crude Oil Interfacial Activity. Part 4: Oil-Water Interface Elasticity and Crude Oil Asphaltene Films[END_REF] and which are not taken into account in the HLD model. Deviations from ionic HLD equation is also justified by the nature of the mixture that contains both anionic and non-ionic surfactants, and also by the non-ideal behaviour of these mixtures which is extensively reported in literature [47,54,55].

Figure 12 :

Correlation between dynamic PIT and aqueous phase optimum salinity for different crude oils with the same surfactant system (points surrounded in red: there is no WIII at equilibrium)

The PIT determination at different salinities allows a fast screening of surfactant formulations in order to select the best candidates regarding PIT shifts and shapes. Knowing the reservoir temperature, the optimum salinity can be easily deduced from figure 12, in a reliable and faster way than equilibrated systems

Conclusions

In this work, a new method is described to characterize EOR formulations by determining dynamic Phase Inversion Temperatures (PIT). The PIT, initially described for systems based on ethoxylated nonionic surfactants, proves to be relevant for systems based on non-ionic/ionic surfactants mixtures too.

The PIT-Slope method allows evaluating the amphiphilicity of surfactants and their mixtures with a view to classify them for EOR applications. The PIT-Slope values of surfactant mixtures are also predictable by a linear mixing rule of the PIT-Slope values of individual surfactants.. Aside the surfactant system, the PIT also allows a fast crude oil EACN determination by correlation with ACN of n-alkanes.

Finally, the PIT can be also used to determine the optimum formulation of crude oil based systems. By analyzing the conductivity profiles during a phase inversion experiment, it is possible to predict the formation or not of WIII microemulsions at equilibrium. The phase inversion of petroleum system establishes new correlations between optimum salinity and the PIT-Slope values of surfactants, which can be in the future enriched with other parameters specific to surfactants [56][START_REF] Barnes | Application of Internal Olefin Sulfonates and Other Surfactants to EOR. Part 1: Structure -Performance Relationships for Selection at Different Reservoir Conditions[END_REF][START_REF] Buijse | Application of Internal Olefin Sulfonates and Other Surfactants to EOR. Part 2: The Design and Execution of an ASP Field Test[END_REF] and crude oils [59] in order to suggest better predictions. The strength of this experiment remains the rapid evaluation of the presence of WIII microemulsion, which allows performing preliminary screening of EOR formulations to find the best surfactant system for one particular crude oil. This method to reach the optimum formulation has a great potential regarding the EOR field and can be carried out in conjunction with predictive EOR models already introduced in the literature [23,[60][START_REF] Solairaj | New Correlation to Predict the Optimum Surfactant Structure for EOR[END_REF][62][63][64][65]. 

Understanding complex interactions between the immune system and the

Decoding mechanisms of tumor immunity

Recent years have witnessed multiple successes for tumor immunotherapies. Despite these breakthroughs, we are far from fully understanding how the immune system acts within the complexity of the tumor microenvironment (see Glossary) and how to best harness immune cells to eradicate distinct types of tumors. To date, most of the available immunotherapies are only effective in a fraction of patients and in a subset of cancers. A full mechanistic understanding is therefore essential for increasing the efficacy of these treatments, for developing new strategies or for combining them together. Multiple approaches are available to conduct these mechanistic studies. In preclinical models, the manipulation of immune cell subsets (e.g. knock-out models or antibody-based depletion), or the genetic manipulation of tumor cells are routinely used. From human samples, high dimensional flow cytometry or single-cell RNA sequencing are powerful technologies used to establish important correlations and suggest putative mechanisms that might be further explored. These types of approaches have provided important insights into the differential modes of action of blocking T cell co-receptors relevant to immunotherapies, such as via anti-CTLA-4 (cytotoxic T lymphocyte-associated protein 4) or anti-PD-1 (programmed cell death 1) [1]. Most of these strategies however have not directly addressed the most dynamic aspects of immune reactions, such as intratumoral cell migration, the establishment of cell-cell interactions and/or any associated signaling events. Understanding how these dynamic events are modulated by immunotherapies is likely to help unlock some of the secrets behind their modes of action in vivo.

Intravital imaging with single-cell resolution is a technique of choice to address many of these questions in vivo and, in recent years, has helped identify a number of previously unappreciated mechanisms operating in the tumor microenvironment. Here, we provide an overview of models and tools currently available for in vivo imaging, and review how in vivo imaging can shed light on fundamental aspects of tumor immunosurveillance and immunosuppression. We also address how dynamic imaging may help elucidate modes of action of immunotherapies, discussing the development of future technical tools that might reinforce applying intravital imaging to preclinical models of cancer.

Using intravital imaging to assess tumor immunity

Using optical microscopy at the beginning of the 20th century, pioneering experiments by

Elie Metchnikoff demonstrated that immune reactions occurred in transparent organisms, such as Daphnia magna and starfish larvae [2]. As described elsewhere, progress in imaging refer the reader to excellent published reviews on that topic [5,6].

Models and tools for intravital imaging of tumor immunity

A large and constantly expanding toolbox is available for intravital imaging of antitumor immune responses. Both human and mouse models have been developed to microscopically explore antitumor immunity. Tumors derived from patients can be transplanted, In tumor-bearing mice, intravital imaging has been performed in numerous anatomical sites, including the skin, lungs, mammary fatpads, digestive tract, liver, kidney, lymph nodes, bone marrow and brain. Moreover, window chambers offer an opportunity to image one particular site at multiple time points, thus giving insights into the progression of any given immune reaction in the same organism [10][11][START_REF] Huh | Interfacial tensions and solubilizing ability of a microemulsion phase that coexists with oil and brine[END_REF][13][14][15]. Alternatively, techniques using human tumor slices (e.g. from lung, ovarian tumor biopsies) obtained from patients can provide valuable information regarding immune cell behavior in the complex tumor microenvironment. Table 1 summarizes various tumor models, anatomical sites and immune cells that have been, or are currently the focus of intravital imaging studies.

orthotopically
While a wide range of fluorescent proteins is available to label immune and tumors cells, their combination with reporters that measure functional parameters provides an additional layer of information. Examples of genetically-encoded functional reporters used to dissect host-tumor interactions are shown in Figure 2. For example, tumor cells can express probes to visualize apoptosis [16,17] and proliferation [18] in the tumor microenvironment. Tumor multicolor barcoding provides a means to study tumor clonal heterogeneity, and can give insights into tumor spatial organization [19,20]. In addition, immune cell activity can be tracked using gene reporters for signal transduction --including calcium signaling [17], and nuclear factor of activated T cells (NFAT) nuclear translocation [START_REF] Acosta | The HLD-NAC equation of state for microemulsions formulated with nonionic alcohol ethoxylate and alkylphenol ethoxylate surfactants[END_REF] --or for cytokine production --using for instance, interferon gamma (IFN-γ) or interleukin 12 (IL-12) reporters [11]. Of note, additional fluorescent reporters, such as oxygen probes and redox ratios, have been used in mice to image cancer development or responses to chemotherapy and could be potentially applied for the study of tumor immunity [5,[START_REF] Acosta | The HLD-NAC Model for Extended Surfactant Microemulsions[END_REF]. The continuous development of new genetically-encoded fluorescent probes to track conditions such as metabolic activity, cell phenotype and functional states may help foster new concepts in tumor immunity.

Mechanisms of tumor immunosurveillance and immunosuppression

Tracking tumor infiltration.

Tumor immunosurveillance requires migration and infiltration of effector cells into the tumor, and intravital imaging studies have helped unveil mechanisms where tumor encounters are either promoted or limited. For example, cytotoxic T lymphocytes (CTL) have been visualized: migrating, stably interacting with, and directly killing antigen-expressing subcutaneous thymoma cells in mice in vivo [16,23,24]. These studies have highlighted the role of cognate antigen expression on tumor cells in promoting CTL migration and intratumoral infiltration. Additionally, interactions between extracellular matrix proteins and CD44 expressed on CTL have been reported to be key determinants of interstitial migration in various CD44-deficient mouse models of E.G7-OVA-ECFP subcutaneous tumors [25]. A patrolling T cell behavior can be key to maintaining cancer-immune equilibria, as evidenced, for instance, in a melanoma mouse model of resident memory CD8 + T cells in the epidermis [26]. Of note, distinct effector immune cells may exhibit different immunosurveillance strategies; for example, NK cells tend to form less stable conjugates with tumor cells than

CTLs, a feature that may favor their intratumoral dissemination in mouse EL4 Rae-1β tumor models [27].

However, several mechanisms have also been shown to limit intratumoral CTL infiltration.

Specifically, imaging studies of human lung and ovarian cancer slices reported that stromal collagen fibers could contribute to limiting CTL access to tumor cells [28][START_REF] Pierlot | Cone-Plate Rheometer as Reactor and Viscosity Probe for the Detection of Transitional Phase Inversion of Brij30-Isopropyl Myristate-Water Model Emulsion[END_REF][30]. CTL retention can also be promoted by macrophages [START_REF] Salager | Surfactants in solution[END_REF] and dendritic cells (DCs) [32] in the form of unproductive stable interactions, as visualized in human tumor slices and murine models.

Finally, CTL sequestration by apoptotic tumor cells may also limit intratumoral dissemination and reduce killing rates, as evidenced from tumor mouse models [16]. Collectively, these studies highlight the need to delineate new strategies that can promote optimal and effective T cell-tumor cell encounters to improve antitumor responses.

Identifying cellular partners.

Visualizing dynamic cellular interactions can reveal putative cooperation and crosstalk between distinct immune cell types during antitumor immunity. For example, using a premetastatic B16.F10 melanoma mouse model, a study reported that melanoma-derived antigens could be captured by subcapsular macrophages in the tumor-draining lymph nodes and then deposited on follicular dendritic cells, thus promoting a humoral immune response [33]. At the tumor margin, in a fluorescent mouse model of spontaneous breast cancer (based on MMTV-PyMT), rare activating CD103 + DCs were shown to compete for CTL interactions with tumor-associated macrophages and favor tumor elimination [START_REF]Standard Test Method for Base Number of Petroleum Products by Potentiometric Perchloric Acid Titration[END_REF]35]. Moreover, previously unsuspected stable NK-DC conjugates in the mouse melanoma microenvironment have been deemed decisive in achieving effective antitumor responses, as evidenced from mouse B16F10 melanoma tumor models [36].

Delineating the role of immunosuppressive cells.

Intravital imaging can also shed light on immunosuppressive mechanisms operating in the tumor microenvironment. For instance, using multi-photon microscopy in a mouse model of adoptive transfer of HA-transduced CT44 colon carcinoma cells, regulatory T cells (Tregs)

were shown to limit the killing ability of CTLs by reducing granule exocytosis, rather than by altering their capacity to form conjugates with target cells [37]. As an additional suppressive mechanism, intravital imaging has suggested that FoxP3 + Tregs can kill DCs in tumordraining lymph nodes (in a mouse model of OVA-expressing MCA101 fibrosarcoma tumors), and limit the onset of CTL responses [38]. At the tumor site, Tregs can establish interactions with antigen-presenting cells (APCs), decreasing the surface expression of costimulatory molecules such as CD80 and CD86 on APCs and subsequently promoting CTL dysfunction in subcutaneous CT26HA mouse tumors [39]. Similarly, in an orthotopic pancreatic ductal adenocarcinoma mouse model (using GFP-Kras G12D -pancreatic ductal epithelial cells), Treg depletion promoted the accumulation of intratumoral DCs and their expression of costimulatory molecules (e.g. CD40 and CD86), which subsequently favored prolonged contacts between CTLs and DCs [40]. Moreover, in another study, Tregs were reported to form a ring around B16 melanoma mouse tumors which could be disrupted following cyclophosphamide administration (a chemotherapeutic agent used in lymphodepleting, conditioning regimens for adoptive cell transfer protocols), thus favoring the intra-tumoral infiltration of adoptively transferred CTLs [41]. Finally, the process of immunosuppressive cell recruitment can also be studied with in vivo imaging approaches. In this context, the transmigration of immunosuppressive Ly6C lo monocytes in mouse colorectal tumors has been reported to rely on the CX3CL1/CX3CR1 axis (using Cx3cr1 -/-mice) [14]. Altogether, these imaging studies suggest potential target avenues for blocking the recruitment and activities of immunosuppressive cells in the tumor microenvironment.

Uncovering spatial heterogeneity in the tumor microenvironment.

An important outstanding question is whether immunosurveillance can occur uniformly across different tumor areas, or whether it varies due to local constraints, therefore possibly creating niches for tumor escape. Tumor-antigen specific CD8 + T cells have been shown to traffic differently in zones containing distinct lymphoma subclones in the bone marrow, as revealed by multicolor tumor barcoding and intravital imaging in a murine MYC-driven B cell lymphoma [20]. As an additional factor promoting spatial heterogeneity in the immune infiltrate, intratumoral hypoxia in mouse models of B cell acute lymphocytic leukemia (B-ALL) have been inversely correlated with tumor-infiltrating T cell motility, especially within the core of the solid tumor compared to the tumor margin [START_REF] Chen | What dominates the interfacial properties of extended surfactants: Amphipathicity or surfactant shape?[END_REF]. Similarly, tumor-associated macrophages tracked with an Arginase-1 reporter can also exhibit distinct behaviors and morphology, depending on whether they are located at the center or at the periphery of solid tumors, as described in the syngeneic MC38 tumor mouse model [START_REF] Griffin | Classification of surface-active agents by" HLB[END_REF]. Collectively, these studies highlight the importance of tumor microanatomy in the regulation of immune cell activity.

Visualizing tumor metastasis.

Intravital imaging can also provide mechanistic insight into tumor cell intravasation and metastasis. These processes have been visualized for example, using the MMTV-PyMT mouse model of breast cancer, revealing a role for macrophages in inducing loss of vascular junctions [44]. Another study imaged how pioneer melanoma cells dynamically generated tumor microparticles in the lung vasculature when injected intravenously in mice [13].

Specifically, ingestion of these tumor microparticles by monocytes and CD103 + DCs recruited in the lungs elicited pro-and anti-metastatic effects, respectively [13]. Finallyalthough entirely depending on context --neutrophils have also been reported to contribute to tumor metastasis through the generation of neutrophil extracellular traps (NETs), processes which were observed to surround metastatic cells in murine lungs in the mouse model of 4T1

breast cancer [45].

As illustrated in this section, the use of intravital imaging has opened new opportunities to revealing dynamic tumor-immune cell interactions at various stages of tumor development, to pinpoint novel cellular partnerships, and to identify new putative targets that might be assessed to ideally boost immunosurveillance or circumvent immunosuppression.

Toward a single-cell understanding of the modes of action of tumor immunotherapies

With intense efforts to develop new and efficient antitumor immunotherapies, more than ever, it is essential to fully understand how these therapies precisely work in vivo. Thus, the use of intravital imaging can be decisive in confirming, clarifying or challenging other data, or perhaps preconceived ideas (obtained most often using in vitro experiments), regarding the presumed modes of action of specific immunotherapeutic drugs.

Tumor-targeting antibodies.

Directly targeting tumors via monoclonal antibodies (mAb) can be an effective strategy to reduce tumor burden, as illustrated by the clinical use of anti-CD20, anti-EGFR (epidermal growth factor receptor) or anti-HER2 (human epidermal growth factor receptor 2) mAb for treating certain lymphomas, colorectal, and breast cancers, respectively [START_REF] Salager | How to Attain Ultralow Interfacial Tension and Three-Phase Behavior with Surfactant Formulation for Enhanced Oil Recovery: A Review. Part 1. Optimum Formulation for Simple Surfactant-Oil-Water Ternary Systems[END_REF]. Multiple modes of action have been proposed for mAb, including Fc-independent effects, as well as Fcdependent mechanisms, such as complement-dependent cytotoxicity (CDC), antibodydependent cellular cytotoxicity (ADCC) or phagocytosis (ADP) [47]. Yet, the respective contribution of each of these mechanisms in vivo is not well characterized. It is also unclear whether different mechanisms operate at distinct anatomical sites. Intravital imaging has proven to be an invaluable tool to directly address these key questions. For example, two independent studies provided evidence that ADP by Kupffer cells (KC) in the murine liver was a major mechanism for mAb-mediated tumor cell depletion [48,49]. Specifically, KC were visualized and shown to engulf circulating normal and malignant B cells within minutes following anti-CD20 mAb administration in a mouse model of spontaneous lymphoma [48].

Similarly, KC eliminated circulating B16 melanoma tumor cells and C26 colon carcinoma cells upon anti-TRP1 mAb therapy, thus preventing liver metastasis in mice [49]. Notably, glycoengineering of the anti-CD20mAb has lowered the threshold for KC-mediated depletion during mAb therapy in mouse liver transplant models [50]. While these studies have largely focused on circulating tumors, the modes of action of tumor-targeting mAb in solid tumors or in tumors established within lymphoid tissues remain to be identified. To date, ADCC by NK cells has rarely been visualized in mouse models of tumor-targeting mAb treatments, despite being largely reported in in vitro studies. For instance, In one study, using subcutaneously injected EL4 thymoma cells in mice, Fc-mediated recognition of tumor-bound mAb by NK cells was not sufficient to induce target killing, but was required to stabilize interactions with target cells, thus facilitating cell killing through the NKG2D activating receptor [51].

From another angle, bispecific antibodies have been engineered to promote contacts between tumors and effector cells. A recent study used a bispecific Ab targeting CD3 and the carcinoembryonic (CEA) tumor antigen in a colon carcinoma xenograft mouse model, confirmed via in vivo fluorescence imaging, that treatment with the bispecific Ab promoted T cell interactions with tumors, thus resulting in greater cytotoxic activity at the tumor site relative to controls [START_REF] Huh | Interfacial tensions and solubilizing ability of a microemulsion phase that coexists with oil and brine[END_REF].

Immune checkpoint blockade.

Immune checkpoint blockers (ICB), including mAb that target CTLA-4, PD-1 or PD-L1

(programmed death ligand 1), have shown great promise for the treatment of some cancers [52], yet a complete understanding of their in vivo modes of action is lacking.

In vivo imaging has revealed that ICB can have a strong impact on intratumoral T cell dynamics. Specifically, treatment with anti-CTLA-4 mAb appeared to increase overall B16 melanoma-or CFP-4T1 tumor-specific CD8 + T cell motility in mouse tumors, although the underlying mechanisms are unclear [START_REF] Varadaraj | Molecular Origins of Crude Oil Interfacial Activity. Part 4: Oil-Water Interface Elasticity and Crude Oil Asphaltene Films[END_REF]54]. A study of allo-hematopoietic stem cell transplantation (HSCT) in a mouse model of H-Y minor histocompatibility mismatch, reported that PD-1 blockade could restore CTL conjugation to target tumor cells and their subsequent killing activity in lymph nodes, in the context of graft versus leukemia effects [55]. Indeed, anti-PD-1 activity might also benefit from releasing CD8 + T cells engaged in unproductive interactions with macrophages, as visulaized in a spontaneous murine model of breast cancer [START_REF] Salager | Surfactants in solution[END_REF].

Imaging studies have also been key in uncovering unexpected aspects of anti-PD-1 therapy.

For example, visualizing the fate of labeled anti-PD-1 mAb in mice bearing MC38 colon carcinomas revealed that after binding to T cells, these reagents were rapidly captured by neighboring macrophages in an Fc receptor-dependent manner [56]. Blocking this capture process increased anti-PD-1 activity by prolonging mAb binding time on T cells [56].

Moreover, intratumoral imaging using reporters for IFN-γ and IL-12 cytokines have contributed to identifying key cellular crosstalk events between DCs and CTLs mediating anti-PD-1 therapeutic effects in a mouse model of MC38 tumors; in this model, IFN-γ released by anti-PD-1-sensitized T cells was essential to inducing IL-12-production by DCs, thereby increasing CTL antitumor activity [11]. Presumably, anti-PD-1 treatment might not only act to reduce tumor burden but might also finely tune its subclonal heterogeneity [20], a phenomenon that should be considered when designing combination therapies.

Targeting macrophages.

Targeting tumor-associated macrophages (TAMs) may offer ways to release T cells and promote their dissemination in the tumor as mentioned previously. In addition, depleting macrophages using anti-CSF1 (colony stimulating factor 1) mAb has been shown to restore tumor blood vessel patterning and function as visualized by longitudinal multiphoton imaging in a mouse glioma model (CT2A and GL261) [15]. Additionally, intravital confocal imaging has been used in a mouse model of MMTV-PyMT breast cancer to better characterize the impact of depleting the myeloid cell compartment via anti-CFS1R mAb, leading to delayed tumor growth; of note depleted cells shared markers of TAMs and DCs [START_REF] Barnes | Application of Internal Olefin Sulfonates and Other Surfactants to EOR. Part 1: Structure -Performance Relationships for Selection at Different Reservoir Conditions[END_REF]. Finally, targeting the protease-dependent mesenchymal mode of migration of TAMs in a subcutaneous fibrosarcoma mouse model has been shown to limit the recruitment of TAMs, which subsequently reduced tumor growth [10].

Cell therapy.

Infusing expanded tumor-infiltrating lymphocytes (TILs) or genetically engineered T cells that express a tumor-specific TCR or a chimeric antigen receptor (CAR) can represent an effective strategy to control tumor burden [START_REF] Buijse | Application of Internal Olefin Sulfonates and Other Surfactants to EOR. Part 2: The Design and Execution of an ASP Field Test[END_REF]. Among the important outstanding questions is how efficiently transferred effectors infiltrate the tumor and at which rate they kill tumor targets. Strategies to visualize tumor killing in real-time can provide insights into these important parameters. In a mouse model of solid tumor using EL4 thymoma, adoptively transferred CTLs were found to kill tumor cells at a relatively low rate (1 killing event per CTL every 6 h on average) and their accumulation at high density was essential to inducing tumor regression [16]. Combining therapies might boost killing activity as illustrated by the use of an agonistic anti-CD137 (T cell co-receptor) mAb which promoted the cytotoxic activity of transferred CTLs in a B16F10-derived OVA-expressing mouse melanoma model [59]. Notably, CTL activity can vary extensively depending on the anatomical site. As prviosuly discussed, in a mouse model of graft versus leukemia effect, CTL recognition was specifically silenced in lymph nodes due to widespread PD-L1 upregulation, as visualized by two-photon imaging [55]. CTL activity can also be modulated over time, as evidenced from imaging experiments using the PyMT-ChOVA tumor mouse model, showing that the ability of CTL to stably engage tumor targets decreased with their residence time in the tumor microenvironment, relative to controls [60].

In a mouse model of Eμ-myc spontaneous Burkitt-like B cell lymphoma, real-time imaging of CAR-T cell killing and signaling using Förster resonance energy transfer (FRET)-based probes for apoptosis, and calcium signaling, revealed extensive heterogeneity in CAR-T cell activity [17]. Nevertheless, a subset of CAR-T cells could engage, kill and detach from tumor targets in a short period of time (25 min) and these events were sufficient to eliminate the bulk of tumor cells [17]. Imaging may indeed help to validate strategies to overcome tumor escape from CAR-T cell therapy; in one study using a mouse model of B-ALL (antigen-loss CD19-negative relapse xenograft), the use of T cells expressing two distinct CARs directed against the CD19 and CD123 molecules showed that the combination treatment prevented antigen-loss relapse, and was linked with the ability of these CAR-T cells to interact with CD19-negative leukemia cells [START_REF] Solairaj | New Correlation to Predict the Optimum Surfactant Structure for EOR[END_REF]. The sum of such studies suggests that intravital imaging can improve our mechanistic understanding of these types of treatments, as well as provide potential clues about which approaches might lead to improving cell therapies in vivo.

Concluding Remarks

By providing dynamic information at the single-cell level in the tumor microenvironment, intravital imaging represents a powerful approach to identifying fundamental mechanisms of tumor immunosurveillance and immunosuppression. In addition, this approach is refining, when not redefining, our understanding of how immunotherapies might actually be occurring in vivo (Figure 3). This knowledge is essential to identify ways to improve, or combine immunotherapies effectively. For this reason, one should consider including intravital imaging experiments as an essential step in preclinical designs of putative novel immunotherapies. Moreover, intravital imaging can be combined with other techniques. For instance, dynamic in situ cytometry (DISC) relies on cell surface labeling to link phenotypic markers and motility parameters [62]. Photoactivation of fluorescent proteins can be used to pinpoint some of the cells imaged and subsequently analyze these by flow cytometry [63], or single-cell RNA sequencing (Niche-Seq) [64]. Imaging can also be coupled to techniques that mark cell-cell interactions such as the LIPSTIC (Labeling Immune Partnerships by SorTagging Intercellular Contacts) approach [65]. Indeed, many new questions and challenges lie ahead (OUTSTANDING QUESTIONS); new mouse models of cancer relevant to human diseases, emerging immunotherapies, as well as novel functional reporters and optogenetic strategies can be used to manipulate immune cells during imaging (Box 2); these approaches can further establish intravital imaging as a unique and essential tool enabling a deeper understanding of immune cell activities in the tumor microenvironment, and informing putative immunotherapeutic approaches to treating malignancies.

Box 1. Technical workflow for intravital imaging

A typical intravital imaging experiment proceeds through the following steps: (referred to as actuators) [START_REF] Gautier | How to control proteins with light in living systems[END_REF][START_REF] Tischer | Illuminating cell signalling with optogenetic tools[END_REF]. These technologies, termed optogenetics, have been used

extensively in neuroscience but have only emerged recently as a new tool for immunologists.

For example, optogenetic tools have already been used to manipulate trafficking of immune cells in vivo, by using a system in which the chemokine CXCR4 signal is triggered by light exposure in mice [START_REF] Xu | Optogenetic control of chemokine receptor signal and T-cell migration[END_REF]. Calcium actuators that trigger aggregation of stromal interaction molecule 1 (STIM1) can elicit DC activation or augment CD8 + T cell cytotoxicity in vitro, and in subcutaneous B16 mouse melanoma models [START_REF] He | Near-infrared photoactivatable control of Ca2+ signaling and optogenetic immunomodulation[END_REF][START_REF] Kim | Targeted calcium influx boosts cytotoxic T lymphocyte function in the tumour microenvironment[END_REF]. Chemokine secretion [START_REF] Sarris | Manipulating leukocyte interactions in vivo through optogenetic chemokine release[END_REF] or TCR signaling [START_REF] Yousefi | Optogenetic control shows that kinetic proofreading regulates the activity of the T cell receptor[END_REF]73] can also be manipulated with light. To date, most optogenetic approaches with immune cells have been conducted in vitro or in vivo by bulk photoactivation of the whole tumor, but combined with intravital imaging, optogenetic actuators might also potentially allow the manipulation of single immune cells as we observe them. This may offer a unique ability to understand the functional contribution of specific cells and/or the consequence of a given cellular function in the tumor microenvironment. Among the challenges facing the use of single-cell optogenetics in tumors is the ability to design actuators with low background activity and high response rates, to introduce actuators in primary immune cells, and to photoactivate cells located deeply inside tumors. Yet, controlling single immune cells in tumors and assessing the functional consequences of such manipulations may represent an important milestone in the field of in intravital imaging. Eµ-myc mice: Genetically modified mice that express the oncogene c-myc driven by the immunoglobulin heavy chain enhancer ; they develop spontaneous aggressive B-cell lymphoma.

Glossary

FRET: energy transfer between a pair of adjacent fluorophores; used to monitor proximity between protein domains, conformational changes or protein cleavage.

Graft versus leukemia effect: immune response against host leukemic cells mediated by transplanted donor immune cells.

ICB: strategy aiming to increase immune responses via blockade of immunoreceptors, thus inhibiting the activity of immune effector cells.

Kupffer cells: Resident macrophages found in the liver.

LIPSTIC: technique that enables the identification of receptor-ligand interactions between cells by using intercellular enzymatic labeling. When a ligand and its receptor interact, the enzyme mediates the transfer of a substrate unto the tagged receptor. CTL [START_REF] Varadaraj | Molecular Origins of Crude Oil Interfacial Activity. Part 4: Oil-Water Interface Elasticity and Crude Oil Asphaltene Films[END_REF]59] B78 murine melanoma i.d. NK, DC [36] 4T1 murine breast cancer s.c. CTL [54] MCA-OVA murine fibroscarcoma s.c. CTL, DC [32] LBP murine fibrosarcoma s.c. TAM Dorsal window [10] CT26 murine colon carcinoma s.c. CTL [START_REF] Acosta | The HLD-NAC equation of state for microemulsions formulated with nonionic alcohol ethoxylate and alkylphenol ethoxylate surfactants[END_REF] CTL, Tregs, APC [39] MC38 murine colon cancer s.c. T, TAM [START_REF] Griffin | Classification of surface-active agents by" HLB[END_REF]56] T, DC Dorsal skinfold [11] Human colorectal cancer CEA + s.c. T Dorsal skinfold [START_REF] Huh | Interfacial tensions and solubilizing ability of a microemulsion phase that coexists with oil and brine[END_REF] Lung 4T1 murine breast cancer orthotopically N [45] MCA-205 murine fibrosarcoma cells i.v. T [START_REF] Chen | What dominates the interfacial properties of extended surfactants: Amphipathicity or surfactant shape?[END_REF] B16.F10 murine melanoma i.v. N, Mo, DC Intercostal window [13] Mammary fatpads Spontaneous breast tumors in MMTV-PyMT mice T, DC [35] TAM [44] TAM, DC [START_REF] Barnes | Application of Internal Olefin Sulfonates and Other Surfactants to EOR. Part 1: Structure -Performance Relationships for Selection at Different Reservoir Conditions[END_REF] Pancreas Kras G12D -PDEC orthotopically CTL, Tregs, DC [40] Lymph nodes B16.F0 murine melanoma s.c. TAM, FDC, B [33] CT44 murine colon carcinoma f.p CTL, Tregs, B [37] MCA-OVA murine fibroscarcoma s.c. CTL, Tregs, DC [38] Eµ-myc murine B-cell lymphoma i.v. CTL [55] 

MMTV-

Bone marrow

Eµ-myc murine B-cell lymphoma i.v. CTL [20] CAR T [17] Human 

Human cancer slices

Breast cancer TAM [10] Lung cancer TAM, CTL [START_REF] Pierlot | Cone-Plate Rheometer as Reactor and Viscosity Probe for the Detection of Transitional Phase Inversion of Brij30-Isopropyl Myristate-Water Model Emulsion[END_REF][START_REF] Salager | Surfactants in solution[END_REF] Ovarian and lung cancer CTL [30] This figure illustrates the diversity of parameters that can be collected using two-photon microscopy. Cell migration, cellular interactions, cell division or phagocytosis are readily visualized using fluorescently-labeled cells but the introduction of functional reporters has extended the list of measurable parameters including cell signaling, cell death or gene expression. For instance, nuclear translocation of nuclear factor of activated T cells (NFAT) [START_REF] Acosta | The HLD-NAC equation of state for microemulsions formulated with nonionic alcohol ethoxylate and alkylphenol ethoxylate surfactants[END_REF] and calcium (Ca 2+ ) probes [17,74] have been used as readouts of TCR signaling and signal transduction respectively. Cytokine gene expression can be monitored using for example interferon gamma (IFN-γ) or interleukin 12 (IL-12) reporters [11]. A fluorescent probe reporting caspase-3 activity enables the detection of apoptosis in real time and in vivo [16,17]. Combining several of these readouts can provide unique spatiotemporal clues on immune and tumor cell activity within the tumor microenvironment. are linked by the DEVD peptide, which is cleaved upon caspase-3 activation, resulting in loss of FRET in apoptotic cells [16,17]. Based on genetic recombination [19] or on multicolor ex vivo labeling of tumor cells [20], multicolor barcoding strategies have been employed to investigate intratumoral spatial architecture and clonal heterogeneity. As example for genetic binding to CD8 + T cells at 15 min. At 30 min, anti-PD-1 mAb is internalized in macrophages. Scale bar, 30µm. Adapted from [56]. D) Multicolor tumor labeling can help visualize the extent of clonal heterogeneity in a developing lymphoma in the bone marrow.

Scale bar, 50µm. Adapted from [20]. E) Visualizing tumor cell apoptosis can reveal rapid and direct killing activity of chimeric antigen receptor (CAR) T cells in the bone marrow.

Red arrowheads show a CAR T cell coming into contact with a tumor cell (dotted circle) that subsequently undergoes apoptosis. Scale bar, 20µm. Adapted from [17]. F) Twophoton imaging after treatment with an anti-CD20 antibody highlights rapid and efficient B cell phagocytosis by resident macrophages in the liver. Scale bar, 25µm. Adapted from [50]. G) Time-lapse images reveal tissue-resident memory T (TRM) cells dynamically surveying B16 melanoma cells in the skin. Second harmonic generation (SHG) is a labelfree signal that can help visualize collagen fibers. Scale bar, 25µm. Adapted from [26]. H) Cytotoxic CD8 + T lymphocytes and NK cells exhibit distinct behaviors during target cell killing in lymph nodes. Individual micrographs (effectors in green, targets in red) are shown for cells establishing contacts, revealing CD8 + T cells maintaining contacts with moving targets (superimposed tracks), whereas NK cells transiently interact with their targets (intercrossed tracks). Scale bar, 40µm. Adapted from [27].
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 5 Figure 5 : (Left) Negative PIT variation due to addition of Tween 85 to the reference system (Right) Positive PIT variation due to addition of the propoxylated sulfated alcohol surfactant nC16-18PO4SO4Na to the reference system
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 11 Figure 11 : Pictures of well-defined WIII (A-D) and ill-defined systems (E-F) obtained at the PIT after1 day equilibration with surfactant mixtures described in Table7and with the same crude oil B
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  tumor microenvironment is an essential step towards the rational development and optimization of immunotherapies. Several experimental approaches are available to tackle this complexity but most are not designed to address the dynamic features of immune reactions including cell migration, cellular interactions and transient signaling events. By providing a unique means to access these precious parameters, intravital imaging offers a fresh look at intratumoral immune responses at the single-cell level. Here, we discuss how in vivo imaging sheds light on fundamental aspects of tumor immunity and helps elucidate modes of action of immunotherapies. We conclude by discussing future developments that may consolidate the unique contribution of intravital imaging for our understanding of tumor immunity.

  Figure). The typical workflow for assessing host-tumor interactions in animal models using intravital imaging is described in Box 1. Of note, a number of in vivo imaging studies have examined the role of the tumor vasculature in influencing indirectly immune responses; we

  or ectopically, into immunodeficient mice (such as NSG (NOD scid gamma) mice) directly, patient-derived xenograft (PDX) models, or following in vitro culturing (cell line-derived xenograft (CDX) models). In addition, transgenic mice engineered to develop spontaneous cancers (such as models of breast cancer in MMTV-PyMT mice[7] and B-cell lymphoma in Eµ-myc mice[8,9]) are suitable to visualize immune responses during the course of tumor development. Strategies to fluorescently label spontaneously developing tumors have been incorporated in some models to facilitate imaging approaches.Alternatively, these spontaneous tumors can be isolated, fluorescently labeled and reinjected into secondary recipients. Finally, syngeneic mouse tumor cell lines expressing geneticallyencoded fluorescent proteins or reporters have been used extensively for imaging purposes.

Choosing the relevant model••Box 2 .

 2 to image • Select a genetically-engineered spontaneous or transplantable fluorescent mouse model of cancer • Use fluorescent reporter recipients to visualize immune cells of interest and/or adoptively transfer fluorescently labeled immune cells Reaching the site of imaging • Insert window chamber for longitudinal imaging • Surgically expose the site of interest for immediate imaging Image acquisition and data collection • Maintain optimal and physiological conditions for animal welfare and imaging quality: anesthesia, analgesia, temperature, oxygen, etc. Choose the correct mirrors and filters to visualize fluorescent cells • Choose the appropriate laser wavelength for the excitation of the distinct fluorescent proteins and dyes • Determine acquisition parameters (laser power, 3D volume, scanning rate and time intervals) • Define length of the recording Data extraction and analysis • Choose a relevant software for time-lapse movie analysis • Determine the parameters to be quantified in the regions of interest (speed, confinement, shape, signal intensity, contacts, etc.) Proceed to automated (e.g. cell tracking) or manual parameter quantification • Graph the extracted data • Assemble the time-lapse movie as 2D projection of the 3D volume (legends, time display, scale bar) Combining intravital imaging and optogenetics to manipulate individual immune cells The use of light sensitive-proteins has allowed the engineering of multiple geneticallyencoded systems to manipulate cellular function with exquisite spatiotemporal control

Actuators:

  Genetically-encoded tools for light-activated control of proteins regulating cellular functions. ADCC: cytotoxic immune response often elicited by NK cells following recognition of Fc receptors on antibody-bound tumor cells; this results in delivery of their cytotoxic content unto the target cell and its subsequent death. Adoptive cell transfer: therapy based on the isolation and the infusion of immune cells into the same or another individual/host. ADP: mechanism by which macrophages can recognize, via Fc receptors, antibody bound to tumor cells, resulting in cell engulfment and destruction. B cell lymphoma: B cell-derived tumors developing in lymphoid organs. Bispecific antibodies: Synthetic antibodies that can simultaneously bind two distinct antigens. CAR-T: T cells genetically engineered to express synthetic receptors composed of intracellular signaling domains fused to an antibody-derived recognition domain specific for surface target antigens. CDC: lysis mechanism triggered by the recruitment of molecules of the complement pathway upon antibody binding to its target cells. DISC: technique combining the advantages of intravital imaging and flow cytometry analysis to link cell behavior and phenotype in vivo. Ectopic transplantation: occurs in a different anatomical site than the original location in the donor.

  PyMT model: transgenic mouse model of breast cancer. The mammary tumor virus long terminal repeat (MMTV-LTR) drives the expression of mammary gland specific polyomavirus middle T antigen (PyMT), resulting in a rapid development of highly metastatic tumors. Multicolor barcoding: series of approaches to randomly label individual tumor cells with one of multiple fluorescent proteins, and trace subclonal progenies. Barcoding can be performed ex vivo by transducing tumor cells prior to transfer, or directly in vivo using Cre recombinase-based random genetic recombination in transgenic mouse models. NETs: DNA meshes associated to cytotoxic enzymes; released in the extracellular space by neutrophils; can trap, neutralize and kill pathogens. Niche-Seq: technique that uses photoactivatable fluorescent proteins to sort and analyze gene expression of cells located in selected areas of a specific tissue.

Figure 1 ,

 1 Figure 1, Key Figure. Intravital imaging provides access to dynamic parameters within

Figure 2 .

 2 Figure 2. Examples of genetically-encoded fluorescent reporters for the study of host-

Table 3 :

 3 EACN values of crude oils determined by conductivity and viscosity

	Crude	EACN	EACN	Deviation
	oil	conductivity	viscosity	(%)
	A	9.2	9.3	1.1
	B	8.2	8.1	1.1
	C	6.2	6.7	7.5
	D	7.0	7.6	7.9
	E	8.0	8.6	7.0

Table 4 :

 4 Chemical structure of the Tween 85, the nC16-18PO4SO4Na and the C10E4 surfactants

	Trade name	Chemical structure
	Tween 85	
	Propoxylated sulfated alcohol	
	(nC16-18PO4SO4Na)	

Table 5 :

 5 PIT-Slope values of several EOR surfactants

	EOR surfactant	Structure	dPIT/dx (°C)
	nC16-18PO7EO5OCH2COONa		503
	nC16-18EO10OCH2COONa		493
	nC16-18PO2SO4Na		274
	nC16-18PO4SO4Na		213
	iC13EO13		168
	iC10EO10		139
	iC17EO12		122

Table 6 :

 6 Experimental and predicted PIT-Slope values of EOR surfactant mixtures

	EOR surfactant mixtures	dPIT/dx predicted	dPIT/dx experimental	Meq (g/mol)	Deviation (%)
	nC16-18PO2SO4Na + nC16-18PO4SO4Na + iC13EO13	226	223	588	1.3
	nC16-18PO2SO4Na + iC13EO13	249	253	544	1.6
	nC16-18PO4SO4Na + iC13EO13	199	202	639	1.5
	nC16-18PO4SO4Na + iC13EO10	181	184	606	1.6
	nC16-18PO4SO4Na + iC10EO10	187	196	593	4.6
	nC16-18PO4SO4Na + iC17EO12	186	176	643	5.4
	nC16-18PO4SO4Na + 2-BuOH	14,1 31,1	26,1 45,2	114 155	46.0 31.2
	nC16-18PO7EO5OCH2COONa + iC13EO13	248	287	875	13.6
	nC16-18PO7EO10OCH2COONa + iC10EO10	214	224	814	4.5
	nC16-18PO7EO10OCH2COONa + iC17EO12	216	217	911	0.5

Figure 9 : Experimental vs predicted PIT-Slope values of surfactant mixtures with the 10% margin of error (dotted lines)

Table 7 :

 7 Experimental PIT values and WIII presence obtained for the previous study with crude oil B (Figure14)

	Mixture name	Surfactant system	PIT (°C)	WIII
	X	nC16-18PO2SO4Na + iC13EO13	71.2	Yes
	A	nC16-18PO2SO4Na + nC16-18PO4SO4Na + iC13EO13	65.2	Yes
	B	nC16-18PO4SO4Na + iC13EO13	58.2	Yes
	C	nC16-18PO4SO4Na + iC10EO10	57.5	Yes
	D	nC16-18PO4SO4Na + iC13EO10	46.2	Yes
	E	nC16-18PO4SO4Na + iC17EO12	NA	No
	F	nC16-18PO4SO4Na + 2-BuOH	NA	No

Table 1 .

 1 Tumor models, anatomical sites and immune cells used in intravital imaging studies.

	Site of imaging	Tumor model	Immune cells	Window chamber	Refs.
			T		[16,23-25]
		EL4 or EG7 (OVA + ) murine thymoma s.c.	NK and T		[27]
			NK		[51]
		B16 murine melanoma s.c or epicutaneous	TRM		[26]
		B16 murine melanoma s.c.	Tregs, CTL, DC, N		[41]
	Skin				

  B-cell acute leukemia xenograft i.v.

			CAR T		[61]
		Spontaneous B-cell acute leukemia BCR-ABL +	T		[42]
	Liver	Eµ-myc murine B-cell lymphoma i.v.	KC		[48,50]
	Kidney	EL4 murine thymoma i.v.	CTL, DC		[32]
	Cecum	SL4 or CT26 murine colorectal cancer orthotopically	Mo	Cecum window	[14]
	Cranial	CT2A and GL261 murine glioma intracranially	TAM	Cranial window	[15]
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NKG2D: activating receptor expressed by NK and T cells.

Orthotopic transplantation: occurs in the same anatomical site where cells or a tissue were originally extracted from the donor. STIM1: transmembrane protein, mainly localized in the endoplasmic reticulum, involved in the control of calcium entry within the intracellular space.

Syngeneic: Sharing the same genetic background.

TILs: Lymphocytes infiltrating the tumor microenvironment.

Transmigration: cells cross the endothelium vessel wall.

Tregs: subset of T cells specialized in the suppression of T cell responses.

Tumor microenvironment: surrounds and feeds tumor cells. This includes blood vessels, immune cells, fibroblasts, extracellular matrix and signaling molecules. The right column shows some reporters expressed by immune cells. Fluorescent sensors for calcium signaling can be used to detect productive T cell contacts. An example is the Twitch-2B calcium indicator in which FRET occurs upon calcium-binding to troponin C (TnC) [17,74]. Reporter mice have been developed to monitor gene activation at the single-cell level. For example, IL-12 and IFN-γ reporters use an internal ribosome entry site (IRES) to express enhanced YFP (eYFP) following cytokine gene activation [11]. Nuclear translocation of NFAT-GFP has been used as a readout for TCR signaling [START_REF] Acosta | The HLD-NAC equation of state for microemulsions formulated with nonionic alcohol ethoxylate and alkylphenol ethoxylate surfactants[END_REF].