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In situ structural analysis with a SAXS laboratory beamline directly in a microfluidic chip

Recent advances have been made in coupling microfluidic chips with X-ray equipment enabling structural analysis of samples directly in microfluidic devices.This important step mainly took place on powerful synchrotron facilities because of the need of a beam reduced in size to fit the microfluidic channel dimensions but still intense. In this work, we discuss how improvements of an X-ray laboratory beamline and an optimal design of a microfluidic device allow to obtain reliable structural information without the need of a synchrotron. We evaluate the potential of these new developments by probing several well known dispersions. These include dense inorganic gold and silica nanoparticles that scatter photons quite intensely, the bovine serum albumin (BSA) macromolecule, with more moderate contrast, to highlight possible applications in biology, and latex nanospheres with only weak contrast with the solvent to show the limits of the setup. We established a proof of concept for a versatile setup that will open the way for more complex lab-on-chip devices suitable for in situ and operando structural analysis by small angle X-ray scattering analysis without the necessity of a synchrotron source.

Introduction

Small-angle X-ray scattering (SAXS) has now been proven to be a powerful technique to investigate the structures and interactions of hard and soft matter systems. [START_REF] Feigin | Structure analysis by small-angle X-ray and neutron scattering[END_REF][START_REF] Glatter | Small angle X-ray scattering[END_REF][START_REF] Guinier | Small-angle scattering of X-rays[END_REF] It can provide a wide range of information and has been used extensively over the years to determine molecular interactions [START_REF] Ducruix | [END_REF] and molecular weights, 5 , investigate structural conformations, 6,7 formation of nanoparticles [8][9][10] or folding dynamics of proteins in solution. 11,12 Lab-on-chip devices have been developed more recently and offer the possibility to perform various operations at the microscale, using only small quantities of sample. 13,14 They are found in diverse scientific fields, such as biology, biochemistry, chemistry or physics. Among many examples, they can be used to mix fluids, 15,[START_REF] Ward | structures, devices, and systems[END_REF] perform filtration [17][18][19] or compression 20 operations, observe crystallization phenomena, [21][22][23] separate blood cells 24,25 or carry out high-throughput screening. [26][27][28] Coupling these two techniques has been recently successfully used to study nanoparticle formation, [29][30][31][32][33][34] protein folding and unfolding, [35][36][37][38] self-assembly of biomacromolecules 39,40 and lipid nanoparticles 41 or protein crystallization. 42,43 Microfluidic systems allow to perform unit operations with great control and reproducibility, with the possibility for segmented-flow configurations to quickly screen numerous experimental conditions and access to structural information in the compartmentalized Laboratoire de Génie Chimique, Université de Toulouse, CNRS, INPT, UPS, Toulouse, France. E-mail: dimitri.radajewski@gmail.com, yannick.hallez@univ-tlse3.fr units. Flowing samples ensures a constant renewal of the exposed sample and therefore avoids radiation damage. 44 Measuring at different positions in compartmentalized units allows in situ time-resolved analysis since the position in the channel and the timescale investigated are related by the flowrate. However, since the X-ray beam size has to fit the small size of the channel and at the same time suitable signal-to-noise ratio is needed, such experiments are commonly carried out at facilities equipped with high-brilliance synchrotron sources. Since access to them is limited, conducting long-term studies or performing experimental campaigns on demand is difficult.

At the same time, major technical developments concerning the performances of X-ray sources, detectors, X-ray optics and scatterless slits for laboratory X-ray beamlines 45,46 have opened the field for the use of microfocused beams at the laboratory scale. Microfluidic systems thus began to be used in conjunction with laboratory X-ray equipment to investigate the nucleation and growth of zinc oxide 47 and gold nanoparticles. 48,49 However, in these experiments, the microfluidic chip is basically used to synthesize the nanoparticles while the X-ray scattering is actually performed on a millimetric capillary glued at the exit of the chip. To our knowledge, there is a single report of a microfluidic device (made of PMMA, PTFE and Polyimide) directly mounted in a chamber of a laboratory X-ray instrument. 50 In this work, concentrated and dilute inorganic slurries (10 wt% silica nanoparticles vs. 0.5 wt% CaCO3 crystals) have been probed in segmented water-in-oil flows. The authors reported short time exposure SAXS images for concentrated silica nanoparticles contained in aqueous droplets flowing along a 300×300 µm2 channel. The quality of produced scattering pattern allowed a good agreement with a model for spherical particles. However for dilute calcite crystals almost zero scattering intensity was observed with small exposure times.

The advantages of using microfluidics are linked to the small lateral dimensions and depth of the channels. This imposes two major limitations when performing SAXS on a microfluidic chip: a small beam size to fit the lateral microfluidic channels dimensions, and a limited number of potential scatterers due to the small channel depth. This is not a problem when working with high brilliance synchrotron sources because the high flux will generate lots of scattered photons anyway, but it is a major issue limiting the joint use of laboratory beamlines with microfluidics. On laboratory beamlines, it is therefore very important to optimize X-ray optics (photon flux, beam size, smearing at small angles) together with microfluidic chip characteristics (channel geometry, materials, wall thickness) to minimize absorption and background scattering from the chip.

In this work, we report how a microfluidic device was developed and how a state-of-the-art laboratory beamline was optimized to perform in situ, operando SAXS measurements without the need for a synchrotron source. We evaluate the potential of these new developments by probing several well known types colloidal dispersions. These include dense inorganic gold and silica nanoparticles that scatter photons quite intensely, the bovine serum albumin (BSA) macromolecule, with more moderate contrast, to highlight possible applications in biology, and latex nanospheres with only weak contrast with the solvent to show the limits of the setup. This discussion is complementary to the one proposed in Ref. 50, in which additional constraints on the acquisition times allowed to have exploitable signals only for inorganic nanoparticles.

Material and methods

Microfluidic system

The microfluidic chip used in this work was fabricated using soft lithography and injection molding techniques.

First, the 2D design of the chip was produced with the Computer Aided Design software AutoCAD. It consists of four parallel, 400 µm wide, 3 cm long channels connected to inlet and outlet tubing (see Figure 1). The channel width was chosen to accommodate a relatively large beam size of about 250 µm, which allows to maximize the photon flux on the sample. Black circles are on the mask to form pillars that will favor a homogeneous distribution of OSTEMER during injection molding.

The next step is the fabrication of a master mold. Several layers of inexpensive multilevel negative tone photoresist dry film (WBR2000 series, DuPont, France) are first laminated on a glass substrate to obtain the required 400 µm thickness (Thermo Scientific Menzel-Glaser, Germany). The 2D chip design is then patterned on the dry film by UV exposure (UV-KUB2, Kloé, Montpellier, France) through a low cost emulsion mask, and 3D structures are obtained by developing the non-exposed photoresist using a 1%w solution of sodium carbonate (Na 2 CO 3 ). After rinsing by tap water, the master is dried and hydrophobized with NOVEC TM 1720 (3M, France).

A hollow PDMS (Sylgard 184 elastomer kit, Dow Corning, USA) mold is then produced by pouring liquid PDMS on the surface of the dry film master, curing it for few hours at 70°C before gently and easily peeling it off from the hydrophobic master mold. The procedure to elaborate the dry film master mold and the PDMS mold is described in more details in Ref. 42 for the interested reader.

To assemble the final microfluidic chip, two OSTEMER (Mercene Labs, Sweden 51 ) stickers have to be prepared. First, a transparent mylar film is placed on top of the hollow PDMS mold and liquid OSTEMER is injected with a needle in the gap between the mold and the film (see Figure 1). OSTEMER is then UV-cured, becoming solid, but still flexible and sticky, so the structure can be peeled off from the PDMS mold. Second, another OSTEMER sticker is obtained by injecting and curing it in a flat 50 µm deep PDMS mold on top of which a 25 µm polyimide Kapton film is positioned. Finally, the two OSTEMER stickers are assembled together and a second curing of the whole chip is made by placing it in an oven at 90°C overnight. The mylar film used as a fabrication support can finally be removed to get the final chip made of only OSTEMER supported by a Kapton film.

PEEK capillaries 360 µm OD 150 µm ID (Trajan Scientific, United Kingdom) are used as connectors and epoxy-glued to the inlet and outlets of the chip. They are connected to PTFE tubing 1/16" OD with specific adaptors and colloidal dispersions are manually injected in the device with a syringe.

As this work is concerned by the optimization of a microfluidic chip for a use on a laboratory X-ray beamline with low photon flux compared to a synchrotron, the important point is that X-rays will pass through 25 µm of Kapton, two 50 µm thick layers of OSTE-MER, and 400 µm of sample. Maximizing the sample thickness compared to the wall thickness is of course essential. Increasing the sample thickness further would be possible but the device would become closer to a standard capillary than to a microfluidic chip. Polyimide (Kapton) films and OSTEMER are known for their very good compatibility with SAXS measurements in particular due to their low attenuation and low background scattering. 31 The Kapton layer is present to provide some mechanical rigidity to the chip, and decreasing its thickness is not an option. Cutting a small window in this layer (or another support material) so the X-rays pass only through OSTEMER and the sample is however possible. Trying to reduce the OSTEMER thickness below 50 µm led to fluid leakage through microcracks, so the present thickness seems to be optimal to maximize the photon flux and minimize background scattering. Small-Angle X-ray scattering SAXS experiments were performed on a Xeuss 2.0 laboratory beamline from Xenocs equipped with a microfocus GeniX 3D Cu microsource and a Pilatus3 1M HPC detector from DECTRIS. Before modification, the X-ray beam was collimated with FOX3D 12_INF single reflection multilayer optics, and cut vertically and horizontally by two scatterless slits to minimize beam divergence. Two modifications of this setup have been performed to increase the photon flux while minimizing the beam size on the sample. First, the optics were replaced by a FOX3D HFVL mirror which allowed to increase the flux from 80 to 450 million photons per A similar issue was mentioned by Levenstein and coworkers 50 using the same Xeuss 2.0, with the same beam size, although their more powerful liquid-metal-jet source allowed them to maintain a flux of 3.7 × 10 6 ph s -1 . By inserting a pinhole located very close to the sample in our setup, the slits could be opened more than on the original setup and the flux on the sample could be increased back to about 9.5 × 10 6 ph s -1 . The flux on the sample is thus maximized and possible artifacts due beam divergence are minimized. With this setup, the divergence of the beam after the pinhole is about 1 mrad. The microfluidic chip is mounted on a support, fixed on a precise motorized translation stage such that it can be readily moved in horizontal and vertical positions with respect to the X-ray beam in order to position the investigated channel in front of the beam.

The sample to detector distance was 1.2195 m and the wavelength is λ = 1.541 Å giving a q-range extending from 0.005 Å -1 to 0.5 Å -1 . All measurements were performed at atmospheric pres-sure, 21 °C, and ambient humidity. For the relatively low scattering materials (proteins and latex), 6 acquisitions of 10 minutes were performed and the raw 2D scattered image was obtained by averaging the 6 recorded frames. For the most scattering materials (gold and silica nanoparticles), single acquisitions of 10 minutes were sufficient to have a decent scattering pattern. The recorded images were corrected for detector efficiency and distortion, scaled by the acquisition time, sample thickness, and sample transmission factor, and averaged in the azimuthal direction while applying a mask to remove faulty regions of the image to finally obtain the intensity profiles I s (q).

The intensity q of the scattering vector is

q = 4π λ sin θ 2 ( 1 
)
where θ is the scattering angle.

For each experiment, a background scattering profile I b (q) was also obtained from the buffer, using the same standardized scaling procedure. The final intensity profiles reported hereafter are defined as I(q) = I s (q) -I b (q). For single scattering they can be written as

I(q) = Aφ P(q)S m (q) ( 2 
)
where A is a q-independent constant, φ is the colloid volume fraction, P(q) is the form factor and S m (q) is the so-called measurable structure factor. At large dilution S m (q) → 1 so a measurement in these conditions gives I 0 (q) ≡ Aφ 0 P(q). A measurement at finite concentration then allows to define S m (q) and A from (2) and the requirement S m (q → ∞) = 1. Note that S m (q) is the true structure factor only for monodisperse systems without correlations between positions and orientations. For polydisperse or anisotropic systems, S m (q) is merely an easily measurable quantity with no clear thermodynamic meaning.

Preparation of solutions

Gold nanoparticles were synthesized by collaborators (see Acknowledgements) using an adapted protocol from Ref. 52. A mixture of oleylamine and HAuCl4xH2O in pentane was stirred at room temperature for 5 min. Afterward, a solution of tertbutylamine borane in presence of oleylamine in pentane was added to reduce the gold precursor. The color of the solution immediately turned to brown. After stirring for 60 min at room temperature, the nanoparticles were purified by precipitating with ethanol and centrifuged. The supernatant was discarded and the precipitated NPs were redispersed in pentane at a volume fraction of 1.3 × 10 -4 . The aqueous dispersion of Ludox HS-40 (Sigma-Aldrich, France) colloidal silica 40 wt. % was filtered through a 5 µm teflon filter and then dialyzed for 15 days in a 7 kDa cellulose membrane bag (Sigma-Aldrich, France) against a 1mM potassium chloride solution. Subsequent dilutions of the washed dispersion were obtained with the 1mM KCl solution to reach volume fractions φ = 0.00234, 0.00496, 0.00826, 0.0144, 0.0287, 0.0420 and 0.0907. The volume fraction was determined by weighting a 2 g sample before and after drying at 120°C. For this calculation we assumed a silica density of 2200 kg m -3 .

Protein Bovine Serum Albumin (ThermoFisher Scientific, France) was used as a model macromolecule and was solubilized at a stock concentration of 100 mg/mL in phosphate-buffered saline PBS (Fisher BioReagents, USA). Subsequent dilutions led The aqueous dispersions of polystyrene latex beads with sulfate charges (Invitrogen, ThermoFisher Scientific, USA) were prepared using a 1 mM NaCl solution to reach volume fractions φ = 0.034, 0.07, 0.105, and 0.14. The average radius announced by the manufacturer was 13.5 nm.

Results and discussion

Gold nanoparticles

The first samples used to test the setup were dispersions of gold nanoparticles in pentane. These colloids are dense, spherical, and quite monodisperse so they are expected to have a very clear SAXS signature even at very low volume fraction.

Results are presented in Figure 3 together with model spectra corresponding to sphere suspensions in which particle radii follow a Schulz distribution 53 with average 2.75 nm and 17 % polydispersity. This is in good agreement with the specification from the synthesis protocol. 52 . The absolute intensity of the model (coefficient A in (2)) has been adjusted only once on the data corresponding to the highest concentration. The model spectra for the three other samples then follow eq. ( 2) without need for further adjustments.

As expected for these dense colloids, the signal to noise ratio is quite good, and sufficient to fit a form factor with confidence. It remains however too limited to use Porod's law 2,54 based on the high-q limit of Iq 4 quantitatively. For this, and for the present dispersion, the background noise would need to be negligible up to q ≃ 0.4 Å -1 , which would require an increase of the scattered signal intensity by about two orders of magnitude. The Q invariant (integral of Iq 2 ) 2,54 could be calculated with reasonable accuracy in particular because the minimum q value has been made low enough with the use of the pinhole.

Silica nanoparticles and interactions

The test with gold nanospheres allowed to discuss pure form factor measurements. The next step is to test the possibility to mea-sure the mesostructure of a dispersion, and therefore indirectly colloidal interactions, directly inside a microfluidic chip. For this purpose we used Ludox HS40 aqueous silica dispersions. These particles scatter X-rays quite intensely due to their large contrast, which makes SAXS measurements relatively easy. They have already been investigated using synchrotron sources (see e.g. Refs. 55-57) so their SAXS signature is quite well documented, and their surface chemistry is also well known. We are concerned here with the following questions: can the present setup yield spectra with good enough signal-to-noise ratios to fit the first structure factor peak? The second one? Can we access small enough angles to measure the plateau S(q → 0), which is important for thermodynamics?

The most dilute sample (φ =0.00234) was used to measure the form factor, which is reported in the inset of Figure 4. It could be modeled using a Schulz distribution for particle radii with an average of 8 nm and 13 % size polydispersity, in line with frequently reported values. [56][57][58] The measurable structure factors of the more concentrated samples are reported in Figure 4. The apparition of a marked structure peak and the decrease of S(q → 0) with increasing particle concentration could be observed clearly enough to compare them to theoretical model and simulation predictions. These features, due to long-range electrostatic interactions, could be computed theoretically by solving the Ornstein-Zernike (OZ) equation with the Rogers-Young closure and a Hard-Sphere-Yukawa effective potential (see Ref. 59 and references therein for more details). Polydispersity was accounted for using the decoupling approximation, shown to be quite accurate for the present moderate polydispersity. 53,60 The effective colloidal charge and screening length have been calculated using the Extrapolated Point Charge renormalization method, 61 accounting for a volume-fraction-dependent charge regulation mechanism involving the surface reaction

Si-OH --⇀ ↽--Si-O -+ H + (3) 
with a dissociation constant pK = 7.5, a surface concentration of ionizable sites Γ 0 = 8 nm -2 , and a Stern capacitance C S = 2.9 F.m -2 . These values have been measured independently on large silica beads by Trefalt and coworkers. 62 The pH value of 6.9 used in the regulation model was the one directly measured in the dispersions. Considering there are several approximations in this theoretical model, and the fact that we did not use any fitting parameter, the agreement observed in Figure 4 is generally very good.

We also performed simulations of the two most concentrated systems using a special version of Brownian Dynamics that does not rely on the definition of effective pair potentials or on any decoupling approximation to handle polydispersity. In these simulations, the 3D electric potential field is computed throughout the suspension at every time step by solving the non-linear Poisson-Boltzmann equation. The excess osmotic stress tensor field is then calculated and integrated to obtain the many-body forces exerted on every colloid accurately. [63][64][65][66] The structure factors obtained from these simulations and from the theoretical model described above are in very good agreement (see open circles in Figure 4). The slightly excessively marked peak in the theory for the sample at φ =0.042 is thus not due to the approximate treatment of polydispersity or a possible poor definition of the effective potential. As the experimental data seems close to that of a system with a smaller surface charge, a possible explanation could be an excessive acidification of the sample due to a prolonged exposition to ambient air.

Most importantly, the set of measurements on silica colloids and the comparison with theoretical and numerical models show that the meso-structure of interacting colloids can be measured quantitatively in situ and operando in a microfluidic chip, with a laboratory beamline. The photon flux is not really an issue here as silica is quite dense. The critical point for this kind of studies is the access to low wavenumbers since the value S(q → 0) is actually a direct measure of osmotic compressibility at least for monodisperse systems. Here we see that with the present setup where q min ≃ 0.005 Å -1 , it can be measured for volume fractions above 5%. Note that increasing the sample-to-detector distance would not be an option here because the divergence of the beam actually sets the lowest observable angle. Improvements of the beam size and divergence would be very interesting to reach lower q values presently accessible only on synchrotrons.

Macromolecule in solution

The BSA model protein was used to evaluate the possibility to obtain good scattering data from macromolecules with the present chip and beamline setup. The corresponding scattering curves are presented in Figure 5. No interactions are supposed to appear for the most dilute sample. The intensity recorded for this sample is compared to two models in the inset of Figure 5. The first one is the form factor obtained from the known atomic structure of crystallized BSA from the Protein Data Bank (3v03.pdb). This form Even for the most concentrated case, the structure factor presents only a weak, hardly visible peak around 0.08 Å -1 due to strong screening by the 0.15 mM PBS buffer. Interactions need to be accounted for, however, as the value S(q → 0) can be as low as about 0.5 for a BSA concentration of 100 g/L. Here, we found that using a unique value of Z = 16 unit charges per BSA molecule, with an effective radius a = 3.4 nm allowed to match the experimental data reasonably well. This is consistent with values found previously by similar fitting procedures, 68,69 and by ab initio calculations. 70 Note that the equation of state of BSA (osmotic pressure versus concentration) could also be predicted satisfactorily with these values. 70,71 The bump visible around q = 0.2 Å -1 especially for the most concentrated case is not an artifact. It cannot be reproduced with the ellipsoid model, but it is actually present in the structure factor extracted from the structure of crystallized BSA. Note that, however, using the latter form factor, the intensity at low q is significantly overestimated by the model. Determining the best coarse-graining strategy to model BSA is not the point of this work though, so we leave this issue open for future research.

Here we have provided, using BSA, a proof of concept highlighting the potential of the present mirofluidic/SAXS setup to study the structure and interactions of macromolecules in solution.

Latex nanoparticles

The three types of colloids mentioned above and used for benchmarking the setup all have a significant contrast with their solvent, thus allowing rather straightforward measurements. The last type of sample considered is an aqueous dispersion of nega-tively charged sulfate latex beads in a 1mM NaCl buffer. These colloids were chosen as they are well characterized, but also have a low electronic contrast with water so their SAXS signature is among the most difficult to obtain quantitatively. Data were acquired for volume fractions φ =0.035, 0.07, 0.105, and 0.14. The acquisition time was set to one hour for each sample. As expected, the scattering curves presented in Figure 6 contain a significant amount of noise compared to the samples investigated above. The first structure peak is well resolved for the three most concentrated samples and its location follows the expected φ 1/3 scaling due to long-range repulsions. The signal of the most dilute sample is quite difficult to fit with a form factor model because it is quite close to the background, and because of artifacts visible for q < 0.01 Å -1 . The latter are present because the slits were opened further to maximize the photon flux for this experiment. The same measurements were also performed in 1.5 mm diameter quartz capillaries in order to increase the signal to noise ratio, and the form factor corresponding to a polydisperse sphere model with radius 15 nm and polydispersity 16% was shown to fit the data quite well. This is consistent with the 13.5 nm average radius given by the manufacturer. In Figure 6, this form factor was used and structure has been calculated for an effective surface charge density σ =0.02 e/nm 2 . This value is about one tenth of the bare surface charge density measured by titration, which is reasonable. The use of latex nanospheres reveals the limits of laboratory SAXS measurements in microfluidic chips. The meso-structure of dispersions of small objects with low contrast such as polystyrene latex beads can be measured to some extent with acquisition times of the order of one hour but the poor signal-to-noise ratio makes attempts at modeling the data quite difficult. In order to improve this with the current setup, the pinhole could be positioned directly on the microfluidic chip, which would allow to open the slits further. However, since the pinhole is only at 2 cm from the sample now, this should not lead to a dramatic improvement of measurements. Another possible improvement of the setup would be to replace the solid anode source by a liquidmetal-jet or a rotating anode source, while keeping the use of the scatterless pinhole. This would probably allow an increase of at least one order of magnitude on the photon flux for the same small beam size compatible with on-chip measurements.

Conclusion

In summary, we established a proof-of-concept for a versatile microfluidic system coupled to a laboratory beamline for X-ray scattering experiments. The microfluidic chip was made of OS-TEMER and polyimide, with very thin walls, to maximize the signal-to-noise ratio by minimizing absorption and background scattering by the device itself. This system shows great potential to study various dispersions and was successfully used to obtain structural information on both inorganic nanoparticles and bio-macromolecules in suspension. The form factor and the first structure peak of concentrated dispersions of repulsive colloids could be measured accurately. The second peak was more difficult to distinguish from the background noise. The zero wavenumber limit of the structure factor could be observed in dense systems with the addition of a pinhole close to the sample. It allowed to open the slits of the beamline more than without pinhole, so the photon flux could be kept high enough despite the reduced beam size. A limitation of the device appeared for low-contrast materials such as polystyrene spheres suspended in water. The low quality of the data made quantitative fitting procedures difficult, although qualitative structural information could still be obtained. There is no doubt that using carefully chosen materials for microfluidic chips and state-of-the art laboratory beamlines with limited modifications now allows some in situ, operando SAXS measurements in the laboratory on a wide range of colloidal dispersions. The limited photon flux delivered by laboratory X-ray sources imposes significant acquisition times, ranging from seconds to tens of minutes. To perform time-resolved measurements in rapidly evolving systems, keeping a steady-state flow allows to associate a point in space to a time so long acquisitions can still be performed to observe fast transformations, although this may require large volumes of solutions. Time-resolved measurements on static samples can be undertaken for slowly evolving systems, as for example slow reactions, colloidal aggregation, rearrangements of the structure of metallic nanoparticles after synthesis, or processes involving slow solvent transfers such as osmotic compression 20 or solvent exchange. The simple setup investigated here opens the way to more sophisticated lab-on-chip devices in which in-situ scattering can be performed without the absolute need for a synchrotron facility.

Fig. 1

 1 Fig. 1 Top left panel: design of the microfluidic chip consisting in four parallel 400 µm wide, 3 cm long channels. Top right panel: picture of the final chip with inlet/outlet capillaries. Bottom panel: fabrication process of an OSTEMER chip: first the two OSTEMER stickers are prepared by injection and curing in hollow PDMS molds, then they are assembled together and fully cured. For SAXS optimal acquisition, in this set-up, X-rays pass through 25 µm of Kapton, 50 µm of OSTEMER, 400 µm of sample and 50 µm of OSTEMER

Fig. 2

 2 Fig. 2 Top: microfluidic chip on the Xeuss 2.0 SAXS beamline. The pinhole is located on the black motorized stage added to the standard setup. Bottom: schematic representation of the beamline showing the source emitting a wide beam (diameter about 1 mm), which is cut by slits 1 (0.7×0.7 mm 2 ) and 2 (0.3×0.3 mm 2 ), and by the pinhole (0.25×0.25 mm 2 ) located at 2 cm from the sample.
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 3 Fig. 3 Scattering data for gold nanoparticles and model for polydisperse spheres with radii following a Schulz distribution with average 2.75 nm and 17 % polydispersity. From top to bottom: dispersion as prepared, and diluted 2, 4, and 8 times.
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 5 12.5, 25 and 50 mg/mL solutions used in these experiments.
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 4 Fig. 4 Scattering data for Ludox HS40 silica nanoparticles. Main figure: structure factors shifted by steps of one for volume fractions φ = 0.00234, 0.0050, 0.00826, 0.0144, 0.0287, 0.0420 and 0.0907, from bottom to top. × and + symbols: experiments in two different chips. • symbls: simulations (see main text). Continuous lines: theory (see main text). Inset: intensity in dilute conditions (arbitrary units) and polydisperse sphere model for the form factor based on a Schulz distribution of radii with average 8 nm and 13 % polydispersity.

Fig. 5

 5 Fig.5Scattering data for different BSA concentrations: 100, 50, 25 and 12.5 mg/mL top to bottom (symbols), theory using the classical ellipsoid form factor (continuous lines) and using the form factor fitted from the BSA atomic structure (dashed lines). The inset shows data and theory for the most dilute sample: 5mg/mL.

Fig. 6

 6 Fig. 6 Scattering data for latex nanoparticles (symbols) and Hard-Sphere-Yukawa theory (continuous lines). From top to bottom: initial dispersion φ = 0.14 and dilution factors 3/4, 1/2, and 1/4. The overall quality of the data is lower for low-contrast material
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