6/28/22, 12:06 PM Measuring the Time-evolution of Nanoscale Materials with Stopped-flow and Small-angle Neutron Scattering | Protocol

Search 15,323 vid.. Faculty Resource Center

Introduction v

Engineering

Measuring the Time-evolution of Nanoscale Materials
with Stopped-flow and Small-angle Neutron
Scattering

Published: August 6, 2021 doi: 10.3791/62873

Elizabeth G. KeIIey1, Michael H. L. Nguyenz, Drew Marquardt2'3, Brian B. Maranville1, Ryan P. Murphy1

TNIST Center for Neutron Research, National Institute of Standards and Technology, 2Department of

Chemistry and Biochemistry, University of Windsor, 3Department of Physics, University of Windsor

Abstract

This paper presents the use of a stopped-flow small-angle neutron-scattering (SANS) sample
environment to quickly mix liquid samples and study nanoscale kinetic processes on time scales
of seconds to minutes. The stopped-flow sample environment uses commercially available
syringe pumps to mix the desired volumes of liquid samples that are then injected through a
dynamic mixer into a quartz glass cell in approximately 1 s. Time-resolved SANS data
acquisition is synced with the sample mixing to follow the evolution of the nanostructure in

solution after mixing.

To make the most efficient use of neutron beam time, we use a series of flow selector valves. .
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required per injection is approximately 150 pL depending on the path length of the quartz cell.

Representative results using this stopped-flow sample environment are presented for rapid lipid
exchange kinetics in the presence of an additive, cyclodextrin. The vesicles exchange outer-
leaflet (exterior) lipids on the order of seconds and fully exchange both interior and exterior
lipids within hours. Measuring lipid exchange kinetics requires in situ mixing to capture the
faster (seconds) and slower (minutes) processes and extract the kinetic rate constants. The
same sample environment can also be used to probe molecular exchange in other types of liquid
samples such as lipid nanoparticles, proteins, surfactants, polymers, emulsions, or inorganic
nanoparticles. Measuring the nanoscale structural transformations and kinetics of exchanging

or reacting systems will provide new insights into processes that evolve at the nanoscale.

Introduction

Small-angle neutron scattering (SANS) provides a unique way to measure the sizes, shapes,
interactions, and organization of various materials on length scales from ~1 nm to ~100 nm"23,
Recent instruments, including VSANS (very small-angle neutron scattering) instruments with
focusing mirrors, push the limits toward measuring even larger length scales up to ~1000 nm*°.
In general, the unique scattering contrast inherent to neutron scattering methods offers several
advantages in measuring the time-evolution of nanoscale structures, such as the aggregatic

components in pharmaceutical formulations®, crosslinking and gelation reactions in polymer
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Stopped-flow mixing methods often are implemented in small-angle X-ray scattering
(SAXS)16.17.18.19.20.21 flyorescence spectroscopy?223242526 and light scattering?/:28.29.30,31,32
experiments to study kinetic processes on the millisecond time scales. An important difference
between SANS and SAXS is that neutron scattering is a nondestructive characterization
technique, and as such, SANS can be used to measure the same sample for hours or even days
without ionizing radiation damage to the sample, which can happen during higher-flux X-ray
scattering experiments33. As repeated SANS measurements will not alter the chemical structure
of the probe molecule or sample, the time-evolution can be studied without effects of
photobleaching, for example, which can complicate kinetics measurements that rely on
fluorescence?®24. Moreover, SANS can be used to measure highly concentrated and optically
opaque samples that are often difficult to characterize with light-based techniques such as

dynamic light scattering.

In addition to providing structural information on the nanoscale, SANS can be used to probe the
local composition of these structures through the variation in neutron scattering length density
contrast. The scattering length density (SLD) of different elements varies randomly across the
periodic table and varies with different isotopes of the same element. A commonly exploited
example is hydrogen ('H or H) and deuterium (?H or D), which have vastly different neutron
scattering lengths. Therefore, hydrogen-rich materials, such as surfactants, lipids, proteins, RN A

DNA, and other polymers, can be distinguished from deuterated solvents using SANS withou
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powerful tool for studying molecular exchange kinetics in hydrogen-rich materials by simply
mixing H-labeled and D-labeled molecules. Isotopic substitution is particularly useful in systems
where bulky fluorescent dyes are larger than the surfactant or lipid molecules of interest and can

influence the exchange kinetics343°.

Time-resolved SANS measurements are advantageous because the measured intensity is a
function of time, length scale, and SLD contrast. As such, TR-SANS experiments can be designed
to probe the time-dependent changes in the spatial distributions and the compositions of the
samples. These unique advantages of SANS have led to important insights into kinetic
processes in many soft material systems such as surfactants®637:38 emulsions324041,
lipidg344243444546,47484950 and polymers5!:52535455,56,57,5859,60,61,62 Most TR-SANS studies
have focused on time scales of minutes to hours. However, many kinetic processes of interest
occur on the second time scale and are essential for understanding the underlying mechanisms.
Capturing these early time points requires that the solutions be rapidly mixed and measured in
situ, in which the mixing is synced with data collection during stopped-flow light
scattering?/:28.29.3031.32 flyorescence?223242526 gnd X-ray'6.17.1819.20.21 axperiments. This work
describes the use of a sample environment designed to rapidly mix multiple liquid samples and
inject the mixture into a quartz glass cell for TR-SANS measurements. The mixing device is an
adaptation of the recently developed capillary rheoSANS device®? and uses multiple syringe

pumps and valves to control the sample mixing and to automate cell cleaning. By connecting
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2asured, rinsed, and dried to facilitate TR-SANS measurements on the seconds time
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We focus on the in situ mixing setup and methods to collect TR-SANS data. Neutron scattering
data were collected on the VSANS instrument at the NIST Center for Neutron Research (NCNR);
however, the procedure should be applicable to other SANS instruments. Readers interested in
implementing similar protocols on other SANS instruments should consult with the local
instrument scientists to determine the optimal instrument configuration to maximize neutron
flux at the desired length scale and time scale most relevant to the kinetic processes of interest.
The data presented here were collected using the high flux 'white beam' configuration on VSANS
to maximize neutron counts at the loss of spatial resolution®. The detector carriages were
positioned to cover a range of scattering vectors (g), 0.005 A1<q<0.5A7 corresponding to
length scales of =130 nm to =13 nm. The scattering vector is defined as q = 4r/A sin (6/2) in

which A is the neutron wavelength, and 0 is the scattering angle.

The stopped-flow mixing device used for the TR-SANS measurements consists of multiple
pumps, rinsing syringes, sample syringes, flow selectors, as well as adynamic mixer, sample cell,
and mixed sample container, as shown in Figure 1. All sealed fluid paths are located inside an
air-conditioned enclosure, which includes the syringes, valves, connection tubing, dynamic mixer,
and sample cells. A programmable thermoelectric air conditioner is used to control the
enclosure temperature in the range from 10 °C to 50 °C within 1 °C. Note that some of the
enclosure insulation was removed to show the working parts of the device. The main mixing

device enclosure is positioned on a translational stage on the NG3 VSANS beam line at the
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1e enclosure position is adjusted using the translation stage to position the sample cell
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Figure 1: An example setup for combining stopped-flow mixing and small-angle neutre~

T

scattering measurements at the VSANS beamline at the NIST Center for Neutron

View Video
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‘or sample injection, four pump selector valves, two mixer selector valves, a dynamic
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temperature. The yellow dashed line shows the neutron beam path. Scale bar = 10 cm. Please

click here to view a larger version of this figure.

The device depicted in Figure 1 is configured with two sample syringes, two rinsing syringes,
and one sample cell. Corresponding flow diagrams for the different steps of the protocol are
illustrated in Figure 2. The desired volumes of the two different samples are injected into the
mixer and the sample cell (Figure 2A). Once the sample cell is filled, the Inlet Switch Valve (ISV)
and Outlet Switch Valve (OSV) are closed to isolate the sample cell from the dynamic mixer and
to prevent sample back diffusion into the cell during TR-SANS data collection (Figure 2B).
Before the dynamic mixer, the connection tubing varies in length from 10 cm to 1 m and does
not affect the mixing delay time. However, tubing connections between the dynamic mixer and
the sample cell will affect the mixing delay time and the required sample injection volume.
Precut stainless steel tubing with 0.04 inch (1 mm) inner diameter and 100 mm length are used
to connect the dynamic mixer, the Mixer Selector Valves (MSV1 and MSV2), and the ISV and
OSV. Fluorinated tubing with T mm inner diameter and 115 mm length is used to connect the ISV
and OSV (or the dynamic mixer outlet) to the sample cell. The total void volume that influences
the mixing delay time includes the mixer void volume (0.15 mL), the tubing between the mixer
outlet and the sample cell inlet (0.09 mL), and the sample cell volume (0.16 mL). In this example,
the total void volume is 0.4 mL. The internal void volumes of valves are negligible comparec

the tubing, mixer, and sample cell void volumes. For example, the employed low-pressure
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sure selector valves and switch valves (0.25 mm bore diameter) contain approximate
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and rinse solvent is repeatedly pumped through the cell to remove the residual sample and clean
the sample cell (Figure 2C). Note that the rinse syringes are connected to larger

solvent reservoirs (e.g., water and ethanol) via pump selector values to ensure that adequate
solvent volumes are available to clean the sample cell between measurement runs. Solvent
sources, sample sources, and mixed sample containers that contain flammable liquids are
positioned in a separate enclosure with no electrical equipment to eliminate all possible ignition
sources. In addition, vapor-locking bottle caps are used to minimize flammable vapors and
solvent evaporation. Finally, the sample cell is dried with a nitrogen gas stream to remove the
residual rinse solvent (Figure 2D). The inlet nitrogen gas pressure to the mixer selector valve is
regulated to approximately 2 bar (0.2 MPa, gauge pressure) using a manual pressure regulator
located on the nitrogen gas cylinder. Once the sample cell is sufficiently cleaned and dried, a
newly mixed sample is injected into the sample cell for the next measurement cycle (repeating

the mixing and injection illustrated in the flow diagram in Figure 2A).
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Figure 2: Example flow diagram using one sample cell, two samples mixing, and two
rinse solvents for cleaning. (A) Mixing of sample A (blue) and sample B (red), and then flowing
the mixed sample (purple) into the sample cell. (B) During data collection, the stopped-flow
device state where the ISV and OSV switch valves are closed to isolate the sample cell and
prevent back diffusion of the sample during data collection. (C) The cleaning steps where the
sample cell is rinsed with rinse solvent from SS1 (green) after data collection. (D) Drying step
where the sample cell is dried with nitrogen gas (orange). Abbreviations: PSV = pump selector
valve; MSV = mixer selector valve; OSV = outlet switch valve; ISV = inlet switch valve; SS1 =
solvent source 1; SSA = sample source A; N2 = nitrogen gas source. Please click here to view a

larger version of this figure.

Figure 3 shows flow diagrams for a slightly different version in which the mixing setup is
configured with two separate sample cells connected to the same switch valves (Figure 3A).
While TR-SANS data are collected in Sample Cell 1, Sample Cell 2 is rinsed (Figure 3B) and dried
(Figure 3C). When the data collection is complete for Sample Cell 1, the Inlet Switch Valve

directs a newly mixed sample into Sample Cell 2 for data collection (Figure 3D). While TR-SANS
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sollected in Sample Cell 2, Sample Cell 1 is rinsed and dried (Figure 3E). This
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Figure 3: Example flow diagram using a two-sample cells, two samples mixing, and two
rinse solvents for cleaning. (A) Mixing sample A (blue) and sample B (red) and then flowing
the mixed sample (purple) into sample cell 1. (B) The stopped-flow device state during data
collection on sample cell 1 while sample cell 2 is rinsed with solvent from SS1 (green). (C) The
stopped-flow device state during data collection on sample cell 1 while sample cell 2 is dried
with nitrogen gas (orange). (D) Once data collection of sample cell 1 is complete, a new sample
(purple) is immediately mixed and flowed into sample cell 2. (E) The stopped-flow device state
during data collection on sample cell 2 while sample cell 1 is rinsed with solvent from SS1
(green). While one sample cell is being measured, the other sample cell is being cleaned and
dried. The stopped-flow measurement process alternates between two sample cells to minir

the time between subsequent sample mixing injections. Abbreviations: PSV = pump selector
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the system, rinsing and drying the sample cell, and injecting the mixed sample. Although the
single-cell configuration is demonstrated for simplicity (Figure 2), the flexible modular setup,
protocol, and scripts can be easily modified to implement more syringe pumps, valves, mixers, or
sample cell configurations, such as the two-sample cell configuration shown in Figure 3.
Representative raw neutron count rate data collected throughout mixing and cleaning injection
cycles are shown in Figure 4, while lipid exchange kinetics measured at 3 different temperatures
and the extracted normalized scattered intensity corresponding to the fraction of lipids

exchanged are shown in Figure 5 and Figure 6, respectively.

Protocol

1. Set up and initiate the stopped-flow system.

1. Turn on all pump power supplies and dynamic mixers using the power switch.

2. Initiate all pumps and valves in the stopped-flow system control graphical user interface
(GUI) by entering the device configuration path and using the commands
bus=gmixbus.Bus(), bus.open(), bus.start(), pump=qgmixpump.Pump(), pump.enable(),
and valve=ViciMultiposSelector() (see example initiation code available in an online open-
source repository®%).

3. Calibrate the pumps before attaching syringes using the command pump.calibrate().

4. Confirm that the valves are initiated and move to the correct selector port on command
using the command valve.setPort() and valve.getPort().

5. Assign the syringe type to be used for each pump using the command

https://www.jove.com/t/62873/measuring-time-evolution-nanoscale-materials-with-stopped-flow-small 11/39
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1e syringe max piston stroke distance (mm).
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2. When using glass syringes, ensure the syringe mount head is loosened before
dispensing the fill volume, so that the glass syringe does not break due to excessive
force from the syringe piston.

3. Screw in the syringe piston to the connection at the bottom of the pump (syringe
mount tail).

4. After the syringe barrel and syringe piston are connected to the pump, dispense the
fill volume of the syringe type using the command pump.empty(), which moves the
syringe piston to the top of the syringe barrel.

5. When using glass syringes, tighten the syringe mount head after the piston
movement stops.

7. Connect the tubing to the sample and solvent sources, syringes, valves, mixers, sample
cells, and mixed sample container.

1. Connect the syringe pump tubing to the pump selector valves.

. Connect the pump selector valve tubing to the sample sources.

. Connect the pump selector valve tubing to the rinsing solvent sources.

A W0 N

. Connect the pump selector valve tubing to the mixer selector valve tubing.
. Connect the mixer selector valve tubing to the nitrogen gas source.

. Connect the mixer selector valve tubing to the mixer inlets.

. Connect the mixer outlet to the inlet switch valve.

. Connect the inlet switch valve to the sample cell inlet.

. Connect the sample cell outlet to the outlet switch valve.

O W 00 N o v,

10. Connect the outlet switch valve to the mixed sample container.

8. Define all tubing and valve connections made (Step 1.7) in the stopped-flow system con.. _.

https://www.jove.com/t/62873/measuring-time-evolution-nanoscale-materials-with-stopped-flow-small 12/39


https://www.jove.com/v/62873/measuring-time-evolution-nanoscale-materials-with-stopped-flow-small
https://www.jove.com/
https://www.jove.com/
https://www.jove.com/
https://www.jove.com/facultyresources
https://www.jove.com/authors/overview

6/28/22, 12:06 PM Measuring the Time-evolution of Nanoscale Materials with Stopped-flow and Small-angle Neutron Scattering | Protocol

mpie control code in the online open-source repository®?).
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2. Load the sample.

1. Set the desired sample fill volume and solvent fill volume in the stopped-flow system
control GUI by typing the desired numbers (see example control code in the online open-
source repository®4).

2. Use the pump.aspirate() command to pull in (aspirate) the desired sample and solvent
volumes from their sources into the sample syringes through the pump selector valves.
NOTE: When first loading an empty syringe, air will be present at the top of the syringe that

must be purged to prime the system with sample and solvent in step 3.

3. Prime the system.

1. Use the pump.dispense() command to push out (dispense) all air from syringes, tubing
lines, and valves. Ensure that enough liquid volume is dispensed from each syringe to
completely remove all air from the syringes, tubing, and valves. If air bubbles are visible
inside any tubing, continue dispensing solvent or sample until the bubbles are removed.

2. Once air has been purged from the system, perform at least one sample injection and
rinsing procedure (without neutron scattering data collected).

1. Click to select the cell labeled Start mixing experiment in the control GUI.
2. With this cell actively selected, click on the Run button (right triangle) located at the
top of the control GUI, or press the Shift and Enter keys together on the keyboard.
3. Visually inspect the sample cell to confirm that air bubbles are not present.
1. If air bubbles are present, repeat protocol steps 3.1 and 3.2 to further purge

air from the tubing lines.
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2. If air bubbles are not present in the sample cell, proceed to step 4 to define the
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1. Enter the temperature set point of the programmable air conditioner (AC) unit that controls
the temperature of the insulated enclosure surrounding the stopped-flow device.

1. While holding the star button on the AC control unit, press the up and down arrows to
change the setpoint temperature. Alternatively, type the desired temperature setpoint
in the control GUI and click on Run.

2. Wait for 15-30 min to allow the enclosure interior to equilibrate at the desired
temperature before starting the kinetic experiments.

NOTE: The accessible temperature range is currently between 10 °C and 50 °C, and
the temperature stability is + 1 °C.
2. Enter all rinsing sequence steps by typing in the appropriate volumes, flow rates, times, and

number of repetitions into the control GUL.

—_—

. Define the volume of each sample to be injected, which defines the total flow rate (Q).
2. Define the volume of each solvent to be injected during the rinsing procedure.

3. Define the drying time between each rinsing substep (tgry).
4

. Define the number of rinsing substeps.

(6]

. Define the different solvents for the subsequent rinsing steps.

o

. Define the number of rinsing repetitions to perform after each measurement (nyinse)-
7. Define the time to fully dry the sample cell and mixer, providing a clean sample cell
for the subsequent sample injection (tgry_final)-
3. Define all sample injection sequence steps by typing the appropriate volumes, flow rates,
and times into the stopped-flow system control GUI.

1. Define the volume of each sample to be injected and the flow rate.

https://www.jove.com/t/62873/measuring-time-evolution-nanoscale-materials-with-stopped-flow-small 14/39


https://www.jove.com/v/62873/measuring-time-evolution-nanoscale-materials-with-stopped-flow-small
https://www.jove.com/
https://www.jove.com/
https://www.jove.com/
https://www.jove.com/facultyresources
https://www.jove.com/authors/overview

6/28/22, 12:06 PM Measuring the Time-evolution of Nanoscale Materials with Stopped-flow and Small-angle Neutron Scattering | Protocol

2. Calculate the delay time (tgelay) from the void volume (Vy,iq) and the total flow rate

Search 15,323 vid.. Faculty Resource Center

Introduction v
3. Define the desired acquisition time for the TR-SANS data such that the entire kinetic
process of interest has occurred (tscatt).
4. Set the wait time between the end of the scattering experiment and the beginning of
the rinse cycles (tyait).
NOTE: This wait time should be at least 100 s if the sample neutron transmission is
to be measured before it is rinsed from the cell. The sample transmission is needed
during data processing to reduce the data to absolute intensity.
5. Define the number of injection cycles to perform with rinsing sequences run between
each injection that are defined in step 4.2 (n¢ycle)-
4. Calculate the total time of a single stopped-flow data collection cycle (tycle) using
equation (1).
teycle = Nrinse X (tdelay T tdry) + tdry_final * tdelay *+ tscatt (1)
in which nyinse = number of rinsing repetitions (step 4.2.6); tqelay = delay time of the stopped
flow device (step 4.3.2); 4y = drying time between each rinsing substeps (step 4.2.3);
tary_final = time to fully dry the sample cell and mixer (step 4.2.7); tscart = desired TR-SANS

data acquisition time (step 4.3.3)

5. Define the small-angle neutron scattering parameters in the SANS instrument

control GUI.

1. Determine the length scales and g-range of interest for each sample.
2. Define the instrument configuration to cover the desired g-range of interest, while
maximizing the neutron flux at the sample.

3. Set the total VSANS data acquisition time in the SANS instrument control GUI to the

https://www.jove.com/t/62873/measuring-time-evolution-nanoscale-materials-with-stopped-flow-small 15/39


https://www.jove.com/v/62873/measuring-time-evolution-nanoscale-materials-with-stopped-flow-small
https://www.jove.com/
https://www.jove.com/
https://www.jove.com/
https://www.jove.com/facultyresources
https://www.jove.com/authors/overview

6/28/22, 12:06 PM Measuring the Time-evolution of Nanoscale Materials with Stopped-flow and Small-angle Neutron Scattering | Protocol

the sample transmission measurement time to 100 s in the SANS instrument control
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6. Collect standard scattering measurements for data reduction before beginning the

stopped-flow experiment to process the TR-SANS data.

1. Measure the background scattering.

1. Ensure that the local instrument shutter is closed.

2. Attach the blocked beam sample to the back of the sample aperture, secure the local
instrument environment, and open the local instrument shutter.

3. Define the blocked beam scattering data acquisition time in the software, and collect
blocked beam scattering data, counting for the same duration as the longest
scattering data acquisition time (tscatt).

4. Once the data collection is complete, close the instrument shutter, and remove the
blocked beam sample from the sample aperture.

2. Measure the empty cell scattering.

1. Ensure that the sample cell has been thoroughly rinsed and dried.

2. Open the local instrument shutter.

3. Collect the empty cell transmission measurement for 100 s.

4. Collect the empty cell scattering measurement, counting for at least the longest

acquisition time (tscatt)-

7. Begin the stopped-flow experiment.

1. Start VSANS scattering data collection in event mode.
1. Ensure that the local instrument area is secure and then open the local instrume

beam shutter.
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2. Begin SANS data collection using the SANS instrument control software on the
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before starting the stopped-flow mixing experiment. The data will be post-processed
at a later step to account for the delay time (tgelay)-

2. Start the stopped-flow mixing experiment in the control GUI.

1. Select the notebook cell labeled Start mixing experiment in the stopped-flow system
control GUI.

2. With this cell actively selected, click on the Run button (right triangle) located at the
top of the stopped-flow device control program, or press the Shift and Enter keys
together on the keyboard.

3. Confirm that the stopped-flow mixing protocol defined in section 4 has started
operating.

4. Add the 100 s transmission measurement to the VSANS instrument queue after the
scattering run using the SANS instrument control GUI.

5. Add one scattering measurement run and one transmission measurement run to the
instrument queue for each remaining stopped-flow mixing cycle (ncycle - 1, step 4.3.5)

in the SANS instrument control GUI.

8. Process and reduce data to remove all backgrounds, correct for detector sensitivity,

and correct for sample transmission.

1. Download the scattering data files and associated event files from the server.
NOTE: Separate detector event files will be generated after each VSANS measurement, one
event file for each active detector carriage (e.g., front, middle, and/or back detector).

2. Bin the scattering data to desired time bins using the command events=Rebin(filenan

followed by the command events.do_rebinning(timebins), in which the input filename
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2 bin boundaries in seconds.
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repository®4).

3. Reduce the binned scattering data using the software provided the beamline®®.

9. Analyze the TR-SANS data.

1. Calculate the process time of interest (tprocess) from the measurement times using
equation (2).
torocess = i~ tstop + tdelay (2)
Where t; is the measurement time bins starting after the flow is stopped, tsiop is the
measurement time immediately when the flow is stopped, and tgelqy is the delay time.
2. Plot the g-dependent intensity 1(q) as a function of the process time using the time bins
defined in step 8.2 and the tpocess Calculated in step 9.1.
NOTE: The earliest accessible process time is restricted by tyelay. TO measure earlier

process time points, increase the total flow rate (Q) or decrease the total void volume

(Vvoid)-

3. Extract the kinetic parameters of interest from the change in I(q) as a function of process

time.

10. End the experiment.

1. Turn off the neutron beam by closing the local instrument shutter.

2. Perform a radiation check using a radiation monitor provided by the beamline before
disconnecting any parts, tubing, or unloading any samples or mixed sample containers.

3. Transfer the syringes, tubing, and mixed sample container to the health physics

department.
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with the exchange rate (k¢)%%%’. Previous fluorescence studies have shown that k. depends on
the mBCD concentration, and the half-life of the exchange process is on the order of minutes®®.
The present experiments use stopped-flow TR-SANS to measure mpBCD-catalyzed lipid exchange
between vesicles on the seconds time scale. Two isotopically distinct lipid vesicle populations
were prepared; one vesicle population was prepared with tail-hydrogenated
dimyristoylphosphatidylcholine (DMPC) lipids (H-lipid vesicles in Figure 5), and the other vesicle
population was prepared with tail-deuterated DMPC (DMPC-d54) lipids (D-lipid vesicles in Figure
5). A mole fraction of 0.05 (5 mol%) of charged dimyrisotylphosphatidylglyercol (DMPG) lipid
was added to both the DMPC and DMPC-d54 dry lipid powders to promote unilamellar vesicle

formation®®.

Separate H-vesicle and D-vesicle solutions were prepared by hydrating the respective lipid films
in a solvent containing 45% by volume heavy water (D,0) and 55% by volume water (H,0). The
D,0/H,0 solvent composition was calculated such that the neutron scattering length density (p)
of the solvent matched a random mixture of the H-lipids and D-lipids (Ap = pjipid- Psolvent = 0). In
other words, a randomly mixed H/D-vesicle would be 'invisible' to the neutrons and generate zero
coherent neutron scattering. Unilamellar vesicle solutions were prepared by freeze-thawing the
solutions five times and then extruding the individual solutions through a polycarbonate filter
with 100 nm diameter pores. The vesicle solutions were extruded back and forth between tw~

syringes and the filter for a total of 31 times at 30 °C. Subsequently, a small volume of a
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e solutions. The final lipid concentration was 14 mmol/L (mM) and the mBCD
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An example of the measured neutron count rates over multiple injection cycles is shown in
Figure 4A. Each cycle consisted of 9 rinsing steps, 1 drying step, and 1 sample injection step.
Only count rates measured on the middle detector carriage in the VSANS instrument are
presented for clarity. Similar trends were found on the front detector carriage, which
corresponded to data collected at larger scattering angles or higher q values. The count rate
spiked with each rinsing solvent injection (solvent S1 and solvent S2) and returned to the empty
cell baseline counts when the solvent was pushed out of the cell with nitrogen gas and dried.
The final cell rinse was with S2, which was ethanol in this example, and the cell was dried a final
time with nitrogen gas for 3 min before sample injection. Soon after the sample was injected
into the cell, the neutron count rate spiked, and data were collected continuously for 5 min. The
representative sample injected in the example data in Figure 4A was a salt buffer background.
The fluctuations in measured intensity over time reflect the variations in the background neutron
count rate and do not reflect a change in the average sample composition. The complete cycle
of rinsing, drying, mixing, and injecting sample was repeated an additional time in the example in

Figure 4A, where each cycle lasted for a total of 15 min.

The individual H-labeled and D-labeled lipid vesicle solutions were mixed at time t,,jx and
immediately flowed into the sample cell. The measured neutron count rate spiked and then

reached a maximum value when the sample cell was filled at tg, as shown in Figure 4B. The
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“the void volume (V,,iq) between the mixer and the sample cell is known and the total
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that the cell had filled and reached steady-state. The flow was then immediately stopped at tgy,.
The averaged neutron count rate remained constant as a function of measurement time
between tf and tsp because the flow rate through the sample cell was constant, and therefore,
the sample within the neutron beam path was at steady-state. In other words, the data measured
at tstop correspond to the sample that has been mixed and evolved by tgejay = tfi- tmix = Vvoid/Q-
The binned measurement times t; collected immediately after g, are the main kinetic data of

interest.

In Figure 4C, the neutron counts from the mixed lipid vesicles sample at three different
temperatures are plotted as a function of the corrected process time scale (tprocess), Which is the
process time of interest that has been corrected for the steady-state flow period and delay time.
The process time scale was calculated by tyrocess = ti tstop + tdelay, OF €quivalently, torocess = ti-
tstop T tr- tmix- SANS data were collected continuously in Figure 4 in so-called event mode.
During event mode data collection, each detected neutron event is recorded with a unique time
stamp and its x and y location on the two-dimensional neutron detector. Event mode data is then

post-processed into the desired time bins (t;) in Figure 4B.

Event mode data within the accessible process time window of interest (i.e., neutron scattering
collected at each t; after tgop in Figure 4B) were reconstructed into a two-dimensional (2D)

detector image for that time bin using protocols and scripts available in the online open-sou

[, E— . -
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he different sources of background, correct for the sample transmission and detector
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measurement. Similar to the total raw count rate shown in Figure 4B, the g-dependent intensity
I(q) decreases in time as the lipids in the outer leaflet exchange and mix randomly between

different vesicles.

Data are presented in Figure 5 for the lipid exchange kinetics measured at 3 different
temperatures. Each plot shows the data collected for the first 110 min after mixing. The
measured intensity decreases by an order of magnitude at the lowest g-values at 36 °C and 30
°C, which correspond to the lipid fluid phase. Meanwhile, the scattered intensity data change
significantly slower with time at 20 °C, indicating that the outer leaflet exchange kinetics are

much slower in the lipid gel phase.

The measured scattering intensity, I(g), is related to the SLD contrast as xfm o &F], in which Ap
is the SLD difference between the vesicle and the surrounding solvent. This average SLD
contrast is directly related to the relative numbers of H-lipids and D-lipids in a vesicle at any
given time. As such, the measured scattering intensity at a given time can be normalized to
determine the fraction of the lipid population that has exchanged. This normalization is achieved
by collecting two additional measurements, including: (1) the measured intensity 1(0) at time t =
0, when there is no lipid exchange between vesicles, and (2) the measured intensity /() at time t
= oo, when all of the lipids have exchanged and the populations have equilibrated. The normaliz~~

R(t)= [«f@‘u@ ]f[vmwm] 42

count rate, ,is plotted as a function of the process
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ime t (background-subtracted intensity integrated as a function of q), I(«) is the g-
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°C where the exchange was slow, and I(«) was measured in a separate sample that had

equilibrated for more than 36 h at 40 °C and had and fully exchanged H-lipids and D-lipids.

The normalized count rate should decay from R(t) = 1 at process timet =0,to R(t) =0 at t = oo,
and is directly related to SLD contrast in the sample and therefore the extent of lipid
exchange?/:2829.30.31.32.33.3435 Npotice that the earliest measured R(t) data do not begin at R(t)=1
at 30 °C and 36 °C, indicating that a significant amount of lipid exchange occurred during the
first 3 s after mixing, which was not experimentally accessible due to the delay time (tgelay = 2.4
s) of the employed stopped-flow mixing protocol. Meanwhile, the measured R(t) at 20 °C
remained approximately constant for the first (2-3) minutes. For the lipid exchange kinetics
measured at 30 °C and 36 °C, R(t) rapidly decayed to =0.5 within 100 s, suggesting the outer
leaflet lipids have completely exchanged and equilibrated within minutes. Accordingly, capturing
the mBCD-catalyzed lipid exchange was made possible using stopped-flow SANS and would be
difficult to capture with manual pipette mixing. Capturing even earlier process time points (t < 3
s) will require a different mixer type with smaller void volume, smaller tubing void volumes, and

higher total flow rates to decrease the delay time.

The R(t) continued to decay at longer times as the lipids flip-flop between the inner and outer
leaflets. TR-SANS data for the slower flip-flop process (t > 5 min) can be collected with discrete

samples mixed by hand and loaded into standard SANS sample cells, as the manual pipette
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s slow enough to be mixed and measured discretely, and this measurement did not
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will require this stopped-flow mixing and TR-SANS measurement procedure.
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Figure 4: Representative raw neutron count rate data collected throughout mixing and
cleaning injection cycles. (A) Example of the neutron count rate (middle detector) as a
function of time during repeated rinsing sequences, drying sequence, and mixed sample
injection sequence over multiple cycles. The sample in (A) was a salt buffer background, and the
changes in intensity over time reflect the variations in the background count rate, not a change in
the sample. (B) Monitor-normalized neutron count rate as a function of the experiment time
after the injection of mixed H-lipid and D-lipid vesicles at 30 °C. The vertical dashed lines
indicate the mixing start time (tmix), the fill time (tg), the flow stop time (tstop), and time binning
region (t;). The decay in count rate after tg, is due to loss of contrast in the sample as the lipid
exchange between vesicles. (C) Monitor normalized neutron count rates as a function of
exchange process time for the first 100 s of the experiment at (blue) 20 °C, (green) 30 °C, and
(red) 36 °C. The event mode data are processed into 1 s bins. Abbreviations: S1 = solvent 1; S2 =
solvent 2; t,ix = experiment time at which the sample solutions are mixed; tg = experiment t’

at which the sample cell is filled; ts, = experiment time at which the flow is stopped; tprocess =
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Figure 5: lllustration of catalyzed exchange of the outer layer of lipid vesicles and
corresponding changes in the scattered intensity (/) as a function of the scattering vector
(q) at various temperatures. Schematic showing lipid exchange between H-lipid and D-lipid
vesicles after (A) initial mixing at t = 0 and (B) exchange of the outer layer catalyzed by methyl-B-
cyclodextrin (mBCD). Reduced neutron scattering intensity as a function of scattering wave
vector g. Stopped-flow mixing experiments and VSANS measurements were repeated at (C) 36
°C, (D) 30 °C, and (E) 20 °C. The presented data were binned into 3 s intervals over the first 10
min after mixing at each specified temperature. Error bars are the propagated uncertainty fro~

the counting statistics and represent one standard deviation. Abbreviations: ke = rate consta.

View Video
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Figure 6: Normalized scattered intensity corresponding to the fraction of lipids

exchanged that can be modeled to extract rate constants for the kinetic processes of

interest. (A) Lipid exchange between the outer leaflet of the vesicles occurring at time scales
between 3 s and 600 s measured at (blue) 20 °C, (black) 30 °C, and (red) 36 °C. The inset in the

figure zooms in on the first 60 s of the kinetic process. Error bars are the propagated uncertainty

from the numerical integration of the scattering intensities and represent one standard

deviation. Abbreviations: R(t) = normalized scattered intensity; t,rocess = COrrected process tir
of interest. Please click here to view a larger version of this figure.
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where the time scales of interest are =1 s to 5 min. For time scales greater than 5 min, manually
mixing the samples and loading them into standard scattering cells may be easier and desirable,
especially for high-viscosity samples, gels, or pastes. Accessing time scales less than 1 s
requires a different mixing apparatus, lower total void volumes, and higher total flow rates to
lower the delay time. It is also important to note that studying kinetic processes on these short
time scales will likely require repeated sample injections to accumulate sufficient scattering
counting statistics on the millisecond time scale with TR-SANS. If total sample volumes are
limited, it may be desirable to use a higher flux technique, such as light scattering or X-ray
scattering, which requires fewer sample injections or less sample volume per injection,

assuming that sufficient scattering contrast exists with light or X-ray scattering.

This modular stopped-flow SANS approach creates several key advantages and disadvantages
compared to commercially available stopped-flow instruments that have been optimized for
neutron scattering experiments. Key advantages include (1) alternating TR-SANS measurements
between different sample cells during rinsing periods to maximize the use of neutron beam time,
(2) adapting the number of syringes, syringe volumes, and mixer types for ternary sample mixing
or other more complex sample mixing requirements, and (3) allowing for longer measurement
periods by isolating the sample cell and eliminating back diffusion at longer time scales (>10
min). Although not implemented here, the modularity of the mixing cell design also would allow

for simultaneous data collection with multiple measurement methods, such as combing SA.
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Collecting preliminary SANS data on the samples of interest prior to performing in situ mixing
experiments is important for collecting the best TR-SANS data, particularly in experiments
designed to monitor molecular exchange kinetics, such as the example presented here.
Determining accurate values of 1(0) and I(w) is critical for calculating accurate values of the
normalized intensity, R(t), that is modeled to extract the desired kinetic parameters. The value of
1(0) can be directly calculated from the measured scattering intensities of the separate H-vesicle
and D-vesicle stocks, and I(0) can be determined by preparing a separate vesicle sample
prepared from a 50/50 mixture of H-lipids/D-lipids. The scattering data from these control
samples can also be used to determine the optimal g-range and SANS instrument configuration
for the TR-SANS measurement to maximize the signal and verify the progression of exchange
kinetics during the TR-SANS experiments. If the measured intensity at the first time point after
mixing does not equal the calculated I(0), then faster mixing times may be needed to capture all
of the processes of interest. Once the measured intensity has reached I(«), the exchange
process is complete, and the cell can be emptied and cleaned in preparation for the next

injection.

To successfully mix liquid sample for TR-SANS, it is critical to ensure that all syringes, valves,
and tubing lines are primed and air-free, and that all the tubing connections are secure to preve~*

leakage. Failing to perform these critical steps correctly could result in inaccurate mixing
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le cell will decrease the measured SANS intensity because of reduced sample volume
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air bubbles in the sample cell, or sample back-diffusion.

Collecting a transmission measurement for each sample during a TR-SANS experiment is critical
for reducing the collected data to an absolute intensity. It is possible to simultaneously collect
scattering and transmission data on some SANS instruments, which simplifies the overall TR-
SANS data acquisition programming; however, this is not possible on all instruments, including
the VSANS instrument used in this protocol. Because the sample transmission and sample
scattering measurements required different instrument configurations, transmission
measurements were collected at the end of the scattering measurements (protocol step 7.2.4)
to ensure that scattering data were measured at the earliest time points after the sample was
injected into the cell. The transmission only depends on the total elemental composition, sample
path length, and the neutron wavelength. Therefore, the transmission should not change if the
total elemental composition remains constant throughout the time-resolved experiment. Large
differences in the transmission values between repeated runs of the same sample indicate a
problem from either inconsistent mixing sample volumes, incomplete filling of the sample cell,

air bubbles, or valve leakage and sample backflow during the experiment.

A unique advantage of TR-SANS is that the measured intensity is dependent on the scattering
vector (q) and can be used to probe spatial changes at the nanoscale. When combined with th~

stopped-flow mixing device, TR-SANS can probe these nanoscale changes on the second to
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ymer and protein aggregation upon excipient addition, nanoparticle growth and decay,
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kinetics of interest. For example, different volumes of a concentrated antimicrobial peptide
solution could be mixed with H-vesicle and D-vesicle solutions to study the effects of peptide
concentration on lipid exchange kinetics*>#%. Additionally, because all sealed fluid paths are
encased in a temperature-controlled enclosure, which includes the sample syringes, valves,
mixers, and tubing, the temperature of the system can be changed to extract the thermodynamic

parameters related to the kinetic processes of interest.
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valves
High-pressure switch valves

High-pressure syringes

Low-pressure flow selector
valves

neMESYS high-pressure
syringe pumps

neMESYS mid-pressure
syringe pumps

Power supply

Quartz flow-through sample
cell

Quartz windows

Stainless steel 10-32 coned
compression fittings

Stainless steel tubing

Syringe pump control software

Thermoelectric air conditioner

T-slot railing

Vapor locking bottle caps

References
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Vici Valco

Cetoni

Vici Valco

Cetoni

Cetoni

Cetoni

Starna Scientific
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Products
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Science

IDEX Health &
Science

Cetoni

EIC Solutions

McMaster-Carr

Cole-Parmer

1507L
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0.15 mL dead volume (larger dead volume available)

PFA Tubing Natural 1/16 inch OD x 0.040 inch ID x 50 ft

Faculty Resource Center

C82X-
1574EUHB

A2019000358

C25-3180EUHB

A3921000103

A3921000131

A3921000127

3-2.30-Q-1/TC

NA

U-321X, U-320X

U-102

T6000000004

AAC-140C-4XT-
HC

470657103

EW-12018-02

10-32 coned threaded ports, USB universal actuator

Vici 4 port switch valves, 15000 psi max, 0.25 mm bore, 1/16 inch OD tubing, 10-32
coned threaded ports, USB universal actuator

3 mL stainless steel syringe, 510 bar max, 21 mL/min flow rate max

Vici 10 position selector valves, max 250 psi liquid, 0.75 mm bore, 1/16 inch OD
tubing, 1/4-28 threaded ports, USB universal actuator

Max force 2600 N

Max force 1000 N

Base 600, supplies power for up to 4 high pressure pumps

Quartz micro flow cells, 2 mm path length (1 mm available), 2 mm by 2 mm by 30 mm
internal dimension

GE 124 Clear fused quartz ground and polished plates, 11.75 inch by 23.75 inch by
0.375 inch thick

316 stainless steel ferrule (U-321X) and nut (U-320X) -Valco type, 10-32 coned, for
1/16 inch OD stainless steel tubing

Stainless Steel Tubing 1/16 inch OD x 0.020 inch ID, 10 cm, various precut lengths
available

QmixElements software for nemesys pumps, QmixSDK software development kit

Thermoelectric air conditioner mounted on insulated enclosure to control the pump,
valve, mixer, and sample temperature

Aluminum t-slotted railing (1.5 inch by 1.5 inch) cut to various lengths

Four 304 SS port inserts, 1/4"-28 threads, GL45 bottle cap size, PTFE body, SS
threads, PP collar
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