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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

Thle procedures used to develop this document and those intended for its further maintenance are
degcribed in the ISO/IEC Directives, Part 1. In particular the different approval criterianeeded for the
diffferent types of ISO documents should be noted. This document was drafted in accordancg with the
edjtorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the[subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.|Details of
any patent rights identified during the development of the document wilk’be'in the Introduction and/or
onfthe ISO list of patent declarations received (see www.iso.org/patents);

Anly trade name used in this document is information given for the convenience of users angl does not
copstitute an endorsement.

Fol an explanation on the voluntary nature of standards, the meaning of ISO specific erms and
expressions related to conformity assessment, as well:as information about ISO's adherefce to the
Woagrld Trade Organization (WTO) principles in the Techirical Barriers to Trade (TBT) see the| following
URL: www.iso.org/iso/foreword.html.

Thijis document was prepared by Technical Committee [SO/TC 229, Nanotechnologies.
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Introduction

The capacity to isolate and analyse diverse populations of nano-objects and their agglomerates or
aggregates, often suspended in, or extracted from, complex matrices, is critical for applications ranging
from materials discovery and nanomanufacturing to regulatory oversight and environmental risk
assessment. Furthermore, the ability to characterize these analytes with minimal perturbation of
their natural or native state is highly desirable. The list of available techniques capable of achieving
such objectives is relatively short, and while all techniques have advantages and disadvantages, and no
single technique is solely adequate or appropriate for all possible applications and materials, a group
Ofrelate C ton e tertres OW coHectively—as—field oW aettorratio 5 concep l]y
proposed |by J. Calvin Giddings in 1966[1], offers many advantages for nanotechnology applicatigns) In
FFF, the analyte, suspended in a liquid medium, is fractionated by the application of a field (&.g. flpw,
centrifugdl, electric, thermal-gradient, magnetic) perpendicular to the direction of flow of-the“analyte
e phase eluting through a thin defined channel. Separation occurs when the analyté responds

FFF and gbbreviated as SAFFF), are available commercially and have begen most widely adopted| in
the nanotlechnology field (for convenience and simplicity, the abbréyiations AF4 and CF3 are uged
throughouit this document). AF4 is arguably the most versatile technigue with respect to the wide range
of applications, materials and particle sizes to which it has beeniapplied. Symmetrical flow FFF (fFHF),
the originpl “flow-based” technique as first described in 19762l has been supplanted commercially|by
AF4, intrdduced in 1987(3], due to several advantages, incliding a simpler channel design, the ability
to visualize the sample through a transparent top channél'wall, and reduced analyte band width. The
theory and application of CF3 as it is presently applied'was described by Giddings and coworkery in
1974[4], although a centrifugal field-based FFF system:was first developed and tested independently|by
Berg and Purcell in 1967(5]. Other FFF field variaunts, such as thermal, electrical and magnetic, provjde
unique capabilities, but have been limited in the scope of their applications vis-a-vis nanotechnology| or
commercial availability.

Where FHF was once predominantly theé domain of specialists, these instruments are now commonly
and increpsingly utilized in governient, industry and academic laboratories as part of the nano-
character]zation toolbox. Two factors are driving this increase in nanotechnology utilizatipn:
maturatign of commercial instrumentation and versatility with respect to coupling a wide range
of detectqrs to FFF systems,-In the latter case, recent developments have led to the use of highly
sensitive plemental detectors (e.g. inductively coupled plasma mass spectrometer or ICP-MS), whjch
offer enhpnced charactepization and quantification for many materials. Additionally, traditiopal
concentraftion or sizing detectors, such as ultraviolet-visible (UV-Vis) absorbance, fluorescerice,
multi-ang]e light scattering (MALS) and dynamic light scattering (DLS), yield online data for elutjng
populations, and-theoretically provide more accurate information than obtainable using off-ljne
measurements ‘0f unfractionated polydisperse systems. The measured retention time of an elutjng
peak can alsgbe used to determine the hydrodynamic size by AF4 based on theoretical relationshipg or
calibration with a known size standard. CF3 has the unique capacity to rapidly separate species of the
same size but differing in density.

Although FFF based techniques have the capacity to separate and characterize analytes over an
extremely broad size range, from about 1 nm up to tens of micrometers, this document focuses primarily
on materials in the nanoscale regime and their associative structures. The basic underlying principles,
experimental approach, and hardware described here can be more broadly applied.

While this specification includes the most common online detection schemes for nano-object analysis,
other less common forms of detection have been utilized or reported in the literature, including
differential refractometry (primarily used for macromolecular analysis), particle tracking analysis,
graphite furnace atomic absorption spectrometry, single particle ICP-MS, and small-angle X-ray
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scattering. This number is likely to grow in the future, as new techniques emerge and existing ones are
modified and evaluated for coupling to FFF.

In order to develop and validate methods for application of FFF to the analysis of nano-objects and
their agglomerates or aggregates, and to properly report experimental results and conditions in order
to enable reproducibility across laboratories, it is critical to specify key parameters to be controlled
and reported. These parameters encompass all aspects of FFF methodology, including sample/analyte,
instrumentation, fractionation, calibration, qualification, performance specifications, measurement
uncertainty, and data analysis. This document identifies the key parameters and lays out a general
approach to method development for AF4 and CF3.

Geheral references and further reading on FFF theory and practise, as well as AF4 and CF3@gplications
to hanotechnology, can be found in the Bibliography(6]-[18].
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TECHNICAL SPECIFICATION ISO/TS 21362

:2018(E)

Nanotechnologies — Analysis of nano-objects using
asymmetrical-flow and centrifugal field-flow fractionation

Cessary to develop and validate methods for the application of asymmetrical-flow and(g
d-flow fractionation to the analysis of nano-objects and their aggregates and agglomerates
hqueous media. In addition to constituent fractionation, analysis can include sizg,-size dis

coxcentration and material identification using one or more suitable detectors. Geheral guid

cedures are provided for application, and minimal reporting requirements necessary to reg
thod and to convey critical aspects are specified.

Normative references

co
un

Thf following documents are referred to in the text in such a way that some or all of the
s

1t system,
entrifugal
dispersed
tribution,
elines and
produce a

ir content

titutes requirements of this document. For dated references, only the edition cited applies. For

dated references, the latest edition of the referenced document (including any amendment

ISQ/TS 80004-1, Nanotechnologies — Vocabulary — Part 1+ Core terms

ISQ/TS 80004-2, Nanotechnologies — Vocabulary —/art 2: Nano-objects

ISQ/TS 80004-6, Nanotechnologies — Vocabulary:=— Part 6: Nano-object characterization

3 | Terms and definitions

For the purposes of this document,the terms and definitions given in ISO/TS 80004-1, ISO/T§
ISQ/TS 80004-6 and the following, apply.

IS and IEC maintain termjinological databases for use in standardization at the following ad
— | IEC Electropedia: agailable at http://www.electropedia.org/

—| ISO Online browsing platform: available at https://www.iso.org/obp

3.1

napno-object

did
ap

crete piece of material with one, two or three external dimensions in the nanosd
broxindately 1 nm to 100 nm)

5) applies.

80004-2,

resses:

ale (from

No

b T 4+0 antryg. O
cC—TO—CCtrer y - o

[SOURCE: ISO/TS 80004-2:2015, 2.2, modified — In the definition, “(from approximately 1 nm to 100
nm)” has been added. Note 1 to entry has been changed.]

3.2
nanoparticle
nano-object with all external dimensions in the nanoscale where the lengths of the longest and the

shortest axes of the nano-object do not differ significantly

Note 1 to entry: If the dimensions differ significantly (typically by more than 3 times), terms such as nanofibre or

nanoplate may be preferred to the term nanoparticle.

[SOURCE: ISO/TS 80004-2:2015, 4.4]
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3.3

field-flow fractionation

FFF

separation technique where a field is applied to a liquid suspension passing along a narrow channel in
order to induce separation of the particles present in the liquid, dependent on their differing mobility
under the force exerted by the field

Note 1 to entry: The field can be, for example, gravitational, centrifugal, a liquid flow, electrical or magnetic.

Note 2 to entry: Using a suitable detector after or during separation allows determination of the size and size
distribution of nano-objects

[SOURCE:[[SO/TS 80004-6:2013, 4.4, modified — The term “field flow” has been changed to “field/flo}”.]

ical-flow field-flow fractionation
technique that uses a cross flow field applied perpendicular to the channellow to achi¢ve
based on analyte diffusion coefficient or size

Note 1 to
flow is zer

try: Cross flow occurs by means of a semipermeable (accumulation) wall in\the channel, while crpss
at an opposing nonpermeable (depletion) wall.

Note 2 to gntry: By comparison, in symmetrical flow, the cross flow enters throuigh a permeable wall (frit) and
exits through an opposing semipermeable wall and is generated separately ffom the channel flow.

Note 3 to |entry: Nano-objects generally fractionate by the “normal”“thode, where diffusion dominates dnd
the smallept species elute first. In the micrometre size range, the “steric-hyperlayer” mode of fractionation is
generally dominant, with the largest species eluting first. The transition from normal to steric-hyperlayer m¢de
can be affgcted by material properties or measurement parameters, and therefore is not definitively identified;
however, the transition can be defined explicitly for a given-'experimental set of conditions; typically, fhe
transition pccurs over a particle size range from about 0,5 pm'to 2 um.

Note 4 to gntry: Including both normal and steric-hyperlayer modes, the technique has the capacity to separjate
particles ranging in size from approximately 1 nm toabout 50 pm.

1 field-flow fractionation
separatiof technique that uses a centrifugal field applied perpendicular to a circular channel that spjns
around itg axis to achieve size sepatation of particles from roughly 10 nm to roughly 50 pm.

Note 1 to eptry: Separation is governed by a combination of size and effective particle density.
Note 2 to eptry: Applicable size range is dependent on and limited by the effective particle density.

3.6

channel
<field-floy fractiohdtion> thin ribbon-like chamber with a parabolic flow profile required for separatjon
under thelinfluence of a field applied perpendicular to the channel flow

Not 1 to e~ Chaonnalthiclrnnce capm oy o d e dafinad by o cnacneincned
ote 1 to ektry+Channelthicknesseanvaryandisdefined byaspacerinsert

Note 2 to entry: In asymmetrical-flow field-flow fractionation, a trapezoidal channel is commonly used, typically
with a maximum breadth of ca. 20 mm to 25 mm and length of ca. 100 mm to 300 mm.

Note 3 to entry: In asymmetrical-flow, one channel surface (depletion wall) is solid (impermeable) and the
opposing surface (accumulation wall) consists of a semipermeable membrane on a porous frit.

Note 4 to entry: In centrifugal flow field-flow fractionation, both the inner and outer walls of the circular channel

are solid (non-porous) and the channel is curved. A trapezoidal channel is commonly used, typically with a
breadth of 10 mm to 20 mm and length of 300 mm to 550 mm.
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3.7

spacer

<field-flow fractionation> thin plastic film with a cut-out that defines the thickness and lateral
dimensions of the channel

Note 1 to entry: Trapezoidal or rectangular cut-outs are most commonly used in asymmetrical-flow field-flow
fractionation.

Note 2 to entry: Typical spacer thickness used for separation of nano-objects ranges from 190 pm to 500 um.

3.8
channel thickness
<field flow fractionation> nominal thickness as defined by the spacer

3.9
effective channel thickness
<field-flow fractionation> thickness due to compressibility or swelling of the serhipermeable tnembrane
at the accumulation wall, the effective value of which can differ from the.nominal value fpr a given
spacer and is determined using a well-defined analyte of known diffusivit{; under the test conditions

Note 1 to entry: The measured effective channel thickness depends on other/factors, such as interactions between
thg analyte and the membrane and variability in spacer manufacturing.

3.10

accumulation wall
surface of a field-flow fractionation channel toward which.sample components are forced by the applied
field acting perpendicular to the channel flow

Nofe 1 to entry: In asymmetrical-flow field-flow fractiohation, the accumulation wall is flat and cqnsists of a
serhipermeable membrane on a porous frit substrate.

Nofe 2 to entry: In centrifugal field-flow fractionation, the accumulation wall is impermeable and cuyved, and is
locpted farther from the axis of rotation relative to the depletion wall. In the rare case that the particles have a
lower density than the aqueous medium, the depletion and accumulation walls are reversed.

3.11

depletion wall
sufface of a field-flow fractionation channel opposite the accumulation wall, which is depleted in
anplyte due to the movement-of analyte toward the accumulation wall in the applied field

Note 1 to entry: In asymmetrical-flow field-flow fractionation, the depletion wall is flat and impermegble.

Note 2 to entry: In eentrifugal field-flow fractionation, the depletion wall is impermeable and curved, and located
cloper to the axis’of\rotation relative to the accumulation wall. When the effective particle density is[lower than
thg density of the'medium, the depletion and accumulation walls are reversed.

3.12

carrier liquid

elyént

mobile phase

liquid phase used to achieve separation and transport of analytes

Note 1 to entry: The eluent or mobile phase may contain salts, surfactants, and/or other chemical constituents
that are required for optimized separation and recovery of an analyte.

Note 2 to entry: In this document, only aqueous phases are relevant, but organic solvents can also be used if
equipment and channel are compatible.

3.13

elution

<field-flow fractionation> process by which analytes in the mobile phase, or eluent, are transported
through, and exit from, the fractionation channel

© ISO 2018 - All rights reserved 3
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3.14

focusing

<asymmetrical-flow field-flow fractionation> process by which, during and after sample injection a
counter-balanced flow entering from opposite ends of the channel (inlet and outlet) is applied to focus
the sample components into a thin band close to the inlet port and near the accumulation wall

Note 1 to entry: This step is necessary to minimize band broadening and to allow components to achieve an
equilibrium localization (relaxation) within the channel.

Note 2 to entry: During focusing outward flow occurs only through the permeable membrane at the
accumulation wall.

3.15
relaxatiop
<field-floy fractionation> process by which the sample components assume their equilibrium sthte
with respgct to the opposing forces of diffusion and the applied field before elution is initiated

Note 1 to pntry: In flow field-flow fractionation there are two means to achieve relaxation normal focusfing
relaxation pnd frit inlet or hydrodynamic relaxation.

Note 2 to eptry: In centrifugal field-flow fractionation, stop-flow is used to achieve relaxation.

3.16
injection|flow
<field-floyv fractionation> flow that drives the sample out ofithe injection loop and into the
fractionaflion channel

Note 1 to eptry: Depending on instrument design, injection can occurwia a separate injection port or through the
channel inlet port.

3.17
cross flow
<flow field-flow fractionation> flow field applied perpendicular to the channel flow to achig¢ve
separatiop of analytes

Note 1 to gntry: In asymmetrical-flow field-flow fractionation, cross flow is created by the pressure differential
across a pgrmeable membrane at the accumulation wall, which results in a downward force that decreases with
increasing|distance from the accumulationiwall.

Note 2 to gntry: Cross flow is generated by using a flow controller combined with a single pump or by use ¢f a
second dedicated pump.

3.18
channel inlet flow
<field-floy fractionatien> eluent that enters the channel at the front end (upstream)

Note 1 to eptry: ifasymmetrical-flow field-flow fractionation, inlet flow is split between cross flow and chaninel
flow during elution.

3.19
channel flow
<field-flow fractionation> eluent flow through the channel

Note 1 to entry: Channel flow is generally equivalent to the flow exiting the channel and entering the detectors
under typical experimental conditions, but can differ if flow exiting the channel is split.

Note 2 to entry: In asymmetrical-flow field-flow fractionation, fluid loss through the permeable accumulation

wall leads to a linearly decreasing channel-flow velocity. This gradient can be compensated using a trapezoidal
channel design with decreasing channel breadth toward the outlet.
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3.20

void volume

<field flow fractionation> fluid volume defined by the channel dimensions plus the volume between the
channel exit and the first detector

3.21

void peak

<field-flow fractionation> a peak appearing in the fractogram that corresponds to unretained, typically
small sample components that are not in equilibrium with the separation field

Notelto entry: The void ppalr travels atthe average carrier vn]nrify and elutes before retained components.

Nofe 2 to entry: In this context, unretained means components that are not separated by the field and elute with
thg void peak. Unretained has a different meaning in traditional enthalpic-based chromatographic separations.

3.22
vojd time
time between initiation of elution and detection of the void peak defined at its maximum signal intensity

3.23

retention time
time between initiation of elution and detection of an analyte peak defined at its maximum signal
intlensity

Note 1 to entry: For a Gaussian peak, the maximum and peak centre.are equivalent.

3.24

refention parameter
<field flow fractionation> dimensionless parametértequal to the ratio of the analyte zone |[centre-of-
mdss distance (from the accumulation wall) to the channel thickness

Note 1 to entry: A measure of the strength of interaction between the applied field and the analyte.

3.25

refention ratio
<field flow fractionation> ratio of‘the mean velocity of the analyte zone to the mean velo¢ity of the
mqbile phase in the channel dufing elution

Nofe 1 to entry: This can be(calculated theoretically or determined empirically from the ratio of thg retention
times associated with theveid and analyte peaks, and is directly related to the retention parameter.

3.26

selectivity
1d-flow fraétionation> measure of the ability of a method to separate analytes of different diffusion
cogfficient ,or ‘size; empirically, the slope of a double logarithmic plot of diffusion coeffici¢nt versus
reflentionsratio for analytes of known size, where a high value reflects a large change in retention time

Note¥to entrv: In centrifuaal field-flov ionation selectivity i o-dependent on effective 1

¢ g d actiona S d 0 iss, but the
empirical relationship is defined in the same manner as asymmetrical-flow field-flow fractionation.

3.27

resolution factor

fractionation power

ratio of the difference in retention time to the average of the peak widths measured as the full width at
half maximum for two adjacent eluting analytes

Note 1 to entry: Measure of the degree of separation between neighbouring or overlapping peaks.

3.28
band broadening
overall dispersion or widening of an analyte band as the analyte passes through a separation system

© IS0 2018 - All rights reserved 5
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3.29
zone broadening
<field-flow fractionation> broadening of the width of the sample zone during separation in the channel

3.30

normal mode (of elution)

Brownian mode

<field-flow fractionation> mode of elution in which diffusion is the dominant opposing force to the
applied orthogonal force (e.g., cross flow or centrifugal), resulting in relatively faster migration of
smaller particles through the channel due to their higher location within the parabolic flow profile and

l : 1 1l ya-a. | 1 A 1 'l 1 Faa. |
an elutior STUUTIICT WITCTT SITAlITT pParl tITITS CIute DCIoT T Iar geT par tIcics

Note 1 to eptry: All nanoparticles are subject to normal or Brownian mode elution, which is dominant forpartjcle
diameters [smaller than approximately 0,5 um; nano-objects with at least one dimension greater than 0,5 pm
might be sfibject to steric-hyperlayer mode elution. The upper limit for normal mode elution is net wéll defined
and dependls on both material and measurement factors.

Note 2 to gntry: For centrifugal field-flow fractionation, the stated elution sequence assumes“all particles have
the same density; for particles that differ in both size and density, it is possible for the eldtion sequence to| be
reversed.

3.31
steric-lif hyperlayer mode (of elution)
<field-floy fractionation> elution in which diffusion forces are negligible, and motion of particles que
to the applied orthogonal force (e.g., cross flow or centrifugal) is€ssentially impeded by resistancg of
the accunfulation wall itself, resulting in an elution sequence thatis reversed compared to normal magde

Note 1 to entry: Steric effects occur when larger particles form lagers at the accumulation wall that, on averdge,
project higher into the parabolic flow profile of the channel. Asca result, larger particles will migrate faster than
smaller particles. Hyperlayer or lift-hyperlayer occurs when the particles form thin layers above (extended frgm)
the accumtilation wall due to hydrodynamic effects, with larger particles more elevated than smaller partigles
resulting in their faster migration. Because steric and lift-hyperlayer are closely related, forming a continujim,
and produge similar elution behaviour, they are commonly merged together.

Note 2 to gntry: The lower limit for steric-hyperlayer mode elution is not well defined and can depend on bpth
material apd measurement factors such as the/channel thickness and flow rate or the applied field strength.
Generally, particles with an effective diameter greater than about 1 pm are subject to steric-hyperlayer elution,
but the ongdet of steric-hyperlayer effects.€an occur over a range from about 0,5 pm to about 2 pm. The transitjion
can be det¢rmined experimentally for a-given set of conditions.

3.32
fractogram
<field-floy fractionation>two-dimensional graphic representation of data derived from an experimgnt,
typically yith one or more detector signals on the ordinate and retention time on the abscissa

Note 1 to eptry: This\is analogous to a chromatogram in traditional chromatography.

3.33
recovery
<field flow fractionation> ratio of the mass eluted during fractionation to the initial injected mass
expressed as a percentage

Note 1 to entry: Determined experimentally using an appropriate mass sensitive detector, either off-line (directly
measured in sample before injection and after collection of eluting peak) or online (by comparison of peak areas
obtained with and without application of the force field).

Note 2 to entry: Recovery can be estimated based on the signal from non-mass-sensitive detectors, such as light

scattering, subject to the influence of changes in detector response due to changes in the size distribution or
other experimental conditions.

6 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=3ce82585b4b9104fc1bf0d8b5ecfca40

ISO/TS 21362:2018(E)

4 Symbols and abbreviated terms

AF4 asymmetrical-flow field-flow fractionation

CF3 centrifugal field-flow fractionation

CTA cellulose triacetate

CTAB cetyltrimethylammonium bromide, (C1H33)N(CH3)3Br
DADB ttode-array-detector

DLS dynamic light scattering

HH5 hollow fibre flow field-flow fractionation

FFF field-flow fractionation

F4 flow field-flow fractionation

FWHM full width at half maximum

ICR-MS inductively coupled plasma mass spectrometry

OHS optical emission spectroscopy

MALS multi-angle light scattering (static light scattering)
MYCO molecular weight cut-off

NIR near infrared

PES polyethersulfone

PSL polystyrene latex

PTA particle tracking‘analysis

RC regenerated cellulose

SDF sodiumidodecyl sulfate, CH3(CH2)11S04Na

SPp sodium pyrophosphate

sp single particle (inductively coupled mass spectrometry)
SPR surface plasmon resonance

UW-Vis nltraviolet-visible (wavelength range)

A retention parameter

R retention ratio

to void time

tr retention time (of analyte peak)

Atr retention time difference for two eluting peaks, centre-to-centre
tp injection delay time
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Wavg

Weff

Rs
R (%)
As
Ap

41

du
dy
RPS

RPSy

average width of two adjacent eluting peaks, typically defined as the full width at half maximum
channel thickness (nominal, as defined by a spacer in AF4)

effective channel thickness (as determined empirically in AF4)

centre of gravity distance from accumulation wall

translational diffusion coefficient

votunmetriccross How rate AT+
volumetric channel inlet flow rate
volumetric channel outlet flow rate

volumetric injection flow rate

migration velocity of the analyte zone in the channel

average longitudinal carrier (mobile phase) velocity in the‘channel
void volume

volume between the injection valve and the channel injection port
sample loop volume

selectivity

resolution factor

recovery

peak area of eluted sample

peak area of samplé injected directly into detector or eluted without cross-flow

time over which I/"C or centrifugal field is held constant during an elution programme
radius ef gyration or root mean square radius
hydfrodynamic diameter (sphere-equivalent)

volume-based equivalent spherical diameter

rotational speed in revolutions per second
rotational speed in revolutions per second at the beginning of the decay period

centripedal acceleration (also referred to as centrifugal field strength)

5 Principles of operation

5.1 Field-flow fractionation (General)

Field-flow fractionation is a flow-based separation methodology. Typical FFF operation predicates
the release of a narrow sample band into a flowing mobile phase contained within a thin well-defined

8
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channel. By comparison, traditional liquid chromatography utilizes a packed column containing a
solid stationary phase that interacts with the analyte to achieve separation. In FFF, the mobile phase
and analyte flow longitudinally through the channel. The channel is designed to separate the sample
components along its length, resulting in the elution of constituents at different times. The channel
and its large aspect ratio is designed to promote parabolic or near-parabolic laminar flow between
two infinite planes under normal operational conditions. Though generally ignored, viscous drag
at the edges of the channel can be accounted for using a correction factor[19l. Under parabolic flow,
longitudinal fluid velocity at the walls of the channel approaches zero, due to frictional drag, and

increases with distance from the walls. Maximum velocity occurs at the channel centre.
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Figure 1 — Se¢hematic illustration of field-flow fractionation, showing channel flow velocity
pfile, applied field, diffusive motion, size separation, centre of gravity distance (I3, I2) for each
population (in normal mode elution) and direction of channel flow in and out to detector

-

p

Frictionation is achieved during passage through the channel based on the velocity flow préfile, after
which the mobile phase containing separated constituents exits to online detectors and/or a fraction
collector for off-line analysis. Common detectors used for analysis of nano-objects and their aggregates
or agglomerates (NOAA) include ultraviolet-visible (UV-Vis) absorbance, fluorescence, multi-angle
light scattering (MALS), dynamic light scattering (DLS) and element detectors such as the inductively
coupled plasma mass spectrometer (ICP-MS). Other detectors are used more commonly for polymer
or macromolecular analytes (e.g. viscometer, differential refractometer) or less commonly for NOAAs
(refer to Clause 8 for more detail).

Band broadening results from analyte zone broadening during sample migration in the FFF channel
and from experimental (also called secondary) band broadening. Zone broadening is described by
FFF theory and is a function of channel height, diffusion coefficient, retention parameter and channel
flowl[21][22]. Zone broadening can be calculated for a given diffusion coefficient and known flow rates.
Secondary band broadening is due to dead volume and mixing effects in the fluid path of the analyte
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zone exiting the FFF channel and passing through the detector chain. Secondary band broadening can
be determined only experimentally, and care should be taken to minimize it by minimizing the volume
in the fluid path downstream of the separation channel and between detectors.

5.2 Specific applications by applied field

5.2.1 Flow field

Flow field-flow fractionation (F4) is an elution technique whereby constituents are separated by flow
control in_a fluid medinm. In F4 the separation force is generated hy a cross flow field that is acting
perpendidular to the channel flow. The cross flow in F4 is generated by a second pump or flow contrpl|er.
In symmgdtrical F4, the cross flow enters the channel via a porous frit at the depletion wall and eXits
the chanrlel via a semipermeable membrane on a porous frit the opposing accumulation.‘wall. The
membrang permeability is chosen such that it allows the mobile phase to pass through, while retainjng
the analyte. The sample fractions elute from the channel and enter the detectors by the'main chanpel
flow. In F4, the retention time, tg, of constituents can be predicted by a modified version of the Giddings
formula [43]:

2
o J”Z"%‘% ()

where

kT is the thermal energy (Boltzmann’s constant x absolute temperature);

n is the dynamic (or absolute) viscosity of the carrier liquid;

dy is the sphere-equivalent hydrodynamic diameter;

w is the channel thickness;

174 is the volumetric flow rate through the channel (outlet flow);

14 is the volumetric cross flow rate.

C

Thus, whén the cross flow and channel flow rates are held constant in the F4 system, the retentjon
time is prjoportional to the sphere-equivalent hydrodynamic diameter of the separated constituents
or inversely proportional“te’ their diffusion coefficient, D, via the Stokes-Einstein relationship
(D = kT/31ndn).

Whereas the analytezone centre-of-mass distance from the accumulation wall, I, determines the rate
at which the constituent population elutes in the parabolic flow profile, it can be expressed in a npn-

dimensional formras the retention parameter, A = [/w, a measure of the strength of interaction betwgen
the applie'F field and the analyte. For flow FFF, the retention parameter can be expressed as Formurae
[2] and [3L:
VoD
A=— (2)
V.w

where V :tol/" is the void volume and ¢y is the void time associated with the void peak that comprises

unretained constituents and elutes before all retained or fractionated species. The retention parameter
is related to a key empirically determined value known as the retention ratio, R = to/tgr. R is defined

explicitly as Formula [3]:
v

(v)

R= (3)
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where

v

{v)

For R < <1, the following expression is valid:

is the migration velocity of the analyte zone through the channel;

is the average channel (longitudinal) velocity of the mobile phase.

R=6A

:2018(E)

(4)

Formula (4) is accurate to within 5 % when A < 0,02[11]. Additionally, when R is in the rangé0
approximation for A in Formula (2) can be applied to account for particle shapel24]:

72
D_VCW

= R
AV,

wh

regpectively.

As

indtrumentation. In AF4, the cross flow is generated by a second.pump or a flow controller,

fluid is passed through the semipermeable membrane at thé& accumulation wall due to 4

dif]
no
an
ely

ferential across the membrane surface; in this case,{the opposing depletion wall is
hpermeable (though typically transparent). Accountingfor this asymmetry, the relationshi

tion under constant cross flow is described byI[3];

|

this case, tg = C x dy, where C is a-constant for the experimental conditions used and t

W2

tph =——1In
R™%6D

1+V—.C]
%

In
an
dif
for
calibration. The accuracy ofithe estimate will also depend on how closely the calibrant’s ph

cheémical properties match-those of the analyte.

fusion coefficient), the hydrodynamic size can be directly estimated from measured rete

5.2.2 Centrifugalfield

centrifugal field-flow fractionation (CF3), the separation force is established by a centri

the axial channel flow. This force causes the constituents to migrate toward the accumul
pically the outer wall, unless the particle density is lower than the medium). In CF3 s
effective density of the particle and the density of the fluid. As a result, larger and denser co
are retained more strongly relative to smaller less dense species, and therefore elute more sl
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ymmetrical-flow field-flow fractionation (AF4) has replaced, symmetrical flow in cc
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hlyte present. By calibrating retention time using spherical particles of known size

the unknown sample. The #elationship in Formula (6) holds true for the linear range defii

blied perpendicular to the main channel flow (see Figure 2). The centrifugal field is gen
nning.a‘circular channel, which creates a centrifugal force across the channel and pery

03 to 0,17,
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the channel. This means for constituents with a uniform density, separation in a CF3 is accomplished

based on the species size; smaller size components elute before larger ones. According to t

heory, the

retention time for nano-objects in CF3 can be predicted according to the following Formulal4l:

T Ap wGd3V,
tp=———20 (7)
36kTV
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where
Ap is the density difference between analyte and eluent;
dy is the volume-based equivalent spherical diameter;
v is the volumetric channel flow rate;
Vo is the void volume;
G 1S the radial acceleration dUe to centrifugation [see Formula [10]]; and other parameters

are identical to Formula (1).

Due to tHe combined effects of size and density, separation of constituents with similar \size but
different ¢lensities are possible. Similarly, a significant increase in peak-to-peak resolution'is possiple
using CF3|compared with AF4, though the range of analyte size and type is more limited {e.g. materials
with densjity sufficiently different from the suspending media).

The measyirement capabilities of CF3 are based on a theoretical relationship betiween retention voluime,
V1, and particle size:

Vo Vo
Vr = = (8)
i coth(1/21)-21] 6)
For CF3, the retention parameter can be expressed as[21[3]:
A= _6kT _ (9)
nApGd,,
where otHer terms are defined as before and G is givenfby:
G=(2[txRPS)*r (10)

where

RPS | isthe angular speed expreéssed in revolutions per second; and
r is the radius of rotation of the circular channel.

Aswith AF4, the retention.parameter is a key empirically determined value related to the retention ratio,
and the same relationghip in Formula (3) applies. Evaluating retention times of retained constituents
provides 4 continuunvef quantitative values of dy, yielding a distribution of constituent sizes. Since the
larger retention_times increase resolution, while lower retention times decrease resolution, the RPS
should bejadjusted appropriately.

CF3 requifre$’a relaxation time as well as the focus and relaxation steps of AF4. During the relaxatjon
time, a stop flow procedure is necessary so that each sample component forms a steady-state
distribution near the accumulation wall. The centrifugal field causes constituents to migrate toward
the accumulation wall and this migration is opposed by dispersive flux according to the Stokes-Einstein
relationship. At steady-state, diffusion of constituents and centrifugal effects are balanced. The
achievement of steady-state from initial distributions across the channel thickness is termed relaxation
in CF3. The theoretical relaxation time is predicted by:

_ 18nw

t. =
ApGd 12{

eq

(11)

where the parameters are defined as beforel25].
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According to Formula (11), relaxation time is also related to the difference in density between the
constituents and the carrier liquid. The effect of this is that a long relaxation time is, in principle,
necessary to obtain appropriate relaxation for small constituents with a low density difference relative
to the liquid medium.

a

a | Flowin
b | Spin
c Flow out

Figure 2 — Schematic of CF3, showing separation field and size fractionation

6 | Method development for AF4

6.1 General

applicationof AF4 to a specific sample is dependent on the sample properties, the instrumentation
utillized, and-the objective(s) of the measurement; method development and optimization ar¢ typically
requiredfex'éach sample type or set of conditions. Due to the complexity and material-dependent nature
of AF4; it’fs not possible to specify a single universal method that is applicable to all NOAA-qontaining
samples, experimental conditions and purposes. Occasionally, the objective is simply to fractjonate and
co i Toati fCationm; TTTe=tuTTi i quired or
necessary in this case. AF4 based methods are also used to screen unknown samples for quality, to
determine, for example, if a sample has changed over time or varies from batch to batch, or contains
components other than the primary analyte; in this case, a single method may be used repeatedly once
it has been validated for its purpose with respect to, for example, repeatability, intermediate precision
and sensitivity. In most cases the objective is to fractionate and characterize the NOAAs with respect to
size, shape, concentration, state of agglomeration, etc., often for samples that are unknown, modified,
or complex in nature. The guidelines in 6.2 to 6.4 are intended to summarize the principal components
of method development and to specify the parameters and conditions necessary to develop, optimize
and validate a method.
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6.2 Sample specifications

The following factors can significantly influence the quality of fractionation and the accuracy of results:
— concentration or quantity (mass) of injected analyte;

— surface charge;

— surface coating;

— core material;

— size apd shape.

Sufficient|material should be present to yield a reasonable detector signal-to-noise ratio (as specifjed
by the manufacturer), while avoiding sample overloading that can lead to abnormal (depressed|or
coeluting] retention behaviour and poor recovery. For spherical nano-objects, a range’from roughly
107 to 107! total injected particles is recommendedI[8], but validation of the sample quantity should|be
performedl as part of any optimization process and is channel dependent. The objéetive is to identify a
concentraftion range and injection volume that yields consistent retention and recovery results, where
consistent can be user-defined based on a valid statistical approach (e.g. 95-% confidence interyal,
within x-d where o is the standard deviation of the mean).

As a rule ¢f thumb, the analyte concentration should not exceed about 1 g/l; this value provides only a
“ball parl” upper limit to initiate the optimization process and acfual optimal concentrations can|be
far lower.|Sample volume is established by the sample loop used*on the injector; different size lo¢ps
(i.e. with different volumes) can be interchanged to control dnjection volume, or injection quantities
smaller than the loop volume can be injected manually or using an autosampler if the injected quantity
is known with reasonable accuracy. It might also be necessary to dilute the sample into a compatiple
medium that does not alter the analyte form or stability:Similarly, it might be necessary to concentrate
the analyte(s) prior to analysis (e.g. by stirred celludtrafiltration or centrifugation). One of the f:Fst

steps towards optimization should be the injection,of a range of analyte quantities to evaluate detecfor
response |and recovery/loss. This can be achieved with “default” conditions or using mid-range
typical seftings for flow rates and a simple mobile phase that is selected to be compatible with knojvn
properties of the analyte (see 6.3).

Surface dharge can substantially influence analyte-membrane interactions and affect retentlon
behavioul. Common commercially._dvailable membranes (polyethersulfone, regenerated cellulose)
carry a repidual negative surface eharge in aqueous media. Nano-objects with a positive surface charge
(based onf measurement of the.zeta potential, for example), will adhere to the membrane, resulting in
loss of anglyte. Conversely1tegatively charged analytes will exhibit repulsive interactions that incregse
recovery, but might alsodead'to inadequate retention and consequently poor fractionation if not properly
balanced.| The optimization and validation process should take these factors into consideratipn;
options include selecting an appropriate mobile phase composition (see 6.3), selecting an appropriate
membrang material’or modifying the membrane surface, and altering the flow conditions to obtain|an
acceptabl¢ balanee between recovery, retention and selectivity.

Coatings anthe surface of n;mn—nhjprfc migh'r influence interactions with the membrane and retentibn,
as they can impart a surface charge, decrease or increase membrane adhesion, or provide stability
toward agglomeration during injection, focusing and relaxation.

Additionally, the core material of the nano-object, its size and its shape all influence retention. Size
and shape separation are often primary objectives of AF4, whereas material-dependent retention
behaviour can be a benefit or a complication. Nano-objects generally elute at a retention time inversely
proportional to their diffusion coefficient, irrespective of their shape.

6.3 Mobile phase specifications

Mobile phase composition is a key variable in AF4, and should be chosen both to ensure compatibility
with the analyte and to optimize operational performance. The properties of the mobile phase

14 © ISO 2018 - All rights reserved


https://standardsiso.com/api/?name=3ce82585b4b9104fc1bf0d8b5ecfca40

ISO/TS 21362:2018(E)

(composition, ionic strength, and pH) should be specified as part of the optimization and validation
process.

Ideally, for nano-objects that carry a net electrostatic charge, the addition of a small quantity (e.g. 0,5
to 5 mmol/L level) of electrolyte to the mobile phase is recommended to modulate analyte-membrane
interactions. Inert electrolytes such as ammonium nitrate or sodium chloride are commonly used for
this purpose and typically yield similar results. Deionized water, without added electrolyte, has also
been used successfully for fractionation of some analytes. Sodium azide, a biocide, has also served a
dual purpose as an electrolyte and an antimicrobial agent in AF4 systems. However, use of azide might

present a hazard and a waste disposal issue that should be evaluated for long-term use.
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6.4 Fractionation

6.4.1 Channel and membrane selection

Channels currently used for AF4 are predominantly trapezoidal in shape, with the width narrowing
from the inlet to the exit (see Figure 3). Relative to a simple rectangular channel (constant breadth along
z-axis), this geometry compensates for the loss of channel flow velocity along the length of the channel
due to the asymmetric design and loss of flow through the membrane, it provides more consistent cross
flow along the length of the channel, it minimizes analyte dilution and it reduces band broadening due
to differential axial zone velocities in the parabolic streamlines[26].
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The dimensions of the trapezoidal channel are defined by the tip-to-tip length (L), thickness (w), inlet
channel breadth bg and outlet channel breadth by, as shown in Figure 3; b,is the breadth at the focusing
point along the z-axis of the channel.

J—
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z
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!
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Figure|3 — Depiction of a trapezoidal channel geometry. Adapted from Litzen and Wahlund
1991126]

Channel sglection (i.e. nominal thickness, breadth and the channel length, as definédyby a plastic spager
insert) is p necessary consideration in the optimization process when optimal 'selectivity is required.
For nano-pbjects with maximum dimensions in the nanosize range, a relativelylarge channel thickngss
(e.g. 350 ;km) works well under most experimental conditions. However, the-properties of the sample
itself might dictate a larger or, more likely, a smaller channel thickness. The following guidelines apply:

Increasing the channel thickness
— resulfs in greater dilution of sample, due to increased channel'volume;

— resulfs in greater broadening of analyte bands due to axial distribution across flow streamlines that
vary in velocity;

— yieldq better fractionation with higher resolutienor selectivity, because the laminar flow profile
is expganded over a greater distance; this allows analytes more time to separate into different sfize
popullations; and

— yieldq increasing retention times.

Decreasing the channel thickness

— yieldd narrower analyte bands with less broadening;
— resulfs in less dilution of-sample; and

— yieldq reduced fractionation quality and selectivity.

For examjple, all things being equal, increasing w positions the analyte at a lower point in the parabglic
velocity pfofile, thereby increasing residence time in the channel. This in turn influences fractionatipn,
recovery anderetention time. These are general guidelines. In practice, adjustment of flow conditigns
also influences fractionation quality and longitudinal band broadening, as does the properties of
analyte itSettf: - i i i i
acceptable performance criteria.

Channel length is typically in the range between about 100 mm and 300 mm. Shorter channels offer
faster elution with less dilution and band broadening, while longer channels might provide better
fractionation, particularly with polydisperse samples. Channels with a reduced length (e.g. 70 mm) are
now commercially available; these shorter channels significantly reduce sample dilution and analysis
time, while improving the limit of detection, but at the expense of resolving powerl[2€] (this compromise
may be appropriate in specific applications).

Membrane selection can influence fractionation quality and recovery. Membranes are commonly
classified based on a “molecular weight cut-off” (MWCO) value, with values ranging from 5 kDa to
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30 kDa for AF4 applications?). A lower MWCO value retains smaller analytes in the channel; higher
MWCO values allow larger species to permeate the membrane and produce less resistance to cross flow.
As the MWCO decreases, the channel pressure increases faster with flow rate. A MWCO value of 10 kDa
works for most nano-object applications, but the choice of pore size should always be validated for a
specific sample (e.g. by determining recovery). Regenerated cellulose (RC) and polyether sulfone (PES)
membranes are used for the vast majority of applications due to their availability as pre-cut inserts for
specific channel geometries from instrument vendors and the wide range of available MWCO values.
However, other membrane materials are available (e.g. polyvinylidene difluoride (PVDF), cellulose
triacetate (CTA), either pre-cut from instrument vendors or in sheets from other commercial sources.
Commercially sourced sheets should be carefully cut to size by the user to fit the specific channel
gepmetry, using a procedure provided by the instrument manufacturer if possible. The qudlity of the
mgmbrane is critical for good performance, and vendor supplied pre-cut membranes lare| generally
evaluated for quality. Both RC and PES are hydrophilic and exhibit low protein binding;-while PES has
relptively higher flow performance. Typically, RC and PES membranes carry a residual riegatiye surface
charge that should be considered with respect to the analyte during method dewelopment and mobile
phpse formulation.

An| alternative configuration or mode of operation involves the so-called,split flow or slot oytlet on an
otherwise typical trapezoidal channel. In this case, the fluid flow exiting-the channel is divided into two
stileams. An analyte-free stream exists near the depletion wall (located;at the top of the chan;tfl), and is
refnoved via an additional outlet port installed on the channel’s top. block near the main chanjnel outlet.
ultaneously, the analyte-containing flow stream located further from the depletion wall, exits the
Chis latter
aste. Split
centrated
hannel) to
loss. Care
pe, which

or glot operation can significantly improve the sensitivitjef detection by yielding a more cor
anplyte flow (less dilution). It can also be used in plate’of a standard flow splitter (post-c}
redluce the flow rate reaching the detector, if necessa¥y, without the disadvantage of sample
should be taken to avoid sample loss through the slot outlet, and distortion of the peak shd
coyild compromise resolution.

Hollow fibre flow FFF (HF5) is used primarily for the analysis of proteins and other biog
applications, where small sample quantity is a limiting factor. HF5 incorporates a cylindric
with a semipermeable hollow fibre shell and uses a radially applied cross flow. This has the |

analytical
hl channel
benefits of

uced channel volume (less sample dilution) and high cross flow density (fast separations).
hpted for collection and analysis of dissolved species by prudent selection of the membransg
1 collection of the filtraterdiiring focusing. HF5 therefore has the capacity to separate nano-objects
frdm dissolved species withyminimal sample dilution. For instance, its use has been demondtrated for
saples containing Ag iano-objects in equilibrium with a range of dissolved Ag species[2Z]. However, at
this time HF5 is not routinely used for nano-object analysis and is beyond the scope of this dqcument.

dth) have
use is not

[t is easily
pore size

Other channel geometries and designs (e.g. flat channel with exponentially decreasing w
been described'in the literature or are available for specific instrument platforms, but their
rofitine andis beyond the scope of this document.

6.4.2 Injection and relaxation

An AF4 analysis 1s initiated when the sample is injected into the channel. Depending on the channel
and instrument design, injection can occur through a separate injection port or via the main inlet port
at the front end of the channel. Initially, the sample analyte cloud is distributed across the depth of the
channel. Before fractionation can begin, a relaxation process is applied. This process occurs during the
focusing step, during which the analyte equilibrates in the mobile phase and is focused into a narrow
band near the accumulation wall of the channel. The duration of the focusing step depends on whether
injection and inlet flow occur through separate ports (requiring two relaxation steps) or through a
shared port (requiring a single relaxation step), and on the cross flow rate generated during focusing.

1) The term “molecular weight” is obsolete, but still widely used by industry to define membrane pore size. The
correct term, relative molecular mass, is dimensionless but given in units of Dalton (Da), which is the symbol for the
unified atomic mass unit numerically equivalent to 1 g/mol. The International Committee for Weights and Measures
(CIPM) has categorized Da as a non-SI unit accepted for use with the SI.
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A simple relationship can be used to estimate the minimum relaxation (focusing) time, 7, required in
minutes|[28]:

v,
7=1,2-2 (12)
14

C

During focusing, mobile phase flows from opposite ends of the channel and exits through the permeable
accumulation wall. The focusing point can be adjusted by balancing the opposing flow rates, and can
be visualized using a retained species that is coloured (e.g. blue dextran or gold nanoparticles). The
desired result of focusing/relaxation is a narrow symmetrical band containing the analyte(s) that is
equilibrated throughout the thickness of the channel.

Focusing ¢an cause agglomeration of the analyte and loss of sample due to membrane interactious, if the
loading isftoo high and there is insufficient repulsive force to sustain stability of the nano-objects in the
mobile phpse. In this case the analyst can consider lowering the sample quantity injected, modifying the
mobile phase in accordance with 6.2 (e.g. using surfactants) or modifying the sample prior to inject{on
(e.g. using a stabilizing surface coating). Another option is to use a frit-inlet channel, which reduces the
concentration stress on the samplel29]. In this case, hydrodynamic relaxation of theZsample is achieyed
by the compressive action of the stop-less frit flow and the need for focusing, is bypassed, thergby
mitigating undesired analyte interactions with the membrane. As a consequence of the stop-less ffit-
inlet flow,relaxational band broadening is increased relative to conventional AF4 with focusing[30].

6.4.3 Optimizing flow conditions

Once an ipitial mobile phase and analyte concentration (nano-object quantity) have been selected| or

determingd empirically, the channel flow rate V should be fixed within the range (0,5 to 1,0) ml/nfin.
Below 0,5 ml/min, very slow elution velocity can lead te:§ubstantial loss of analyte (poor recovery),

while abgve 1,0 ml/min the channel pressure increases rapidly such that a high V. is required|to

fractionate very small analytes, thereby limiting the available experimental range. A mid-range . shopild
then be sdlected to evaluate if fractionation and recovery are reasonable (constituents at least partiglly
resolved gnd R(%) = 70 %). Additionally, the abserice of unretained analytes (collocated within the vpid

peak) should be confirmed. Once these conditions are met, starting with a low to intermediate V.| in

the range| (0,5 to 1,0) ml/min, V should. be varied to optimize Vc /V such that R(%) is maximized,

0,03 <R €|0,2 and S approximately equal to 1. If these performance parameters cannot be optimized to
acceptabl¢ levels, then the chanfiel"thickness might need to be changed in accordance with 6.4.1.
Alternatively, FFF theory can be¢onsulted directly to select an appropriate initial set of flow conditions.
Commercjal software might bejavailable to facilitate this process. Theoretically derived flow conditigns
should sti]l be validated experimentally.

6.4.4 Elution programme

Although |the decision to use a constant cross flow (fixed VC) versus cross flow programming (VC

reduction| gradient) is not defined by the need to determine retention time-based particle sizd, a
programnredcrossflowdecay introducesamradditionalcomplication {ire—adiscretizatiomatgorithmi is
necessary in the case of a variable cross flowl[31][32]). If the dynamic range of constituent sizes to be
separated is small (e.g. monomer-dimer separation), a constant cross flow should be applied. For many
applications, a large size range exists, and therefore a decay of the cross flow during elution is favourable
to facilitate rapid elution with an acceptable R; (i.e. where R > 1). Elution programming is particularly
useful for highly polydisperse or multimodal samples, where a wide range of constituent sizes are

present; in this case, a single value for V. might not be practical, resulting in an excessive and
unnecessarily long elution time.

Different elution programmes can be utilized depending on the specific circumstances and available
options for a specific commercial device, and a trial and error approach may be necessary to select the
optimum approach. Programmes typically follow one of four types (see Figure 4): (a) constant mode (no
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change in VC ), (b) time-delayed linear programme (VC initially held constant for a period of time, t1,
followed by a linear decrease to zero), (c) time-delayed power-law programme (VC initially held

constant, followed by a power-law decay to zero), and (d) time-delayed exponential programme (VC

initially held constant, followed by an exponential decrease to zero). The initial cross flow rate in
Figure 4 is constant up to 10 min for all decay programmes. In decay programmes, the eluting peaks
are typically collected for off-line use and/or analysed by online detectors capable of determining
particle size (e.g. DLS or MALS) or concentration (e.g. UV-Vis or ICP-MS) of nano-objects.

To he utilized a desired flow praogramme shall he rnmpnfih]p with the (‘;\pnhi]i‘ripq and limitations of

th¢ instrument (e.g. mass flow controllers, syringe pumps). For example, small changes oyepp large V.

rajpge may not be possible at the lowest VC values. The instrument vendor should be consuilted with
regard to these limitations.

Y1
0
0
Key
X elution time (min)
Y cross flow (arb. units)

Figure 4 ~/Graphical illustration of common elution programmes

6.4.5 Using FEFtheory to select initial flow settings

FFF theory can;in principle, be used as a tool in planning experiments and selecting initial ¢onditions
anfl parameters as part of the method development and optimization process, including prqgrammed
crgss flow decay. Use of theoretical relationships to predict optimal settings for an experfment can
mipjmize the need for trial and error. Commercial software might be available to facilitate this process,

i i er since i i ific effects can

7 Method development for CF3

7.1 General

As with AF4, the application of CF3 to a specific sample is dependent on the sample properties and the
objective(s) of the measurement. Thus, it is not possible to specify a single universal method that is
applicable to all nano-object containing samples. To obtain good separation, choice of mobile phase,
field strength, field decay and relaxation time are important. The guidelines set out in 7.2 to 7.7 are
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intended to summarize the principal components of method development and to specify the parameters
and conditions necessary to develop, optimize and validate a method.

7.2 Choice of mobile phase

The absence of a stationary phase in CF3 enables the use of a variety of aqueous mobile phases with a
range of ionic strength and pH values. However, proper adjustment of the pH and ionic strength of the
mobile phase is necessary to avoid sample-wall interactions and sample agglomeration. As mentioned
before, carriers with very low ionic strength can result in repulsion between the sample species and the
accumulation wall, which in turn results in early elution of the sample. Use of carriers with high ionic
strengths|could result in low analyte recovery owing to reduction in electrostatic repulsion ultimately
leading to|attraction between the sample and the accumulation wall. The pH of the mobile phase shopild
also be adjusted to minimize particle-wall interactions. The rule of thumb is to adjust theqpH of the
mobile phase to a value above the isoelectric points of both the sample and the accumulation wall to
avoid attijaction of the sample to the wall or other particles. For nanoparticles and retivironmerjtal
colloids, which are often negatively charged, use of anionic surfactant solutions, sueh as SDS, sodifim
pyrophosphate (SPP), or FL-70 (a commercial formulation containing nonionic and-ionic surfactants) is
recommemded. For positively charged colloids, cationic surfactants such as CTAB"ean be used.

7.3 Field strength selection

The optimum field strength should result in high-resolution separation without compromising analyte
recovery[$3l. To achieve a high-resolution separation, a ratio of the*analyte retention time to the vpid
time (t;/tg) of 5 has been typically recommended. However, in.practice this ratio can be as low ag 2,
which reduces the sample resolving power while still separating the sample peak from the void pepk.
Therefore, the required field strength for high-resolution CE3 can be derived from the correspondjng
retention formulae. Ultimately, resolution implies the capagity to fractionate particles of different sizes
and/or efflective densities.

Extremely high field strengths can result in strong analyte-wall interactions, and thus low analyte
recovery pr Brownian to lift-hyperlayer mode transition. Peak broadening can also occur if retentjon
times are [excessive, which would reduce the separation quality. As a rule of thumb, t,/tp should be lgss
than 20.

7.4 Field decay programme

For samples with a broad size-distribution or which contain particles widely separated in size, the
retention [time for the partieles‘eluting last can be excessively long when a constant field is applied,
particulagly for Brownianmede separations using CF3. This cannot be solved by simply reducing the
field stremgth, as the smallest particles can merge with the void peak. To reduce the run time, the
applied fi¢ld is programimed to decay with time during the run. This field decay programming allows
the smallgst particlestto be resolved from the void peak and larger particles to be eluted faster from the
channel, resultingin a reduced run time. To ensure a uniform resolving power, the field strength shotild
be reducef using'a power programmel34]:

RPS(t)=RPSOLtt1 _tt

4
. (13)
a
where
RPS(t) isthe rotational speed at time ¢;
RPSq is the rotational speed during application of the constant field;
t1 is the period of the constant field preceding the field decay; and

ta = _8 X tl.
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Equations for Brownian mode FFF are not valid when programming is used during the fractionation.
In this case conversion of the retention time to size is achieved either by elaborate calculations
incorporated into the sample processing software or by direct calibration using materials of known

siz

e and density.

7.5 Channel flow rate selection

The channel flow rate affects both the overall run time and the analyte resolution. The resolution can
be improved by lowering the channel flow rate, thus minimizing nonequilibrium peak broadening.
However, this inevitably increases run time. Typically, in Brownian mode, channel flow rates in the

rapge 0,3 ml/min to 2 ml/min are used. For samples with a broad size distribution, high ¢h4

rat

Ch
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7.6 Calculation of the relaxation time
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calculated by means of a simple relationship:

es should be avoided in order to minimize lift-hyperlayer perturbations on the larger part

hnnel and detector flow rates are not necessarily equivalent (e.g. flow could be split post
1 therefore should not be used interchangeably.

explained earlier, a pre-elution time period is needed to establish(the equilibrium posit
hlyte cloud across the height of the channel where the field and‘diffusion induced migr
anced. For a polydisperse analyte, the relaxation time is calculated for the smallest size
the distribution, and can be approximated as the time for(thése particles to traverse th
ckness under the applied field strength. For CF3 the relaxation time is calculated from Foi
. To guarantee a fully relaxed sample in CF3, a relaxation time 1,5 x longer than the
culated value is recommended.

f  Calculation of sample injection delay

fore beginning relaxation, the analyst shold ensure that the sample plug is introduce
innel completely. Therefore, the volume-béetween the injection valve and the channel inje
should be known precisely. This volumetan be measured with sufficient accuracy by mea
gth of the connecting tubing and kfewing its internal diameter. The injection delay, tp, c3

innel flow
cles.

-channel),

ion of the
htions are
omponent
e channel

mula (10)

minimum

1 into the
tion port,
suring the
in then be

(14)

(vi+Vv,)
tp=——"—
Vi
where
V1 is the sample loop volume; and
V,- is the volumetric injection flow rate.
8 Analysis of nano-objects
8.1 General

The analysis of nano-objects subjected to AF4 or CF3 is dependent on the objective of the experiment,
the availability of appropriate detectors (online or off-line) and the properties of the sample itself.
Typically, nano-object “size” and “concentration” are the most common measurands. Additionally,
composition or material identification may be desired.
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8.2 Online size analysis

An appropriate online detector and associated method should be selected to measure the size of
fractionated nano-objects. The most common and widely available methods include determination
of hydrodynamic diameter based on retention time (after calibrating with a material consisting of
spherical particles of known diameter), determination of hydrodynamic diameter based on DLS
(typically the z-average diameter(36])2), and determination of radius of gyration ry based on MALS data
(applicable for ry > 10 nm using a red laser). To avoid a band-broadening effect on sizing, the volume of
the flow cell should be as small as possible for online size analysis methods; otherwise, correction of
band broadening should be performed. Direct measurement of size by DLS or MALS, when appropriate,
is preferapte to retention based 5iZe MEasSUTement, DECAUse catibration 1S ot required for the formet.

Particle sjze analysis based on retention behaviour requires calibration of the AF4 retention time,
preferably using spherical particles of known size or known diffusion coefficient that overlap the
size rangg of the analyte(s). From the calibration curve so constructed, the spherical-équivalent
hydrodynpmic diameter can be assigned for any measured value of tg for an unknown analyte.
Polystyrehe latex (PSL) spheres are frequently used for this purpose. However, non-ideal materjal-
specific rdtention behaviour can significantly bias the calibration procedurel3Z1[38] ‘For instance, the Qise
of PSL spheres might not be appropriate if this value is then used to calculate the diffusion coefficient or
hydrodynpmic size of nano-objects having a substantially different composition or surface nature (¢.g.
gold nanoparticles). For this reason, spherical particles of known size with“composition and surface
chemistryf that match the analyte as closely as possible should be used asioalibrants3).

Alternatively, using a single known monodisperse spherical particle;itis possible to obtain the effectjve
channel thickness, weff, where:

6DtR ds)

Once estgblished under the conditions of measurement, wefr can then be used in Formula (6)[to
determing D for an unknown analyte; size is.gobtained by application of the Stokes-Einstein equatjon
(see 5.2.1) with the assumption of spherical_ geometry. The nominal value of the channel thickngss,
determingd by the spacer, can differ by up to 10 % from the effective thickness, due to compressibility
of the merpbrane. Also, the same non-ideal effects mentioned previously, can yield significant variatigns
in the apparent effective thickness-for nano-objects of the same or nearly the same size. For this
reason, wigr should be established; ifpossible, using a calibrant that is closely matched with the target
analyte. If this is not possible, thenaccount should be taken of the potential bias in using an unmatched
calibrant.]Additionally, if an elution programme is utilized, yielding a variable cross flow rate over timne,
Formula (p) cannot be diréetly applied. In this case a discretization algorithm is required to relate tg to
hydrodynpmic size or diffuision coefficient as stated in 6.4.4.

Weff 7

For measyirement of Size using DLS, the hydrodynamic diameter should be measured across the full
width at palf maximum for each resolvable eluting peak. The quality of online DLS data declifes
significanfly when insufficient particles are in the beam (as on the wings of an eluting peak) or when
the particlesize increases to the point that the residence time in the beam is insufficient to accurat
capture t i i i i Tvity:

diameter for a peak shall be calculated as the arithmetic mean of the data points obtained as described
earlier. However, if the data indicates a clear upward trend, the arithmetic mean may not represent the

2) The cumulants method of DLS analysis yields a scattered light intensity-weighted harmonic mean particle
diameter, which is commonly referred to as the “z-average”. Size determined by methods based on different
measurement principles produce different size parameters, which might differ significantly, even after reduction of
the size distribution by fractionation. For example, the size obtained by DLS reflects the hydrodynamic properties of
the constituent, whereas rg obtained by MALS is the mass weighted average distance of material from the centre of
mass.

3) Since matched calibrants might not always be available, and because samples might contain multiple dissimilar
constituents, the resulting retention-based particle size might, at best, be a rough estimate of the true value (i.e., a
significant bias could exist).
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true mean for the peak. Such a trend indicates that the population of nano-objects within the peak is
polydisperse with larger particles exiting the channel after smaller ones, and their relative fractions
might not be properly weighted.

The application of MALS for size analysis of nano-objects is generally limited on the lower size end
where an angular dependence of scattered light is no longer evident (roughly greater than about 10 nm
to 15 nm for detectors that use red light). The upper size limit exceeds the nano regime, and depends on

the lowest angle of detection. The radius of gyration can be obtained from the slope (rj /3) of alog-log

plot of scattered intensity versus g2, where q= (41117/)\0) sin (0/2) is the scattering vector magnitude, n
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ble. This is commonly referred to as a Guinier plot. Other data fitting models exist,,ino
wiflely-used Debye-Zimm formalism; full or partial Zimm plots are commonly used for
mdterials to extract both the weight average molecular mass and rg, but only- when
concentration of the polymer is known and the MALS data can be extrapolatedyto zero
anglel39], As with the Guinier plot, it is necessary for the polymer (particle) size.to'be sufficig
to |produce angular dependent scattering. A spherical-equivalent size can |be obtained

trgnsformation, r =ry /+/3/5 where ris the geometric radius of a hard sphere. Relationship
other geometries, including hollow spheres, cylinders, tubes, ellipsoids)and disks, which
av
go
For optical-based measurements, the signal intensity depends‘on the amount of sample inj

on|the optical properties of the analyte. The detector sensitivity should be set to obtain a st
signal for the analyte, in order to ensure accurate data processing.

d, can yield an angular dependence that is not compatible with Guinier or Zimm analysis.

Size determined by methods based on different measurement principles might differ si
evgn after reduction of the size distribution by separation/pre-fractionation. For example, the siZ
by IDLS reflects the hydrodynamic properties of a nano-object, whereas ry obtained by MALS is the
square radius reflecting the physical distribution\of material around the centre of mass.

NOTE 2  The ratio of the radius of gyration (from MALS) to the hydrodynamic diameter (from DLS
a shape-sensitive characteristic parameter,referred to commonly as the shape factor[4ll. The magnif
parameter depends on the architecture of the analyte. This ratio decreases with increasing ‘compact
analyte. For example, the ratios obtained for a hard sphere and a long thin rod are 0,778 and > 2,0, rg
with prolate and oblate ellipsoids:falling between these values.[42][43] Shape factors for particles
acromolecules) greater than @about 1,5 suggest higher aspect ratio morphologies.

Online concentration analysis

appropriate online evaluation method should be selected to measure the concen
ctionated” nano-objects during elution, if concentration measurements are require

blication. This analysis may be based on mass or number concentration, but is more commg
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constant (uniform), scattering 1nten51ty can be d1rectly related to the mass or number concentration of

scatterers.

8.3.2 Mass-based methods

Appropriate and commonly used mass-based methods include inductively coupled plasma-optical
emission spectrometry (ICP-OES), inductively coupled plasma-mass spectrometry (ICP-MS) and UV-Vis
optical absorption (See References [44] to[51]).

ICP-OES, ICP-MS and UV-Vis are generally sensitive to the mass of analyte present. ICP-OES and ICP-MS
have very low detection limits (down to ng/l regime depending on the instrument and element) and
are element specific. UV-Vis detection limits depend on the absorptivity and scattering properties of
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the analyte, and are not element specific; UV-Vis works best for optically active materials that exhibit a
characteristic absorption band (e.g. SPR) or where only a single absorbing species is present. Linearity
of absorption (extinction) should be confirmed for the analyte over the relevant concentration range.
Available UV-Vis detectors include devices that use a single selectable wavelength, multiple selectable
wavelengths and full spectrum analysis [diode array detector - (DAD)].

For element-specific concentration, ICP-MS and ICP-OES offer the highest specificity and lowest limits
of detection. ICP-OES provides simultaneous multi-element (up to 60) detection at trace levels; metallic
and some non-metallic elements can be detected by ICP-OES, limited by emission interferences. [CP-MS
can detect 83 elements at trace and ultratrace levels, and although analysis time can be very fast, the
number ofdifferentetenrents aual_yacd )iluu}taucuua}_y (v ta pca}\ huppiug,) tsgermer a}}_y tmitedtoatfew.
ICP-MS offers the additional capacity to detect specific isotopes of the same element, allowing isofape
ratio analysis. Important light elements, specifically carbon, nitrogen and oxygen, are not traditionglly
detected py MS or OES, and some elements (e.g. sulfur, calcium, selenium) can have relatively,high lintits
of detectipn or require ancillary use of a collision or reaction cell. Additionally, there afe)polyatornic
mass intdrferences in ICP-MS that limit the detection of certain elements and requite additiohal
steps to mitigate (e.g. use of a reaction or collision cell). In general, standard liquid chromatographic
introductjon systems used for ICP-OES and ICP-MS can be adopted for coupling toAE4 or CF3; the liqhid
flow rate should be adjusted for compatibility with the detector in accordancewith the manufacturgr’s
recommendations.

Online AR4-coupled quantification of elemental carbon using ICP-MS with a helium collision cell gnd
or an organic carbon analyser designed for use with liquid chromatographic systems, have bgen
demonstrpted at limits of detection in the single mg/1 rangel33l raising the possibility of detect]ng
and quantifying carbon based nano-objects and other carbon-containing species using an AF4 baged
hyphenat¢d method.

For quantjtative results, each of these methods requires calibration with traceable analytical standards
or certifield reference materials. For ICP-OES and ICP-MSj¢alibration is achieved by injection of standqrd
solutions fontaining elements (or mass isotopes) of intetrest using an injection valve placed between the
last onling flow-through detector, or the exit portef the fractionation channel if no other detectors are
used, and [the sample nebulizer interface just in front of the plasma. For UV-Vis calibration, suspensigns
containing known mass concentrations of thé analyte are injected into the fractionation channel. For
AF4, elutipn without cross flow should be used for calibration purposes.

The signal intensity depends on the amount of sample injected. The detector sensitivity should be sef to
obtain a sfrong peak signal for the analyte, to ensure accurate data processing. The linear relationship
between qolute concentration andpeak height (or area) should be maintained by keeping the sensitivjiity
at the sanje setting.

For UV-Vi$ detection, the-héasured absorbance can be affected by particle scattering, which increages
as the 6th power of the'radius (at a given wavelength). Generally, the UV-Vis signal is not strigtly
proportiohal to mass’concentration, though the scattering effect can be sufficiently insignificant] to
ignore thif nonlinearity (e.g. metal particles exhibiting strong surface plasmon resonance). A scatter|ng
correctio‘:{ shouldbe applied or it should be demonstrated that the scattering contribution is negligible.

The effect| of seattering is more prominent following fractionation relative to batch measurements due
to the po ulation averagingin the latter

8.3.3 Number-based methods

Particle number-based online methods for concentration measurement coupled to FFF have been rarely
reported in the literature, but are likely to increase in the future. For that reason, they are briefly
mentioned here with the acknowledgement that these are emerging methods based on relatively new
measurement technologies. Two techniques have been reported as online particle counting detectors
with FFF, namely single particle ICP-MS (spICP-MS)[54] and particle tracking analysis (PTA)[35]. Each
has certain limitations and advantages.

Generally, spICP-MS (ICP-MS operated in time-resolved mode with dwell times of 10 ms or less) is
applicable to particle mass concentrations in the ng/1 regime (optimally in the range from about 106 to
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108 particles/1) and to particle diameters above roughly 20 nm (dependent on the detected element).
The coupling for spICP-MS to AF4 or CF3 is essentially the same as that used for ICP-MS. However,
the calibration process is more complicated, as the particle transport efficiency into the plasma has
to be accurately determined, and an event-mass-to-size conversion performed. This requires a two-
step calibration typically involving standard ionic solutions of the element of interest and a reference
nanoparticle suspension of known particle size and mass concentration. Since the analysis involves
transport of particles through the FFF channel, it is also necessary to determine the number-based
recovery (with and without the applied field) for the analyte particles.

PTA is a particle countmg technique that uses optlcal based tracklng and detection. Although PTA
ca -

ex
int
vel
Theoretically, calibration is not necessary to obtain particle concentration or sizé;/but ther
me
stq
sp]CP-MS, but PTA can operate at relatively higher particle concentrations (mg/1 range, rou
1012 particles/1) where spICP-MS would not be appropriate. PTA is limited on the lower p
rapge by the optical scattering properties of the material; the particlesaeed to scatter sufficie
the¢ system to detect and track individual particles (typically > 10 nm). At the upper size limit
neged to generate sufficiently long tracks to derive a meaningful analysis; as the rate of diffu
with increasing size, the range of motion detected during anatysis is reduced.
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.  Online material identification or composition

addition to the measurement of nano-object\size and concentration, measurement

composition (or material identification) constitutés the third principal type of online ary
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blication to FFF. Relative to batch compositigh;measurements, analysis of fractionated sam
e (AF4 and CF3) or density (CF3) differentiated compositional information.

selection of an appropriate online‘detector and method depends on the nature of the s
of information required and detector availability. UV-Vis absorbance (using specific wd
h DAD) is an economical approach/that works well if material identification is the principal
this case, optically active ndno-objects can be identified based on their characteristic a

ntified by monitoring the known longitudinal and transverse surface plasmon resonar
-Vis absorbance can@lso be used online to differentiate between the target analytes (nan
] other species (e.gomicelles, organic colloids). In order to use UV-Vis as a detector fo
ntification, some prior knowledge about the sample is generally required, since absc
element spegific. UV-Vis is frequently utilized in a qualitative manner to confirm the pj
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An| onliné-fluorescence detector can be used to identify fractionated analyte species if the species
of [intérest are native fluorophores or can be tagged with fluorescent markers. FluorescéTlce offers
highep specificity and lower limits of detection (comparable to mass spectrometry) relative|to UV-Vis
absorbance, but is more limited in its application for nano-object analysis. Fluorescence sensitivity is
limited by the intensity of the excitation light, quantum efficiency of the fluorophore, saturation (out
of the linear range) and quenching. The excitation and emission wavelengths need to be determined or
known a priori in order to apply this method; the method should also account for potential interferences
from other fluorophores present.

For elemental composition and material identification, ICP-MS and ICP-OES offer the highest specificity
and lowest limits of detection. ICP-OES, with simultaneous multi-element trace analysis, is broadly
applicable to the analysis of complex or naturally derived nano-objects. ICP-MS provides ultratrace
analysis of specific element isotopes. Historically, neither method has been used to quantify the
important light elements carbon, nitrogen and oxygen, and both methods have spectral or isotopic
interferences that limit the detection of specific elements. Detection of carbon isotopes using ICP-
MS with a helium collision cell or total carbon using a total organic carbon analyser (requires online
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acidification and oxidation to COz), have recently proved successful in combination with AF4 as
previously mentioned. The capacity to detect carbon at single mg/1 levels has important and growing
application for FFF-based methods, though a number of technical issues (e.g. high carbon backgrounds,
inorganic carbon, and matrix effects) can limit or complicate its use.

8.5 Off-line analysis (Fraction collection)

Fractions can be collected following separation by AF4 or CF3 and used for off-line analysis. The
advantage of fraction collection is a wider range of available detection modalities compared with online
detection. Fractions can be collected using an automated fraction collector or by manual collection
based on $pecified elution time intervals. Off-line results can then be matched with the retention-time
as traced py an appropriate online detector (typically UV-Vis or MALS); in this case, a single responsjve
wavelength or scattering angle is sufficient to monitor elution.

Off-line apalysis includes a wide range of potential methods, and is limited only by theZvolume gnd
concentraltion of analyte present after fractionation. The quantity (volume of fraction. ¢ellected) can|be
increased] as necessary, by combining fractions from multiple experiments performed under identical
condition$. The concentration of analyte can be increased if necessary by centrifdgation or filtratior} of
combined|fractions.

The most pommon and useful off-line analysis methods are as follows:

a) Electfon microscopy (transmission or scanning) to image fractionated nano-objects and|to
meastire or confirm physical dimensions; requires depositionof‘material from the fraction onto|an
apprdpriate substrate followed by removal of any residual-mobile phase. Environmental electfjon
micrdscopes with specialized cell designs can permit analysis of samples under a gas-control|ed
envirpnment and in a liquid phase; the magnificationZor resolution is generally reduced frpm
instryments operated in vacuo. A microscope equipped with an energy dispersive spectromefer
can also provide semiquantitative or qualitative information on elemental composition of samples.

b) Atom]c force microscopy to image or measure height displacement of fractionated nano-objerts
after [deposition onto an appropriate substrate; measurements can be detected after removal of
mobile phase (dry) or in presence of mobile'phase using a liquid cell.

c) Singlg particle ICP-MS to measure theé'mass (or mass based size) of individual nano-objects gnd
their humber concentration within\each fraction.

d) ICP-MS and ICP-OES to measure the concentration and elemental composition of fractionated nano-
objects; this typically does npt require pre-digestion, but results can be improved by dissolutior] in
a stable acid medium.

e) UV-Vis-NIR to chapacterize the optical absorbance properties of fractionated nano-objects; off-line
measyirement generally provides a broader wavelength range compared with online detectors.

9 Qualifiecation, performance criteria and measurement uncertainty

9.1 System qualification and quality control

9.1.1 Basic system qualification

Basic system qualification (instrument performance verification) should be conducted using a
monodisperse spheroidal test material (preferably a certified reference material or test materials with
established traceability to reference materials or the SI) of known composition, uniformity and size,
under conditions (including mobile phase composition) appropriate for the stability and testing of
said material. The availability of certified reference materials with assigned values based on the same
measurement principle and methodology obtained via FFF might be limited. In this case, monodisperse
PSL spheres with a stated size coefficient of variation no greater than 5 %, with mean particle size
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determined preferably by DLS or electron microscopy, if necessary, can be used for light scattering based
detection. The nominal mean diameter should be not smaller than 20 nm and not larger than 200 nm.

The purpose of this qualification is to confirm the proper function of the FFF system under optimal
conditions. Measured particle size (DLS, hydrodynamic diameter, dy) should be compared with the
known or stated particle size of the test material. For online DLS measurements, the mean dy obtained
by averaging across the eluting peak at FWHM should be used for comparison; the relative standard
deviation of the mean should be lower than 5 %.

The response of all detectors should be recorded Where approprlate (eg Uv- Vls absorbance
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the integrated FFF system are performing as per manufacturer’s specifications. Data
m an optimized method using a suitable reference material can be used in the future to
ignificant changes in the system have occurred. Any significant changes should be inveg

more routine quality checks performed mider conditions relevant to a specific expe
thod, any test material that is sufficiently"homogeneous and stable can be used (prefe
nilar in nature to the experimental materials under evaluation or the actual experimenta
blf) in order to identify significantiehanges in the system (e.g. contamination or foul
mbrane in AF4, subtle changesAn pressure, loss of detector sensitivity) during the per
periments. For this purpose, R and tg should be determined under these conditions, as s
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9.1.2 Focusing performance

For AF4, the proper location of the focusing point during band focusing is critical, which means that
the split of the flow rates entering the channel from opposite ends are balanced so that the focusing
zone is positioned near the widest point of the trapezoidal channel geometry, typically at 10 % to 15 %
of the channel length downstream of the inlet port. The position can be established by measuring at
least one of the flow rates (e.g. inlet flow) or by injection of a visible (coloured) analyte under optimal
conditions. Visible inspection of the focus band (i.e. uniformity and narrowness) can be used to confirm
proper performance with respect to quality of focusing and integrity of the channel. A poorly formed or
diffuse band indicates the presence of one or more performance issues, such as the focusing flows not
operating properly, a leak along the channel edge, or the focusing point located too far from the point of
injection. Lack of acceptable focus performance should be addressed by adjustment of the focus flows,
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replacement of the membrane, or reseating of the channel. Failure to obtain a stable uniform focused
band after applying these corrective actions might require valve or flow control maintenance or lastly
vendor intervention. For the purpose of visual inspection of the focus band, blue dextran, a high molar
mass glucose polymer containing a covalently bound blue dye, in a mobile phase of deionized water, has
frequently been used, but other colour-producing molecular species or nano-objects can also serve this
purpose so long as they do not interact with the membrane and other surfaces. It is also possible to use
a low molar mass species such as bromophenol blue, which is small enough to penetrate the membrane
and underlying frit and thus easily flushed out of the channel via the membrane after focusing[56l.

Current commercial systems, if properly maintained in accordance with the manufacturer’s
recomme i > i i i i i ity.
Periodic quality checks of the focusing band quality are recommended (e.g. as part of the Operabjon
Qualificatjon during an annual preventive maintenance), and should also be conducted if performance
issues arelobserved.

9.1.3 Flow rate of the carrier liquid

Flow rate} introduced or exiting the fractionation channel should be known with @/maximum relatjve
standard pncertainty of 2 %. In case of AF4, the rates during inlet flow, focus flow and sample inject}on
flow (if applied) should be qualified individually. If the carrier flow path is€hanged in each mode, the
flow rateg should be measured in each mode. In the case of CF3, potential carrier liquid leak in the
rotation gxis should be considered. In this case, the rate of carrier flowdownstream of the rotatfon
axis seal $hould be measured. Checking the pump flow rate and back pressure at the same positjon
is also rgcommended. These qualifications should be performeéd by the manufacturer prior tofor
during ingtallation. The manufacturer can provide periodic qualifications to ensure proper continujng
performahce of the system. Follow the manufacturer’s recommendations for ensuring corrgct
operationpl performance.

9.1.4 Se¢paration field

To qualify| the separation field, the characterizing-parameter of the field should be qualified. For AF4,
accuracy pf the cross flow rate should be measured or calculated. In this case, the relative standard
uncertainty of the flow rate should not exeeed 1 %. For CF3, accuracy and repeatability of the rotatjon
frequency] of the channel should be meastred. In this case, the relative standard deviation of the
rotation frequency should be 2 % or lower.

9.2 Method performance criteria

9.2.1 Recovery

Analyte recovery should be evaluated for most applications, unless the experimental objective is
qualitative in nature (e.g. how many components are present in the sample). Analyte recovery is
calculated as shown below:

Analyte recavery R(%) = A—Sx1 00 (16)
Ap
where
As is the peak area of the eluted sample; and
Ap is the peak area of sample directly injected into the detctor

For the denominator in Formula (16), a more convenient alternative to direct injection is to repeat
the elution programme used to obtain the numerator, but without the application of the fractionation
(cross) field (as described in 6.2). It is also possible to inject the sample without both focusing and cross
flow, which should yield a result that is similar to direct injection into the detector. As a general rule,
R(%) should be = 70. For high performance separations, R(%) = 90 would be considered acceptable.
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Recovery should be evaluated and reported, whenever it is relevant to the objective of the analysis or
the development of a method. The method of recovery determination should be reported.

9.2.2 Selectivity

If test materials of similar composition to the target nano-object are available over a range of sizes,
evaluate size selectivity of the method according to:

dlog(tg )| |dlog(D)
Selectivity, S4 = = 17
Matanhniad. dlog(d)| |dlog(R) (17)

whHere
d is the known or independently measured particle diameter of each test material
tr is the retention time;
D is the diffusion coefficient; and
R is the retention ratio.

The equivalent diffusion-based selectivity is shown on the far,right of Formula (17). For symmetrical
flow FFF, the maximum value of S4 is 1, while for AF4 S; can exé¢eed unity. For CF3 the maximum value
is 3; CF3 offers relatively high size selectivity (and thereforéfractionation power) for materialls that are
appropriate for CF3 analysis[571.

9.2.3 Retention

ThE retention ratio, R, assesses the efficiency pf-the fractionation method, where efficiency |is defined
as [the balance between speed of analysis and resolution. The magnitude of this ratio aldo reflects
the strength of interaction between the.dpplied field and the analyte. For AF4, the optimgl range is
approximately 0,03 < R < 0,2 (valid when'tg > > tp). The retention ratio should be evaluated andl reported

forall target analytes (see Formula (33}

9.2.4 Resolution

ThE resolution factor or fractionation power assesses the performance of a method with respect to its
capacity to separate two)adjacent eluting peaks representing two monodisperse populations. Where
myltiple eluting compohents are present, the ratio of the difference in retention time, Atg (for each

wi+w

anplyte pair), te‘the average peak width, Wavg = 2 should be evaluated and reporfed. For a

Gapssian peak, w = 40, where o is the standard deviation and the full width at half faximum,
FWHM =2,3540. Therefore:

Aty

Resolution factor,R. =1,18-
{(WFrwHM )

(18)

where the angle brackets indicate an average.

A resolution factor, Rg, less than unity indicates substantial overlap, while a value of 1,5 indicates fully
resolved peaks. If peaks are clearly separated in time, with no apparent overlap, it is not necessary to
calculate Rg; simply reporting Rs > 1,5 is sufficient.

9.3 Method precision and measurement uncertainty

Method precision depends on the nature of the sample and the analytical methods utilized, and should
be evaluated under repeatability conditions at a minimum (i.e. same analyst, same instrument, same
location, same method, and same conditions, over short time intervals). Evaluation of intermediate
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precision (i.e. same location, and replicate measurements on the same or similar analyte over an
extended period of time and perhaps including other changes) is highly recommended to achieve a
higher level of validation. Evaluation of reproducibility (i.e. independent test results obtained using the
same method on the same or similar analyte in different test facilities with different analysts using
different equipment) is necessary when the objective is to achieve the highest level of validation (e.g. for
regulatory purposes).

Evaluate precision by repeating the fractionation experiment under repeatability conditions. Determine
the mean and relative standard deviation for tg, R and all relevant measurands (e.g. hydrodynamic size,
radius of gyration). The relative standard uncertainty should not exceed 5 % for tg or R. If conditioning
of the chgmmetis TequiT edtoobtairconsistent resutts;data eIt ed—dur g \,uuditiuuius shroutdhbe
excluded from the precision evaluation.

If possiblg, an uncertainty budget should be constructed[58], with the objective of evaluating the
combined|standard uncertainty for an FFF method as described in, for instance, ISO/IEC Guide 98-3| or
ISO 217494.

The apprepriate evaluation of uncertainties for routine online analytical meastsements, includjng
determingtion of tr or nano-object size based on tg calibration, should include, ifpessible, contributigns
from the |following sources: repeatability (precision under repeatability conditions), intermediate
precision,|calibration and other detector-related factors (e.g. baseline stability, limit of detection), gnd
band brogdening effects. The latter may be quantified using highly uniform test materials under the
same or similar measurement conditions. Refer to ISO/IEC Guide 98-3.

10 General procedures for measurement of samples

10.1 General

Since the |principal objective of FFF is to separate constituents for online or off-line analysis, or [for
further application or processing, a suitable FFE-method should be developed to separate the size-,
density- or mass-distributed nano-object components in a sample. Although method development gnd
validation are central to successful separation, general measurement procedures can be specified [for
both AF4 pnd CF3. 10.2 to 10.4 provide such'general procedures applicable to any AF4 or CF3 methpd.
To properly implement these general procedures, Clauses 6 and 7 provide guidance on key aspectq of
method d¢velopment and validationfor‘AF4 and CF3, respectively, while Clause 9 provides guidance gnd
procedurgs for instrument qualification and determination of performance criteria such as recovdry.
Refer to these clauses for details;regarding each step in the general procedures.

FFF can dlso be used as a-preparative technique, for instance to obtain a narrow size band within a
polydispefse material for-Other purposes. Preparative methods are not within the scope of this
document, but generally follow the basic premises set out herein with respect to optimizing gnd
defining the separatign process.

10.2 Caljbration of retention time for online size analysis

10.2.1 Calibration of the AF4 channel

If desired or required, effective thickness of the channel should be determined as follows, assuming
that system qualification (see 9.1) has already been performed.

1. Choose a suitable sample containing a uniform size population that can be well separated in the
channel to be used, e.g. polystyrene latex spheres in a size range of 20 nm to 200 nm diameter. Size
or diffusion coefficient should either be known in advance or measured online using DLS. Use FFF
theory to calculate flow conditions to elute the sample well separated from the void peak.

2. Inject sample of known volume into the channel containing mobile phase; mobile phase should
be a simple formulation such as 1 mmol/l NaCl to 5 mmol/l NaCl or other appropriate simple
monovalent salt.
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