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• Underlying  theory  and  critical
parameters  are  introduced.

• A  rational  workflow  is  proposed  to
optimize and refine  A4F  methods.

• Specific  optimization  steps  and  vali-
dation parameters  are  delineated.

• Pedagogical  examples  are  provided
to demonstrate  the  process.

• Use  and  relevance  of  different  detec-
tion  modalities  is addressed.
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a  b  s  t  r  a  c  t

This  tutorial  proposes  a comprehensive  and  rational  measurement  strategy  that  provides  specific
guidance  for  the  application  of  asymmetric-flow  field  flow  fractionation  (A4F)  to  the  size-dependent
separation  and  characterization  of  nanoscale  particles  (NPs)  dispersed  in  aqueous  media.  A range  of
fractionation  conditions  are  considered,  and challenging  applications,  including  industrially  relevant
materials  (e.g.,  metal  NPs,  asymmetric  NPs),  are  utilized  in  order  to validate  and  illustrate  this  approach.
We demonstrate  that  optimization  is  material  dependent  and  that  polystyrene  NPs,  widely  used  as  a
reference  standard  for  retention  calibration  in  A4F,  in fact represent  a class  of materials  with  unique
selectivity,  recovery  and  optimal  conditions  for fractionation;  thus  use  of these  standards  to  calibrate
retention  for  other  materials  must  be validated  a posteriori.  We  discuss  the  use  and  relevance  of differ-
ent  detection  modalities  that can potentially  yield  multi-dimensional  and complementary  information
on  NP  systems.  We  illustrate  the  fractionation  of  atomically  precise  nanoclusters,  which  are  the lower
limit  of  the nanoscale  regime.  Conversely,  we address  the  upper  size  limit  for  normal  mode  elution  in
A4F.  The  protocol  for A4F  fractionation,  including  the  methods  described  in  the present  work  is  proposed
as  a standardized  strategy  to realize  interlaboratory  comparability  and to  facilitate  the  selection  and  vali-
dation of material-specific  measurement  parameters  and  conditions.  It  is intended  for  both  novice  and
advanced  users  of  this  measurement  technology.
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1. Introduction

The accurate characterization of nano-object populations (with
at least one dimension in the 1 nm to 100 nm range), and, more
generally, particles in the submicrometer range (up to 1 �m),  is
an important and relevant measurement challenge spanning a
broad range of applications, including industrial, consumer prod-
ucts, environmental remediation, risk assessment, and biomedical
research, among others [1–7]. The rapid growth of interest in nano-
object characterization has been driven by the emergence and
corresponding commercial penetration of nanotechnology over the
past decade. Surface chemistry or functionality in combination
with the physical form of nano-objects (i.e., their dimensions,
shape and aggregation state) are the primary determinants of

their behavior in biological and environmental systems, impacting
their transformations, transport, fate, biodistribution, metabolism,
clearance and toxicity, among other properties [8–13]. Similarly,
commercially exploitable optical, magnetic and photochemical
properties of nano-objects are directly impacted, if not entirely
determined, by their physical form [1,14,15]. Though primarily
defined by their dimensions, nano-objects actually represent many
different classes of materials characterized by a broad range of
physical and chemical properties, including materials of natural,
manufactured and anthropogenic sources [16]. Thus, the charac-
terization of these different nano-object classes according to their
specific nature, complexity, and source, represents a relatively new
and important scientific challenge. International Organization for
Standardization (ISO) defines nano-objects as belonging to one of
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