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The development and applications of asymmetric flow field flow fractionation (AF4) are outlined in 
comparison with older and better-known size exclusion chromatography (SEC). The recent advances in 
AF4 instrumentation and prediction of further progress of the technique is given. 
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Asymmetric flow field flow fractionation (AF4) is undoubtedly the most developed and most widely 
used sub-technique from various field flow fractionation (FFF) techniques. AF4 is a variation of flow 
FFF and the method dates back to the paper by Wahlund and Giddings [1]. They theoretically described 
and experimentally proved the possibility of separating dissolved macromolecules and dispersed 
colloidal particles in a thin ribbon like channel having one semipermeable wall and creating a cross flow 
by splitting it from the channel flow. During the first step, the sample is focused in a thin band with a 
concentration distribution created by the balance of the diffusion coefficients and the cross flow. Smaller 
and faster diffusive components are on average farther away from the membrane compared to bigger 
ones. During the subsequent elution step, they are placed in different velocity streamlines in the 
longitudinal flow leading to a retention time depending on size. The main advantage of AF4 is the 
flexibility and versatility given by the possibility of using various cross flow profiles similarly like using 
various solvent gradients in high performance liquid chromatography (HPLC). Hollow fiber flow FFF 
(HF5), which was introduced at the same time [2], is a viable alternative [3] for specific applications 
[4]. Compared to AF4, the technique currently plays a marginal role. It might become more important 
if more routine, especially pharmaceutical, applications appear. 

Since its introduction, the AF4 method has coexisted with the older and markedly more used size 
exclusion chromatography (SEC). Although both separation techniques have many similarities, the 
fundamental difference is given by the absence of a stationary phase in the AF4 channel. It is exactly 
the lack of stationary phase that gives the method several advantages over SEC. First of all, various 
interactions that often disturb the size restricted permeation in SEC [5] are eliminated or at least reduced. 
It is the absence of a stationary phase that confirmed the idea of anchoring of the branched 
macromolecules in the pores of SEC column packing [6] and which permits the determination of the 
true relation between the root mean square radius and molar mass and thus proper characterization of 
high molar mass branched polymers [7,8]. The semipermeable membrane cannot be considered to be a 
stationary phase despite the fact that the sample is concentrated near the membrane surface. The 
macromolecules do not permeate into the membrane and do not separate by steric exclusion as in the 
case of SEC, and the enthalpic interactions, if any, are not the primary separation mechanism as they 
are in the case of HPLC. However, various interactions and overloading effects are the main limitations 
of the applicability of AF4 especially in the case of particle separation. Strategies to minimize and 
overcome these limitations by proper choice of carrier solution, membrane type and cut-off, and sample 
preparation are discussed in the literature [9,10].  

Compared to SEC, the AF4 separation is markedly gentler with respect to possible sample degradation 
by strong shear forces in the stationary phase. This allows the determination of the true molar mass 
distribution of polymers containing ultra-high molar mass fractions which undergo shearing degradation 
in SEC columns [11] or polymers containing nanogels that can be completely absorbed [12]. The 
applicability of the technique has been also demonstrated in the area of high temperature analysis of 
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polyolefins [11], though the high temperature resistant membranes of sufficiently low cut-offs are still 
unavailable.  

With the advent of nanotechnology, AF4 has evolved into an important characterization technique for 
nanoparticles, the traditional domain of dynamic light scattering (DLS) and single particle methods like 
nanoparticle tracking analysis or electron microscopy. Particle separation by flow FFF was pioneered 
in environmental research [13], and was further adapted for metal [14] and other nanoparticles [15], and 
latex particles [16]. At the beginning of the millennium AF4 was first used in pharmaceutical 
applications for proteins and particles for drug delivery [17], then followed by the work on liposomes 
[18], viruses and virus like particles [19], drug carriers [20], and extracellular vesicles and exosomes 
[21]. With the current paradigm shift in pharmaceutical science towards gene delivery, AF4 is 
considered a core characterization technique to provide size distribution and drug loading efficiency of 
drug formulations which depend on a nanoparticle carrier [22–24]. 

During its existence the AF4 technique underwent significant instrumental development from 
laboratory-made devices to commercially available, reliable and relatively easy to operate instruments. 
Especially the AF4 set-ups integrating the HPLC systems of renowned manufacturers benefits from the 
efforts into the development of high-performance pumps, autosamplers and highly sensitive detectors. 
Although AF4 theory permits the determination of hydrodynamic radius from the retention time, 
significantly more information can be obtained by direct determination of molar mass and size by a 
multi-angle light scattering (MALS) detector, which can be additionally completed by the embedded 
DLS, and thus the recent developments of these detectors with regard to their sensitivity, precision, 
accuracy, simplicity of operation and of processing software is an essential part of the development of 
AF4.  

The negative consequence of the absence of a stationary phase is that the efficiency expressed by the 
height of theoretical plate cannot be significantly increased to the extent witnessed over the past decades 
in SEC.  The SEC stationary phase developed from soft particles of several tens micrometer size packed 
into 120-cm columns of low efficiency to nowadays high performance columns of typically 30-cm 
length packed with rigid 3, 5 or 10 micrometer particles and often mixing different pore sizes into a 
single column. With the limited efficiency, the AF4 resolution can be increased solely by increasing 
selectivity which generally requires analytical times to some extent longer than usually needed for a 
standard SEC analysis. Compared to SEC, AF4 has generally lower efficiency and higher selectivity 
and thus the resolution of the two separation techniques is comparable. The resolution of AF4 can be 
also enhanced by minimizing undesirable disturbing flow effects by improving the channel design, 
automatically adjustable focusing position and using smooth membranes. Especially the membrane 
smoothness seems to be a neglected parameter even though all macromolecules or particles, no matter 
of their hydrodynamic size, are during their flow through the channel in close contact with the membrane 
with the maximum concentration at the membrane surface. It may be worth noting that large 
macromolecules and particles are moving within a several micrometer distance from the membrane. As 
the roughness of some of the semipermeable membranes is of several micrometers, the movement of 
large species along the channel may be disturbed by the membrane bumpiness with the consequence of 
irregular fractograms and molar mass versus retention time plots. In addition, the type of bottom frit 
supporting the membrane can make a big difference in the peak quality.  The problem appears when the 
frit material porosity is not spatially uniform and have regions with a few big pores. This can affect the 
uniformity of the cross flow field and result in wiggly peak shapes. Except for the membrane roughness, 
decreasing the cut-off to the proximity of 1000 g/mol can extend the applicability of the technique to 
mid-molar mass polymers, especially those that cannot be properly separated by SEC due to strong 
interactions or high degree of branching. However, the possibility of losing an oligomeric part of 
disperse polymers is and will remain a certain limitation of the technique. The lack of suitable 
membranes currently hinders the technique from analyzing polymers soluble solely in highly polar 
organic solvents such as dimethyl sulfoxide and thus the development in this direction can further extend 
the AF4 application area. For some types of samples, the resolution can be also increased by applying 
an electric field together with the flow field. The combination of the fields, which was recently 
introduced into commercially available instruments, can improve the resolution and also bring additional 
information about the electrical properties of samples under investigation [25]. 



Longer retention typically employed in AF4 usually results in the concentration of molecules eluting 
from the AF4 channel several times lower compared to SEC. This may affect detectability of minor 
components present in the analyzed samples and so the recent development of dilution control modules 
bypassing the sample-free part of carrier flow to waste and thus increasing sample concentration flowing 
through the detectors improves the detection of environmental colloids, nano-plastics, various biological 
samples, and ultra-high molar mass fractions and nanogels in polymers. The increased concentration 
together with precise flow regulation promotes the use of online viscometers that allow deep structural 
studies of synthetic and natural polymers and which can be also successfully applied in protein research. 

In principle, the solvent consumption in AF4 is higher than in SEC as the channel flow goes together 
with the cross flow. This can be at least partly counteracted by returning carrier from the cross flow 
outlet, which contains no or trace amounts of analyzed samples, back into the carrier reservoir using 
intelligent solvent recycling. Such devices, which are becoming available in the new generation of the 
AF4 instruments, can decrease analytical costs and environmental aspects of especially organic AF4. 

The channels allowing easy membrane replacement, smooth low cut-off membranes, easy to operate 
instruments capable of self-diagnosis and software permitting prediction and easy control of operational 
conditions will contribute to the popularization of the AF4 technique, which will remain the leading 
technique from the entire FFF family. The method will coexist with SEC with the mutual application 
ratio continuing to be in favor of SEC. However, the advantages of AF4 will drive the technique to many 
laboratories using so far SEC as the only separation technique, especially those dealing with ultra-high 
molar mass, branched and functional polymers. The ability of the two techniques to share the same 
HPLC and detector systems, and AF4 modules simply switching one separation mode into another shall 
contribute to this trend. In addition, one can expect AF4 to be more used in the research areas where 
SEC completely fails, i.e., separation and characterization of polymeric nanogels and assemblies, 
liposomes, nanoparticles, single-chain nanoparticles, extracellular vesicles, gene vectors, cellulose 
nanocrystals, various drug carriers, and environmental colloids. In the field of nanoparticles, AF4 is 
placed to become a main-stream technique moving out of the niche it has occupied in the last decades. 
This will further enhance development of instrumentation and software to make AF4 more accessible 
to a wide user base. 

References 
1. Wahlund KG, Giddings JC (1987) Properties of an asymmetrical flow field-flow fractionation 

channel having one permeable wall. Anal Chem 59:1332–1339 
2. Joensson JA, Carlshaf A (1989) Flow field flow fractionation in hollow cylindrical fibers. Anal 

Chem 61: 11–18. 
3. Johann C, Elsenberg S, Roesch U, Rambaldi DC, Zattoni A, Reschiglian P (2011) A novel approach 

to improve operation and performance in flow field-flow fractionation. J Chromatogr A 1218:4126–
4131 

4. Marassi V, Roda B, Casolari S, Ortelli S, Blosi M, Zattoni A, Costa AL, Reschiglian P (2018) 
Hollow-fiber flow field-flow fractionation and multi-angle light scattering as a new analytical 
solution for quality control in pharmaceutical nanotechnology. Microchemical Journal 136:149–156   

5. Berek D (2010) Size exclusion chromatography – A blessing and a curse of science and technology 
of synthetic polymers. J Sep Sci 33:315–335 

6. Podzimek S, Vlcek T, Johann C (2001) Characterization of Branched Polymers by Size Exclusion 
Chromatography Coupled with Multiangle Light Scattering Detector. I. Size Exclusion 
Chromatography Elution Behavior of Branched Polymers. J Appl Polym Sci 81:1588–1594 

7. Podzimek S (2012) Asymmetric Flow Field Flow Fractionation. In: Encyclopedia of Analytical 
Chemistry, John Wiley and Sons, DOI: 10.1002/9780470027318.a9289 

8. Podzimek S (2011) Light Scattering, Size Exclusion Chromatography and Asymmetric Flow Field 
Flow Fractionation. John Wiley and Sons, ISBN: 9780470877975 

9. Mudalige TK, Qu H, Sanches-Pomalez G, Sisco PN, Linder S.W. (2015) Simple Functionalization 
Strategies for Enhancing Nanoparticle Separation and Recovery with Asymmetric Flow Field Flow 
Fractionation. Anal Chem 87:1764–1772 

https://pubs.acs.org/doi/pdf/10.1021/ac00136a016
https://pubs.acs.org/doi/pdf/10.1021/ac00136a016


10. Gigault J, Pettibone JM, Schmitt C, Hackley VA (2014) Rational strategy for characterization of 
nanoscale particles by asymmetric-flow field flow fractionation: A tutorial. Anal Chim Acta 809:9–
24 

11. Otte T, Pasch H, Macko T, Bruell R, Stadler FJ, Kaschta J, Becker F, Buback M (2011) 
Characterization of branched ultrahigh molar mass polymers by asymmetrical flow field-flow 
fractionation and size exclusion chromatography. J Chrom A 1218:4257–4267 

12. Makan AC, Williams RP, Pasch H (2016) Field Flow Fractionation for the Size, Molar Mass, and 
Gel Content Analysis of Emulsion Polymers for Water-Based Coatings. Macromol Chem Phys 217: 
2027–2040 

13. Beckett R, Bigelow JC, Jue Z, Giddings JC (1988) Analysis of Humic Substances Using Flow Field-
Flow Fractionation. In: Aquatic Humic Substances 65–80. DOI: 10.1021/ba-1988-0219.ch005 

14. Cho TJ, Hackley VA (2010) Fractionation and characterization of gold nanoparticles in aqueous 
solution: asymmetric-flow field flow fractionation with MALS, DLS, and UV–Vis detection. Anal 
Bioanal Chem: 398, 2003–2018 

15. Alasonati E, Caebergs T, Petry J, Sebaihi N, Fisicaro P, Feltin N (2021) Size measurement of silica 
nanoparticles by Asymmetric Flow Field-Flow Fractionation coupled to Multi-Angle Light 
Scattering: A comparison exercise between two metrological institutes. J Chromatogr A 1638: 
461859 

16. Collins ME, Soto-Cantu E, Cueto R, Russo PS (2014) Separation and Characterization of 
Poly(tetrafluoroethylene) Latex Particles by Asymmetric Flow Field Flow Fractionation with Light-
Scattering Detection. Langmuir 30: 3373–3380 

17. Fraunhofer W, Winter G (2004) The use of asymmetrical flow field-flow fractionation in 
pharmaceutics and biopharmaceutics. Eur J Pharm Biopharm 58:369–383 

18. Evjen TJ, Hupfeld S, Barnert S, Fossheim S, Schubert R, Brandl M (2013) Physicochemical 
characterization of liposomes after ultrasound exposure – Mechanisms of drug release. J Pharm 
Biomed Anal 78–79:118–122 

19. Bousse T, Shore DA, Goldsmith CS, Hossain MJ, Jang Y, Davis CT, Donis RO, Stevens J (2013) 
Quantitation of influenza virus using field flow fractionation and multi-angle light scattering for 
quantifying influenza A particles. J Vir Met 193:589–596 

20. Ehrhart J, Mingotaud AF, Violleau F (2011) Asymmetrical flow field-flow fractionation with multi-
angle light scattering and quasi elastic light scattering for characterization of poly(ethyleneglycol-
b-ɛ-caprolactone) block copolymer self-assemblies used as drug carriers for photodynamic therapy. 
J Chrom A 1218: 4249–4256 

21. Zhang H, Lyden D (2019) Asymmetric-flow field-flow fractionation technology for exomere and 
small extracellular vesicle separation and characterization. Nat Protoc 14: 1027–1053 

22. Caputo F, Clogston J, Calzolai L, Roesslein M, Prina-Mello A (2019) Measuring particle size 
distribution of nanoparticle enabled medicinal products, the joint view of EUNCL and NCI-NCL. 
A step by step approach combining orthogonal measurements with increasing complexity. J Control 
Release 299:31–43 

23. Caputo F, Mehn D, Clogston JD, Rösslein M, Prina-Mello A, Borgos SE, Gioria S, Calzolai L 
(2021) Asymmetric-flow field-flow fractionation for measuring particle size, drug loading and 
(in)stability of nanopharmaceuticals. The joint view of European Union Nanomedicine 
Characterization Laboratory and National Cancer Institute – Nanotechnology Characterization 
Laboratory. J Chrom A 1635:461767 

24. Hu Y, Crist RM, Clogston JD (2020) The utility of asymmetric flow field-flow fractionation for 
preclinical characterization of nanomedicines. Anal Bioanal Chem 412:425–438 

25. Johann C, Elsenberg S, Schuch H, Roesch U (2015) Instrument and Method to Determine the 
Electrophoretic Mobility of Nanoparticles and Proteins by Combining Electrical and Flow Field-
Flow Fractionation. Anal Chem 87:4292–4298 

  



Declarations 
Funding: This is not a supported research. 
Conflict of interest/Competing interests: There is no conflict of interest from the side of 
authors. 
Availability of data and material: Not applicable. 
Code availability: Not applicable 
Authors´ contributions: Stepan Podzimek prepared the first draft of the manuscript and 
focused mainly on the applications in polymer area and comparing SEC with AF4. Christoph 
Johann expanded the text mainly in the area of pharmaceuticals and nanoparticle research. Both 
authors have given approval to the final version of the manuscript. 

Prof. Dr. Stepan Podzimek 

 
Stepan Podzimek, an author or coauthor of over sixty scientific papers and a book Light 
Scattering, Size Exclusion Chromatography and Asymmetric Flow Field Flow Fractionation 
published by Wiley, is a scientific consultant for Wyatt Technology Europe with research 
interests focused on the characterization of molecular structure of synthetic and natural 
polymers by means of separation techniques and light scattering and viscometric detectors. He 
also heads the Department of Analytical and Physical Chemistry at SYNPO, a Czech R&D 
company conducting contract research in synthetic polymers and related materials, and holds a 
professorial position at the Institute of Chemistry and Technology of Macromolecular Materials 
at the University of Pardubice, Czech Republic. 

Dr. Christoph Johann 

 
Christoph Johann is a senior product specialist for Eclipse FFF products at Wyatt Technology. 
He earned his PhD in 1985 in Physical Chemistry at the University of Mainz. He has been active 
in polymer and biopolymer analysis for over 30 years and has several peer-reviewed 
publications in the field of macromolecular characterization. In 1991 he introduced commercial 
field-flow fractionation systems in Europe. In 1993 he founded Wyatt Technology’s main 
European subsidiary. Dr. Johann has been active in the development of Wyatt’s Eclipse FFF 
instrumentation since they were introduced in 2002. 
 
 


