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channels in separation of biopolymers by
asymmetric flow field-flow fractionation
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J. Mauricio Peñarrieta, b Seungho Lee c and Lars Nilsson a

Asymmetric flow field-flow fractionation (AF4) is a separation technique in which a focusing/relaxation

step is used after the sample is injected onto the separation channel. During the focusing/relaxation step,

the sample is focused by two counter-directed flows. This allows sample components to establish a

diffusion-dependent equilibrium concentration profile. The focusing step may, in some cases, cause a

loss of sample due to adsorption into the accumulation wall (i.e. the membrane) or due to aggregation of

the sample. In addition, the increase in sample concentration during the focusing step may prevent com-

plete relaxation and cause overloading effects. In this study, a modified AF4 channel equipped with a frit

inlet (FI-AF4) is utilized, where the sample is relaxed hydrodynamically as it enters to the channel through

the frit. The main advantage of the FI-AF4 channel is to omit the focusing step. The FI-AF4 channel could

also allow higher injection mass than in a conventional channel while still avoiding overloading. The

purpose of the present study is to compare two channels (conventional and FI-AF4 channels) in terms of

the plate height (H), resolution (Rs) and the mass recovery for analysis of a mixture of glycogen and pullu-

lan. In addition, waxy maize (WM) starch was used to compare the mass overloading of the two channels.

The results show that the type of relaxation method (i.e. focusing or hydrodynamic relaxation) had no sig-

nificant effect on mass recovery. The resolution (Rs), was higher in the conventional AF4 channel than in

the FI-AF4 channel for the separation of glycogen and pullulan. The results also show that it was possible

to inject a higher mass of WM starch (i.e. twice the mass) onto the FI-AF4 channel, compared to a con-

ventional AF4 channel, without observing an overloading effect.

Introduction

Field-flow fractionation (FFF) is a family of separation and
characterization techniques for a wide range of samples, such
as particles, proteins and polymers. FFF operation involves the
injection of a narrow sample band or pulse into a stream
flowing through a thin and elongated channel. After the injec-
tion, a longitudinal flow drives the sample components along
the channel, and flushes them out into a detector and/or col-
lection device. The flow into the channel is designed to separ-
ate the sample components as they are driven along the

channel. Therefore, different components emerge at different
times and they can be detected or collected individually.1

Among the FFF sub-techniques, the most universal is the
asymmetric flow field-flow fractionation (AF4). In this tech-
nique, a solid wall on the top and a permeable wall on the
bottom form the separation channel. After the sample is
injected onto the channel, an important step is the focusing/
relaxation of sample components. In this step, the injected
sample is focused into a thin band by two counter-directed
flows (one from the channel inlet and the other from the
channel outlet), and is relaxed (reaches an equilibrium con-
centration profile) below the injection point of the sample.
The relaxation is achieved through the applied perpendicular
crossflow, which transports sample components towards the
accumulation wall i.e. the bottom of the separation channel
consisting of an ultrafiltration membrane. The transport is
counteracted by the diffusion of the sample components and,
at steady state, a crossflow and diffusion dependent concen-
tration profile is established. At the accumulation wall, the
components are confined to a thin relatively concentrated
layer. The sample components with a higher diffusion coeffi-
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cient (D) are, on average, distributed farther away from the
accumulation wall than components with a lower D. After the
focusing/relaxation step, the separation process begins by
applying a longitudinal laminar flow of a carrier liquid
through the separation channel in combination with the cross-
flow in a perpendicular direction over the channel.2 As the
flow profile along the separation channel is parabolic, the
components distributed farther away from the accumulation
wall travel faster downstream, and size separation is achieved.3

The focusing/relaxation step might, in some cases, cause a
loss of sample due to adsorption at the accumulation wall (i.e.
the membrane) or aggregation of sample components, result-
ing in low sample recoveries.4 One way to avoid the focusing
step is to use a modified channel, based on a hydrodynamic
relaxation, using a frit inlet (FI).5,6 Another advantage of the
FI-AF4 channel is that the injection mass of the sample could
probably be higher than in the conventional channel since
high concentrations during focusing/relaxation are, to some
extent, avoided. This would be beneficial in the analysis of
ultra-high molar mass (>107 g mol−1) branched polymers like
amylopectin, where overloading occurs already at very low
injected mass in conventional AF4 channels.7,8 To avoid over-
loading and compromised separation, it can, thus, be necess-
ary to inject very low sample mass. In turn, the low injected
mass can complicate detection. This can especially be the case
for large biopolymers, such as amylopectin, where concen-
tration detection and molar mass determination relies on
differential refractive index (dRI) detection.

After sample injection and relaxation (either focusing or
hydrodynamic), the separation mechanism in the FI-AF4
channel is the same as that in a conventional AF4 channel, as
described above. The difference is that, instead of having a
dedicated injection port for the sample, the FI-AF4 channel
has a frit through which a relatively higher carrier flow can
pass. The hydrodynamic relaxation is achieved when faster frit
flow meets slower sample flow, pushing the sample toward the
accumulation wall.6 It has been shown that FI-AF4 can give
higher separation channel mass recoveries in protein
analyses.9,10 However, resolution was shown to be lower than
for AF4 and analysis time was considerably longer. To date,
FI-AF4 and AF4 have not been thoroughly compared for separ-
ation of hyper-branched ultra-high molar mass biopolymers
such as amylopectin nor for mixtures of branched and linear
biopolymers such as pullulan and glycogen.

In this study, the performance of a conventional AF4 and a
FI-AF4 channel are compared in terms of the mass recovery,
plate height (H) and resolution (Rs). For this purpose, we use a
mixture of biopolymers, i.e. glycogen and pullulan. The two
polymers have overlapping molar mass (M) range but different
hydrodynamic size and structure, i.e. branched and linear,
respectively. Pullulan was chosen as it is commonly used as a
standard biopolymer and glycogen as it is hyper-branched,
and relatively well defined. In addition, both biopolymers
display high aqueous solubility. Furthermore, the overloading
effect as a result of injected mass is investigated in both con-
ventional AF4 and FI-AF4 channels using waxy maize (WM)

starch which is, due to its ultra-high molar mass and hyper-
branched structure, well-known for being sensitive to overload-
ing effects in AF4.7,8

Materials and methods
Materials

Glycogen from bovine liver type IX with molar mass distri-
bution from 3 × 105 to 107 g mol−1 (Mw = 2.9 × 105 g mol−1)
and z-average root-mean-square radius (rrms) of approx. 10 nm
(ref. 11) was purchased from Sigma Aldrich (Darmstadt,
Germany); pullulan with M from 105 to 107 g mol−1 (Mw = 2.1 ×
105 g mol−1) and z-average rrms approx. 30 nm (ref. 11) was
obtained from Guangzhou Medcan Pharmatech Ltd
(Guangdong, China); bovine serum albumin (BSA) was pur-
chased from Sigma Aldrich; NaNO3 (A3125) was from
AppliChem (Darmstadt, Germany) and NaN3 (10369) was sup-
plied by BDH (Poole, UK). Waxy maize (WM) (virtually 100%
amylopectin) was provided by Cerestar- (Vodsko, Denmark).

Sample preparation

Glycogen and pullulan solutions were prepared with AF4
carrier liquid at a concentration of 1 and 4 mg mL−1, respect-
ively. The carrier liquid was 10 mM of NaNO3 and 0.02% (w/v)
NaN3, dissolved in pure water from a Milli-Q system (Millipore
Corp., Billerica, MA, USA) under stirring (pH = 7). All samples
were filtered through a 0.45 µm cellulose acetate filter (PALL
Life Sciences syringe filter, 25 mm diameter, Pall Corporation,
Port Washington, NY, USA) prior to injection.

The effect of sample concentration in the mixtures of glyco-
gen and pullulan was studied by mixing the solutions at
different volume ratios, which correspond to their respective
mass/mass ratios that are shown in Table 1. The injection
volume of the mixtures, in all cases, was 50 μL, which corres-
ponds to sample mass shown in Table 1. For the rest of the
analysis, the samples were mixed at the ratio of 1 : 4 (w/w).

The WM sample was prepared as described elsewhere,12

with a minor difference in the dilution step: the sample solution
of 1 mg mL−1 was diluted using the carrier liquid at 100 °C to
various concentrations of 0.125, 0.25, 0.33, 0.50 and 0.75
mg mL−1. The sample with 1 mg mL−1 was injected without
dilution. The injection volume of the sample in all cases was
10 μL, corresponding to sample mass from 1.25 to 10 µg.

Table 1 Ratios of glycogen/pullulan (w/w) in the mixtures prepared to
study the effect of sample concentration

Ratio glycogen/pullulan (w/w) Glycogen (µg) Pullulan (µg)

1.00 : 6.00 25 150
1.00 : 5.00 25 125
1.00 : 4.00 25 100
1.00 : 2.00 25 50
1.00 : 1.00 25 25
1.00 : 0.50 25 12.5
1.00 : 0.25 25 6.25

Paper Analyst

4560 | Analyst, 2019, 144, 4559–4568 This journal is © The Royal Society of Chemistry 2019

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/1
8/

20
26

 1
0:

57
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9an00466a


Asymmetric flow field-flow fractionation (AF4)

Samples were analyzed by AF4-MALS-dRI using an Eclipse 3+
System (Wyatt Technology, Dernbach, Germany) connected to
a Dawn Heleos II multiangle light scattering (MALS) detector
(Wyatt Technology) and an Optilab T-rEX differential refractive
index (dRI) detector (Wyatt Technology). Both detectors oper-
ated at the wavelength of 658 nm. An Agilent 1100 series iso-
cratic pump (Agilent Technologies, Waldbronn, Germany) with
an in-line vacuum degasser and an Agilent 1100 series auto-
sampler delivered the carrier flow and handled sample injec-
tion onto the AF4 separation channel. A filter holder with a
polyvinylidene fluoride membrane of pore size 100 nm
(Millipore Corp.), was placed between the pump and the
channel to ensure that particle-free carrier liquid entered to
the system.

Separation channels

The conventional AF4 channel was a “long” channel (Wyatt
Technology) with a trapezoidal shape (tip-to-tip length of 26.5 cm
and inlet and outlet widths of 2.6 and 0.6 cm, respectively),
equipped with a spacer with a nominal thickness of 350 µm.

The frit inlet (FI) AF4 channel (Wyatt Technology) was also
trapezoidal with the same shape and dimensions as the con-
ventional AF4 channel. The FI of the channel was 3.2 mm at
the inlet end of the polycarbonate top of the channel. The
spacer had a nominal thickness of 350 µm with a sample inlet
canal of 4.0 mm × 1 mm between the frit and sample flow.

In both channels, the ultra-filtration membrane forming
the accumulation wall was a regenerated cellulose membrane
with a nominal cut-off of 10 kDa (Merck Millipore, Bedford,
MA, USA). The performance of the AF4 system, regarding size
separation and molar mass determination was checked with
bovine serum albumin (BSA) solution (1 mg mL−1, w/v) accord-
ing to the procedure described elsewhere.13

The effect of sample concentration

For the analysis of a mixture of glycogen and pullulan, a con-
stant channel flow (Qout) of 0.2 mL min−1 was used for both con-
ventional AF4 and FI-AF4 channels. The sample injection into
the channel was performed at the flow rate of 0.2 mL min−1 for
4 min. In the case of FI-AF4, this time represents the initial relax-
ation time (i.e. hydrodynamic relaxation), where the initial cross-
flow rate (Qc0) is kept constant. For the conventional AF4
channel, after injection, a 4 min step of relaxation time (i.e. focus
time) was applied, where two counter-directed flows focused the
sample. This step was performed using a focusing flow rate equal
to the Qc0. The crossflow rate was programmed to decay linearly
according to the following equation:

QcðtÞ ¼ Qcð0Þ � ΔQc
t� t1
tp

� �
ð1Þ

where Qc(t ) is the crossflow rate as a function of time t after
the elution starts, Qc(0) is the initial crossflow rate, tp is the
transient time for linear decay and t1 is the initial time delay,
which is the period in which a constant flow rate is maintained

before decay. The elution started at Qc0 = 1.5 mL min−1, which
decreased linearly with time to 0.12 mL min−1 (i.e. a crossflow
half-life of 6 min), and then kept constant for 10 min. Finally,
the channel was flushed without any crossflow for 15 min
before the next injection.

For the analysis of waxy maize starch (WM), Qout was kept
constant at 1.5 mL min−1, while the sample injection into the
channel was performed at a flow rate of 0.2 mL min−1 for
4 min. Again, in the case of FI-AF4, this time represents the
initial relaxation time with the initial crossflow rate (Qc0) kept
constant.

For the conventional AF4 channel, after injection, a 4 min
focusing/relaxation was performed at the focusing flow rate of
Qc0. The crossflow rate was programmed to decay exponentially
according to the following equation:

QcðtÞ ¼ Qcð0Þe
� ln 2

t1=2
t

� �
ð2Þ

The elution started at Qc0 of 2.5 mL min−1, which was
decreased exponentially over time to 0.13 mL min−1 (t1/2 =
4 min), and then was maintained constant for 23 min. The
channel was flushed without any crossflow for 10 min before
the next injection. It has been shown in previous studies that,
for a successful separation in FI-AF4, the ratio of the sample
inlet flow rate (Qs) to the frit flow rate (Qf), i.e. Qs/Qf, must be
either less or equal to 0.05 to minimize band broadening during
hydrodynamic relaxation.4,6,10 For this reason, the Qs/Qf used for
the analysis of WM was close to 0.05, which means that it should
be near to complete hydrodynamic relaxation.

The effect of initial crossflow rate (Qc0) and focus/relaxation time

The effect of Qc0 on the mass recovery, plate height (H) and
resolution (Rs) was studied by comparing four different cross-
flow rate conditions as shown in Table 2 and Fig. 1. In all
cases, the crossflow rate was programmed to decay linearly
with the slope kept constant.

Qout was kept constant at 1 and 0.2 mL min−1 for the conven-
tional AF4 channel and the FI-AF4 channel, respectively. In the
conventional AF4 channel, the sample was injected at a flow rate
of 0.2 mL min−1 for 4 min. In the FI-AF4 channel, Qs = Qout.

To examine the effect of the relaxation time on the mass
recovery, plate height (H) and resolution (Rs), Qc0 was kept con-
stant for 2, 4 and 6 min, respectively, before Qc started decay-
ing. For the conventional AF4 channel, this time corresponds

Table 2 Crossflow programing conditions used to study the effect of
initial crossflow rate (Qc0)

No.
program

Initial crossflow
Qc0 (mL min−1)
at t = 0

Final
crossflow Qcf
(mL min−1)

t1 + tp
a

(min)

Sample inlet
flow/frit flow
Qs/Qf

1 1.5 0.13 16.0 0.13
2 3.0 0.13 29.0 0.07
3 4.0 0.13 37.4 0.05
4 4.5 0.13 41.7 0.04

a t1 + tp i.e. the time for relaxation and linear decay of crossflow.
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to the focusing/relaxation step. In the case of FI-AF4, this time
corresponds to the hydrodynamic relaxation time. After that,
the elution started according to the programing conditions
described in Table 1, where the Qcf was kept constant for
10 min. The channel was then flushed without any crossflow
for 10 min before the next injection.

The effect of channel flow (Qout)

In order to study the effect of Qout on the mass recovery and
resolution (Rs) in the conventional AF4 and FI-AF4 channels,
Qout was varied from 0.2 to 1.0 mL min−1. All other run con-
ditions were the same as those described in the previous
section.

The effect of the initial crossflow (Qc0) at constant Qc0/Qout

To examine the effect of Qc0 on the mass recovery and resolu-
tion (Rs), at constant Qc0/Qout of 4.5, three different crossflow
rates were applied: 1.5, 3.0 and 4.5 mL min−1. In order to keep
the ratio of Qc0/Qout constant, the Qout was set at 0.33, 0.66 and
1.00 mL min−1, respectively. All other run conditions were the
same as those described above.

Data analysis and processing

Data obtained from MALS and dRI detectors were recorded
and processed using the Astra software (v. 6.1.7, Wyatt

Technology). M and rrms values were obtained from a 1st order
fitting of the MALS data obtained from the detectors 6–15
(scattering angles of 42.8°–132.2°) using the Berry method.14,15

The second virial coefficient A2 for all samples was assumed to
be negligible. All analyses were performed in triplicate, to
ensure reproducibility.

The comparison between AF4 and FI-AF4 was summarized
using a projection to latent structures (PLS) regression by
means of partial least square analysis (Matlab R2017b,
v.9.3.0.713579, The MathWorks, Inc., USA). The input variables
were: initial crossflow (Qc0), relaxation time and channel flow
(Qout). The output variables were: resolution (Rs) and mass
recovery (%).

Theory/calculations
Mass recovery

The absolute sample recovery is defined as the percentage of
an injected component or sample that is recovered from the
separation system.1 It may not be easy to measure because it is
necessary to quantitatively determine the amount of each
sample component (not only the entire sample) that is intro-
duced into the system. One way is bypassing the channel and
measuring the concentration of the components. Another way
is to compare the dRI signal area between runs obtained with
and without applying crossflow (Qc). This can be expressed by
the following equation:

Sample recoveryð%Þ ¼ Massdetermined
Mass injected

� 100% ð3Þ

where mass determined is the mass eluted from the separation
channel, calculated from the integration of the dRI signal
(after subtraction of the baseline from a blank run obtained at
the same conditions as those used for the sample). The sub-
traction of the baseline is necessary to avoid any changes pro-
duced by differences in pressure during the runs when cross-
flow decaying with time is applied. The mass injected is the
mass eluted from the separation channel calculated from the
integration of the dRI signal with no crossflow applied. In
the present study, the mass recovery was determined using
eqn (1), and all analyses were performed in triplicate to ensure
reproducibility.

Plate height

The plate height (H) is the height (or length) of a theoretical
stage or zone established after a substance or mixture of sub-
stances reaches an equilibrium in a separation system.
Usually, the performance of a separation system improves as H
decreases due to reduced zone broadening. H is defined as the
variance σ2 of the concentration profile divided by the mean
displacement (Z) of the profile.

H ¼ σ2

Z
ð4Þ

Fig. 1 Crossflow programming profiles used for studying the effect of
initial crossflow rate (Qc0) in FI-AF4 (a) and AF4 (b) following eqn (1) and
(2), respectively.
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Z can be identified by the channel length L,16 and H can be
determined experimentally by

H ¼ Lσt2

tr2
ð5Þ

where σt is the peak standard deviation in time units and tr is
the retention time (tr).

Resolution

Resolution (Rs) is a measure of separation between two peaks.
Rs can be calculated by

Rs ¼ Δtr
w̄b

ð6Þ

where Δtr is the difference in retention times between two
peaks and w̄b is the average of the peak widths. Assuming a
peak is Gaussian with the standard deviation, σ, the peak
width at the half-height (w1/2h) is 2.354σ, and Rs can be deter-
mined by

Rs ¼ 1:18� Δtr
w1=2h1 þ w1=2h2

� �
ð7Þ

Results and discussion
Effect of sample concentration in AF4

In a previous study,11 the same polymers as in the present
study were analysed: either through individual injected
polymer samples or as an injected mixture of the same two
samples. A shift in tr of peak maxima of both the Rayleigh
ratio and the dRI signal was observed after mixing. In order to
avoid this possible shift in tr, especially for the analysis of H
and Rs, samples prepared with different weight ratios (Table 1)
were injected to find a constant tr in the mixture. Fig. 2 shows
the AF4 fractograms (from MALS and dRI detector) of the mix-
tures obtained either using the conventional AF4 channel
(Fig. 2(a and b)) or an FI-AF4 channel (Fig. 2(c and d)). In both
AF4 and FI-AF4 channels, the intensity of the dRI signals were
proportional to the sample concentration in the mixture. In
addition, the MALS signal at 90° scattering angle for AF4
channel is shown in Fig. 2(a), where the peak maximum of gly-
cogen injected alone was tr = 15.6 min and for pullulan
injected alone, the peak maximum was tr = 36.0 min. As
shown in Fig. 2(a), the peak maximum tr for glycogen gradually
increases as the relative content of pullulan increases in the
mixture, while the peak maximum tr for pullulan gradually
decreases with increasing relative content of glycogen in the
mixture. When the mass ratio is in the range of 1 : 4 to 1 : 6,
the tr of peak maxima of glycogen and pullulan in the mixture
remained constant at 17.7 min and 34.0 min, respectively.
Similar results were observed for the FI-AF4 channel (Fig. 2(c
and d)), i.e. peak maximum tr for glycogen injected alone at
11.8 min and peak maximum tr for pullulan injected alone
was 34.8 min (MALS signals). The peak maximum tr for glyco-
gen gradually increases as the relative content of pullulan

increases in the mixture, while the peak maximum tr of pullu-
lan gradually decreases with increasing relative content of the
glycogen in the mixture. Similarly, to the AF4-results, at mass
ratio 1 : 4 to 1 : 6, the peak maxima of tr for glycogen and pullu-
lan, in the mixture, remain constant.

The shift in tr of the peak maxima from the MALS and dRI
signals in the mixtures, compared with the individual poly-
mers (i.e. glycogen and pullulan) was also observed in our pre-
vious work.11 It was suggested, that this effect could likely be
due to interactions between the polymer molecules, which
may influence the relaxation, and establishment of a concen-
tration profile. Consequently, retention times would also be
affected. Polymer interactions would be particularly important
during the focusing/relaxation step in the analysis as this gen-
erates a sample zone of higher concentration than the original
sample. In the current study, the same behaviour was observed
when the focusing/relaxation step was omitted using the
FI-AF4 channel. To ensure that these changes in peak maxima
are not due to incomplete resolution in the separation, a
deconvolution analysis of the fractograms of the mixtures was
performed (data not shown). However, the same tendency of
shifts was observed in the deconvoluted fractograms.

Incompatibility of different polymers in solution is well
known, especially at somewhat higher concentrations. The
incompatibility eventually leads to segregative phase separ-
ation, in which the different phases are enriched in one of the
polymers. For mixtures of non-ionic polymers in aqueous solu-
tion, as in the current study, segregation is the rule and the
tendency towards segregation becomes stronger with increas-
ing molar mass of either of the polymer components.17

Relatively small repulsive interaction between the different
polymers, or differences in the polymer–solvent interaction,
will result in segregation. A classic example of segregation is
the mixture of dextran and poly(ethylene oxide), which has
been widely used for the partition of biological polymers.18

In the current study, the chemical differences between the
polymers are subtler, i.e. both polymers are glucans but with
differently linked glucose units. In addition, pullulan is linear
while glycogen is hyper-branched (average degree of branching
= 7.4–9.2).19 Segregation is reported to happen in non-ionic
polymer mixtures of pullulan and dextran, which have some
similarity to the current case as the mixture contains a linear
and a branched glucan.20 Segregation was observed at higher
polymer molar mass: Mw ≥ 2.6 × 105 g mol−1 for pullulan and
Mw ≥ 6.2 × 105 g mol−1 for dextran. These weight-average
molar mass values are lower than for the pullulan (Mw = 2.1 ×
105 g mol−1) and glycogen (Mw = 2.9 × 105 g mol−1) used in the
current study. Thus, the shift in tr could be related to an
incompatibility of the polymers in the mixture, which influ-
ences the elution when the concertation is increased in the
sample zone.

Effect of initial crossflow (Qc0) and focus/relaxation time on
mass recovery, plate height and resolution

The effect of Qc0 and focus/relaxation time were studied in a
conventional AF4 channel and an FI-AF4 channel at the
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channel flow rate Qout of 1 and 0.2 mL min−1, respectively. In
the case of the FI-AF4 channel, the Qout was set to
0.2 mL min−1 (Qs = Qout) to ensure that the entire frit flow (Qf )
could be used as the crossflow (Qc). It has been demonstrated
in the analysis of proteins that higher resolution is obtained
when Qs = Qout, although the analysis time is prolonged.4

Fig. 3 shows the mass recovery (a–b), plate height (c–d), and
resolution (e–f ) determined for a mixture of glycogen and pull-
ulan in the AF4 and FI-AF4 channels as a function of the
initial crossflow rate (Qc0). In the AF4 channel (Fig. 3a), at Qc0

of 0.5 mL min−1, the mass recoveries were 90% and 95%, at
focus times of 2 and 4 min, respectively. As Qc0 increases, the
mass recovery decreases somewhat, to about 85%. In the
FI-AF4 channel (Fig. 3b), all sample recoveries are higher and
no significant changes were observed with Qc0 or the relaxation
time. It should be noted that the mass recoveries in the FI-AF4
channel (about 105%) are higher than those in the convention-
al AF4 channel.

In Fig. 3c–f, no data is shown for the focus/relaxation time
of 2 min as no separation between the glycogen and pullulan
was observed in either channel (elution occurred as one broad

peak). In the AF4 channel (Fig. 3c), as Qc0 increases, the plate
height (H) of the first peak (corresponding to glycogen red line
Fig. 2a) increases (from 0.20 to 0.75), while that of the second
peak (corresponding to pullulan blue line Fig. 2a) decreases
(from 0.30 to 0.05). In the FI-AF4 channel (Fig. 3d), no separ-
ation between glycogen and pullulan was observed at Qc0 =
1.5 mL min−1. In addition, as Qc0 increases, the plate height of
both peaks decreased (from 0.9 to 0.75 and from 0.1 to 0.04
for the glycogen and pullulan, respectively).

In Fig. 3e and f, the resolution increases with increasing
Qc0 in both channels (from 0.7 to 1.9 and from 0.4 to 0.9 in
the conventional AF4 and FI-AF4 channels, respectively). At the
same Qc0, the resolution in the AF4 channel was higher
(almost twice) than the resolution in the FI-AF4 channel. No
significant differences in Rs were observed for 4–6 min relax-
ation time in both channels.

Effect of channel flow (Qout) on mass recovery and resolution

To study the effect of Qout on the mass recovery and Rs, Qout

was varied (0.2–1.0 mL min−1) with Qc0 kept constant at
1.5 mL min−1 for a mixture of glycogen and pullulan. Fig. 4a

Fig. 2 Fractograms of individual solutions and mixtures of glycogen and pullulan obtained from AF4 (a–b) and FI-AF4 (c–d) channel. Fractograms
(a) and (c) show the MALS-signal at 90° scattering angle and fractograms (b) and (d) show the dRI-signal.
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shows the mass recovery and Fig. 4b the resolution measured at
various Qout. Results from the AF4 and FI-AF4 channels are pre-
sented in red and blue, respectively. As shown in Fig. 4a, the
mass recoveries were higher than 95% in all cases, which
suggests that there was no significant sample loss during the
analyses. As Qout increased, the recovery gradually decreased
somewhat in both channels. No significant differences were
observed between the mass recoveries in the AF4 and the FI-AF4
channels, although the recoveries in the AF4 channel tended to

be slightly higher than those in the FI-AF4 channel. Fig. 4b
shows that Rs increases with increasing Qout in both channels. At
Qout ≥ 0.8 mL min−1, the increase was higher in the AF4 channel
(from 1.40 to 1.65) than in the FI-AF4 (from 1.15 to 1.2).

Effect of initial crossflow (Qc0) on mass recovery and resolution
at constant Qc0/Qout

To study the effect of Qc0 on the mass recovery and Rs, Qc0 was
varied (1.5–4.5 mL min−1) for the mixture of glycogen and pull-

Fig. 3 The effect of initial crossflow rate (Qc0) and relaxation time on: mass recovery (%) obtained at constant channel flow (Qout) of 1 mL min−1 in
conventional AF4 channel (a), and 0.2 mL min−1 in FI-AF4 channel (b); plate height (H) of conventional AF4 channel (c), and FI-AF4 channel (d) and
resolution (Rs) of AF4 channel (e) and FI-AF4 channel (f ). The error bars are the standard deviation of three measurements.
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ulan. For a comparison of the two channels (AF4 and FI-AF4),
the ratio Qc0/Qout was kept constant at 4.6 mL min−1, giving
the same retention level. This allows for a more straight-
forward comparison, especially in terms of Rs. Moreover, the
results from the conventional and FI-AF4 channels are pre-
sented in red and blue, respectively. Fig. 5a shows that, as Qc0

increased, the mass recovery in the AF4 channel decreased
from 100% to 84% while in the FI-AF4 channel, it increased
from 96% to 97.5%. Thus, at the highest Qc0, the mass recovery
in the FI-AF4 channel is higher than in the AF4 channel.
Fig. 5b shows that Rs increased as Qc0 increased in both chan-
nels. The increase in Rs was significantly higher in the conven-
tional AF4 channel (from 0.56 to 2.10) than in the FI-AF4
channel (from 0.27 to 0.7).

To summarize the results for the comparison between AF4
and FI-AF4, a PLS analysis was performed. The PLS analysis is
used to find a linear regression model by projecting the input
variables and the output variables to a new space. Hence, from
this model allows to make general predictions on how output
variables are influenced by input variables. The PLS plot is

shown in Fig. 6. It is possible to conclude that the percentage
of mass recovery (%) is higher when using the FI-AF4 channel in
comparison with the conventional AF4 channel. Furthermore,
there is an opposite relationship between mass recovery (%) and
Qout. The Rs is higher in the AF4 channel in comparison with
the FI-AF4 channel, and it seems that there is a correlation (r2 =
0.63) between the relaxation time and resolution (Rs).

Overloading effect using waxy maize starch

WM starch was utilized for investigating the effect of injected
mass on overloading effects of ultra-high molar mass
branched polymers. In Fig. 7a and b, MALS signal at 90° scat-
tering angle fractograms are shown from AF4 and FI-AF4 chan-
nels. Different concentrations of samples were injected from
0.125 mg mL−1 to 1.000 mg mL−1, which in terms of injected
mass were 1.25 µg to 10.0 µg. The results from the AF4
channel show that the peak maxima tr was constant at approx.
32 min at the two lowest concentrations (i.e. injected mass
1.25 and 2.5 µg). At higher concentrations, tr gradually
decreases with increasing sample concentration (Fig. 7a),
demonstrating that overloading occurs. The overloading can

Fig. 4 Effect of channel flow (Qout) at constant initial crossflow (Qc0) of
1.5 mL min−1 on mass recovery (%) (a) and resolution (Rs) (b) in AF4 and
FI-AF4 channels. The error bars are the standard deviation of three
measurements.

Fig. 5 Effect of initial crossflow rate (Qc0) at constant Qc0/Qout of 1.5
on mass recovery (%) (a) and resolution Rs (b) in AF4 and FI-AF4 chan-
nels. The error bars are the standard deviation of three measurements.
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be also noted by the change in the slope trend of rrms vs. tr
(Fig. 7a). Similar results for WM starch were reported
previously,7,8 where overloading occurs at a similar injected
amount of sample (≥2 µg).

For the FI-AF4 channel, the results are shown in Fig. 7b.
The tr of peak maxima remains constant until a concentration
of 0.50 mg mL−1 (i.e. injected mass of 5.0 µg) and the slope in
rrms vs. tr also remains unchanged, suggesting there exists no
significant overloading. Additionally, it can be observed that
even when the higher injected amounts cause overloading (i.e.
shift in peak maxima) the selectivity on rrms remains higher
compared to AF4. Thus, even though overloading occurs its
consequences seems less severe in FI-AF4.

In addition, overloading is observed starting at 0.75 mg mL−1

(i.e. injected mass of 7.5 µg). In short, the sample injection mass
was twice as high in the FI-AF4 channel as the mass injected in
the AF4 channel, without observed overloading.

Conclusion

In this study, performances of a conventional AF4 and an
FI-AF4 channel were compared in terms of mass recovery,
plate height (H) and resolution (Rs) using a mixture of biopoly-
mers (glycogen and pullulan) that have overlapping molar
mass (M) range but different hydrodynamic size and structure
(branching or linear). Additionally, differences in the overload-
ing effect were examined using waxy maize starch (WM). The
results in this study show that the relaxation time in both the
AF4 and the FI-AF4 channels (i.e. focusing or hydrodynamic
relaxation respectively) does not have a considerable effect on
the separation channel mass recovery. The relaxation time
does correlate with resolution (Rs). The mass recovery (%) in
the FI-AF4 channel is higher in comparison with the AF4
channel. When the same Qout is applied, the mass recoveries
in the two channels were similar. The Rs was higher for AF4,
suggesting that without regard to running conditions, the con-
ventional AF4 channel yields higher Rs than the FI-AF4
channel for the analysis of the biopolymers. In addition, Rs

increased as either Qc0 or Qout increased in both channels as is
expected. Furthermore, it was possible to inject higher concen-
trations of waxy maize starch (i.e. twice the injected mass)
onto the FI-AF4 compared to the conventional AF4 channel
without observing overloading effects.
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