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A B S T R A C T

Characterization of submicrometer particles by size and surface charge is critical to understanding their property 
and functionality in industrial formulations. Although the recently reported offline coupling of asymmetrical 
flow field-flow fractionation and capillary electrophoresis (AF4×CE) shows success in separating a five- 
component submicrometer particle mixture based on size and mobility, it is a long and tedious process 
requiring extensive method development and instrument expertise. Moreover, it suffers from low throughput and 
ambiguity in large particle identification, limiting its widespread acceptance and application in industry. Here 
we report a new AF4×CE-laser-induced fluorescence (LIF) method which involves minimal method development 
and eliminates both the large sample injection and subsequent on-capillary stacking in CE separation, to 
significantly streamline separation and improve analysis throughput. Comprehensive characterization of eight 
fluorescently labeled five-component submicrometer particle mixture standards, at the concentration ratio of 200 
: 200: 133 : 133: 334 and the total concentration level of 1000–10,000 mg/L, and a random sample can be 
performed within several days. In the lowest-concentration standard, as few as 2.97 × 102 particles at the peak 
center can be detected on the two-dimensional plot for the 500 nm particles, indicating extremely high detection 
sensitivity. By eliminating the overstacking issue, large particles can be unambiguously identified on the 2D plot 
based on the migration time. AF4-light scattering (LS) quantitation demonstrates good accuracy for the artificial 
five-component sample even when the five components are not completely separated. Moreover, AF4×CE-LIF 
quantitation is explored for future more challenging mixtures requiring higher separation capacity and 
resolution.

1. Introduction

Polymeric particles and polymeric nanocomposites in the size range 
of 1–1000 nm have various industrial applications, such as in packaging 
[1,2], cosmetics [3,4], pharmaceutical [5,6], foods [7], coatings [8,9], 
and water treatment [10,11]. The already large global market for 
polymeric nanoparticles is expected to grow rapidly in the next decade 
[12]. The synthesis, processing, functionalization, and formulation of 
nanoparticles cause significant complexity in their size distribution and 
surface properties, which are critical in application performance as well 
as regulation and safety measures [13]. Therefore, product development 

requires simultaneous characterization of both size and mobility distri
butions for multi-component particle systems which has been a constant 
pursuit of industrial analytical chemists.

Recent technical developments for simultaneous size and mobility 
measurement include phase-analysis light scattering [14], carbon 
nanotube coulter counters [15], and suspended microchannel resonators 
[16]. However, these techniques either measure a weighted average 
rather than a distribution or need further improvements in instrument 
robustness to be commercially viable. Capillary Electrophoresis (CE) 
separates components based on electrophoretic mobility with extremely 
high separation efficiency [17,18] but is limited when used for particle 
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analysis. The size and surface charge distributions are convoluted in CE 
separation, resulting in broad peaks. Recent work on coupling of CE with 
single-particle inductively coupled plasma-mass spectrometry 
(SP-ICP-MS) [19–21] and asymmetrical flow field-flow fractionation 
(AF4) [22–25] have demonstrated greatly improved separation resolu
tion and intuitive characterization of both size and surface charge 
properties by deconvoluting size from mobility.

These advancements show significant resolving power for mixtures 
of particles equal to or smaller than 100 nm. However, characterization 
of complex particle mixtures larger than 100 nm, which are highly 
relevant to industrial nanoparticles and nanocomposites, remains chal
lenging. Increased size and surface charge distributions require signifi
cantly expanded separation capacity and ultra-sensitive detection 
methods. Our recent work on offline coupling of AF4 and CE demon
strated the successful separation of a five-component submicron particle 
mixture consisting of 50, 100, 200, 300, and 400 nm polystyrene (PS) 
particles [26]. An on-capillary enrichment method using reversed 
electrode polarity stacking mode (REPSM) was developed to concentrate 
particles for ultraviolet detection. Although this work enables sub
micrometer colloidal particles characterization, several drawbacks 
restrain the AF4×CE from being a robust separation platform. First, the 
REPSM stacking requires very careful method development to identify 
the appropriate resistivity ratio of background electrolyte (BGE) and 
sample zone, sample injection plug length, and stacking voltage and 
time. Additionally, the extended analysis time (12.3 min for each frac
tion), significantly increases the overall AF4×CE analysis time. More
over, the on-capillary stacking can cause mild particle interactions and 
overstacking, especially for large particles [27]. We observed earlier 
migrations for the 400 nm particles which resulted in reduced resolution 
of the 300–400 nm pair compared to one-dimensional (1D) CE separa
tion. The change in mobility also complicated locating the 400 nm 
particles in the final two-dimensional (2D) contour plot, as the elu
tion/migration time is the most important reference in identification. 
Due to these challenges, we did not explore particles larger than 400 nm.

In this manuscript, we report a robust, streamlined AF4×CE method 
with minimal method development, elimination of on-capillary REPSM 
stacking, and reduction of injection time from 160 s to 5 s by fluo
rescently labeling the five-component submicrometer PS particle 
mixture in approximately the same size range (50–500 nm). Fluorescent 
tags greatly improve detection limits, removing need for REPSM which 
could generate elution/migration times that cannot be correlated to 1D 
separation. We further cut the total number of fractions by half with no 
loss of separation resolution relative to either AF4 or CE dimension. This 
AF4×CE-LIF platform demonstrates superior separation due to 
improved peak capacity and resolution compared to either dimension 
with minimum (AF4) or no (CE) 1D method development, a huge 
advantage compared to existing 1D separation approaches [28]. Since 
the overall AF4×CE-laser-induced fluorescence (LIF) analysis time has 
been reduced by 75 %, five-component particle mixtures prepared at 
eight different concentrations can be analyzed in a few days to create the 
calibration curve, which is then applied for the determination of con
centrations of each individual particle components in an artificially 
prepared “unknown” particle mixture with high accuracy.

2. Experimental procedures

2.1. Chemicals

The Fluoresbrite YG Microsphere Series at 50 nm, 100 nm, 200 nm, 
300 nm, and 500 nm (catalog number: 16661-10, 17150-10, 17151-10, 
24051-10, and 17152-10, respectively) were purchased from Poly
sciences (Warrington, PA USA) at approximately 2.6 % by weight. Size 
distributions of these particles were at 10 %, 5 %, 4 %, 4 % and 3 % 
coefficient of variation, for 50 nm, 100 nm, 200 nm, 300 nm, and 500 
nm particles respectively. The excitation maximum was at 441 nm, the 
emission maximum was at 486 nm, and the fluorescent spectra of these 

particles were similar to that of fluorescein isothiocyanate (FITC) dye 
according to the manufacturer. These particles were stored at 4 ◦C in 
darkness at the original concentration. Before use, mild shaking was 
performed for 30 s followed by dilution in Milli-Q water (from a Milli- 
Q® IQ 7000 Ultrapure Lab Water System, MilliporeSigma, Burlington, 
MA USA) or a low conductivity BGE prepared in Milli-Q water. HPLC 
grade toluene (T291SK-4) and Fisherbrand™ FL-70™ concentrate 
(catalog number: SF105-1) were purchased from Fisher Scientific 
(Hampton, NH USA). Boric acid (catalog number: B7901) was purchased 
from Sigma-Aldrich (St. Louis, MO USA). The mobile phase of AF4 was 
prepared by diluting the FL-70™ concentrate in Milli-Q water by 1000- 
fold and disposed of every two weeks. The BGE of CE was prepared by 
dissolving 100 mM boric acid in Milli-Q water and pH adjusted to 9.2 
with 1 M sodium hydroxide solution. This buffer was stored at 4 ◦C up to 
30 days and used freshly to a desired lower concentration for daily use.

2.2. Instruments

The AF4 separation channel was between 0.3 cm and 2.15 cm in 
width and 19.5 cm in length with a 350 μm-thick spacer. The membrane 
used was a regenerated cellulose membrane with a 10 kDa MW cutoff 
(Wyatt Technology Corp., Santa Barbara, CA USA). An Eclipse™ Dual
Tec system from Wyatt Technology was applied for regulating the AF4 
flow. An Agilent 1200 series isocratic pump equipped with a micro- 
vacuum degasser (Agilent Technologies, Santa Clara, CA USA) was 
employed to deliver the flow. An Agilent 1200 series autosampler was 
used for all injections. A DAWN HELOS II multi-angle laser light scat
tering detector (MALS) from Wyatt Technology was calibrated by 
toluene and the 90-degree MALS detector was used to collect data at 1 
Hz. An Agilent 1260 fraction collector was used to collect the effluent 
from AF4 every minute for subsequent CE analysis. The optimized AF4 
method used for sample fractionation was established with the detector 
flow of 0.6 mL/min, injection flow of 0.2 mL/min, and other details in 
Supplementary Material (Table S1). Fraction collection started at 14.0 
min of the separation and was at the frequency of one collection per 
minute. The collected 35 fractions were then analyzed on CE without 
further enrichment. To estimate the concentration of particles after AF4 
fraction collection, a Wyatt OptiLab T-rEX refractive index (RI) detector 
was used to replace the Agilent 1260 fraction collector in the AF4 sys
tem. All AF4 data were collected and processed using the Astra 8.1.2.1 
software (Wyatt Technology Corp.).

A SCIEX CESI 8000 Plus system (AB Sciex LLC, Framingham, MA 
USA) equipped with a solid-state laser induced fluorescence (LIF) de
tector at 488 nm was used to perform all the CE experiments. A fresh 
bare fused-silica (BFS) capillary with polyimide external coating (60 cm 
long, 75 μm inner diameter, Agilent Technologies, catalog number 160- 
2644-5) was trimmed to fit into a standard cartridge. The LIF detector 
was set in direct detection mode at the excitation wavelength of 488 nm 
and emission wavelength of 520 nm with a data rate of 4 Hz. Both the 
capillary cartridge and sample storage temperatures were set at 25 ◦C. 
The fresh BFS capillary was conditioned with 1 M NaOH at 50 psi for 5 
min, followed by Milli-Q water at 50 psi for 5 min, and then BGE at 50 
psi for 5 min. The new capillary was then stored in BGE for over 24 h to 
fully condition the inner surface before being used for separation. A 0.1 
M NaOH rinse at 50 psi for 1 min followed by BGE rinse at 50 psi for 1 
min was applied before each injection of sample. AF4 fractions were 
pressure injected at 0.5 psi for 5 s, and the separation was performed by 
applying 30 kV voltage in normal polarity mode for 15 min.

2.3. Data processing

Individual CE-LIF data files were extracted and processed using an 
in-house program written in Java (JRE 1.8). The details for data 
extraction and compilation, baseline correction, and data conversion 
source code can be found in the Supplementary Material of a previous 
publication.26 The resulting Excel files were imported into JMP Pro 
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17.0.0 to obtain contour plots and imported into LC Image 2.8r3.1 for 
peak integration and 2D quantitation.

3. Results and discussion

3.1. AF4×CE characterization of a five-component 50–500 nm 
submicron particle mixture

The AF4 setup and timetable (Table S1) were largely similar to the 
previous publication [26]. An exponential gradient of the crossflow rate 
allowed baseline separation of the 50–100 nm pair (Fig. 1A), and the 
following linear elution at a reduced cross flow rate was applied for 
larger particles. The only differences were that the cross flow rate was 
reduced to 0.25 mL/min rather than 0.30 mL/min at the end of the 
exponential gradient, and the linear elution was kept for 20 min 
compared to 16 min in the previous method. These two changes allowed 
for a shallower gradient in the linear elution region and slightly 
improved separation of the large particles (200/300/500 nm). Although 
not completely resolved, these three particle distributions have partial 
separation as evidenced by distinct peak apexes in Fig. 1A. The overall 
AF4 separation time was slightly longer resulting in a slightly larger 
dilution factor. This proved not to be an issue since the fluorescent 
tagging allows much more sensitive detection in the second dimension 
(2D) separation. It should be noted that these very minor modifications 
of the 1D AF4 method were achieved based on the previously published 
method [26] within only a few hours of method development.

The CE method was identical to our previous publication in terms of 
BGE and separation conditions [26], but a much shorter injection (0.5 
psi × 5 s) was applied to replace the long injection of 0.5 psi × 160 s for 
on-capillary stacking. This change significantly reduced the complexity 
of implementation and the overall method time. Fig. 1B shows the 
complex CE electropherograms of the five Fluoresbrite YG Microspheres 
samples marked by heavy coelution: the 50–100 nm pair and the 
200–300 nm pair both have coelution issue, and the 500 nm distribution 
although mainly separated from the previous two groups still has minor 
components overlapping with the other particle distributions. These 
results are not surprising since CE separation is based on both particle 
size and surface charge, and these Fluoresbrite YG Microspheres may 
have different surface charges and/or charge densities.

As shown in Fig. 1C, the 50–100 nm pair is resolved in both the 
AF4×CE and AF4 separation (Fig. 1A). Similarly, the 200–300 nm pair is 
partially resolved in AF4×CE as they are by AF4. The 500 nm particles 
that cannot be completely resolved from other particles by either AF4 

(Fig. 1A) or CE (Fig. 1B) separation can now be much better separated by 
AF4×CE (Fig. 1C). Two smears are observed (red circles in Fig. 1C), 
which extend into smaller size (smear 1) and into earlier electrophoretic 
mobility (smear 2), suggesting different particle populations. This result 
further proves the separation power and characterization advantages of 
AF4×CE as neither single dimension can clearly map out these two 
different populations. It is also important to point out that both the CE 
migration time and AF4 fraction number on the 2D plot (Fig. 1C) remain 
unchanged for all five particle distributions from 50 nm to 500 nm. This 
result proves that the AF4 mobile phase, focusing, and separation steps 
do not destabilize or modify the particles. Our previous best separation 
[26] showing decreased migration time of the 400 nm particles was 
probably due to on-capillary stacking. To our best knowledge, this is the 
first time that five-component particle mixtures over one order of size 
magnitude (50–500 nm) were separated with unambiguous identifica
tion in any AF4×CE separation. For PS particles separation, previous 1D 
CE methods were developed to separate different size and surface 
charges; however, extensive research was required to characterize par
ticle zeta potential and optimize CE conditions such as the type, pH, and 
concentration of BGE, separation voltages, and additives [28]. Here we 
demonstrate the great advantage of performing AF4×CE - different 
separation mechanisms on the two dimensions significantly improved 
the overall separation peak capacity and resolution compared to either 
dimension and therefore tedious scrutinizing CE separation conditions 
to optimize one dimensional separation is not necessary.

To estimate the concentration of particles at their peak AF4 elution 
time, an RI detector was added to the AF4 system (Fig. S1) to estimate 
the peak apex concentration for each particle distribution. Taking the 
1000 mg/L mixture (in Fig. 1) for example, the results are shown in 
Table S2 with the peak concentrations in the range of 0.216–0.814 mg/ 
L. When analyzed on CE only 25.1 nL of sample was injected based on 
calculations from the 0.5 psi × 5 s injection and the Hagen-Poiseuille 
equation [29]. Therefore, these peak apex fractions correspond to 
approximately 1.64 × 105, 3.04 × 104, 1.23 × 103, 5.53 × 102, and 2.97 
× 102 particles injected on capillary for 50, 100, 200, 300, and 500 nm, 
respectively (see Table S3 for more details on calculation). Other frac
tions from AF4 had even fewer particles injected on 2D CE. Therefore, 
with fluorescent tagging, the 2D AF4×CE-LIF results demonstrate 
extremely sensitive detection, down to hundreds of particles per fraction 
or thousands of particles per size population, comparable to results 
obtained from some of the most sensitive quantitative detection tech
niques such as ICP-MS [19–21,30] and flowcytometry [31].

Fig. 1. (A) AF4 fractogram of the 50 nm, 100 nm, 200 nm, 300 nm, and 500 nm Fluoresbrite YG Microsphere mixture at the mass ratio of 200:200:133:133:334 with 
a total level of 1000 mg/L and injection volume of 4 μL, detected by light scattering at 90◦, (B) CE electropherogram overlay of individual injections of 50 nm, 100 
nm, 200 nm, 300 nm, and 500 nm Fluoresbrite YG Microspheres at 5 mg/L by hydrodynamic injection (0.5 psi × 5 s), and (C) AF4×CE 2D contour plot of the AF4 
fractions collected from (A).
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3.2. 1D quantitation by AF4-LS

To evaluate determination of particle distribution concentration, we 
first explored quantitative performance for the 1D AF4 using a LS de
tector. Since the intensity of scattered light at a fixed angle for the same 
species only depends on its concentration, height or area of the LS peak 
was explored for concentration determination [32]. First, a series of 
calibration standards containing the same mass ratio of the five com
ponents but at different concentrations were prepared. The total con
centrations of this sample series range from approximately 1000 mg/L to 
10,000 mg/L, with a mass ratio of 200: 200: 133: 133: 334 for 50 nm: 
100 nm: 200 nm: 300 nm: 500 nm microspheres. An apex for each 
component was identifiable based on the AF4 fractogram (Fig. 2A), 
despite insufficient separation between different components. Then, 
calibration curves for peak heights against nine microsphere concen
trations were established for all five components with good linear cor
relations and all R2 values greater than 0.99 (Fig. 3). Next, to simulate a 
more realistic experimental scenario, five random concentrations were 
generated by applying random generator function in Excel between 
0 and 1, and these five numbers were multiplied by the calibration 
concentration range to obtain random concentrations for individual 
microsphere distributions (shown in Table 1). AF4 separation using the 
same setup and flow program showed that all five components eluted at 
the same elution time of the calibration standards (Fig. 2B). Peak height 
values for each component in the artificial sample were measured in 
triplicate, which were then used to calculate the concentration of each 
microsphere distribution based on the calibration curves. As shown in 
Fig. 2B (red dots) and Table 1, decent accuracies were achieved, 

validating this quantitation method. Besides peak heights, similar 
quantitation using peak areas was also attempted (Fig. S2 and Table S4). 
Slightly worse linearity and accuracy were found for the peak area 
method, likely due to the overlap between peaks that interfered with the 
determination of peak boundaries. It is worth pointing out that although 
clear peak apexes were expected critical for the AF4-LS quantitation, 
satisfactory results were still obtained for the challenging 200–300 nm 
pair with significantly different concentrations.

3.3. Attempts at 2D quantitation by AF4×CE - LIF

Since 2D AF4×CE separation greatly improves peak capacity and 
separation resolution, and LIF enables highly sensitive detection, we 
also explored quantitation on the 2D analysis. Integration and data 
processing were performed in the LC Image software. As shown in Fig. 4, 
the 200 nm (blob 1) and 300 nm (blob 2) particle populations in the 
artificial sample can be better resolved on the 2D plot compared to 1D 
AF4 (Fig. 2B) when the concentrations are significantly different. 
Theoretically, the 2D peak volume function (results shown in Table S5) 
allows integration of the identified blob using the smoothed signals from 
multiple AF4 fractions. By constructing the calibration curve from 
aforementioned standards, the unknown level of 200 nm particles in the 
artificial sample should be more confidently determined as compared to 
1D AF4 in which the 200 nm and 300 nm particles were not well 
resolved (Fig. 2A). However, in reality we observed worse linearity; 
moreover, the accuracy of the random sample were not comparable to 
those obtained from LS (data not shown).

In order to understand poor quantitative performance, Fluoresbrite 
YG Microspheres were prepared in 0.1 % FL-70 at 5 mg/L individually 
and measured under the same 2D CE conditions repeatedly over roughly 
three days, mimicking the process these microspheres underwent for 
fractionation and CE measurement in the AF4×CE experiment. Taking 
the 100 nm and 300 nm microspheres as two individual examples 
monitored separately (Fig. 5), not surprisingly, large variations in peak 
area were observed. The 100 nm microspheres show some variance with 
the maximum/minimum signal ratio of 2.2; while the 300 nm micro
spheres have an increasing trend with the maximum/minimum signal 
ratio of 3.2. Both samples were prepared at 1.5 mL and the volume 
reduction after 3 days were within 100 μL, so these changes were not due 
to increase in sample concentration from evaporation. Other conditions 
such as autosampler and cartridge temperatures, separation buffer vials, 
and the CE method were all kept the same. Future work will be focused 
on understanding if increasing capillary inner diameter or reducing laser 
power would help reduce the LIF power density to improve photo
stability [33]; if the AF4 mobile phases play a role in the re-distribution 
or quantum yield of the fluorescent tags embedded in these particles 
[34], other AF4 mobile phase options and both commercial and in-house 
chemical labeling of fluorescent tags on the surface of particles will be 
explored. If the fluorescent stability issue can be resolved, 2D 
AF4×CE-LIF will enable critical pair quantitation that is potentially very 
challenging by either one dimensional separation.

4. Conclusions

We demonstrate herein a robust, streamlined AF4×CE-LIF method 
for fast separation and unambiguous identification of a fluorescently 
tagged five-component submicrometer PS particle mixture in the size 
range of 50–500 nm without compromising separation resolution. The 
fluorescent labels and LIF detection allowed the elimination of large 
volume injection on CE and the on-capillary stacking, significantly 
improving analysis throughput so that nine calibration standards and 
three injections of a randomly made artificial sample can be analyzed 
within several days. This approach also successfully solved the issue of 
varying migration time on 2D plot due to overstacking. Particles as large 
as 500 nm can be readily identified. AF4-LS quantitation was performed 
on the artificial sample, and the five components were quantified with 

Fig. 2. AF4 fractogram with MALS detection at 90◦ for (A) a representative 
calibration standard and (B) the artificial sample.
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good accuracy. Two-dimensional AF4×CE-LIF quantitation was also 
explored for future more challenging mixtures whose quantitation might 
require higher separation capacity and resolution. Despite the challenge 
of unstable fluorescence intensity encountered in 2D quantitation, we 
have examined experimental conditions and developed with hypotheses 
for future explorations. These include increasing the capillary inner 
diameter, reducing laser power, exploring different buffer options, and 
chemically labeling of fluorescent tags on the surface of particles. With 
these advancements in the AF4×CE platform for particle analysis, future 
work can be expanded to a wider size range such as 100 nm - 10 μm, 
which has broader interest in pharmaceutical industries [35] and envi
ronmental research [36]. AF4 is known for matrix cleaning capable of 
removing small-molecular-weight species such as salts and surfactants. 
For AF4 separation, a mixture consisting of nanometer, submicrometer, 
and micrometer particles would go beyond the normal mode and sep
aration occurs under both normal mode and steric mode separation 
mechanisms [37], meaning reversed elution pattern for micrometer 

particles and coelution of small and large particles in a particular frac
tion collection. However, since the 2D CE separation is based on elec
trophoretic mobility, this AF4×CE platform would potentially allow 
complete separation of such challenging particle mixtures in a wide size 
range with high peak capacity and resolution and minimal influence 
from sample matrix.
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Fig. 3. Calibration curves of (A) 50 nm, (B) 100 nm, (C) 200 nm, (D) 300 nm, and (E) 500 nm PS microspheres constructed from nine five-component standards 
(black dots) based on LS peak heights and quantitation of individual components in the artificial sample (red dots). Blue lines are the linear calibration curves with R2 

values indicated on the plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Quantitative measurement of the concentration of microspheres at different 
sizes for the artificial five-component sample based on peak heights.

Particle size 50 nm 100 
nm

200 nm 300 nm 500 nm

Theoretical 
concentration (mg/L)

1677 1045 374 884 774

Mean and standard 
deviation of measured 
concentration (mg/L)

1473 
± 56

988 ±
20

417 ±
29

926 ± 9 792 ±
90

Relative standard 
deviation (%)

3.8 2.0 7.0 1.0 11

Accuracy range (%) 84–89 93–97 103–118 104–106 90–113

Fig. 4. Blob identification of the 200 nm (blob 1) and 300 nm (blob 2) particles 
in the random artificial five-component sample.

Fig. 5. Fluorescence signal stability over roughly three days for the 5 mg/L 
100 nm and 300 nm Fluoresbrite YG Microspheres analyzed under the same 2D 
CE conditions.
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