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Abstract

Dynamic light scattering (DLS), transmission electron microscopy (TEM), and reversed phase-high performance liquid chro-
matography (RP-HPLC) are staples of nanoparticle characterization for size distribution, shape/morphology, and composition,
respectively. These techniques are simple and provide important details on sample characteristics. However, DLS and TEM are
routinely done in batch-mode, while RP-HPLC affords separation of components within the entire sample population, regardless
of sample polydispersity. While batch-mode analysis is informative and should be a first-step analysis for any material, it may not
be ideal for polydisperse formulations, such as many nanomedicines. Herein, we describe the utility of asymmetric flow field-
flow fractionation (AF4) as a useful tool for a more thorough understanding of these inherently polydisperse materials. AF4 was
coupled with in-line DLS for an enhanced separation and resolution of various size populations in a nanomaterial. Additionally,
the various size populations were collected for offline analysis by TEM for an assessment of different shape populations, or RP-
HPLC to provide a compositional analysis of each individual size population. This technique was also extended to assess
nanoparticle stability, i.e., drug release, both in buffer and physiologically relevant matrix, as well as qualitatively evaluate the
protein binding capacity of nanomedicines. Overall, AF4 is proven to be a very versatile technique and can provide a wealth of
information on a material’s polydispersity and stability. Moreover, the ability to conduct analysis in physiological matrices
provides an advantage that many other routine analytical techniques do not.
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Introduction

Nanoparticle size can be measured by many different
methods, the most common being dynamic light scattering
(DLS), which measures the hydrodynamic size and provides
information on the overall size distribution and polydispersity
of the formulation [1, 2]. DLS measurements can be made in
either batch-mode or flow-mode. In batch-mode DLS, mea-
surements are made on the stock sample solution, with or
without dilution—this is the most common type of DLS anal-
ysis. However, batch-mode DLS measurements are not ideal
for many samples, especially samples that are known to be
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inherently polydisperse, as many nanoformulations are [3, 4].
In flow-mode DLS, size measurements are made following a
separation technique, wherein DLS is used as a downstream
detector. Flow-mode DLS is particularly useful for
polydispersed samples, as the fractionation helps circumvent
the resolution issues associated with batch-mode measure-
ments [5, 6].

Asymmetric flow field-flow fractionation (AF4) is a sepa-
ration method based on separation by size. The theory, sample
measurement, and profile optimization for AF4, as well as a
comparison to other chromatographic methods, have been
reviewed previously [7-10]. In brief, a parabolic laminar flow
profile is established within a thin channel. The upper channel
wall is impermeable while the bottom channel wall consists of
a permeable membrane, often referred to as the accumulation
wall. The driving force for separation is an applied perpendic-
ular field, or cross-flow. The cross-flow forces the particles
towards the accumulation wall, while Brownian motion coun-
ters this force. Larger particles with lower diffusion rates
equilibrate at positions near the accumulation wall and
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experience a low velocity profile. In contrast, smaller particles
reside further away from the accumulation wall and experi-
ence a higher velocity profile. Thus, smaller particles general-
ly travel the channel faster and elute first. Typically, AF4 is
coupled with downstream detectors such as ultraviolet-visible
spectrophotometry (UV-Vis), refractive index (RI), multi-
angle light scattering (MALS), and DLS to determine purity,
radius of gyration, and hydrodynamic size. Such setups have
been used to characterize a variety of nanotechnology plat-
forms, including liposomes [11-13], polymeric nanoparticles
[14, 15], colloidal gold nanoparticles [16, 17], and gold nano-
rods [18, 19].

AF4 can also be coupled with a variety of other analytical
techniques not suitable for in-line (downstream) detection [7,
10]. Polydisperse formulations can first be separated by AF4
with suitable in-line detectors, and the fractionated popula-
tions collected for analysis off-line by the technique of inter-
est. For example, additional information on the size, shape,
and morphology of the fraction can be obtained from trans-
mission electron microscopy (TEM) analysis of AF4 fractions
[20, 21]. Drug loading is another important characteristic
which benefits from an initial AF4 separation. Drug concen-
trations are typically measured using reversed phase-high per-
formance liquid chromatography (RP-HPLC) with either UV-
Vis or fluorescence detection depending on the drug’s spectral
properties. However, this too is typically measured on the
stock sample solution (with dilution). For polydisperse
nanoformulations, a batch-mode measurement of the drug
loading (i.e., total drug concentration) may not be ideal for a
complete understanding of the formulation. In this case, drug
loading is better represented as the drug distribution across the
various size populations present (i.e., the drug concentration
within each size population). Although RP-HPLC drug quan-
titation cannot be performed in-line of AF4 because of the
sample preparation requirements to release the drug from the
nanoparticles (e.g., liposomes are typically lyophilized and
reconstituted in a suitable organic solvent to release the drug),
samples can be fractionated and analyzed offline by RP-
HPLC. The AF4-DLS-RP-HPLC approach allows for evalu-
ation of drug distribution as a function of size, and is only
possible with the combined analysis of all three instruments.
Analyzing a polydisperse formulation with AF4, DLS, and
RP-HPLC as stand-alone techniques, while still informative,
does not provide the same level of detail as this combined
approach.

AF4 can also be extended to examine nanoparticle stability
in the presence of plasma proteins. Analytical characterization
in biological matrix is an essential preclinical characterization
component for any formulation being developed for systemic
administration. Yet, many analytical techniques to probe the
physicochemical properties of a formulation are not amenable
to analysis in plasma. The interaction of nanoformulations
with plasma proteins is extremely complex and can
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dramatically affect formulation stability and in vivo
biodistribution properties. Using AF4, not only can the stabil-
ity of the nanoformulation (i.e., drug encapsulation/retention)
be explored, but the extent of protein interactions with
nanoformulations can also be explored. By using AF4
coupled with in-line MALS and DLS detection, the radius of
gyration (Rg) and hydrodynamic radius (Rh), respectively,
can be measured, and in turn, used to calculate shape factors
(p = Rg/Rh) [6, 7, 22, 23]. The comparison of nanoparticle
shape factors before and after incubation in plasma can pro-
vide information on protein binding and can be a useful tool in
envisaging the in vivo properties of the formulation.

In this paper, we present several case studies which outline
the vast potential of AF4 as a characterization technique for
nanomedicines. Specifically highlighted are AF4 coupled
with in-line DLS to explore size distribution, AF4-DLS with
offline TEM analysis for an assessment of shape distribution,
AF4-DLS with offline RP-HPLC analysis for measurement of
drug distribution and assessment of nanoparticle stability in
human plasma, and AF4-MALS-DLS for evaluation of nano-
particle protein binding. The utility of each individual analyt-
ical technique is shown to be far superior when combined with
the separation capacity of AF4, to afford an overall better
understanding of polydisperse nanoformulations.

Experimental section
Nanoparticles

Micellar formulations of SN-38 [24] and daunorubicin [25]
were generously donated by Intezyne Technologies, Inc.
PEGylated gold nanorods were generously donated by Siva
Therapeutics. The dual doxorubicin- and docetaxel-loaded li-
posomes were generously donated by Cureport, Inc. The com-
mercial formulations of Doxil®, Onivyde®, and
AmBisome® were purchased from the National Institutes of
Health (NIH) pharmacy.

Human plasma

For plasma incubation studies, human plasma was collected
from healthy volunteer donors under National Cancer Institute
(NCI) at Frederick Protocol OH99-C-N046.

Batch-mode dynamic light scattering

Hydrodynamic diameters were measured using a Malvern
Zetasizer Nano ZS instrument (Malvern, Westborough, MA)
with back scattering detector (173°). Samples were measured
in batch-mode at 25 °C, using a quartz microcuvette. A min-
imum of five measurements were made for each sample.
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Asymmetric flow field-flow fractionation

The asymmetric flow field-flow fractionation (AF4) system
consisted of an isocratic pump (G1310B, Agilent, Palo Alto,
CA), well-plate autosampler (G1329A, Agilent, Palo Alto,
CA), AF4 separation channel (Eclipse AF4 or Eclipse
DualTec, Wyatt Technology, Santa Barbara, CA), MALS de-
tector (DAWN HELEOS II, Wyatt Technology, Santa
Barbara, CA), UV-Vis detector (G1315B, Agilent, Palo Alto,
CA), and a DLS instrument (Zetasizer Nano ZS, Malvern,
Westborough, MA). The separation channel had a length of
275 mm (long channel) and a 350 um spacer. A 10 kDa re-
generated cellulose membrane was used for all separations.
This membrane was pre-treated with high concentrations of
a bovine serum albumin (BSA) solution to minimize non-
specific binding to the membrane surface, following recom-
mendations of the manufacturer. The mobile phase was
phosphate-buffered saline (PBS, SH3025602, Hyclone,
Thermo Fisher, Waltham, MA), filtered through a 0.2-pm
regenerated cellulose membrane prior to use.
Chromatographic traces were monitored by DLS detection,
MALS detection, and/or UV-Vis detection. For flow-mode
DLS analysis, measurements were made in a quartz flow cell
(ZEN0023, Malvern, Westborough, MA) and data was col-
lected using Malvern Zetasizer software (v7.11). The intensity
threshold was manually adjusted after each experiment to dis-
tinguish background noise from signal. These values were
sample dependent; values are given in the figure legends.
The detector flow was 1 mL/min and the injection volume
was 100 pL for all samples. For all samples described below,
fractions were collected manually based on the DLS signal
and stored at 4 °C for further analysis.

Reversed phase-high pressure liquid chromatography

The chromatographic system consisted of a quaternary pump
(VF-P20-A,Thermo Fisher, Waltham, MA), autosampler (VF-
A10-A,Thermo Fisher, Waltham, MA), Zorbax 300SB-C18
column (4.6 mm ID X 150 mm, 5 um, Agilent, Palo Alto,
CA), and diode array (VH-D10-A,Thermo Fisher, Waltham,
MA) and fluorescence (VF-D51-A, Thermo Fisher, Waltham,
MA) detectors. The mobile phase consisted of water/
acetonitrile (A/B, HPLC Grade, both with 0.14% (w/v)
trifluoroacetic acid) at a flow rate of 1 mL/min. The injection
volume was 40 pL, and the column temperature was 25 °C for
all samples.

SN-38 micelle analysis

Stock micellar SN-38 formulations were prepared at 50 mg/
mL total construct in cold saline (4 °C). Samples were then
diluted 10-fold in PBS before batch-mode DLS and AF4 anal-
ysis. The AF4 elution profile employed is given in Table 1.

The chromatographic traces were monitored by DLS detection
and UV-Vis at 210 nm.

PEGylated gold nanorod analysis

Stock PEGylated (10 kDa) gold nanorods (1.8 mg/mL gold
concentration) were diluted 10-fold in PBS for batch-mode
DLS and 20-fold in PBS before AF4 analysis. The AF4 elu-
tion profile employed is given in Table 2. The chromatograph-
ic traces were monitored by MALS and DLS detection.

For batch-mode TEM analysis, stock PEGylated gold
nanorods were diluted 50-fold with ultrapure water, and 2.5
puL was applied to a glow discharged carbon-coated copper
film grid (Electron Microscopy Sciences). The grid was blot-
ted and allowed to air dry before imaging. Images were taken
using a T-12 TEM (FEI) equipped with a LaB¢ thermionic gun
at 120 keV acceleration voltage. The fractions from AF4 sep-
aration were used without further dilution for analysis by
TEM as described above. Multiple 2.5 uL aliquots of each
fraction were repeatedly applied to the TEM grid to effectively
increase the nanoparticle sampling for imaging.

Doxorubicin and docetaxel liposome analysis

Stock doxorubicin and docetaxel samples (2 mg DXR, 3 mg
DTX/mL) were diluted 10-fold in PBS before AF4 analysis.
The AF4 elution profile employed is given in Table 3. The
chromatographic trace was monitored by DLS detection. Peak
fractions were collected, and fraction volumes measured, be-
fore drug content analysis by RP-HPLC.

For doxorubicin quantitation, the RP-HPLC elution gradi-
ent was 25% B for 4 min, ramp to 100% B in 8 min, hold at
100% B for 4 min, and ramp down to 25% B in 4 min.
Doxorubicin was detected by fluorescence emission at
590 nm (488 nm excitation). Calibration standards (LC
Labs, D-4000, lot DXR-110) were prepared in 25% (v/v) ace-
tonitrile at concentrations ranging from 20-200 ng/mL. Stock
injection samples were lyophilized and reconstituted with
25% (v/v) acetonitrile accordingly to dilute the sample within
the calibration curve range. Typically, 10 pL stock injection
sample was lyophilized and reconstituted with 25% (v/v) ace-
tonitrile to yield a 2000-fold final dilution. Collected fractions
were either diluted or concentrated accordingly to fall within
the calibration curve range. Typically, collected peak fractions
were concentrated by first lyophilizing the sample, then
reconstituting accordingly.

For docetaxel quantitation, the RP-HPLC elution gradient
was 50% B for 4 min, ramp to 100% B in 10 min, hold at
100% B for 10 min, and ramp down to 50% B in 3 min.
Docetaxel was detected by UV-Vis at 227 nm. Calibration
standards (LC Labs, D-1000, lot BDC-105) were prepared
in 25% (v/v) acetonitrile at concentrations ranging from 1—
100 pg/mL. Stock injection samples were lyophilized and

@ Springer



428 HuY. et al.
Table 1 AF4 method for the
analysis of SN-38 micelles Step At (min) Mode Vx start (mL/min) Vx end (mL/min) Focus flow (mL/min)
1 2 Elution 1 1
2 2 Focus - 1
3 5 Focus + inject - 1
4 10 Focus - 1
5 10 Elution 1 1
6 2 Elution 1 0.5
7 10 Elution 0.5 0
8 20 Elution 0
9 2 Elution + inject 0 0
10 3 Elution 0

reconstituted with 25% (v/v) acetonitrile accordingly to fall
within the calibration curve range. Typically, 20 uL stock
injection sample was lyophilized and reconstituted with 140
uL 25% (v/v) acetonitrile to yield a 7-fold diluted sample.
Collected peak fractions were concentrated by lyophilizing
1000 uL and reconstituting with 100 pL 25% (v/v) acetoni-
trile to afford 10-fold concentrated samples.

Daunorubicin micelle analysis

Stock micellar daunorubicin formulations were prepared at 5
mg/mL total construct in cold saline before AF4 analysis. For
plasma incubation studies, sample was prepared at 10 mg/mL
total construct in cold saline, and 250 pLL was incubated with
50 puL human plasma at 37 °C for 2.5 h. Following incubation,
the sample was diluted with PBS (200 pL) before AF4 anal-
ysis (5 mg/mL final total construct and 10% (v/v) plasma).
The AF4 elution profile employed is given in Table 4. Peak
fractions were collected, and fraction volumes measured, be-
fore drug content analysis by RP-HPLC.

The RP-HPLC elution gradient was 25% B for 4 min, ramp
to 100% B in 8 min, hold at 100% B for 4 min, and ramp down
to 25% B in 4 min. Daunorubicin was detected by fluores-
cence emission at 590 nm (488 nm excitation). Calibration
standards (TEVA, Lot No. 6447A000414R) were prepared

in 25% (v/v) acetonitrile at concentrations ranging from 10—
200 ng/mL. Stock injection samples and collected fractions
were lyophilized and reconstituted with 25% (v/v) acetonitrile
accordingly to fall within the calibration curve range.
Typically, 10 uL stock injection sample was lyophilized and
reconstituted accordingly with 25% (v/v) acetonitrile to yield
a 1000-fold final diluted sample. Collected peak fractions typ-
ically were diluted 2- or 3-fold following reconstitution of the
lyophilized fraction.

Doxil analysis

Doxil (Lot 600220P1) was reconstituted according to the
manufacturer’s instructions. For studies without plasma incu-
bation, the sample was diluted 10-fold in PBS before AF4
analysis. For plasma incubation studies, 100 pL stock Doxil
was incubated with 100 pL human plasma at 37 °C for 1.5 h.
Following incubation, the sample was diluted with PBS (800
uL) before AF4 analysis (10-fold diluted Doxil and 10% (v/v)
plasma). The AF4 elution profile employed is given in
Table 5. The chromatographic trace was monitored by DLS
detection. Peak fractions were collected, and fraction volumes
measured before drug content analysis by RP-HPLC.
Doxorubicin RP-HPLC analysis was performed as described
previously.

Table 2 AF4 method for the

analysis of PEGylated gold Step At (min) Mode Vx start (mL/min) Vx end (mL/min) Focus flow (mL/min)
nanorods
1 2 Elution 2 2
2 2 Focus - 1
3 3 Focus + inject - 1
4 5 Focus - 1
5 50 Elution 2 2
6 2 Elution 2 0
7 8 Elution 0 0
8 2 Elution + inject 0 0
9 1 Elution 0 0

@ Springer



The utility of asymmetric flow field-flow fractionation for preclinical characterization of nanomedicines 429

Table 3 AF4 method for the

analysis of doxorubicin and Step  At(min)  Mode Vx start (mL/min) ~ Vxend (mL/min)  Focus flow (mL/min)
docetaxel liposomes

1 2 Elution 1.5 1.5 -

2 2 Focus - - 1

3 5 Focus + inject - - 1

4 5 Focus - - 1

5 60 Elution 3 0 -

6 10 Elution 0 0 -

7 5 Elution + inject 0 0

8 5 Elution 0 0

Protein binding assessment

Doxil (Lot 600220P1), Onivyde (Lot 160107), and
AmBisome (Lot 010550) were prepared based on their respec-
tive prescribing information. For studies without plasma incu-
bation, the samples were diluted 100-fold in PBS before in-
jection into the AF4 system. For plasma incubation studies, 10
puL of nanoformulation was incubated with 100 pL human
plasma at 37 °C for 2 h. Prior to injection, 890 uL PBS was
added to make the final injection solution 10% (v/v) plasma.
The AF4 elution profile employed is given in Table 5. The
chromatographic traces were monitored by in-line MALS and
DLS detection.

Results and discussion

Herein, several case studies are described which portray the
diverse capabilities of AF4 when coupled with other routine
analytical techniques. Each case study utilizes distinct
nanomedicine formulations, as no single nanoparticle was ide-
al to showcase the utility of all methods. The section begins
with the simplest of applications, analysis of size distribution,
and offers a comparison to routine batch-mode DLS. In the
subsequent sections, we incorporated offline techniques such
as TEM and RP-HPLC to analyze fractions collected from
AF4-DLS separation to provide shape and concentration as a
function of nanoparticle size. Lastly, incubation in human

plasma is discussed, which provides an estimate of nanopar-
ticle stability and interaction with plasma proteins.

Size distribution

To demonstrate the power of AF4-DLS as a tool for measuring
size distribution of nanoparticles, a SN-38-loaded micellar
formulation was used. The micellar nanoparticle displayed a
very broad peak by batch-mode DLS, with multiple size pop-
ulations apparent by comparison of the intensity-weighted and
volume-weighted size distributions (Fig. 1a). Two overlap-
ping size populations were evident, with the larger size popu-
lation (roughly 213 nm) dominating the intensity-weighted
distribution, and the smaller population (roughly 64 nm) dom-
inating the volume-weighted distribution. This represents a
common limitation of batch-mode DLS measurements, name-
ly the limited resolution capacity for nanoparticles that are
similar in size. Generally, to achieve good resolution of size
populations by batch-mode DLS, the nanoparticle fractions
should be a minimum of three times different in size [26].
An AF4 elution profile was developed which teased out the
different size populations. The AF4 fractogram, showing DLS
and UV detection (A = 210 nm), is shown in Fig. 1b. The red
trace represents the DLS scattering intensity signal as a func-
tion of time. The green dots across the peaks represent the
measured Z-average size at each time point. The AF4-DLS
fractogram mimics the batch-mode DLS in that two size pop-
ulations were observed. However, with the AF4-DLS

Table 4 AF4 method for the

analysis of daunorubicin micelle Step At (min) Mode Vx start (mL/min) Vx end (mL/min) Focus flow (mL/min)

1 2 Elution 1 1 -
2 2 Focus - - 1
3 5 Focus + inject - - 1
4 10 Focus - - 1
5 10 Elution 1 0 -
6 15 Elution 1 0 -
7 15 Elution 0 0 -
8 5 Elution + inject 0 0

9 5 Elution 0 0
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Table 5 AF4 method for the

analysis of Doxil, Onivyde, and Step  At(min)  Mode Vx start (mL/min) ~ Vx end (mL/min)  Focus flow (mL/min)
AmBisome
1 2 Elution 1 1
2 2 Focus - 1
3 5 Focus + inject - 1
4 10 Focus - 1
5 10 Elution 1 1
6 2 Elution 1 0.5
7 50 Elution 0.5 0.5
8 2 Elution 0.5 0
9 2 Elution 0 0
10 2 Elution + inject 0 0
11 5 Elution 0 0

technique, the broad overlapping size distributions observed
in the batch-mode analysis were resolved into two distinct
peaks. The nanoparticles eluted from small to large, as expect-
ed based on the field flow fractionation (FFF) theory [27]. The
first eluting peak was the predominant population as evi-
denced by its strong UV signal. Its Z-average size distribution
ranged 51-99 nm with the lower size, ~ 55 nm, being fairly
constant across the peak. This also supported the batch-mode
DLS data, whereby the smaller size dominated the volume-
weighted distribution, indicating this was the predominant
size population. The second, less abundant size population
had sizes ranging from 153-248 nm.

Overall, these results demonstrate that AF4, as a separation
technique, is capable of resolving broad and polydisperse size
populations. When coupled with DLS and UV detection, the
size distribution as well as the relative abundance of each
population, respectively, can be measured. The AF4-DLS
fractogram supports the intensity-weighted batch-mode DLS
trace, as both traces showed two populations. AF4-DLS, how-
ever, was far superior in separation and resolution of the two
populations. Additionally, the AF4-UV fractogram and the
volume-weighted batch-mode DLS trace also corresponded
very well to each other, both showing the smaller size popu-
lation as the more abundant species. Although the Z-average
size by batch-mode DLS was 119 nm, AF4-DLS-UV was able
to discern a 55 nm size population—half that of the batch-
mode DLS Z-average size—as the major population in the
polydisperse mixture.

Shape distribution

In addition to a population of sizes, various shapes can also be
present in a nanoformulation. Batch-mode analysis of
PEGylated gold nanorods by DLS showed a single population
0f 80-90 nm (the ~ 10 nm peak is due to rotational diffusion of
the gold nanorods [28]), but was unable to discern different
size/shape particles (Fig. 2a). DLS measurement, by default,
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assumes a spherical shape for particles, but nonetheless has
been used as a first approximation of size for rod-like nano-
particles. Batch-mode analysis by TEM readily identified a
mixture of both rod-like and sphere-like particles (Fig. 2b),
although it was tedious to approximate a ratio of the two
populations. This was only achieved by the time-consuming
task of manually counting hundreds-to-thousands of particles
over several TEM images.

To separate the various shapes, the PEGylated gold nano-
rod samples were analyzed via AF4 with both in-line MALS
and in-line DLS detectors, and fractions of each peak were
collected for analysis by TEM (Fig. 2c—e). Fraction 1 (38—49
min) clearly contained the rod-like particles, while fraction 2
(49-58 min) clearly contained the sphere-like particles based
on TEM examination of the separated fractions. While batch-
mode DLS was unable to identify two shape populations in
the sample, batch-mode TEM easily detected the two shapes.
AF4, on the other hand, was able to identify and readily sep-
arate the two shape populations. Generally speaking, coupling
additional detectors such as UV-Vis or RI would also afford an
approximation of the relative ratio of each size/shape popula-
tion, an attribute not quickly determined by the stand-alone
batch-mode techniques.

Further evidence of the shape distribution within each peak
was achieved by calculating shape factors for each population.
Shape factor can be calculated using the radius of gyration
(Rg) obtained from MALS detection and hydrodynamic radi-
us (Rh) obtained from DLS detection. DLS measurement pro-
vides a hydrodynamic diameter (Dh), which is converted to
Rh to calculate the shape factor (p = Rg/Rh) for each peak.
The shape factor for ideal hard spheres approaches the value
(3/5)'2 = 0.77 [22]. As the mass distribution is centered to-
wards the core of the sphere, the shape factor decreases, and as
the mass distribution shifts towards the exterior of the sphere,
the shape factor increases. Shape factor values greater than ~
1.22 generally suggest a rod-like geometry [23]. The calculat-
ed shape factor for peak 1 was 2.4, affirming rod-like particles,
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Fig. 1 Size distribution by batch-mode DLS vs. AF4-DLS. (a) Batch-
mode intensity- (top) and volume-weighted (bottom) DLS distributions
for SN-38-loaded micelles. Measurements were made after a 10-fold
dilution in PBS and at 25 °C. The average intensity- and volume-
weighted sizes are noted. (b) Flow-mode AF4 separation with in-line

while the calculated shape factor for peak 2 was 1.0,
supporting the finding of sphere-like particles. Using simple
shape factor calculations, AF4-MALS-DLS alone was able to
provide information on the shape of the two separated popu-
lations, supporting the TEM data.

Drug distribution

With polydisperse formulations, it can be imperative to under-
stand the drug loading, or drug distribution across the various
size populations. Drugs may preferentially load into one or
more size populations in a mixture. Having this information
at an early stage of development can allow for optimization of
the formulation and elimination of populations without cargo.
To highlight this AF4 capability, a dual drug-loaded liposome
was used, containing both doxorubicin and docetaxel.

The AF4 fractogram for the dual drug-loaded liposome is
depicted in Fig. 3. Two major peaks were present. The first
peak was broad and showed two clear size trends by DLS. The
first was a population with a near constant size of approx. 30
nm, while the second showed a population with a range of
sizes spanning 35—108 nm. The second peak in the fractogram
contained larger liposomes spanning 104-274 nm. The utility
of AF4 was expanded by collecting fractions for subsequent
analysis by RP-HPLC to determine the drug loading in each of
the populations present in the mixture.

Fractions were collected for each of the three noted size
populations, as well as the elution period between the two
peaks (denoted by solid gray vertical lines in the fractogram).
Each fraction was analyzed by RP-HPLC for doxorubicin and
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DLS (top) and UV detection at 210 nm (bottom) for SN-38-loaded mi-
celles. The hydrodynamic size was measured across the peaks (green
squares) using a Malvern Zetasizer and was based on an intensity thresh-
old of > 200 kcps. The Z-average size distribution for each peak is noted.

docetaxel content using either fluorescence or UV detection,
respectively. Fractions were collected manually, volumes
measured, then lyophilized, and reconstituted accordingly be-
fore drug concentration analysis. The majority of the recov-
ered doxorubicin was measured in peak 1, fractions 1 and 2.
Approximately 19% of the total injected doxorubicin was de-
tected in the ~ 30 nm population (fraction 1), while double that
amount was in the latter part of peak 1, wherein the sizes
spanned 35-108 nm. A small percentage was recovered in
peak 2 (fraction 4) with the larger sized liposome population
(104-274 nm), as well as in the elution period between peaks
1 and 2 (fraction 3). Thus, the majority of the doxorubicin
resided in the smaller size liposome population. Knowing
the drug distribution across various size populations in a for-
mulation can provide insight into preferential loading for a
specific size and can be used to optimize the formulation’s
production process.

The total drug recovery for doxorubicin was 64% of the
injected amount. In contrast, there was very little recovery of
the docetaxel. Approximately 6% was recovered in the ~
30 nm population (fraction 1) and only 1% in the 35-108
nm population (fraction 2) of peak 1. There was no detectable
docetaxel recovery in fractions 3 or 4. The differences in total
drug recovery are directly related to the loading of the drugs
within the liposome. Notably, doxorubicin is loaded into the
interior hydrophilic core of the liposome, while docetaxel is
loaded into the lipid bilayer. It is hypothesized that docetaxel,
a very hydrophobic drug, likely partitioned from the lipo-
somes to the BSA on the AF4 membrane. Drugs that reside
in the lipid bilayer of liposomes can be more prone to release
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by partitioning to proteins bound to the AF4 membrane or
even membranes of larger size (e.g., larger liposomes, red
blood cells). Assessing stability of nanoparticles, in terms of
drug release, is described in more detail in the next case study.

Nanoparticle stability

AF4 can also be used as a rapid tool to assess the stability of a
formulation, and notably can be tested in a biological matrix.
Using the above-described AF4-DLS-RP-HPLC technique, a
micellar formulation of daunorubicin [25] was analyzed and
the drug across the nanoparticle peak quantitated. The
resulting AF4-DLS fractogram is depicted in Fig. 4a.
Fractions were collected after the focusing step (20 min) until
the end of the run (69 min) as denoted by solid gray vertical
lines along the corresponding elution times, for a total of five
fractions. The first fraction was 1 min after the focusing step
and contained any quickly eluting micelles which were not
focused (cross-flow rate was 1 mL/min). The second and
third fractions corresponded to a linear decrease in the
cross-flow rate from 1 to 0 mL/min and contained the
major population of nanoparticles. The fourth fraction
corresponded to a cross-flow rate of 0 mL/min and would
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contain any larger micelles that may have been pinned
against the membrane. The fifth fraction corresponded to
the cleaning of the sample loop, where the sample loop is
opened and flushed prior to the next run.

The size distribution and drug concentration for each col-
lected fraction is noted in Fig. 4a. The micelle eluted as a
single peak but with two distinct size trends as measured by
flow-mode DLS. The majority of this peak contained nano-
particles of a fairly constant size range, with Z-average sizes
between 34 and 52 nm (fraction 2). This peak also contained
the majority of the drug, 24% of the total recovered drug. The
second half of this peak showed an increase in size, up to 103
nm, and contained and additional 12% of the total recovered
drug (fraction 3). Small quantities of drug, 4%, were also
distributed among the fractions collected before and after the
main peak (fractions 1 and 4), and the sample loop cleaning
peak (fraction 5). While a very small light scattering signal
was observed for fraction 5 (~ 61 min), no measurable size
was detected, likely due to low concentration.

Note the total amount of drug recovered across all peaks
was only 40% relative to the amount injected. This result was
consistent and reproducible. There are several possible causes
for the low drug recovery: (1) sample loss due to membrane
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Fig. 3 Drug loading with respect
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sticking, (2) incomplete peak/fraction collection, (3) drug is
free/unassociated with the nanoparticle, or (4) drug loss
through some alternative mechanism. Sample (micelle) loss
to membrane sticking is minimized by passivating the mem-
brane with bovine serum albumin (BSA) per the instrument
manufacturer’s (Wyatt) recommendations. BSA was run
through the system three times prior to sample injection.
Nanoparticles which are surface modified with hydrophilic
coatings, e.g., PEGylated in this case, should also aid in min-
imizing membrane interactions. Collecting fractions across

Fig. 4 Nanoparticle drug

the entire run, as done here, essentially eliminates the possi-
bility of drug loss due to incomplete collection and should
recover all drug injected, provided it is associated with the
nanoparticle. Any free drug present in the system, however,
would not be recovered. It would either pass through the
membrane (10 kDa molecular weight cutoff, MWCO) or bind
to the BSA passivated on the membrane. In this example, the
free daunorubicin amount was measured beforehand using
centrifugal filtration and RP-HPLC analysis and was < 5%
(data not shown). Passivation of the membrane, PEGylation
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of the surface, collection of peaks throughout the entire run,
and low free drug in the system all help to minimize drug loss
in the AF4 system, suggesting there may be another underly-
ing mechanism responsible for the poor drug recovery.

One hypothesis is the daunorubicin partitions from the mi-
celles to the BSA on the membrane. In this case, daunorubicin
would not be recovered and could explain the low total drug
recovery. This data suggests that daunorubicin is unstable in
the micellar formulation and is released from the formulation
in the presence of BSA. As serum albumin accounts for more
than 50% of the protein in plasma, this suggests the formula-
tion would be unstable in biological matrix as well and release
the majority of drug almost immediately. To test this hypoth-
esis, the daunorubicin micelles were incubated in plasma prior
to injection into the AF4 system.

The micelles were incubated in human plasma at 37 °C for
a minimum of 2 h. The samples were then diluted with PBS
after incubation to achieve a suitable DLS signal and a final
plasma concentration of 10% (v/v). Higher final plasma con-
centrations tend to foul and clog the AF4 system faster. As
before, fractions were collected after the focusing step until
the end of the run to maximize total drug recovery. Collecting
fractions for the entirety of the AF4 elution also aids in total
mass recovery calculations, which is especially important
when assessing the stability of the nanoformulation.
Fractions were then analyzed for drug content by RP-HPLC.

The AF4-DLS fractogram after plasma incubation is
shown in Fig. 4b and was similar to the non-plasma incubated
fractogram in Fig. 4a, with the exception of an additional peak
in fraction 1 at approx. 23 min. This peak corresponds to
plasma proteins (e.g., albumins, globulins, and fibrinogens).
As with the previous fractogram, the major nanoparticle pop-
ulation spanned fractions 2 and 3. Fraction 2 again had a
narrower, more constant size range and contained the largest
fraction of recovered drug. Fraction 3 showed an increasing
size population and contained the second largest fraction of
recovered drug. Combined, fractions 2 and 3 recovered 18%
of'the total injected drug in the plasma incubation, only half of
the recovered 36% (in fractions 2 and 3) for the sample with-
out plasma incubation. A slight increase in the amount of drug
present in fraction 1 (2%) is attributed to drug binding to the
protein. There was also an increase of drug detected in fraction
5 (4%). This is likely due to elution of additional proteins with
bound drug in the sample loop cleaning step. The total amount
of drug recovered across all the peaks was 25% relative to the
amount injected, nearly half of the 40% recovered without
plasma incubation. This confirms further instability/release
of free drug in the presence of plasma. We speculate the drug
partitions to the plasma proteins during incubation, and as the
sample flows across the AF4 membrane, there is additional
partitioning of the drug from the plasma proteins to the BSA
passivated on the membrane and/or plasma protein exchange/
further passivation of the membrane. In a separate run, the
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AF4 membrane was passivated with 10% human plasma in
lieu of BSA to ascertain whether any differences in protein
composition would affect drug partitioning. However, the re-
sults were the same (data not shown) as those obtained
through the BSA-passivated membrane.

To ensure the poor drug recovery was a result of nanopar-
ticle instability (facile drug release) and not an artifact of the
process, this was repeated using Doxil. Doxil is a stable, con-
trolled release liposomal formulation of doxorubicin. AF4-
DLS fractograms of Doxil pre- and post-incubation in human
plasma are shown in Fig. 5. Three fractions were collected,
1 min after the focusing step, the main nanoparticle peak elu-
tion, and the sample loop cleaning step. The DLS measured
size and recovered doxorubicin content for each are noted in
the figure. There was 82% drug recovery in the main peak
(fraction 2) and 5% drug recovery in sample loop cleaning
step (fraction 3) for the non-plasma incubated sample. There
was essentially no change in drug recovery after plasma incu-
bation, with 80% and 5% recovery for fractions 2 and 3, re-
spectively. This demonstrates that nanomaterials with stably
encapsulated drugs show a good drug recovery by AF4-RP-
HPLC and drug is not lost as a result of the procedure itself.

Nanoparticle incubation experiments in plasma, coupled
with AF4-DLS-RP-HPLC analysis, can provide insight into
the stability of the nanoparticle, with respect to drug release,
providing a quick method to qualitatively assess the stability
of a formulation in physiologically relevant matrix. For many
formulations, AF4-DLS-RP-HPLC analysis without plasma
incubation may also allude to the stability issue, allowing for
elimination of the plasma incubation step. Indeed, in the case
of the daunorubicin micelle, less than half of the total injected
drug was recovered without plasma incubation, hinting at the
possibility of instability. A further reduction in drug recovery
upon plasma incubation reaffirmed this notion. However, not
all formulations may show drug loss via AF4 separation alone,
making plasma incubation a great addend to nanoparticle sta-
bility assessment, especially for nanomedicine applications.

Assessment of protein binding

In addition to gauging nanoparticle stability, plasma incuba-
tion studies are also a useful tool for assessing protein binding.
Numerous studies have demonstrated that surface modifica-
tion with polyethylene-glycol (PEG) or similar hydrophobic
moieties minimizes protein binding, which can inhibit uptake
by the mononuclear phagocyte system (MPS) and significant-
ly prolong circulation times, thus improving bioavailability
[29-31]. This technique proves useful in detecting protein
binding and characterizing the extent of protein interactions
with nanoparticles.

In this study, three commercially available liposomes were
investigated: Doxil, Onivyde, and AmBisome. Each liposo-
mal formulation contains a different degree of surface
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PEGylation through incorporation of PEG-derivatized lipids
into the liposome bilayer. The three samples were analyzed
via AF4 with both in-line MALS and in-line DLS detectors.
Samples were run pre- and post-incubation in plasma as de-
scribed earlier, and the size of the nanoparticle peaks mea-
sured by both MALS and DLS to provide the Rg and Dh,
respectively, which were used to calculate the shape factor.
The shape factors pre- and post-incubation in plasma were
then compared for an assessment of protein binding.

Doxil, a liposomal doxorubicin formulation, contains 2
mg/mL of doxorubicin, 3.19 mg/mL of N-(carbonyl-
methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine sodium salt (DSPE-
mPEG2000), 9.58 mg/mL of fully hydrogenated soy phospha-
tidylcholine (HSPC), and 3.19 mg/mL of cholesterol, which
gives ~ 5% molar ratio of PEGylation [32]. As shown in Fig.
6a, the AF4-MALS-DLS results showed that Doxil, without
incubation in plasma, had an average Rg of 37.6 nm (range
from 25-50 nm), and an average Dh of 93.9 nm (range from
50 to 120 nm). The calculated shape factor (p) was 0.8, which
indicated a uniform spherical shape for the liposome. After
incubation with human plasma, the average Rg remained the
same, at 37.8 nm (range from 25-50 nm), and the average Dh
was 97.9 nm (range from 45-140 nm). The calculated shape

factor after plasma incubation was 0.8, again indicating a uni-
form spherical shape. There was no significant shift in shape
factor compared with the pre-plasma incubation. This data
indicates that under a high protein concentration (plasma in-
cubation), Doxil had minimal protein binding on the surface.

Onivyde is a commercially available liposomal dispersion
containing irinotecan. Onivyde contains 4.3 mg/mL irinotecan
free base, 6.81 mg/mL of 1,2-distearoylsn-glycero-3-
phosphocholine (DSPC), 2.22 mg/mL of cholesterol, and
0.12 mg/mL of DSPE-mPEG2000, which gives ~ 0.3% molar
ratio of PEGylation, about one-tenth the PEGylation of Doxil
[33]. Onivyde showed an average Rg of 51.8 nm (range from
30-65 nm), and average Dh 120.5 nm (range from 50-150
nm) (Fig. 6b). Using these measured values, the shape factor
was calculated to be 0.9. After incubation with plasma, the
shape factor of Onivyde increased to 1.0. This shift in shape
factor was the result of a decrease in the measured Dh value.
After incubation with plasma, the Dh shifted from 120.5 to
108.4 nm (range from 45-140 nm). The increased shape factor
indicates a mass distribution shift to the surface of the lipo-
somes, suggesting protein binding on the surface.

The third test sample in this case study was AmBisome, a
liposomal formulation of amphotericin B. AmBisome con-
tains 4 mg/mL amphotericin B, 17.75 mg/mL of HSPC,
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Fig. 6 Assessment of protein binding. Flow-mode AF4 separation of (a)
Doxil, (b) Onivyde, and (¢) AmBisome using both MALS (left panels)
and DLS (right panels) detection. The blue traces represent nanoparticles
without plasma incubation. The red traces represent nanoparticles with
plasma incubation. The radius of gyration (Rg) and hydrodynamic diam-
eter (Dh) from MALS and DLS, respectively, are given in the figures. The

4.33 mg/mL of cholesterol, and 7.00 mg/mL of distearoyl
phosphatidylglycerol [34]. It is formulated as a single bilayer
liposomal drug delivery system with no PEGylation on the
surface. Before incubation with plasma, AmBisome had a
Rg value of 47.9 nm (range from 35-70 nm) and a Dh value
of 124.1 nm (range from 70—150 nm) (Fig. 6¢). The resulting
shape factor was 0.8, indicative of a uniform spherical shape.
After incubating with plasma, the Rg value increased to
52.8 nm (range from 35-70 nm) and the Dh value decreased
to 93.5 nm, resulting in an increase in the shape factor to 1.1.
This increased shape factor, again, indicates a mass distribu-
tion shift to the surface of the liposomes, suggesting protein
binding on the surface. The shape factor for AmBisome after
plasma incubation was larger than that observed with Onivyde
plasma incubation. Also of note was a significant broadening
of the nanoparticle peak, which was not observed for Doxil or
Onivyde, as well as a significant increase in the intensity of the
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intensity thresholds for DLS were manually adjusted for each experiment.
The intensity thresholds without plasma incubation were > 65, > 50, and
> 100 keps for Doxil, Onivyde, and AmBisome, respectively. The inten-
sity thresholds with plasma incubation were > 130, > 130, and > 120
keps, respectively.

peak. Both the shape factor and the peak changes suggest a
substantial amount of protein binding on the liposome and
concur with the expected results for a non-PEGylated liposo-
mal formulation.

All three commercially available nanoformulations showed
comparable hydrodynamic diameters (~ 90—120 nm) despite
various degrees of PEGylation. Under high protein concentra-
tion (10% human plasma), Doxil, with 5% (molar ratio)
PEGylation, showed no change in shape factor, suggesting
minimal protein binding. For Onivyde, the shape factor in-
creased ~ 12% due to a relatively low percentage of
PEGylation (0.3% molar ratio) which afforded some protein
binding to the surface. AmBisome, on the other hand, which
contains no PEG, showed a significant increase in shape factor
(41%) and significant changes to the overall peak shape. The
mass shift towards the surface of the liposome (as indicated by
the shape factor) and the increased peak intensity and width
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indicate substantial protein binding. Certainly, differences in
the lipid composition, namely PEG content, contribute to the
protein binding capacity of the formulations. It also noted that
the nanoformulations differ in terms of their drug loading.
Both Doxil and Onivyde are interior loaded liposomes with
the drug inside the hydrophilic core, while amphotericin B is
intercalated within the unilamellar bilayer liposome mem-
brane in AmBisome. While these differences could contribute
to the stability of the nanoformulation under AF4 flow-mode
separation, which may lead to changes in peak size or shape,
the protein binding capacity of each formulation as assessed
by changes in shape factor aligned with the expected results
for PEGylated vs. non-PEGylated nanomedicines.

Overall, AF4-MALS-DLS analysis proved to be a quick
method to qualitatively assess nanoparticle protein binding
and gauge the interaction of nanoparticles with plasma pro-
teins. Such information could be helpful in the rational design
of formulations, wherein protein binding is a critical compo-
nent of the biological performance of systemically adminis-
tered nanomedicines.

Conclusions

Size and shape distribution, drug loading, stability in physio-
logical matrix, and protein binding capacity are all important
characteristics for nanomedicine formulations. Size, shape,
and protein binding can influence biodistribution, off-target
toxicities, and ultimately efficacy. Drug loading is imperative
for correct dosing. And, formulations that are not stable in
physiological matrix can be expected to release drug prema-
turely, before reaching the intended site of action. AF4
coupled with other routine analytical techniques has been
shown to be a versatile tool to assess each of these character-
istics and can be a valuable asset during early preclinical de-
velopment and testing of nanomedicines.

AF4 coupled with in-line DLS detection was shown to
provide enhanced resolution of similarly sized populations
in polydisperse mixtures versus the often utilized batch-
mode DLS technique. By further adding RP-HPLC analysis,
the drug distribution across the various size populations can be
also measured. Although drug loading was the only composi-
tional aspect discussed herein, this could be readily extended
to other components of a nanomaterial, including targeting
ligands. Moreover, other techniques, such as TEM [20], in-
ductively coupled plasma mass spectrometry (ICP-MS) [7,
35, 36], and resistive pulse sensing and more [10, 37], can
be applied to AF4 fractions for information on particle shape,
morphology, impurities, and concentration, affording superior
insight into the makeup of each population.

AF4 also provides another advantage many other analytical
techniques do not by allowing for analysis in plasma. The
ability to rapidly and easily evaluate the characteristics of a

nanomedicine in biological matrix is an invaluable advantage.
Traits such as stability and protein binding are often difficult
and/or time consuming to assess using traditional approaches
[38]. Using AF4-DLS coupled with RP-HPLC analysis, drug
recoveries can be measured pre- and post-incubation in plas-
ma to assess formulation stability, while AF4-MALS-DLS
can be used to calculate shape factors pre- and post-
incubation with plasma. Shape factors are a good indicator
of protein binding by monitoring for mass shifts at the surface
of the particle.

The techniques presented here serve to address critical
questions pertaining to the overall suitability of a
nanomedicine. Furthermore, they are relatively simple and
quick, and can identify potential concerns at an early stage,
facilitating the overall development and optimization process.
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