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ABSTRACT

Nanoformulations are complex systems where physicochemical properties determine their therapeutic
efficacy and safety. In the case of nanovaccines, particle size and shape play a crucial role on the immune
response generated. Furthermore, the antigen’s integrity is also a key aspect to control when producing a
nanovaccine. The determination of all those physicochemical properties is still an analytical challenge and
the lack of well-established methods hinders the access of new therapeutics to the market. In this work,
robust methods for the characterization of a novel HIV nanoparticle-based vaccine produced in good
manufacturing practice (GMPs)-like environment were developed. With slightly polydisperse particles
(< 0.2) close to 180 nm of size, batch-mode Dynamic Light Scattering (DLS) was validated to be used
as a quality control technique in the pilot production plant. In addition, a high size resolution method
using Asymmetrical Flow Field Flow Fractionation (AF4) demonstrated its ability to determine not only
size and size distribution but also shape modification across the size and accurate quantification of the
free active ingredient. Results showed a monomodal distribution of particles from 60 to 700 nm, most of
them (> 90%) with size lower than 250 nm, consistent with more traditional techniques, and revealed a
slight change in the structure of the particles induced by the presence of the antigen. Finally, a batch to
batch variability lower than 20% was obtained by both DLS and AF4 methods indicating that preparation
method was highly reproducible.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

interest [3,4]. Among all these polymers, chitosan is particularly
used due to its mucoadhesive properties for mucosal administra-

In the last decades, the development of polymeric nanoparti-
cles (NPs) as carriers for vaccine delivery has exponentially grown
[1-4]. With a size similar to a virus, NPs facilitate the transport of
antigens through biological barriers to reach the targeted immune
cells. Several works have demonstrated the capacity of NPs to
enhance antigen bioavailability and to modulate the generated
immune response [1,2]. Besides, due to their interesting proper-
ties (bioavailability, biocompatibility, biodegradability, low price,
etc.), nanoparticles made of natural polymers have attracted high
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tion [3-5]. In 1997, Calvo et al. developed hydrophilic chitosan
NPs, formed by ionic gelation, capable of harboring protein anti-
gens [6,7]. Since then, the use of chitosan NPs for vaccine delivery
has been extensively studied but, despite these efforts, no chitosan-
based vaccine has reached the market yet [8]. As described by the
Food and Drug Administration (FDA) and the European Commission
[9,10], the lack of well-assessed robust routine analytical meth-
ods for quality control hinders further development and delays the
regulatory acceptance of nanomedicines.

Preclinical physicochemical characterization of nanoformu-
lations is essential to fully understand their biodistribution,
pharmacokinetic and safety profiles [11]. Size is one of the key
parameters for nanovaccine efficacy, determining the cellular
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uptake mechanism and influencing the immunogenicity [1,2,12].
Therefore, it is crucial to accurately determine the overall range of
NPs size within the formulation [13]. To reach this information, it
is recommended to work with complementary methods in order
to obtain a realistic and complete knowledge of the nanosystem
[13-15]. Up to now, the techniques referenced in international
standard organization (ISO) guidelines and recognized by health
agencies are electron microscopy (EM), dynamic light scattering
(DLS), small angle X-ray scattering (SAXS), atomic force microscopy
(AFM), and nanoparticle tracking analysis (NTA) [16,17].

DLS is the most commonly used technique for size distribu-
tion determination of nanocarriers because of its simplicity of use
and its attractive price. In the case of a homogeneous single size
population, DLS is sufficient to achieve accurate size determina-
tion [18,19]. Kato et al. [20] demonstrated that polydispersity (PDI)
values obtained by DLS are also useful for representing the rela-
tive difference in the size distribution for particles with a wider
size distribution. However, in the case of complex and polydisperse
nanoformulations, DLS can lead to confusing and misleading results
because of its poor specificity and resolution. [21]. Its use accord-
ing to the ISO standard [22], assuming a monomodal and gaussian
distribution, is thus often far from reality [14].

Therefore, to increase the accuracy of size analysis and to obtain
more detailed information on other critical sample characteristics,
such as shape or sample composition, the implementation of more
advanced techniques is required [15]. Hyphenation of light scat-
tering detectors with size-based separation can be an interesting
approach. Size exclusion chromatography (SEC) is a valuable tech-
nique for size-based NPs separation in complex samples [23], but
its limited size range (generally < 100 nm) and interactions of NPs
with the stationary phase are important drawbacks [24,25]. Asym-
metrical Flow Field Flow Fractionation (AF4) has the advantage
of separating macromolecules or particles over a wide size range
(from 1 to 1000 nm) and is classified as a soft fractionation tech-
nique. Reviewed in many publications [26-30], AF4 was recently
standardized by ISO [31] and recognized by the medicine regula-
tory agencies [ 16]. According to the associated detector, AF4 allows
the acquisition of key parameters, which makes it an adequate
technique for analysis of such complex samples. AF4 has already
been applied to several nanomedicines including liposomes, lipid
NPs, polymeric NPs, virus like particles (VLP) and metallic particles
[28]. McEvoy et al. developed an AF4 - Multi-Angle Light Scat-
tering (MALS) method for size analysis and quantification of VLP
populations, showing a good correlation with NTA and microscopy
techniques [32]. Moreover, with the use of concentration detectors,
drug loading and particle stability studies of liposomes have been
performed [33]. However, to our knowledge, its use as a unique and
complete analytical method for nanovaccine characterization has
not been reported yet.

The purpose of this work was to develop robust methods for the
physicochemical characterization of a novel HIV nanovaccine under
preclinical studies. The synthesis of nanovaccine is based on ionic
interactions between antigen and biopolymers (chitosan and dex-
tran sulfate). During the formulation development, the vaccine was
basically characterized in terms of size by DLS and then transferred
from the laboratory to a pilot plant operating in a good manu-
facturing practices (GMPs)-like environment for the production of
small batches. The improvement of the analytical characterization
presented herein was performed in parallel to this scaling-up. As
highly recommended by many authors [14,15], several character-
ization methods were combined in order to achieve accurate size
determination and reliable results. Batch-mode DLS analysis was
validated in accordance to ICH guidelines [34] in order to be used
as a quality control technique at the NPs production plant. In com-
bination with DLS, AF4 with multidetection system (MALS and UV)
was also optimized for the determination of NPs size, size distri-

bution, shape, as well as for antigen quantification. Results were
then compared to more traditional analytical techniques (DLS, NTA,
EM, and SEC-UV). Once analytical performances were obtained, AF4
and DLS were applied to the analysis of several batches for process
variability evaluation.

2. Materials and methods
2.1. Instrumentation

Batch-mode Dynamic Light Scattering (DLS) analyses were
performed using a VASCO-2 particle size analyzer (Cordouan Tech-
nology, France) in combination with the software nanoQ v 6.2.2.
DLS is equipped with a 65 mW laser (657 nm wavelength) located
at 135°.

UV-Visible spectra of reconstituted nanoformulation was
acquired from 400 nm to 800 nm using a UV-2401 (PC) (Shimadzu,
Japan).

The instrumentation used for size separation of NPs consisted of
an Agilent 1260series autosampler and a HPLC pump (Agilent Tech-
nologies, USA) with an Asymmetrical Flow Field Flow Fractionation
(AF4) Eclipse® flow control module (Wyatt Technology, USA) and
a long separation channel (275 mm length). AF4 membranes and
spacer were purchased from Wyatt Technology. An online PVDF
filter with 0.1 pm pore size (Millipore, USA) was added between
the pump and the Eclipse flow module. Mobile phases were fil-
tered before use at 0.1 wm with a cellulose nitrate filter (Whatman,
Germany). The detection chain contained a UV-vis detector oper-
ating at 214nm in order to obtain an optimal signal for antigen
analysis (VWD 1200 series, Agilent Technologies) and a Multi-Angle
Light Scattering (MALS) detector of 18 angles operating at 662 nm
(laser wavelength given by the provider) (DAWN HELEOS II, Wyatt
Technology). Data from the different detectors were collected and
treated with the Astra v 6.1.2. software (Wyatt Technology) that
includes the band broadening correction.

Z-potential measurements were performed with a zetasizer
Wallis (Cordouan Technology, France) used in combination with
the software zetaQ v 1.7. Samples were prepared in SDS 0.1% (w/v),
used as a carrier for AF4 measurement.

Microscopy images were obtained with a field emission scan-
ning electron microscopy (FESEM) (Zeiss Gemini Ultra Plus,
Germany). Scanning Transmission Electron Microscopy (STEM) and
immersion lens (InLens) detectors were used for sample imaging.
Image ] was used for data treatment [35].

Nanoparticle tracking analysis was performed with a NanoSight
NS3000 (Malvern Instruments, United Kingdom) with the software
Nanosight NTA v3.3 for data treatment.

Antigen content was determined with an Agilent 1260series
autosampler and a HPLC pump (Agilent Technologies, USA)
equipped with a Superdex peptide 10/300 G L column (GE Health-
care Europe, Switzerland) hyphenated to an UV-vis detector
operating at 214 nm (VWD 1200 series, Agilent Technologies).

2.2. Chemicals

For AF4 size calibration and quality control purposes,
polystyrene nanosphere suspensions (PS) NIST traceable with
a diameter of 23+2nm (PS20); 46+2nm (PS50); 100+3 nm
(PS100) and 203 +5nm (PS200) stated by Transmission Electron
Miscroscopy (TEM) were used (Thermo Fisher Scientific, USA).

Sodium chloride (BioXtra > 98.5%), sodium dihydrogenophos-
phate monohydrate (ACS reagent > 98.0%), sodium phosphate
(BioXtra > 99.0%) and sodium dodecyl sulfate (SDS, Reagent Plus
> 98.5%), used as carriers for SEC and AF4 analysis were purchased
from Sigma (USA). Ultrapure water (18.2 MQ2.cm, TOC<10 ppb)
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used for sample dispersion and AF4 mobile phase preparation was
obtained from a milli-Q instrument equipped with 0.1 wm filter
cartridge (Millipore, USA).

Bovine Serum Albumin (monomer > 97%) and toluene (HPLC
Plus > 99.9%) used for MALS normalization and calibration, respec-
tively, were purchased from Sigma (USA). Sodium hydroxide (ACS
reagent > 98.0%) used for NPs disruption and glycerol (ACS reagent
> 99.5%) used for centrifugation were also purchased from Sigma
(USA).

Polymeric nanoparticles were prepared by electrostatic inter-
actions between chitosan hydrochloride (GMP grade, Mw
30-400kDa, Heppe Medical HMC*, Germany) and dextran sul-
fate (pharmaceutical grade, Mw 8 kDa, Dextran Products limited,
Canada). The loaded peptide antigen PCS5 - 68-1, patent number
CA2012050220 [36], has a molecular weight of 2.28 kDa and was
purchased from GenScript (USA). Trehalose dihydrate of pharma-
ceutical grade used for freeze drying was purchased from Pfansthiel
(Switzerland).

2.3. Nanoformulation synthesis and specifications

The formulation was designed to be used for intranasal admin-
istration. Briefly, the synthesis of nanoparticles was based on the
ionic complexation of positively-charged components (peptide
antigen and chitosan) with the anionic dextran sulfate, as described
in previous studies [37,38]. The optimal mass ratio of the three
components was 0.4:1:3, respectively, with a final peptide con-
centration of 0.133 mg/mL. Each batch was divided in aliquots of
900 L. In each aliquot, 180 p.L of trehalose 45% wt in water were
added as cryoprotectant for the freeze-drying process. Nine batches
of antigen-loaded nanoparticles were produced (batches L1 to L9).
Four batches of control nanoparticles (batch C1 to C4) not contain-
ing the antigen were also prepared following the same procedure
to study the interactions of peptide with the NPs and evaluate its
effect on the NPs behavior. Product specifications in terms of size
and size distribution of loaded NPs using batch-mode DLS mea-
surement were previously defined (Table 2). They are based on
the appropriate characteristics to reach the target tissue from the
mucosal route [2].

2.4. Sample preparation for NPs characterization

Sample preparation for analysis was similar to the prepara-
tion expected for patient administration. Freeze dried formulations
were reconstituted in ultrapure water at 6.4% wt and vortexed
for 20s. Samples were then directly analyzed or kept at 4 °C until
analysis. Concentration of the components in the reconstituted for-
mulation were 0.7031 mg/mL for dextran sulfate; 0.2345 mg/mL for
chitosan hydrochloride; 0.100 mg/mL for the peptide antigen and
67.5 mg/mL for trehalose.

2.5. Analytical procedures for NPs characterization

The analytical procedures applied for the nanoformulation char-
acterization are presented in Fig. 1. Besides all those techniques,
Z-potential analysis was performed to compare the surface charge
of NPs with that of PS standards during AF4 separation. EM, NTA
and SEC-UV techniques were used for verification of AF4-UV-MALS
results.

2.5.1. Batch-mode DLS analysis

DLS measurements were performed at a temperature of 25°C.
The dispersion media being water, the solvent refractive index
used was 1.331 and viscosity 0.8885 cP. Particle refractive proper-
ties used for the conversion to number-based distribution through
Mie Scattering model, were those of polystyrene with 1.59 for

real part and 0.01 for imaginary part. These values were selected
as a compromise due to the polymeric nature of the NPs. For
DLS measurements, one drop of sample was deposited onto the
sample cell as a suspension, and was irradiated by a laser. The
autocorrelation function (ACF) of the scattered light intensity cor-
responded to the average of 10 consecutive acquisitions of 60s
each. The number of channels and the time intervals were adjusted
to 400 and 10 ps, respectively. The laser power was adjusted
daily. Each acquisition was processed using the Cumulant algo-
rithm, assuming a monomodal and Gaussian distribution according
to the ISO standard [22]. From this model, scattering intensity
weighted raw data allowed the determination of the hydrodynamic
diameter (Z-average) of the particles and size distribution prop-
erties (polydispersity index PDI =(Z_"£‘"\i,‘g2ge)2, D10, D50, D90 and
Span= D=DI10)

Mean number size calculated from the same model (Dn_DLS)
was also reported for comparison with AF4-MALS data. Method
accuracy and daily quality control of DLS measurements were eval-
uated by the analysis of a certified reference material of polystyrene
nanospheres suspension (PS100) prepared in NaCl 10 mM at a con-
centration of 70 mg(solid)/mL.

2.5.2. AF4-UV-MALS analysis

AF4 separation was performed with a channel including a spacer
of 350 wm. Three membranes were used: a regenerated cellulose
(RC) with a 5kDa cut-off, another RC with a 10kDa cut-off and a
5kDa polyethersulfone (PES). Sample injection volumes ranging
from 20 to 100 wL were studied. Three different mobile phases were
also tested (ultrapure water, NaCl 0.1 M and SDS 0.1% w/v). The AF4
elution program applied is summarized in Fig. 2.

The MALS detector allows an absolute determination of parti-
cle size based on the angular dependence of the light scattered.
The particle size is defined by the gyration radius (Rg), also called
root mean square radius, corresponding to the slope of Debye plot
using Berry formalism order 2 for detectors located at 44° to 134°.
This model was retained based on conclusions of Anderson et al.
[39] that concluded this is the most general procedure when the
polymer structure or the size are not known. This is also the more
appropriate method for large material. In the reported results, the
radius value was converted into diameter (Dg = 2 X Rg) for an easier
comparison with other techniques. From this diameter, the num-
ber average diameter (Dn) and cumulative number fractions (Dn10,
Dn50 and Dn90) indicating the size distribution of particles, were
calculated using the Astra software. The geometric diameter (Dgeo)
derived from the sphere formalism was also obtained.

For NPs shape study, the cross flow gradient was replaced by a
constant cross flow of 1 mL/min for 110 min in order to achieve a
linear calibration with PS nanospheres, and then extrapolated to
the nanoformulations. Based on the diffusion of particles into the
AF4 channel, retention times were then converted into hydrody-
namic diameter (Dh) across the peak of NPs population. Calibration
was performed by injecting a mixture of PS with a concentra-
tion of approximately 600, 400, 80 and 40 p.g/g in water for PS20,
PS50, PS100 and PS200, respectively. The PS suspension prepared
for calibration was also used as a quality control sample for AF4
fractionation and MALS particle size calculation.

2.5.3. Additional techniques

2.5.3.1. Electron microscopy analysis. Reconstituted freeze-dried
NPs (batch L7) were diluted 103 times with ultrapure water and
then mixed with the same volume of phosphotungstic acid (2%
in water). 1 L of this solution was then placed on a copper grid
(CF400-CU, Electron Microscopy Sciences, USA) and allowed to dry
at room temperature. Later, the grid was washed with 1mL of
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Fig. 2. AF4 elution program.

water and, once dried, analyzed by FESEM. For image treatment, five
images were compiled and a total of 169 particles were considered.

2.5.3.2. Nanoparticle tracking analysis. Reconstituted freeze-dried
NPs were diluted 103 times in ultrapure water prior to analysis.
The settings for the shutter and the camera gain were set at 890
and 11, respectively. For each sample, 5 measurements of 60 s each
were generated and averaged. Particle concentration distribution
is the average of three batches of control formulations (C2 to C4) or
loaded formulations (L7 to L9), separately analyzed.

2.5.4. Study of the peptide antigen

Total antigen recovery was first calculated to ensure no drug
loss or degradation during formulation process occurred. In most
cases, the determination of total drug content is based on its com-
plete release by NPs disruption, followed by the drug specific
analysis [40]. In this study, chitosan-dextran sulfate particles were
destroyed by dilution of the formulation (1:1) in NaOH 0.1 M as
described by Pechenkin et al. [41] and antigen quantification was
performed by SEC-UV (Fig. 1). Peptide elution was achieved with
phosphate buffer 50 mM (NaH, P04~ /NayHPO42 ) and sodium chlo-
ride 150 mM with a flow rate of 0.7 mL/min for 35 min. A sample
volume of 50 p.L was injected. Calibration was obtained with pep-

tide concentrations ranging from 10 to 100 mg/L (6 concentration
levels) prepared in NaOH 0.1 M. Total antigen recovery was calcu-
lated as the ratio between the antigen concentration determined
by SEC-UV and the theoretical total antigen concentration.

The determination of the amount of not associated antigen with
NPs, also called free antigen, was carried out by three different
analytical approaches (Fig. 1). Two of them (AF4 and SEC, both
associated with the UV-vis detector) were performed by direct
analysis of the reconstituted nanoformulation. AF4 analysis was
performed using conditions optimized for NPs analysis (Fig. 2). For
SEC, the same analytical conditions as those used for total anti-
gen recovery analysis were applied. Calibration was performed
with peptide concentrations ranging from 20 to 150 mg/L pre-
pared in ultrapure water. The third analytical procedure was based
on the separation of the free antigen from NPs by isolating the
NPs on a glycerol bed (1% of the formulation) and centrifuging
for 2h at 4°C with a rotary speed of 16,000 g. Then, the super-
natant containing the free antigen was analyzed by SEC-UV with
the same analytical conditions than those used for direct analy-
sis.

For each analytical procedure, the free antigen recovery was
calculated as the ratio between the amount of free antigen experi-
mentally determined and the theoretical total content.
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signal using batch-mode DLS.

3. Results and discussion

Nanovaccine formulation was composed by chitosan/dextran
NPs with the peptide antigen entrapped by ionic interactions. Dex-
tran sulfate was in excess in the formulation to efficiently complex
the peptide (positively charged). Several batches were produced
in the pilot plant (batches L1 to L9) on different days and then
analyzed to evaluate the reproducibility of the process. Control for-
mulations without antigen loading (batches C1 to C4) were also
made to better understand interactions between peptide and NPs.
Analytical development and performance studies of DLS and AF4
methods were carried out with the loaded formulations since they
were the most complex systems.

3.1. Size characterization by batch-mode DLS

The different batches of nanoformulation were first analyzed
by DLS to determine if they met the defined size and size dis-
tribution specifications (Table 2). Fig. 3 represents the scattered
intensity obtained using the cumulant method as well as the cumu-
lative distribution curve. For both formulations, particles in the
DLS size range were detected. Relatively low polydispersity values,
between 0.1 and 0.2, were obtained with a moderate fluctuation
of the residue analysis that did not exceed + 0.01. Therefore, as
described in the ISO reference [22], the cumulant model assuming
a monomodal and gaussian distribution seems appropriate.

Several parameters and analytical performances of DLS were
then studied in order to ensure a reliable analytical method. Briefly,
method specificity was first verified by measuring the absorbance
of particles around the laser wavelength (658 nm) to be sure
that the light scattering was not altered. The absence of signal
showed DLS is specific enough for this application. Signal stabil-
ity during data acquisition was also verified. A variation of the
scattered light intensity lower than 5% and no significant varia-
tion of the autocorrelation curve function confirmed satisfactory
signal stability during measurements. The working concentration
previously defined during formulation development for adminis-
tration (6.4 wt%) was within both the method linearity range (with
R? > 0.991 for NPs concentrations ranging from 2 wt% to 8.4 wt%)
and the recommended range of scattered light intensity. These
working conditions can thus be considered as appropriate. Method
accuracy was estimated using the PS100 certified reference mate-
rial (n=5). An absolute bias of 3.5 and an expanded uncertainty
of 4.3 were obtained for particle size showing a good agreement
between the found and certified values. Method precision (repeata-
bility and intermediate precision) was then evaluated considering
the batch L2. Results obtained for several parameters (Z-average,
PDI, D10, D50, D90 and span) are presented in Table 1. As no
criteria were available in the ISO standard for slightly polydis-

perse NPs, performance thresholds were estimated based on our
previous experience with a reasonable approach. During method
accuracy determination, a high variation of PDI was observed
for the monodisperse PS100 certified reference material (56%) as
already reported by Varenne et al. [19]. Thus, the threshold for PDI
was set to 50%. Since D10 and D50 are less affected by the presence
of a small amount of big particles than D90, the RSD threshold was
set at 10% and 20% for these two parameters, respectively. RSD val-
ues obtained for repeatability and intermediate precision (Table 1)
were all lower than the defined thresholds showing the method
was precise enough for the control of produced NPs.

After validation, the DLS method was applied to the analysis of
five batches of loaded and not loaded (control batch without anti-
gen) NPs for process variability evaluation. Results are presented in
Table 2. Particle size results clearly showed the presence of larger
particles in the formulation containing the antigen. This was previ-
ously observed in Fig. 3 with hydrodynamic diameters distributed
from 60 nm to 800 nm for loaded particles whereas particles from
50nm to 400 nm were detected for control formulation. On the
other hand, size distribution results (Table 2 and Fig. 3) obtained
for the loaded formulation indicated that particles ranging from
60 nm to 400 nm represent more than 90% of the NPs population in
intensity average.

For all batches of loaded NPs, the values for the different studied
parameters complied with the product specifications. Satisfactory
batch-to-batch variability was obtained with RSD ranging from
4 to 9% for size dispersion parameters, 21% for PDI and only 3%
for Z-average size. Whether they were loaded or not, particles
with relatively low polydispersity index (PDI <0.2) and good repro-
ducibility were manufactured.

DLS thus appeared as a valuable routine technique to control
the size of NPs at the production plant. However, it is well-known
that its low resolution can hide a more complex particle size com-
position and may lead to a misleading interpretation as observed
by Hansen et al. [42]. Furthermore, Kato et al. [43] demonstrated
that the size distribution of particles determined by DLS is rather
qualitative and less reliable than those obtained by separative tech-
niques such as AF4. In this study, the significant difference observed
Table 2 for intensity (Z-average) and number average diameters
(Dn_DLS) for both types of NPs suggested the presence of a consider-
able amount of small particles shifting the mean size towards lower
values. It therefore seems that, despite a relatively low polydisper-
sity (< 0.2), the cumulant model assuming a Gaussian distribution
was not perfectly adapted.

3.2. Size characterization by AF4-UV-MALS

Despite its advantages, the information obtained by DLS is rather
limited and needs to be confirmed by other techniques as already
reported in several studies [14,43]. In this context, an analytical
method based on AF4 fractionation was developed. On-line asso-
ciated with light scattering (MALS) and a concentration detector
(UV), AF4 was expected to increase the level of knowledge on the
physicochemical properties of the formulation and improve the
size resolution.

Different parameters were considered for the optimization of
the AF4 fractionation such as mobile phase composition, membrane
material and flow rates in order to obtain a good separation of the
sample components without significant losses of material during
analysis.

3.2.1. Optimization of the AF4 conditions

To obtain a screening of particles over a large size range, the gra-
dient elution presented in Fig. 2 was first applied with a RC10 kDa
membrane. No light scattering (LS) signal was detected with ultra-
pure water or saline solution (NaCl 0.1 M) as mobile phases. For
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Table 1
Precision of the DLS method applied to loaded nanoformulation (batch L2).

Z-average D10 D50 D90 Span PDI Dn_DLS (nm)
Repeatability (RSD) . . 2% 3% 4% 10% 17% 28% 8%
Threshold N"=10 (same aliquot) 5% 10% 10% 20% ND*1 50% ND*1
Interprecision (RSD) 3 aliquots analyzed on 2% 2% 3% 4% 4% 9% 1%
Threshold 3 different days (N*=2) 5% 10% 10% 20% ND*1 50% ND*1
*N: number of replicates.
*1 ND: Not defined.
Table 2
DLS results obtained for batch-to-batch variability study of loaded formulations and comparison with the control formulation.
Z-average (nm) PDI D10 (nm) D50 (nm) D90 (nm) Span Dn_DLS (nm)
CONTROL NPs
batch C1 (n*!=2) 126+6 0.12+0.03 97+4 151+6 233+13 0.90+0.08 82+9
LOADED NPs
Specifications (loaded NPs) 100 - 300 <03 80 - 150 150 - 250 250 - 450 04-3 ND*
batch L2 (n*!=2) 188+3 0.11+0.01 146+3 220+6 329+12 0.83+0.03 139+2
batch L3 (n*1=2) 186+10 0.20+0.03 142+8 245+23 419+51 1.12+0.07 105+1
batch L4 (n*! =2) 176 +6 0.17+0.02 133+4 221+13 368 +35 1.06+0.09 103+5
batch L5 (n*! =2) 17441 0.17 £0.01 133+4 221+6 371+8 1.08 +£0.05 101+3
batch L6 (n*!=3) 184+10 0.18 £0.01 140+7 239+16 397 +27 1.08+0.01 108 +9
average + standard deviation 181+6 0.17 +0.04 139+6 229+12 377+34 1.03+0.12 111+16
RSD interbatches 3% 21% 5% 9% 11% 14%
*ND: Not defined.
*1 duplicate analysis of n aliquots.
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Fig.4. AF4-UV (dotted line)-MALS (solid line) fractogram obtained for loaded (in black) and control (in grey) formulations in the optimized conditions (Vinj=50 p.L; membrane
RC 10kD; mobile phase SDS 0.1% w/v). Calculated gyration diameters Dg (orange lines) and geometric diameters Dgeo (green lines) are also given. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

ultrapure water, this could be explained by the interactions of NPs
with the membrane. These interactions were commonly reported
in literature for different biomacromolecules and bioparticles such
as proteins [44] or liposomes [45]. A review concluded it is not
always easy to predict and explain sample-membrane interactions
as they mainly depend on the properties of both membrane and
mobile phase as well as the characteristics of the sample com-
ponents [46]. In the case of the saline mobile phase, since NPs
are prepared by electrostatic interactions between the forming
polymers, the salts present in this carrier are expected to cause
their disruption. Finally, the addition of an anionic surfactant to
the mobile phase showed to be sufficient to prevent interactions
with the membrane without disrupting the particles integrity. A
representative AF4-UV-MALS fractogram obtained with 0.1% (w/v)
sodium dodecyl sulfate (SDS) as a carrier is presented in Fig. 4.
This SDS concentration was adjusted to half of the critical micellar
concentration to prevent SDS micelle formation that could disturb

MALS measurement [47,48]. Fig. 4 shows satisfactory separation of
the different sample components with the elution of particles in an
acceptable analysis time. Three different areas can be distinguished.
The first area (Fig. 4) revealed the presence of two distinct peaks
at 6 and 9 min. The peak at 6 min corresponded to the void volume
where small compounds such as the excess of dextran sulfate were
eluted, the contribution from the change in the pressure of the AF4
system also observed in the blank (mobile phase) being negligible.
The compound eluting at 9 min showed a UV signal but no LS signal.
This peak probably corresponded to the antigen since no peak was
present when monitoring the UV signal of the control formulation.
Injection of the antigen alone was performed and showed a similar
retention time with the UV detector. However, with a molecular
weight of 2.28 kDa, the antigen is supposed to pass through the
ultrafiltration membrane. Thus, a complex based on electrostatic
interactions between the amine groups of the antigen and the SDS
sulfate group might be formed. A similar observation was made by
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Roussel et al. detecting the formation of micelles in the presence of
SDS (0.1% w/v), where single SDS molecules bind to a peptide [49].
Therefore, the use of SDS as carrier allowed not only the elution of
NPs but also the retention of the peptide on the upper part of the
membrane and thus its separation from the particles. The quantifi-
cation of the peptide in the formulation is further studied in Section
24.2.

In the second area of the fractogram (Fig. 4), the LS signal showed
the presence of one single broad peak (tr =34 min) corresponding
to the NPs population. The monomodal size distribution assumed
by DLS is then in agreement with the AF4 results. At the NPs elu-
tion time, a UV signal proportional to NPs concentrations (R2 >
0.998 from 20 to 100 pL injected volumes) was also obtained. In
accordance with the AF4 theory, the radius curve of NPs popula-
tion increased with elution time. Moreover, the LS signal linearly
increased with the injected NPs amount (R? > 0.999 from 20 to
100 pLinjected volumes) and no significant variation was observed
on the retention time (< 5%) demonstrating the absence of over-
loading. A sample injection volume of 50 wL appeared to be the
best compromise to allow complete relaxation of particles with a
good signal-to-noise ratio.

Finally, the decrease of LS signal to baseline before the end of
the cross flow and the negligible amount detected when cross flow
was stopped (third area, Fig. 4) suggested the sample was totally
eluted from the channel and negligible amount of aggregates were
present.

Afterwards, three membranes with different nature and pore
size cut-off were tested: regenerated cellulose with 5kDa and
10kDa cut off and polyethersulfone (PES) with 10 kDa cut off. The
use of the PES membrane resulted in smaller LS peak area, espe-
cially for the first two injections, suggesting interactions with the
membrane, not observed with RC membranes. In literature, a sig-
nificant loss of recovery was also observed when using PES instead
of RC membrane for proteins [50] and virus like particles analysis
[51].

Size results obtained for loaded NPs were defined as described in
the next section and presented for each tested membrane in Fig. 5.
An average diameter of 160+ 10 nm was obtained with all mem-
branes. Size distribution data showed similar particle behavior with
both RC membranes whereas a loss of smaller and larger NPs was
observed with PES. These results are in agreement with the inter-
actions previously observed for the PES membrane. Moreover, the
peptide / SDS complex was more retained and separated from the
void volume with the RC membranes than with the PES one. RC
10 kDa membrane was thus selected for this study.

3.2.2. Optimization of the AF4-UV-MALS data treatment

In parallel to the AF4 fractionation optimization, MALS data
treatment was studied to ensure accurate size measurement. Gyra-
tion (Dg) and geometric (Dgeo) diameters obtained across the peak
of NPs by different fitting methods (Berry and sphere formalism,
respectively) are shown in Fig. 4. Regarding the loaded NPs, Dg
and Dgeo values were similar in the first part of the peak but an
increasing divergence in Dg and Dgeo values could be observed
beyond 180 nm. In fact, the sphere model fit decreased from R? =
0.990 at the peak apex to R? = 0.780 at the end of the peak. Due
to this size underestimation, the sphere model appeared as not
adequate for the measurement of the largest particles. This demon-
strates a change in the mass distribution inside the particles and/or
in the shape of the particles away from a perfect sphere. With a R2
>0.998 over the whole peak, the Berry second order fit without any
assumption on particle shape was more appropriate to determine
the particles gyration size. Using this model, Dg was distributed
from 60 to 700 nm for the loaded formulation (Fig. 4).

Particle size distribution is also an important parameter to con-
trol vaccine efficacy. The number-based size distribution calculated

from the Berry model with UV used as concentration detector was
reported in Fig. 6 as a differential number fraction for an easier
comparison of both formulations and also as a cumulative distribu-
tion for the determination of Dn10, Dn50 and Dn90 to evaluate the
analytical performances and process variability presented Table 3.

Size distribution profiles of both formulations with AF4-UV-
MALS (Fig. 6a) were similar to those obtained by NTA (Fig. 6b),
indicating that most of loaded NPs (> 90%) had a diameter in the
range of 60-250 nm. These results demonstrated the potential of
AF4 to determine the number size distribution profile. Otherwise,
those results were in agreement with the DLS distribution results
(Table 2) that indicated a D90 value of 377 nm. This value is slightly
larger as it is related to the intensity-size average of the particles.

Electron microscopy images of loaded NPs are presented in
Fig. 7. Data treatment (Fig. 7c) showed particle distribution in the
diameter range 50-330 nm with most of the particles (> 90%) rang-
ing from 50 to 270 nm. These values were in accordance with the
AF4-MALS and NTA results. Particles above 330 nm were not visual-
ized probably because of the insufficient number of particles which
was not representative of the whole sample. It could also be possi-
ble that larger particles have been destroyed during the EM sample
preparation procedure due to the drying process or by exposition
to dyes, vacuum and electron beam as already observed [52].

3.2.3. AF4 analytical performances

Once developed, analytical performances of the AF4 method
were assessed. Method repeatability was evaluated by consecu-
tive analysis (n=6) of the same aliquot of loaded NPs (Table 3).
A relative standard deviation lower than 5% was obtained for size
parameters. Intermediate precision, determined over three differ-
ent days of analysis, showed a variability of 10-15% for all size
parameters. The AF4 method then appears as precise in repeatable
and intermediate precision conditions.

3.2.4. Nanoformulations AF4 analysis

Gyration diameter (Dg) according to the elution time as well
as LS fractograms of both control and loaded NPs were compared
(Fig. 4). Loaded NPs eluted later than control NPs, indicating the
presence of particles with larger hydrodynamic diameters when
the antigen was present. A broader size distribution was observed
for loaded NPs with Dg from 60 nm to 700 nm whereas Dg from
50 nm to 240 nm was detected for the unloaded control NPs. These
results were consistent with those obtained with DLS (Fig. 3).
These two methods also gave similar number average sizes (Dn)
for both formulations (Tables 2 and 3). Regarding the number
size distribution, most particles (> 90%) had a Dg ranging from
40 nm to 120 nm and from 60 nm to 250 nm for control and loaded
nanoformulations, respectively (Fig. 6a and Table 3) indicating a
low polydispersity as already observed by DLS (PDI<0.2). Results
clearly showed that the presence of antigen in the formulation
caused a decrease in the proportion of small particles (40-100 nm)
and the formation of larger particles (100-400 nm) (Fig. 6a), which
is in agreement with the NTA analysis (Fig. 6b).

The batch-to-batch variability of loaded formulations deter-
mined from 5 different batches was lower than 15% for all size
distribution parameters (Table 3). Consequently, AF4 results were
in accordance with those of DLS indicating that highly reproducible
nanoformulations were produced.

3.3. Nanoparticles shape determination

Besides its advantage to accurately determine the size distri-
bution, AF4 is also useful to evaluate the NPs shape by calculating
the shape factor p (p = Dg/Dh) [53]. Absolute hydrodynamic radius
across the peak can be obtained by DLS online coupled to AF4
[54,55]. This technique being not available in our laboratory, the
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Table 3
AF4-MALS results obtained for batch-to-batch variability study of loaded formulations and comparison with control formulation. Precision performances were also studied
(batch L6).
Dg (nm) Dn (nm) Dn10 (nm) Dn50 (nm) Dn90 (nm)
CONTROL NPs
batch C1 (n* =3) 127 +£11 85+6 51+2 73+4 118+10
LOADED NPs
batch L2 (n* =2) 398+16 171+£12 84+3 131+5 245421
batch L3 (n* =2) 456 +15 154+15 76 +7 130+3 251+16
batch L4 (n* =2) 365+25 131+9 62+3 109+3 207 +11
batch L5 (n* =2) 327+3 132+2 64+3 106 £1 196 +3
batch L6 (n* =3) 364+42 156+16 72+2 117+8 233+29
average + standard deviation 382+49 149 +17 72+9 119+12 226 +24
RSD interbatches 13% 12% 13% 10% 10%
RSD repeatability 1.7% 1.4% 1.7% 1.5% 1.5%
RSD interprecision 11% 5% 1% 6% 7%

*Duplicate analysis of n aliquots.

retention time was converted into hydrodynamic radius with PS
calibrants on the basis of the theoretical diffusion of the parti-
cles into the AF4 channel. However, several studies have reported
that the behavior of NPs inside the AF4 channel can be highly
influenced by particle interactions [56-58]. Those interactions are
mainly due to the surface charge of particles and can be depen-
dent on the membrane lifetime. Thus, to minimize the deviation
that could occur between analytes and standards, the calibration
was daily performed and surface charge values were compared.
With a zeta potential of —27 £2mV for NPs and —34+3 mV for
PS calibrants, similar diffusion behavior into the AF4 channel was
assumed, allowing the PS calibrants to be used for hydrodynamic
radius determination. In accordance with the AF4 theory, a linear
PS calibration curve with R? > 0.998 was obtained.

The LS signals for control and loaded NPs are shown in Fig. 8.
Hydrodynamic diameter (Dh), gyration diameter (Dg) and the cal-
culated shape factor (p) are also presented. Considering control NPs
(Fig. 8a), a constant p=0.854+0.03 was obtained across the peak.
With 0.78 <p < 1 (0.78 for a homogeneous solid sphere and 1 for
an empty sphere [53]), control NPs had a moderately hard spherical
structure of non-uniform density. In this case, the sphere model fit
was appropriate all over the peak (R? > 0.990) with Dgeo distributed
from 60 to 230 nm, close to Dg values.

Regarding the loaded NPs (Fig. 8b), the Berry model did not fit in
the first part of the peak and a very noisy signal at the end impeded
an accurate measurement of Dg. These results clearly showed the
necessity to use cross flow gradient fractionation for an adequate
Dg determination all over the peak. Nevertheless, in the Dg range
of 60-400 nm, the increase of p across the peak indicated small
changes in the NPs structure according to the size. A structural
modification of the loaded particles was observed from a soft full
sphere (p=0.8) to a random coil structure (p=1.2-1.3) in correla-
tion with the decrease of the sphere model fit previously observed
with cross flow gradient. This slight change of structure away from
sphere affected particles above 200 nm, representing less than 15
% of the particle population.

Micrographs of loaded formulation showed particles with a
spherical appearance but with irregular edges (Fig. 7a and b). The
structural changes revealed by AF4 were not observed by EM. These
results demonstrated that AF4 could be a powerful tool to study NPs
slight structural changes and nanovaccines as well as size distribu-
tion.

3.4. Peptide antigen content in the nanoformulation

3.4.1. Total antigen recovery

Another critical attribute that needs to be assessed for regula-
tory purposes is the total drug content in the formulation to verify
its integrity. To obtain this information, the antigen was released

from the particles by adding NaOH in order to disrupt the ionic
interactions between the forming polymers [41]. The efficacy of
the particle disruption procedure was checked by AF4-MALS and
DLS and no particles were detected by both methods. However,
the use of NaOH led to a significant and non-reproducible peptide
carryover from the AF4 membrane hindering its recovery deter-
mination by AF4-UV. SEC-UV was used instead to quantify the
total peptide content. The chromatogram showed a well-defined
peak at 18.9 min corresponding to the peptide which was pro-
portional to its concentration (R? > 0.995). Disrupted formulations
were previously spiked with peptide antigen at two concentration
levels (30 mg/L and 60 mg/L) and recoveries of 105% and 112% were
obtained, respectively, indicating no significant matrix effect. The
method was then applied to three different batches of loaded par-
ticles. Recoveries between 91% and 110% were obtained ensuring
no loss of antigen occurred during the manufacturing process.

3.4.2. Free antigen quantification

The free drug in nanoformulations is usually determined by
filtration and/or centrifugation to isolate it from NPs prior to its
quantification [40]. The limitation of this procedure is that filters
or centrifuge tubes might adsorb or alter the analyte and dilu-
tion might lead to drug release [16]. To avoid these problems,
we developed a rapid AF4-UV method allowing the quantification
of the free antigen simultaneously with the determination of the
particle size distribution. The antigen was eluted at 9 min in its
complexed form with SDS (Fig. 4). A linear calibration curve was
obtained (R2 > 0.995) and no retention on the AF4 membrane was
observed. However, special attention was paid to the formation of
the complex that could be disturbed by formulation components.
To evaluate the matrix effect, the formulation was spiked with
antigen at 30 mg/L and 60 mg/L and recoveries of 114% and 100%
were obtained, respectively. These results showed no matrix effect
demonstrating that antigen quantification by external calibration
was accurate.

This method was compared to two other analytical strategies
(SEC-UV without sample preparation and SEC-UV after centrifuga-
tion) and results are presented in Table 4.

No deviation was observed for the three different analytical
approaches demonstrating AF4-UV is able to accurately quantify
the active ingredient. Similar results obtained with and without
sample treatment showed that the centrifugation step did not
release the antigen from the particles.

Surprisingly, results in Table 4 indicated that 84% of the anti-
gen was present in the formulation as non-associated with NPs.
However, any type of particles separation from their surround-
ing medium including SEC or AF4 as well as sample dilution into
the mobile phase could potentially disturb the concentration equi-
librium of the drug between the loaded and the free form. It is
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Table 4

Free antigen recoveries of four loaded nanoformulations determined by three different analytical approaches (AF4-UV, SEC-UV and SEC-UV after centrifugation).

Batch number AF4-UV direct

SEC-UV direct SEC-UV after centrifugation

batch L1 (n*=1) 77 +3%
batch L3 (n*=2) 90+2%
batch L4 (n*=2) 84 +4%
batch L6 (n*=3) 83+4%
average + standard deviation 84+6%
RSD interbatches 7%

80+1% 82+1%
87+2% 86+ 1%
84+1% 83+1%
85+1% 85+1%
84+3% 84 +2%
4% 3%

*Duplicate analysis of n aliquots.

also possible that part of the non-associated antigen has formed
a complex with dextran sulfate with an opposite charge and in
excess in the formulation. Since this complex might be very labile,
the peptide could be released from dextran sulfate during SEC
or AF4 separation. Then, the amount of antigen found as free by
the three analytical procedures could correspond to a mixture of
free antigen and antigen complexed with dextran sulfate. This
could explain the difference observed in a previous study where
80% of antigen was found associated with the NPs fraction using
preparative SEC [38]. This fraction probably corresponded to the
mixture of antigen complexed with dextran and antigen associated
with NPs.

4. Conclusion and perspectives

The combined use of DLS and AF4 techniques showed that the
studied polymeric NPs were manufactured with a high degree of
uniformity and interbatch reproducibility. The batch-to-batch vari-
ability was lower than 16% for size and size distribution of loaded
NPs and the polydispersity index ranged from 0.1 to 0.2. In that
case, DLS was shown to be a valuable routine technique to control
the NPs size. However, the assumption of a monomodal distribu-
tion of spherical particles had to be verified. As a complementary
technique, AF4 coupled to UV-vis and LS detectors provided, in
one single analytical run, the following parameters for the rigor-
ous characterization of the nanoformulation: quantification of free
antigen (UV), gyration size, size distribution, shape and shape mod-
ifications across the size (MALS).

To our knowledge, this is the first time that analytical perfor-
mances of AF4 have been reported for a nanopharmaceutical and
this study showed its high potential for this type of formulation.
AF4-UV-MALS showed a variability lower than 5% and 15% for size
and size distribution results in repeatable and intermediate pre-
cision conditions, respectively. Thus, this technique appears as a
robust and powerful analytical tool for the quality control of NPs
and for monitoring sample stability. Therefore, it can be applied not
only at the early stage of pharmaceutical development but also for
regulatory acceptance.

Assignificant difference was observed for control and loaded NPs
in terms of size and particle concentration. The presence of anti-
gen resulted in the formation of larger particles, a decrease in the
amount of small particles and a change of shape from spherical to
random coil structure.
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