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A B S T R A C T   

Vaccines based on protein antigens have numerous advantages over inactivated pathogens, including easier 
manufacturing and improved safety. However, purified antigens are weakly immunogenic, as they lack the 
spatial organization and the associated ‘danger signals’ of the pathogen. Formulating vaccines as nanoparticles 
enhances the recognition by antigen presenting cells, boosting the cell-mediated immune response. This study 
describes a nano-precipitation method to obtain stable protein nanoaggregates with uniform size distribution 
without using covalent cross-linkers. Nanoaggregates were formed via microfluidic mixing of ovalbumin (OVA) 
and lipids in the presence of high methanol concentrations. A purification protocol was set up to separate the 
nanoaggregates from OVA and liposomes, obtained as byproducts of the mixing. The nanoaggregates were 
characterized in terms of morphology, ζ-potential and protein content, and their interaction with immune cells 
was assessed in vitro. Antigen-specific T cell activation was over 6-fold higher for nanoaggregates compared to 
OVA, due in part to the enhanced uptake by immune cells. Lastly, a two-dose immunization with nanoaggregates 
in mice induced a significant increase in OVA-specific CD8+ T splenocytes compared to soluble OVA. Overall, this 
work presents for the first time the microfluidic production of lipid-stabilized protein nanoaggregates and pro-
vides a proof-of-concept of their potential for vaccination.   

1. Introduction 

The development of vaccines and their deployment in large immu-
nization programs reduced mortality and severity of infectious diseases, 
in some cases leading to the global eradication of deadly pathogens 
(Pollard and Bijker, 2020). Vaccines induce an adaptive immune 
response that protects the individual from the infection upon subsequent 
exposure through the production of antibodies and the activity of T cells. 
While numerous vaccines are known to induce robust antibody re-
sponses, their effect on the establishment of a cellular immunity has 
often been overlooked (Seder et al., 2008; Walls et al., 2020). In fact, if 
rapid production of neutralizing antibodies is thought to have a role in 
disease prevention, cellular immune response is required to fight off an 
existing infection, especially if this is triggered by intracellular patho-
gens such as HIV (Collins et al., 2020). The ability to trigger a potent T 
cell activation is an essential requirement also for cancer vaccines, 

where the magnitude of neoantigen-specific T cell response has been 
correlated with better outcomes in clinical trials (Blass and Ott, 2021). T 
cell response is a complex and well-orchestrated process that include 
CD8+ and CD4+ cells proliferation, secretion of growth factor to induce 
other cells’ proliferation, production of chemokines and cytokines, and 
direct killing of infected/tumoral cells (Seder et al., 2008). The quality 
of T cell response depends on different properties of the antigen, 
including immunogenicity, stability and uptake by antigen presenting 
cells (APCs). Professional APCs endocytose the foreign antigen, process 
it into peptide epitopes, and present them on major histocompatibility 
complexes (MHC-I and MHC-II) to prime CD8+ and CD4+ cells, 
respectively, in a process called cross presentation. Strategies aimed at 
promoting the efficacy of cross presentation by enhancing antigen up-
take and modulating intracellular trafficking are actively researched to 
enhance T cell response and, ultimately, vaccination efficacy (Foged 
et al., 2012; Urbanavicius et al., 2018). Nanoparticles of different nature 
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have been developed with the specific aim of improving the delivery of 
antigens to APCs, sometimes with the additional benefit of stimulating a 
mild inflammation to enhance the immune response (Gao et al., 2017; 
Pedersen et al., 2018; Sartorius et al., 2018). The nanotechnology 
approach proved to be particularly useful in the case of highly purified 
protein/peptidic antigens. Protein antigens (also called subunit vac-
cines) have several advantages in terms of ease of production, charac-
terization and safety compared to inactivated pathogens, but they are 
known to be scarcely immunogenic if not properly formulated (e.g., 
supplemented with adjuvants). Nanoparticles can improve the perfor-
mance of subunit vaccines by enhancing their stability against prema-
ture degradation, promoting their cytosolic localization and improving 
the delivery to lymph nodes (Carson et al., 2022; Kapadia et al., 2016; 
Pati et al., 2018; Schmidt et al., 2016). Moreover, the spatial organiza-
tion of antigens on the surface of nanoparticles can boost their immu-
nogenicity by mimicking the size and shape of pathogens (Nguyen and 
Tolia, 2021). In general, surface-exposed arrays of antigens can be 
generated by chemical conjugation to nanoparticles (Shimp et al., 2013) 
or peptides (Jiang et al., 2020), by genetic engineering of the protein 
(Tian et al., 2021), or by inducing antigen aggregation through cross- 
linking (Dong et al., 2018) or stress-induced denaturation (Ahmad 
et al., 2017; White et al., 2008). Protein aggregates are known to be 
more immunogenic than soluble proteins, as they are more avidly 
endocytosed by APCs, they stimulate B and T cells and prolong the 
release of antigens (Wang et al., 2012). As such, while aggregates are an 
undesirable issue for biopharmaceuticals in general, they might repre-
sent an opportunity in the field of vaccine formulation (Snapper, 2018). 
For instance, immunization of mice with fibrillar aggregates of the 
mycobacterium antigen Ag85B led to enhanced T-cell expansion and 
activation compared to the soluble antigen, outperforming the standard 
Bacillus Calmette-Guerin (Ahmad et al., 2017). In a previous report, the 
aggregated fraction of five different heat-denatured proteins consis-
tently led to antigen-specific cytotoxic T cell responses, that were not 
observed when injecting the corresponding soluble fraction (Speidel 
et al., 1997). Protein denaturation is often the trigger for the formation 
of aggregates. If on one hand this could lead to a reduction in the hu-
moral response due to changes in the protein higher order structure, the 
potentiation of the T-cell response could be worth such reduction, 
especially in the cases when the cellular immunity plays a primary role. 
In the present work, we produced nanoaggregates (NAG) of the model 
antigen ovalbumin (OVA) exploiting the tendency of proteins to 
aggregate upon dilution with an anti-solvent (methanol). Compared to 
the other nanoparticles used for vaccination discussed above, the pro-
duction of NAG does not require chemical crosslinking nor genetic en-
gineering, allowing to obtain protein nanostructures through a 
straightforward and inexpensive procedure. To gain control over the 
process of aggregation, microfluidic mixing was employed to finely 
manage solvent and anti-solvent streams (Webb et al., 2020), allowing 
to obtain stable NAG with uniform size distribution and high protein 
loading. NAG showed enhanced uptake by APCs and improved CD8+

cell-activating properties compared to soluble OVA both in vitro and in 
vivo, proving that microfluidic-controlled protein aggregation can be a 
quick and scalable method to produce antigen aggregates as vaccination 
platforms. 

2. Materials and methods 

2.1. Materials 

Distearoylphosphatidylcholine (DSPC), cholesterol, dimethyldiocta-
decylmmonium bromide (DDAB), ovalbumin (Grade V), fluorescein 
isothiocyanate (FITC) were purchased from Merck KGaA (Darmstadt, 
Germany). All other solvents and reagents were purchased from Merck 
and used without further purification, unless specified. Rabbit poly-
clonal antibody to Ovalbumin (ab181688) was obtained from Abcam 
(Cambridge, UK). Gold conjugated anti-rabbit antibody (GAR) is a goat 

anti-rabbit IgG-gold conjugate (H&L), EM-grade, 10-nm particle size 
and was obtained from Electron Microscopy Sciences (Hatfield, PA, 
USA). 

2.2. Measurement of the aggregation index 

The aggregation index (AI) of ovalbumin was measured in different 
PBS/methanol mixtures adapting a published protocol (Hawe et al., 
2009). Briefly, OVA solubilized in PBS was diluted with MeOH to ach-
ieve the desired % of solvent. The mixture was vortexed and transferred 
to a 96 well plate for absorbance measurements performed at 280 nm 
and 360 nm. AI was determined using the formula AI = A360/(A280- 
A360) and values were normalized to the AI of a solution of OVA in PBS 
(0 % MeOH). 

2.3. Production of nanoparticles 

Mixtures of DPPC, cholesterol and DDAB were dissolved in methanol 
at total lipid concentration of 10 mg/ml (unless otherwise stated), using 
five different lipid compositions (defined in Table 1). A solution of OVA 
(0.625 mg/ml) was prepared in PBS pH7.4. One volume of lipids in 
methanol was rapidly mixed with one volume of OVA in PBS using a 
Nanoassemblr Benchtop (Precision Nanosystems, Vancouver, Canada). 
The microfluidic mixing led to the formation of a mixed sample con-
taining NAG, liposomes and soluble OVA named hereafter as “LipoNAG” 
(Fig. 1D). The organic solvent was removed dialyzing the sample against 
a 500x volume of PBS using Pur-A-Lyzer™ Maxi Dialysis cups (MWCO 
3.5 kDa) (Merck KGaA). The same procedure was carried out to produce 
fluorescently labelled nanoparticles, replacing OVA with a FITC-OVA 
conjugate synthesized as previously reported with slight modifica-
tions.(Könnings et al., 2002) Briefly, 1.25 mg FITC in DMSO were added 
to 50 mg OVA solubilized in 5 ml carbonate buffer (pH 9.0) and allowed 
to react overnight in the dark. The conjugate was extensively dialyzed 
against water, replacing the dialysis medium until its fluorescence in-
tensity was not significantly different from a blank, then freeze-dried 
and stored at 4 ◦C. 

2.4. Separation of NAG from soluble OVA and liposomes 

LipoNAG were fractionated in its components (NAG, liposomes, and 
soluble OVA) by centrifugation. LipoNAG were centrifuged at 4 ◦C, 
13,000 RPM for 90 min. The supernatant containing liposomes and 
soluble OVA was separated from the pellet containing NAGs. NAGs were 
resuspended in PBS and used for all the characterizations, as well as for 
in vitro and in vivo studies. 

2.5. Dimensional and morphological analysis 

Size, polydispersity index (PDI) and ζ-potential of LipoNAG and 
isolated NAG were determined using a Zetasizer Nano ZS (Malvern 
Panalytical Ltd, Worcestershire, UK) equipped with a 633 nm laser and a 
detection angle of 173◦. The co-existence of liposomes and NAG in the 
LipoNAG sample, as well as the morphology of the two populations of 
nanoparticles, were observed by cryo-transmission electron microscopy 
(cryo-EM). The sample was vitrified in liquid ethane cooled at liquid 
nitrogen temperature using a FEI Vitrobot Mark IV semiautomatic 
autoplunger. Bright field cryo-EM was run at − 176 ◦C in a FEI Tecnai G2 
F20 transmission electron microscope, working at an acceleration 

Table 1 
Composition of lipid mixtures expressed as weight ratios.  

Sample ID 0 % 1 % 5 % 10 % 20 % 

DDAB 0 1 5 10 20 
Cholesterol 32 32 32 32 32 
DPPC 68 67 63 58 48  
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voltage of 200 kV and equipped, relevant for this project, with a field 
emission gun and automatic cryo-box. The images were acquired in a 
low dose modality with a GATAN Ultrascan 1000 2 k × 2 k CCD. 

2.6. Immuno electron microscopy 

A 5 µl drop of LipoNAG was deposited on plasma-cleaned carbon 
coated Cu grids 150 mesh (Electron Microscopy Sciences, Hatfield, PA, 
USA) and adsorbed for 2 mins. After two washing steps with 50 μL of 
phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA), 
sample was incubated with 50 μL of rabbit anti-OVA pAb (8 μg/mL) and 
allowed to react with the sample for 30 mins in a wet chamber. After 
washing with PBS to remove the unreacted antibody, the grid was 
treated for 30 min with the secondary Goat anti-rabbit Ab conjugated 
with 10-nm Au particles (AuNP, 1:40 dilutions in PBS). Following a 
second washing step with PBS, the sample was washed several times 
with distilled water and negatively stained with 1 % uranyl acetate in 
water. A control sample was prepared in the same way, substituting the 
primary anti-OVA pAb with a solution of 1 % BSA in PBS. Samples were 
imaged by a JEM-1011 (JEOL) transmission electron microscope (TEM) 
with a thermionic source (W filament) and maximum acceleration 
voltage of 100 kV equipped with a Gatan OriusSC1000 series CCD 
camera (4008 × 2672 active pixels). Statistical analysis was carried out 
on two replicates for each sample, counting the number of NAG and 
AuNP in a 40 µm2 area and calculating the percentage of AuNP bound to 
NAG (Au linked %), and the percentage of NAG labeled by at least one 
AuNP (Marked NAG %). 

2.7. OVA quantification 

OVA was quantified using a Quantum Protein BCA kit (Euroclone). 
Briefly, the samples obtained from the separation procedures (described 
in paragraph 2.3) were treated with an SDS/TritonX mixture (1 % and 
0.5 % w/w, respectively) to solubilize the nanoparticles. The lysed 
samples were then incubated with the BCA working solution following 
the manufacturer’s protocol. Absorbance was measured at 562 nm using 
a microplate reader (Tecan, CH), and OVA amounts calculated accord-
ing to a calibration curve built using OVA standard solutions diluted in 
the same buffer of the samples. 

2.8. Cytotoxicity studies 

The murine macrophage cell line RAW 264.7 was obtained by the 
American Type Culture Collection (ATCC) and cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10 % Fetal Bovine 
Serum (FBS), 1 % penicillin/streptomycin and L-glutamine. For the ex-
periments described in this work, cells at passage number between 15 
and 32 were employed. Cells were kept in a humidified incubator with 5 
% CO2 and at 37 ◦C and sub-cultured as advised by the supplier. For 
cytotoxicity studies, cells were seeded in 96 well plates (104 cells/well) 
and allowed to attach and grow for 24 h. NAG or LipoNAG were diluted 
in complete medium and added on cells at OVA concentrations of 
3.91–––62.5 µg/ml. The toxicity of soluble OVA at the same concen-
trations was tested for comparison. After 24 h the treatments were 
replaced with medium containing (3-(4,5-dimethylthiazolyl)-2,5- 
diphenylte- trazolium bromide (MTT) (0.25 mg/ml), left in contact with 
the cells for 3 h. The formazan crystals formed were then dissolved in 
ethanol (200 μL/well) and the 570 nm absorbance was read by a 
microplate reader (Tecan, CH). 

2.9. Cell internalization 

For cell internalization studies, the fluorescently labelled FITC-OVA 
was employed to prepare NAG, as described in paragraph 2.2. RAW 
264.7 cells were seeded in 96 well plates (4x104 cells/well) and allowed 
to attach. After 24 h, NAGs were added to the wells at FITC-OVA con-
centrations of 1.25–––31.25 µ g/ml. After 4 h, cells were washed with 
PBS and lysed with a solution of TritonX/SDS. The fluorescence intensity 
of the lysis solution was measured at excitation/emission wavelengths of 
488/520 nm using a microplate reader. Cell uptake was also visualized 
by confocal laser scanning microscopy (CLSM), using the following 
protocol. RAW 264.7 cells were plated in µ-Slide 8 well plates (ibiTreat, 
Ibidi) at a density of 4x104 cells/well. After 24 h, NAGs were added to 
the wells at FITC-OVA concentrations of 1.25–––6.25 µ g/ml and 
allowed to interact with cells for 4 h. Cells were then washed extensively 
with PBS, fixed with PFA 4 % and stained with Wheat Germ Agglutinin 
(WGA)-AlexaFluor™ 647-conjugate (ThermoFischer) and DAPI to mark 
membranes and nuclei, respectively. Cells were observed under a Nikon 
A1plus CLSM using a Plan Apo λ 60x Oil optic. 

Fig. 1. Aggregation index of OVA measured in different PBS/methanol mixtures (n = 3) (A). Amount of OVA in aggregates prepared using different concentrations of 
lipids (100 % = OVA input) (n = 3) (B). Mean diameter (full bars) and PdI (dots) of LipoNAG prepared using different concentrations of lipids (n = 3) (C). Schematic 
representation of the production and purification of NAG: lipids in methanol are rapidly mixed with OVA in PBS in a staggered herringbone micromixer. The organic 
solvent is removed by dialysis and a mixed sample containing NAG and liposomes is obtained (LipoNAG). NAGs are separated from liposomes and soluble OVA 
through centrifugation (D). 
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2.10. Human monocytes isolation and activation 

Human monocytes were obtained from buffy coat of healthy donors 
(n = 2) by gradient density centrifugation with Ficoll-Paque PLUS (GE 
Halthcare, Bio-Sciences AB, Uppsala, Sweden), and isolation using CD14 
positive selection with magnetic microbeads (Miltenyi Biotec, Bergisch 
Gladbach, Germany). All samples of human blood included in this study 
were obtained from anonymous volunteers after informed consent, and 
all were donated by hospital “Azienda Ospedaliera Universitaria Fed-
erico II” as discarded blood products. Monocytes were cultured in cul-
ture medium (RPMI 1640 + Glutamax-I; GIBCO by Life Technologies, 
Paisley, UK) supplemented with 50 µg/mL gentamicin sulfate (GIBCO) 
and 5 % heat-inactivated human AB serum (Merck Sigma-Aldrich®). 
Cells (5 × 105) were seeded at a final volume of 1.0 mL/well in 24-well 
flat bottom plate (Corning® Costar®; Corning Inc. Life Sciences, 
Oneonta, NY, USA) at 37 ◦C in moist air with 5 % CO2. After resting 
overnight, monocytes were exposed for 24 h to culture medium alone 
(negative control) or medium containing 5 ng/mL LPS (positive control; 
from E. coli O55:B5; Merck Sigma-Aldrich®), and to liposomes alone or 
LipoNAG or NAG loaded with two different concentration of OVA (0.2 
and 1 µg/ml) and prepared with different percentage of cationic sur-
factant DDAB. All supernatants were frozen at − 20 ◦C for subsequent 
cytokine analysis. The levels of the inflammatory cytokines TNFα and IL- 
6 were assessed by ELISA (R&D Systems, Minneapolis, MN, USA) ac-
cording to manufacturers’ instructions. Each sample was tested in 
duplicate. 

2.11. Ova-specific T cell immune response in vitro 

All animal experiments were carried out in accordance with the 
European Community guidelines (directive 2010/63) and under the 
approval of the Italian Ministry of Health (authorization 551/2020-PR). 
Bone marrow derived dendritic cells (BM-DCs) were obtained from 8 to 
10-week-old C57Bl/6 female mice (Charles River, Lecco, Italy) and 
housed in IGB “A. Buzzati- Traverso” Animal House Facility under 
standard pathogen-free conditions in compliance with institutional 
guidelines. BM-DCs were obtained from precursors isolated from tibiae: 
both ends of tibiae were cut and the bone marrow was flushed with ice- 
cold RPMI 1640 medium. Cells clusters were dissolved by pipetting, and 
cells were washed twice with medium, plated and cultured for 7 days 
with RPMI 1640 medium supplemented with 200 U/mL recombinant 
murine granulocyte/macrophage colony-stimulating factor (GM-CSF, 
Peprotech, NJ, USA), 10 % fetal calf serum (FCS), 60 µg/ml penicillin, 
100 µg/ml streptomycin, 1 mM sodium pyruvate and 50 µM 2-mercap-
toethanol. Immature DCs were used in the antigen presentation assay: 
cells (100,000/well) were incubated overnight with antigens (1–5 μg/ 
mL) in 96 well plates. After 21 h, the OVA(257-264) specific B3Z cells 
(50,000/well) were added to the culture and incubated for further 40 h. 
At the end of the experiment, cell culture medium was collected and IL-2 
secreted in the supernatants was measured by ELISA(0.1 ml/well in 
duplicate) using mouse IL-2 ELISA MAX Standard (Biolegend, San Diego, 
CA), according to the manufacturer’s instructions. Results are repre-
sentative of two independent experiments. 

B3Z hybridoma cells, recognizing the OVA(257–264) SIINFEKL deter-
minant, were grown in complete RPMI1640 (10 % FCS, 100 U/ml 
penicillin, 100 μg/ml streptomycin 1 % Glutamine, 1 % NEM, 1 % So-
dium Pyruvate, 50 µM 2-Mercaptoethanol). 

2.12. In vivo analysis of immune response 

Mice (C57Bl/6, female, n = 3/6) were immunized with subcutaneous 
injection at day 0 and day 14 with indicated compounds (2.27 mgOVA/ 
kg), previously sterilized by UVC radiation. Alum was used as adjuvant 
at the alum:antigen ratio of 1:1.86. At day 21 blood was collected by 
retroorbital bleeding, mice were sacrificed, and spleens were harvested. 
Spleens were passed through cell strainers, red cells were lysed by 

incubation with red blood cell lysis buffer (Sigma) and splenocytes were 
collected, counted, and stained with APC-anti CD3, FITC-anti CD8 an-
tibodies (Biolegend) and H-2 Kb/ SIINFEKL/PE dextramers (Immudex) 
according to manufactures’ instructions. After washing, cells were 
analyzed by FACSCanto II (BD) and BD Diva software. 

2.13. Statistical analysis 

Data were processed using Excel (Microsoft). Results are expressed as 
mean ± standard deviation (SD). One-way ANOVA and Tukey’s multi-
ple comparison test was performed to substantiate statistical differences 
between groups, while Student’s t-test was used to compare two 
samples. 

3. Results and discussion 

3.1. Nanoprecipitation of ovalbumin and stabilization by lipids 

OVA is a 44.5 kDa monomeric globular protein with isoelectric point 
of 4.5 (Rupa and Mine, 2011). Like numerous other proteins, OVA is not 
soluble in alcoholic solvents, that induce its precipitation by dehydra-
tion and consequent aggregation due to van der Waals forces (van Oss, 
1989). Initially, we identified the minimum amount of methanol (anti-
solvent) required to induce the precipitation of OVA from a PBS solution 
by measuring its aggregation index in PBS/MeOH mixtures. The ag-
gregation index can be quickly determined by UV spectroscopy, as 
protein aggregates scatter incident light, showing an apparent absorp-
tion at 360 nm (that is not produced by soluble proteins). Here, the 
aggregation index indicates the relative aggregation of OVA, allowing 
for comparisons between different solvent mixtures. At the concentra-
tion of 0.625 mg/ml, the aggregation indexes of OVA in PBS and in PBS/ 
MeOH (75:25, v/v) was not significantly different, while a PBS/MeOH 
mixture (50:50, v/v) led to a visible precipitation and higher aggrega-
tion index (Fig. 1A). From this preliminary experiment, we decided to 
proceed with a solvent/antisolvent ratio of 1:1 to induce the precipita-
tion of OVA. To control the process with greater accuracy, we employed 
a microfluidic platform and finely regulated the mixing of OVA in buffer 
and methanol. Using a Nanoassemblr Benchtop, one volume of OVA in 
PBS was rapidly mixed with one volume of methanol, and the product 
dialyzed against PBS to remove the organic solvent. The so formed ag-
gregates were collected by centrifugation and analyzed for protein 
content and hydrodynamic diameter. In these conditions, 60 ± 3 % of 
the initial OVA input was recovered as aggregates (Fig. 1B). However, 
such aggregates are characterized by a large size (>1,000 nm) and high 
polydispersity (>0.6) (Fig. 1C), suggesting that the controlled mixing 
between the solvent and the antisolvent is not sufficient to induce the 
nano-precipitation of size-defined particles. The removal of methanol 
during the dialysis could be one of the causes of such polydispersity, as 
the desolvation of lipophilic portions on different protein particles 
promotes the aggregation. A similar tendency towards irreversible 
flocculation was previously reported for pure protein particles produced 
by a dense gas method, where eventually the authors stabilized OVA 
particles at pH suitable for injections by adding Pluronic F127 to the 
formulation (White et al., 2012). 

Here, in order to stabilize OVA aggregates after nano-precipitation, a 
mixture of lipids (composition detailed in Table 1, 20 %) was included in 
the antisolvent stream during the microfluidic mixing, varying the final 
concentration between 0.5 and 5 mg/ml (Fig. 1D). The presence of lipids 
and their concentration did not affect the mass of precipitated OVA, that 
was always ranging between ~ 60 and 80 % of the input (Fig. 1B). On 
the other hand, lipid concentration higher than 2.5 mg/ml led to the 
formation of nanoparticles with smaller diameter and narrower size 
distribution (Fig. 1C). This observation suggests that lipids have a 
concentration-dependent role in the stabilization of nascent protein 
aggregates and prevention of particle growth, probably occupying the 
hydrophobic pockets of denatured proteins with their lipophilic portions 
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and exposing the hydrophilic heads towards the solvent. OVA nano-
particles for further experiments were thus produced by microfluidic 
antisolvent precipitation and stabilized by lipids at a total concentration 
of 5 mg/ml. 

3.2. Characterization of the morphology and composition of 
nanoparticles 

To elucidate the structure and properties of nanoparticles, a thor-
ough physico-chemical characterization was carried out. First, the 
samples obtained after microfluidic mixing and dialysis were imaged by 
cryo-TEM to allow their observation in the hydrated state. As visible in 
Fig. 2A and Fig. 2B, electron-dense, spherical nanoparticles with ragged 
edges could be detected and identified as nanoaggregates (NAG). NAGs 
were surrounded by numerous uni/oligolamellar lipid vesicles. This 
complex sample containing NAG and liposomes was named LipoNAG. 
The presence of liposomes can be easily explained if one considers the 
production method and the materials employed, as microfluidic mixing 
of lipids in alcohols with a buffer is conventionally used to produce li-
posomes (Khadke et al., 2019). In our process, along the microfluidic 
channel a portion of lipids was recruited to stabilize the protein nano-
aggregates precipitating due to the increasing amount of methanol, 
while another portion self-assembled into vesicular structures to mini-
mize the contact of hydrophobic tails with the increasing amount of 
water, leading to the formation of two populations of nanostructures. 
The recruitment of lipids on protein nanoaggregates was confirmed by 
LC-MS analysis of purified NAG (Supporting Figure 1). Negative- 

staining TEM was employed as a more accessible and time-efficient 
technique to investigate the properties of LipoNAG. Fig. 2C is a repre-
sentative negative staining TEM image of LipoNAG, and it is possible to 
observe round-shaped electron dense particles with size comparable to 
the one observed via cryo-TEM (green arrows). As a negative control, we 
also imaged empty liposomes (i.e., produced using the same conditions 
of LipoNAG without OVA in the aqueous phase) following the same 
sample preparation and imaging technique (Fig. 2D). The absence of the 
round electron-dense structures in the negative control convinced us 
that negative staining TEM is suitable to evidence the presence and 
monitor the size of NAG. 

The negative staining TEM analysis was also preparatory to a sub-
sequent characterization aimed at identifying the position of OVA in the 
sample. More specifically, having a mixed sample with liposomes and 
NAG, we wanted to clarify whether OVA was prevalently organized as 
NAG or entrapped in liposomes. To answer this question, a negative 
staining immuno-TEM was performed on LipoNAG, using a primary 
polyclonal antibody against OVA and a secondary gold nanoparticle 
(AuNP)-conjugated mAb to localize the protein in the sample. As visible 
from Fig. 3A, AuNPs clustered around the electron-dense structures 
previously identified as NAG (green arrows). The specificity of the gold- 
conjugated secondary mAb was confirmed by imaging a control sample, 
where the treatment with primary anti-OVA pAb was not performed 
(Fig. 3B). Here, AuNPs appear randomly scattered in the TEM grid, 
without a defined localization due to unspecific binding. Image analysis 
allowed us to obtain quantitative data from this experiment, that are 
reported in Fig. 3C. Overall, 94 % of NAG present in the sample were 

Fig. 2. Representative Cryo-TEM of LipoNAG, showing electron-dense NAGs surrounded by uni/oligolamellar liposomes (two different fields of the same sample). 
The small black dots are size-defined gold nanoparticles, added before sample vitrification and to be used as a dimensional standard (A, B). Representative negative 
staining TEM of LipoNAG. Green arrowheads highlight electron-dense structures identified as NAGs (C). Representative negative-staining TEM of empty liposomes (i. 
e., prepared in the same conditions of LipoNAG without OVA). Note the absence of electron-dense structures and the presence of lipid vesicles (D). 
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marked by AuNPs due to the immunoaffinity of the anti-OVA pAb, 
strongly suggesting that NAGs are composed of OVA. This conclusion is 
reinforced by the comparison with the control sample, where only 22 % 
of NAG are marked by gold nanoparticles, despite a higher density of 
gold was present. Immuno-TEM analysis was crucial to investigate the 
nature of NAG, a nanostructure that was not reported in previous studies 
on OVA delivery. Indeed, different groups described the encapsulation 
of OVA in liposomes as a delivery strategy for antigen vaccines, where 
such liposomes were prepared through the conventional lipid film hy-
dration (Kim et al., 2022; Wang et al., 2014), or by microfluidic mixing 
(Forbes et al., 2019; Tabassum et al., 2020). However, works focused on 
microfluidic mixing as a production technique seldom explore the pro-
cess parameters reported in the present work (i.e., FRR 1:1), identified 
by us as critical for the formation of NAG. 

3.3. NAG isolation and formulation screening 

Having identified LipoNAG as a mixture of two types of nanoparticles 

(NAG and liposomes) we set up a centrifugation protocol to separate the 
two fractions. NAG could be isolated as a pellet following high speed 
centrifugation of LipoNAG, while liposomes remained in the superna-
tant. The purification protocol was validated employing a complemen-
tary test described in the Supplementary Information (Supporting 
Figure 2). The NAG pellet was easily redispersed in buffer and used for 
further characterization and in vitro/in vivo experiments. Upon optimi-
zation of the production and isolation protocols using a defined lipid 
mixture (DDAB 20 %, cholesterol 32 %, DPPC 48 %, w/w) we explored 
other compositions varying the amount of the cationic lipid DDAB 
(Table 1) while keeping constant the total lipid concentration (5 mg/ 
ml). Fig. 4A reports the results of size and size distribution analyses of 
NAG produced using different percentages of DDAB, as well as of the 
LipoNAG mixture from which they were isolated. A trend towards a 
smaller hydrodynamic diameter at lower DDAB amounts could be 
observed, while PDI seems to follow an inverse tendency, with a nar-
rower size distribution at higher DDAB amounts. Not surprisingly, size 
and PDI of LipoNAG derive from the contribution of NAG and liposomes, 

Fig. 3. Representative negative staining immuno TEM of LipoNAG. Green arrowheads highlight electron-dense structures, surrounded by AuNP due to the specific 
interaction between anti-OVA primary pAb and Au-conjugated secondary antibody (A). Control sample, where LipoNAG were treated with PBS instead of the anti- 
OVA primary pAb. Note the scattered and unspecific distribution of AuNP (B). Statistical analysis of AuNP distribution in the LipoNAG samples (anti-OVA pAb- 
treated VS control) (C). #Au/µm2: number of gold nanoparticles per square micrometer; Au linked (%): percentage of gold nanoparticles linked to NAG in the 
sample; Marked NAG (%): percentage of NAG in the sample linked to at least one gold nanoparticle. 

Fig. 4. Mean diameter (full bars) and PdI (dotted lines) of LipoNAG and purified NAG prepared using lipid mixtures with different amounts of the cationic surfactant 
DDAB (n = 5) (A). ζ potential of LipoNAG and purified NAG (n = 3) (B). Amount of OVA in NAG, expressed as the percentage of initial OVA input (n = 4) (C). 
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the latter having a basically constant mean diameter of 125 ± 25 nm and 
PDI < 0.1 regardless of DDAB concentration. ζ-potential values also 
followed an expected trend, with a more marked cationic charge derived 
from the higher concentration of DDAB (Fig. 4B). Lastly, the tendency of 
OVA to precipitate and form NAG was not influenced by the amount of 
cationic lipid in the formulation, as only slight variations in the per-
centage of aggregated OVA were found between the different compo-
sitions (Fig. 4C). Overall, all the developed formulations had a narrow 
size distribution and high OVA content, thus being suitable for an ac-
tivity and toxicity screening in vitro. 

3.4. NAG interactions with immune cells in vitro 

Imparting a positive charge to nanoparticles enhances the immu-
nostimulatory properties of the vaccine through several mechanism, 
such as promoting the uptake by macrophages, prolonging the retention 
at the injection site and triggering a mild inflammation with additional 
recruitment of peripheral APCs (Chatzikleanthous et al., 2020; Ma et al., 
2011; Varypataki et al., 2016). On the other hand, cationic nanoparticles 
are known to the nanomedicine community for their higher risks, 
including nonspecific uptake and cell toxicity triggered by perturbation 
of numerous pathways (Knudsen et al., 2015; Wei et al., 2015). To 
identify the formulation with the best balance between toxicity and ef-
ficacy, the complete panel of NAG with different cationic charge was 
tested in vitro. Initially, a murine macrophage cell line was employed to 
screen the cytotoxicity of NAG, determined as the effect on the meta-
bolic activity upon 24 h incubation. As expected, formulations with a 
higher percentage of DDAB had a stronger impact on cell viability, while 
the effect of NAG prepared with DDAB 0 %, 1 % or 5 % did not differ 
significantly from the one of soluble OVA at matching concentrations 
(Supporting Figure 3A). The same test was also performed on the 
unpurified formulations (LipoNAG), revealing that the removal of un-
necessary positively charged liposomes during NAG isolation was an 
important step to improve the biocompatibility (Supporting Figure 3B). 
We then moved to primary human monocytes from healthy human 
donors as a more clinically relevant model to assess the effect of NAG on 
the production of immunostimulatory/inflammatory cytokines (i.e., 
TNFα and IL-6). Triggering a mild inflammation might be a desirable 
feature in the context of vaccination, as it would recruit additional im-
mune cells and support the generation of the adaptive response (Van 
Duin et al., 2006). Surprisingly, none of the NAG elicited any significant 
change in TNFα and IL-6 production, a result comparable to the effect of 
soluble OVA (Supporting Figure 4). The unresponsiveness of human 
monocytes upon exposure to NAG can be explained by the fact that these 
cells do not perceive NAG, or they are detected but not recognized as 
dangerous and therefore monocytes do not trigger any reaction. How-
ever, further research − including varying the exposure time and con-
centration- is needed to fully exclude the capacity of NAG to activate the 
innate immunity. 

Next, we investigated the ability of NAG to deliver OVA to murine 
BMDC, and the efficacy of antigen presentation by measuring the 
antigen-specific T cell response in vitro. OVA, once engulfed by BMDC 
should be processed and presented to activate T cell response. Recog-
nition of the major histocompatibility complex (MHC-I) loaded with the 
OVA(257–264) peptide (SIINFEKL) by B3Z T cell receptor lead to the 
transcriptional activation of the IL-2 promoter element, resulting in 
production and release of IL-2, which concentration correlates with the 
uptake and processing of the OVA protein. While all NAG formulations 
elicited some level of IL-2 production, also in this case the amount of 
cationic lipid correlated with the intensity of T cell response (Fig. 5). The 
most efficient formulations in this regard were NAG 10 % and NAG 20 
%, that showed 8-fold and 6-fold higher T cell responses compared to 
soluble OVA, used as control, respectively. It is important to note, 
however, that the cell responses to treatments with NAG10% and 
NAG20% were not significantly different. Interestingly, responses to 
NAG 5 %, 10 % and 20 % were slightly reduced when higher doses of 

nanoparticles were administered, probably due to concurrent effects of 
charge-triggered toxicity. 

We speculated that the improved T cell response generated by the 
nanoparticulate OVA was linked to a higher cell uptake compared to the 
free protein. OVA, similarly to most soluble antigens, is not efficiently 
endocytosed and cross-presented by professional APCs and hence is not 
effective in inducing cell mediated immunity. To confirm our hypothe-
sis, a murine macrophage cell line was exposed for four hours to NAG 
prepared using a fluorescent OVA conjugate (FITC-OVA). The un- 
internalized nanoparticles were then washed away, cells were fixed 
and stained with markers for nuclei and cell membrane and observed by 
confocal laser scanning microscopy (Fig. 6, microscopy images). 
Maximum intensity projections of Z stacks allowed to observe bright 
green fluorescence inside the bodies of cells treated with NAG, con-
firming the efficient uptake of FITC-OVA when organized as nano-
aggregates, irrespective of the amount of cationic lipid employed in the 
formulation. Conversely, cells treated with an equal amount of soluble 
FITC-OVA reveal a limited or absent internalization. To gain additional 
insights into the process, quantitative determination of the intracellular 
fluorescence was performed by microplate reader following cell lysis to 
release their content (Fig. 6, histogram). The experiment was per-
formed using three different doses of FITC-OVA to better appreciate 
possible differences between the formulations. At the highest dose 
(31.25 µg/ml) NAG 20 % showed a 6-fold higher uptake compared to the 
free FITC-OVA, an observation in agreement with the improvement in 
antigen-specific T cell response previously discussed. As expected, the 
ability to being taken up by macrophages was decreased when lower 
amounts of cationic lipid were included in the formulation. Neverthe-
less, the quantitative determination confirmed the observation that 
being organized as a supramolecular nanoaggregate significantly boosts 
the cell endocytosis, with the minimum improvement shown by NAG 1 
% (2.5-fold higher uptake than free FITC-OVA). 

3.5. In vivo analysis of immune response to NAG 

In order to measure the efficacy of nanoparticulate OVA in inducing 
cellular response, we injected mice twice subcutaneously at 14 days of 
distance with an OVA dose of 2.27 mg/kg (Fig. 7A). Among the for-
mulations screened in physico-chemical and in vitro assays, NAG con-
taining 20 % DDAB (NAG 20 %) was selected for its superior cell uptake 

Fig. 5. Antigen specific T cell response. The SIINFEKL-specific B3Z cells were 
co-cultured with BMDC preincubated with the indicated antigen formulations 
(NAG prepared with different amounts of DDAB expressed as % on the hori-
zontal axis, or Free OVA) and IL-2 released in cell culture medium was 
measured by ELISA. Graph is representative of 2 independent experiments, 
mean ± SD are reported. Symbols indicate statistically significant difference VS 
Free OVA at the same dose (one-way ANOVA Tukey’s multiple comparison test, 
* p < 0.05, **p < 0.01, ns not significant). 
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and ability to induce an antigen-specific T cell response. To mirror 
vaccine administration, we also adsorbed NAG particles and soluble 
OVA on alum, an adjuvant licensed for human use. Seven days after 
boosting, we measured the cellular response as percentage of splenic 
CD3+/CD8+ T cells stained by OVA dextramers by cytofluorimetric 
analysis and appropriate gating strategy (Supporting Figure 5). Dex-
tramers are soluble MHC-I molecules loaded with the OVA(257-264) an-
tigen, and selectively bind T cell receptors specific for the OVA(257-264) 
peptide. As reported in Fig. 7B, priming and boosting with NAG induces 
a significantly higher clonal expansion of OVA-specific T cells(257-264), in 
comparison to the soluble Ovalbumin. We speculate that this result 
depends on the efficient NAG antigen uptake by professional antigen 
presenting cells, while soluble OVA is poorly taken up and cross- 
presented in MHC-I groove after processing. The alum adjuvant does 
not induce a significant improvement in antigen-specific T cell 
expansion. 

4. Conclusions 

Protein aggregates have a high immunogenic potential, being a 
concern for the formulation of biopharmaceuticals for chronic therapies. 
This property has been exploited in the field of vaccine development, 
where nanoparticulate formulations of protein antigens assembled in 
different ways − adsorbed on the surface, chemically linked, encapsu-
lated, randomly aggregated- have shown to efficiently activate the 
adaptive immune response. In this work, we have optimized a method to 
induce the controlled aggregation of proteins by microfluidic mixing of 
an antigen aqueous solution with an alcoholic anti-solvent. Lipid-sta-
bilized OVA NAG were obtained, and were able to induce an enhanced 
antigen-specific T cell response in vitro and in vivo. Overall, this work 

provides the proof-of-concept of a quick, robust, and scalable process to 
produce size-defined aggregates to boost the immunogenic potential of 
purified protein antigens. Indeed, microfluidic mixing has already 
shown to be a scalable and robust technique for the production of lipid 
(Webb et al., 2020) and polymeric nanoparticles (Chiesa et al., 2022). 
On a different note, the tendency to aggregate when exposed to organic 
solvent is shared among numerous proteins, with a well-documented 
underlying mechanism, and a practical use in the downstream pro-
cessing of antibodies (Yoshikawa et al., 2012). As such, we speculate 
that the microfluidic method herein described has the potential to be 
applied to pathogen-derived protein antigens or tumor neo-antigens 
following a minimal optimization of process parameters. 
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Fig. 6. Uptake of NAG prepared with FITC-OVA by RAW 264.3 cells. Data are shown as confocal microscopy Z-stacks (maximum intensity projections) of cells 
labeled with DAPI (blue), WGA (red) and treated with FITC-OVA NAG or free FITC-OVA (6.25 µg/ml) (green) prepared with different amounts of cationic surfactant 
DDAB (expressed as a % on the images). Scalebar = 50 µm. Quantitative data were obtained by measurement of fluorescence by microplate reader, following the lysis 
of cells treated with FITC-OVA NAG or free FITC-OVA (1.25, 6.25 or 31.25 µg/ml) (n = 6). Symbols indicate statistically significant difference VS Free OVA at the 
same dose (one-way ANOVA Tukey’s multiple comparison test, * p < 0.05, **p < 0.01, ns not significant). 
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