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Purpose: The production of nano-erythrosomes (NEs) by extrusion, which is considered the 
“gold standard”, has several disadvantages such as difficult equipment assembly, long procedure 
time, variable pressure, and problems with sterility. An alternative approach, using ultrasound 
probe, has been shown to overheat the sample and have suboptimal results compared to the 
extrusion method. In our study, we propose, develop, and test a new method for the fabrication of 
NEs based on shear force and then compare it to the “gold standard” extrusion approach.
Methods: The new method consists of mechanical shear force disruption of the hemoglo
bin-depleted erythrocyte ghost membranes, with the aid of a rotor stator based tissue 
homogenizer. Using the same batches of erythrocyte ghost membranes, we compared NEs 
produced by shear force to NEs produced by the well-established extrusion approach. NEs 
were characterized for yield, size, encapsulation efficiency, morphology, and stability by flow 
cytometry (FC), transmission electron microscopy (TEM), and zeta potential analysis.
Results: The shear force based process was easier to set up, significantly faster, had better 
sterility control, and decreased variability between batches. The shear force method gener
ated NEs with the desired size distribution (particles diameter ~125 nm), which were 
morphologically and functionally equivalent to the NEs produced by extrusion. NEs pro
duced by shear force were stable in terms of counts, size, and fluorescence intensity for 3 
weeks at +4°C. Moreover, they showed colloidal stability and minimal influence to centri
fugal stress, turbulence shock, and hemolytic potential.
Conclusion: The newly proposed shear force method allows faster, easier, and highly 
reproducible NEs production when compared to the conventional extrusion approach. The 
new setup allows simultaneous production of sterile batches of NEs, which have homoge
nous size distribution, good stability, and improved shelf life storage. The ability of the shear 
force method to process also high concentration samples indicates a future potential devel
opment of large-scale NEs production and industrial application, which has been a challenge 
for the extrusion method.
Keywords: erythrocytes, nanotechnology, nanoerythrosomes, extrusion, shear force, new 
method

Introduction
Nanotechnology-based drug carriers have emerged, in the last decade, as a promising 
delivery system to enhance the bioavailability and half-life of drugs, reducing deleter
ious side-effects caused by their toxicity or instability.1 In the field of personalized 
medicine, the use of autologous nanocarriers, based on erythrocytes (RBC, red blood 
cells), is seen as one of the most feasible and promising approaches.

Erythrocytes are readily available and their extraction by phlebotomy is both 
minimally invasive and routine, which improves the safety of the patient. Use of 
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preparation based on own blood cells is 100% biocompa
tible and the use of membranes from blood group compa
tible donors is also non-immunogenic. Erythrocytes have 
a long circulating half-life in the circulatory system (8.5 
weeks) and remarkable in vitro and in vivo stability.2–5 

When hemoglobin is removed from the erythrocytes, 
usually by a hypo-osmotic method, the empty erythrocyte 
membrane is called an erythrocyte ghost. Such ghosts can 
be seen with conventional phase contrast microscopy, 
loaded with pharmaceutical molecules and used as super
carriers for drugs, biologicals, and nanoparticles delivery 
systems.6 Developing of RBC-hitchhiked nanoparticles 
improved their delivery to chosen organs,7 compared to 
free nanoparticles, which accumulate in liver and spleen 
rapidly after injection.8

To improve cellular uptake, the diameter of the drug car
riers need be be reduced to nanoscale,9 therefore erythrocyte 
membrane derived nano-erythrosomes (NEs) were developed 
as efficient drug carriers.10 NEs blend the favorable character
istics of having erythrocyte membranes with enhanced phar
macokinetics and bio-distribution properties, which are typical 
for nano-sized particles.11–14 Until now, NEs with an average 
diameter of 100–200 nm could be produced from the erythro
cyte ghosts by two main methods – sonication and extrusion – 
or some combination between them.11,14 During the sonication 
process erythrocyte ghosts can be converted into small vesi
cles using pulsed, high frequency sound waves.15 The major 
drawbacks in the sonication procedure include overheating of 
the sample, due to high sonic energy transfer, leading to 
release of metal particles and denaturation or inactivation of 
some thermolabile agents to be encapsulated. This can be 
partially solved using a bath type instead of probe tip type 
sonicator device, but the process is much slower and less 
efficient.15 Another disadvantage is that the sonication process 
is not easily reproducible, resulting in variable sizes of the 
particles obtained, and depending on the time of sonication 
employed.16

Therefore, extrusion has so far been the most used pro
cedure to produce NEs.12,13,17 It consists of consecutive 
physical extrusion cycles of erythrocyte ghosts through poly
carbonate membrane filters of defined pore size (from 0.1–1 
μm), using compressed air or, preferably, to avoid oxidation, 
compressed nitrogen gas pressure, at 37°C in 
a thermostatically controlled extrusion device.11 A broad 
range of pressure might be required to carry out an extrusion 
cycle, as pressure is highly dependent on the pore size of the 
membrane and the type of vesicles being extruded.14,18,19 

Variable pressure and difficult assembling are some of the 

disadvantages of the extrusion process, along with the long 
procedure time, necessity of repeated cycles, experiencing 
leaks and concerns regarding process reproducibility, sample 
sterility, and sample recovery.20 Furthermore, when using 
concentrated suspensions, the membrane filter pores have 
the tendency to get clogged. The following retrieval of the 
unfiltered sample and the replacing of the filter prolongs the 
processing time, compromises the sterility, and results in 
sample loss, which makes it difficult to quantify the yield 
and efficiency of the process.

Facing the above described issues and considering the 
fact that NEs seem to self-assemble by two distinctively 
different methods (sonication and extrusion),20 we made 
the hypothesis that a new method, which uses a more 
controllable physical force and cleaner, streamlined pro
cess, can produce NEs with equivalent properties. Here we 
develop an approach for NEs production based on 
mechanical disruption of erythrocyte membranes using 
shear force, generated with a rotor stator based tissue 
homogenizer. Morphological and functional characteristics 
of the NEs produced by shear force were analyzed and 
compared to NEs produced with the conventional extru
sion method.

Finally, NEs produced by shear force were tested as 
carriers of a bioactive compound present in green tea, 
Epigallocatechin 3-gallate (EGCG), which was been 
shown to possess significant anti-inflammatory and anti- 
catabolic effects on intervertebral disc cells in vitro.21 

Moreover, EGCG encapsulated in nanoparticles showed 
an inhibitory effect on human breast cancer cells.22 In 
our study, EGCG loaded NEs produced by shear force 
were tested for stability in terms of zeta potential, hemo
lysis rate, turbulence stress, and in vitro release of drug.

Materials and Methods
Ethics Statement
This study was approved by Ethikkommision Nordwest- 
und Zentralschweiz (EKNZ, Project-ID: 11042 PB_2016- 
02608, approved Dec 2016). Written informed consent 
from volunteer donors was obtained for the use of blood 
samples. The study was conducted in accordance with the 
Declaration of Helsinki.

Preparation of Human Erythrocyte 
Ghosts
Human blood (8 mL) from three healthy volunteers was 
collected in EDTA monovette tubes (Sarstedt, Sevelen, 
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Switzerland) after signing written informed consent. To 
prepare erythrocyte ghosts, 2.5 mL of blood was lysed 
with 45 mL of 1X ACK (Ammonium-Chloride- 
Potassium) pH 7.3 lysing buffer: (155 mM NH4Cl, 10 
mM KHCO3, 0.1 mM EDTA; all Axon Lab, Baden- 
Dättwil, Switzerland) for 5 minutes, until the suspension 
clears up. The suspension was then centrifuged at 800 
g for 5 minutes to pellet the white blood cells. The 
supernatant was transferred to a new falcon tube and 
centrifuged at 15,000 g for 30 minutes to pellet the 
erythrocyte ghosts, which were then washed in 0.9% 
NaCl (Axon Lab) to remove the remaining hemoglobin 
and centrifuged again at 15,000 g for 30 minutes. This 
step was repeated twice. Finally, the erythrocyte ghosts 
were resuspended in 5 mL of 0.9% NaCl and counted 
with a Scepter Handheld Automated Cell Counter and 40 
µm sensor (Merck & Cie, Schaffhausen, Switzerland). 
Erythrocyte ghosts were diluted to 1x109 ghosts/mL in 
0.9% NaCl and stored at 4°C.

Substrate Loading and Resealing of 
Erythrocyte Ghosts
To mimic loading with high molecular weight bioactive 
drug, we used Fluorescein Isothiocyanate-Dextran 
(FITC-Dextran) 20 kDa (Sigma-Aldrich Chemie 
GmbH, Buchs, Switzerland), which was freshly dis
solved in 0.09% NaCl to create a stock in hypotonic 
buffer with a concentration of 5 mg/mL. FITC-Dextran 
was encapsulated in erythrocyte ghosts using 
a previously published hypotonic procedure and subse
quent resealing of membrane in isotonic solution.23 

Briefly, erythrocyte ghosts (1x109 cells/mL) were loaded 
with 0.6 mg/mL FITC-Dextran in 4.5 mL total volume 
of hypotonic NaCl solution (30–80 mOsm), for 15 min
utes at 4°C. Then, membrane pores were resealed by 
restoring the isotonicity (~ 300 mOsm) adding hyper
tonic 7.2% NaCl solution to 5 mL final volume and 
incubating at 37°C for 1 hour. Empty NEs control sam
ples, without FITC-Dextran, were prepared in parallel 
with the same erythrocyte ghosts and identical loading 
and resealing procedures.

Epigallocatechin 3-gallate (EGCG – Sigma-Aldrich 
Chemie GmbH) was encapsulated in erythrocyte ghosts 
at a concentration of 2.5 mM using the same procedure. 
The stock was prepared dissolving EGCG in NaCl 0.9% at 
a concentration of 10 mM and filtering.

NEs Production by Extrusion Based 
Method
The extrusion process was done with the medium-sized 
LiposoFast LF50 pressure extruder device (Avestin Europe 
Gmbh, Mannheim, Germany). Water from an external 
water bath was circulated through the extruder in order 
to perform the process at controlled temperature of 37°C. 
FITC-Dextran-loaded or control erythrocyte ghost suspen
sion was transferred to the extruder barrel and compressed 
air pressure of about 4 bar was applied. NEs were obtained 
by extruding the ghosts sequentially through Whatman 
Nucleopore polycarbonate hydrophilic membranes (GE 
Healthcare, Glattbrugg, Switzerland), three times through 
pore size 1 µm and once through pore size 0.4 µm. The 
extruder was opened, loaded, and closed between the 
cycles and it was disassembled and reassembled again to 
change the filter. Additionally, filtering after extrusion was 
done through a standard sterile PES syringe filter of pore 
size 0.22 µm (Cobetter - Chemie Brunschwig AG, Basel, 
Switzerland).

NEs Production by Shear Force Based 
Method
The shear force process was done with the gentleMACS 
dissociator (Miltenyi Biotech GmbH, Bergisch Gladbach, 
Germany). FITC-Dextran-loaded or control erythrocyte 
ghost suspension was transferred to gentleMACS C tubes 
(Miltenyi Biotech GmbH) and subjected to five cycles of 
gradient shear force. The shear force gradient profile 
started from 700 rpm to 4,000 rpm in a time period of 
40 seconds. The obtained NEs suspension was then filtered 
through a standard sterile PES syringe filter of pore size 
0.22 µm (Cobetter, Brunschwing).

Flow Cytometer (FC) Analysis
FC analysis was performed with a CytoFLEX flow cyt
ometer (Beckman Coulter Life Sciences, Nyon, 
Switzerland). Data were acquired using the detector con
figuration violet side scatter (V-SSC) with 405 nm filter. 
The 488 nm laser was used to detect FITC fluorescence. 
Each sample was acquired for 1 minute at a flow rate of 10 
μL/min. Polystyrene monodisperse micro particle size 
standards of 100, 200, and 500 nm (Sigma-Aldrich 
Chemie GmbH) were used to compare the size distribu
tion. The size of NEs was calculated based on violet side 
scattering geometric mean area of size standards. Data 
were analyzed using FlowJo v.10.0 software (Treestar, 
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Ashland, OR, USA). The violet side scattering and the 
FITC fluorescence area response in the logarithmic scale 
was plotted against the total event counts. The fluores
cence was quantified as geometric mean of fluorescence 
intensity (MFI).

Transmission Electron Microscopy
The morphology and structure of NEs were examined 
using a transmission electron microscope (FEI Morgagni 
268 operated at 100 kV). A carbon coated grid (Quantifoil) 
was positively glow discharged for 30 seconds to image 
the structure. A drop of 5 μL NE solution was deposited 
on the grid and incubated for 5 minutes. The sample was 
quickly washed in water, partially blotted, and placed 
upside down on a drop of 2% uranyl acetate for 20 sec
onds. The grid was picked up with tweezers, excess uranyl 
acetate was blotted away, and the grid was left to air dry. 
The dried grids were then imaged at different 
magnifications.

Encapsulation Efficiency
The percentage of drug that was successfully entrapped 
into the nanoparticles (% Encapsulation efficiency) was 
calculated diving the amount of drug entrapped to the 
total amount of drug added. To calculate the amount of 
drug entrapped, non-encapsulated free drug was removed 
from the suspension by centrifuging for 30 minutes at 
1,000 g in Amicon ultra centrifugal filter with a 30 kDa 
cut-off (Sigma-Aldrich Chemie GmbH).

The amount of drug in the FITC-dextran loaded NEs 
was calculated by FC analysis, measuring the fluores
cence intensity geometric mean. The amount of drug in 
the EGCG loaded NEs was calculated by ferrous tartrate 
assay, as described before:24, 125 µL of sample were 
mixed with 125 µL of ferrous tartrate solution and 
immediately the absorbance was measured at 540 nm 
in duplicate in transparent 96-well (TPP - Faust Lab 
Science, Klettgau, Switzerland) using a plate reader 
(DTX 880 Multimode detector - Beckman Coulter Life 
Sciences). The ferrous tartrate solution was prepared as 
follows: 1 g ferrous sulfate and 5 g potassium sodium 
tartrate tetrahydrate (both Sigma-Aldrich Chemie 
GmbH) in 1 L distilled water mixed with 0.067 
M potassium phosphate buffer (pH 7.5) at a ratio of 
1:4. Concentrations were calculated using a standard 
curve.

Stability Tests
Zeta Potential
The zeta potential of NEs produced by shear force was 
measured using ZetaView® (Particle Metrix, Germany) 
instrument. Parameters were adjusted for sensitivity (75), 
shutter (150), and trace length (15). For each experiment, 
Nanoparticle Tracking Analysis (NTA) range of measure
ment and performance quality were established by size- 
specific calibration beads. Empty control NEs were diluted 
1:50 with 0.9% NaCl for measurements. EGCG loaded 
NEs were measured undiluted. Each sample was measured 
three times.

Hemolysis
The degree of hemolysis of NEs produced by shear force 
was measured by incubating empty or EGCG loaded NEs 
(98%) with blood (2%), at 37°C for 30 minutes in the 
dark. After centrifugation at 5000 rpm for 10 minutes, the 
amount of hemoglobin released was measured at 540 nm 
using a NanoDrop spectrophotometer (Thermo Fisher 
scientific, Life Technologies Europe B.V., Zug, 
Switzerland). Data were normalized on 100% of hemolysis 
caused by distilled water.

Turbulence Stability
EGCG loaded NEs suspension produced by shear force 
was passed through a 27 gauge L1/2ʹ’ needle (Sterican – 
B. Braun Medical AG, Sempach, Switzerland) at a flow 
rate of 10 mL/min, comparable with the blood flow rate 
in vivo. After 10 and 20 passages, EGCG-NEs were cen
trifuged for 30 minutes at 1,000 g in Amicon ultra cen
trifugal filter with a 30 kDa cut-off and the retained EGCG 
was measured by ferrous tartrate assay, as described 
above.

Centrifugation Stability
The centrifugation stability was analyzed by centrifuging 
EGCG loaded NEs at 4,000, 8,000, and 12,000 rpm, for 10 
minutes at 4°C. Then, samples were centrifuged for 30 
minutes at 1,000 g in Amicon ultra centrifugal filter with 
a 30 kDa cut-off and the retained EGCG was measured by 
ferrous tartrate assay, as described above.

In-vitro Release
The in-vitro release of EGCG was analyzed as described 
by Gupta et al.17 The EGCG-NEs suspension (2 mL) was 
loaded with a syringe in a dialysis cassette (Slide-A-Lyzer, 
3500 MWCO, Thermo Fisher scientific) and the cassette 
was immersed in a beaker with 200 mL of NaCl 0.9% and 
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placed at 37°C with moderate stirring. At predetermined 
time intervals (30, 60, 120, and 240 minutes), 200 µl of 
sample were withdrawn and EGCG concentration was 
measured by ferrous tartrate assay, as described above. 
As control, the release of plain EGCG (2.5 mM) was 
monitored.

Statistical Analysis
For statistical analysis, a non-parametric test (Mann– 
Whitney U-test) was used to determine the significance 
levels. For storage stability analysis, a one-way repeated 
measures ANOVA and post hoc analysis with a Bonferroni 
adjustment was conducted to determine whether there 
were statistically significant differences over the time. 
The assumption of sphericity was met, as assessed by 
Mauchly’s test of sphericity (P>0.05). Data analysis was 
performed with SPSS v.24.0 for Windows (SPSS Inc.). 
Significance indicated as * represents P<0.05.

Results
Shear Force Based Method is Faster and 
Easier
The erythrocyte ghost suspensions were transferred to 
sterile homogenization tubes with a plastic blade inte
grated in the cap and subjected to five cycles of shear 
force using the tissue homogenizer, as described in the 
Methods section. The total processing time was about 10 
minutes: five times repeated homogenization, each of 40 
seconds, followed by the filtration of the obtained NEs 
suspension through a sterile syringe filter to ensure uni
form particle size distribution. The shear force homogeni
zer did not need assembling or cleaning steps, two samples 
could be processed at the same time, and the procedure 
was problem-free.

On the contrary, the extrusion method had the draw
back of complicated assembling of the device, the neces
sity of compressed air, and a water bath circulation to 
perform the process at controlled temperature of 37°C. 
Only one-step of one sample could be processed in the 
extruder device, intermittently cleaning and disinfection 
was required between samples, without the option of 
proper sterilization. For these reasons and because of 
more passages, changing of the membrane filter and extru
sion speed, the processing time was much longer com
pared to the shear force approach. Depending on the 
sample, the extrusion speed could be very slow, especially 
at the second or the third passage, and the membrane 

filters could get clogged, resulting in sample loss and 
increasing processing time. We timed the total extrusion 
process between 30 and 60 minutes per sample. 
Furthermore, the sterility during the extrusion process 
was not guaranteed, because of opening, disassembling, 
and re-assembling of the device during repetitive cycles, 
changing of membrane filters, and processing of different 
samples.

Briefly, the shear force-based protocol was faster and 
easier – for example, when processing two samples we had 
10 minutes for the shear force method versus up to 120 
minutes for the extrusion method. Table 1 compares the 
shear force and the extrusion methods in terms of proces
sing time, sterility, and ease of use during the assembling, 
production of NEs, and cleaning steps.

Both Methods Have Comparable Total 
Yield of NEs
Three batches of NEs were produced by shear force and 
extrusion methods using a range of erythrocyte ghosts in 
final concentrations of 12.5 up to 200 million ghosts 
per mL. The total counts of NEs analyzed by FC was 
plotted against the numbers of erythrocyte ghosts used 
(Figure 1). The values are expressed per mL of prepara
tion. By both methods, the highest number of NEs was 
obtained when starting with a high number of ghosts 
(100–200 million per mL). At these erythrocyte ghost 
concentrations, both methods resulted in a comparable 
yield. Low amounts of erythrocyte ghosts showed 
a better yield by extrusion approach, but the differences 
were not significant. In the following experiments, we 
always compared shear force and extrusion NEs produc
tion methods using a final concentration of 200 million of 
ghosts/mL.

Homogenous Size Distribution of NEs 
Produced by Shear Force
The FC analysis showed a homogenous size distribution of 
NEs produced by shear force compared to extrusion, 
which often displayed a second peak of bigger size NEs 
(observed in five of six samples) (Figure 2A). To remove 
the second peak, NEs produced by extrusion (n=3) were 
filtered through a standard syringe filter of pore size 0.22 
µm and compared in terms of size and total counts to not- 
filtered extrusion and shear force samples. Based on stan
dard size profiles, NEs size quantification showed identical 
diameters: the mean diameter was 125 nm for shear force, 
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127 nm for the main peak (88% of total NEs) of NEs 
produced by extrusion, and 125 nm for filtered extrusion 
samples (Figure 2B). There were no significant differences 
in total amount of NEs obtained with shear force, extru
sion, and extrusion-filtered methods (Figure 2C). The 
averages of particle size and total counts of six samples 
with relative standard deviations are represented in 
Table 2.

Similar Protein Content of NEs Produced 
by Shear Force and Extrusion
The proteins content was analyzed by SDS-PAGE and 
a semi-quantitative analysis was performed by Image 
J (Supplementary Figure 1). NEs produced by shear 

force showed the same protein pattern compared to NEs 
produced by extrusion method, except for a band at ~23 
kDa – weaker in the shear force sample – and a band at 15 
kDa – weaker in the extrusion sample. For both prepara
tion processes, a band at 40 kDa and some weak bands 
around 250 were not visible compared to the initial ghost 
protein profile. The SDS page was repeated with three 
different samples (n=3).

Lower Auto-Fluorescence of NEs 
Produced by Shear Force
To mimic loading with high molecular weight bioactive 
drugs, erythrocyte ghosts were loaded with fluorescent 
FITC-Dextran and NEs were prepared using shear force 
and extrusion methods.

Empty (control) and FITC-Dextran-loaded NEs were 
visualized using transmission electron microscopy 
(TEM) (Figure 3). For both methods, the morphology 
of structures appeared to be intact, and described as 
spherical closed vesicles with thin dark stained 
membrane.

The fluorescence distribution by FC analysis showed 
lower auto-fluorescence for control empty NEs produced 
by shear force, compared to extrusion samples (Figure 
4A – not filled peaks). The quantification analysis of 
control empty NEs confirmed higher auto-fluorescence 
for extrusion samples, with a geometric mean fluores
cence intensity (MFI) significantly higher (P<0.05; n=6 

Table 1 Comparison of the Extrusion and Shear Force Methods in Terms of Time and Convenience

Extrusion Method Shear Force Method

Time 30–60 minutes 10 minutes

N° samples 1 2

Assembling ● Assembling Extruder device
● Connection of an external water bath for temperature control
● Warm up the device at 37°C for at least 10 minutes
● Connection to compressed air pressure

NEs 
production

● Load sample
● Apply air pressure of about 4 bar to start extrusion
● Open the device and load the sample again for the next cycle (repeat 3 

times)
● Disassembling and reassembling of the device to change the filter membrane
● Load sample
● Apply air pressure of about 4 bar to start extrusion
● Eventually, more cycles or filter samples with syringe filter

1. Transfer samples in sterile tubes

2. Insert 2 tubes in the gentleMACS 
dissociator

3. Start cycle (repeat 5 times)

4. Filter samples with syringe filter

Cleaning Cleaning and sterilization of extruder device for the next sample

Figure 1 Total yield of NEs. Total counts of NEs obtained by extrusion (blue) and 
shear force (red) method per number of erythrocyte ghosts employed (n=3). Values 
are expressed per milliliter of preparation.
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shear force, n=3 extrusion) compared to shear force 
(Figure 4B).

To exclude fluorescence differences due to NEs 
size, we selected the main peak of the extrusion sam
ples, corresponding to NEs with an average size of 127 
nm, and quantified the relative fluorescence. The quan
tification analysis of six batches of FITC-Dextran 
loaded NEs produced with both methods, showed not 

significant differences in the MFI. Furthermore, there 
were not significant differences with filtered extrusion 
samples (n=3) (Figure 4C). Data were normalized to 
the auto-fluorescence intensity. The fluorescence counts 
were approximately 50% of NEs total counts, for both 
shear force and extrusion methods. The average of MFI 
and relative standard deviations are represented in 
Table 2.

Figure 2 NEs size distribution. (A) Representative NEs particle size distribution corresponding to shear force (orange) and extrusion (blue) methods. In red the size 
standards correspond to 100, 200, and 500 nm. (B) Particle size quantification and (C) total counts/µL of NEs produced by shear force (orange) and extrusion (blue) method 
(n=6). White columns represent NEs produced by extrusion and then filtered (n=3). Data are represented as average with relative standard deviation.

Table 2 Characteristics of NEs Produced by Shear Force and Extrusion Methods

Shear Force Extrusion 
(127 nm)

Extrusion 
Filtered (n=3)

Particle size (nm) 125±1 127±3 125±1

Total count/μL (*103) 38±13 29±12 
(88% of total)

49±2

% fluorescent particles 50±0.4 49±3 51±0.5

Auto-fluorescence intensity (empty NEs) 135±9 402±105 (n=3)

Fluorescence intensity 

(FITC-Dextran NEs)

5,144±552 6,595±1,304 6,045±1,759

Notes: Data represent the average±standard deviation (n=6). Fluorescence values correspond to geometric mean fluorescence intensity.
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FITC-Dextran NEs Encapsulation 
Efficiency
The amount of FITC-dextran in loaded NEs was calculated by 
measuring the fluorescence intensity geometric mean (n=2) 
by FC analysis, after removing of non-encapsulated free drug. 
The encapsulation efficiency was 63±1% for NEs produced 
by shear force (Figure 5A) and 47±7% for NEs prepared by 
extrusion (Figure 5B). Further washing steps resulted in gra
dual loss of fluorescence, with a decrease of fluorescence 
intensity of about 80% after the third wash, compared to initial 
fluorescence intensity values, for both NEs suspensions pro
duced by shear force and extrusion methods.

Storage Stability and Shelf Life
FITC-Dextran loaded NEs were stored at 4°C and ana
lyzed by FC for total counts, particle size, and fluores
cence distribution on day 0, day 7, and day 21. Data were 

statistically analyzed by multiple pairwise comparison. 
NEs produced by extrusion were significantly 3% bigger 
after 21 days compared to day 0 (P=0.046), while the size 
of NEs produced by shear force did not significantly 
change with the time (Figure 6). We did not find signifi
cant differences in NEs total counts and MFI over the 
course of 3 weeks storage, for both methods. Results are 
represented in Table 3 as average and relative standard 
deviation (n=4).

Stability Tests of EGCG Loaded NEs
NEs produced by shear force were loaded with 
Epigallocatechin 3-gallate (EGCG) and their stability was 
analyzed in terms of zeta potential, hemolysis rate, turbu
lence stress, and in vitro drug release. The amount of 
EGCG in loaded NEs was measured by ferrous tartrate 
assay, after removing of non-encapsulated free drug. The 
encapsulation efficiency was calculated as 33±4.2% (n=5).

Figure 3 TEM images. Representative images of NEs in the size range of 90–150 nm. Control empty (upper) and FITC Dextran-loaded (lower) NEs produced by extrusion 
and shear force.
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Colloidal stability of NEs was assessed by measuring 
the zeta potential. The zeta potential measured was −34 
±8.5 for EGCG-loaded NEs and −32±1 for empty control 

samples (n=2). During the zeta potential measurements, 
the images showed NEs well distributed and not aggre
gated. NEs loaded with EGCG appeared bigger compared 

Figure 4 Lower auto-fluorescence for NEs shear force based. (A) Representative fluorescence distribution of FITC-Dextran loaded NEs, corresponding to shear force 
(orange) and extrusion (blue) method. No filled peaks represent auto-fluorescence signals of control empty NEs. (B) Auto-fluorescence intensity quantification of empty 
control NEs (n=6 shear force and n=3 extrusion samples). (C) Fluorescence intensity of FITC Dextran loaded NEs produced by shear force (orange) and extrusion (blue) 
methods (n=6). White column represents NEs produced by extrusion and then filtered (n=3). Fluorescence intensity was calculated as geometric mean. Data represent 
average with standard deviations. Statistical significance *P<0.05.

Figure 5 Encapsulation efficiency of FITC-Dextran-NEs. The encapsulation efficiency, calculated measuring the fluorescence geometric mean intensity after removing of free 
FITC-dextran (1 wash), was 63% for shear force (A) and 47% for extrusion (B) (n=2). After three consecutive washes, the fluorescence intensity decreased of about 80% for 
both NEs produced by shear force and extrusion. Controls (CTR) represent the auto-fluorescence signal of empty NEs.
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to empty control NEs (Figure 7A). Particle size quantifica
tion by flow cytometry analysis confirmed that NEs loaded 
with EGCG (128±3 nm) were significantly (n=8; P<0.01) 
bigger than empty NEs (124±2 nm).

The hemolysis index of NEs produced by shear force 
was measured by incubating empty control and EGCG 
loaded NEs with whole blood at a ratio of 98:2. 
Compared to 100% of hemolysis caused by distilled 
water, NEs produced by shear force showed minimal 
hemolysis: 0.16±0.2% for empty control NEs and 0.83 
±0.2% for EGCG-loaded NEs (n=2) (Figure 7B). The 
value of the hemolysis caused by NaCl 0.9% was 0.27%.

The turbulence stability test showed no significant 
increase of EGCG leakage after 10 and 20 passages 
through a 27-gauge needle. The leakage of EGCG was, 
respectively, 2.5±3.7% after 10 passages and 5.2±6.1% 
after 20 passages, compared to the control sample (n=4). 
However, the FC analysis showed that the NEs had a little 
(6%) significant (P<0.05) increase of size particles after 20 
passages (Figure 7C).

The centrifugation stability test showed no significant 
differences of EGCG leakage and particle size after centri
fugation at 4,000, 8,000, and 12,000 rpm (data not shown).

The in vitro release profile of EGCG loaded in NEs 
showed a slower release of the drug, compared to the plain 
EGCG (Figure 7D).

Discussion
In this study, we proposed, developed, and validated a new 
method for fabrication of NEs based on mechanical shear 
force, which involves physical disruption of erythrocyte 
ghost membranes with the aid of a rotor based tissue 
homogenizer. The shear force based method was easier, 
faster, and highly reproducible compared to the more 
complicated conventional extrusion approach. The concept 
of this technology relies entirely on a readily available 
homogenizer tube with an inbuilt rotor/stator mechanism 
and drive unit to impart the rotation cycles. When erythro
cyte ghost suspension is subjected to shear forces, due to 
these relative movements between the stator and rotor, the 
membranes break into smaller structures and seal 

Figure 6 Size storage stability. Representative size distribution of FITC-Dextran loaded NEs produced by shear force (A) and extrusion (B) methods at day 0 (red), day 7 
(green), and day 21 (blue) storage at +4°C.

Table 3 Storage Stability

Storage 
Time

Shear 
Force

Extrusion 
1st Peak (127 
nm)

Total count/μL 

(*103)

Day 0 37±17 28±20
Day 7 38±15 29±8

Day 21 38±14 31±18

Fluorescence 

intensity

Day 0 5,668±82 7,534±934
Day 7 6,077±1,536 7,429±1,222

Day 21 5,313±495 6,645±991

Particle size (nm) Day 0 126±0.4 127±1.5

Day 7 124±0.9 129±2.4
Day 21 124±0.9 130±1.1 *

Notes: Data represent the average±standard deviation (n=4). Statistical significance 
compared to day 0: *P<0.05. Fluorescence values correspond to geometric mean 
fluorescence intensity.
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themselves to form vesicles. The shear force process is 
easy to implement, takes only a few minutes, and guaran
tees the sterility because samples are prepared in pre- 
sterilized tubes, without the need to open between the 
shear cycles.

Now we have an easy and fast method to produce 
NEs, which is able to overcome most drawbacks of the 
conventional methods – sonication and extrusion. So far, 
extrusion is the preferred method because it is reproduci
ble and avoids typical problems of the sonication method, 
such as overheating of the sample and the need to remove 
organic solvents or detergents from the final 
preparation.16 However, the extrusion has the disadvan
tages of elaborate assembling of the device, with the 
necessity of compressed air and the combination of 
a water bath to work at controlled temperature of 37° 
C.11 The long procedure time is another significant dis
advantage, due to repeated cycles with sometimes very 
slow sample recovery, the disassembling and reassem
bling of the device for changing of filter membranes 

with additional problems of sterility and sample loss, 
and the cleaning and the sterilization of the device 
between cycles and samples.20

The shear force method was more suitable to process 
concentrated erythrocyte ghost samples, with similar yield 
of NEs and less variability compared to the extrusion 
method. A lower (not significant) yield of NEs was 
obtained by shear force when starting with more diluted 
erythrocyte ghost suspensions; however since erythrocytes 
are readily available, we cannot think of a practical use for 
this aspect of the comparison. Moreover, we can recom
mend the shear force approach for larger scale experi
ments, because it is fast and multiple samples can be 
easily processed and then analyzed in parallel.

Shear force and extrusion methods produced NEs with 
an average size of 125 and 127 nm, respectively. However, 
we observed in NEs produced by extrusion, particles of 
bigger size (12% of total counts). More extrusion 
cycles,13,25 and/or slowly reducing of extrusion 
membranes,17 were necessary to reduce all erythrocyte 

Figure 7 Stability tests. (A) Representative images of empty and EGCG loaded NEs during zeta potential measurement. The instrument setting: sensitivity (75), shutter 
(150), and trace length (15). (B) The hemolysis test showed that empty and EGCG loaded NEs caused both very low hemolysis of blood, compared to 100% hemolysis of 
water (n=2). The value of the hemolysis caused by NaCl was 0.27%. (C) A particle size distribution of NEs after 10 (blue) and 20 (orange) passages thought 27½ gauge needle 
during the turbulence test, showed a significant little increase of particle size after 20 passages (n= 4). In red the size distribution of control NEs. (D) In vitro drug release of 
EGCG loaded NEs (red) and plain EGCG (black). Data represent average with standard deviations. Statistical significance *p<0.05.
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ghosts to NEs of smaller size. Nevertheless, more extru
sion cycles and changing membranes drastically increase 
the times and difficulties of the procedure. We introduced 
a final filtering step in the extrusion protocol, which 
enabled us to remove the NEs of bigger size and have 
a homogenous distribution with particles of 125 nm. We 
did not find significant differences between filtered extru
sion and shear force samples, in terms of NE counts, 
particle size, and fluorescence intensity.

NEs produced by shear force were shown to be equiva
lent to NEs produced by extrusion, both are closed intact 
spherical structures, suggested by side scatter flow cyto
metry (FC) and confirmed by transmission electron micro
scopy (TEM). The NEs produced by both methods also 
showed similar protein profiles by SDS-PAGE analysis. 
Most of the proteins present in ghost RBCs were preserved 
in NEs, while few of them were not visible in both shear 
force and extrusion samples. Further specific protein 
analyses are necessary to identify these proteins and 
understand if they are missing or weakly expressed.

To analyze the encapsulation efficiency, NEs were 
loaded with a 20 KDa fluorescent molecule (FITC- 
Dextran), as has been previously reported in the 
literature.12,17 There were no significant differences in 
fluorescence intensity between the two methods, despite 
empty controls NEs produced by shear force showed sig
nificant lower auto-fluorescence. We speculate that, during 
the extrusion process, the several passages through the 
polycarbonate membranes result in an increase of accumu
lation of auto-fluorescence. There were no significant dif
ferences in terms of encapsulation efficiency between 
shear force and extrusion NEs (around 50–60%), after 
removing of non-encapsulated free molecules using 
a centrifugation molecular cut-off device. After further 
washes, we observed, for both methods, a gradual decrease 
of fluorescence intensity, up to 80% after the third wash. 
Dialysis,12 hypotonic pre-swelling,26 or other gentler pur
ification approaches can be tried to remove non- 
encapsulated drugs and study drug release in vitro. 
However, it is highly likely that the method of choice 
will be dependent on the properties of the substance to 
be incorporated and, thus, must be optimized, case-per- 
case.

The storage stability of NEs produced with the two 
methods was also analyzed. NEs produced by shear force 
appeared stable in terms of total counts, size, and fluores
cence intensity, over the course of 3 weeks storage at +4° 
C. Similarly, the total number and the fluorescence 

intensity did not change for NEs produced by extrusion, 
but we found a small (3%) significant increase of size after 
21 days, indicating NEs fusion. This small increase of size 
was also found by Gupta et al17 and Dong et al12 after 21 
days storage at 4°C. Cho et al20found that synthetic lipid 
vesicles produced by extrusion and stored for 12 days at 4° 
C decreased in size and were vulnerable to aging.

Further characterization of NEs was done by incorpor
ating a bioactive compound present in green tea, the 
Epigallocatechin 3-gallate (EGCG), into NEs produced 
by the new method. NEs loaded with EGCG showed an 
encapsulation efficiency around 33% and good response to 
stability tests. The zeta potential measurements provided 
good colloidal stability,27,28 showing values above 30 mV 
for both empty and EGCG-loaded NEs. During zeta poten
tial measurements, NEs appeared to be well dispersed and 
showed no aggregation. The potential hemolytic interac
tion with the blood was also analyzed. Both empty and 
EGCG-loaded NEs caused minimal hemolysis, compared 
to the positive control hemolysis induced by water. The 
values were comparable to hemolysis rates previously 
described for NEs.12,17 Similarly, NEs loaded with 
EGCG were not significantly disturbed during the simula
tion of blood flow rate by turbulence stability test and 
showed only a 5% increase of drug leakage after 20 
passages through a 27 gauge needle. A further FC analysis 
showed a significant 6% increase of particle sizes after 20 
passages. The increase of size can indicate partial aggre
gation due to turbulence stress; however, the NEs still 
remained within the nanoparticles size. Moreover, EGCG- 
NEs were not affected by centrifugation stress. The release 
of EGCG was studied in vitro by dialysis and showed 
a slower release profile compared to the release of plain 
EGCG. Summarizing, NEs produced by shear force 
appeared to be stable, and showed no aggregation, 
a good reaction with blood cells, and slightstress to pas
sages through a needle. However, an in vivo test to vali
date drug delivery and biocompatibility should be done for 
each compound intended to be delivered using NEs as 
carriers.

The limitation of our study is that we cannot know at 
this stage how NEs produced by shear force will react to 
different drugs, ie, unique combinations of physical–che
mical proprieties (pH, polarity, hydrophobic/hydrophilic, 
molecular weight, size, osmolality). Encapsulation, load
ing amount, and particles properties can have an impact on 
RBCs and their integrity.29,30 Protocols based on osmotic 
shock and membrane resealing can provide acceptable 
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biocompatible encapsulation of drugs.31 Furthermore, 
human and murine RBC fusion proteins with engineered 
affinity ligands were developed to offer advantages of 
biocompatibility.32,33 Therefore, biocompatibility and 
other adverse effects (drug pharmacokinetics, distribution, 
and interaction) should be consistently and singularly 
analyzed.31,34

Conclusions
In conclusion, we proposed a new, easy, fast, and highly 
reproducible method to produce NEs based on shear force, 
which can overcome the drawbacks of the more compli
cated conventional approaches and allow increased effi
ciency in research involving NEs. NEs produced by shear 
force had homogenous size distribution, storage stability, 
and the advantage to be sterile. These cleaner means of 
production of NEs can also promote them to become 
a method of choice in translational research, as a suitable 
delivery system of drugs or other molecules for future 
biomedical applications.
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