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nanoparticles on red blood cells
storage

Saeid Barzegar', Mohammad Reza Rezvani®?3?, Majid Safa', Amir Amani*,
Alireza Abbaspour®, Aliakbar Pourfathollah®, Javad Hashemi®, Farhad Zaker"

Abstract:

BACKGROUND: Transfusion of healthy red blood cells (RBCs) after storage is important. One of
the storage lesions on blood bags is oxidative stress. One way to prevent increased oxidative stress
is to use antioxidant nanoparticles (NPs). Superoxide dismutase (SOD) and catalase (CAT) play
an important role in antioxidant defense on RBC. poly lactic-co-glycolic acid (PLGA) is a nontoxic
biodegradable polymer that is approved by the Food and Drug Administration for drug delivery. This
study aimed to assess dose-dependent efficacy of SOD-CAT-polyethylene glycol -PLGA on RBCs
storage.

MATERIALS AND METHODS: Using a descriptive study, during 1 month, twenty donors from
Bojnourd Blood Donation Center were selected. NPs with different concentrations were injected
into the satellite bags after directing blood to them. On target days, experiments were performed on
the samples taken. Electrospray was employed to prepare SOD-CAT-PLGA NPs. Twenty packed
RBCs were isolated from the whole blood bags by the mechanical method, and certain amount of
product was transferred to the satellite bags. On days 1, 7, 14, 21, 28, and 35, bags were sampled.
Malondialdehyde (MDA), prooxidant-antioxidant balance (PAB), and Annexin V were performed on
the samples taken. The repeated measures analysis with the help of SPSS software version 20
was performed on samples.

RESULTS: MDA increased in both groups. The maximum increase in test group was seen in
concentration 12 mg (MDA Day 14, test [1.93 + 0.3], [P MDA < 0.001]). Maximum increase in PAB
was seen in concentration 12 mg (from 444 + 1.7 to 563 + 2.5) (P PAB = 0.000). Furthermore,
PS expression increased in the concentration of 12 mg greater than other concentration in
consecutive (from 5.00 = 0.8 t0 22.26 + 1.7, [P < 0.001]).

CONCLUSION: Evaluation of dose dependency showed that different concentrations of antioxidant
NPs affect RBC. This effect can be changed oxidative stress and apoptosis. Using both changes to
evaluate functional and toxicity can be helpful.
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and cancer.!! Depending on the blood bag
preservative solution, the shelf life of RBCs

Introduction

Transfusion of the stored red blood
cells (RBCs) is an ideal technique
for improving oxygen delivery to tissue
when other treatments are no longer
suitable, especially in fetal medicine and
neonatal intensive care, trauma, surgery,
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can be estimated for up to 35 or 42 days.?!
While millions of whole blood and red blood
cellular products are transfused annually,
the red blood packed cells are still the most
commonly transfused component.®®! Blood
bags stored under blood bank conditions
undergo structural and functional
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deterioration, collectively referred to as “RBC storage
lesions.”* RBCs play an important role in antioxidant
defense as oxygen carriers.””! In normal RBCs, a balance
is established between oxidants and antioxidants. So that
the produced superoxide ions would be converted into
hydrogen peroxide by the superoxide dismutase (SOD)
enzyme; thus, its toxicity would be decreased and again
the produced hydrogen peroxide is converted into water
by the glutathione peroxidase (GPX) enzyme. GPX
needs other enzymes including glutathione reductase
and glucose-6-phosphate dehydrogenase, to function
properly. Catalase (CAT), however, does not require
the same enzymes with the same function.”! Under the
condition of blood storage, this balance can be disrupted,
and oxidative stress occurs resulting in the oxidation of
proteins and lipids of the RBC membrane. Oxidative
stress is now recognized as one of the pathological
factors in various diseases including chronic diseases,
depression, liver diseases, and venous thrombosis.%
Transfusion of healthy RBCs after storage, today, is
key issues faced by researchers in the field of blood
transfusion.!'12!

One way to prevent increased oxidative stress is to use
antioxidantnanoparticles (NPs).'*** Polylactic-co-glycolic
acid (PLGA) is a nontoxic biodegradable polymer
that is currently approved by the Food and Drug
Administration (FDA) for several applications in drug
delivery, diagnosis, and other clinical applications.["!
Polyethylene glycol (PEG) is a polymer of choice in drug
delivery systems. This USFDA-approved polymer is
popular due toits tunable properties and well-established
safety profile."! It also increases the solubility of the
compound. Antioxidant NPs containing SOD and CAT
enzymes can prevent the increase of oxidative stress
in blood storage that finally improves transfusion of
healthy RBC storage. Despite the widespread use of
NPs, they can also have negative effects including on
RBCs.["1 One of the effects of antioxidant NPs can be
eryptosis.”” In addition to their beneficial roles, NPs can
also have negative effects. These adverse effects on the
use of NPs that can be injected into humans should
be given more attention. One of the negative effects
of NPs can be oxidative stress.?!! In addition to the
ineffectiveness of antioxidant NPs, oxidative stress
can cause adverse effects on RBCs. Therefore, using a
suitable concentration to prevent these negative effects
seems useful. The dose of NPs is one of the important
factors in the efficiency of NPs.1?

The purpose of this study is to identify the extent of
reduction in antioxidant enzymes and the dose-dependent
effect of antioxidant NPs in RBCs storage. We used
PLGA NPs containing of SOD-CAT antioxidant
enzymes (SOD-CAT-PEG-PLGA) to neutralize oxidative
stress. Finding the optimum concentration to prevent
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toxicity in RBCs can be effective in preventing storage
lesion.

Materials and Methods

PEG-PLGA with a lactide to glycolide ratio of
50:50 (MW = 5-50 kDa) was purchased from Iran
Polymer and Petrochemical Institute. The SOD (S57571)
and CAT (C40) were purchased from Sigma-Aldrich
Co. SOD and CAT assay kits were purchased from
ZellBio GmbH Co. Sampling Site Coupler sold as
96/cs by Fenwal. CPD-A1 blood bag (JMS Blood
Transfer Bag-Singapore). Phosphatidylserine detection
kit (IQ-Product-Netherlands) and all other chemicals
were obtained from Merck chemicals (Germany).

Preparation of nanoparticles

Electrospray was employed to prepare SOD, CAT-loaded
PLGA NPs (SOD-CAT-PLGA NPs). Initially, required
amount of soft the PEG-PLGA polymer were dissolved
in deionized water (0.5%-2% w/w). Then, SOD and CAT
were added to PLGA solution at polymer/enzyme ratio
of 40-50:1. The final solution was stirred for 30 min at
ambient temperature to allow a complete dissolution of
polymer and enzymes. The solution was then loaded
into a 1 ml plastic syringe with blunt-ended 21G stainless
steel needle. The polymeric solution was electrosprayed
through the nozzle at a flow rate of 1 ml/h using a
programmable syringe pump (SP1000HOM, Fannavaran
Nano-Meghyas [FNM] Ltd., Tehran, Iran) and an applied
voltage of 8.8 kV by high voltage generators (HV35POC,
FNM Ltd., Tehran, Iran). The positive electrode was
connected to the needle with alligator clips. The distance
between needle tip and collector was set to 15 cm.
Particles were collected on a sheet of aluminum foil for 1 h
(atatemperature of 20°C and the relative humidity 50%).

Particle size and zeta potential measurement
Particle size, polydispersity index (PDI), and zeta
potential of SOD and CAT-loaded polymeric NPs were
measured using dynamic light scattering (DLS, Zetasizer
Nano-ZS, Malvern Instruments Ltd., UK).

Evaluation of efficacy and toxicity of nanoparticles
To evaluate the performance of NPs after dissolution in
phosphate-buffered saline (PBS), the activity of SOD and
CAT enzymes was measured in supernatant with SOD
and CAT assay kits. Furthermore, to study the release
of enzymes, activity was measured at specified intervals
ultracentrifugation at 30.000 rpm for 30 min at 4°C*!
in the supernatant (Beckman L8-70M Ultracentrifuge:
Beckman Instruments, Palo Alto, CA, USA).

Subjects
Out of all the donors referring for donations to
blood donation center, twenty donors were selected.
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Participants were apparently healthy, and an informed
consent form was completed by them. After initial
screening of donors by doctor, the blood bags were
collected. All blood bags were made of PVC with three
satellite bags and CPDA1 preservative solution.

Blood bags

After performing viral tests such as HIV-Ab, HBS-Ag,
HCV-Ab, and HTLV-Ab, packed RBCs were isolated from
the whole blood bags by the mechanical method. For each
blood bag, a certain amount of product was transferred to
three satellite bags. Then, specific concentrations of NPs
entered to satellite bags by sampling coupler (test group).
The packed red cell concentrates were kept for 35 days
from the time of donation (5 weeks) under the standard
conditions, and on days 1,7, 14,21, 28, and 35, bags were
sampled. Experiments were performed on the samples
taken. Satellite bags containing NPs were compared with
matched control bags.

Oxidative stress in blood bags
Malondialdehyde (MDA) test was performed in the
target days on samples.

Prooxidant-antioxidant balance

The oxidant-antioxidant balance can be estimated using
tetramethylbenzidine powder and two enzymatic
and chemical reactions. In the enzymatic reaction,
tetramethylbenzidine chromogenis oxidized by hydrogen
peroxidase to cationic tetramethylbenzidine, and in the
chemical reaction, cationic tetramethylbenzidine is
reduced by the uric acid (antioxidant).!*

Flow cytometric assay

Phosphatidylserine (PS) expression on the surface of
erythrocytes was evaluated on the three satellite bag
samples by Annexin V-FITC assay kit, and it was done
according to the principles stated in the IQ-Product
company kit. In summary, RBCs were washed once
in (PBS, pH 7.4) and adjusted at 1.0 x 10° cells/mL
with manufacturer’s buffer. 100 uL of cell suspension
incubated with 10 uL. Annexin V-FITC, at room
temperature in the dark for 30 min. Then, samples of at
least 1 x 10° cells were subjected to fluorescence-activated
cell sorting (FACS) analysis (BD FACSCalibur
Flow Cytometry System: BD Biosciences-USA).The
results were analyzed by Flow]Jo software version 10
(Becton, Dickinson and Company, ashland, oregon USA).

Statistical analysis

Results are expressed as mean values and standard error
of the mean. Differences between means were evaluated
using the repeated Measurement test when appropriate.
Data were managed with the use of SPSS software
package (IBM company, New York, USA) 26. P < 0.05
was considered to be statistically significant.
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Results

Characterization of nanoparticles

The mean size of the NPs measured using DLS was 291
nm with PDI = 0.08 and zeta potentials = 28.6 = 1.5 mv.
Concentrations of 3, 6, and 12 mg NPs entered the test
blood bags.

Subject

The participants were twenty donors referring to the
blood transfusion organization of Bojnurd, Iran. All
donors were men with O blood group.

Oxidative stress changes parameters

The amount of MDA increased in both control and test
groups [Table 1]. This increase was greater in the control
group than in the test. The maximum increase in the test
group were seen in concentration 12 mg (MDA Day14,
Test [1.93 + 0.3], [p MDA < 0.001]).

Furthermore, PAB changed in blood bags in the
target weeks after donation (Control from 448 + 2.7
to 567 + 1.7) [Table 1]. The maximum increase in
the test group was seen in concentration 12 mg
(from 444 + 1.7 to 563 + 2.5) (P PAB < 0.001).

Expression of phosphatidylserine

PS expression increased in the concentration of
12 mg greater than other test groups in consecutive
weeks [Table 2] (concentration 12 mg of PS from
5.00 £ 0.8 to 22.26 + 1.7, [P < 0.001]).

Discussion

Based on the results, the performance of antioxidant
nanoparticles containing SOD and CAT in blood storage
is dose dependent [Figure 1]. Due to their very small
size, nanoparticles can enter tissues. Therefore, it is
important to pay attention to the different dimensions
of their impact in vivo. Physicochemical factors can
affect the cytotoxicity of nanoparticles including size,
surface, shape, aggregation, and dose dependent.™!
There are several methods for investigating the toxicity
of nanoparticles in RBC including oxidative stress and
PS expression (eryptosis).

Nanoparticle aggregation plays a vital role in creating
intracellular response. In the study of Santiago Martinez
Legaspi and Laura Segatori, one of the effective factors in
cell autophagy is the aggregation of nanoparticles.” With
increasing storage time, Changes in pH, electrolyte, or salt
in the blood storage can nanoparticles aggregation. In a
study of M Vippola et al.,*"! it was shown that one of the
reasons for the aggregation of nanoparticles is the change
in pH. In our study, changes in blood bag pH could be the
cause of aggregation and ultimately changes in cellular
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Table 1: Comparison of malondialdehyde and prooxidant-antioxidant balance parameters of control and
concentration of 3, 6, and 12 mg test groups in target weeks

Parameters MDA PAB

Group Control Test Control Test

Concentration (mg) - 3 6 12 - 3 6 12
Day 1 0.93+0.1 0.90+0.5 0.91+0.2 0.92+0.1 448+2.7 438+2.2 442+1.9 444417
Day 7 0.90+0.0 0.88+0.3 0.90+0.1 0.92+0.4 470+2.8 455+2.5 461+2.4 466+1.0
Day 14 2.03+0.3 1.87+0.1 1.89+0.3 1.93+0.3 497+3.1 481+2.0 487+2.6 490+1.3
Day 21 2.57+0.2 2.40+0.3 2.46+0.2 2.51+0.2 528+1.3 5.22+1.4 524+2.5 526+2.4
Day 28 3.03+0.4 2.57+0.2 2.69+0.6 2.92+0.5 549+1.0 536+2.8 540+1.8 540+2.8
Day 35 3.69+0.7 3.18+0.5 3.36+0.4 3.46+0.5 567+1.7 550+2.5 558+2.1 563+2.5

Values are expressed as mean+SEM. MDA=Malondialdehyde, PAB=Prooxidant-antioxidant balance, SEM=Standard error of mean

Table 2: Comparison of phosphatidylserine parameters of control and concentration of 3, 6, and 12 mg test

groups in target weeks

Parameters PS

Group Control Test

Concentration (mg) of NPs - 3 6 12
Day 1 3.99+0.5 3.89+0.5 4.00+0.6 5.00+0.8
Day 7 7.25+1.2 6.42+0.8 19.60+0.4 20.20+0.2
Day 14 16.20+1.4 14.43+1.2 16.03+0.7 18.70+0.4
Day 21 13.13+0.6 11.93+0.5 21.30+0.5 21.70+0.5
Day 28 15.43+0.4 14.60+1.1 21.80+1.1 21.70+0.7
Day 35 10.78+0.69 9.04+0.8 23.10+0.9 22.26+0.7

Values are expressed as mean+SEM. PS=Phosphatidylserine, SEM=Standard error of mean
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Figure 1: Comparison of PS expression of control and different concentration of
antioxidant nanoparticle in target weeks. Values are expressed as mean + standard
error of the mean. PS: Phosphatidylserine

response to cell death so that the amount of PS increased at
the cell surface. Further more, an increase in nanoparticle
concentration can intensify these aggregations. Lankoff
et al. found that the concentration of silver nanoparticles
plays arole in its accumulation and toxicity, and the lower
the concentration, the lower the toxicity."*!

In our study, the toxicity increased with increasing
nanoparticle concentration. Antioxidant nanoparticles
prevent oxidative stress. However, aggregation in
nanoparticles can affect the binding and functional
regions of nanoparticles and protein enzymes
(SOD and CAT).® Sun et al. showed in a study One
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of the causes of eryptosis is oxidative stress.™ In our
study, with increasing the nanoparticle concentration,
PS expression increased [Figure 2], which could be the
cause of damage in RBCs [Table 2]. Increases in MDA and
PAB can indicate a defect in the function of antioxidant
nanoparticles [Table 1]. Wadhwa et al. Showed that
uptake and phagocytosis of NPs by RBCs lead to
membrane lipid oxidation and increased antioxidant
enzyme activity.®!! Therefore, the optimum dose of
nanoparticles can affect its ability to prevent oxidative
stress.

The effect of dose on cytotoxicity is important. Generally,
nanoparticles increase apoptosis in a dose-dependent
effect.’? In our study, a similar result was observed
due to the increased expression of PS. Finding the
minimum dose of cytotoxicity, in addition, to reduce
the potential risks of nanoparticles in vivo can help
the health of stored blood. Therefore, it is important to
determine the optimum dose to prevent the effects of
oxidative stress. Dose dependence causes oxidative stress
and eryptosis by increasing the entry of nanoparticles
into cells.®3! Furthermore, Libi et al. showed that the
association between PLGA-containing nanoparticles and
erythrocyte membranes is concentration dependent. As
the concentration increases, this bond increases.” In our
study, this increase in binding can be seen in the amount
of PS. Binding of nanoparticles to the surface of RBCs can
also cause changes in its surface properties which causes
deformation and eventually hemolysis.!!
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Control

3mg

SSC-H

6mg
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Figure 2: Dose-dependent effect of different concentration (3, 6, and 12 mg) of antioxidant nanoparticle on phosphatidylserine expression in target groups in consecutive
weeks (1-6). Red dot blot areas indicate negative control and blue dot blot indicates red blood cells attached to Annexin V-FITC

Conclusion

For proper performance of antioxidant nanoparticles,
using the optimum dose is helpful. Otherwise, it will
cause storage lesion in blood storage. The use of injectable
nanoparticles in blood storage can be a way to prevent
the loss of insufficient sources of stored blood. This can
be very important for RBCs, which are most commonly
used in blood transfusions. There are several methods for
investigating toxicity and dose dependency in different
nanoparticles. Some of these methods are based on changes
in oxidative stress. Methods based on apoptosis but help
more. Using both methods to evaluate functional and
toxicity can be helpful. It is suggested to consider the dose
dependence of different polymers before presenting more
useful methods for the effect of antioxidant nanoparticles
on RBCs. Furthermore, the effects of nanoparticles in
whole blood also need further investigation. The use of a
method to remove nanoparticles from blood bag before
transfusion can also be considered. One of the limitations
using of antioxidant nanoparticles RBC storage is the
antigenic effects on other cells.
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