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Background: Zein-based carriers are a promising delivery system for biomedical applica-
tions. However, few studies involve systematic investigation on their in vivo biocompat-
ibility and immunogenicity.

Purpose: The objective of this study was to identify the immunogenicity, type of immune
response, biocompatibility and systemic recall immune response of zein nanoparticles
administrated via different routes in mice.

Animals and methods: Female Balb/c mice were selected as the animal model in this
paper. The effect of particle size, dose and inoculation routes on immunogenicity were
systematically explored. The mice were challenged at week 50 via intramuscular and
subcutaneous routes to investigate the systemic recall immune responses of zein nanoparti-
cles. Hematoxylin and eosin staining was performed to investigate the biocompatibility of
zein nanoparticles at injection sites.

Results: The administration of zein particles by parenteral routes led to a long-term systemic
immune response. Particle size did not affect zein-specific IgG antibody titers. IgG antibody
titers and inflammatory cell infiltration at the injection sites resulting from intramuscular zein
particle injection were significantly higher than those from subcutaneous injection of the same
dose. For intramuscular inoculation, dose-dependent IgG antibody titers were observed after the
third inoculation, while no significant difference was found via the subcutaneous route. For both
routes, IgG titer showed a time-dependent decrease at all dose levels from week 5 onward, and
finally plateaued at week 28. The IgG subtype assay showed a predominant Th2-type immune
response for both administration routes. Challenge with zein nanoparticles at week 50 led to
a significant increase in specific IgG titer at all dose levels, indicating systemic recall immune
responses. Interestingly, IgG antibody levels in the subcutaneous groups showed a delayed
decrease compared to those of the intramuscular injection groups at all dose levels.
Conclusion: This study indicated that immunogenicity may be one of the key challenges of
using zein nanoparticles as carriers via parenteral administration. Further investigation is
needed to illustrate zein immunogenicity in other forms, and the possible effect of systemic
recall immune response on in vivo pharmacokinetic characteristics.

Keywords: zein, protein carrier, drug delivery, immune response, intramuscular injection,

subcutaneous injection, parenteral administration

Introduction

Zein is a plant-based prolamine isolated from maize. Owing to its biodegradability,
safety, and moisture resistance, zein was approved by the US FDA as a generally-
recognized-as-safe (GRAS) excipient in 1985. Currently, the clinical application of

submit your manuscript

Dove n

http:

in 3

International Journal of Nanomedicine 2019:14 9917-9928 9917
© 2019 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY Ne

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-6577-5235
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Li et al

Dove

zein as a GRAS ingredient is mainly limited to tablet and
pellet coatings for oral administration. However, over the
past few decades, zein-based carrier systems have received
increasing attention from experts in the biomedical field.
Zein can be fabricated into films, nano-fibers, 3D scaf-
folds, nano/micro-particles, hydrogels, in situ gels, and
drug-eluting implants."* The potential application of
these fabrications in drug delivery has been investigated
by many independent research groups.”” Many reports
reveal that zein-based carrier systems exhibit definite
advantages including the controlled release of bioactive
agents, protection of drugs from degradation, improved
cellular uptake and oral bioavailability, and even tissue-
targeted delivery.'™*'® For example, ivermectin treatment
delivered in a zein microparticle-based tablet showed sig-
nificantly improved oral bioavailability (132.56%) com-
pared to that of a commercial tablet.'' Owing to
improved resistance against elimination and degradation,
hollow zein nanoparticles of less than 100 nm displayed
passive liver-targeting after intravenous administration,
while citric acid-crosslinked nanoparticles preferentially
accumulated in the kidneys.'? Despite these advantages,
the translation of zein-based carrier systems from the lab
bench to the bedside requires further study. Two key points
that must be addressed are biocompatibility and immuno-
genicity, as they are required for biomedical applications
(especially via parenteral administration routes).
Currently, zein-based carrier system biocompatibility
evaluation has mainly involved in vitro cellular assays
and a few that were extended to in vivo studies. Cell-
based assays reveal that zein films, fibers, and scaffolds
with/without cross-linking treatment are compatible with
mice skin fibroblast cells (1.929), mouse embryonic fibro-
blast cells (NIH 3T3), rat bone mesenchymal stem cells,
primary human dermal fibroblasts, human umbilical vein
endothelial cells, human hepatoma cells (BEL-7402),
human liver cells (HL-7702), and human bone marrow
stroma cells in terms of cell adhesion, extensibility, and
proliferation.'*?? In addition, previous reports also con-
firm that zein nano/micro-particles show excellent compat-
ibility with Caco-2 and Madin Darby canine kidney
cells.>** In vivo studies using zein as an implant material
show that zein rods and scaffolds are gradually degraded
after implantation in rats and rabbits, and that the resultant
zein fractions are completely absorbed by body.>*2°
Further histological analysis reveal that only laminar and
ordered collagen remain at the implant sites after complete
biodegradation.”® These reports suggest that zein may

have excellent compatibility at both cellular and tissue
levels.

Despite the wide application of zein in tissue engineer-
ing and the parenteral delivery of bioactive agents, few
studies include an immunogenicity evaluation of zein-
based carrier systems.?”® Many publications mainly
focus on the food allergy aspect of a maize-based diet
and related celiac disease.’” > A study by Hurtado-
Lopez and Murdan found that zein microparticles are
immunogenic in mice after two intramuscular injections
with a twelve-week interval.?’” However, in an issued
patent, the immunogenicity of zein nanoparticles in mice
after subcutaneous injection is particle size-dependent.?®
The above studies suggest that zein-based carrier immu-
nogenicity is complicated, and may be affected by various
factors such as form, size, dose, and administration route.
No further information on immune response type and
long-term immunological memory have been reported in
these publications.

In this study, the immunogenicity of zein nanoparticles
of different sizes and dosages was investigated long term
in mice via both intramuscular and subcutaneous routes.
The purpose was to illustrate the following: (a) the effect
of zein particle size on immunogenicity; (b) the effect of
zein nanoparticle administration route and dose on
immune response; (¢) the immune response type; and (d)
the possible systemic recall immune response that may
result from a challenge injection eleven months after the
third injection. This study provides fundamental informa-
tion on the effect of size and dosage on zein particle
immunogenicity in the two most commonly used parent-
eral administration routes; this information illustrates the
feasibility of utilizing zein as biomaterial from an immu-
nogenicity standpoint.

Materials and Methods

Materials

Zein and mouse monoclonal antibody isotyping reagents
(ISO2-1KT) were purchased from Sigma-Aldrich Corp.
(St. Louis, MO, USA). D-Mannitol, hematoxylin, eosin,
bovine serum albumin (BSA), pentobarbital sodium,
horseradish peroxidase-conjugated goat anti-mouse IgG,
and alkaline phosphatase-conjugated rabbit anti-goat IgG
(H+L) (IA-0091) were provided by Beijing Dingguo
China).
Deionized water was used throughout the study. All other

Changsheng Biotechnology Corp. (Beijing,

chemicals were of analytical reagent grade or purer.
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Zein Nanoparticle Preparation

Zein nanoparticles were fabricated using a previously
developed modified anti-solvent precipitation method.>*
Briefly, 50 mg zein powder was dissolved in 5 mL 80%
ethanol. Deionized water (15 mL) containing 5% (W/v)
D-mannitol was added to the aqueous zein-ethanol solu-
tion and continuously stirred. The different injection rates
of deionized water were maintained by a peristaltic pump
(Longer Precision Pump Corporation, Baoding, China) to
achieve a size-controlled preparation of zein nanoparticles.
The solution was constantly stirred at 1200 rpm for 3 h to
ensure complete ethanol evaporation. The resultant sus-
pension was lyophilized in the presence of mannitol, and
the resultant nanoparticles were sealed and stored in
a desiccator at 25°C until use.

Zein Nanoparticle Characterization

The particle size and polydispersity of zein nanoparticles re-
dispersed in pH 4 deionized water were determined using
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
The instrument was equipped with a helium—neon laser (633
nm) and the dynamic light scattering intensity was collected
at 173°. In addition, zeta potentials were measured with the
same instrument according to the electrophoretic mobility of
nanoparticles in 1 mM sodium chloride aqueous medium.

Administration and Sera Sample

Collection

To determine the effect of particle size on zein carrier immu-
nogenicity, 30 female BALB/c mice (6-8 weeks old) with
body weights of approximately 20 g were purchased from
Liaoning Changsheng Biotechnology Co., Ltd. (Liaoning,
China). The mice were housed under a 12 hr light/dark
cycle, and were allowed food and water ad libitum. The
mice were divided into five groups of six mice each. Each
group was inoculated by intramuscular injection with 600 pg
of zein particles in one of four particle sizes (250, 450, 750,
or 850 nm). Injections were delivered into the left legs at
week 0, 1, and 3, respectively. The negative control group
followed the same inoculation schedule and was injected
with the same volume of the solvent used to disperse the
zein nanoparticles.

To determine the effect of administration dose and route on
zein particle immunogenicity, 48 female BALB/c mice (6-8
weeks old) with body weights of approximately 20 g were
purchased from Liaoning Changsheng Biotechnology Co.,
Ltd. (Liaoning, China) and randomly divided into eight groups

of six mice each. The mice were housed under a 12 hr light/
dark cycle, and were allowed food and water ad libitum. Three
groups were inoculated by intramuscular injection of 290 nm
zein nanoparticles (200, 600, or 800 pg/mouse) into the left
legs at weeks 0, 1, and 3, respectively; the negative control
group followed the same inoculation schedule and was given
the same volume of the solvent used to disperse the zein
nanoparticles. The other three groups were inoculated with
290 nm zein nanoparticles (200, 600, or 800 pg/mouse) by
subcutaneous injection to the back at weeks 0, 1, and 3,
respectively; the negative control followed the same inocula-
tion schedule and was given the same volume of the solvent
used to disperse the zein nanoparticles. To illustrate the possi-
ble systemic recall immune response, all six treatment groups
were challenged with zein nanoparticles of the same pre-
viously administered doses 50 weeks after the first inoculation.
The negative controls were challenged with solvent.

Blood samples were collected from the tail vein at 1, 2, or
4-week intervals for 70 weeks. Blood samples were centri-
fuged at 3000 rpm for 5 min to obtain sera. The resultant sera
were stored at —20 °C until use. All animal experiments were
performed in accordance with the guidelines of the Animal
Use Committee of Jilin University for the use and care of
laboratory animals, and all experimental procedures were
reviewed and approved by the Animal Welfare and
Research Ethics Committee at Jilin University.

Hematoxylin and Eosin Staining

To determine inflammatory response at the injection site,
15 female BALB/c mice (6-8 weeks old) with body
weights of approximately 20 g were purchased from
Liaoning Changsheng Biotechnology Co., Ltd. (Liaoning,
China). The mice were housed under a 12 hr light/dark
cycle, and were allowed food and water ad libitum. Mice
were randomly divided into two groups of six mice that
were inoculated with 800 pg of 311 nm zein particles by
subcutaneous and intramuscular injection, respectively.
A total volume of 50 puL was injected into the left thigh
of each mouse at day 0. Another three untreated female
BALB/c mice were used as the control group. At days 1, 3,
and 7 after inoculation, mice were sacrificed and histolo-
gical analyses were performed by surgical excision of the
injection site muscle and skin. All obtained tissues were
treated and stained by hematoxylin and eosin according to
published protocols.®> Images were captured using
a Nikon Digital Sight DS-SMC camera (Nikon
Instruments Inc., New York, NY, USA) and analyzed
with Nis-Elements version 4.20 software.

International Journal of Nanomedicine 2019:14

submit your manuscript

9919

Dove


http://www.dovepress.com
http://www.dovepress.com

Li et al

Dove

Total Specific IgG Antibody
Determination

Levels of total anti-zein IgG in mouse sera were determined
by ELISA using zein protein as the coating antigen.
Appropriate amount of zein was dissolved in 60% ethanol,
and the resulting solution was further diluted using pH 9.6
bicarbonate buffer to a final zein concentration of 5 pg/mL.
Each well of the 96-well plate was coated with 100 pL of
zein solution and incubated at 4 °C overnight. After washing
three times with phosphate-buffered saline (PBS) containing
0.05% Tween 20, each well on the plate was blocked with
100 uL PBS containing 1% (w/v) BSA and incubated at 37
°C for 2 h. The blocked plate was washed an additional three
times with PBS containing 0.05% Tween 20 to remove the
free BSA. Sera diluted with pH 7.4 PBS to different concen-
trations were then added to the wells and incubated at 37 °C
for 1 h. After washing three times with PBS containing
0.05% Tween 20, the plate was incubated with 1:10,000
diluted horseradish peroxidase-conjugated goat anti-mouse
IgG with pH 7.4 PBS at 37 °C for 1 h. The resultant plate was
washed three times with PBS containing 0.05% Tween 20,
then incubated with 50 pL 3,3',5,5'-tetramethylbenzidine
substrate in the dark for 30 min. The reaction was stopped
by adding 50 pL of 2 M H,SOy,, and the plate was measured
at 450 nm using an iMark microplate reader (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

lgG Subtype Assay

Sera IgG subtype was determined by ELISA using zein
protein as the coating antigen as described above. Briefly,
sera were diluted to 1:100 using PBS containing 1% (w/v)
BSA, then added to the blocked plate. After incubation at
37 °C for 1 h, the plate was washed three times with PBS
containing 0.05% Tween 20. The 1:1000 diluted goat anti-
mouse IgGl, IgG2a, and IgG2b capture antibodies were
added to the washed plate, followed by a 1 h incubation at
room temperature. After washing three times with PBS
containing 0.05% Tween 20, 100 pL of 1:5000 diluted
alkaline phosphatase-conjugated rabbit anti-goat IgG (H
+L) was added into each well on the plate and incubated
for 1 h at room temperature. After washing five times with
PBS, 100 pL of 1 mg/mL p-nitrophenyl phosphate sub-
strate was added into each well and reacted for 30 min in
the dark. The reaction was stopped by adding 100 pL of
0.2 M NaOH, and the plate was measured at 415 nm using
an iMark microplate reader (Bio-Rad Laboratories, Inc.).

Statistical Analysis

All data are presented as the mean + SD. Statistical analysis
was conducted using the OriginPro version 8.5 software
(OriginLab Corporation, Northampton, MA, USA). Groups
were analyzed using a two-tailed unpaired Student’s z-test.
p Values <0.05 were considered significant.

Results
Zein Nanoparticle Preparation and

Characterization

Zein nanoparticles were successfully fabricated by a modified
phase separation method as previously described.>* The size,
size distribution, and zeta potential of the resultant zein nano-
particles are shown in Table 1. All zein nanoparticles showed
a single peak in intensity distribution at the desired sizes, and
were positively charged with a 35-57 mV zeta potential. In all
cases, the polydispersity indices were below 0.3, indicating
that zein nanoparticles approached a monodispersed system.
Lyophilization and rehydration did not significantly affect
particle properties in the presence of mannitol (Figure S1). In
all inoculations, freshly lyophilized zein particles were
weighted to obtain an accurate dose for administration, and
used within 3 days to avoid the possible aggregation and
changed particle properties of zein nanoparticles that could
result from long-term storage.

The Effect of Particle Size on
Immunogenicity and Body Weight

To determine the effect of particle size on the immuno-
genicity of zein carriers, mice were inoculated by intra-
muscular injection with 600 pg of 250, 450, 750, or 850
nm zein particles to the leg at weeks 0, 1, and 3, respec-
tively. Zein particles with size larger than 850 nm were not
tested owing to their high polydispersity index and poor
stability after freeze-drying and reconstitution. The 600 pg
dose was chosen because it is close to the medium zein
nanoparticle dose used as a drug delivery carrier in mice.

Zein-specific IgG antibody titer results are shown in
Figure 1. For 250 nm zein particles, only limited IgG antibody
was detected 1 week after the primary injection. The second
injection at week 1 led to a slight increase in antibody titer.
However, after the third challenge at week 3, zein-specific IgG
antibody significantly increased at week 4 and peaked at week
6. Similar trends were observed in all groups inoculated with
450, 750, and 850 nm zein particles. Unexpectedly, no statis-
tically significant difference in zein-specific antibody titer was
found between the 250, 450, 750, and 850 nm groups at any
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Table | Properties of Zein Nanoparticles Used for Immunogenicity

and Inflammatory Response Investigation

Size (nm)

PDI

Zeta Potential
(mv)

Section I: The

effect of particle size on zein particle immunogenicity

First inoculation

Group | 241.41£8.47 0.126+0.022 39.240.12
Group 2 447.3+16.06 0.121+£0.018 44.5+0.20
Group 3 716.9£5.25 0.189+0.017 49.6+1.06
Group 4 879.2+12.04 0.226+0.074 51.1+1.52
Second inoculation

Group | 250.245.17 0.139+0.027 38.9+0.87
Group 2 439.9+6.07 0.150£0.025 44.9+1.76
Group 3 763.817.84 0.212+0.025 49.1£1.16
Group 4 838.2+14.66 0.268+0.067 51.0+0.70
Third inoculation

Group | 246.7+2.50 0.148+0.020 41.4+0.25
Group 2 434.6%1.79 0.202+0.021 52.6+0.56
Group 3 721.9£15.05 0.175+£0.014 57.2+0.95
Group 4 832.9+15.83 0.264+0.009 57.4+0.78

Section II: The effect of administration dose and route on zein particle

immunogenicity

First 304.0+4.97 0.222+0.03 42.3+0.96
injection
Second 287.6+2.03 0.17240.02 55.1%1.35
injection
Third 289.5+6.22 0.265+0.01 49.5+1.50
injection
Fourth 287.1+4.98 0.206+0.05 35.3+0.87
injection

Section lll: Zein particle inoculation-induced inflammatory response

i.m. and s.c. 335.4+6.85 0.175+0.017 39.1+0.55

Abbreviations: PDI, polydispersity index; i.m., intramuscular injection; s.c., sub-
cutaneous injection.

sampling time point, except for the 750 nm group at week 4
that showed a higher antibody titer than those of 250
(p =0.038) and 850 nm (p = 0.011). These findings suggested
there was no notable size-dependent effect on zein immuno-
genicity after each intramuscular injection.

In addition to antibody titers, we also monitored mouse
body weight changes. As shown in Figure 2, all groups dis-
played a gradual weight gain over time. Although the control
group showed slightly higher body weight than the other
groups at some time points, the only statistically significant
differences were seen between the 250 nm group and the
control at week 6 (p = 0.042), and the 450 nm group and the
control at weeks 1, 2, and 6 (p = 0.024, 0.016, and 0.032,
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Figure | Zein-specific IgG titers in the sera of mice intramuscularly inoculated with
the same dose (600 ug) of 250, 450, 750, or 850 nm zein particles at weeks 0, |, and
3. The sera of all six mice in each group were separately evaluated three times by
ELISA. Results are expressed as means of antibody titers calculated from six mice
per group. *p-value <0.05 between two different groups.
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Figure 2 Body weight of mice intramuscularly inoculated with the same dose (600
ug) of 250, 450, 750, or 850 nm zein particles at weeks 0, I, and 3. The control
group followed the same inoculation scheme using the same volume of solvent
instead of zein particles. All p-value calculations are based on the t-test of the two-
sample equal variance hypothesis. *p < 0.05 compared to control.

respectively). These results suggest a slightly negative influ-
ence of zein particle administration on mouse body weight

increase.

The Effect of Dose on Immunogenicity

To investigate the influence of dose on zein carrier immu-
nogenicity, 290 nm zein nanoparticles were chosen as
a representative sample and intramuscularly injected into
mice at 200, 600, and 800 pg doses. Doses below 200 ug
were not considered, as they may not be enough to load
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sufficient therapeutics when zein particles are used as drug
delivery carriers. The zein-specific antibody titer results
are shown in Figure 3. For all groups, the second challenge
at week 1 led to zein-specific antibody production, and the
IgG antibody level peaked at week 5 after the third inocu-
lation. As expected, antibody titers gradually decreased
over time, and finally reached at a plateau similar to that
of the second challenge by week 28 (data not shown).
Moreover, the 600 and 800 pg groups showed significantly
higher antibody titers than those of the 200 pg group at
weeks 5 and 13, suggesting a dose-dependent effect of
zein particles on immunogenicity. Higher doses would
provide more chances for zein nanoparticles to be pre-
sented to T cells by dendritic cells and macrophages, and
therefore, promote the differentiation of B cells into anti-
body-secreting plasma cells more efficiently.

Further investigation into IgG antibody subclasses
revealed that, in each group, the IgG1 OD value was remark-
ably higher than those of the control groups from week 3
onward, whereas IgG2a and IgG2b OD values remained at
comparative or slightly higher levels compared to the corre-
sponding control groups (Figure 4A—C). These results sug-
gested that different doses of zein nanoparticles led to
a predominantly Th2-type immune response.”® Interestingly,
the 600 pg group displayed higher IgG1 antibody OD values
after three inoculations than the 200 and 800 pg groups at all
sampling time points except week 5. Further study is needed
to illustrate the possible reason.

i.m. route [ ]200ug/dose

6r [1600pg/dose

% Jr Il 800ug/dose

h;

1

3
)

(%]
T

EN
T

IgG antibody titers (log, )
N w
T T

T

0 T T T
2 4 5

Time (week

Figure 3 Zein-specific IgG titers in the sera of mice intramuscularly inoculated with
either 200, 600, or 800 pg of 290 nm zein particles at weeks 0, |, and 3. The sera of
all six mice in each group were separately evaluated three times by ELISA. Results
are expressed as means of antibody titers calculated from six mice per group. All
p-value calculations are based on the t-test of the two-sample equal variance
hypothesis. *, *¥, and *** indicates p < 0.05, p<0.01, and p <0.001, respectively.

The Effect of Administration Route on
Immunogenicity and Inflammatory

Response

To illustrate the effect of administration routes on zein immu-
nogenicity, we compared zein-specific antibody titers from
600 pg of 290 nm zein particles inoculated via intramuscular
and subcutaneous injections, respectively. Each mouse was
injected at weeks 0, 1, and 3. The zein-specific IgG antibody
titers at different sampling time points are shown in Figure 5.
Three intramuscular injections resulted in higher IgG anti-
body titers at all sampling time points compared to those of
subcutaneous inoculation, and a statistically significant dif-
ference was found at weeks 4, 13, and 49 (p = 0.002, 0.016,
and 0.036, respectively). Further antibody subtype analysis
revealed that subcutaneous injection induced the same [gG1-
dominated immune response as intramuscular inoculation.
The above results indicated that the intramuscular injection
of zein particles induces a stronger immune response than
subcutaneous injection, while administration routes have no
influence on the type of immune response.

In addition to immunogenicity, we examined whether
an inflammatory response occurred at the injection sites at
1, 3, and 7 days after inoculation. Hematoxylin and eosin-
stained sections of muscle and skin from the injection sites
are shown in Figure 6. Mild-to-moderate inflammatory cell
infiltration was found in the intramuscular injection group
at days 1 and 3 as evidenced by the increasing amount of
blue (nuclear) staining compared to those of the control
group. At day 7, damaged muscle fibers and additional
inflammatory cells were observed. In contrast, only mild
inflammatory cell infiltration was found in the dermis
during the 7-day investigation after inoculation. The super-
iority of intramuscular injection over subcutaneous injec-
tion in inducing antibody production may be due to
differing inflammatory responses at the injection sites.
Inflammatory response has been reported to improve the
presentation efficiency of foreign proteins by dendritic
cells and macrophages, and therefore, may lead to
enhanced antibody titer.*’

Systemic Recall Immune Response via

Intramuscular and Subcutaneous Routes

Considering the possible repeated administration of
drug-loaded =zein particles, systemic recall immune
responses over a long interval were investigated by
challenging mice at week 50 after three inoculations at

week 0, 1, and 3 for each dose group. As shown in
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Figure 4 Zein-specific IgG1 (A), 1gG2a (B), and IgG2b (C) OD values at 415 nm in the sera of mice intramuscularly inoculated with either 200, 600, or 800 g of 290
nm zein particles at weeks 0, |, and 3. The control group followed the same inoculation scheme using the same volume of solvent instead of zein particles. The sera
of all six mice in each group were combined to form a serum pool and separately evaluated three times by ELISA. All p-value calculations are based on the t-test of
the two-sample equal variance hypothesis. *, **, and *** indicates p < 0.05, p<0.0l, and p <0.001, respectively, compared to the control at each time point. #, ##,

and ### indicates p < 0.05, p<0.01, and p<0.001, respectively.

Figure 7, in the case of intramuscular injection, zein-
specific IgG antibody increased dramatically and peaked
at week 55 for each dose level. The peak antibody titer
values for each dose level at week 55 were significantly
higher than the peak values after three inoculations
(Figure S2). The above results suggest that the first
three intramuscular injections of zein nanoparticles
induced the production of long-lived memory B cells.
As a result, a strong systemic recall immune response
occurred when the mice were challenged again.
Moreover, high dose levels produced higher IgG anti-
body titers, indicating a dose-dependent influence
of zein nanoparticles on memory immune response. As
expected, challenge via subcutaneous injection also
resulted in a similar, but weaker, recall immune
response, as evidenced by the lower antibody titer at

week 55 at the same dose. However, the resultant IgG

antibody titer showed a delayed decrease over time
compared to that of intramuscular injection. In addition,
no dose-dependent influence was observed between dose
levels. The differences might be due to the varied degra-
dation and antigen-presenting processes that occur at
different injection sites. Further investigation is required
to illustrate this mechanism.

In order to reveal the possible effect of recall
immune response on the type of immune response, an
antibody subtype assay was also performed. As shown
in Figure 8, at the 600 pg representative dose, IgGl
displayed significantly higher OD values than those of
IgG2a and IgG2b for both intramuscular and subcuta-
neous routes. In addition, IgG2a OD values for the
intramuscular route that resulted from the fourth injec-
tion were higher than those at week 5 (Figure S3). The
above results suggest that the fourth challenge does not
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Figure 5 Zein-specific IgG titers in the sera of mice inoculated via intramuscular and
subcutaneous routes with 600 pg of 290 nm zein particles at weeks 0, I, and 3,
respectively. The sera of all six mice in each group were separately evaluated three
times by ELISA. Results are expressed as means of antibody titers calculated from six
mice per group. All p-value calculations are based on the t-test of the two-sample equal
variance hypothesis. *p < 0.05, and **p <0.01.

influence the type of immune response, but lends
a slight bias towards a Thl immune response.

Intramuscular injection Control

Discussion

Particle size usually has a complicated influence on the
immune response because particles with varied size may
interact with immune cells and tissues in different ways.*®
For example, polystyrene particles of 20 nm can reach the
local lymph node independently of dendritic cells within 2
h after administration into mouse footpad, while 0.5-1 pm
particles can only be drained into local lymph node via
dendritic cell-mediated infiltration 8 h after injection. In
another study, ovalbumin-conjugated nanoparticles of 230
nm are more effectively internalized by both macrophage
and dendritic cells and have more effective infiltration into
lymph node than the 708 nm nanoparticles after subcuta-
neous injections, and therefore, induce stronger humoral
and cellular immune responses.*” In the case of zein nano-
particles, very limited information is available to the effect
of particle size on immune response. A previous study
reports that 100400 nm zein nanoparticles were almost
non-immunogenic after subcutaneous administration in
mice, and therefore, could be used as parenteral drug
delivery carriers.”® This is contrary to that of our finding.

Subcutaneous injection Control

DaY1 ----

Day3 -- -

Day7 -- --

Figure 6 Hematoxylin and eosin-stained sections of muscle and skin from injection sites at days |, 3, and 7 after inoculation. Mice were inoculated by injecting 800 pg of 311
nm zein particles into the left leg at day 0 via intramuscular or subcutaneous routes. Inflammatory cell infiltration (hollow arrows) and damaged muscle fiber (hollow stars)
were located in the muscle tissues and dermis. a, stratum; b, epidermis; ¢, dermis; d, sebaceous glands; e, hair follicles containing hair fibers (bright color).
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Figure 7 Zein-specific IgG titers in the sera of mice inoculated via intramuscular
and subcutaneous routes with 200, 600, or 800 pg of 290 nm zein particles at weeks
0, 1, 3, and 50. The sera of all six mice in each group were separately evaluated
three times by ELISA. Results are expressed as means of antibody titers calculated
from six mice per group. All p-value calculations are based on the t-test of the two-
sample equal variance hypothesis. ¥**p < 0.001.

The disagreement may be explained by the lower dose of
zein particles (100 pg/mouse) used in the previous study.
In addition, the subcutaneous inoculation route may also
contribute to lower immunogenicity. The speculation is
confirmed by the inferior immune response resulted from
the subcutaneous injections compared with that of intra-
muscular injections (Figure 5). Besides, two injections at
a 2-week interval in the previous study may also explain
the negligible immune response as only the third injection
induced a significantly higher antibody titer than those of
the first two injections (Figure 1 and Figure 5). The size-
independent immunogenicity in this study may be due to
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51 55 69
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Control

the strong interactions between zein particles and local
tissue that result from their intrinsic hydrophobic charac-
teristics following charge neutralization, and therefore,
result in rapid aggregation at the injection sites. This
speculation is supported by the phenomenon of rapid par-
ticle aggregation observed when we attempted to investi-
gate zein nanoparticle—macrophage interactions in vitro.
Both intramuscular and subcutaneous injection of zein
nanoparticles induced a Th2-biased immune response as
evidenced by the higher IgGl OD values than those of
IgG2a (Figure 4). Re-challenge with zein nanoparticles at
a long-term interval (more than 11 months) did not change
the type of immune response but caused a slight bias
towards a Th1l immune response, supported by the slightly
higher IgG2a OD values for both administration routes
(Figure 8). Th2-associated IgG1 is known to fix comple-
ment by an alternative pathway, and can lead to acceler-
ated foreign substance clearance via macrophage-mediated
phagocytosis.>® Thus, repeated injections of zein nanopar-
ticles might promote the immune system to remove zein
carriers more rapidly, and therefore, result in a shorter
half-life and variable pharmacokinetic profile of loaded
cargo in vivo. In addition, IgG1 can bind to receptors on
mast cells and basophils to cause hypersensitivity reac-
tions, which are usually associated with local and systemic
side effects.*®*! The infiltration of inflammatory cells at
injection sites has confirmed the above speculation
(Figure 6). The inflammatory response may explain the
lower body weight gain of mice inoculated with zein
nanoparticles than those of the control group, although

050
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Figure 8 Zein-specific IgG |, 1gG2a, and IgG2b OD values at 415 nm in the sera of mice inoculated via intramuscular (A) and subcutaneous (B) routes with 600 pg of 290 nm
zein particles at weeks 0, I, 3, and 50. The sera of all six mice in each group were combined to form a serum pool and separately evaluated three times by ELISA. All p-value
calculations are based on the t-test of the two-sample equal variance hypothesis. ** and *** indicates p <0.01 and p <0.001, respectively, compared to the control. #, ##, and

### indicates p < 0.05, p<0.01, and p <0.001, respectively.
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size-dependent effect is not found in this study (Figure 2).
The possible accelerated clearance of zein nanoparticle
resulted from repeated injections may be similar to those
of polyethylene glycol (PEG)-modified liposomes. PEG-
modified liposome is known to induce an accelerated
blood clearance phenomenon and complement activation-
related pseudoallergy when used as parenteral drug deliv-
ery carriers repeatedly.*> This is related to the production
of antibodies toward PEG.** It should be noted that,
among these antibodies, anti-PEG IgM which is mainly
responsible for the accelerated blood clearance and pseu-
doallergy response, is produced by non-memory B cells
without T-cell involvement.** Tn other words, the above
undesired phenomena can be avoided with repeat injec-
tions when time interval is long enough (several
weeks).*>*® However, in the case of zein nanoparticles,
the immune response resulted by repeated injections
involves long-lived memory B cells and can be recalled
even after 11 months by challenge (Figure 7). Considering
the strong and long-standing immunogenicity of zein
nanoparticles, care must be taken when evaluating the
in vivo behavior of zein carriers and loaded cargo deliv-
ered via parenteral administration routes.

Conclusions

In this study, the immunogenicity of different sizes and
doses of zein nanoparticles was investigated in mice via
both intramuscular and subcutaneous routes. There was no
notable size-dependent effect on zein immunogenicity
after three intramuscular injections. However, a dose-
dependent effect of zein particles on immunogenicity
was found for the intramuscular route. Both intramuscular
and subcutaneous zein particle injections induced a Th2-
biased immune response, and intramuscular injections led
to a higher humoral immune response compared to sub-
cutaneous injections. The immune response is long-lasting,
highly specific, and repeated challenge caused rapid and
strong systemic recall immune responses via both intra-
muscular and subcutaneous routes. This study raises
a concern about the feasibility of zein nanoparticles as
drug delivery carriers for parenteral administration in
terms of immunogenicity. Low dose or surface modifica-
tion of zein particles may be required to reduce or elim-
inate their immunogenicity when used as delivery carriers
via parenteral routes. In addition, further study is needed
to illustrate the possible effects of memory immune
response on the in vivo pharmacokinetic properties of

zein particles, such as distribution, metabolism, and

excretion.
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