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Introduction
Medical application of nanomaterials is becoming increasingly important in diagnostics as well as in prophylaxis and treatment of various diseases. Currently, most
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Background: The functionalization of a nanoparticle surface with PEG (polyethylene glycol) is
an approach most often used for extending nanomaterial circulation time, enhancing its delivery
and retention in the target tissues, and decreasing systemic toxicity of nanocarriers and their cargos.
However, because PEGylated nanomedicines were reported to induce immune response including
production of anti-PEG antibodies, activation of the complement system as well as hypersensitivity
reactions, hydrophilic polymers other than PEG are gaining interest as its replacement in nanomaterial functionalization. Here, we present the results of in vivo evaluation of polyelectrolyte
nanocapsules with biodegradable, polyelectrolyte multilayer shells consisting of poly-L-lysine
(PLL) and poly-L-glutamic (PGA) acid as a potential drug delivery system. We compared the
effects of nanocapsules functionalized with two different “stealth” polymers as the external layer of
tested nanocapsules was composed of PGA (PGA-terminated nanocapsules, NC-PGA) or the
copolymer of poly-L-lysine and polyethylene glycol (PEG-terminated nanocapsules, NC-PEG).
Methods: Nanocapsules pharmacokinetics, biodistribution and routes of eliminations were analysed postmortem by ﬂuorescence intensity measurement. Toxicity of intravenously injected
nanocapsules was evaluated with analyses of blood morphology and biochemistry and by histological tissue analysis. DNA integrity was determined by comet assay, cytokine proﬁling was
performed using ﬂow cytometer and detection of antibodies speciﬁc to PEG was performed by
ELISA assay.
Results: We found that NC-PGA and NC-PEG had similar pharmacokinetic and biodistribution
proﬁles and both were eliminated by hepatobiliary and renal clearance. Biochemical and histopathological evaluation of long-term toxicity performed after a single as well as repeated intravenous injections of nanomaterials demonstrated that neither NC-PGA nor NC-PEG had any acute or
chronic hemato-, hepato- or nephrotoxic effects. In contrast to NC-PGA, repeated administration of
NC-PEG resulted in prolonged increased serum levels of a number of cytokines.
Conclusion: Our results indicate that NC-PEG may cause undesirable activation of the
immune system. Therefore, PGA compares favorably with PEG in equipping nanomaterials
with stealth properties. Our research points to the importance of a thorough assessment of the
potential inﬂuence of nanomaterials on the immune system.
Keywords: polyelectrolyte nanocapsules, stealth polymers, animal studies
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clinically approved nanotherapeutics belong to liposomes
and polymeric nanoparticles, which includes PEGylated
proteins and aptamers, however the number of nanomaterials accepted by the Food and Drug Administration (FDA)
for medical application is still low.1 The potential use of
new drug nanocarriers requires prior detailed studies of
their pharmacokinetics, biodistribution, and routes of elimination to ensure the highest efﬁciency of transported
compounds. Due to the vascular structure of the liver,
spleen, and kidneys, nanomaterials accumulate predominantly in these organs; however, the pharmacokinetics and
biodistribution of nanoparticles depend also on a particle
size, shape, surface charge and decoration, deformability,
and degradability.2
Toxicity of potential nanotherapeutics is the most common
cause that hinders their use in medicine, thus all possible
adverse effects must be addressed during their thorough preclinical evaluation. First of all, the inﬂuence of nanomaterials
on the organs in which they accumulate and which participate
in their removal should be investigated. A growing body of
research showed that exposure of animals to inorganic nanoparticles often results in DNA damage, induction of inﬂammation, alterations in blood morphology, hepatotoxicity, or
nephrotoxicity.3–6 Biodegradable nanoparticles built of
organic components that are decomposed into nontoxic products are considered less toxic and thus safer than carbonbased or inorganic nanoparticles.7 There are a limited number
of studies that analyze the possible toxicity of biodegradable
nanocarriers in vivo. For example, low in vivo toxicity was
demonstrated for poly(έ-caprolactone) lipid-core nanocapsules, nanoparticles made of biotransestriﬁed β–cyclodextrins,
and PEGylated phospholipids.8,9 However, many new, promising biodegradable nanomaterials still await meticulous
biodistribution and toxicity analyses required prior to their
potential medical applications.10–12
Modiﬁcation of nanoparticle surface with hydrophilic
stealth polymers is a recognized method for improving nanomaterial pharmacokinetic properties, enhancing retention in
target tissues and reducing systemic toxicity of nanocarriers
and their cargos.13,14 Polyethylene glycol (PEG) has been most
oftenly used for nanoparticle coating; however, other polymers, including poly[N-(2-hydroxypropyl)methacrylamide],
poly(carboxybetaine), poly(hydroxyethyl-L-asparagine) or
poly-L-glutamic acid, are increasingly being considered as
better replacements.15
We have previously developed polyelectrolyte nanocapsules produced by encapsulation of nanoemulsion droplets in shells formed of poly-amino acids, poly-L-lysine
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(PLL) and poly-L-glutamic acid (PGA), using layer-bylayer method, as a promising candidate for medical applications. We conﬁrmed that different drugs encapsulated in
tested nanomaterials including anticancer-, neuroprotective-, or antipsychotic ones had similar activity to free
drugs.16–20 Therefore, their application might limit systemic side effects of enclosed therapeutic while maintaining their medical effectiveness. We also performed
detailed in vitro toxicity analysis of the nanocapsules
functionalized with PGA or PEG and conﬁrmed the lack
of deleterious effects towards cultured cells.21 Here, we
present the results of in vivo evaluation of nanocapsules
with an external layer composed of PGA (PGA-terminated
nanocapsules, NC-PGA) or with an external layer composed of the copolymer of poly-L-lysine and polyethylene
glycol (PEG-terminated nanocapsules, NC-PEG). We studied nanocapsules' properties in a mouse model including
their pharmacokinetic and biodistribution proﬁles, routes
of elimination, short- and long-term toxicity, and their
impact on the immune system. We demonstrated for the
ﬁrst time that PEGylated biodegradable nanocapsules may
cause prolonged elevated serum levels of a set of cytokines, indicating undesired activation of the immune system and pointed to immunologically inert PGA as
a promising alternative for nanomaterial functionalization.

Materials and Methods
Chemicals
Biocompatible polyelectrolytes used for preparation of nanocapsules were: polycation poly-L-lysine hydrobromide (PLL,
MW ∼15,000–30,000), and polyanion poly-L-glutamic acid
sodium salt (PGA, MW ∼15,000–50,000). Polyelectrolytes,
docusate sodium salt (AOT), chloroform, and sodium chloride were obtained from Sigma-Aldrich. PEGylated polyelectrolyte poly(L-lysine)-graft-poly(ethylene glycol), PLL
(20,000)-g-PEG(5000), was purchased from SuSoS
(Dübendorf, Switzerland). Poly-L-lysine ﬂuorescently
labeled with rhodamine B (PLL-RhB) was synthesized via
coupling of Lissamine rhodamine B sulfonyl chloride with
poly-L-lysine hydrobromide according to the protocol.22 Poly
(L-glutamine)-graft-poly(ethylene glycol) (PGA-g-PEG) was
synthesized previously by Szczepanowicz et al.23 The
obtained coupling rate of approximately 31% corresponded
to a grafting ratio of g = 3.2. Ultrapure water was obtained
using the Millipore Direct-Q5 UV puriﬁcation system.
Reagents used for histological analysis: formaldehyde solution 4%, buffered, pH 6.9 and eosin Y solution, alcoholic,
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with phloxine were from Merck (Darmstadt, Germany);
hematoxylin stain solution, modiﬁed Harris formulation,
and xylene were from VWR International (Radnor, U.S.).
Ethanol solution 99.9% was purchased from Chempur
(Piekary Śląskie, Poland). Horseradish peroxidase (HRP)conjugated polyclonal goat anti-mouse Ig antibody was
from BD Pharmingen (San Jose, U.S.). Rabbit antipolyethylene glycol antibodies [26A04] and goat anti-rabbit
IgM antibodies conjugated to HRP were from Abcam
(Cambridge, Great Britain).

Preparation and Characterization of
Nanocapsules
The following polyelectrolyte nanocarriers were synthesized
by the encapsulation of nanoemulsion droplets in polyelectrolyte multilayer shell: NC-PGA (PGA-terminated six-layer
polyelectrolyte nanocapsules), NC-PEG (PEG-terminated
seven-layer polyelectrolyte nanocapsules) for toxicity analyses
and NC-PGA-RhB (ﬂuorescently labeled PGA-terminated
six-layer polyelectrolyte nanocapsules), NC-PEG-RhB (ﬂuorescently labeled PEG-terminated seven-layer polyelectrolyte
nanocapsules) for pharmacokinetic and biodistribution analyses. This method has been described in detail in our previous
papers.21 Brieﬂy, nanoemulsion droplets were formed by dispersing 0.1 mL of oil phase (34 mg/mL AOT dissolved in
chloroform) into 200 mL aqueous polycation solution (0.1 mg/
mL in 15 mM NaCl). Subsequently, nanoemulsion droplets
were encapsulated in a polyelectrolyte shell by a layer-bylayer technique using a saturation approach. The volumes of
polyelectrolytes (PLL, PGA, PLL-RhB, PLL-g-PEG) used for
the formation of consecutive layers of the multilayer
shell are available in Supplementary material (Table S1 in
Supplementary material). The synthesized nanocapsules
were characterized by measurements of their size, concentration and zeta potential. The size and zeta potential of nanocapsules were determined by Dynamic Light Scattering (DLS)
and Laser Doppler Electrophoresis (LDV) technique using
Zetasizer Nano Series from Malvern Panalytical Instruments.
The concentrations of nanocapsules were determined by
Nanoparticle Tracking Analysis using NanoSight NS500
(Malvern Panalytical Instruments). The values of all nanocapsules' parameters were averages of at least three measurements
performed at 25°C against 15 mM NaCl. The stability of
nanocapsules in serum was determined previously.24
Contamination of nanocapsules with lipopolysaccharide
(LPS) was excluded with a method based on the detection of
NO (nitrate oxide) produced by murine primary endothelial
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cells and macrophages in response to nanocapsules and
cytokines.21

Animals
All in vivo experiments were performed using BALB/c
female, 5- to 6-week-old mice purchased from the Center
of Experimental Medicine of the Medical University of
Białystok, Poland. Animals were housed under controlled
conditions, 12–12 hrs light–dark cycle and provided with
food and water ad libitum. All animal procedures were
performed pursuant to Polish law, and speciﬁcally to the
Act on the Protection of Animals used for Scientiﬁc or
Educational Purposes (D20150266L), which implements
the Directive of the European Parliament and the Council
(2010/63/EU). The experimental work was in agreement
with the guidelines of the Institutional Animal Care and
Use Committee (IACUC) and was approved by the 2nd
Local IACUC in Kraków.

Nanomaterial Pharmacokinetics and Biodistribution
Studies
Administration of Fluorescently Labeled Nanocapsules
Prior to experiments, the animals were randomly divided
into three groups (n = 5–6) and weighted. Mice in the
individual groups were injected (100 μL per 10 g of body
weight) with: i) 15 mM NaCl (autoﬂuorescence control) or
ﬂuorescently labeled nanocapsules: ii) NC-PGA-RhB or
iii) NC-PEG-RhB in a single dose via the lateral tail vein.
The concentrations of NC-PGA-RhB and NC-PEG-RhB
were ̴ 2.5×1010 nanocapsules/mL. To compare pharmacokinetic and biodistribution proﬁles of both types of nanocapsules, we conﬁrmed that their ﬂuorescence intensities
in NaCl or tissue homogenates were comparable.
Collection of Serum, Bile, and Organs After Intravenous
Administration of Rhodamine-Labeled Nanocapsules and
Analysis of Their Fluorescence
The animals were euthanized via intraperitoneal administration of ketamine (50 mg/kg of body weight) and xylazine
(5 mg/kg of body weight) 3, 15, 30, 60, 240 mins or 24 hrs
after administration of the nanocapsules. Blood was collected
by a cardiac puncture, allowed to clot (for 30 mins), and
centrifuged (2800 RCF, 10 mins, RT) in order to separate
serum. Bile was collected postmortem from gall bladders.
Isolated organs (liver, spleen, kidneys, heart, lungs, thymus,
thyroid and brain) were weighted and homogenized in PBS
(0.1 g of tissue per 1 mL of PBS) using gentleMACS™
Dissociator and gentleMACS™ M tubes (Miltenyi Biotec).
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Aliquots of 100 μLof serum, homogenized organs and
diluted bile (1:100 in PBS) were transferred into 96-well
black microplates. Urine and feceswere also collected as
described below. Fluorescence intensity was measured at
590 nm after excitation at 560 nm using Synergy H1 hybrid
reader and analyzed with Gene5 Software (BIOTEK
Instruments).
Analysis of the Nanocapsule Biodistribution and Routes of
Clearance (Urine and Feces Collection)
To collect urine and feces individually from each mouse,
mice were placed in metabolic cages for a single mouse
(Tecniplast) immediately after nanomaterial injection in
accordance with the conditions for animal care recommended by the IACUC. The urine samples were collected after each spontaneous urination for the ﬁrst 10
hrs and then after 24 hrs (just before euthanasia).
Fluorescence of separate samples was measured immediately after their collection. Next, all urine samples
from one animal were pooled, the volume was recorded
and ﬂuorescence of 100 µL of this 24-hrs urine sample
was analyzed. Similarly, feces were collected every 1
hr for the ﬁrst 10 hrs after nanocapsule administration,
then after 24 hrs, and at euthanasia. Collected feces were
pooled. Feces were weighted, resuspended in PBS at 37°
C (0.1g of feces/1 mL of PBS) and centrifuged (2800
RCF, 5 mins, RT). Aliquots of 100 μL of urine and
resuspended feces were transferred into 96-well black
microplates. Fluorescence intensity was measured at
590 nm after excitation at 560 nm using Synergy H1
hybrid reader and analyzed with Gene5 Software
(BIOTEK Instruments).
Detected Dose Parameter
The detected dose corresponds to the total ﬂuorescence,
which is the sum of all the ﬂuorescence values measured
for total serum, bile and all the organs 3 mins after the
nanocapsule administration reduced by the background
ﬂuorescence signals derived from control mice injected
with 15 mM NaCl (autoﬂuorescence measured for each
tissue or ﬂuid). The ﬂuorescence of individual organs,
urine, bile and serum (deﬁned as ﬂuorescence of sample
in the following formula) has been calculated for the entire
organ or physiological ﬂuid (after taking into account its
mass or volume). A parameter quantitating nanomaterial
biodistribution was deﬁned as the percent of the detected
dose (% detected dose, % DD) and calculated according to
the formula:
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%detected dose ¼

fluorescence of sample
detected doseðtotal fluorescenceÞ
 100%:

Analysis of in vivo Toxicity
Prior to the experiments, all animals were weighted and
randomly divided into three experimental groups (n = 5).
Mice were injected intravenously (in the tail vein) on day
0 of experiment with i) 15 mM NaCl, ii) NC-PGA or iii)
NC-PEG (100 μL/10 g of body weight, nanocapsule concentration was ~2.5×1010 nanocapsules/mL). There were
two schemes of the experiment: i) a single administration
of NaCl or NC-PEG and ii) multiple administrations (8
injections performed every fourth day) of NaCl, NC-PGA
or NC-PEG. In a single administration protocol, animals
were sacriﬁced at 24 hrs after the nanocapsule administration (1st day of experiment) or on 7th, 30th, 60th day of
experiment. In the case of the multiple injections protocol,
animals were euthanized at 24 hrs or 30 days after the last
administration (30th and 60th day of experiment). The
behavior of the animals was closely monitored for several
hours after the administration of the nanomaterial to
exclude acute toxicity. Immediately before euthanasia,
venous blood samples were collected from the facial vein
to EDTA tubes (Microvette, Sarstedt) in order to analyze
hematological parameters. Blood for other tests and organs
was collected postmortem. Organs were weighted and
placed in 4% formaldehyde for histological analysis. The
organ-to-body mass indexes were calculated.
Hematological Analysis
Blood samples were analyzed using a veterinary hematology analyzer ABC Vet (HORIBA®, UK). The following
parameters were determined: counts of white blood cells,
red blood cells, platelets, granulocytes, lymphocytes, and
monocytes, hematocrit, mean corpuscular volume, hemoglobin concentration, and red cell distribution width.
Serum Biochemical Analyses
The samples of sera obtained from blood collected via
a cardiac puncture were stored at −20°C. Biochemical
parameters were measured using Spotchem EZ
Chemistry Analyzer (Woodley) and multiparameter strips:
Spotchem II Panel V, according to the manufacturer’s
instructions. The concentration or activity of the following
compounds was analyzed: alkaline phosphatase, alanine
transaminase, creatinine, total protein, blood urea nitrogen.
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Cytokine Proﬁling
Cytokines' (IL-1α, IL-1β, IL-6, IL-10, IL-12p70, IL-17α,
IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, and GMCSF) concentrations in sera were determined using
LEGENDplex Mouse Inﬂammation Panel (13-plex) kit
(Biolegend) and the BD LSRFortessa ﬂow cytometer.
The results were analyzed using LEGENDplex software
(Biolegend).
Analysis of Immune Response to PEGylated Nanomaterial;
Detection of Antibodies Speciﬁc to PEG Using Direct
ELISA on Copolymer PGA-g-PEG
ELISA plates were coated with 100 µL of copolymer
PGA-g-PEG diluted 1:20 in PBS (37°C, 30 mins) and
blocked (37°C, 1 hr) with 200 µL of blocking solution
(2% bovine serum albumin (BSA) in PBS). Next, 50 µL
aliquots of diluted sera (1:20 in the blocking solution) or
control rabbit anti-PEG IgM (0.06 µg/mL) were added to
the wells for 1 hr (37°C). The level of antibodies attached
to the antigen was probed with goat polyclonal anti-mouse
Ig conjugated to HRP (diluted 1:3000 in blocking solution)
or goat polyclonal anti-rabbit IgM conjugated to HRP (to
detect rabbit anti-PEG antibody used as a positive control
of the test, diluted 1:10,000 in blocking solution) (incubation 30 mins, 37°C). Each step of the test was followed by
washing the wells with 200 µL of PBS (6×). The enzymatic reaction was performed using TBM substrate
reagent kit (BD). The absorbance was measured at 450
nm using Synergy H1 hybrid reader and analyzed with
Gene5 Software.
Analysis of in vivo Genotoxicity – Comet Assay
Bone marrow cells were isolated postmortem from animals exposed to nanocapsules by ﬂushing femurs with
PBS. Mouse peritoneal cells were collected by ﬂushing
peritoneal cavities with PBS. Analysis of DNA damage in
isolated cells (1×105 cells/100 µL of PBS) was performed
according to the procedure described previously.21 The
percentage of DNA in the comet tail (% DNA damage)
was determined from two slides per sample with 50 randomly selected cells per slide.
Histological Analysis
For histological analysis, major organs including the liver,
spleen and kidneys were collected from mice, ﬁxed in 4%
paraformaldehyde, embedded in parafﬁn, sectioned into 4
µm slices and stained with hematoxylin/eosin (H&E).
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Statistical Analysis
Statistical signiﬁcance was performed for all results by the
multiple t-test with the use of GraphPad Prism 6, with P < 0.05
being considered signiﬁcant.

Results
Characterization of Nanocapsules
Various types of polyelectrolyte nanocapsules were
synthesized by the encapsulation of nanoemulsion droplets
in polyelectrolyte multilayer shell. The biocompatible
polyelectrolytes PGA and PLL were used to construct
multilayer shell (Figure S1A in Supplementary materials).
We used in our study PGA-terminated six-layer nanocapsules (NC-PGA) or the PEGylated nanocapsules with an
additional layer of a copolymer of poly-L-lysine and polyethylene glycol (NC-PEG). For the preparation of ﬂuorescently labeled nanocapsules, the ﬂuorescently labeled
polycation PLL-RhB was used instead of the PLL layer.
The synthesized nanocapsules were characterized by measurements of their size, concentration and zeta potential as
summarized in Table 1. We conﬁrmed that the sizes of all
synthesized nanocapsules were comparable, approximately
120 to 140 nm.

NC-PGA-RhB Have Identical
Pharmacokinetic Proﬁle to NC-PEG-RhB
In order to analyze pharmacokinetic proﬁles of the nanomaterials, we injected mice intravenously with ﬂuorescently
labeled nanocapsules, NC-PGA-RhB or NC-PEG-RhB and
analyzed their ﬂuorescence in serum and major internal
organs collected at different times after treatment. As illustrated in Figure 1, kinetics of ﬂuorescence intensity showed
similar biphasic clearance of both nanocapsule types from
circulation with the initial fast distribution phase and the
subsequent slow phase monitored up to 240 mins. The highest ﬂuorescence intensity in serum was measured approximately 3 mins after nanomaterial administration. After 240
mins ﬂuorescence was still detectable, although its intensity
was very low (0.29% of DD for NC-PGA-RhB and 0.16%
of DD for NC-PEG-RhB) indicating almost complete nanocapsule clearance from the blood. The ﬂuorescence corresponding to nanocapsules was also detectable in the liver,
spleen, and kidneys. In 3 mins after nanomaterial administration, the ﬂuorescence signals of both nanocapsule types in
the liver were similar to those in serum, indicating rapid
liver accumulation of the nanocapsules (Figure 2). The
ﬂuorescence intensities in the liver were stabilized after 30
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Table 1 Characterization of Synthesized Nanocapsules
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Name

Abbreviation

Size± SD

Zeta± SD

Concentration± SD

[nm]

[mV]

[Nanoparticles/mL]

PGA-terminated six-layered polyelectrolyte nanocapsules

NC-PGA

120 ±15

−42 ±2

~5×1010 ± 3.5×107

PEG-terminated seven-layered polyelectrolyte nanocapsules

NC-PEG

140 ±12

3.6 ±3

~2.5×1010 ± 1.9×107

Fluorescently labeled PGA-terminated six-layered
polyelectrolyte nanocapsules

NC-PGA-RhB

120 ±20

−41 ±3

~5×1010 ± 2.4×107

Fluorescently labeled PEG-terminated seven-layered

NC-PEG-RhB

140 ±10

3.2 ±4

~2.5×1010 ± 5.1×107

polyelectrolyte nanocapsules
Abbreviation: SD, standard deviation.

intensities were observed in the kidneys between 3 and 30
mins after nanocapsule administration. The stable, low signals were acquired after 60 mins and 120 mins, and the
ﬂuorescence was still detectable after 240 mins in kidneys.
In contrast, ﬂuorescence intensities in the spleen were at the
same level throughout the observation period. Four hours
after nanocapsule administration, the liver showed the highest ﬂuorescence intensities among organs, followed by the
spleen and kidneys with decreasing values.

Figure 1 Pharmacokinetic proﬁles of ﬂuorescently labeled polyelectrolyte nanocapsules in serum after intravenous administration.
Notes: NC-PGA-RhB or NC-PEG-RhB nanocapsules were injected intravenously.
Fluorescence was measured in sera obtained at different time points after administration, and the value corresponding to serum autoﬂuorescence was subtracted.
Each point in the graph represents the mean ± SD (n=6).

mins and remained at the same level also after 60, 120 and
240 mins. Similarly, rapid decreases of the ﬂuorescence

NC-PGA-RhB Have Identical
Biodistribution Proﬁle and Elimination
Routes to NC-PEG-RhB
The animals were placed in separate metabolic cages immediately after nanomaterial injection to enable urine and feces
collection for the analysis of elimination routes. The biodistribution of ﬂuorescently labeled nanocapsules in blood,
tissues, and bile was analyzed 24 hrs after injection. As
presented in Figure 3, the highest ﬂuorescence signals

Figure 2 Pharmacokinetic proﬁles of ﬂuorescently labeled polyelectrolyte nanocapsules in the liver, spleen, and kidneys after intravenous administration. NC-PGA-RhB and
NC-PEG-RhB were injected intravenously.
Notes: Fluorescence was measured in organs' homogenates obtained at different time points after administration, and autoﬂuorescence corresponding to control
homogenates was subtracted. Each point in the graphs represents the mean ± SD (n=5).
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Figure 3 Biodistribution of ﬂuorescently labeled polyelectrolyte nanocapsules after 24 hrs exposure.
Notes: NC-PGA-RhB and NC-PEG-RhB or 15 mM NaCl were injected intravenously. Animals were placed in metabolic cages in purpose of collecting urine and feces. After
24 hrs mice were sacriﬁced, and ﬂuorescence was measured in serum, homogenates of major organs, and bile. Results are presented as the percent of the detected dose
(see Methods). Fluorescence of 24-hrs total urine and feces is presented. UD, under detection limit. Bars represent mean ± SD (n=5).

were measured in the liver (9.4% and 11.8% of DD for NCPGA-RhB and NC-PEG-RhB, respectively) and in the
spleen (5.2% and 6.3% of DD for NC-PGA-RhB and NCPEG-RhB, respectively). Very weak ﬂuorescence (less than
1% of DD) was measured also for the lungs and heart. After
24 hrs, ﬂuorescence was not detectable in other analyzed
organs, serum, or bile. Although ﬂuorescence was not
detectable in samples of urine, feces and bile gathered
around the time of euthanasia, the measurements of ﬂuorescence in the samples collected at different time points after
nanomaterial injection enabled to identify the routes of
removal of nanocapsules or products of their degradation
(Figure 3, Figure S2 in Supplementary materials). The ﬂuorescence of the whole volume of 24-hrs urine was 18.4% of
DD for NC-PGA-RhB and 11.6% of DD for NC-PEG-RhB,
which indicated that the nanocapsules or products of their
degradation underwent renal clearance and were eliminated
through urinary excretion. It is worth emphasizing that the
renal clearance was a fast process; the highest ﬂuorescence
signals were measured for urine collected during the ﬁrst 30
mins after nanocapsule administration (Figure S2 in
Supplementary material). The ﬂuorescence intensity of
feces collected within 24 hrs represented 30–35% of DD
suggesting that the nanomaterial elimination occurred predominantly via the gastrointestinal tract (Figure 3). This
notion was supported by the kinetics of ﬂuorescence
changes in the bile samples. The ﬂuorescence signals
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reached maximum in bile 15 mins after nanocapsule injection and preceded those measured for feces, which peaked at
the 4 hrs time point (Figure S2 in Supplementary material).

Analyses of in vivo Toxicity of
Polyelectrolyte Nanocapsules
The potential acute and chronic toxicities of intravenously
administered nanomaterials was analyzed via two experimental approaches, in which mice were injected with
a single versus multiple doses of nanocapsules. In the
ﬁrst experimental setup, animals were sacriﬁced on the
1st, 7th, 30th and 60th days following the single NCPEG administration. The mice in the second experiment
were injected with NC-PGA or NC-PEG every fourth day
for 30 days and euthanized on the 30th or 60th day of the
experiment. This experimental scheme allows to assess the
short- and long-term toxicities of a single-dose of NC-PEG
and the long-term toxicity of repeated applications of NCPGA or NC-PEG (Figure S1B in Supplementary material).

Polyelectrolyte Nanocapsules are Not Hemotoxic
We did not observe any alteration in animal behavior after
injections or drop in a body weight (data not shown) or
changes in sizes of main organs in mice injected with
a single- or multiple doses of nanocapsules, which indicated
that the nanomaterials did not have strong, systemic, toxic
effects (Figure S3 in Supplementary material). They had
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also no effect on main hematological parameters evaluated
for single dose (data not shown) as well as for multiple
doses (Figure 4). Also, we did not observe the DNA damage
analyzed for peritoneal macrophages and bone marrow
(Figures 5 and S4 in Supplementary material).

Polyelectrolyte Nanocapsules Do Not Induce Liver-,
Kidney-, or Spleen Failure
Because the liver and kidneys were the main organs of
NC-PGA and NC-PEG uptake and elimination, we analyzed potential hepato- and nephrotoxicity of the nanomaterials by the detailed biochemical analysis of sera
collected just after euthanasia (on 1st, 7th, 30th and
60th days of experiment for single injection of NC-PEG,
or on the 30th or 60th day of experiment for repeated
injection of NC-PGA or NC-PEG). We measured total
plasma protein and the activities of enzymatic markers of
hepatotoxicity (alkaline phosphatase, alanine transaminase) as well as the levels of creatinine and blood urea
nitrogen, which, when increased, indicate renal damage.
The resulting values of all tested parameters were in the
normal ranges and we did not observe any differences in
any tested parameter between mice injected with nanomaterials vs control animals (Figures 6 and S5 in
Supplementary material). Additionally, we performed histological examination of the liver, kidney and spleen,
which excluded signiﬁcant architectural alterations and
inﬁltration of tested tissues by immune cells (Figure 7).

NC-PEG Stimulate Prolonged Upregulation of
Different Cytokines
The induction of cytokine synthesis in response to various
nanomaterials is usually considered an undesirable effect that
may lead to immunotoxicity manifesting, i.e. as severe
autoimmunity.25 To evaluate the potential immune response
to NC-PGA and NC-PEG, we examined the concentrations
of selected cytokines in sera of mice injected with either
nanomaterial and collected on the 1st, 7th, 30th and
60th days of experiment for single dose of NC-PEG and on
the 30th or 60th day of experiment for NC-PGA and NCPEG in the multiple-dose scheme. The single dose of the
nanocapsules had a weaker effect on the levels of the cytokines, and cytokine elevation was observed only after 30th
and 60th day of experiment (Figure S6 in Supplementary
material). In contrast, most tested cytokines were upregulated
in animals injected repeatedly with NC-PEG, but not with
NC-PGA. On the 30th day of experiment, we observed
signiﬁcantly raised levels of IL-23, IL-1α, IFN-γ, IL-12p70,
IL-1β, IL-10, IL-6, IL-17α and GM-CSF. At that time, the
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concentration of TNFα was not elevated relative to the control, and the increases of MCP-1, IFN-β and IL-27 levels did
not reach statistical signiﬁcance. Unexpectedly, the cytokine
levels in sera of mice repeatedly injected with NC-PEG were
even higher on 60th day of the experiment, clearly indicating
that the PEGylated nanocapsules elicited a long-lasting
immune response (Figure 8). NC-PGA injection did not
result in elevated cytokine levels. Additionally, ELISA test
performed on plates coated with PGA-g-PEG copolymer did
not show the presence of anti-PEG Ab in sera from mice
exposed to NC-PEG (Figure 9).

Discussion
The analysis of pharmacokinetic proﬁles and biodistribution is a crucial step in the development of nanocarriers
proceeding evaluation of their biosafety and efﬁcacy in
drug delivery.26 To study pharmacokinetic proﬁles and
biodistribution of iv-administered polyelectrolyte nanocapsules, we used rhodamine-labeled PGA-terminated nanocapsules (NC-PGA-RhB) and nanocapsules PEGylated
with PLL-g-PEG (NC-PEG-RhB), obtained by the incorporation of rhodamine-labeled poly-L-lysine (PLL-RhB)
into the polymeric shell. Because tested nanocapsules are
biodegradable, measured ﬂuorescence intensity may correspond to nanomaterial as well as to products of its degradation in vivo. Although previous tests performed in vitro
conﬁrmed high stability of the polyelectrolyte nanocapsules in serum, we cannot exclude that they had reduced
stability in vivo due to hemodynamic forces and contacts
with morphotic blood elements. Veriﬁcation of this
hypothesis requires further studies.24
In contrast to long-circulating lipid nanocapsules characterized by Hirsjärvi et al or liposomal nanoparticles
containing polyelectrolyte layers built of poly-L-lysine
and poly(ethylene glycol)-block-poly(L-aspartic acid)
obtained by Ramasamy et al, both NC-PGA-RhB and NCPEG-RhB were quickly eliminated from the systemic circulation and from the body.27,28 Nanocapsule-derived
ﬂuorescence measured in serum in 240 mins (approximately 0.2% of DD) after nanomaterial administration
was very low and was not detectable after the next 18
hrs. Our observations indicating fast nanocapsule clearance were similar to the results of Li et al, Saxena et al,
and Garcia et al, which also concerned polymeric nanoparticles with rapid blood and organ clearance: PEGylated
liposome-polycation-DNA nanoparticles, poly(D,L-lacticco-glycolic
acid)
and
poly(D,L-lactic
acid)
nanocapsules.29–31 Interestingly, ﬂuorescence intensity
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Figure 4 Analysis of hematotoxicity of polyelectrolyte nanocapsules after repeated intravenous administration.
Notes: Mice were injected intravenously with 8 doses of 15 mM NaCl, NC-PGA or NC-PEG. Animals were euthanized on 30th or 60th day of the experiment, blood
samples were collected from the facial vein and main hematological parameters were analyzed. Each point in graphs represents an individual mouse. The line for each group
represents the mean ± SD (n=6).
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Figure 5 Comet assay of DNA damage after exposure of animals to 8 doses of polyelectrolyte nanocapsules.
Notes: Bone marrow and peritoneal cells were collected on 30th or 60th day of the experiment. Each point in graphs represents an individual mouse. The line for each group
represents the mean ± SD (n=6). The percentage of DNA in the comet tail (% DNA damage) was determined from two slides per sample with 50 randomly selected cells per slide.

Figure 6 Biochemical analyses of sera isolated from animals after repeated administration of polyelectrolyte nanocapsules.
Notes: Animals were euthanized on the 30th or 60th day of the experiment, blood was isolated by cardiac puncture, and biochemical markers of hepatotoxicity and
nephrotoxicity were analyzed in sera. Each point in graphs represents an individual mouse. The line for each group represents the mean ± SD (n=6).

measured in the liver 3 mins after nanocapsule administration was similar to the one detected in serum. This high
level of ﬂuorescence in the liver resulted most probably
from the rapid and intensive uptake of the nanocapsules by
the liver cells and not from the strong blood supply to this
organ. This hypothesis is supported by the results of
Garcia et al, who compared the loading of nanomaterial
in the non-perfused- and saline-perfused liver and did not
observe signiﬁcant differences in the label signals.31
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Moreover, in contrast to serum, ﬂuorescence of NC-PGARhB and NC-PEG-RhB was still measurable in the liver
and spleen 24 hrs after nanocapsule administration, possibly due to accumulation of the nanomaterials in reticuloendothelial macrophages.32
Finally, we examined the pathways of excretion of the
nanocapsules. Our results showed that nanocapsules or
products of their degradation containing ﬂuorescently
labeled PLL are rapidly eliminated via hepatobiliary- and
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Figure 7 Histological examination of the liver, kidney and spleen isolated from animals after repeated administration of polyelectrolyte nanocapsules.
Notes: Analysis was performed on (A) 30th or (B) 60th day of experiment.

to the lesser degree renal clearance. These observations
may suggest that tested polyelectrolyte nanocapsules are
taken primarily by hepatocytes, degraded and secreted into
the bile.33
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The nanocapsules differing in stealth polymers, PGA
vs. PEG, showed identical pharmacokinetic, clearance, and
biodistribution proﬁles. This is in accordance with recent
ﬁndings that hydrophilic polymers other than PEG can be
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Figure 8 Analysis of cytokine concentrations in mice sera after repeated administration of polyelectrolyte nanocapsules.
Notes: Cytokine concentrations in sera collected on (A) 30th or (B) 60th day of experiment were determined using LEGENDplex Mouse inﬂammation Panel kit and the
BD LSRFortessa ﬂow cytometer. Control level corresponds to cytokine concentrations in sera from mice injected with 15 mM NaCl. Bars represent mean ± SD (n=5).
Statistical signiﬁcance was analyzed by multiple-t-test.

Figure 9 ELISA for analysis of humoral response to nanocapsules. ELISA plates were coated with PGA-g-PEG.
Notes: The presence of anti-PEG antibody in sera from mice injected with 15 mM NaCl or NC-PEG in: (A) the single dose- or (B) multiple doses scheme (see Methods)
was probed with HRP-conjugated anti-mouse Ig. To prove proper coating of plates with the antigen, commercial anti-PEG Ab was used as a positive control. Bars represent
mean ± SD (n=5).
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successfully used for the functionalization of
nanomaterials.34,35
We performed detailed studies on NC-PGA and NCPEG toxicity and because the nanomaterials are potential
drug carriers, we examined the acute and chronic effects of
a single and multiple doses of the nanocapsules. The lack
of any signs of in vivo nanomaterial cytotoxicity towards
blood cells and their bone marrow precursors is in line
with the results of our previous in vitro studies, which
demonstrated that NC-PGA and NC-PEG neither cause
hemolysis of human erythrocytes, nor reduce the viability
of human peripheral blood mononuclear cells (PBMCs),
nor induce DNA damage in those cells after 48 hrs exposure. Interestingly, NC-PGA, which was completely inert
towards blood cells in vivo, showed in vitro a tendency to
interact with human PBMCs and affect their
morphology.21 This discrepancy can be explained by
much longer exposure of blood cells to NC-PGA in vitro
than in vivo. The fast plasma clearance of NC-PGA limits
the interaction of blood cell with the nanomaterial reducing the risk of toxicity. We also analyzed hepato- and
nephrotoxicity of NC-PGA and NC-PEG, because the liver
and kidneys as the main routes of the nanocapsule clearance may be particularly vulnerable to nanomaterialmediated damage. We did not observe any changes in the
morphology of the liver and kidneys. Also, the activities of
the enzymes or concentrations of non-enzymatic markers
of cholestatic injury (ALP) or hepatocellular injury (ALT,
T-Pro) were normal.36 Similarly, the levels of serum Cre
and BUN after NC-PGA or NC-PEG application allowed
to exclude renal functional disturbance often observed in
response to different nanomaterials.6,37 The lack of in vivo
NC-PGA and NC-PEG hepatotoxicity is also in agreement
with our in vitro studies, in which we demonstrated that
the nanomaterials neither decreased viability, nor caused
oxidative stress, nor DNA damage in the human cells of
hepatic origin, HepG2 cell line.21
Our previous in vitro studies showed that the polyelectrolyte nanocapsules did not stimulate immune response.
They did not activate mouse endothelial- as well as macrophage-like cells.21 In the present study, we did not detect
any DNA damage in peritoneal macrophages isolated from
mice treated with NC-PGA or NC-PEG. However, to
further exclude in vivo immunotoxicity of the nanocapsules, we analyzed the serum levels of numerous cytokines, including proinﬂammatory ones. To our surprise,
the analysis did not support our belief of absolute neutrality of nanocapsules towards the cells of the immune
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system. Although both single- and multiple doses of NCPGA did not result in increased plasma cytokine levels,
single and particularly prolonged, multiple administrations
of NC-PEG led to enhanced plasma levels of numerous
cytokines including: IL-23, IL-1α, IFN-γ, IL-12p70, IL-1β,
IL-10, IL-6, IL-27, IL-17α, IFN-β, GM-CSF on the
30th day of the experiment. The cytokine concentrations
were even higher on the 60th day of experiment (a month
after the last nanocapsule administration) than directly
after ﬁnishing the series of injections suggesting the
chronic character of the changes. This effect should be
attributed to PLL-g-PEG because it was observed only for
NC-PEG, and not NC-PGA. Many observations indicate
the toxicity of nanomaterials built of PLL due to their
positive charge.38 However, in the case of NC-PEG, the
positive charge resulting from the presence of PLL is
compensated by the PEG present on the surface of the
nanocapsules. Therefore, we suggest that upregulated level
of different cytokines results from intracellular accumulation of PEG in reticuloendothelial macrophages although,
the fate of this polymer as well as possible side effects
resulting from its accumulation in different cells or tissues
is unknown.39 Although PEG has been considered nonbiodegradable, studies presented by Ulbricht et al indicated that PEG may undergo oxidative degradation.40
The question arises whether PEG itself or the products of
its degradation may have pro-inﬂammatory properties and
stimulate the production of cytokines by macrophages.
There are only a few works attempting to analyze the
production of selected cytokines after administration of
biodegradable nanomaterials and all are limited to shortterm (a few days) observations. For example, a single lung
nebulization or intratracheal administration of different
poly(D,L-lactide-co-glycolide) (PLGA) or nanoparticles
composed only of PEG did not result in elevated cytokine
levels in bronchoalveolar lavage 2 days later.41,42
There are many reports indicating that PEG attached to
the nanocarrier surface or conjugated to therapeutic proteins carries the risk of immune response.43 In particular,
several studies demonstrated the synthesis of antibodies of
IgM class speciﬁc to PEG and suggested that these IgMs
are responsible for the accelerated clearance of PEGylated
nanomaterials, so-called accelerated blood clearance phenomenon (ABC).44 Ishida et al were able to detect antiPEG IgM antibody in mice and rats serum already after
a single dose of intravenous administration of PEGylated
liposomes.45 This phenomenon may lower therapeutic efﬁcacy of PEGylated molecules and lead to serious side
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effects. Because of this, FDA has introduced guidelines to
determine the level of anti-PEG antibodies in patients
treated with such pharmaceuticals. Although in our studies
NC-PEG was administered repeatedly to animals, we were
not able to detect anti-PEG antibodies in mice serum. It is
noteworthy that after single intravenous administration,
the pharmacokinetics of NC-PGA and NC-PEG were identical. However, due to the fact that the mechanism of ABC
phenomenon is not fully understood and we observed
induction of immune response only to NC-PEG, different
pharmacokinetics of NC-PEG and NC-PGA may be
expected after repeated administration. Veriﬁcation of
this hypothesis requires further studies.
Our results show for the ﬁrst time, that PEGylated, biocompatible, polyelectrolyte nanocapsules have immunostimulating properties manifesting in the upregulation of
different cytokines including proinﬂammatory ones.
Interestingly, in addition to increased cytokine levels, we
did not observe any other side effects of NC-PEG.
However, it should be emphasized that long-lasting elevated
levels of cytokines can lead to inﬂammation-mediated
toxicity.46,47 For example, high levels of GM-CSF, IFN-γ,
IL-23, IL-6, and IL-17α were suggested to be involved in the
development of organ-related autoimmune inﬂammatory
diseases.48

Conclusion
PEGylation of nanomaterials is still the most common
method of their functionalization, despite the fact that
PEG is not immunologically inert. Our results suggest
that apart from canonical evaluation of anti-PEG antibody
presence and complement activation, also the changes in
cytokine levels observed long after administration of NCPEG could be indicative of PEG-mediated activation of
the immune system. However, a precise explanation of this
phenomenon requires further investigation involving other
PEGylated nanomaterials and different PEGylation strategies. Based on cytokine analysis, we conclude that the
tested polyelectrolyte nanocapsules coated with PGA
may be safer than PEGylated ones, because, unlike the
later, they do not stimulate an immune response.
Moreover, our observations indicate the necessity of thorough analysis of a possible long-term immune response to
all biodegradable nanomaterials.
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