
1. Introduction
Proteins and peptides are increasingly recognized as
valuable therapeutic agents [1] as well as protein/
peptide-based drug delivery systems [2]. They can
function as hormones, enzyme substrates, and in-
hibitors, antibiotics, biological regulators [3]. Their
capability to participate in specific biochemical inter-
actions enables the targeted delivery of drug mole-
cules or carrier particles to pathological tissues while
minimizing the side effects in other parts of the body.

A recent review on protein delivery systems in
nanomedicine and tissue engineering emphasized
that encapsulation of bioactive molecules needs spe-
cial attention due to their structural and hence func-
tional sensitivity [4]. Proteins/peptides suffer from
metabolic instability, including unfolding, enzymatic
degradation, short half-life, and poor bioavailabil-
ity. To overcome such drawbacks effective protein
delivery systems are required to carry and release
the therapeutic proteins in a sufficient dose without
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altering their bioactivity. The appropriate carrier con-
struction protects the load from the effects of harsh
environments, such as gastrointestinal tracts in the
case of most frequently used oral administration. The
potential of various colloidal systems applied for
oral delivery of bioactive peptides and proteins is
overviewed in a recent paper [5]. The size in the
nanometer range facilitates their cellular internaliza-
tion and direct transport of the bioactive substances
to the intracellular environment. Polymeric nanopar-
ticles are of special interest since they are more sta-
ble than other colloidal carriers, such as liposomes
or emulsions, and offer satisfactory protection [6].
The particle surface can be modified by adsorption
or chemical coupling of polymers or specific bio-
molecules to enhance colloidal stability, targeting,
adhesion, cellular uptake, and crossing the blood-
brain barrier [6–9]. Several successful works have
reported the encapsulation of proteins or peptides
[10, 11] and the application of novel technologies for
hydrophilic molecules [12] in recent years. Nanopre-
cipitation, as a simple and reproducible method, is
the most commonly used preparation technique for
producing carrier particles from biocompatible and
biodegradable polyesters, such as poly(D,L-lactic
acid) (PLA) and poly(D,L-lactic-co-glycolic acid)
(PLGA) or polycaprolacton (PCL) [13]. Unfortunate-
ly, this technique is not suitable for encapsulation of
hydrophilic molecules with a few exemptions where
the polarity of the drug was modified by variation of
pH. The double emulsion technique applicable to hy-
drophilic compounds, however usually results in
larger delivery particles well above the nanometer
range [14]. Above all, the main challenge is that the
hydrophobic nature of PLGA, PCL, PLA does not
provide an optimal surrounding for charged or highly
polar peptides/proteins. The mismatch between the
polarity of the carrier and the load can contribute to
the low entrapment efficiency [15], while the most
important consequence is the risk of losing of bioac-
tivity of the encapsulated protein. Reduction of bioac-
tivity of released OVA (ovalbumin) from PLGA NPs
by 30–40% was reported previously [16].
These experiences inspired us to propose a nanocar-
rier providing optimal microenvironment for pro-
teins. A reverse micelle can be considered an ideal
compartment, interacting mildly with the hydrated
protein. Therefore, special attention should be paid

to the development of biocompatible, biodegrad-
able and potent surfactant systems that form reverse
micelles, as emphasized by Tonova and Lazarova
[17]. A new optimized surfactant system was intro-
duced by Dodevski et al. [18] for high-resolution so-
lution NMR of proteins. A binary surfactant mixture
of nonionic 1-decanoyl-rac-glycerol and zwitterionic
lauryldimethylamine-N-oxide (10MAG/LDAO) was
identified for protein encapsulation in a low-viscos-
ity medium such as pentane. One of the most desir-
able features of the system is the high structural fi-
delity achieved upon encapsulation [19]. Further-
more, the 10MAG/LDAO surfactant combination
shows promise as an encapsulation system for ther-
apeutic bioactive molecules, particularly for oral
protein delivery [20], due to its ability to preserve
the native, functional state of proteins.
Our aim was to develop a nanocarrier system for
proteins/peptides with the capability of preserving
their structural integrity and possessing the advanta-
geous properties of nanoparticles. To achieve this,
we combined the reverse micellar system, which of-
fered exceptional conformational fidelity with nano-
precipitation in a novel two-step procedure. PCL was
applied as a carrier polymer since its degradation
causes a lower degree of acidification compared to
PLGA and PLA. The formation of a reverse micellar
system was adapted to the subsequent nanoprecipi-
tation by carefully selecting biocompatible solvents
and suitable experimental conditions. In our method,
the first step involved the preparation of a reverse
nanoemulsion loaded with proteins or peptides,
which served as the organic phase for nanoprecipi-
tation in which PCL was dissolved and utilized to
form the nanoparticles.
The purified nanoparticle system was characterized
by physicochemical methods to determine their size
and size distribution, shape, and surface potential.
Hen egg white lysozyme and β-lactoglobulin were
selected as proteins to test the encapsulation poten-
tial of the system. In addition to the drug loading and
encapsulation efficiency, in vitro protein release was
also investigated. 
Besides the two proteins, model peptides with dif-
ferent lengths and hydrophilic characteristics were
chosen to test the encapsulation. The amount of pep-
tide loading was determined using fluorescence
spectroscopy. The peptides included Penetratin and
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Transportan, well-studied cell-penetrating peptides.
Penetratin is derived from the third helix of the
homeodomain of Drosophila Antennapedia protein
[21], while Transportan is a chimeric peptide con-
structed from a 6-residue sequence of the neuropep-
tide Galanin, a peptide toxin from wasp venom [22].
Alarin, which is an alternative-splicing form of
GALP (galanin-like peptide), is involved in a range
of normal brain functions and exhibits direct antimi-
crobial activity [23]. Catestatin is a neuroendocrine
peptide with diverse activities, including involvement
in inflammatory processes, autoimmune reactions,
and direct antimicrobial effect against different bac-
terial strains [24]. The set of LLRK peptides, on the
other hand, are model cationic peptides with different
lengths and exhibit antibacterial activity similar to the
well-known antimicrobial peptide, Buforin [25].

2. Materials and methods
2.1. Materials
1-decanoyl-rac-glycerol (10MAG) >99% was bought
from Avanti Polar Lipids, part of Croda International
Plc. (Alabaster, AL, USA). N,N-dimethyldodecy-
lamine N-oxide (LDAO) ≥99.0%, polycaprolactone
(PCL) (Mw: ~14000), and anisole for synthesis were
obtained from Sigma-Adrich Kft (Merck KGaA,
Darmstadt, Germany), while polyvinyl alcohol (PVA)
ELVANOL grade 51-05, (Mw: ~25000) from Dupont
de Nemours & amp; Co. (Wilmington, Delaware,
USA), and ethyl formate 98+%, pure from Acros Or-
ganics part of Thermo Fisher Scientific (Waltham,
MA, USA).
Hen egg white lysozyme (>95%) with a molecular
weight of 14300 was purchased from VWR Interna-
tional Kft. (Debrecen, Hungary), while β-lactoglob-
ulin AB (>90%) with a molecular weight of 18 400
was obtained from Sigma-Aldrich Kft. (Budapest,
Hungary). The protein concentration was determined
using the ML Protein Assay, a modified protein
assay based on Lowry’s Method, which was ob-
tained from G-Biosciences, Geno Technology, Inc.
(St. Louis, MO, USA). The components of the kit in-
clude Folin’s reagent, copper solution, reagent D,
and a BSA protein standard (2 mg/ml).
For peptide synthesis, Fmoc-amino acid derivatives
were obtained from Iris Biotech (Marktredwitz, Ger-
many). Fmoc-Rink Amide MBHA resin, 5(6)-car-
boxyfluorescein (Cf), N,N′-diisopropylcarbodiimide

(DIC), 1-hydroxybenzotriazole (HOBt), 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU), and triisopropylsi-
lane (TIS), were obtained from Merck (Budapest,
Hungary). Trifluoroacetic acid (TFA), N,N-dimethyl -
formamide (DMF), dichloromethane (DCM), diethyl
ether, piperidine, and acetonitrile (AcN) were from
VWR (Budapest, Hungary).
For the biological assays, RPMI-1640 medium, phos-
phate-buffered saline (PBS, pH = 7.4), 2 mM L-glu-
tamine and trypan blue were from Lonza (Basel,
Switzerland), while trypsin, penicillin-streptomycin
were from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). Fetal bovine serum (FBS) was from Eu-
roClone (Pero, Itlay). Resazurin sodium salt was
from Merck (Budapest, Hungary).

2.2. Peptide synthesis, purification, and
characterization

Peptides were prepared on solid phase (150 mg Fmoc-
Rink Amide MBHA resin, capacity = 0.39 mmol/g)
in an automated peptide synthesizer (Syro-I, Bio-
tage, Uppsala, Sweden) using Fmoc/tBu strategy
with DIC/HOBt coupling reagents as described ear-
lier [26, 27].
For the fluorescent labeling, 5(6)-carboxyfluorescein
was coupled on the N-terminus of the peptides using
DIC/HOBt coupling reagents, similarly to the method
presented previously [26]. After the synthesis was
completed, peptides were cleaved from the resin with
TFA in the presence of scavengers (H2O and TIS, 3-
3 v/v%). Crude products were precipitated in cold di-
ethyl ether, centrifuged (4000 rpm, 5 min), and
lyophilized from H2O/AcN. Cf-labelled peptides were
then purified by RP-HPLC on a Phenomenex Jupiter
Proteo C12 column (10 μm, 90 Å, 10×250 mm) with
linear gradient elution using 0.1% TFA in H2O (elu-
ent A) and 0.1% TFA in AcN:H2O = 80:20 v/v (elu-
ent B) on an UltiMate 3000 Semiprep HPLC (Ther-
mo Fisher Scientific, Waltham, MA, US). Purified
peptides were analyzed by RP-HPLC using a LC-40
HPLC System (Shimadzu, Kyoto, Japan) on an an-
alytical Phenomenex Jupiter Proteo C12 column
(10 μm, 90 Å, 4.6×150 mm). The flow rate was
1 ml/min, the gradient was 5–100 B% in 20 min
(UV detection at λ = 220 nm). High-resolution mass
spectrometry was performed on a Thermo Scientific
(Waltham, MA, USA) QExactiv Focus Hybrid
Quadrupole-Orbitrap Mass Spectrometer. The main
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physico-chemical properties of the Cf-peptides are
shown in Table 1.

2.3. Preparation of nanoparticles
A two-step procedure was developed for the na-
noencapsulation of proteins and Cf-peptides. Firstly,
a reverse nanoemulsion was formed, followed by
processing this nanoemulsion in a nanoprecipitation
procedure.
Due to the hygroscopic nature of LDAO, it was
dried at 60 °C and −0.1 mbar for 3 h before use. A
solution of 10MAG:LDAO in a 65:35 w/w ratio,
with a total concentration of 0.8 M, was prepared in
anisole:ethyl formate at 1:1v/v ratio. The solution
was filtered using a 0.25 µm syringe filter. At this
point, PCL was dissolved in the organic phase to a
concentration of 10 g/l. The nanoemulsion was pre-
pared by adding 85 µl of the protein or Cf-peptide
solution in water (loading concentration) to 1 ml of
the organic solution. The mixture was sonicated for
1 min at 30 W and 30% pulse settings with an ultra-
sonic homogenizer model 150vt from BioLogics
Inc. (Manassas, VA, USA) while cooling the sample
in ice bath.
A 1 % aqueous solution of PVA, filtered using a
0.25 µm syringe filter, was used as a stabilizer in
the nanoprecipitation. 1 ml of the nanoemulsion was
added to 3.35 ml of the stabilizer solution with an
automatic syringe, and the system was stirred for
one hour.

The particles obtained from the nanoprecipitation
were purified by centrifugation. The sol was cen-
trifuged at 3000 rpm for 10 min to remove possible
particle aggregates (Boeco S8, Boeckel+Co, Ham-
burg, Germany). The sol was separated and further
centrifuged at 12000 rpm for 20 min (Hettich Mikro
200R, Andreas Hettich GmbH & Co. KG Tuttlingen
Germany), the supernatant was removed and the pel-
let containing the particles was redispersed in double
distilled water. This purification procedure was re-
peated three times.

2.4. Characterization of nanoparticles
Dynamic light scattering (DLS) was used to charac-
terize the average size and size distribution of the
nanoparticles. The Nanolab 3D instrument from LS
Instruments (Switzerland) was used for the DLS
measurements. The radius of both nanoemulsion and
polymer particles was measured at 25.0±0.1 °C, and
the results were collected 5 times. After sonication,
the nanoemulsion was allowed to rest for 3 h for
thermal equilibration before measuring the droplets’
radius. The radius of the nanoparticles was taken im-
mediately after purification.
The stability of the PCL nanoparticle sol was inves-
tigated by storing it at a temperature of 4 °C. The
change in particle size was monitored by DLS.
Atomic force microscopy (AFM) was used to study
the appearance and morphology of nanoparticles.
Samples were prepared on freshly cleaved, highly
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Table 1. Main physico-chemical properties of Cf-peptides.

1Theoretical molecular mass was calculated with Thermo Xcalibur 3.1 Qual Browser software.
2Monoisotopic molecular mass was measured on a Thermo Scientific (Waltham, MA, USA) QExactiv Focus Hybrid Quadrupole-Orbitrap
Mass Spectrometer. The deviation of the measured mass from the theoretical mass of the peptides (ΔM) was always lower than 4 ppm.

3Theoretical pI was calculated with the use of ProtParam analysis tool (Expasy) [28]
4Retention time on analytical HPLC chromatograms, using 5–100 B% in 20 min gradient elution on a Phenomenex Jupiter Proteo C12
column (10 μm, 90 Å, 4.6×150 mm).

5Charge of side chains at neutral pH
6Calculated from hydrophobicity of amino acids [29]

Peptide sequence Mmo
(calculated)1

Mmo
(measured)2 pI3 Rt HPLC4

[min] Z5 H6

Cf-Penetratin RQIKIWFQNRRMKWKK 2602.3532 2602.3544 12.81 15.9 7+ –8.75
Cf-Transportan AGYLLGKINLKALAALAKKIL 2538.4614 2538.4631 10.66 17.1 4+ –1.19
Cf-Catestatin SSMKLSFRARAYGFRGPGPQL 2682.2802 2682.2766 12.22 12.5 4+ –4.57
Cf-Alarin APAHRSSTFPKWVTKTERGRQPLRS 3249.6220 3249.6163 12.51 11.2 6+ –9.93
Cf-L1 LLRK 0885.4379 0885.4371 11.54 14.9 2+ –1.84
Cf-L2 LLRKLLRK 1395.8021 1395.8006 12.52 13.4 4+ –3.68
Cf-L3 LLRKLLRKLLRK 1906.1664 1906.1644 12.81 16.9 6+ –5.52
Cf-L4 LLRKLLRKLLRKLLRK 2416.5306 2416.5272 12.99 18.4 8+ –7.36



oriented pyrolytic graphite (HOPG) surfaces. A total
of 50 µl of the particle sols were equilibrated on the
HOPG surface for 15 min to allow for sorption and
interaction between the particles and the substrate.
The excess liquid was then carefully aspirated, and
the samples were dried under vacuum to ensure the
removal of any residual solvent. AFM imaging was
performed using a Nanosurf FlexAFM instrument
(Nanosurf AG, Switzerland) operating in dynamic
mode utilizing Tap190-GD probes from BudgetSen-
sors (Bulgaria). The acquired AFM images were fur-
ther processed and analyzed using the Gwyddion
software, converting the recorded data into 3D top-
ographical maps.
The electrophoretic mobility of the samples was de-
termined by Zetasizer Nano Z (Malvern Panalytical)
apparatus at 25.0±0.1 °C. Results were collected in
triplicate. The zeta potential (ζ) was calculated from
the electrophoretic mobility values using the Smolu-
chowski approximation. Zeta-potential measure-
ments were repeated at least three times, and average
values were given with the standard error of the
mean (SEM).
The amount of encapsulated protein was determined
in a direct way using Lowry’s method. Nanoparticles
were incubated in 0.05 M NaOH for 24 h at 37 °C.
25 µl of protein solution was mixed with reagent D
and the copper solution. Folin’s reagent was added
to the mix, vortexed for a few seconds, and after
30 min the absorbance at 750 nm was measured. The
concentration was determined using a calibration
curve. 1 ml of particle sol was lyophilized and weighed
to calculate the drug loading (DL). Encapsulation
efficiency (EE) was expressed as the ratio of encap-
sulated protein to the total protein loaded into the
system.
Cf-labelled peptides were encapsulated and used for
calculating the concentration of the peptides loaded
in the nanoparticle formulation. Fluorescence spectra
were recorded using a VARIAN Cary Eclipse (Agi-
lent Technologies Inc.) fluorescence spectrophoto -
meter (right angle geometry, 1×1 cm quartz cell).
The temperature (25.0±0.1 °C) in the cuvette was
controlled by a Peltier-type thermostat. Spectra of
encapsulated peptides and pure ones were com-
pared to calculate the concentrations. The excitation
wavelength was set at 230 nm, and the scan range

was from 250 to 700 nm with 5 nm monochromator
slits.

2.5. In vitro release from nanoparticles
The protein release rate from the nanoparticles was
determined using a dissolution test conducted at
37 °C in a water bath under continuous stirring.
Appr. 5 mg of NPs was incubated in 10 ml of phos-
phate-buffered saline (PBS) as release medium. At
fixed time intervals, a 1 ml sample was withdrawn,
and the amount of released protein was determined
by Lowry test from the supernatant after centrifuga-
tion at 12 000 rpm for 20 min. Following each sam-
pling, the withdrawn sample was replaced by the
sediment dispersed in fresh PBS.
Various experimental models for describing drug re-
lease kinetic were applied to reveal the release mech-
anism.
The Gompertz model is a simple exponential model
suitable for burst release profiles where the released
drug amount converges to a maximum value. The
model is described by Equation (1):

(1)

where Cmax is the maximum dissolution of the drug,
a determines the undissolved proportion at time t = 1
and is described as the location parameter, while b
is the shape parameter, describing the dissolution
rate [30].
The Korsmeyer-Peppas model can be used for poly-
meric systems to determine the release mechanism
by fitting the initial part of the release profile with
Equation (2):

(2)

where ct is the cumulative amount of released drug
up to t time, c0 is the total drug content, k is the re-
lease rate constant, and n is the release exponent. The
value of n is used to differentiate between release
mechanisms [31].
The Peppas-Sahlin model (Equation (3)) was also
used to approximate the contributions of different
mechanisms in the overall release profile:

(3)
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where K1 and K2 are the contributions of the Fickian
and case II mechanisms. Here the Fickian mecha-
nism means a purely diffusion-controlled release,
while the case II mechanism describes the swelling-
triggered relaxation of the polymer matrix resulting
in a steady release of the encapsulated material. The
constant m is 0.43 for spherical particles [32].

2.6. Cytotoxicity
For the viability assay, MonoMac-6 (MM6) human
monocytic cells [33, 34] (DSMZ no.: ACC 124) were
maintained as an adherent culture in RPMI-1640
media, supplemented with 10% FBS, 2 mM L-gluta-
mine, and penicillin-streptomycin mixture (50 IU/ml
and 50 µg/ml, respectively) and CellCultureGuard
(PanReacApplichem) at 37 °C in a humidified at-
mosphere containing 5% CO2. Cells were seeded in
a 96-well tissue culture plate (Sarstedt, 1·104 cells
in 100 µl complete medium) one day before the ex-
periment. Cells were then treated with the empty and
protein or Cf-peptide-loaded nanoparticles in serum-
free media for 24 h. After centrifugation (1000 rpm,
5 min) and washing with serum-free media, cell vi-
ability was measured by adding 22 μl (10% v/v)
Alamar Blue reagent solution (Resazurin sodium
salt, 0.15 mg/ml, dissolved in PBS, pH 7.4) [35].
After 2 h of incubation, the fluorescence was detected

(λEx = 530/30 and λEm = 610/10 nm) in a Synergy
H4 multimode microplate reader (BioTek, Winoos-
ki, VT, USA). All measurements were performed in
quadruplicate, and the mean viability, compared to
the untreated control, was presented together with
± SEM.
Parallel with the Alamar Blue assay, images of the
cells were captured after 24 h of treatment with an
Olympus CKX41 microscope (objective: 40X).

3. Results and discussion
3.1. Characterization of nanoparticles
The reverse nanoemulsion was prepared in an organ-
ic medium consisting of a 1:1 mixture of anisole and
ethyl formate, using a surfactant mixture composed
of the nonionic 10MAG and zwitterionic LDAO.
The 10MAG/LDAO surfactant composition was se-
lected based on a suggestion from a recent report
[18]. A novel organic solvent, different from the pre-
viously used alkanes, needed to be identified that
would be both biocompatible and non-toxic. After
several trials, the anisole/ethyl formate mixture
proved to be a suitable solvent for the surfactants,
becoming the outer phase of reverse nanoemulsion.
Aqueous nanodroplets were formed with an average
radius of 6 nm (Table 2). The system did not form
spontaneously but showed satisfactory stability
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Table 2. Size of unloaded and protein or Cf-peptide loaded reverse nanoemulsion droplets, rne and corresponding nanoparticles,
rNP determined by DLS at various loading concentrations, c, as well as the zeta-potential (ζ) values of nanoparticles.

Protein c
[g/l]

Nanoemulsion Nanoparticles
rne

[nm] PDI rNP
[nm] PDI ζ

[mV]
– – 6.0±0.7 0.55±0.06 180±8 0.23±0.05 –11.0±0.7

Lysozyme
0.5 9.2±0.7 0.30±0.04 183±9 0.17±0.05 0.5±0.3
1.0 7.5±0.4 0.50±0.07 202±2 0.28±0.02 7.0±0.7
4.0 11.8±0.2 0.40±0.01 214±9 0.20±0.10 4.6±0.6

β-lactoglobulin
0.5 9.3±0.4 0.30±0.06 245±14 0.20±0.10 2.5±0.1
1.0 8.9±0.9 0.50±0.04 223±6 0.27±0.03 8.0±0.2
4.0 13.4±0.6 0.80±0.07 202±6 0.18±0.05 5.4±0.3

Cf-peptide
Cf-Penetratin 0.02 13.7±0.5 0.40±0.10 208±45 0.20±0.10 20.1±0.8
Cf-Transportan 0.02 10.0±0.3 0.30±0.10 290±23 0.28±0.08 5.2±0.5
Cf-Catestatin 0.02 12.0±1.0 0.70±0.30 186±3 0.28±0.02 15.4±0.5
Cf-Alarin 0.02 15.0±1.4 0.70±0.10 151±1 0.20±0.03 23.0±1.0
Cf-L1 0.02 10.6±0.8 0.46±0.04 170±2 0.24±0.01 21.0±4.0
Cf-L2 0.02 9.0±0.4 0.42±0.03 239±7 0.27±0.02 33.0±3.0
Cf-L3 0.02 6.4±0.3 0.52±0.03 168±30 0.25±0.09 23.0±3.0
Cf-L4 0.02 10.8±0.5 0.23±0.05 142±2 0.21±0.02 43.0±4.0



following sonication, allowing for further proce-
dures. Anisole was an important component of the
solvent mixture since it is an especially good sol-
vent of PCL [36], the material used for polymer
coating. Both anisole and ethyl formate belong to
the residual solvent Class 3, according to the US
Pharmacopeia [37], and they present no human
health hazards at levels normally accepted in phar-
maceuticals.
The loading of proteins or Cf-peptides resulted in a
noticeable increase in the size of the aqueous nan-
odroplets. The typical diameter of these peptide-con-
taining nanodroplets is 10–15 nm, depending on the
type of protein/peptide and possibly on the amount
of loading of the droplets compared to the blank one
with radius of 6 nm.
These reverse nanoemulsions were used as the organ-
ic phase in the subsequent nanoprecipitation process.
It was introduced under continuous stirring to the
aqueous solution of the stabilizer (PVA). This result-
ed in the formation of an aqueous dispersion of PCL-
coated particles, where the proteins or Cf-peptides
were contained within the particle core with hydro -
pilic microenvironment. The size data of nanoparticles
loaded with lysozyme, β-lactogobulin, Cf-peptides,
and a reference sample without peptides are present-
ed in Table 2.
The radius of nanoparticles formed without protein or
Cf-peptide loading was found to be 180 nm with good

reproducibility. Their loading with proteins results in
a significant increase in size, except in the case of the
lowest concentration of lysozyme. The poly dispersity,
similar to the unloaded system, is about 0.2–0.3,
which indicates a relatively narrow size distribution.
Loading with Cf-peptides did not show a clear ten-
dency in size change, although the average radius
seems to increase compared to the blank particles,
except in two cases. The size of all protein/Cf-pep-
tide loaded nanoparticles remained below 500 nm in
diameter. Peptide loaded nanoparticles show size
distribution 0.2 < PDI < 0.3.
AFM images were collected on unloaded and pro-
tein-loaded nanoparticles (Figure 1). The images re-
veal roughly spherical nanoparticles, with the un-
loaded particles appearing smaller (200–300 nm in
diameter) compared to the protein-loaded particles
(300–500 nm). The larger size of the protein-loaded
particles suggests the incorporation of proteins into
the nanoparticles. The observed sizes correlate with
the measurements obtained by DLS, although the
slightly smaller sizes may be attributed to the dry
state of the particles during AFM imaging.
The zeta-potential of unloaded PCL nanoparticles is
a small negative value (−11 mV), as expected, indi-
cating the presence of negatively charged end-
groups of the PCL chains that are partially shielded
by the surface PVA layer. The protein-loaded nano -
particles showed a somewhat modified zeta-potential,
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Figure 1. AFM topography images of unloaded (a), lysozyme (b) and β-lactoglobulin (c) loaded nanoparticles.



falling within the range of 0 to +8 mV. Similarly, re-
duced zeta-potential was measured and analyzed for
ovalbumin encapsulation into PEG or PEG-b-PAGE
modified polymeric nanoparticles [16]. A more evi-
dent charge reversal was observed, however, in the
cases of Cf-peptide-loaded nanoparticles, with zeta-
potential varying between +5 and +43 mV. This find-
ing suggests that in addition to encapsulation, some
peptide molecules are bound to the surface of NPs.
Adsorption of the highly charged cationic peptides is
favoured by the negatively charged surface of NPs.
This electrostatic interaction leading to positive zeta-
potential seems to be most effective for peptides with
high specific charge (charge related to the number of
amino acids) above 0.4, while it is weakest for Cf-
Transportan and Cf-Catestatin, which have the

smallest specific charges of 0.19 and 0.24, respec-
tively.
The storage stability investigation of the drug de-
livery system showed that the average radius of
the particles, either unloaded or protein-loaded did
not change significantly, with the variation re-
maining within the range of the SEM over one
month (Figure 2).
The concentration of the purified nanoparticle sys-
tem was 1.12±0.20 mg/ml, with a yield of about
50%, similarly to values reported previously [38–
41]. The success of protein encapsulation into
nanoparticles was characterized by their protein con-
tent, measured as drug loading (DL) and encapsula-
tion efficiency (EE). These results are presented in
Figure 3. For lysozyme, the DL values showed a sig-
nificant increase from 10 to 60 μg/mg with loading
concentration in the range of 0.5–4.0 g/l. The corre-
sponding EE did not exhibit a clear dependence on
loading concentration and remained at approximate-
ly 10%. In contrast, the β-LG encapsulation presents
a different behaviour. The DL values are quite high,
ranging from 60 to 40 μg/mg. Although the initial
EE at low protein concentration is impressive,
>60%, a drastic decrease is observed at higher con-
centrations. Consequently, to achieve high DL, it is
satisfactory to use low β-LG loading concentration.
In contrast, for lysozyme, a notable increase in load-
ing concentration is required to reach high DL.
This opposing behaviour of the two proteins can be
analysed considering their molecular properties. Their
molecular weights are in a similar range but due to
their amino acid composition, they are characterized
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Figure 2. Average particle size determined by DLS of un-
loaded (■), lysozyme (●) and β-LG (▲) loaded
particles during the storage.

Figure 3. Lysozyme (a) and β-lactoglobulin (b) content (DL) of nanoparticles and the corresponding encapsulation efficiency
values (EE) at various protein loading concentrations (cprot).



by quite different isoelectric points (pI) with values
of 10.7–11.1 for lysozyme and 5.4 for β-LG [42].
Upon encapsulation in reverse nano emulsions, the
proteins are located in the aqueous interior of sur-
factant micelles. The pH of this nano scale water core
is crucial to consider the charge state of protein mol-
ecules and their potential interactions. A sensitive
method for measuring pH of the 10MAG/LDAO re-
verse micelle aqueous interior was developed using
one-dimensional 1H and two-dimensional heteronu-
clear NMR spectroscopy [43]. Amide nitrogen and
amide hydrogen chemical shifts of ubiquitin, a
8.5 kDa protein, were used as the indicator of pH en-
vironment. The effective pH of the 10MAG/LDAO
core was found to be 7, primarily influenced by the
surfactant mixture. The net charge of lysozyme is +4
at pH 7 [44] supported by positive zeta-potential
values of 4.1±0.7 mV [42, 45]. On the other hand,
the net charge of β-LG is −8 [46], consistent with the

negative zeta-potential determined previously as
−26.9±0.7 mV [47]. Consequently, electrostatic re-
pulsion between the protein molecules is expected in
both cases, providing unfavourable conditions for
their accumulation in the core of the nano droplet.
However, the experimental finding for β-LG encap-
sulation (Figure 3) contradicts this expectation, show-
ing high drug loading even at low concentrations.
Further examination of the charge properties of pro-
teins through molecular dynamic simulations revealed
that the electrostatic potential contours are highly
asymmetric for β-LG [48], while lysozyme shows a
lower degree of patchiness [49]. The well-defined
asymmetry of charge and potential distribution of
β-LG surface leads to attractive forces between the
positive and negative domains of associating pro-
teins, aiding in understanding the pH-dependent
aggregation behaviour of that protein [46, 50]. This
structural peculiarity, coupled with β-LG’s high
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Figure 4. In vitro lysozyme (■) and b-lactoglobulin (●) release from nanoparticles. (The lines are guided to the eyes) Each
data point represents the mean of three determinations. Figure 4b and c show the fitting of Korsmeyer-Peppas
model for the initial part of the experimental data.



affinity to bind hydrophobic ligands, might explain
its ability to accumulate preferably in the reverse mi-
cellar core of the nanoemulsion.
The dissimilar surface charge distribution of the two
proteins, which is responsible for the difference in
molecular interactions, might result in either effective
or less favoured encapsulation. It appears that the
given nanoemulsion system has a maximum loading
capacity for proteins, which is fully utilized over the
entire concentration range for β-LG and only at the
highest concentration for lysozyme.
Cf-peptide content of nanoparticles was deter-
mined by fluorescent spectroscopy using a direct
method, where the amount of encapsulated Cf-pep-
tide was measured and found to be in the micro-
molar range.

3.2. In vitro release
The release of proteins from nanoparticles was in-
vestigated for one month. Figure 4 shows the in vitro
release profile of lysozyme and β-lactoglobulin in
PBS at 37°C. The cumulative released amount as a
function of time reflects a biphasic release profile
with an initial period of high release rate followed by
a significant reduction and nearly steady release up
to 700 h. The release rate of β-lactoglobulin is lower
than that of lysozyme throughout the investigated
period. 20% of the encapsulated β-LG was released
in the first 2 h, while this value was 30% for
lysozyme. Notably, the half-life values are 94 h for
lysozyme and 330 h for β-lactoglobulin.
Various release kinetics models, including Gom-
pertz, Peppas-Sahlin, and Korsmeyer-Peppas, were
employed to describe the release behavior. The ki-
netics of protein release is well described by the Ko-
rsmeyer-Peppas model in the first 40 h, with a cor-
relation coefficient (R2) of 0.983 and 0.995 for
lysozyme and β-LG, respectively. The k parameter
in the equation, which describes all the geometrical
and structural characteristics of the matrix, was 26.3
for lysozyme and 15.9 for β-LG. The n parameters,
related to the mechanism that governs the release
kinetics, were found to be quite low, 0.13 and 0.21
for lysozyme and β-LG, respectively. For spherical
particles, if n < 0.43, the mechanism can be consid-
ered quasi-Fickian diffusion-controlled (n = 0.43
corresponds to Fickian diffusion), where the rate of
release is mostly dependent on the diffusion of the

drug in the polymer matrix. These low n values ob-
served here are the indication of greatly hindered dif-
fusion leading to favorable extended release.
The overall release process exhibits an initial burst
release followed by sustained release of the encap-
sulated protein. According to the classification pre-
sented in a recent release analysis [51], this profile
can be produced by core-shell particles where two
compartments are defined, and the active substance
is transported through these with two distinct appar-
ent diffusion coefficients. The inner core of the cap-
sule initially contains the homogeneously distributed
active substance characterized by Dcore > D (to mimic
a liquid core). An example of such a system is de-
scribed as a release reservoir by Nordstierna et al.
[52], where the active component is localized in a
spherical core and coated with a polymeric matrix.
The obtained release pattern suggests that the nano -
particles prepared using reverse nanoemulsions have
possibly formed core-shell structures. This type of
structure can contribute to the sustained release ob-
served in this study. The ability to achieve sustained
release from these nanoparticles may have potential
applications in specific fields where prolonged drug
delivery is desired.

3.3. In vitro biological investigations
Cytotoxicity of the empty NP and peptide-loaded
NPs was measured on MonoMac-6 human mono-
cytes. After 24 h of treatment, empty NP was not
toxic to the cells. Similarly, Catestatin- and Alarin-
loaded NPs were also not cytotoxic (Figures 5a, 5c).
NP-Penetratin showed the highest toxicity, and this
effect was more pronounced than the cytotoxicity of
the free Penetratin peptide (Figure 5b). Marked mem-
brane disruption was visualized on the microscopic
images of NP-Penetratin-treated cells (Figure 5c).
Membrane integrity is critical for cell survival, de-
fects of which cause leakage and, finally, cell death.
Cytotoxicity of the free peptides obtained is in line
with earlier results described previously [26, 53].
Besides cationic cell-penetrating and antimicrobial
peptides, a set of sequential oligopeptides containing
a repetitive LLRK motif was also assessed (Figure 6).
The viability of cells treated with L1-L4 peptide-
loaded NPs was always higher than 60%, although
higher toxicity was measured for NP-particulated
peptides than free peptides (Figure 6b). On the
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microscopic images, only slight membrane damage
was visible in the case of NP-L4 (Figure 6c).
Proteins as drug candidates are also important
groups of compounds; therefore, we have investigat-
ed two proteins’ encapsulated constructs. The cyto-
toxic effect of the nanoparticulated β-lactoglobulin
AB (NP-BLG) and hen egg white lysozyme (NP-
Lys) was assessed as well (Figure 7). None of the
particles showed cytotoxicity on MonoMac-6 cells
up to the highest concentration (0.3 mg/ml).

4. Conclusions
The development of protein and peptide-based ther-
apeutic agents has never been as active as it is today,
leading to an increasing number of approved drugs
and diagnostic reagents. These compounds, however,

are tempered by certain limitations: short lifetime
due to enzymatic degradation and immune response,
poor bioavailability, and low permeability. Research
is dynamic in the rational design of structure-activity
but also formulation platforms to eliminate these
drawbacks. Novel nanoencapsulation strategies em-
ploying biodegradable and polymeric carriers allow
for the modulation of pharmacokinetic properties
and target specificity of peptide- and protein deriv-
atives. The novel combined encapsulation method
introduced can be a favourable approach to deliver-
ing hydrophilic peptides/proteins since it applies a
special nonionic/ zwitterionic surfactant mixture for
stabilization of nanoemulsion that proved to be
advantageous in preserving their conformational
properties. The subsequent nanoprecipitation process
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Figure 5. Assessment of cell viability. MonoMac-6 human monocytes were treated with empty NP and peptide-loaded NPs
for 24 h, and the cell viability was measured with Alamar Blue assay (a). The cytotoxicity of NP-encapsulated
peptides was compared with the cytotoxicity of the free peptides (1 μM peptide concentration (b). After 24 h of
incubation, NP-peptide-treated cells were captured with an Olympus CKX41 microscope (objective: 40×) (c).
Membrane damage caused by NP-Penetratin is visible on the microscopic image.



resulted in polymeric nano particles dispersible in
aqueous medium and hence allowed easy handling
of the system (storage, lyophilization) while pro-
viding the possibility of surface functionalization.
The results presented here show the first experi-
ences of loading that nanoencapsulation system
with a set of cell-penetrating peptides and two
model proteins. The physico-chemical characteri-
zation, in vitro release, and cytotoxicity results of

protein-loaded nanoparticles appear promising,
while the encapsulated membrane-active peptides
exhibited increased bioactivity. Further experi-
ments, exploring the molecular interactions be-
tween the encapsulated material and the carrier sub-
stance, as well as the effects of the particle’s inner
structure on bioactivity, can contribute to the ration-
al design of carrier systems with optimized per-
formance.
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Figure 6. Cytotoxic effect of NP-Lx peptide set. Viability of MonoMac-6 human monocytes after treatment with NP-Lx
peptides for 24 h (a). Comparison of free Lx peptides and NP-encapsulated analogues in terms of cytotoxicity (b).
Microscopic images do not show significant membrane damage on NP-Lx treated cells (c).
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