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Polymersomes are nanometric vesicles that can encapsulate large and hydrophilic biomolecules,
such as proteins, in the aqueous core. Data in literature show large variation in encapsulation
efficiency (%EE) values depending on the method used for calculation. We investigated different
approaches (direct and indirect) to quantify the %EE of different proteins (catalase, bovine serum
albumin-BSA, L-asparaginase and lysozyme) in Pluronic L-121 polymersomes. Direct methods
allow quantification of the actual payload of the polymersomes and indirect methods are based on
the quantification of the remaining non-encapsulated protein. The protein-loaded polymersomes
produced presented approximately 152 nm of diameter (PDI ~ 0.4). Higher %EE values were
obtained with the indirect method (up to 25%), attributed to partial entanglement of free protein in
the polymersomes poly(Ethylene Glycol) corona. For the direct methods, vesicles were disrupted
with chloroform or proteins precipitated with solvents. Reasonable agreement was found between
the two protocols, with values up to 8%, 6%, 17.6% and 0.9% for catalase, BSA, L-asparaginase
and lysozyme, respectively. We believe direct determination is the best alternative to quantify the
%EE and the combination of both protocols would make results more reliable. Finally, no clear
correlation was observed between protein size and encapsulation efficiency.

Keywords: Polymersomes. Encapsulation efficiency. Biomolecules encapsulation. Poloxamer.
Vesicle disruption.

INTRODUCTION

In recent years, several nanostructures have been
investigated as potential drug delivery systems (Mitchell
et al., 2020). Indeed, the use of this technology gains
special relevance when it comes to the formulation and
administration of biopharmaceuticals such as protein
drugs. It helps to overcome the challenges of high molecular
weight and hydrophilic nature of macromolecules that
usually results in degradation and poor penetration/
absorption. In addition, nanoencapsulation can also
contribute to lower the immunogenicity usually associated
to protein drugs (Mitchell ef al., 2020), improve protein
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stability and in vivo distribution, promote solubility,
prolong blood circulation time, allow controlled and
targeted release and protect from biodegradation by
plasma enzymes, thus increasing treatment effectiveness
and decreasing side effects. Among the main nanocarriers
investigated for this purpose we highlight self-aggregated
systems such as liposomes, cubosomes, hexosomes and
polymersomes (Gao, Wang, 2023).

Liposomes are phospholipid vesicles of one or
more concentric lipid bilayers surrounding an aqueous
compartment. They are one of the first nanostructures used
for medical purposes owing to safety and biocompatibility
(Gao, Wang, 2023). Cubosomes and hexosomes are
nanostructured liquid crystalline systems that can
encapsulate both hydrophobic and hydrophilic substances
and have a high tolerance to environmental stresses and
potential for controlled release (Tan, Hosseini, Jafari,
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2022). Nonetheless, all these nanostructures present lipids
in their composition, therefore are susceptible to oxidation
and microbial degradation.

Polymersomes, on the other hand, are nanometric
vesicles formed by the self-aggregation of amphiphilic
copolymers in contact with an aqueous medium.
Owing to the polymeric composition, they present high
physicochemical stability and mechanical strength
when compared to other self-aggregated nanostructures
(Kansiz, Elgin, 2023). In addition, polymersomes offer a
great opportunity to encapsulate large and hydrophilic
biomolecules in the aqueous core (Gao, Wang, 2023;
Kansiz, El¢in, 2023). Several research groups are focused
on the study of these nanocarriers, mainly on novel
materials, systems composition, preparation techniques
and strategies for controlled release (Mitchell et al., 2020).

Usually, the encapsulation of biomolecules in
uncharged (nonionic) polymersomes is a physical process
in which an aqueous volume of the biomolecule solution
is encompassed by the polymeric membrane during self-
aggregation. Therefore, similar encapsulation rates are
expected for biomolecules when no other interaction is
present, such as electrostatic or affinity ones (Farzin et
al., 2023). In this sense, encapsulation efficiency (%EE)
would be influenced by biomolecule concentration in
solution and probably biomolecule size. However, data in
literature shows large variation in protein encapsulation
efficiency values depending on the method used for its
calculation (Apolinario et al., 2018, 2019; Blackman et al.,
2018; Oliveira et al., 2020). This parameter is extremely
important, among others, for dose estimation. Also, the
differences observed in literature impair comparisons
among the systems proposed and a proper understanding
of their therapeutic potential. Both direct and indirect
methods can be used to determine %EE. Direct methods
allow quantification of the polymersomes actual payload
(protein mass) and techniques such as spectroscopy
(Fourier-transform infrared spectroscopy-FT-IR, Raman,
Ultraviolet—visible) or immunoassays are used (Goyal
et al., 2021). The polymersomes must be disrupted to
release the payload. Indirect methods, on the other hand,
are based on the quantification of the remaining non-
encapsulated protein. The %EE is then calculated by
subtracting the non-encapsulated protein mass from
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the initial protein mass used to prepare the system
(Apolinario et al., 2018; de Souza Guimaraes et al., 2022).

In this work, we investigated different direct and
indirect approaches to quantify the %EE of proteins
in Pluronic L-121 polymersomes and found that direct
determination of %EE provides a more reliable value than
indirect determination, which usually overestimates this
parameter. This is an important information giving the
number of papers reporting %EE values calculated based
on indirect method. Globular proteins of different sizes
and charges were studied to demonstrate that, for this
class of biomolecules, no significant correlation between
size and %EE is observed.

MATERIAL AND METHODS
Material

L-asparaginase (ASNase, 140 kDa, pl = 5.5) was
purchased from ProSpec Tany® (Ness-Ziona, Israel);
egg white lysozyme (LYS, 14.5 kDa, pl = 10.7), bovine
catalase (CAT, 240 kDa, pl = 5.4) and bovine serum
albumin (BSA, 55.5 kDa, pl = 4.7) were from Sigma-
Aldrich (Saint Louis, MO, United States). The Pluronic®
L-121 (PEG,-PPO,-PEG,) was kindly donated by Basf
SE. All other reagents were purchased from Sigma
Aldrich (Sigma Aldrich Co., Saint Louis, MO, United
States): Sepharose 4B, chloroform and Bicinchoninic
Acid Kit Assay. All materials were used as received,
without any further purification. Purified water was used
in all experiments (Milli-Q plus 185 water purification
apparatus, Millipore/Merck, Darmstadt, Germany).

Polymersomes preparation and purification

Polymersomes systems nanoencapsulating different
proteins (ASNase, CAT, BSA and LYS) were prepared to
evaluate the influence of size (molar mass) and charge on
encapsulation efficiency. Pluronic L-121 (5 mg/mL) and
the protein (2 mg/mL) were added to 1X phosphate-saline
buffer pH 7.4 (PBS) and magnetically stirred at 400 rpm,
4°C for 1 h for complete dissolution of the copolymer. To
produce the polymersomes, the system was kept overnight
under magnetic stirring at 800 rpm, room temperature.
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Finally, the systems were centrifuged (1,000 x g, 5
minutes) to remove any residual bulky polymer. Blank
polymersomes were also prepared, i.e. without any loaded
protein. All experiments were performed in triplicate.

Protein-loaded polymersomes were purified by size
exclusion chromatography (SEC) with Sepharose 4B used
as the stationary phase in a 16 mL glass column. Each
sample was placed on top of the column and the elution was
performed with 1X PBS buffer pH 7.4. The eluted fractions
were collected in a 96-well microplate (Corning UV Plate
96 Well, Flat Bottom) and absorbance read at A = 600 nm in
a Spectra Max M2 spectrophotometer (Molecular Devices,
CA, United States). Fractions presenting absorbance values
higher than 0.1 were collected and combined to result in
the final polymersomes system.

Polymersomes size and zeta potential
determination

The nanostructures produced were evaluated by
dynamic light scattering (DLS) to determine size and
polydispersity index (PDI) using a Zetasizer Nano ZS
instrument (Malvern Instruments, Worcestershire, UK)
operating with a 633 nm He-Ne laser and the detector set
at an angle of 173°, Samples were previously diluted 10X
in PBS pH 7.4 filtered (Whatman Uniflo 30mm Syringe
Filter 0.2um PES w/GF Prefilter) and transferred to
polystyrene cuvettes (Malvern, DTS0012). Measurements
were taken in triplicate at count rates from 100 to 200
keps (counts per second x 10%) and results presented as the
average hydrodynamic diameter based on the diffusion
coefficient, using the Stokes-Einstein equation (Apolinario
et al.,2019). Additionally, the zeta potential (z) of the empty
polymersomes was determined by capillary electrophoresis
using the same Zetasizer Nano ZS instrument. Samples were
diluted five times in PBS and three cycles of measurements
were conducted for each analysis.

Determination of total protein concentration

Two methods were employed to quantify the total
protein concentration and calculate the encapsulation
efficiency, namely the BCA and absorbance reading at
A =280 nm.
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Bicinchoninic Acid Method (Micro BCA)

The QuantiPro BCA (Sigma-Aldrich kit, St Louis,
MO, USA) was used following the manufacturer’s protocol
with a calibration curve for each assay based on bovine
serum albumin standard diluted in 1X phosphate-saline
buffer pH 7.4, at a concentration range from 0.0 to 40.0
pg/mL. The QuantiPro working reagent was prepared by
mixing 25 parts of the QA reagent (sodium carbonate,
sodium tartrate and sodium bicarbonate in 0.2 M sodium
hydroxide, pH 11.25) with 25 parts of the QB reagent (a
solution of bicinchoninic acid at 4% (w/v), pH 8.5) and
once the mixture was homogenized, the QC reagent (4%
solution (w/v) of copper (II) sulfate pentahydrate) was
added. Subsequently, 150 uL of each sample was mixed
with 150 puL of QuantiPro working reagent and incubated
at 37°C for 2 hours. All tests were performed in triplicate.
Absorbance reading was performed at A = 562 nm in a
Spectra Max M2 spectrophotometer (Molecular devices).

Absorbance reading at A = 280 nm

Samples of 100 pL were transferred to a quartz
cuvette and the absorbance read at A = 280 nm in
a spectrophotometer Spectra Max M2 (Molecular
devices, CA, United States). The protein concentration
in mg/mL was calculated based on the molar extinction
coefficient for each protein according to Equation 1. The
molecular mass data and molar extinction coefficients
were estimated using ProtParam tool from Expasy
and the following values were obtained: bovine serum
albumin MM = 66432.96 Daande_  =42925M "' cm
", catalase MM = 59784.10 Daand e, = 64540 M !
cm !, L-asparaginase MM = 3459394 Daande_ | =
23505 M *cm 7, lysozyme MM = 14313.14 Daand ¢
=37970 M tcm .

olar

Absygg x MW

Protein concentration (g/L)= (Eq.1)

€molar X!

in which Abs , is the absorbance measured at A = 280
nm, MW is the molar mass of the monomer (Da), € __

is the molar extinction coefficient (M "' cm ) and / is the
length of the path (cm).
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Determination of the Encapsulation Efficiency (%EE)

Different approaches were used to determine the
encapsulation efficiency, as depicted in Figure 1 and
detailed below.

Indirect Method

After purification of the polymersomes systems
by SEC, the fractions corresponding to the free protein
were identified by reading the absorbance at A =280 nm.
Following, the fractions were combined and the total
protein mass determined based on the absorbance at A =
280 nm (Section 2.4.2). The mass of encapsulated protein
was obtained subtracting the mass of non-encapsulated

protein (P ) from the total mass of protein added

non-encapsulated

to the system (P ), and %EE was calculated according
to Equation 2. Assays were performed in triplicate.

_ (Protal— Pnon—encapsulated)
%EE = Peoral X 100 (Eq.2)

Direct Method by polymersomes disruption with
chloroform

Samples of 500 uL of purified polymersomes were
mixed with equal volumes of chloroform to disrupt the
vesicles. The mixture was subjected to centrifugation
at 4°C, 2,655 x g for 90 minutes and subsequently the
total protein concentration of the aqueous phase was
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determined by both Micro-BCA and absorbance reading
at 280 nm. The values obtained were used to estimate
encapsulated) and the
%EE was calculated based on Equation 3 (Oliveira et al.,

the total protein mass encapsulated (P

2020). Assays were performed in triplicate.

%EE — l:'encapsulated % 100
total

(Eq.3)
Direct Method by encapsulated protein quantification after
precipitation in organic solvents

After the purification process, the total volume of
the polymersomes system was dried using a Concentrator
PLUS (Eppendorf), at 30°C, V-AQ mode (vacuum-
aqueous). Next, the dried samples were resuspended in
a mixture of chloroform:methanol (1:1) and left at 4°C
for 2 hours for complete dissolution of the polymer and
precipitation of the protein. The samples were centrifuged
at 15,000 x g for 20 minutes and the supernatant
containing the dissolved polymer was discarded.
Another wash of the precipitated proteins with the same
mixture of organic solvents was carried out followed
by centrifugation under the same conditions (15,000 x
g for 20 minutes). The precipitated proteins were then
dissolved in 1X phosphate saline buffer pH 7.4 (Amini
et al., 2017; Alanezi, Neau, D’mello, 2020) and the total
protein concentration determined by absorbance reading
at A =280 nm in a Spectra Max M2 spectrophotometer
(Molecular devices). The %EE was calculated based on

Equation 3 and assays were performed in triplicate.
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FIGURE 1 - Representative scheme of the different approaches (indirect and direct methods) used to determine the encapsulation
efficiency (%EE) after purification by SEC (size exclusion chromatography).

RESULTS AND DISCUSSION
Polymersomes preparation and characterization

The DLS curves (Supplementary material)
show that all the systems presented expected size,
corresponding to Pluronic L-121 polymeric vesicles
(Apolinario et al., 2019; Oliveira et al., 2020). Table 1
presents the summary of the hydrodynamic diameter
(H,) and polydispersity index (PDI) values obtained.
As can be seen, overall the polymeric vesicles presented
sizes around 130 to 190 nm and PDI values between
0.2 and 0.5. It is important to stress that our goal here
is to investigate encapsulation efficiency and therefore
systems were not extruded to adjust size and lower
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PDI, what explains the high PDI values observed in the
presence of some of the proteins. Besides, it is relevant
to mention that the PDI is not related to %EE, but only
to stability and consequently to future applications of
the system (Dimov ef al., 2017). In addition, we must
consider that the cumulant method used to analyze DLS
data and determine the average particle size and particle
size distribution is based on the assumption that only
one particle population is present (monomodal) and a
gaussian distribution is expected for the particle size.
Samples presenting even very low number of larger
molecules (wWhat might happen for polymersomes) might
result in larger PDI values that does not actually reflect
the variation on the mean particle size distribution
(Stetefeld, McKenna, Patel, 2016).
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TABLE I - Characterization of Pluronic L-121 polymersomes nanoencapsulating different proteins, as well as the empty vesicles

(blank PL), (values presented as mean =+ standard deviation)

Protein Hydrodynamic diameter - Dh (nm) Polydispersity index (PDI)
Catalase 181 +9 0.332 +0.027
BSA 138+£0.3 0.498 + 0.021
L-asparaginase 141+ 7 0.243 £ 0.020
Lysozyme 152+ 15 0.457 +£0.027
Blank PL 150+ 16 0.474 +0.017

Protein encapsulation did not result in significant
changes in the polymersomes size, which suggests a
lack of interaction between the proteins and Pluronic
L-121 during the vesicles formation. In other words,
protein nanoencapsulation is understood as a passive
process in which a certain volume of the protein solution
is incorporated inside the forming vesicles during the
polymer auto-aggregation process (Farzin et al., 2023).
Under this premise, we measured the z-potential of the
empty vesicles and a value of - 4.95 £ 0.22 mV was
obtained, corresponding to approximately neutral
vesicles, what we attributed to the PEG corona of the
Pluronic L-121 polymersomes. This result also suggests
there would be no significant electrostatic interactions
between the polymer and the proteins, regardless of
whether they are cationic or anionic. However, a discrete
increase in the hydrodynamic diameter was observed for
the catalase formulation (180 nm), which may be related
to a possible interaction and entrapment of this large
protein (240 kDa) in the PEO corona of the vesicles. This
finding has already been discussed in previous works
using Pluronic L-121 vesicles (Apolinario et al., 2019;
Oliveira et al., 2020).

Determination of encapsulation efficiency

Table 11 presents the %EE results for all the strategies
evaluated. As mentioned in the materials and methods
section, after disrupting the systems with chloroform,
the protein concentration was determined both by Micro-
BCA and absorbance reading at A = 280 nm. However,
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since protein concentration was very low owing to
the dilution of the system, apparently the Micro-BCA
was not sensitive enough to detect protein, especially
considering the interference of the blank. Unexpected
absorbance values were detected after performing Micro
BCA on blank polymersomes samples (without protein)
submitted to disruption with chloroform, suggesting
that the polymer concentration in the aqueous phase
is considerably high enough to interfere with protein
quantification (data not shown). This phenomenon was
also observed by Hussain, Forbes, Perrie, (2019) when
quantifying encapsulated proteins in liposomes; in this
case lipids in the aqueous phase interfered with the
assay. Therefore, results for %EE after polymersomes
disruption with chloroform (Table II) are based on
protein quantification by absorbance reading at A = 280
nm. It is important to mention that total disruption of
the polymersomes in the presence of chloroform was
confirmed by DLS measurements. The scattering profile
showed the absence of vesicles in the aqueous fraction,
confirming complete rupture and, consequently, release
of the protein payload. Regarding a possible denaturing
effect of chloroform on the proteins, it is usually
associated with time of contact, concentration of solvent
and miscibility with water in mixtures. Here, the systems
were immediately centrifugated after vortexing the
chloroform/water biphasic system formed. In addition,
immiscible solvents such as chloroform tend to cause
less denaturation than soluble ones in mixture with water
(Asakura, Adachi, Schwartz, 1978). Therefore, we are
confident no significant protein denaturation took place.
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TABLE Il - Encapsulation efficiency for the different proteins encapsulated in Pluronic L-121 polymersomes based on different

indirect and direct methods

%EE (Mean + SD)

. Direct Methods

Protein .

Indirect Method Polymersomes disruption Protein precipitation

with chloroform with organic solvents

Catalase 15+4 6+2 8+2
BSA 8+5 9+3 6+£3
L-asparaginase 227+5 176 0.4 13.8+0.0
Lysozyme 25+9 0.5+0.2 09+0.2

As can be seen from Table II, differences were
observed between direct and indirect determination of
%EE. In general, higher values were obtained with the
indirect method, suggesting an overestimation of the
%EE. In our previous work Apolinario ef al. (2019),
Pluronic L-121 polymersomes were used to encapsulate
L-asparaginase and %EE ~ 69% was obtained based
on the indirect method by centrifugation. In contrast,
%EE = 4.9% was calculated by direct method using
vesicle disruption with 2% Triton X-100 and protein
quantification by BCA. Other reported values for
L-asparaginase encapsulation in poly(ethylene glycol)—
poly(lactic acid) (PEG-PLA) and poly(ethylene glycol)-
poly(e-caprolactone) (PEG-PCL) polymersomes
were approximately 20% and 23%, respectively, also
using the indirect method (Apolinario et al., 2018;
Pachioni- Vasconcelos et al., 2020). demonstrating an
overestimation when compared to the results obtained by
direct method. Similarly, in another work Pluronic L-121
polymersomes were used for catalase encapsulation and
the indirect method by ultracentrifugation provided
%EE values 13 to 15 fold higher compared to the direct
method, reaching up to 70% for the indirect method
(Oliveira et al., 2020). Finally, %EE ~ 25% were reported
for BSA encapsulated in PEG-PCL polymersomes based
on the indirect method (Pachioni-Vasconcelos ef al.,
2020). Another similar value (24%) was obtained for
BSA encapsulated in PMPC-PDPA polymersomes by
indirect quantification of the non-encapsulated protein
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after purification by size exclusion chromatography
(Wang et al., 2012).

Regarding the direct determination of %EE,
reasonable agreement was found between the two
methods, i.e. vesicle disruption with chloroform and
protein precipitation with solvents. Therefore, we
believe the two methods would be appropriate and the
combination of both would provide more accuracy to
the results. It is also important to note that no clear
correlation was observed between protein size and
encapsulation efficiency. In fact, the smallest protein
(lysozyme) presented the lowest %EE value, while for the
other proteins differences were smaller. If we consider
encapsulation in non-charged vesicles as a physic process
with no significant chemical interactions between polymer
and proteins, as we described earlier, encapsulation
should be proportional to protein concentration in solution
and similar %EE values would be expected for all the
proteins investigated. Even if interactions were present,
higher values would be expected since lysozyme presents
a positive net charge at pH 7.4 (pl = 10.7) and the vesicles
are neutral to slightly negative. This hypothesis does
not explain the low encapsulation efficiency observed.
One explanation could be the widely reported lysozyme
propensity to self-aggregation, both in unsaturated and
supersaturated solutions (Price, Tsuchiya, Arata, 1999).
Therefore, it is important to consider factors that modify
protein solubility and aggregation like pH, temperature,
ionic strength and protein concentration. An alternative
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to lower protein aggregation would be the addition of
osmolytes. It has been earlier reported in a study of
L-asparaginase formulation that osmolytes like sucrose
and sorbitol reduce protein aggregation (Wlodarczyk et
al., 2019). In this sense, osmolytes allow working with
higher protein concentrations/molar ratios and increase
encapsulation efficiency, probably resulting in better
therapeutic profiles. Protein:liposome molar ratios of
2000 for example resulted in higher internalization rate
of B-galactosidase in HeLa cells in vitro than molar ratios
of 1000 and 1500 owing to the higher protein mass loaded
in the vesicles (Chatin et al., 2015).

Here we compared indirect and direct methods
to calculate encapsulation efficiency of proteins in
polymersomes and significant differences were observed
between them. Direct methods were found to be more
accurate and reliable than the indirect method, which
has high variability and usually overestimates %EE.
We highlight the importance of considering possible
overestimation of this parameter when using data from the
literature on protein nanoencapsulation in polymersomes
and liposomes, since indirect determination is the most
used method. Also, we advise the use of direct methods
and, if possible, more than one. The results presented in
this work will serve as a guide for further investigations
of biomolecules encapsulation in nanocarriers as well
as the interpretation of encapsulation values previously
reported in the literature.
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