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Abstract: Cancer is one of the leading causes of death in the world and protein therapeutics play an
important role in combating this disease. Novel nanocarriers are needed for optimal delivery, en-
hanced therapeutic effect, and protection of proteins. Poly Lactic-co-Glycolic Acid (PLGA) nanopar-
ticles are commonly used, since they are non-toxic, biodegradable, and allow for the sustained re-
lease of the active pharmaceutical ingredient (API). Accurate quantification of the therapeutic inside
these nanocarriers is essential for further development and precise in vivo experiments, especially
for determining the correct therapeutic dose. Bicinchoninic acid (BCA) assay is one of the most pop-
ular methods of protein quantification, known for its low sensitivity to common surfactants. How-
ever, large discrepancies between published results are often observed, with determined protein
encapsulation efficiencies (EE) varying from 20 to 80%. We investigate the interference of excipients
or the combination of excipients, on accurate EE determination of PLGA nanoparticles using the
micro BCA assay. The EE was determined using multiple methods: by measuring the un-encapsu-
lated protein (indirect approach) and directly by extracting the protein using sodium hydroxide and
dimethyl sulfoxide. We show differences between the methods, highlight the most common pitfalls,
and show the importance of using correct standards in assessing EE.

Keywords: PLGA nanoparticles; micro BCA assay; encapsulation efficiency; protein encapsulation

1. Introduction

Cancer together with cardiac diseases is the main cause of death in the developed
world [1]. Medical treatments of cancer remain mostly surgical and are often combined
with chemotherapy, radiation therapy, and hormonal therapy that are harmful and inva-
sive. Many different types of drug delivery systems (DDS) are being developed to reduce
undesirable side effects of cancer therapeutics. However, the development of DDS with
sustained release properties and effective pharmacological activity remains a great chal-
lenge [2]. Ideally, nanocarriers would increase the efficiency of drugs by targeted delivery
of precise therapeutic doses and overcome the adversities by reducing side effects. How-
ever, such precision medicine is yet to be realized.

One of the properties needed for effective drug delivery is small particle size (<200
nm) that would prevent their removal by spleen filtration and reticuloendothelial system
[3]. However, the reduction of the size of carriers without compromising the drug loading
and ensuring the predictable behavior of drugs, especially protein, is challenging [4]. In-
deed, many factors, including the deleterious chemical and physical reactions during the
in vitro studies may lead to erroneous estimation of active pharmaceutical ingredient
(API) contents [5] and, subsequently, inaccurate dosing. Thus, methods that can allow
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rapid estimation of the encapsulation efficiency (EE) during the early stages of drug de-
velopment are needed. Common pitfalls of EE estimations of protein encapsulated PLGA
nanoparticles (NPs) are discussed in this work.

There are many methods to estimate the EE of the proteins in NPs, such as the biuret
method [6], the Lowry method [7], the bicinchononic acid (BCA) assay [8], and the Coo-
massie dye binding, or Bradford assay [9] among others. The most common method char-
acterizing the quantity of proteins in DDS is the BCA assay. The principle of this method
is that proteins can reduce Cu*2 to Cu*! in an alkaline solution (the biuret reaction) and
result in a purple color formation by bicinchoninic acid. The reduction of copper is mainly
caused by four amino acid residues including cysteine or cystine, tyrosine, and trypto-
phan that are present in protein molecules [10]. Indeed, BCA assay has been used in mul-
tiple publications to estimate the EE in NPs [5,11,12]. However, it seems that there is no
universal consensus on the measurement protocol. Moreover, despite the simplicity of the
assay, there is a high variance between obtained results even when similar formulations
are used [11,13].

Multiple methods have been reported for the calculation of the EE of proteins. Some
authors claim the EE only based on the indirect method of the un-encapsulated protein in
the supernatant [11,14,15] others destroy particles and estimate the EE directly [11,13].
However, even for the latter, multiple approaches have been reported. More specifically,
PLGA particles can be broken down using dichloromethane [16,17], acetonitrile [18], so-
dium hydroxide (NaOH) [12,19], and dimethylsulfoxide (DMSO) [5]. However, very often
apparent similar encapsulation methods, lead to differences in reported EE [11]. This
raises the question, if the differences are caused by slight variations in the particle prepa-
ration protocols, or are there flaws in the estimation of EE?

In this paper we investigate and compare multiple methods to estimate the protein
content in the PLGA-based NPs. We compare direct and indirect EE determination meth-
ods, and also results from direct EE obtained with two different methods, DMSO and
NaOH. We show that a detailed study of different EE quantification methods is crucial as
protein concentration may be overestimated by neglecting the interference of the NPs to
the BCA assay. The selection of the right quantification method is essential for measuring
the quantity, activity, and the release rates of protein APIs.

2. Experiments
2.1. Materials

Throughout the work, the following materials were used:

For the nanoparticle (NPs) production, poly(lactic-co-glycolic acid), PLGA 5004 A
(50:50) kindly provided as a gift by Corbion, ethyl acetate (EA) from VWR and poly (vinyl
alcohol) (PVA) 5-88 was purchased from Sigma-Merck. The active ingredient used was
bovine serum albumin (BSA) from PAA.

For measurement of encapsulation efficiency (EE): micro BCA assay Kit from Sigma
Aldrich, sodium hydroxide (NaOH) from Penta, sodium dodecylsulfate (SDS) from VWR,
dimethylsulfoxide (DMSO) from Applichem, and hydrochloric acid (HCl) from Sigma-
Aldrich.

2.2. Methods
2.2.1. Preparation of PLGA NPs

BSA-loaded PLGA NPs were prepared through a modified solvent emulsification-
evaporation method based on a w/o/w double emulsion technique adapted from [5,15,20].
The protocol is the following: 100 mg of PLGA 5004A was dissolved in 1 mL of EA. Then,
80 uL of a 25 mg/mL BSA solution was added, and the polymeric solution was sonicated
for 30 s with 70% of amplitude using the probe ultrasound (US) homogenizer (from
Qsonica sonicators). After this, 4 mL of 2% PVA in distilled water, was added and the
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emulsion was mixed again by sonication. Finally, 7.5 mL of surfactant was added to the
solution and the solvent was removed using a vacuum pump.

2.2.2. Indirect Encapsulation Efficiency (IEE)

The encapsulation efficiency was measured indirectly by, first, spinning down the
particles for 25 min at 22,000 RCF in a Centurion Scientific Benchtop Centrifuge, and then,
using the micro BCA assay to detect the amount of not encapsulated protein in the super-
natant. IEE was calculated as a difference between the total amount of BSA used in the
formulation and the free detected one.

Briefly, IEE was determined using the following equation:

total amount of BSA—free BSA in supernatant
total amount of BSA

IEE% = X 100.

2.2.3. Direct Encapsulation Efficiency (DEE)

The encapsulation efficiency was measured directly using two different methods:
DMSO extraction [5] and NaOH extraction [11].

DMSO extraction: Following this method, particles were washed three times: parti-
cles were spun down at 22,000 RCF for 20 min, the supernatant was collected, distilled
water was added to the particles, and particles were resuspended using US probe at 20%
amplitude for 3 s on and 5 s off (repeated three times). In order to verify the precision of
this method, during the last washing step, unwashed particles were also spun down and
then subjected to the same extraction as washed ones. This allowed us to measure the total
amount of BSA, in the supernatant and inside the NPs. This value was then compared to
the theoretical total volume of BSA added. After the last washing step, particles were left
to dry at 50 °C. When particles were dry (approx. 10 mg of PLGA), 1.5 mL of DMSO was
added and incubated for 1 h under constant agitation at room temperature. After 1 h,
when there was no visible pellet, the solution was mixed with 3.75 mL of 0.1 M NaOH
and 0.05% SDS. To measure the amount of protein that was inside the particles, the micro
BCA assay was used and for this a trendline with the DMSO/NaOH/SDS mixture was
made. Blank NPs were used as a negative control, to check for potential interferences.

NaOH extraction: For the second method, particles were washed three times in dis-
tilled water: solutions with particles were spun down at 22,000 RCF for 20 min, the super-
natant was collected, and particles were resuspended with US probe at 20% amplitude (3
s on and 5 s off) three times. During the last washing step, instead of water, 950 uL of 0.1
M NaOH and 5% SDS were added and sonicated for 2 min at 20%. Then, particles were
incubated for 24 h at room temperature under continuous shaking. After 24 h, when the
particles were completely dissolved, 50 pL of 2 M HCl was added to neutralize the solu-
tion and then, spun down at 10,000 RCF for 5 min. The amount of protein in the solution
was measured with the micro BCA assay. Two different trendlines were prepared for the
micro BCA assay: one with only SDS and NaOH and another one also contained blank
PLGA NPs which were subjected to the same treatment as particles with BSA inside. Blank
NPs were used as the negative control, while blank NPs with BSA added at the end of the
synthesis in a known concentration (40 pug/mL) were used as the positive control.

For both methods, DEE was determined using the following equation:

Detected BSA in extraction

DEE% = X 100.

total amount of BSA

2.2.4. Characterization

The formulation was characterized regarding mean particle size and polydispersity
index (PDI) using the Nanophox Dynamic Light Scattering (DLS) with photon cross-cor-
relation spectroscopy from Sympatec. NPs were analyzed immediately after the synthesis.
For DLS measurements, samples of blank and BSA-loaded PLGA NPs were prepared by
taking a small amount (100 pL with 10x dilution) of the solution. All DLS experiments
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were carried out at 25 °C. The IEE and DEE were determined by UV-Vis spectroscopy
using a microplate reader from SpectraMax. After adding the reagents of the micro BCA
in a 96-well plate, it was incubated at 37 °C for 2 h and, then, the adsorbance at 562 nm
wavelength was measured. All experiments were done in triplicates. The reported values
correspond to mean values with a standard deviation.

3. Results

A solvent emulsification-evaporation method based on a w/o/w double emulsion
technique was used to produce blank NPs without protein as the negative control, BSA-
loaded NPs, and blank NPs with adsorbed BSA as the positive control. The BSA amount
was then determined for all the particles using the direct and indirect BSA quantification.
A schematic illustration of the preparation method is depicted in Figure 1a. As shown in
Figure 1b, all prepared particles had a similar size below 250 nm that is in agreement with
the value reported previously [20]. The significant differences obtained in the determina-
tion of BSA amount by indirect and direct methods are discussed in the following sections.

80 pl of BSA (25mg/ml) in DI water 100 mg of PLGA 5004 A (50:50) in 1 6+
(First water phase: W1) + ImiofEA .
(oil phase: 0) 54 —— Blank NPs /\
~——BSA-loaded NPs | ||
] | —e—220nm [
30 s Sonication *232nm

70 %

70%

30 s Sonication l

Density

PVA 2% (4+7.5 ml)

W1/0 emulsion + | (second water phase: W2)

Vacuum pump

- 1 10 100 1000 10000
W1/0/W2 emulsion | =——p-| Evaporation of EA Peak size (nm)

(a) (b)

Figure 1. (a) Schematic representation of Poly Lactic-co-Glycolic Acid (PLGA) NPs synthesis; (b) particle size distribution
of blank PLGA NPs and bovine serum albumin (BSA)-loaded PLGA NPs.

3.1. Indirect Encapsulation Efficiency

Using the indirect method, only very low amounts of BSA were detected in the su-
pernatant. Consequently, the IEE% calculated was very high, indicating that 88.77 + 0.03%
of the protein was encapsulated inside the particles. There was no interference from the
excipients in the NPs supernatant-negative control (blank NPs) did not show any absorb-
ance. The results are summarized in Figure 2.

100%

80%

B0% ~

40% -

20%

Encapsulation efficiency,%

0% T

-20%

T T
BSA-loaded NPs Neg. Control

Figure 2. Indirect encapsulation efficiency (IEE) estimated by measuring the non- encapsulated
protein inside the supernatant.

3.2. Direct Encapsulation Efficiency
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DMSO/NaOH/SDS Calibration curve - 100%

Direct encapsulation efficiency was measured using two methods: with DMSO ex-
traction and with NaOH extraction as reported in Section 2.2. The results of the two meth-
ods are summarized in this section.

3.2.1. DMSO Extraction

Firstly, experiments were done using the protein extraction by DMSO, commonly
used to break down PLGA NPs [5]. The calibration curve (see Figure 3a) was made with
the same ratio of NaOH/SDS/DMSO, which was used for the NPs. Measured absorbance
was lower than expected, since the highest concentration (200 pg/mL) did not even reach
1. In the following experiments, not washed NPs were used as positive control and the
value was compared with the theoretical total amount of BSA added.

Using this detection method, significant interference from NPs was detected in both
cases. As shown in Figure 3b, the calculated DEE exceeded 10% for both washed and not
washed blank NPs. Moreover, the detected total concentration was also lower than the
theoretical one-only 76.17 + 0.007%, while the calculated DEE was 62.33 + 3.51%. However,
given the high negative controls, this made the estimation unreliable.

Encapsulation efficiency, %
Total concentration of BSA %

100
Concentration pg/ml

(@)

200 BSA-loaded NPs Neg. Control BSA-loaded NPs Neg. Control

(b) (©)

Figure 3. (a) Dimethylsulfoxide (DMSO)/NaOH/SDS calibration curve made for protein extraction by DMSO (b) direct
EE%; (c) total concentration % of BSA. In both cases (b,c), the negative control showed high interference.

3.2.2. NaOH Extraction

Several experiments were made to optimize the protocol, using different concentra-
tions of NaOH (1 M, 0.1 M, and 50 mM), different incubation time (18, 24, and 48 h) and
temperature (37 °C and room temperature). The trial with 50 mM was made in order to
avoid the neutralization step, which could cause faster hydrolysis of PLGA due to the
high pH environment. However, in that case, particles were not fully dissolved after 24 h.
For the following experiments, extraction with 0.1 M NaOH for 24 h was used.

In this set of experiments, we used two trendlines for estimation of the DEE: trendline
with nothing but the solutions used (5% SDS and 0.1 M NaOH) and the trendline with the
10 mg/mL of blank NPs. Both trendlines are shown in Figure 4. Significant differences in
adsorption intensity were observed between the trendlines. An almost two-fold reduction
in adsorption for the same amount of the protein was observed when NPs were added
and then broken down in the trendline for the BCA assay. It is apparent, that the encap-
sulation efficiency results that would be obtained using these two calibration curves will
not be consistent.



Proceedings 2021, 78, 28

6 of 8

Absorbance
o
&

o

004

0.1M NaOH+5%SDS

Absorbance

0.04

T
100
Concentration pg/ml

(@)

T
200

Blank NPs+0.1M NaOH+5%SDS

T
o 100

Concentration pg/ml

(b)

T
200

Figure 4. Trendlines used for NaOH extraction: (a) trendline made only with 5% SDS and 0.1 M NaOH; (b) trendline made
also with blank NPs inside.

Concentration, pg/mi

As previously, EE was measured for the particles without BSA (negative control),
with BSA encapsulated, and with BSA added to blank NPs after particle preparation (pos-
itive control). The results were evaluated considering the two calibration curves. In both
cases, the negative control of blank NPs showed BSA concentration about 0 pug/mL, mean-
ing that there was no interference of the broken down PLGA NPs during the BSA assay.
However, there was a difference in the detected concentration of protein in the positive
control. When the trendline made with NPs was used for calculations, the value was 31.76
+1.65 pg/mL-close to the theoretical one (40 pg/mL). However, in the case of the trendline
without NPs, the detected concentration was very low—14.58 + 0.80 pug/mL—Iless than
half of the theoretical value. The same was observed when the encapsulation efficiency in
the NPs was calculated —two times with different values. As shown in Figure 5, according
to the trendline made only with NaOH and SDS the EE% is 29.77 + 0.001%, on the other
hand, considering the trendline made also with blank NPs the EE% is 58.13 + 0.002%.

%
o% I I

10%
NaOH+5% SDS Blank NPs+NaOH+5% SDS

[ Neg.control
Pos.control
[0 BSA-loaded NPs |

Encapsulation efficiency, %
&
Ed

NaOH+5%SD3S

Blank NPs+NaOH+5%SDS

Different calibration curves

(a) (b)

Figure 5. Results from NaOH extraction: (a) concentrations of negative and positive controls and BSA-loaded NPs detected
using micro BCA assay; (b) difference between direct EE% obtained using NaOH-SDS trendline and the trendline with

blank NPs.

4. Discussion

PLGA NPs are commonly considered to be a suitable carrier for protein-based ther-
apeutics. However, that requires the ability to accurately estimate the physicochemical
characteristics of PLGA based drug-delivery systems, including the EE and the loading
capacity. One of the most common methods to characterize the EE-protein content quan-
tification in the supernatant [11,15,20]. However, our results suggest that the measure-
ment of the encapsulation efficiency with indirect and direct approaches, both using the
micro BCA assay, may lead to significantly different results. Specifically, EE measured
indirectly may overestimate the encapsulation efficiency. We have measured the encap-
sulation efficiency of 80%, similar to the one previously reported [20], however, this value
was not supported by the direct encapsulation efficiency measurements.
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Absorbance

The most alarming observation presented in this paper is the difference in the encap-
sulation efficiency measurement done with inappropriate standards. As we have shown,
the use of the blank NPs in the standards is needed in order to accurately estimate the
amount of the encapsulated protein (in this case, accuracy was assumed by having a close
value of the positive control). We have observed a reduction in the absorbance due to the
presence of the PLGA NPs inside the BCA reaction solution. Interestingly, there was no
interference with the BCA reaction when the PLGA NPs were hydrolyzed separately and
then mixed with the known amount of protein.

We have hypothesized that the interference arises from the polymer hydrolysis in
presence of the protein and made multiple experiments trying to elucidate the mechanism
of such reaction. We speculated that the process of PLGA hydrolysis that would lead to
local acidification of the environment could also hydrolyze proteins adsorbed on the sur-
face. We have tested if the phenomenon is time-dependent by using different concentra-
tions of NaOH to control the rate of the reaction. As shown in Figure 6, the higher the
concentration of NaOH, the faster PLGA dissolves and so the higher the decrease in ab-
sorbance: as soon as PLGA is completely hydrolyzed, the absorbance does not change
over time. However, experiments on the exposure of the particles and protein mixture to
low pH (pH 1-2) prior to the micro BCA assay, did not cause any interference. Our work
demonstrates various pitfalls that may lead to inaccurate estimation of the EE. However,
a clearer understanding of the mechanisms involved in the PLGA NPs interference to mi-
cro BCA assay is a subject of our future investigations.

150mM NaOH 200mM NaOH

—10

)
1

Absorbance

=4
S

0.0

T T T T T T T T T T T 1 T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 0 20 40 60 80 100 120 140 160 180 200 220

Concentration pg/ml Concentration pg/ml

(a) (b)

Figure 6. Calibration curves made with NPs and different concentrations of NaOH tested over time: (a) calibration curves
made with 150 mM NaOH; (b) calibration curve made with 200 mM NaOH.

5. Conclusions

The choice of the right method to determine the real encapsulation efficiency of par-
ticles, and in this specific case of PLGA NPs, is extremely important in order to have a
correct estimation of the amount of drug present inside and that has to be released for the
medical treatment. In this work, we have shown that there is a significant difference in EE
determination using three common methods: indirect measurement, direct measurement
after NaOH extraction, and after DMSO extraction. Our results suggest that correct con-
trols need to be chosen to avoid overestimation of the EE, as polymer excipients in the
solution may cause interference, even when negative controls do not display them.

Abbreviations
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encapsulation efficiency.
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