Optimization of rutin encapsulation in selfassembled polymeric particles
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Abstract.
Rutin is a polyphenolic compound found in several fruits and vegetables. It possesses various
therapeutic properties, including antioxidant, anti-inflammatory, anti-cancer, and antimicrobial. Moreover, rutin was also reported to enhance stem cell proliferation and
differentiation. However, the applications of rutin are limited as it has low water solubility and
low bioavailability. To overcome those limitations, in this study, rutin was encapsulated with a
self-assembled amphiphilic block copolymer, poly(lactide)-b-poly(poly ethylene glycol
methacrylate) (PLA-b-PPEGMA), using the solvent switch method. Different amounts of rutin
and water volume have been tried and the highest encapsulation efficiency was achieved when
10 mg block copolymer was used to encapsulate 0.5 mg rutin in 5 ml water at the polymer
dropping rate of 300 μl/min. The encapsulation efficiency is up to 35.04 ± 3.52 wt% and a drug
loading capacity is 1.75 ± 0.176 wt% with an average particle size of 1.90 ± 0.71 µm.
Nevertheless, the encapsulation efficiency and drug loading capacity can be improved by
lowering the polymer dropping rate. The best condition was presented on 100 μl/min dropping
rate which exhibited 65.32 ± 11.69% encapsulation and 3.27 ± 0.58% drug loading capacity,
respectively. Moreover, the release of rutin from the particles was sustained for more than 4
hours, while free rutin reached 100% released after 45 minutes. The release mechanism was
most fitted to the Weibull model with a shape parameter indicating a complex release
mechanism. This research optimized a drug encapsulation protocol for making a micro-scale
rutin delivery carrier which can be utilized with further drug delivery applications.
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1. Introduction
Rutin, a quercetin glycoside or vitamin P, is a flavonol compound found in many plants such
as buckwheat, caper bush, passionflower, and apple (Ganeshpurkar & Saluja, 2017; Kianersi et
al., 2020). It displays pharmacological actions in various systems of the human body as it
possesses antioxidant, anti-inflammatory, anticarcinogenic, antithrombotic, antimicrobial,
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neuroprotective, and cardioprotective properties (Ganeshpurkar & Saluja, 2017; Su et al.,
2014). Even though the therapeutic potentials of rutin are diverse, its applications are limited
due to its poor aqueous solubility and low bioavailability. Thus, many researchers are trying to
overcome these limitations to reach the full benefit of this natural compound.
Encapsulation is one of the frequently used strategies in drug delivery systems as it can cope
with some conventional limitations and improve the effectiveness of treatment. The drugs or
active agents could be protected, solubility could be enhanced and the sustained or controlled
release could be archived via encapsulation (Martínez Rivas et al., 2017). Various encapsulation
methods and materials have been developed and utilized for different purposes (Martínez Rivas
et al., 2017; Trucillo, 2021). Amphiphilic block copolymers which comprise two or more
immiscible blocks are among the extensively studied materials for drug encapsulation. Due to
the ability to self-assemble in an aqueous solution, different structures could be simply formed
by amphiphilic block copolymers (Avsar et al., 2019; Cabral et al., 2018).
For in vivo applications, the safety of block copolymer utilized in drug encapsulation is
needed to be concerned. Biocompatible and biodegradable polymers are preferred in this
approach. Poly(lactide)-b-poly(polyethylene glycol methacrylate) (PLA-b-PPEGMA) is an
amphiphilic block copolymer that meets this criteria. PLA, a hydrophobic polyester, has long
been used as a biomedical material and got approved by Food and Drug Administration (FDA)
for clinical use (Casalini et al., 2019). While PPEGMA is a hydrophilic polymer with protein
resistance and low antigenicity properties (Joh et al., 2019). Thus, particles forming by a
copolymer of PLA and PPEGMA would be suitable as a drug carrier since they combine the
characteristic properties of both polymers.
In this research, encapsulation of rutin by PLA-PPEGMA amphiphilic block polymer using
solvent switch method was optimized. Parameters involved in drug encapsulation such as water
volume, amount of drug used, and polymer dropping rates were varied. Encapsulation
efficiency, drug loading capacity, size, and morphology of rutin-encapsulated PLA-PPEGMA
particles were evaluated. In vitro rutin release from the particles and a suitable drug release
model were also determined.

2. Materials and Methods
2.1 Materials
The poly(ethylene glycol) methacrylate (hydroxyl-terminated) (Mn 500), Poly(L-lactide) 4cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentonate (PLA-CTA), 1,2-dichloroethane
(anhydrous), and azobisisobutyronitrile (AIBN) were obtained from Sigma Aldrich. Methanol,
chloroform, and acetone were purchased from RCI Labscan. Rutin hydrate was received from
Tokyo Chemical Industry. Regenerated cellulose membrane with molecular weight cut-off
(MWCO) of 12,000 – 14,000 Da was obtained from MFPI.

2.2 Synthesis of PLA-PPEGMA block copolymer
PEGMA (1820 µL, 4 mmol), PLA-CTA (0.5 g, 0.5mmol) and AIBN (180 µL, 0.036mmol)
were mixed with 24 mL dichloroethane in 25 mL round bottom flask under stirring condition.
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The flask was sealed with a rubber septum and the mixture was deoxygenated with N2 gas for
20 min. The reaction was then carried at 75 °C in an oil bath for 24 h. To stop the
polymerization, the resulting solution was cooled to 20 °C and transferred to the dialysis
membrane. The dialysis was carried against acetone for 3 days. The purified block copolymers
were then dried in a vacuum desiccator. PLA-PPEGMA obtained was characterized using 1H
NMR in CDCl3 at room temperature (Bruker NMR spectrometer, 400 MHz) and GPC analysis
with Waters 2414 refractive index (RI) detector, geared up with Styragel HR5E 7.8 × 300 mm
column. The columns were eluted using tetrahydrofuran with a flow rate of 1.0 mL/min at 40
°C and calibrated with polystyrene standard.

2.3 Formation of rutin-loaded PLA-PPEGMA particles
Self-assembled nanoparticles were formed using the solvent switch method. To observe the
suitable condition for rutin encapsulation, 10 mg of PLA-PPEGMA was dissolved in
chloroform and various amount of stock rutin (5 mg/ml in methanol) was mixed with a polymer
solution as shown in table 1. The mixture was then added drop-wise to 5 or 10 mL of stirring
distilled water at the dropping rate of approximately 300 µl/min. The solvent was removed by
stirring for another 2 h. The particles were separated from free rutin using centrifugation
technique (20 min, 12,500 rpm, 4 °C) and washed again with distilled water to get rid of the
unbounded and loosely associated rutin. Another round of centrifugation was performed, and
the particles collected were resuspended in 1 mL of distilled water. The effects of different
polymer dropping rates (100, 200 and 300 µl/min) were also evaluated.
Table 1: Encapsulation conditions
Condition
Polymer (mg)

Water (mL)

Rutin (mg)

1

10

5

0.5

2

10

5

0.75

3

10

5

1.0

4

10

10

0.5

5

10

10

0.75

6

10

10

1.0

2.4 Quantification of encapsulation efficiency and drug loading capacity
Rutin amount that remained in the supernatant of the encapsulated particles was determined
using spectrophotometry. The absorbance of the supernatant at 360 nm was compared to the
rutin standard. The encapsulation efficiency and drug loading capacity can be calculated by
equations (1) and (2):
Mass of drug encapsulated

Encapsulation Efficiency = (
Drug Loading Capacity = (

Mass of initial drug feed

Mass of drug encapsulated
Mass of the polymer

) x 100

(1)

) x 100

(2)

2.5 Visualization of rutin-loaded PLA-PPEGMA particles
The morphology of encapsulated particles was analyzed using the scanning electron microscope
(SEM), JEOL JSM-6610LV series. The samples were dried using a vacuum oven at the
temperature of 35 °C and attached to the stubs with carbon tape. The samples were sputter
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coating with gold and the SEM was operated at the voltages of 10 kV. The particle size was
determined from the provided scale bar in SEM images using Image J software.

2.5 Determination of in vitro rutin release profile
The particles were resuspended in 3 ml phosphate buffer saline (PBS), and then transfer into
dialysis membrane MWCO 12-14 kDa against 10 ml PBS in a 50 ml tube which was incubated
in a 37 °C shaking incubator with an agitation speed of 300 rpm. 10 ml of each sample was
collected at 5, 10, 15, 30, 45 min, 1 hr, 1.5 hr, 2 hr, 2.5 hr, 3 hr, and 4 hr to determine the
cumulative released percentage by UV-spectroscopy against the standard curve. Moreover, the
experimental data was plotted with KinetDS software to determine the possible release
mechanism.

3. Results and Discussion
3.1 Synthesis and characterization of PLA-PPEGMA block copolymer
PLA-PPEGMA was synthesized by reversible addition fragmentation chain-transfer
polymerization (RAFT) and characterized by 1H NMR. All the characteristic peaks of the
molecules were presented as shown in Figure 1A and coincide with the previous study of a
similar polymer (Themistou et al., 2014). The slight difference is that the end group of our
PPEGMA is a hydroxyl instead of a methyl group. The molecular weight of the polymer was
also determined by GPC. The Mw of 41541g/mol and the Mn of 26099 g/mol PLA-PPEGMA
copolymer was obtained (Figure 1B). This block copolymer indicated a relatively broad PDI
(Mw/Mn) of 1.59.

Figure 1: PLA-PPEGMA characterization. A) 1H NMR Spectra and B) GPC curve of the obtained PLAPPEGMA block copolymer.

3.2 Encapsulation efficiency and drug loading capacity of rutin-loaded PLAPPEGMA particles
The encapsulation of 0.5 mg, 0.75 mg, and 1 mg rutin amount under 2 different water volumes,
5 and 10 mL, have been investigated. The PLA-PPEGMA used to encapsulate the rutin was
fixed at 10 mg and the polymer dropping rate was fixed at 300 μl/min. To investigate the
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encapsulation efficiency and drug loading capacity, the absorbance of the standards and
supernatants were analyzed by the UV-spectrophotometric method at 360 nm. The
concentration and amount of rutin in the supernatant after encapsulation were calculated from
the standard curve.
From Table 2, the encapsulation efficiency of 0.5 mg, 0.75 mg and 1 mg rutin under 5 mL water
volume were 35.04 ± 3.52%, 26.35 ± 5.50% and 22.16 ± 0.77% respectively. The encapsulation
efficiencies tend to decrease according to the increase in rutin amount. The reason is due to the
limitation of 10 mg PLA-PPEGMA encapsulation ability. Furthermore, the drug loading
capacity in this case were 1.75 ± 0.176%, 1.97 ± 0.412% and 2.21 ± 0.077% subsequently.
In the aspect of rutin encapsulation by PLA-PPEGMA under 10 mL water volume, the
operation was done similarly to the previous protocol. The encapsulation efficiencies of this
condition under the same variation of rutin amounts were 26.16 ± 1.45%, 18.04 ± 0.86%, and
10.43 ± 0.75% accordingly. Similar to the earlier condition, the trend of encapsulation
efficiency was inversely proportional to the rutin amount. Additionally, the drug loading
capacity of 0.5 mg, 0.75 mg and 1 mg rutin amount were 1.31 ± 0.072%, 1.35 ± 0.065%, and
1.04 ± 0.075% respectively. According to table 2, the encapsulation efficiency and drug loading
capacity of rutin encapsulation protocol under 5 mL water were more than that of 10 mL water
in all cases.
Compared to the previous work, which tried to encapsulate the hydrophobic drug using PLGAPEG by precipitation technique, the encapsulation efficiencies of our work are significantly
higher (Xu et al., 2019). Thus, this result ensured the ability of rutin encapsulation by PLAPPEGMA under the solvent switch method. However, compared to the work of Kizilbey et al.,
that encapsulated rutin using oil in water single emulsion solvent evaporation method, the
encapsulation efficiency under the same polymer to drug proportion of our work is still lower
(Kizilbey, 2019). However, we can still improve the encapsulation efficiency by simply
reducing the flow rate of dropping polymer as previously reported (Fund et al., 2018; Motlekar,
2009).
In summary, for all rutin amounts, the encapsulation efficiency and drug loading capacity are
higher in the experiment with 5 mL water volume. Since there is no significant difference in
drug loading capacity, the best encapsulation case belongs to 0.5 mg rutin encapsulated by 10
mg PLA-PPEGMA under 5 mL water volume with the highest encapsulation efficiency of
35.04 ± 3.52%.
Table 2: Effects of parameters on encapsulation efficiency and drug loading capacity.
Condition
Polymer (mg)
Water (mL)
Rutin (mg)
Encapsulation
Efficiency (%)
1
10
5
0.5
35.04 ± 3.52

Drug loading
capacity (%)
1.75 ± 0.176

2

10

5

0.75

26.35 ±5.50

1.97 ± 0.412

3

10

5

1.0

22.16 ± 0.77

2.21 ± 0.077

4

10

10

0.5

26.16 ± 1.45

1.31 ± 0.072

5

10

10

0.75

18.04 ± 0.86

1.35 ± 0.065

6

10

10

1.0

10.43 ± 0.75

1.04 ± 0.075
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To improve the encapsulation efficiency and drug loading capacity, different polymer dropping
rate including 100, 200, and 300 μl/min were tried. Higher encapsulation efficiency and drug
loading capacity were observed when the polymer dropping rate decreased. The encapsulation
efficiency of 100, 200 and 300 μl/min dropping rates were 65.32 ± 11.69%, 48.14 ± 1.82% and
35.04 ± 3.53% respectively (Figure 2A). A significant difference was detected between 100 and
300 μl/min conditions (p<0.01). The results for drug loading capacity also showed a similar
trend. The lowest drug loading capacity was observed in 300 μl/min condition while increasing
percentages were detected on 100 and 200 μl/min conditions with the value of 3.27 ± 0.58%
and 2.41 ± 0.09% respectively (Figure 2B). A significant difference was also detected between
100 and 300 μl/min conditions (p<0.01). So, to achieve the highest rutin encapsulation
efficiency, a slow polymer dropping rate is needed.

Figure 2: Effects of different polymer dropping rates on A) rutin encapsulation efficiency and B) drug loading
capacity (n=3; mean±SD).

3.3 Visualization and particle size quantification of rutin-loaded PLA-PPEGMA
particles
The morphology of PLA-PPEGMA particles was characterized using a scanning electron
microscope (SEM) as shown in Figure 3A. The rutin-encapsulated particles exhibit spherical
shapes with diameters ranged between 0.8 to 5.5 µm (Figure 3B) and mean particle size of 1.90
± 0.71 µm. Particle size was one of the crucial factors for in vivo circulation, internalization by
the cells, and the uptake pathway (Chen et al., 2003). There are multiple pieces of research
indicated that the particles with the size of 50 nm are optimal for effective internalization and
a higher rate of cellular uptake (Geiser et al., 2005; Zhu et al., 2013). Furthermore, particles in
the size range between 30 – 50 nm can effectively internalize by receptor-mediated endocytosis
(Wang et al., 2010). So, in future works, the reduction of particle size is required. To achieve
the plan, we can get rid of large particle and particle agglomeration using various separation
techniques such as filtration or centrifugation. Moreover, higher stirring speed during the
encapsulation process may further reduce the particle size (Shi et al., 2012).
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Figure 3: SEM image of A) Rutin-encapsulated PLA-PPEGMA particles and B) histogram of particle size
distribution.

3.4 Determination of in vitro rutin release profile
The drug release behavior of free rutin and rutin-encapsulated particles were observed at
different periods as shown in Figure 4. A rapid release profile was observed on free rutin. After
approximately 45 min all the encapsulated rutin was released. On the other hand, as for rutinencapsulated particles, the slower release profile was observed. The initial release during the
first 45 min was 41.98 ± 17.15% which is more than 2 times slower than the release of free
rutin. The release was continuously increased and reached 87.82 ± 0,95% in 4 hr.
The slower release of the rutin-encapsulated particles may be due to the PLA-PPEGMA
property that sustains the encapsulated drug inside. These results indicated that the use of PLAPPEGMA as a rutin encapsulated substance has the potential to prevent degradation and sustain
the release of the drug. However, compared to the work of Saha and Mishra that encapsulated
rutin using antisolvent precipitation technique, the burst and sustain release period of our
particles is quite short (Saha & Mishra, 2020). Noted that the drug loading capacity is also one
of the significant factors that affect drug release. Higher drug content would result in a low
matrix polymer density, therefore, reducing the diffusional barrier.
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Figure 4: Cumulative drug release of free and particle-encapsulated rutin (n=3; mean±SD)

The kinetic release of rutin from PLA-PPEGMA particles was fitted to different mathematical
models including zero order, first order, second order, Korsmeyer-Peppas, Weibull, and
Hickson-Crowell. According to the results from KinetDS software, as shown in Table 3, the
most appropriate mathematical model for rutin in PLA-PPEGMA release behavior was the
Weibull kinetic model with the R2 of 0.990 and shape parameter (b) of 1.18. According to
Papadopoulou et al., when b is more than 1, the Weibull function indicates a complex release
mechanism. The release rate is governed by the dissolution of PLA-PPEGMA combined with
other release mechanisms (Papadopoulou et al., 2006).
Table 3: Coefficient of determination (R2) for each model.
Encapsulation
Zero
First
Second
order
order
order
Rutin-encapsulated
PLA-PPEGMA
particles

0.8648

0.1657

0.1003

KorsmeyerPeppas

Weibull

Hickson- Crowell

0.9957

0.9990

0.6148

4. Conclusion
A solvent switch method could be used to efficiently encapsulated rutin by self-assembled PLAPPEGMA. By optimizing the encapsulation protocols such as changing the drug/polymer ratio,
the water volume used and the polymer dropping rates, better encapsulation efficiency and drug
loading capacity can be achieved. These protocols are promising techniques for rutin
encapsulation as well as the preparation of drug-encapsulated particles for drug delivery which
could be applied for further biomedical applications. In our cases, the optimal protocol with
optimal encapsulation efficiency was 0.5 mg rutin encapsulated by 10 mg PLA-PPEGMA under
5 mL water volume at 300 μl/min polymer dropping rate. The average particle size obtained
was 1.90 ± 0.71 µm. However, the encapsulation efficiency and drug loading capacity can be
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improved by decreasing the polymer dropping rates. Moreover, the encapsulation of rutin in
self-assembled PLA-PPEGMA particles can prolong the release to more than 4 hr while free
rutin can sustain the release for only 45 min. The release behavior conformed to the complex
release mechanism of the Weibull kinetic model.
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