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Abstract: Mesenchymal stem/stromal cells (MSCs) are a therapeutic target to promote tissue
regeneration, mainly when oxidative stress-mediated damage is involved in disease pathogenesis.
Here, slow-release silk sericin nanoparticles (SNPs) loaded with natural antioxidant polyphenols
were developed to sustain regeneration by tissue-resident MSCs. SNPs were prepared by exploiting a
self-assembly method with poloxamer and were loaded with proanthocyanidins (P), quercetin (Q) or
epigallocatechin gallate (E). SNPs, with a diameter less than 150 nm, were able to encapsulate both
hydrophilic (P and E) and hydrophobic (Q) drugs. A slow and controlled release was obtained from
SNPs for all the actives in PBS, while in EtOH, Q and E showed a burst release but P did not. Kinetic
models revealed lower diffusion of P than other biomolecules, probably due to the higher steric
hindrance of P. The in vitro anti-oxidant, anti-elastase and anti-tyrosinase properties of SNPs were
assessed: loading the P and E into SNPs preserved the in vitro biological activities whereas for Q, the
anti-elastase activity was strongly improved. Moreover, all formulations promoted MSC metabolic
activity over 72 h. Finally, SNPs exhibited a strong ability to protect MSCs from oxidative stress,
which supports their potential use for regenerative purposes mediated by tissue-resident MSCs.

Keywords: silk-sericin nanoparticles; proanthocyanidins; quercetin; epigallocatechin gallate; tissue
regeneration; mesenchymal stem/stromal cells

1. Introduction

The potential use of mesenchymal stem/stromal cells (MSCs) in tissue regeneration is based on their
ability to produce a large variety of bioactive trophic factors that stimulate neighboring parenchymal
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cells to repair damaged tissues [1–3]. Therefore, MSCs are now considered as a therapeutic target to
promote healing in many chronic and acute degenerative diseases, particularly when oxidative stress
damage is involved in the pathogenic mechanisms. In fact, oxidative stress has detrimental effects
on the longevity and metabolic functions of MSCs. It inhibits proliferation, increases senescence and
ageing by down-regulating autophagy [4], and it inhibits MSC immunomodulation [2,5]. Flavonoids,
which have strong antioxidant activity, could effectively protect MSCs from oxidative damage and,
consequently, from senescence and ageing.

In this work, silk sericin nanoparticles (SNPs) were developed to target the delivery of
proanthocyanidins (P), quercetin (Q) and epigallocatechin gallate (E) to MSCs. P, Q and E are flavonoids
that belong to different subclasses. P are condensed tannins, which are abundantly present in flowers,
fruits and seeds of various plants, where they act as a defense mechanism against pathogens and
predators. Q is a flavanol, and it is primarily found in fruits and vegetables, while E is categorized
as catechin and it is abundantly present in tea. Multiple biological effects have been attributed to P,
Q and E, including antioxidant, anti-tyrosinase, anti-elastase, anti-inflammatory, antimicrobial and
anti-cancer properties [6–8]. Notably, the anti-elastase activity of flavonoids may be helpful in slowing
down the degradation of the elastin in tissue, which is generally caused by the excess of protease
activity that follows tissue damage [9].

Silk sericin (SS) is a globular water-soluble protein synthesized in the labial gland of the silkworm
Bombyx mori. SS has a molecular weight higher than 200 kDa and consists mainly of polar amino acids
(78%), in particular serine and aspartic acid, while non-polar amino acids make up 22% of the protein.
However, there are still significant differences in the amino acid composition according to the cocoon
variety [10]. Notably, SS also contains flavonoids and carotenoids as impurities, which are responsible
for its intrinsic antioxidant, anti-tyrosinase and anti-elastase activity [11]. In recent years, SS has been
considered and managed as a waste product from the textile industry. Recently, however, SS biological
properties have been exploited for biomedical and pharmaceutical purposes [12–17].

In the drug delivery field, SS has been employed, among other proteins, in the formulation of
drug delivery systems in the form of both micro [18,19] and nanoparticles [14,20]. Protein-based
nano-systems are being used to improve the cellular uptake and the body’s distribution of the drug, as
well as to replace materials that are not biocompatible or have a negative impact on the environment.
In this context, its excellent biocompatibility, controllable biodegradability, and non-immunogenicity
make SS an ideal candidate for the formulation of drug delivery systems. Also, a recent review
pointed out that thanks to their intrinsic biological activity, silk proteins, including SS, may be able
to improve and support some of the effects of the active principle ingredient [14]. Unfortunately,
nanoparticles based on SS “alone” cannot be obtained, due to its physicochemical instability, which is
a result of its high water-solubility. To overcome this problem, several formulation strategies have
been proposed, including conjugation, cross-linking or blending with other polymers [21–23], protein
functionalization [24] or by employing particular techniques, such as the desolvation method [25] and
electrospraying [26]. It has been previously shown that silk-based nanoparticles are effectively taken
in by MSCs [27,28], however, efforts need to be made to guarantee the slow release of actives after
MSC internalization. Indeed, one of the limitations to date for the use of nanoparticles in therapy is
that in many cases there is a burst release of the drug after administration, which corresponds to the
release of the drug fraction adsorbed on the external surface of the nanoparticle. Therefore, the drug is
released before reaching its pharmacological target, namely, MSCs, which leads to lower activity [29].
In this context, we first developed slow-release SNP formulations that did not have this detrimental
burst release effect; moreover, we investigated the kinetics of drug release to clarify the drug delivery
mechanisms. Then, SNP biological activities were investigated in vitro in terms of its anti-oxidant,
anti-elastase and anti-tyrosinase activity. Finally, in vitro studies were performed on tissue-resident
MSCs that mediate regeneration. In particular, the potency of SNPs was assessed with respect to
metabolic activity improvement and protection against oxidative stress damage.
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2. Materials and Methods

2.1. Materials

Dimethyl sulfoxide (DMSO), ethanol (EtOH), hydrochloric acid (HCl) and hydrogen peroxide
(H2O2) were purchased from Carlo Erba, Milan, Italy. Pluronic F-127 (Lutrol® F127) was purchased from
BASF, Ludwigshafen, Germany. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
arbutin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), E, N-Succinyl-Ala-Ala-Ala-p-Nitroanilide, pancreatic
porcine elastase (PPE), polysorbate 20, Tris(hydroxymethyl)aminomethane (TRIS), tyrosinase, and Q
were purchased from Sigma Aldrich, Milan, Italy. P was purchased from Indena, Milan, Italy.

2.2. Nanoparticle Preparation and Characterization

2.2.1. Silk Sericin Extraction

Bombyx mori poly-hybrid cocoons were cut into pieces and degummed in an autoclave (Systec
V-65, Wurttemberg, Germany) at 120 ◦C for 1 h (40 mL water/g of cocoons) [11]. The obtained SS
solution was filtered using 70 µm cell strainers (Thermo Fisher Scientific, Milan, Italy) to eliminate
larger impurities, frozen at −80 ◦C and freeze-dried (Modulyo® Edwards Freeze dryer, Kingston, New
York, NY, USA) at 8 × 10−1 mbar and −50 ◦C for 72 h. Finally, SS powder was stored at −20 ◦C until use.

2.2.2. Nanoparticle Preparation

SNPs were prepared according to previously reported procedures with modifications [21]. Briefly,
freeze-dried SS powder and Pluronic® F-127 were dissolved in DMSO at a final concentrations of 0.5
and 2.5% (w/v), respectively. The active ingredient was added to the solution at a final concentration of
0.1% (w/v) and maintained under magnetic stirring at 37 ◦C until complete dissolution. Subsequently,
the resultant solution mixture was added dropwise to deionized water under stirring, allowing the
formation of SNPs by self-assembly. The obtained nanoparticle suspension was then dialyzed against
deionized water using cellulose dialysis tubes (12–14 kDa, Thermo Fisher Scientific, Milan, Italy)
for 72 h, sonicated for 1 h and centrifuged at 3000× g for 5 min (Thermo Scientific SL8 Centrifuge,
Milan, Italy) to precipitate aggregates. The supernatant fraction was collected, frozen at −80 ◦C, and
freeze-dried (Modulyo® Edwards Freeze dryer, Kingston, New York, NY, USA) at 8 × 10−1 mbar and
−50 ◦C for 72 h, and stored at room temperature until use. Overall, four formulations were considered,
as reported in Table 1.

Table 1. Formulations considered for the study.

Formulation Active Ingredient Theoretical Drug Loading (%, w/w)

SNP / /
SNP-P Proanthocyanidins (P) 3.2
SNP-Q Quercetin (Q) 3.2
SNP-E Epigallocatechin gallate (E) 3.2

2.2.3. Drug Loading, Production Yield and Encapsulation Efficiency Evaluation

SNP drug loading was evaluated by a spectrophotometer method (UV/VIS Spectrometer Lambda20,
PerkinElmer, Wellesley, MA, USA) at 279, 275 and 373 nm for P, E and Q, respectively. Briefly, SNP-P
and SNP-E were dissolved in deionized water plus HCl (0.1%, v/v) (1 and 2 mg/mL, respectively) while
SNP-Q was dissolved in ethanol 96% (v/v) at the final concentration of 1 mg/mL, and maintained at
mild magnetic stirring in the dark. The drug content was measured from standard calibration curves
obtained by analyzing a concentration range of 10–80 µg/mL, R2 = 0.99 for P; 0.5–20 µg/mL for Q,
R2 = 0.98; 5–50 µg/mL for E, R2 = 0.99. EtOH or water was considered as blank. The drug loading
(% w/w) of each formulation was calculated from the ratio between the total drug content (extrapolated
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from the calibration curve) and the concentration of analyzed SNPs. Each measurement was performed
in triplicate.

SNP production yield was calculated according to Equation (1) as follows:

Y (%) = (total weight of nanoparticles)/(weight of sericin + weight of drug + weight
of poloxamer) × 100

(1)

Encapsulation efficiency (EE%) was determined as the percentage ratio between the actual
entrapped drug and the drug dissolved in the DMSO solution during SNP preparation.

2.2.4. Nanoparticle Size Distribution

SNP size distribution was analyzed by nanoparticle tracking analysis (NTA) using NanoSight
NS300 equipment (Malvern Panalytical, Grovewood Rd, WR14 1XZ, Great Malvern, Worcestershire,
UK). SNPs were dispersed in water, vortexed, and sonicated for 5 min before carrying out NTA analyses.
For each batch, five measurements of 90 s each were performed.

2.2.5. Morphological Evaluation by Scanning Electron Microscopy (SEM)

SNP morphology was evaluated by SEM (MIRA3, Tescan, Brno, Czech Republic). Freeze-dried
SNPs were carbon-sputter coated under argon before performing the morphological evaluation.

2.2.6. Physical-Chemical Characterization

Thermal analysis, supported by Fourier-transform infrared spectroscopy (FT-IR), was used to
characterize polymer, SS and drug bulks, as well as unloaded and drug-loaded SNPs. Temperature
and enthalpy values were measured by differential scanning calorimetry (DSC) by a Mettler STARe

system (Mettler Toledo, Novate Milanese, Milan, Italy) equipped with a DSC821e module and an
intracooler device for sub-ambient temperature analysis (Julabo FT 900). Samples in the range 1–3 mg
were weighed (Mettler M3 Microbalance) and placed in sealed aluminum pans with pierced lids
(β = 10 K min−1, nitrogen atmosphere (flow rate 50 mL min−1), −10/400 ◦C temperature range).
The instrument was preventively calibrated with indium as a standard reference. Measurements were
carried out at least in triplicate.

A Mettler STARe thermogravimetric analysis (TGA) system (Mettler Toledo, Novate Milanese,
Milan, Italy) with simultaneous DSC (TGA/DSC1) was used to measure mass losses upon heating
2–3 mg samples in alumina crucibles with lids (β = 10 K min−1, nitrogen atmosphere (flow rate
50 mL min−1), 30/400 ◦C temperature range). Calibration procedure and triplicate measurements were
applied, as for DSC above.

Mid-IR (650–4000 cm−1) spectra were recorded on powder samples using a Spectrum One FT-IR
spectrophotometer (Perkin-Elmer, Wellesley, Minneapolis, MN, USA) equipped with a MIRacle™ ATR
device (Pike Technologies, Madison, WI, USA) (resolution 4 cm−1).

2.2.7. In Vitro Drug Release Test

The drug release from SNPs was evaluated by the dialysis technique according to the previously
reported procedure in [30], with slight modifications. Experiments were repeated considering two
different dissolution media: (i) EtOH/water in a 50/50 ratio for all the actives (P, Q and E) or (ii) PBS
for P and E, and PBS + polysorbate 20 (6% w/w) for Q. Briefly, for each batch 200 mg of SNPs were
suspended in 5 mL of dissolution media and put into a dialysis membrane (3.5 kDa MWCO, Thermo
Fisher Scientific, Milan, Italy). Each dialysis tube was incubated in 50 mL of dissolution media and
maintained under mild magnetic stirring at 37 ◦C. At each considered time point, an aliquot of release
medium was collected and replaced with fresh medium to maintain sink conditions. The amount of
released drug was determined by a spectrophotometric method (UV/VIS Spectrometer Lambda20,
PerkinElmer, Wellesley, MA, USA) analyzing the release media at 279, 275 and 373 nm for P, E and Q,
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respectively. The drug concentration was extrapolated from a calibration curve previously prepared
(P 5–80 µg/mL, R2 = 0.99; Q 0.5–15 µg/mL, R2 = 0.99; E 5–30 µg/mL, R2 = 0.98). Each experiment was
performed in triplicate. The cumulative amount of released drug was calculated as a percentage using
the following Equation (2):

Cumulative amount of drug released (%) = Ci/C0 × 100 (2)

where Ci is the amount of the drug released at a definite time interval and C0 is the loaded drug amount.

2.2.8. Drug Release Kinetic Study

The in vitro drug release data was interpolated using different kinetic models, as reported below.
Higuchi

F(t) = k × t0.5 (3)

F(t) = 100 × (1 − C × exp(−k×t)) (4)

where F(t) is the amount of drug dissolved at time t and k is the release constant. Equation (4) was
reproduced from (Equation (2.12) from [31]).

Peppas–Sahlin
F(t) = k1 × tm + k2 × t(2×m) (5)

where F(t) is the amount of drug dissolved at time t, k1 is the diffusion constant, k2 is the erosion
constant and m is the diffusional exponent, indicative of the drug release mechanism.

Ritger–Peppas
F(t) = k × tn (6)

where F(t) is the amount of drug dissolved at time t, k is the release constant, and n is the release
exponent, indicative of the drug release mechanism.

Zero-order
F(t) = k × t (7)

where F(t) is the amount of drug released in time t, and k is the release constant.
Korsmeyer–Peppas

F(t) = kKP × tn
× Q0 (8)

where F(t) is the amount of drug released at time t, kKP is the release constant, n is the release exponent,
indicative of the drug release mechanism, and Q0 is the initial amount of drug.

2.3. In Vitro Biological Activity

2.3.1. ROS-Scavenging Activity

The ROS-scavenging activity of SNPs was evaluated by the DPPH colorimetric assay as previously
reported [13,18,32,33] with slight modifications. Briefly, each SNP formulation was tested considering
different final concentrations in the final reaction mix (15, 10, 5 and 2.5 mg/mL) and their free drug
equivalent concentration calculated from the loading data. SNPs were left 24 h under magnetic
stirring at room temperature to allow the release of actives. Either 120 µL of SNP or free drug samples
were added to 1080 µL of a DPPH solution (0.0056% w/v in methanol 70% v/v). The reaction mix
was incubated in the dark at room temperature, centrifuged at 3000× g for 5 min and subjected to
spectrophotometric analysis (Synergy HT, BioTek, Swindon, UK) at 515 nm. A reaction mix without
sample was used as a negative control. ROS-scavenging activity percentage was calculated according
to the following formula:

ROS-scavenging activity (%) = [(Actr − Asamp)/Actr] × 100 (9)
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where Actr is the absorbance of the negative control and Asamp is the absorbance of the sample. Each
experiment was performed in triplicate.

2.3.2. Anti-Elastase Activity

The anti-elastase activity was investigated for each SNP formulation considering different final
concentrations in the final reaction mix (15, 10, 5 and 2.5 mg/mL) and their free drug equivalent
concentration calculated from the loading data. SNPs were left for 24 h under magnetic stirring at
room temperature to allow the release of actives. Then, the procedure reported by Bari and colleagues
was employed [34]. Briefly, PPE was solubilized in phosphate buffer pH 6.8 (0.5 IU/mL). The substrate
N-Succinyl-Ala-Ala-Ala-p-Nitroanilide was diluted in TRIS buffer to obtain a final concentration of
0.41 mM. Each sample was incubated for 20 min with the enzyme, and subsequently, the substrate
was added. The kinetic reaction was monitored by spectrophotometric analysis (Synergy HT, BioTek,
Swindon, UK) at 410 nm for 35 min (one measurement each minute). The reaction mix in the absence
of sample was used as a negative control, while E was considered as a positive control (concentration
tested: 7.2 mg/mL). All analyses were performed in triplicate, and the results are reported as the
anti-elastase activity percentage, calculated using the following equation:

Anti-elastase activity (%) = [(Actr − Asamp)/Actr] × 100 (10)

where Actr is the absorbance of the negative control and Asamp is the absorbance of the sample.

2.3.3. Anti-Tyrosinase Activity

The anti-tyrosinase activity of SNPs was evaluated by spectrophotometric analysis of the kinetic
reaction between the enzyme tyrosinase and L-tyrosine substrate. For each SNP formulation, the
anti-tyrosinase activity was tested considering different final concentrations in the final reaction mix
(15, 10, 5 and 2.5 mg/mL) and their free drug equivalent concentration calculated from the loading data.
SNPs were left for 24 h under magnetic stirring at room temperature to allow the release of actives.
The enzyme tyrosinase was solubilized in phosphate buffer pH 6.8 to obtain a final concentration of
500 IU/mL. The tyrosinase solution was pre-incubated for 10 min with each sample and, consequently, the
L-tyrosine substrate was added to the reaction mix. The enzymatic reaction was spectrophotometrically
analyzed (Synergy HT, BioTek, Swindon, UK) at 480 nm for 35 min (one measurement each minute).
The reaction mix without sample was used as a negative control, while arbutin was considered as a
positive control (concentration tested: 2.5 mg/mL). All analyses were conducted in triplicate, and the
results are reported as anti-tyrosinase activity percentage, calculated using the formula:

Anti-tyrosinase activity (%) = [(Actr − Asamp)/Actr] × 100 (11)

where Actr is the absorbance of the negative control and Asamp is the absorbance of the sample.

2.3.4. Cell Metabolic Activity Evaluation

The cytocompatibility and proliferation ability of SNP formulations were evaluated on human
adipose mesenchymal stem cells (MSCs). MSCs were isolated from adipose tissue samples, as reported
in the Supplementary Materials. MSCs fulfilled adherence to the International Society for Cellular
Therapy criteria [35]. MSCs were seeded in a 96-well plate (5000 cells/cm2) and cultured with DMEM/F12
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin,
0.25 µg/mL amphotericin, 4 mM glutamine, 1 mM sodium pyruvate. After 24 h, the supernatants
were replaced with 100 µL of culture medium (not supplemented with FBS) containing SNPs at the
final concentrations of 0.8, 0.4, and 0.2 mg/mL, or their free drug equivalent concentrations calculated
from the loading data. SNPs were left for 24 h under magnetic stirring at room temperature to allow
the release of actives. After 24, 48 and 72 h of incubation, supernatants were discarded, cells were
then washed with PBS, and 100 µL of MTT solution (0.5 mg/mL) was added to each well. After three
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hours of incubation, the MTT solution was removed, and 100 µL of DMSO was added. Untreated
cells were considered as control (100% of metabolic activity). The absorbance was measured by a
microplate reader (Synergy HT, BioTek, Swindon, UK) at 570 nm and 670 nm (reference wavelength).
Each condition was tested in triplicate, and the percentage of cell metabolic activity was calculated
as follows:

Cell metabolic activity (%) = 100 × (Abssample/Absctr) (12)

where Abssample is the mean value of the measured absorbance of the tested samples, and Absctr is the
mean value of the measured absorbance of cells not incubated with SNPs or free drug. All experiments
were performed in triplicate.

2.3.5. Oxidative Stress Protection Test

SNPs have been tested in terms of cell protection from the oxidative stress damage. MSCs were
seeded in 96-well plate (5000 cells/cm2) and treated with 100 µL of culture medium containing SNPs at
the final concentrations of 0.8, 0.4 and 0.2 mg/mL or their free drug equivalent concentration calculated
from the loading data. SNPs were left 24 h under magnetic stirring at room temperature to allow the
release of actives. After 24 h, the media was discarded, and 100 µL of hydrogen peroxide (1.5 mM)
solution were added to each well. Cells not incubated with H2O2 were considered as control. After
24 h, for the cells incubated with or without H2O2, an MTT test was performed to evaluate the cellular
metabolic activity, calculated as previously reported in Section 2.3.4. All experiments were performed
in triplicate.

2.4. Statistical Analysis

Raw data were processed by STATGRAPHICS XVII (Statpoint Technologies, Inc., Warrenton, VA,
USA). For data with a normal distribution, a linear generalized analysis of variance model (ANOVA) was
used and combined with Fisher’s least significant difference (LSD) procedure to evaluate the differences
between the groups. In detail, drug loading results were analyzed considering the batch as a fixed
factor and the drug loading as the response variable. NTA analysis results were analyzed considering
the formulation as a fixed factor and mean diameter, mode, d10, d50 and d90 as the response variables.
Release data were processed considering the amount of active released as the response variable and the
formulation and times as the fixed factors. Cumulative drug release data was interpolated and curve
kinetic parameters for each model were determined using Graph-Pad Prism software version 8.0.1
(GraphPad Software 2365 Northside Dr. Suite 560 San Diego, CA 92108, USA). The ROS-scavenging
data were elaborated considering the sample as a fixed factor, the concentration as a covariate and
the ROS-scavenging activity (%) as the response variable. Anti-elastase and anti-tyrosinase raw data
were elaborated considering the sample and time as fixed factors, the concentration as a covariate
and the activity % as response variables. The enzymatic kinetics of anti-tyrosinase and anti-elastase
activity were elaborated with Michaelis-Menten model kinetics y = (Vmax × x)/(Km + x), where y is
the absorbance at time x, Km is the moment in which the activity is equal to half the maximum and
Vmax is the maximum speed of the enzyme [11]. Graph-Pad Prism software version 8.0.1 (GraphPad
Software 2365 Northside Dr. Suite 560 San Diego, CA 92108, USA) was used to calculate the curve
parameters. For each curve, Vmax and Km were analyzed with an ANCOVA model, considering the
sample as a fixed factor and the sample concentration as a covariate. The differences between the
groups were analyzed with the LSD test for multiple comparisons. Proliferation data were analyzed
considering the sample concentration and time as fixed factors, the concentration as a covariate and the
cell metabolic activity (%) as the response variable. Oxidative stress data were elaborated considering
H2O2 concentrations (0 or 1.5 mM) and the sample as fixed factors, the sample concentrations as
a covariate and the cell metabolic activity (%) as the response variable. For all the analyses, the
statistical significance was set up at p < 0.05. Unless otherwise specified, data are expressed as mean ±
standard deviation.
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3. Results and Discussion

SS is a promising biocompatible and bioactive material and it was selected here for the preparation
of nanoparticles, and to obtain the slow release of naturally-derived biologically active substances.
Specifically, SNPs were prepared by exploiting a self-assembly method with poloxamer; three different
active ingredients were loaded into SNPs: P, Q and E. For each formulation, three different batches
were prepared.

The process yield (%) in the SNP preparations ranged from 60.9 ± 0.46% for SNP-Q to 63.8 ± 4.25%
for SNP-P. These values are compatible with the small batch sizes (about 1.5 g) obtained in our lab-scale
process. The SNPs were able to encapsulate both hydrophilic (P and E) and hydrophobic (Q) drugs
(Table 2). Considering the proposed structure of SNPs (Figure 1A), hydrophobic drugs should reside in
the inner core of the micellar structure, while a hydrophilic drug is expected to reside within the corona,
which is relatively hydrophilic. It can be supposed that the interaction between hydrophilic actives
and the hydrophilic corona is due to the formation of ionic interactions or hydrogen bonds, while
hydrophobic actives are entrapped in the hydrophobic core by hydrophobic effects and Van der Waals
forces [36]. The statistical analysis revealed no significant differences in terms of drug loading and
encapsulation efficiency among different batches of the same active ingredient (p > 0.05), indicating
proper standardization of the final product (see Figure S1 reported in the Supplementary Materials).
However, significant differences were found between the different actives considered (p < 0.001).
In detail, encapsulation efficiency (EE) values were higher for the hydrophilic drugs P and E than for
the hydrophobic Q (Table 2). As previously reported [37,38], drug-core compatibility is one of the
most critical factors that may influence the loading efficiency of SNPs. Sunoqrot and colleagues [39]
reported that, according to the Flory–Huggins interaction parameter, ideally, the highest drug-core
compatibility is achieved when the water solubility values of the drug and hydrophobic core are equal.
In our case, the different solubility of poloxamer and Q (50 mg/mL vs. 2 mg/mL in water at 25 ◦C) may
have affected the drug loading and explain the low encapsulation efficiency.

Table 2. SNP formulations and composition details. The process yield (%), drug loading (%) and
encapsulation efficiency (%) are reported as mean values ± standard deviation, n = 3, of at least three
independent experiments for each batch. Different letters (a, b, c) among the same column correspond
to significant differences between groups (p < 0.05), while the same letter indicates no significant
differences (p < 0.05).

Nanoparticle Formulation Process Yield (%) Drug Loading (% w/w) Encapsulation Efficiency (%)

SNP 62.6 ± 5.68 a - -
SNP-P 63.8 ± 4.25 a 2.6 ± 0.37 a 82.2 ± 11.58 a

SNP-Q 60.9 ± 0.46 a 0.7 ± 0.21 b 20.5 ± 6.59 b

SNP-E 63.7 ± 1.79 a 1.3 ± 0.17 c 41.5 ± 5.25 c

All nanoparticles were nanometric in size. SNP-E showed a higher average diameter
(201.4 ± 15.15 nm) compared to SNP-P (141.2 ± 15.15 nm) and SNP-Q (137.4 ± 12.37 nm) (mean
value ± SE, n = 5). Statistical analysis revealed that the encapsulation of active substances did not
significantly influence the particle size and size distribution (p > 0.05). These results were confirmed
by SEM morphological investigation: all SNP formulations showed a nanometric size and spherical
shape with a smooth surface (Figure 1B–E).
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Figure 1. (A) Proposed structure for silk sericin nanoparticles (SNPs). SEM images and particle size 
distribution of SNP-P (B), SNP-Q (C), SNP-E (D) and SNP (E). Scale bar 1 μm. Nanoparticle tracking 
analysis (NTA) results are reported as mean, mode, d10, d50 and d90 values, all of them ± standard 
error, n = 5. Statistical analysis revealed no significant differences in particle size and particle size 
distribution among the different formulations (p > 0.05). 
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Figure 1. (A) Proposed structure for silk sericin nanoparticles (SNPs). SEM images and particle size
distribution of SNP-P (B), SNP-Q (C), SNP-E (D) and SNP (E). Scale bar 1 µm. Nanoparticle tracking
analysis (NTA) results are reported as mean, mode, d10, d50 and d90 values, all of them ± standard
error, n = 5. Statistical analysis revealed no significant differences in particle size and particle size
distribution among the different formulations (p > 0.05).

Thermal analysis, supported by FT-IR spectroscopy, was used to characterize polymer, SS and
free drugs, as well as unloaded and drug-loaded SNPs. In Figure 2, for example, the thermal profiles
of SNP-Q are reported. The DSC profile of Lutrol® F127 (curve a) shows an endothermic effect at
Tpeak = 58.1 ± 0.8 ◦C (Tonset = 55.2 ± 0.4 ◦C, ∆Hm = 110 ± 1 J g−1) due to melting, followed by an
exothermic effect peaking at about 155 ◦C due to the melt decomposition [40]. Q is a crystalline
compound showing a DSC thermal profile with an initial broad effect at about 118 ◦C due to dehydration
(as confirmed by TGA mass loss of 0.8 ± 0.5%, curve not reported), and a second endothermic effect
at Tpeak = 321.9 ± 0.2 ◦C (Tonset = 319.1 ± 0.5 ◦C, ∆Hm = 168 ± 3 J g−1) corresponding to melting,
followed by exothermic decomposition at about 350 ◦C (curve b). In the trace of loaded SNPs (curve c),
the thermal effect due to the polymer melting is still present with thermal and enthalpic parameters
slightly lower at Tpeak = 55.8 ± 0.6 ◦C (Tonset = 53.5 ± 0.5 ◦C, ∆Hm = 99 ± 2 J g−1) due to the presence of
the other ingredients in the system as impurities. At about 150 ◦C, an effect due to the glassy-rubbery
transition (Tmidpoint = 146 ± 2 ◦C, red circle) attributable to the random coil domains present in the
amorphous region of the SS protein structure and also, the exothermic peak at 200 ± 2 ◦C, which can
be attributed to the transition from the random coil to β-structure of SS, are visible. These effects in
the DSC curve of loaded SNPs confirm the presence of the protein in nanoparticles. No effect due
to the presence of the active is evident, suggesting that probably Q is molecularly dispersed in the
polymer. Also, it is probably not possible to detect the presence of Q in the final system due to the
superimposition of drug melting with the polymer decomposition. The DSC profile of SNP-P is not
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reported because of its flat profile due to the prevalent amorphous nature of the active. In the system
with E, despite its crystalline nature, in the SNP-E it was not possible to detect any endothermic effect
due to drug melting because of the low drug content and its molecular dispersion.
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and SNP-Q (curve c).

In Figure 3, FT-IR spectra of Lutrol® F127, SS as well as unloaded and loaded SNPs are reported.
The spectrum of Lutrol® F127 shows a band at 2882 cm−1 due to C–H stretching vibration and a band
at 1466 cm−1 due to C–H bending vibration. SS exhibited broadband peaked at 3262 cm−1 due to the
stretching of the N–H bond of amides in concomitance with the absorption of the O–H groups, and the
typical bands of C–O stretching at 1643 and N–H bending at 1513 cm−1 of amide I and II, respectively.
In the FT-IR spectrum of unloaded SNPs, these bands are still visible, confirming the presence of the
protein in the polymer system, but shifted to higher wavenumbers, 1648 and 1530 cm−1, respectively,
as a consequence of silk-sericin poloxamer nanoparticles formulation causing SS transition into the
β-sheet structure, as also highlighted by the thermal data. This spectrum is superimposable to that of
the loaded SNPs. The characteristic signals of Q (not reported in the figure) in the region between
1700–1100 cm−1 were masked in the recorded spectrum of SNP-Q by the intense signals of SS. The same
results are recorded also for the SNP-E. Instead, for the SNP-P system, the FT-IR spectrum is not
reported because the amorphous character of the drug causes a broadening of the bands with a final
bad resolution.

Drug release from SNPs was investigated considering two dissolution media, and the data are
reported in Figure 4 as a function of time. For both of the dissolution media, statistical analysis showed
that formulation and time were statistically significant in influencing SNP performance (p < 0.05).
In EtOH, SNP-E and SNP-Q showed a burst release; after 8 h, up to 36% and 25% of the whole
loaded drug was released, respectively. At the same time, SNP-P released only 5% of the whole drug
(Figure 4A). A plateau, corresponding to about 60%, 50% and 25% of the whole drug released, was
observed after 48 h for SNP-E, SNP-Q and SNP-P, respectively. In PBS (or PBS + polysorbate 20 for
Q), all the actives were released in a controlled manner. The hydrophilic actives were more easily
released; after 48 h, the time at which a plateau was reached, SNP-P and SNP-E released 50% of the
whole loaded drug, while SNP-Q released only 20% (Figure 4B). At the end of the drug release tests,
the amount of actives not released from SNPs (or that remained in the membranes) was determined.
The results confirmed the mass balance (Supplementary Materials).
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percentage (mean values ± standard deviation, n = 9) of at least three independent experiments for
each batch.

Release profiles suggest a destructuration of the micellar structure of SNPs in EtOH, leading to an
increased liberation rate of E and Q compared to what happens in PBS. On the other hand, the release
of P is slower in EtOH compared to PBS. The chemical structures of actives, as well as the different
solubility of SS in the release media, explain these different release profiles. Firstly, SS is less soluble in
EtOH 50% v/v than in water, due to the lower polarity of the solvent. Also, P has complex chemical
structure, in which catechins or flavanols are linked together by C–C bridges forming oligomers (from
dimers to pentamers) or polymers (up to 60 units). P is bulkier than E and Q and it spreads slowly
through SS (which in EtOH is less soluble). E and Q which have a lower molecular weight and steric
hindrance than P, are released much faster. Moreover, it has to be considered that hydrophilic actives E
and P reside in the hydrophilic external structure of SNPs (Figure 1A), and because they have a shorter
path to follow, they are released more quickly. Q instead, being lipophilic, resides in the internal
lipophilic core (Figure 1A) and has to spread through the hydrophilic layer made of SS and poloxamer.
This latter aspect also explains the lower release of Q in PBS medium. Finally, the slow second-phase or
lag-phase (observed for P and E in PBS) suggests a densely packed system with low porosity, and this
effect could also be the result of pore closure, sericin–pluronic interactions, or drug sericin–pluronic
drug interactions.

Drug release data were further processed by elaborating the kinetic model of the release systems.
The goal of modeling the release process is to gain a deeper understanding of the release mechanisms



Pharmaceutics 2020, 12, 381 13 of 24

of a specific material. Release models describe the release of the encapsulated molecules as a function
of time and provide information about the exact mass transport mechanisms involved in the drug
release. Higuchi, Peppas–Sahlin, Ritger–Peppas and zero-order are among the most employed models.
Table 3 lists the results of in vitro release model fitting for SNP-P, SNP-Q and SNP-E. Different release
behaviors were observed in the different dissolution media. Drug release from SNPs in PBS followed
the Peppas–Shalin model, where both the Fickian contribution (first term of the equation) and the
case-II relaxation contribution (second term of the equation) are considered [41]. Specifically, k1 is
the constant related to the Fickian kinetics (diffusion constant); k2 is the constant related to case-II
relaxation kinetics (erosion constant) and m is the diffusional exponent. As k2 > k1, and the k1 value
is negative, it is indicative that case-II relaxation is predominant in the diffusion phenomenon in the
release of the active substances from SNPs. This was also confirmed by the Ritger–Peppas model, for
which proper fittings were calculated (R2 = 0.89 for P, 0.88 for E and 0.84 for Q): the n exponent was
between 0.43 and 0.85, thus confirming the non-Fickian behavior. In EtOH, E and Q were released from
SNPs in an almost-Fickian mode, while P was released by a Fickian diffusion. Indeed, according to
Ritger–Peppas and Korsmeyer–Peppas models, n values for E and Q were 0.3654 and 0.417, respectively,
while for P, the n value was 0.522. According to both equation models, n values lower than 0.5 are
indicative of almost-Fickian diffusion, while an n value equal to 0.5 is indicative of pure Fickian
diffusion. This behavior was also confirmed by the good fitting revealed for the Higuchi models,
which describe the drug release as a diffusion process based on the Fick’s law, which is square root
time dependent. Of note, k values were higher for E and Q with respect to P, thus confirming what
was previously supposed regarding the lower diffusibility of P due to the higher steric hindrance of
the molecule.

Table 3. Results of in vitro release model fitting for SNP-P, SNP-Q and SNP-E. Kinetic elaborations
were performed on release data obtained from at least three independent experiments for each batch.
~ indicates that the analysis performed was “ambiguous”; therefore, the fit does not nail down the
values of all the parameters, and 95% confidence bounds cannot be reported. These latter data were not
considered in the interpretation of results.

Model Equation Sample Dissolution
Medium

Coefficients (95%
Confidence

Bounds)

Sum of
Squares R2

Degrees
of

Freedom
SE

Higuchi F(t) = k × t0.5

SNP-E
PBS k = 5.516

(5.261, 5.771) 11,734 0.8421 161 0.1290

EtOH k = 9.265
(8.821, 9.709) 3787 0.9051 53 0.2213

SNP-Q PBS k = 2.319
(2.137, 2.501) 635.8 0.8396 53 0.09066

EtOH k = 6.895
(6.620, 7.170) 13,653 0.8378 161 0.1392

SNP-P
PBS k = 5.801

(5.564, 6.039) 10,214 0.8694 161 0.1204

EtOH k = 2.432
(2.285, 2.579) 416.5 0.868 53 0.07338
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Table 3. Cont.

Model Equation Sample Dissolution
Medium

Coefficients (95%
Confidence

Bounds)

Sum of
Squares R2

Degrees
of

Freedom
SE

Higuchi
(eq 2.12

from [31])

F(t) = 100 × (1 − C
× exp(−k×t))

SNP-E
PBS

C = 0.9979
(0.9819, 1.014)
k = 0.009999

(0.009381, 0.01063)

7962 0.8928 160 C 0.008122
k 0.0003151

EtOH

C = 0.8826
(0.8430, 0.9226)

k = 0.02064
(0.01780, 0.02389)

4440 0.8888 52 C 0.01936
k 0.00136

SNP-Q PBS

C = 0.9837
(0.9687, 0.9987)

k = 0.003084
(0.002645,
0.003528)

786.6 0.8016 52 C 0.007455
k 0.0002181

EtOH

C = 0.9222
(0.8972, 0.9472)

k = 0.0118
(0.01064, 0.01300)

18,407 0.7813 160 C 0.01246
k 0.0005668

SNP-P
PBS

C = 0.9947
(0.9785, 1.011)

k = 0.01071
(0.01005, 0.01138)

8025 0.8974 160 C 0.008183
k 0.0003287

EtOH

C = 0.9658
(0.9562, 0.9755)

k = 0.002922
(0.002637,
0.003208)

327.5 0.8962 52 C 0.004806
k 0.0001423

Peppas–
Sahlin

F(t) = k1 × tm + k2
× t(2×m)

SNP-E
PBS

k1 = −3.034
(−8.640, 1.090)

k2 = 3.714
(1.074, 7.992)
m = 0.3323

(0.2638, 0.4380)

8357 0.8875 159
k1 2.849
k2 2.02

m 0.04814

EtOH
k1~
k2~
m~

1090 0.9727 51
k1~
k2~
m~

SNP-Q PBS

k1 = −7.5
(−27.08 to 0.4361)

k2 = 8.15
(−0.06646 to 27.32)

m = 0.1724
(0.08940, 0.3108)

577.1 0.8544 51
k1 6.388
k2 5.974

m 0.05588

EtOH
k1~
k2~
m~

10,742 0.8724 159
k1~
k2~
m~

SNP-P
PBS

k1 = −11.42
(−20.48, −4.672)

k2 = 11.6
(6.151, 19.67)
m = 0.2289

(0.1850, 0.2822)

7805 0.9002 159
k1 4.707
k2 4.058

m 0.02951

EtOH
k1~
k2~
m~

388.6 0.8768 51
k1~
k2~
m~
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Table 3. Cont.

Model Equation Sample Dissolution
Medium

Coefficients (95%
Confidence

Bounds)

Sum of
Squares R2

Degrees
of

Freedom
SE

Ritger–Peppas F(t) = k × tn

SNP-E
PBS

k = 1.783
(1.226, 2.496)

n = 0.7854
(0.7028, 0.8766)

8458 0.8861 160 k 0.3431
n 0.04708

EtOH

k = 15.63
(13.45, 17.91)

n = 0.3654
(0.3300, 0.4039)

2137 0.9465 52 k 1.207
n 0.02005

SNP-Q PBS

k = 1.744
(1.011, 2.692)

n = 0.5727
(0.4632, 0.7069)

616.2 0.8446 52 k 0.4702
n 0.06732

EtOH

k = 9.531
(7.955, 11.21)

n = 0.4169
(0.3751, 0.4626)

12,705 0.849 160 k 0.9111
n 0.0245

SNP-P
PBS

k = 2.983
(2.248, 3.852)

n = 0.6691
(0.6057, 0.7385)

8480 0.8916 160 k 0.4643
n 0.03845

EtOH

k = 2.232
(1.346, 3.297)

n = 0.522
(0.4223, 0.6480)

415.2 0.8684 52 k 0.4251
n 0.04789

Zero order F(t) = k × t

SNP-E
PBS k = 0.7373

(0.7070, 0.7676) 9473 0.8725 161 0.01536

EtOH k = 1.156
(1.027, 1.284) 18,129 0.5458 53 0.06416

SNP-Q PBS k = 0.3012
(0.2718, 0.3306) 948.1 0.7608 53 0.01467

EtOH k = 0.8692
(0.8122, 0.9263) 33,494 0.602 161 0.02889

SNP-P
PBS k = 0.7643

(0.7302, 0.7984) 11,981 0.8468 161 0.01728

EtOH k = 0.3172
(0.2920, 0.3423) 694.3 0.7799 53 0.01256

Korsmeyer–
Peppas

F(t) = kKP × tn
×

Q0

SNP-E
PBS

kKP = 1.783
(1.226, 2.496)

n = 0.7854
(0.7028, 0.8766)

8458 0.8861 160 kKP 0.3431
n 0.04708

EtOH

kKP = 15.63
(13.45, 17.91)

n = 0.3654
(0.3300, 0.4039)

2137 0.9465 52 kKP 1.207
n 0.02005

SNP-Q PBS

kKP = 1.744
(1.011, 2.692)

n = 0.5727
(0.4632, 0.7069)

616.2 0.8446 52 kKP 0.4702
n 0.06732

EtOH

kKP = 9.531
(7.955, 11.21)

n = 0.4169
(0.3751, 0.4626)

12,705 0.849 160 kKP 0.9111
n 0.0245

SNP-P
PBS

kKP = 2.983
(2.248, 3.852)

n = 0.6691
(0.6057, 0.7385)

8480 0.8916 160 kKP 0.4643
n 0.03845

EtOH

kKP = 2.232
(1.346, 3.297)

n = 0.522
(0.4223, 0.6480)

415.2 0.8684 52 kKP 0.4251
n 0.04789
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The ROS-scavenging activity results are reported in Figure 5. The statistical analysis revealed that
ROS-scavenging activity was significantly influenced by the sample (p < 0.001) but not by concentration
(p > 0.05). All the active ingredients (P, Q and E) showed excellent antioxidant properties, with
ROS-scavenging activity % values above 90%, even at the lowest concentration tested. For the unloaded
SNPs, the average ROS-scavenging activity % was 15.60 ± 0.893. The encapsulation of Q and E into
SNPs preserved their antioxidant activity as no significant differences were found between Q and
SNP-Q or between E and SNP-E (p > 0.05). Conversely, for P the encapsulation into SNPs significantly
reduced the ROS-scavenging activity % (p < 0.05). Overall, our data are in accordance with the
literature, where antioxidant properties have been reported for P [42], Q [43], E [44] and sericin [11,18].
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Figure 5. Results of average ROS-scavenging activity (%) as a function of SNP formulations (SNP,
SNP-P, SNP-Q and SNP-E) and the equivalent amount of free actives (P, Q and E). Only data related to
the highest concentration tested are reported (0.8 mg/mL for SNPs and the equivalent amount of free
actives). Multifactor ANOVA, mean values ± LSD, n = 3.

In vitro biological activity of unloaded and loaded SNPs was subsequently assessed in terms of
anti-elastase and anti-tyrosinase activity (Figure 6). Unloaded SNPs showed good intrinsic anti-elastase
activity, which was higher than 70% starting from the 5 mg/mL concentration (Figure 6A–C). Therefore,
the ability of SS to inhibit the elastase enzyme was also preserved when assembling the protein as a
nanoparticle. Conversely, unloaded SNP showed low anti-tyrosinase activity at all of the concentrations
tested (Figure 6D–F), despite the literature reports on the ability of SS to inhibit tyrosinase [11].
In this case, we supposed that the conformational changes in SS proteins, when assembled as a
nanoparticle, hinder the interaction with the enzyme. Good anti-elastase activity was observed at
all the concentrations tested, for both P and E (Figure 6A,C), thus confirming previous reports in
the literature [45–47]. For SNP-P and SNP-E, the anti-elastase activity was lower compared to the
equivalent amount of free drug (Figure 6A,C). A synergic anti-elastase effect was observed only
for SNP-Q; after the encapsulation, the anti-elastase activity % of Q increased from 1.28 ± 0.168%
to 87.7 ± 5.67% (at the highest concentration tested) (Figure 6B). In accordance with the literature,
P and E showed a dose-dependent anti-tyrosinase activity. The anti-tyrosinase activity of both P and
Q decreased after encapsulation into SNPs; only E, when encapsulated into SNPs, retained good
inhibitory properties. The lower activity of loaded SNPs, with respect to the equivalent amount of free
drugs, may be a result of (i) a lower amount of active (P, Q and E) that can interact and inhibit the
enzyme, as it is not entirely released by SNPs after 24 h (see the release profiles reported in Figure 4);
or (ii) the steric hindrance created by SNPs, which could hinder the link or interaction of the free
compound/SS with the enzyme.
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Figure 6. In vitro anti-elastase (A–C) and anti-tyrosinase (D–F) activity of SNP, SNP-P, SNP-Q and
SNP-E, and an equivalent amount of free drug (P, Q and E). Data are reported as mean values ±
standard deviation, n = 3. * p < 0.05.

The enzymatic kinetics of anti-elastase and anti-tyrosinase activity were further elaborated with a
model of Michaelis-Menten kinetics to extrapolate the Vmax and Km values, as reported in Table 4.
For the Vmax of anti-elastase activity, no differences were observed among the samples and the negative
control (p > 0.05), while the Km of unloaded SNPs was significantly higher than the negative control
(p = 0.0107). Regarding the anti-tyrosinase activity, the statistical analysis revealed no differences in
the Km and Vmax of all samples with respect to the negative control (p > 0.05). The calculation of
Vmax and Km values provides more information about the inhibition mechanism. In particular, a
distinction between enzyme inactivators and inhibitors can be made. Enzyme inactivators generally
induce conformational changes, also mediated by the solvent molecules, in the tertiary and quaternary
structure of the enzyme [48]. True inhibitors, instead, act according to a competitive, non-competitive,
and mixed type (competitive/non-competitive) mechanism, modifying the kinetics of the enzyme,
and thus Km and Vmax. According to the literature, flavonoids, such as P and Q, and catechins,
such as E, act as elastase and tyrosinase inactivators by forming hydrophobic interactions with the
enzymes, thus inducing a conformational change, or by chelating metals [45]. The SS mechanism of
action in inhibiting elastase and tyrosinase enzymes has not yet been deeply investigated. It can be
supposed that SS anti-elastase and anti-tyrosinase properties are the result of different mechanisms,
which include the chelation of metals (such as copper and iron), the reducing ability of amino acids
(e.g., serine, threonine, and aromatic amino acids) and the presence of secondary metabolites, such
as flavonoids [49,50]. In this work, for both elastase and tyrosinase, all the samples were shown to
be enzyme inactivators, with the exception of unloaded SNPs which increased Km and left Vmax
unchanged, thus demonstrating they act as competitive inhibitors of elastase, directly binding to the
active site of the enzyme.
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Table 4. Vmax and Km values for each sample analyzed. Multifactor ANOVA, mean values ± standard
error, n = 9. Different letters (a, b, c) indicate significant differences between the means (p < 0.05),
whereas the same letter indicates no significant difference (p > 0.05).

Anti-Elastase Activity Anti-Tyrosinase Activity

Sample Km Vmax Km Vmax

Mean SE Mean SE Mean SE Mean SE

SNP 233.65 a 51.147 a 2.94 a 0.982 66.91 a,b 39.928 2.71 a,b,c 0.940
SNP-P 37.30 b,c 36.166 a,b 1.09 a,b 0.694 78.37 a,b 46.105 4.11 b,c 1.086
SNP-Q 9.74 b,c 36.166 a,b 0.80 a,b 0.694 91.48 a,b 39.928 4.67 c 0.940

SNP-E 109.145
a,b 36.166 a,b 2.00 a,b 0.694 183.37 b 46.105 4.68 b,c 1.086

P 47.16 b,c 36.166 b 0.46 b 0.694 14.47 a 39.928 0.43 a 0.941
Q 10.02 b,c 36.166 a,b 0.78 a,b 0.694 81.79 a,b 46.105 1.55 a,b 1.085
E 41.37 b,c 21.809 b 0.51 b 0.419 226.5 b 79.857 6.69 c 1.881

CTR - 10.50 c 27.339 a,b 1.83 a,b 0.525 42.09 3.018 2.12 a,b 0.711

Figure 7 reports the percentage of MSC cell metabolic activity values after treatment, at the highest
concentration (0.8 mg/mL), with unloaded and loaded SNPs and the equivalent amount of free actives.
No cytotoxic effects were revealed. Statistical analysis revealed that sample concentration was not
significant (p = 0.634); therefore, only the highest concentration tested (0.8 mg/mL) is reported in the
figure. The metabolic activity of the untreated cells (CTR) was not modified over time (p > 0.05).
Instead, after addition of all the samples, a time-dependent increase (p < 0.05) in the cell metabolic
activity % was observed with respect to FBS-free medium (CTR). Statistical analysis revealed no
differences among SNP, SNP-P and P (p > 0.05) at all considered times (Figure 7A). After 72 h, the
cell metabolic activity of MSCs treated with E and unloaded SNPs was higher than SNP-E (p < 0.05).
A significant increase in the cell metabolic activity was observed only for Q, at all the considered times,
when encapsulated into SNPs (p < 0.05). The increased cell metabolic activity after treatment with
SNPs can be related to the well-known mitogen effect of SS [18,51,52]. To the best of our knowledge,
the proliferation ability of P has not been reported on MSCs, however, it has shown good regenerative
properties on other cell lines [53]. Similar to the findings of Kim and colleagues, an inhibition in
cell metabolic activity was observed when treating MSCs with Q [54]. This effect was avoided after
encapsulation into SNPs. Finally, other authors have reported the ability of E in enhancing the cell
proliferation and differentiation of adipose-derived MSCs [55]. Interestingly, the same authors reported
that E enhanced MSC differentiation into endothelial progenitor cells, thus supporting the employment
of such an active for tissue regeneration purposes.
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oxidative stress as the cell metabolic activity % was significantly higher than CTR in their presence 
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manner, while no differences were found between P and SNP (p > 0.05). The same trend was 
observed for SNP-E, which protected cells much more significantly than E and SNP (p < 0.05). 
Instead, for Q, the encapsulation into SNPs did not increase the oxidative stress protection. Overall, 
the cytoprotective properties can be attributed to both SS and the active ingredients, for which the 
antioxidant properties are well-reported in the literature, as reported in the previous sections. 
Overall, the inclusion of the active in SNPs increased the cytoprotective properties, probably as a 
consequence of increased cell uptake, as previously demonstrated [28]. 

Figure 7. Cell metabolic activity % of mesenchymal stem/stromal cells (MSCs) treated with the highest
dosage (0.8 mg/mL) of SNP, SNP-P (A), SNP-Q (B) and SNP-E (C), and the equivalent amount of free
drug (P, Q and E). Untreated cells were considered as CTR (100% of metabolic activity). Multifactor
ANOVA, mean values ± least significant difference (LSD), n = 3.

Figure 8 compares the results of in vitro evaluation of SNP protective effect against oxidative
damage of MSCs. Exposure to H2O2 1.5 mM lowered the cell metabolic activity % significantly
(p < 0.05), thus proving the suitability of the experimental conditions (both H2O2 concentration and
contact time) in inducing oxidative damage. All the samples were shown to protect MSCs from
oxidative stress as the cell metabolic activity % was significantly higher than CTR in their presence
(p < 0.05). SNP-P highly protected MSCs against H2O2 damage (p < 0.05) in a dose-dependent manner,
while no differences were found between P and SNP (p > 0.05). The same trend was observed for
SNP-E, which protected cells much more significantly than E and SNP (p < 0.05). Instead, for Q, the
encapsulation into SNPs did not increase the oxidative stress protection. Overall, the cytoprotective
properties can be attributed to both SS and the active ingredients, for which the antioxidant properties
are well-reported in the literature, as reported in the previous sections. Overall, the inclusion of the
active in SNPs increased the cytoprotective properties, probably as a consequence of increased cell
uptake, as previously demonstrated [28].
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Figure 8. Cytoprotective properties of SNP-P (A), SNP-Q (B), SNP-E (C) compared to unloaded
nanoparticles (SSNP) and the equivalent amount of free drugs on MSCs treated with H2O2 1.5 mM
for 24 h (CTR). Multifactor ANOVA, mean values ± least significant difference (LSD), n = 3. Different
letters (a, b, c) indicate significant differences between the means (p < 0.05), whereas the same letter
indicates no significant difference (p > 0.05).

4. Conclusions

In this paper, SNPs were prepared by exploiting a self-assembly method with poloxamer for
targeting naturally-derived flavonoids (P, Q and E) to MSCs. SNPs had a diameter less than 150 nm,
rounded morphology, and were able to encapsulate both hydrophilic (P and E) and hydrophobic (Q)
drugs, without significantly influencing particle size distribution or morphology. Physical-chemical
characterization revealed that SNP integrity was preserved after drug encapsulation. A slow and
controlled release profile was obtained from SNPs for all the actives in PBS, while in EtOH, a burst
release was revealed for Q and E but not for P. Elaboration of drug release data by kinetic models
revealed that P presents a lower diffusion index with respect to the other biomolecules, which is
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reasonable given their higher steric hindrance. For all the actives, in PBS drug release was mainly
controlled by case-II relaxation, while in EtOH it was controlled by diffusion. All SNPs showed
in vitro anti-oxidant, anti-elastase and anti-tyrosinase properties. The loading of P and E into SNPs
preserved the in vitro biological activity, whereas for Q, the anti-elastase activity was strongly improved.
All formulations promoted the metabolic activity of MSCs over 72 h, and protected cells against
oxidative stress damage. Both findings can be related to the mitogen and antioxidant properties of
both sericin and actives. Overall, the results reported in this paper support the employment of SNPs
for targeting naturally-derived flavonoid to tissue resident MSCs for regenerative purposes.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/1999-4923/
12/4/381/s1. Isolation and expansion of human adipose-derived mesenchymal stromal cells; Experiment to confirm
drug loading and drug release; Figure S1. Drug loading (% w/w) of different batches (1, 2 and 3) for SNPs loaded
with P, Q and E. Multifactor ANOVA, mean values ± least significant difference (LSD), n = 3.
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