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Post-synthesis nanostructuration
of BSA-Capsaicin nanoparticles
generated by sucrose excipient

Ramoén Carriles?, Laura E. Zavala-Garcia?, Sofia Nava-Coronel?, Alejandro Sanchez-Arreguin?,
Mercedes G. Lopez* & Lino Sanchez-Segura?™

In the pharmaceutical industry nano-hydrocolloid systems frequently coalesce or present nanoparticle
aggregation after a long storage periods. Besides, the lyophilization process used to dry nanoparticles
(NPs) produces loss of their original properties after dispersion. In this work we evaluated the effect on
morphology and physicochemical properties of different protective excipients during drying of bovine
serum albumin (BSA) NPs loaded with different concentrations of capsaicin. Capsaicin concentrations
of 0, 812, 1625, 2437, and 3250 pg mL™! were used; subsequently, NPs were dried with deionized
water (DW), NaCl (DN), sucrose (DS), and not dried (ND). We found that ND, DW, and DN treatments
showed a negative effect on the NPs properties; while, DS reduced the aggregation and produced the
formation of isolated nanoparticles at higher concentrations of capsaicin (3250 pg mL™?), improving
their circular shape, morphometrical parameters, and {-potential. The stability of the BSA-capsaicin
NPs was associated to complex capsaicin/amino acid/water, in which GLY/GLN, ALA/HIS, ARG, THR,
TYR, and Iso/CYS amino acids are involved in the restructuration of capsaicin molecules into the
surface of nanoparticles during the drying process. The secondary nanostructuration in the post-
synthesis stage can improve the molecular stability of the particles and the capacity of entrapping
hydrophobic drugs, like capsaicin.

Nanotechnology has been used with great impact in the pharmaceutical industry. The encapsulation of the active
formula into nanocarriers produces an increment of drug bioavailability in the target cells and tissues and reduces
adverse effects'. Among these technologies, special attention has been dedicated to the study of bovine (BSA) and
human (HSA) serum albumins nanoparticle (NP) production. These biopolymers have been used to encapsulate
several drugs; for example salicylic acid, pranoprofen, antineoplastic agents (curcumin, vincristine, vinorelbine
(Navelbine IV) and vinblastine), and chemotherapy drugs such as 5-fluorouracil (5-FU), paclitaxel (Abraxane)*~”.
In agricultural science, albumin has been used to potentiate antimicrobial effects, load extra cellular chitinase,
and to encapsulate hydrophobic secondary metabolites of plants to inhibit phytopathogens growth?®-'°.

The mechanism of albumin transformation into nanoparticles has been greatly studied!!. It has been found
that the main parameters that affect the synthesis are initial protein concentration, temperature, pH, glutaralde-
hyde concentration, agitation speed, rate of addition of crosslink/desolvation agent, and drug load'®>-'*. Only
few studies have focused on the description of post-synthesis stages, i.e. hydrocolloid stability, storage, effect of
the excipient during dried freeze, and changes of physicochemical properties after redispersion.

Nano-hydrocolloidal systems suffer from NP aggregation after long storage periods, limiting their use for
drug delivery"*; shelf life can be improved by removing the water contained in them. Lyophilization is commonly
employed to stabilize different types of NPs"!>!6 however, after lyophilization and dispersion, most nanoparticles
do not maintain their original properties. Anhorn et al.! found that the sucrose excipient at 3% in freeze-drying of
HSA nanoparticles improves long-term storage stability with respect to the particle diameter and polydispersity
after reconstitution; while, Kim et al.? found that the freeze-drying with water maintained a stable aspect of the
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Figure 1. Effect of capsaicin concentration in the quantified BSA in nanoparticles subjected to drying
treatments: not dried (ND), dried with water (DW), dried with sucrose (DS), and dried with NaCl (DN).
All treatments showed a linear tendency for low concentrations. Values are means of three experimental
replicates + standard deviations.

lyophilized cake. Interestingly, both studies theorize about the negative influence of lyophilization in NP stabil-
ity; however, in neither study the morphology or any physicochemical parameters of the NPs were evaluated.

Capsaicin [(E)-N-(4-hydroxy-3-methoxyphenyl)methyl-8-methylnon-6-enamide], the metabolite found
in pungent chili peppers (Capsicum spp.), has been used in novel biotechnological applications entrapped in
BSA nanoparticles'®*!7. Nonetheless, the effects of drying conditions in BSA structured NPs and of different
concentrations of capsaicin in nano-hydrocolloid stabilization have not been studied. In this work, we evalu-
ated the influence of protective excipients during the drying process with deionized water (DW), NaCl (DN),
and sucrose (DS) solutions and not dried (ND) treatment of bovine serum albumin nanoparticles loaded with
different capsaicin concentrations, and the effect in the morphological and physicochemical parameters after
redispersion of the NPs.

Results and discussion

Effect of drying on yield and efficiency of BSA-capsaicin nanoparticles. The ND treatment
showed a positive correlation (R=0.8376) between the transformation of native BSA into nanoparticles and
drug concentration during the coacervation process (Fig. 1, full circles); a similar linear tendency was reported
by Sanchez-Segura et al.'* and Sdnchez-Arreguin et al.' while the nanoparticle yield showed the highest values
at 1625 and 2438 pg mL™" of capsaicin (91.8% and 91.7%, respectively), the yield decreased for 3250 pg mL™!
(Table 1 and red dashed ellipse in Fig. 1). This reduction is due to saturation of the amino acids responsible for
entrapping the capsaicin. This result confirms previous observations that the increment of capsaicin concentra-
tion affects the transformation of native BSA into nanoparticles'’. The interaction of BSA molecules with an
hydrophobic drug, improved the yield of nanoparticles respect to simple nanostructuration of BSA in which the
yield reached between 68 and 70%’. On the other hand, drying treatments with different excipients showed a
slightly higher correlation between BSA transformed into NPs and the increment in the concentration of cap-
saicin. No additional BSA or capsaicin were supplemented during the drying process. The correlation factors for
different treatments were R=0.8786 for DW (Fig. 1, empty squares), R=0.8675 for DN (Fig. 1, empty circles)
and R=0.8858 for DS (Fig. 1, full triangles). On the other hand, the DS treatment showed more affinity of the
BSA to capsaicin molecules at a low concentration of capsaicin (812 and 1625 pug mL™!, see Table 1). The maxi-
mal values in the ratio BSA/capsaicin at higher concentrations (2437 and 3250 pg mL™, see Table 1) were found
in ND and DW, respectively. However, the DS treatment maintains a high molecular affinity (see Table 1). The
yield values for all drying treatments showed a slight decrement as compared to the ND treatment; however, the
DS treatment showed a lower loss of BSA during the drying process. The nanoparticle yield of the DS treatment
showed its highest values, 89.9%+0.1 and 90.2% 0.4, at 1625 and 2438 pg mL™ of capsaicin concentration,
respectively; but at 3250 pug mL™! the yield decreased (Table 1).

The post-nanostructuration effect triggered by the excipients and drying process has not been described yet
for BSA nanoparticles; however, biopolymer reorganization by temperature and chemical stimulus was studied
previously on nanoparticles. Yang et al.® found that nanoparticles formed by blocks of bis(pyrene)-Lys-Leu-Val-
Phe-Phe-Gly-polyethylene glycol (BP-KLVFFG-PEG, BKP) and hydrophilic polyethylene glycol (PEG) showed
a spontaneous reorganization of structure. Probably this change was due to the strong hydrophobic interactions
when the BKP self-assemblies in water. A similar effect was observed by Costa et al.’®; they found that microcap-
sules of Chitosan/ELRs (biomimetic elastin-like recombiner) showed stimuli-responsive effect caused by different
solvent temperatures. The synergy of these stimuli produces significant changes probably as a result of a layer
rearrangement of chitosan that allowed improving the control of the permeability of these multilayer systems.
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BSA nanoparticles yield (%)*

Capsaicin concentration (ug mL™") ND DW DS DN
0 629+1.1 |60.0+0.6 |608+1.2 |60.0+3.0
812 81.7+2.1 |71.7+19 |768%25 |73.0+4.2
1625 91.8+2.0 |82.2+12 |89.9+0.1 |84.4+53
2437 91.7+1.4 |82.0+0.6 |90.2+0.4 |83.7+£3.0
3250 87.3£23 |70.0+£0.6 |829+1.2 |71.3+24
Encapsulated efficiency (%)®
Capsaicin concentration (ngmL™") | ND DwW DS DN
0 00.0+£0.0 | 00.0£0.0 |00.0+£0.0 |00.0%0.0
812 49.0+£0.3 | 44.3+0.3 |49.1£0.8 |46.3+0.3
1625 59.0+2.8 |46.0+0.5 |585+19 |46.3+3.7
2437 75.6+33 |60.0+1.6 |72.7+2.2 |64.4+47
3250 55.8+0.8 | 46.2+0.6 |554%1.5 |48.8+33
Ratio BSA/Capsaicin
Capsaicin concentration (ugmL™') | ND DwW DS DN
0 0.0 0.0 0.0 0.0
812 4.7 49 5.0 4.8
1625 10.0 8.6 10.1 8.7
2437 19.2 17.9 18.8 17.1
3250 19.9 21.3 20.8 20.5

Table 1. Nanoparticle yield, entrapment efficiency and ratio BSA/Capsaicin. *®n=3+SD.
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Figure 2. Encapsulated capsaicin in nanoparticles as a function of initial concentration. The quantified
capsaicin showed a linear tendency followed by a plateau for all drying treatments. Values are means of three
experimental replicates + standard deviations.

On the other hand, the encapsulated capsaicin recovered from ND treated samples showed a linear cor-
relation (R=0.9404) with respect to capsaicin concentration, 0, 812, 1625, 2437, and 3250 pug mL™" (Fig. 2, full
circles). During the coacervation process, it was also possible to observe the effect of BSA saturation (Fig. 2, red
ellipse). Drying treatments with water, sucrose, and NaCl excipients showed similar linear trends with R=0.9547,
R=0.9523, and R=0.9457, respectively (Fig. 2). The correlation showed slight changes, probably due to the
amino acid-capsaicin interaction in the nanoparticles being affected by the drying process, it is possible that
low quantities of capsaicin were delivered from the NP surface to the supernatant during reconstitution of the
nanoparticles. De Freitas et al.? reported that BSA-capsaicin nanoparticles stored at freezing conditions (- 4 °C)
showed a lower drug release reaching 7% of capsaicin entrapped, compared to NPs stored at room temperature
that reached 31% and NPs stored under refrigeration (4 °C) showed 18% of released capsaicin after 3 months.

Regarding the Encapsulated Efficiency percentage (EE%), it showed large changes between different dry-
ing treatments (Table 1); actually, the EE% was more affected by the drying process than any other variables
reported in this work. A capsaicin concentration of 2437 pg mL™! produced the highest EE% for all four dry-
ing treatments; 75.6 +3.3% for ND, 60.0 + 1.6% for DW, 64.4+4.7% for DN, and 72.7 +2.2% for DS (Table 1).
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Therefore, the highest capsaicin loss occurred when deionized water or NaCl were used as protective excipients
in the drying process. It has been reported that albumin NPs suffer loss of loaded drug impacting negatively the
pharmacokinetics, drug delivery, and therapeutic efficacy?'. This has been partially resolved by using mannitol,
sucrose, and trehalose excipients during the freeze-drying of BSA nanoparticles, allowing a reduced loss of drug
load of up to 1%".

Structural changes of BSA-capsaicin nanoparticles after drying treatments. Reported Fourier
Transform Infra Red (FTIR) spectra from pure capsaicin and native BSA'%**?* were compared against the spec-
tra from our samples. The solid line in Fig. 3a shows the FTIR spectrum from our native capsaicin; the phenolic
4-OH group was assigned to the peak at 3506 cm™, this resonance showed slight changes with respect to previ-
ous reports'®?. In this work we found a peak at 3443 cm™ probably due to photochemical oxidation of capsaicin
during analysis (Fig. 3a, red ellipse). The 4-OH of capsaicin, show high reactivity and decomposition during
analysis of the chemical structure by NMR, HPLC, and FTIR®. A third peak was found at 3283 cm™ and cor-
responds to the amide stretching bond N-H of the capsaicin molecule. The peak at 2922 cm™ was associated to
the aliphatic bond C-H stretching vibration. Finally, the resonances at 1637 and 1516 cm™! were assigned to the
C-C and C-O stretching vibrations, according to Leela et al.?.

The dashed line in Fig. 3a, shows the spectrum for native BSA; similar profiles have been observed by Bronze-
Uhle et al.> and Sénchez-Arreguin et al.'’. The N-H functional group associated to amide A showed a broad
stretching with a maximal peak at 3288 cm™. The second maximal peak, found at 1646 cm™?, corresponds to a
stretching of the carbonyl group (C=0) of amide I. The subsequent regions showed some intense peaks associ-
ated to functional groups with double molecular behavior. C-N stretching and N-H bending of amide II was
identified at 1515 cm™. The CH, bending groups were associated to the peak at 1393 cm™!, while the vibrance
at 1250 cm™ was correlated to C-N stretching and N-H bending in amide II1.

All treatments (ND, DW, DN, and DS) and formulations of capsaicin (0, 812, 1625, 2437, and 3250 ug mL™")
showed deformations of the peaks on the region from 3682 to 3104 cm™’; this spectral region corresponds to the
N-H amide A of the BSA, and overlaps with the 4-OH group and NH amide bond of capsaicin (see blue rectan-
gles in Fig. 3b-e). For all treatments with capsaicin concentration of 3250 ug mL™! the NH amide bond signal
of pure capsaicin (N-H stretching) in the region from 3404 to 3216 cm™ increased as shown by the black line
in the green rectangle of Fig. 3b—e. The spectral analysis of each treatment serves to identify possible structural
changes in the nanoparticles after the drying procedure. The DW and DN treatments at 3250 pg mL~! showed an
intense peak deformation in the 3404 to 3216 cm™ region as displayed by the black lines in the blue rectangles
in Fig. 3c,e, respectively. These perturbations were probably due to the instability of the capsaicin during the
drying process; deionized water and NaCl excipients showed no protection capacity against changes generated
in the interaction of the amino acid of albumin/capsaicin/water.

As Fig. 3d shows (see blue and green rectangles) the spectral resonances of the overlapping peaks of N-H
amide and A-/-NH amide bonds of capsaicin (3404-3216 cm™) for the DS treatment did not show perturba-
tions in intensity and functional groups for all concentrations. This observation suggests the low deformation
of the peak and the low distance between bands of transmittance were probably due to the ordered interchange
of the amino acid of BSA in the microstructure and the subsequent migration of capsaicin from the core to the
surface of the nanoparticles'®!. This leads to an homogeneous distribution of capsaicin patches on the surface
of NPs dried with sucrose.

The DS treatment showed the best protective effect on the functional groups of amino acids of BSA NPs;
a similar effect was observed by Lee and Timasheff?’ they found that sucrose does not perturb the spectral
fingerprint of several proteins during the drying process. The stabilization of proteins by sucrose excipient has
been proposed by the formation of polyhydric alcohols that induce a conformational change in some functional
groups of proteins, producing milder changes. In this study, during the drying process with sucrose, the capsaicin
experienced an equilibrium of repulsive forces between capsaicin and hydrophobic amino acid of BSA, into the
nanoparticles. During this process, the restructuration of capsaicin is carried out, and the capsaicin passed from
the core to the surface of the nanoparticles; we found this restructuration is less violent when NPs are dried with
the sucrose excipient.

The efficiency of excipients in the drying process of NPs has been evaluated through the presence of free
H,O or molecular water (O-H) content in the FTIR spectrum at 1644 cm™! wavelength?. In this work, this
region corresponds to the overlapping of amide I and II bands of BSA with the hydrophobic side chain of the
capsaicin (1710-1480 cm™), see the red rectangle in Fig. 3b-e. The presence of molecular water was observed
in nanoparticles dried with and without water, while in the DS and DN treatments the presence of O-H was not
observed. Moreover, a protein—sugar interaction was not observed for the DS treatment; this peak was reported
at 1580 cm™, which is ascribed to the H-bond interaction with the carboxylate groups®.

Morphology of nanoparticles. Regarding the NPs size, they increased as the concentration of capsaicin
increased; this trend has been observed before!®*!”7. Beside size changes, the TEM images showed morphologi-
cal changes in the nanoparticles depending on the drying treatment. As shown in Fig. 4a (for more images see
Fig. S2 of Supporting Information), the ND treatment showed a transitional change of shape in nanoparticles
from circular shape, for 0 pg mL™! of capsaicin concentration, to elliptical shape for 1625 pg mL™. It can also
be observed that at higher capsaicin concentrations NP coalescence is more extensive and small aggregates are
produced.

The treatment DW produced large particles with an elliptical shape and secondary particles branching from
the structure and forming columnar aggregates as seen in Fig. 4b (for more images see Fig. S2 of Supporting
Information). It is also noticeable that the surface of the NPs was slightly rougher; a similar effect was observed
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Figure 3. Molecular changes of the BSA-capsaicin nanoparticles after drying treatments with several excipients and the effect
of the increment of capsaicin in the nanostructuration. (a) FTIR spectrum of native BSA (dotted line) and pure capsaicin
(solid line); the scanning spectral range was between 4500 and 400 cm™. (b) FTIR spectral characterization of not dried
treatment (ND) of BSA-capsaicin nanoparticles at 0, 812, 1625, 2437 and 3250 pg mL™!, rectangles show the main change

in amide A and bound amide of capsaicin. (c) NPs dried with water (DW), rectangles show changes in alkane and carbonyl
bonds, functional groups associated with molecular water. (d) NPs dried with sucrose (DS), spectra did not show deformation.
(e) NPs dried with NaCl (DN), spectra showed a low deformation in treatments from 0 to 2437 pug mL™! of capsaicin

concentration, at 3250 pug mL™" an increase of transmitted signal of the capsaicin was observed.
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Figure 4. Morphology of BSA-capsaicin nanoparticles. (a) Not dried (ND), (b) dried with water (DW), (c)
dried with NaCl (DN), and (d) dried with sucrose (DS). Electron micrographs showed a synergy effect between
loaded capsaicin and drying procedure. The isolated nanoparticles showed a change of shape, size and, in some
cases, showed coalescence. TEM micrographs showed several magnifications (upper right margin) due to the
increased NPs size.

in BSA-capsaicin nanoparticles reported by De Freitas et al.?’. It is probable that the dual effect of freeze drying
and high capsaicin concentrations produced columnar aggregates with quasi-spherical shape.

Among the four treatments, DN resulted in the most negative effects regarding NPs shape. In this drying
procedure even the small nanoparticles with 0 pg mL™! of capsaicin fused between them as can be appreciated in
Fig. 4c (for more images see Fig. S2 of Supporting Information). Similar coalescence was observed for the other
capsaicin concentrations; also it is worth noting that as the drug load increased, the structural complexity of the
NPs decreased, probably due to amino acids disassembling and producing an amorphous coagulated protein.

Interestingly, the DS treatment resulted in better morphology even than the ND case. We found that the
sucrose at 1 mmol, allowed to protect the circular shape of nanoparticles observed at 0 pg mL™! of capsaicin,
see Fig. 4d (for more images see Fig. S2 of Supporting Information) and improved the morphology of the NPs
loaded with capsaicin; this was probably because the removal of water molecules increased sucrose concentra-
tion leading to the formation of a sol, the residual water molecules produced nanofluidic drag (microcirculation
phenomena)®. This drag induced the separation between NPs due to shear forces or strong capillary forces?.
Physical separation of NPs produced an improvement in the morphology of the dried nanoparticles with sucrose.

Morphometric analysis of the nanoparticles. Several studies have reported that the morphometry of
nanoparticles changes as a function of the increment of capsaicin during the synthesis of NPs!®!*!7. In this study,
as aforementioned in the morphology analysis section, we observe that the shape of the NPs was affected by the
drying process. In order to evaluate this change, TEM images of isolated nanoparticles were analyzed by digital
image analysis (DIA). As seen in Fig. 5a all the treatments showed an increment of effective diameter (Ed) with
increasing drug load. The Ed for the ND treatment changed by a factor of 5.0 from 0 to 3250 ug mL™" of capsai-
cin concentration; for the other treatments the factors were 3.4, 2.9, and 3.3 for DS, DW, and DN procedures,
respectively. While three of the treatments show similar behavior, DS deviates for high concentrations reaching a
plateau, see dashed red rectangle in Fig. 5a. This means the sucrose excipient reduces the negative effect over dry-
ing NPs and their coalescence when the drugload is augmented. In the case of the DN treatment, we propose the
Na* and Cl” ions altered the pH and the net charge on the protein surface through amino acid hydrogens inter-
acting with different ions in solution, resulting in an acidic pH change. At pH 4.9 there is a lack of electrostatic
repulsion and thus amorphous aggregates are readily formed through nonspecific interactions®. Additionally,
the increase in capsaicin concentration generates a more hydrophobic environment, which increases the forma-
tion of aggregates. Future work may be directed towards establishing possible relations between formulation and
drying processes.
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Figure 5. (a) Effective diameter parameter of isolated BSA-capsaicin nanoparticles versus capsaicin
concentration for different drying procedures. The DS treatment showed a protective effect that allowed to
reduce the size of nanoparticles at a high concentration of capsaicin. (b) The isolated nanoparticles showed

a gradual loss of shape compared with NPs without drying (ND) treatment as a function of initial capsaicin
concentration. DW and DN treatments did not show protective effect in any formulation. DS showed a
protective effect and increase of the circular shape (Sf=1). The equation of shape factor (Sf) is also displayed. (c)
Aspect ratio of BSA-nanoparticles versus capsaicin concentration. ND treatment resulted in a gradual transition
from circular to ellipsoidal shape. DW and DN did not show a protective effect in all formulations. The NS
treatment showed a protective effect that reduced the change to elliptical shape at a high concentration of
capsaicin (3250 ug mL™). Values are means of three experimental replicates + standard deviations.
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Figure 6. (a) The {-potential of BSA-capsaicin nanoparticles showed an increase in the electronegativity
associated with drying treatments. ND, DW, and DN treatments showed a negative effect, at 3250 pg mL™ the
saturation of capsaicin produces a significant increment of the {-potential. While the DS treatment showed a low
increase of electronegativity due to the controlled reorganization of the amino acids and capsaicin molecules on
the surface of nanoparticles. (b) The size of the aggregates of BSA-capsaicin nanoparticles showed an oscillatory
behavior associated with drying treatments. Not drying (ND), dried with water (DW) and dried with NaCl
(DN) treatments showed a negative effect. In all treatments 812 ug mL™ of capsaicin produces a significant
increment of the size of aggregates. The treatment dried with sucrose (DS) showed a protective effect and reduce
the increment of size. Values are means of three experimental replicates + standard deviations.

In contrast to the Ed parameter, the shape factor (Sf; related to circularity) and aspect ratio (Ar, related to
ellipticity) showed only small changes against capsaicin concentration for DW, DN, and DS treatments, see
empty squares, empty circles and full triangles in Fig. 5b,c. On the other hand, samples with no drying treat-
ment, ND, showed affectations with the concentration as can be seen in Fig. 5b,c, full circles; thus, the change of
shape was related to the drying process. This means that the particles not dried show gradual changes of Sfand
Ar associated to an increment of capsaicin concentration. Also, interestingly, the treatment with sucrose (DS)
resulted in the shape factor closest to 1, i.e. rounder particles, and the lowest aspect ratio, i.e. less ellipticity as
can be seen in the full triangles of Fig. 5b,c. This is related to less aggregation and branching as a consequence
of reduction in the coalescence.

A possible explanation for our results with the sucrose excipient is that when it is incorporated into the
colloidal system, it could exert pressure to reduce the surface of contact between the BSA molecules of near
nanoparticles due to decrease radius of gyration (spatial expansion), thus inhibiting the unfolding of the BSA
in the nanoparticles®, and consequently improving the hydrodynamic shape of the NPs. In contrast, the loss of
circular shape for the ND treatment is attributed to the increased coalescence due to higher content of capsaicin
crystals, affecting the coagulation of the BSA molecules'. For the DW and DN procedures, the aggregation was
probably due to a change in the surface charges of amino acid, thus altering the electrostatic properties of BSA®!.
The use of sucrose to dry nanoparticles improves the pharmaceutical formulations, in which, the circular shape
and elliptical shape of nanoparticles are important factors for the internalization into the cell?®*2.

G-Potential and hydrodynamic diameter of aggregates. In a previous work, we observed an incre-
ment of the {-potential as the drug load increased from low to medium capsaicin concentrations'. In this study,
we found that the electric charge is affected by the drying process. In particular, while we observed somewhat
similar values of the {-potential for the ND, DW, and DN treatments, a higher value of this parameter was found
for the NPs subjected to the DS procedure for all drug concentration procedures (Fig. 6a, compare full circles,
empty squares, and empty circles to full triangles). Also, we measured relatively large aggregates for the ND,
DW, and DN treatments, while the DS samples presented smaller aggregates for all capsaicin concentrations
(Fig. 6b, compare full circles, empty squares, and empty circles to full triangles). The increased electronegative
values at 3250 ug mL™" of capsaicin concentration for the ND, DW, and DN drying treatments (Fig. 6a, full cir-
cle, empty square, and empty circle) were not observed in the previous report. They are attributed to exposition
of capsaicin molecules in the surface of NPs, and liberation of amino acids with negative charge on the Nernst
layer of the particle. Eisele et al.** describe that the negative charges on the surface of BSA are generated from
deprotonation of the carboxyl end of acidic amino acids (glutamate and aspartate). According to Yang et al.'$,
the reorganization in some biopolymer nanoparticles was affected by the surface properties and internal bonds
(H-bonds). In this study probably the molecular interaction between some amino acids and capsaicin affects the
stability and morphology of nanoparticles due to the changes in hydrophilic/lipophilic balance, thus affecting
the self-assembly process and even structures and morphologies of self-assembled materials. Capsaicin has the
capacity to form a stable protein—ligand complex with BSA that mostly involve hydrophobic and electrostatic
interactions*. However, this mechanism is not capable of binding great quantities of capsaicin, so probably there
exists an alternative mechanism related to drug sites I and II in the BSA molecule (commonly called hydropho-
bic cavities) that facilitates the incorporation of hydrophobic drugs into the structure of BSA®. The modification
of the drug sites I-II displays some effects such as the coalescence between nanoparticles, loss of circularity,
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Figure 7. Electrophoretic patterns of disassembled molecules of BSA after nanoparticle drying treatments
with several excipients and the effect of the increment of capsaicin in the nanostructuration. For all gels, lane 1
shows molecular weight MW from 10 to 170 kDa. Line 2 shows a positive control of native BSA (500 pg mL™).
The formulations were run on lines 3, 4, 5, 6, and 7 (nanoparticles at 0, 812, 1625, 2437, and 3250 pug mL™" of
capsaicin, respectively). (a) Treatment not drying (ND), (b) treatment dried with water (DW), (c) treatment
dried with NaCl (DN), and (d) treatment dried with sucrose (DS).

aggregation, aberrant morphology and changes in surface of nanoparticles ({-potential). In nanoencapsulation
of hydrophilic drugs (5-fluorouracil, vinorelbine tartrate and salicylic acid), the coalescence and aggregation of
particles were not observed®>°. NPs dried with sucrose showed low aggregated size (351.1 +30.9 nm; see Fig. 6b,
full triangles); this could be attributed to sucrose inhibiting an irreversible formation of aggregates® because
during the interaction of sucrose with the protein, the sucrose does not crystallize during vacuum drying®. This
effect probably produces minor inter-particle contact and insulation of surface electrostatic charges allowed a
controlled reorganization of capsaicin molecules with the amino acids of the nanoparticles.

Stability of the nanoparticles after drying treatment.  Electrophoresis was used to determine molec-
ular size and purity of proteins; moreover, it verified the homogeneity of the protein samples, as well as the
number and molecular size of subunits®. In SDS-PAGE the native BSA protein migrates in response to an
electrical field through pores of acrylamide gel. In this experiment, polyacrylamide gel (12% SDS-PAGE), at a
constant voltage of 70 V for stacking gel and 80 V for resolving gel, allowed to determine the purity of the BSA
and its molecular weight (MW). The molecular weight of native BSA was found to be 66 kDa (Fig. 7a-d, lane 2)
according to the MW marker (Fig. 7a-d, lane 1). The BSA-capsaicin nanoparticles did not show migration in
the acrylamide gel for any of the drying treatments, therefore, the nanoparticles were found in the loading well
(Fig. 7a-d). The ND treatment at 812 ug mL™" capsaicin concentration (Fig. 7a, black arrow on line 4), and DW
at 1625 ug mL™! (Fig. 7b, black arrow on line 5), showed a trace of free albumin at 66 kDa probably as a result
of the dissembling of some albumin molecules caused by the drying process. A similar effect was observed by
Wang et al.*®, they found that the delivery of BSA from biohybrid nanoparticles increased after the exposition of
NPs to excipients with low pH. The SDS-PAGE showed an intensity dependent on incubation time. This post-
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Retention time (min)
Peak | Aminoacid | ND DW DS DN
Group 1
1 ASP 2.618+0.015 |2.718+0.046 |2.745+0.015 | 2.682+0.056
2 GLU 2.922+0.036 |2.980+0.177 |3.121£0.016 |2.985+0.156
3 SER - 6.265+0.111 | 6.356+0.020 | 6.321+0.044
4 PRO 7.277+0.106 | 7.245+0.028 | 7.323£0.059 | 7.323+0.016
5 VAL 10.413£0.125 | 10.343+0.052 | 10.366+0.066 | 10.450+0.061
6 MET 11.289+0.115 | 10.862+0.021 | 11.000+0.020 | 11.100+0.031
7 LEU 13.027+0.032 | 13.019+0.022 | 13.211+0.024 | 13.364+0.026
8 PHE 14.94240.065 | 14.289+-° 14.514+-° 14.726 £ -°
9 TRP 15.977+0.036 | 15.731+0.262 | 16.022+0.191 | 16.064+0.034
10 LYS 16.587+0.047 | 16.509+0.265 | 16.866+0.031 | 17.023+0.048
Group 2
11 ASN -2 -2 -2 5.807+-°
12 GLY/GLN | 6.230+0.028 | - 6.636+0.019 | -*
13 ALA/HIS 6.501+-° 6.613+-° 6.904+0.065 | 6.852+-°
14 ARG 6.767 £ -° - 7.025+£0.095 | -
15 THR 7.211+-> - 7.179+0.076 | 8.533+2.223
16 TYR - - 10.057+0.030 | 10.695+1.229
17 ILE/CYS - 12.82+-° - 12.769+0.148
18 Is0/CYS - 12.780+0.012 | 12.930+0.064 | 12.878+0.022

Table 2. Amino acids liberated during dried processes of BSA-Capsaicin nanoparticles. *°Not peak was
registered. "One peak was registered.

nanostructuration effect is excipient-time-pH-dependent. On the contrary, the DN and DS treatments showed
no traces of free albumin.

Our results indicate that the BSA molecules showed high chemical stability into the structure of NPs and
maintained their assemblage during the drying process. In contrast, Tarhini et al.” found the BSA nanoparticles
migrate in the gel of acrylamide and showed an intense band at 66 kDa of MW, this implied that the BSA NPs
showed instability and a high degree of disassembly. Since the BSA NPs are constituted by several BSA molecules,
a possible symptom of disassembly of the NPs is the presence of free albumin at 66 kDa. The orientation of the
capsaicin from the core towards the surface of the NPs implies the reorganization of the hydrophobic amino
acids and probably their loss during this process; in order to investigate this phenomenon, the quantification of
the free amino acid was carried out.

Quantification of free amino acids from dried nanoparticles with different concentrations of capsaicin allowed
to establish two groups of amino acids. Group 1 includes 10 amino acids with a relevant presence in the NPs
after ND, DW, DN, and DS treatments; while group 2 includes 8 amino acids with low presence, both groups
are detailed in Table 2 (presence of amino acids and retention time). Notably, in group 1 serine (SER) was not
observed in the ND treatment at any capsaicin concentration but was present for the other drying procedures and
phenylalanine (PHE) showed irregular presence on DW, DN, and DS treatment. Regarding group 2, the DS and
DN treatments showed a higher percentage of the total amino acids present in group 2, 12.27% and 6.75% respec-
tively (see Fig. 8). The two treatments presented a larger number of amino acids of group 2, with 6 amino acids;
in particular, DS had the lowest percentage of total amino acids of group 1 and the highest of group 2 (Fig. 8).

Overall, sucrose was the excipient that showed the best post-drying properties; probably, this was due to the
low loss of amino acids of group 1. The molecules of sucrose reduce the instability and dragging of those amino
acids that had strong water-binding into the BSA protein®®. DS had the highest percentage of group 2 amino
acids, GLY/GLN, ALA/HIS, ARG, THR, TYR, and Iso/CYS, this observation could be related to the stability of
capsaicin during the reorganization into the surface of the NPs. Anand et al.* describe 14 possible interactions
with amino acid of BSA, of which five are strong interactions (Tyr400-capsaicin, Asn401-capsaicin, Lys524—cap-
saicin, Phe506-capsaicin, and Phe550-capsaicin); it is possible that PHE, TYR, and LYS interact strongly with
capsaicin resulting in increased NP stability. Our results also suggest that the dynamical formation of complexes
of capsaicin-amino acid (BSA)-water affects the structural stability of the BSA nanoparticle and its capacity to
reorganize hydrophobic drugs like capsaicin. To our knowledge, this is the first report that supports the secondary
post-synthesis restructuration of nanoparticles and the interaction between amino acids with hydrophobic drugs.

Conclusions

In this study, NPs of BSA were loaded with increasing concentrations of capsaicin to evaluate the effect and
changes on properties of nanoparticles after drying with several excipients. We found that the nanoparticles dried
with sucrose 1 mmol reduced their aggregation and the formation of isolated NPs at the highest concentrations
of capsaicin (3250 ug mL™) leading to an improvement of their circular shape, reducing the elongation of the
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Figure 8. Total percentage of free amino acids quantified in ND, DW, DS, and DN treatments. The DS
treatment showed the highest loss of amino acids of group 2 (GLY/GLN, ALA/HIS, ARG, THR, TYR, and Iso/
CYS) involved in the mechanism of restructuration of capsaicin.

aggregates and controlling their electrochemical stability. The sucrose excipient inhibited the disassembly of BSA
molecules of the nanoparticles. The instability of NPs subjected to ND, DW, and DN treatments was associated
to parallel extraction of molecular water with amino acids ASP, GLU, SER, PRO, VAL, MET, LEU, PHE, TRP
and LYS; in contrast, the sucrose excipient reduced the loss of these amino acids. On the other hand, the second
group of amino acids, GLY/GLN, ALA/HIS, ARG, THR, TYR, and Iso/CYS, are involved in the mechanism of
restructuration of the capsaicin molecules towards the surface of the NPs during the drying process. Accord-
ing to previous studies'®!** PHE, TYR, and LYS showed strong interaction in the relation capsaicin-amino
acid-water molecules during formation of BSA-capsaicin NPs. This mechanism of secondary post-synthesis nano
structuration can improve the molecular stability of the particles and their capacity of entrapping hydrophobic
drugs like capsaicin. The drying parameters presented in this work could be applied to several types of nanopar-
ticles elaborated with proteins that encapsulate hydrophobic drugs, this method of conservation improves the
properties of nanoparticles and enhances parameters important to pharmaceutical and agricultural industries.

Materials and methods

Chemicals. The biological reagents used in this study were BSA (lyophilized powder, 66 kD) (Equitech-
Bio, Kerrville, TX, USA) and pharmaceutical grade capsaicin (=99%) from Capsicum spp. (Handim Chemical
Co., Ltd, Shanghai, China). The chemical reagents were glutaraldehyde (25%) (Electron Microscopy Science,
Hatfield, PA, USA), sodium chloride analytical grade (Merck, Darmstandt, Germany), acetonitrile (=99.9%)
(Sigma-Aldrich, St Louis, MS, USA) and absolute ethanol (299.8%) (Merck, Darmstandt, Germany). Poly-
acrylamide gel electrophoresis components, which consisted of acrylamide (40%), tris electrophoresis purity
reagent, sodium dodecyl sulfate, ammonium persulfate, and tetramethylethylenediamine (TEMED) (Bio-Rad
Laboratories, Richmond, CA, USA), Coomassie brilliant blue G-250 (Sigma-Aldrich, St Louis, MS, USA) and
acetic acid glacial HPLC grade (Merck, Darmstandt, Germany) for Coomassie staining solution (CBB). For
derivatization of free amino acids methanol HPLC grade (Sigma-Aldrich, St Louis, MS, USA), triethylamine
(Sigma-Aldrich, St Louis, MS, USA), and phenyl isothiocyanate (Sigma-Aldrich, St Louis, MS, USA) were used.

Preparation of BSA-capsaicin nanoparticles. Nanoparticles were prepared by the desolvation tech-
nique as described by Langer et al.'! modified by Sinchez-Segura et al.'* and readjusted from Sanchez-Arreguin
et al.'%. Briefly, 200 mg of BSA powder were dissolved in 2 mL of 10 mmol NaCl solution, pH 9.4, and filtered
through a 0.22 pm syringe filter (Sartorius, Goettingen, Germany). The solution was maintained under agita-
tion at 200 rpm using a stirrer (Eurostar 20, IKA, Wilmington, NC, USA) for 30 min at room temperature. The
formulations of increasing concentration of capsaicin were generated by the addition of 4 mL of an ethanol-
capsaicin solution at 0, 812, 1625, 2437, and 3250 ug mL™" for each drying treatment. The rate of addition was
1.0 mL min™! at 200 rpm of stirring speed. The crosslinking process was carried out by the addition of 5 mL of
4% glutaraldehyde in a 10 mmol NaCl solution in agitation at 1000 rpm for 30 min in dark conditions.

Protective excipients of BSA-capsaicin nanoparticles and vacuum drying. Nanoparticles of
albumin have been typically dried without water or deionized water. In order to compare the effect of excipients
in the drying treatment versus traditional drying with deionized water and without drying treatment (diluted in
deionized water), as a negative control, we used two protective excipients, NaCl (10 mmol, pH 9.4) and sucrose
1 mmol. The samples (1000 pL) were taken from stock of NPs and washed by three cycles of centrifugation at
12,485xg, 10 min, at room temperature (MC-12V, DuPont, Newtown, CONN, USA), and the dispersion of the
pellet was carried out in deionized water, during every cycle. After the final cycle, the first sample that was not
dried was maintained in deionized water (ND), the second sample was resuspended in 1000 pL of deionized
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water (DW), the third in 10 mmol NaCl solution (DN), pH 9.4, and the fourth treatment was resuspended in
a 1 mmol sucrose solution (DS). Samples were homogenized by shaking in a vortex mixer (Super Mixer, LAB
LINE, Melrose Park, ILL, USA) for 10 min. In DW, DN and DS treatments, the samples were dried with a
MAXI-dry vacuum centrifuge (Heto-Holten A/S, Alleroed, Denmark) at 30 °C, 1300 rpm. Finally, the powder
was stored at — 4 °C.

Quantification of BSA transformed in nanoparticles and encapsulated capsaicin. The quan-
tification of encapsulated capsaicin in NPs was done by extraction with acetonitrile as described by Sganzerla
et al.”” and modified by Sanchez-Segura et al.'* and Sdnchez-Arreguin et al.'°. The BSA nanoparticles yield were
calculated from recovered BSA after extraction of capsaicin. While, the encapsulated efficiency (EE%) was cal-
culated from capsaicin quantified by HPLC as described by Bhalekar et al.*®. The entire procedure is described
in Supporting Information (see $1)!%14373,

Fourier transform infra red spectroscopy (FTIR). Determination of Fourier transform infrared spec-
tra of pure capsaicin, pure BSA and BSA-capsaicin NPs dried were performed by method described by Sanchez-
Arreguin et al.'’. These experiments are explained in Supporting Information (refer to $2)*°.

Determination of ¢-potential, and hydrodynamic diameter of aggregates. The {-potential and
hydrodynamic diameter of aggregates were determined by method previously reported by Sinchez-Segura
et al.'" and modified by Sanchez-Arreguin et al.' as explained in Supporting Information (S3)'%43.

Transmission electron microscopy (TEM) and morphometric analysis of nanoparticles. The
morphology of the resuspended nanoparticles was examined by TEM. The experimental preparation of the sam-
ples and operating conditions of the microscope were similar to those previously reported by Sanchez-Segura
etal.'¥, Sdnchez-Arreguin et al.' and modified by Castro-Gonzélez et al.**. On the other hand, the morphomet-
ric parameters were calculated with equations proposed by Syverud et al.*!. Parakhonskiy et al.*? and Bouwman
et al.*? and modified for nanoparticle description by Sdnchez-Segura et al.'"* and Sdnchez-Arreguin et al.'. The
procedure is detailed in the Supporting Information (see $4)!143240-42,

Quantification of disassembled BSA by polyacrylamide-gel electrophoresis. Sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using the Tris—glycine buffer system of
Laemmli** with modifications. In addition, to estimate the protein molecular weight (MW) we used the EZ-Run
pre-stained Rec protein ladder with bands in the range of 10-170 kDa (Fisher Scientific, Waltham, MA, USA). To
reference the MW of native BSA, lyophilized BSA (66 kDa), was dissolved in deionized water to stock concentra-
tion [500 ug mL™'] (Equitech-Bio, Kerrville, TX, USA). From stock, the solution was adjusted to 20 pg per lane.
Finally, the BSA-capsaicin nanoparticles after drying procedures were dissolved and adjusted at a concentration
of 20 pg per lane. The samples were resolved on 12% SDS-PAGE at a constant voltage of 70 V for stacking and
80 V for resolving. Then, gels were washed three times with deionized water for 5 min each and were boiled for
1 min with CBB staining solution (0.025% Coomassie dye, G-250 in 10% acetic acid). Subsequently, gels were
washed again with deionized water for 5 min and clarified to visualize polypeptide bands. Gels were captured
(Documentation Systems Bio-Rad) at 600 dpi resolution in tagged image file (.tif) format with 1580 x 1489 pixels
in grey scale. In this format, 0 was assigned to black and 255 to white in the grey scale.

Extraction and derivatization of free amino acids from BSA-capsaicin nanoparticles. The
identification and quantification of amino acids were determined according to Bidlingmeyer et al.** with modi-
fications. The NPs (powder) were washed with 1000 puL of deionized water and were homogenized for 15 min
and sonicated for 10 min at 25 °C. The samples were centrifuged at 12,485xg, for 6 min, at room temperature,
the supernatant was discarded, and the pellets were dried during 20 min. The derivatization of the samples was
carried out by addition of 20 pL of methanol/water/triethylamine (2:2:1) solution; then, the samples were dried
for 30 min at 45 °C. The samples were resuspended with 20 pL of methanol/water/triethylamine/phenyl isothio-
cyanate (7:1:1:1) solution and incubated for 30 min at 25 °C, subsequently, the samples were dried. Finally, they
were dissolved with 200 pL of sodium acetate trihydrate 0.1 M, pH 6.5 and were stored at — 70 °C. The samples
were resolved with Shimadzu ultra-fast liquid chromatography (UFLC) prominence series system (Shimadzu,
Kyoto, Japan), equipped with a LC-20AD pump coupled to a DGU-20A degassing unit, a SPD-20A dual wave-
length detector, a CMB-20A system controller, a SIL-20A HT auto-sampler and a CTO-20A column oven. There
were employed as the components separation role. The system was controlled by LabSolution software ver. 5.87
SP1. Chromatographic separation was performed on a C,3 column (Agilent Technologies Eclipse XDB-C18
4.6x150 mm, 5 um). Separation conditions were mobile phase A: sodium acetate trihydrate 0.1 M, pH 6.5;
mobile phase B: acetonitrile/water (4:1), flow rate at 0.9 mL min'; column temperature 40 °C, and UV detection
at 254 nm. Analytical standards were used to confirm the identity of the peaks. Calibration solution was based on
a solution of 21 amino acids standard reference material LAA21, (Sigma-Aldrich, St Louis, MS, USA) containing
L-alanine, L-arginine hydrochloride, L-asparagine, L-aspartic acid, L-cysteine hydrochloride, L-cystine, L-glu-
tamic acid, L-glutamine, glycine, L-histidine hydrochloride, trans-4-hydroxy-L-isoleucine, L-leucine, L-lysine
hydrochloride, L-methionine, L-phenylalanine, L-proline, L-serine, L-threonine, L-tryptophan, L-tyrosine, and
L-valine. The standard samples were prepared by injecting 60 pL in real triplicates.
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