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• Desolvation and cross-linking of bovine
α-lactalbumin yield spheroidal nano-
particles.

• During the assembly process α-
lactalbumin acquires a β-strand-like
conformation.

• Nanoparticles contain a low protein
weight-fraction.

• At low temperature, nanoparticles are
stable in the 3.0–9.0 pH region.

• Non-covalent interactions contribute to
the thermal stability of nanoparticles.
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A key step in the preparation of cross-linked protein nanoparticles involves the desolvation of proteins with an
organic solvent, which is thought to act by modulating hydrophobic interactions. However, to date, no study
has examined the conformational changes that proteins undergo during the assembly process. In this work, by
using several biophysical techniques (CD spectroscopy, DSC, TEM, etc.), we studied spheroidal nanoparticles
made from bovineα-lactalbumin cross-linked with glutaraldehyde in the presence of acetone.Within the nano-
particle, the polypeptide chain acquires a β-strand-like conformation (completely different from the native pro-
tein in secondary and tertiary structure) in which several side chains likely become available for reacting with
glutaraldehyde. A multiplicity of cross-linking sites, together with the polymeric nature of glutaraldehyde, may
thus explain the low dry-weight fraction of protein that was found in the nanoparticles. Although covalent
bonds undoubtedly constitute the main source for nanoparticle stability, noncovalent interactions also appear
to play a role in this regard.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Protein-based nanoparticles are currently under extensive investi-
gation due to their potential applicability in the pharmaceutical and
food industries. In principle, protein nanoparticles are biodegradable,
non-antigenic, metabolizable and easily modifiable for surface alter-
ations and the covalent attachment of other molecules [1]. All of these
characteristics make these protein-derived materials suitable for use

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2014.07.003&domain=pdf
http://dx.doi.org/10.1016/j.bpc.2014.07.003
mailto:iarroyo@foodsci.umass.edu
mailto:aha@xanum.uam.mx
http://dx.doi.org/10.1016/j.bpc.2014.07.003
http://www.sciencedirect.com/science/journal/03014622


28 I.J. Arroyo-Maya et al. / Biophysical Chemistry 193–194 (2014) 27–34
as carriers for bioactive compounds found in foods, such as peptides,
vitamins, and antioxidants [2–4]. Furthermore, nanoparticles may
improve the water solubility, thermal stability and oral availability of a
number of compounds [5–8].

The size and hydrophilic–hydrophobic surface balance characteris-
tics are two main physicochemical properties that allow protein nano-
particles to achieve an adequate biodistribution and the consequent
site-specific delivery of bioactive compounds. With regard to particle
size, particles should be small enough to not be removed by intestinal
clearance mechanisms. Because nanoparticles are characterized by a
solid particle matrix, these systems are capable of remaining in the
circulatory system for longer periods when their size ranges between
100 and 200 nm [9].

The protocols used to prepare protein nanoparticles can be classified
in two main techniques: emulsification and desolvation. Emulsification
methods have the disadvantage of requiring large amounts of organic
solvents for the removal of the lipid residues and emulsifiers used in
the process. A good alternative for preparing protein-based nanoparti-
cles is the desolvation method, which is derived from the coacervation
method of microencapsulation [1,10]. This method takes advantage of
the desolvation that occurs upon the addition of agents, such as alcohol,
acetone or inorganic salt, at high concentrations. This addition normally
leads to coacervation, and microcapsules are formed by this process.
However, if the addition of the desolvating agent is stopped shortly be-
fore phase separation occurs, the molecules, which are thought to have
a tightly packed conformation, can be cross-linkedwith glutaraldehyde,
thus leading to the formation of stable nanoparticles [11]. Up to date,
the desolvation method has been used to prepare nanoparticles of
human serum albumin [12], bovine serum albumin [13], bovine
β-lactoglobulin [5], and bovine α-lactalbumin [14,15].

As described in the literature [1,15,16], a successful strategy for
obtaining size-controlled nanoparticles with a narrow size distribution
requires the careful control of several parameters, such as the type of
desolvating agent, the pH of the protein solution, protein and organic
solvent concentrations, the rate and manner in which the organic
solvent is added, the stirring rate of the protein solution during the
desolvation process, and the cross-linker-to-protein concentration ratio.
Organic solvents that have been used for desolvation (i.e., acetone,
ethanol, and isopropanol) are thought to act asmodulators of intermolec-
ular hydrophobic interactions, thus controlling the number of protein
molecules that can be assembled and the size of the resulting particles
[17]. However, it is well-known that organic solvents, when present at
high concentrations, induce large conformational changes in proteins
because they promote the exposure of internal nonpolar groups to the
water–organic solvent mixture [18,19]. This notwithstanding, no studies
have addressed the conformational changes proteins undergo during the
assembly process or the actual composition of cross-linked-protein
nanoparticles.

In this study, we have performed spectroscopic and calorimetric
studies aimed at disclosing the basic structural characteristics of bovine
α-lactalbumin (α-LA), as assembled by glutaraldehyde cross-linking in
the presence of acetone. α-LA is an acidic, single chain Ca2+-binding
protein composed of 123 amino acids and four disulfide bonds, the na-
tive structure of which has a predominantly α-helical conformation.
This is the second most abundant protein in whey, making up 20%
(w/w) of the total protein content. α-LA is easily isolated from
sweet dairy whey (a by-product of cheese making) in a relatively
pure form, which makes it a promising starting material for preparing
nanocarriers for bioactive compounds. α-LA nanoparticles were assem-
bled as previously reported [5,9,15]. Their characterization first includ-
ed the precise quantification of the protein incorporated into the
nanoparticle matrix, which was an essential step for obtaining mean-
ingful results from spectroscopic and calorimetric methods. Circular
dichroism spectra revealed that the polypeptide chain of assembled
α-LA displays a β-strand-like conformation devoid of the tertiary struc-
ture of the native protein. In this conformation, which appears to be
induced by the high acetone concentration used in the assembly pro-
cess, many α-LA side chains are likely capable of reacting with glu-
taraldehyde, thus leading to the formation of 100–160 nm diameter
nanoparticles with a low dry-weight content of protein. In addition,
although nanoparticles are mainly stabilized by covalent bonds, calori-
metric scans indicated that interactions of a noncovalent origin also
contribute to the stability of these assemblies.

2. Experimental section

2.1. Materials

BioPURE α-lactalbumin (α-LA) (production batch JE 005-8-410)
was kindly donated by Davisco Foods International Inc. (Eden Prairie,
MN). The composition of the sample provided by the supplier was as
follows: moisture content, 5.5%; protein, 95% (91% of the protein
corresponded to α-LA); fat, 0.5%; carbohydrates, 0.5%; and ash, 2.5%.
All other reagents were purchased from Sigma-Aldrich (St. Louis, MO),
J.T. Baker (Phillipsburg, NJ); they were of analytical grade and used as
received.

2.2. Methods

2.2.1. Preparation of α-LA nanoparticles
Theα-LA nanoparticles (hereafter referred to asNPs)were prepared

according to a previously reported procedure [9,12], which is based on
the desolvation technique described by Marty et al. [20]. Briefly, α-LA
(40 mg) was dissolved in 2.0 mL of a 10 mM NaCl solution at pH 9.0
followed by the desolvation of the protein in solution by the controlled
(1.0 mL min−1) dropwise addition of 8.0 mL of the desolvating agent
(acetone) with constant stirring (500 rpm). Immediately after the
desolvation step, 40 μL of 8% aqueous glutaraldehyde solution was
added to achieve α-LA cross-linking. After stirring for 3 h, the resulting
nanoparticles were purified by 5 cycles of centrifugation (25,000 ×g,
30 min, 4 °C), and the pellet was redispersed in a 10 mM NaCl solu-
tion (pH 9.0) in the original volume by ultrasonication in a bath-type
sonicator. All preparations were performed at room temperature
(25 °C).

2.2.2. Determination of the protein assembled in nanoparticles
The amount of α-LA assembled into nanoparticles was directly

determined after the purification step by three different methods: the
determination of the total nitrogen released as ammonia by theKjeldahl
digestion, the bicinchoninic acid (BCA) assay, and the UV absorbance as
corrected by light scattering.

The Kjeldahl method was carried out using a Block Digester/Steam
Distiller apparatus (Labconco, Kansas City, MO), according to the
AOAC official method 991.20 [21]. In summary, an appropriate volume
of nanoparticle suspension was digested in concentrated H2SO4 using
K2SO4 and CuSO4·5H2O as catalysts. The released ammonia was collect-
ed in a solutionwith an excess of H3BO3, and the ammonium ion formed
was quantitated by titration with HCl. From the amount of nitrogen
found in the sample, the protein mass was computed by means of the
weight percent of nitrogen in α-LA.

For the BCAprotein assay [22], which relies on the reduction of Cu2+

ions by the peptide groups in proteins and the subsequent formation of
a purple-colored complex composed of Cu+1 and bicinchoninic acid, we
used the Pierce BCA Protein Assay Kit 23225 (Thermo Fisher Scientific
Inc., Rockford, IL). An aliquot of the nanoparticle suspension (50 μL)
was diluted with 950 μL of 10mMNaCl (pH 9.0). To 50 μL of the diluted
suspension, 1000 μL of theworking reagentwas added. After incubating
the reaction mixture at 60 °C for 15 min, the sample absorbance was
measured at 562 nm, and the protein contentwas calculated from a pre-
viously prepared α-LA standard curve.

The dry matter contained in a suspension of nanoparticles was de-
termined bymeans of a thermobalance (Mettler-Toledo Inc., Columbus,
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OH). Five milliliters of the suspension was transferred to a crucible and
dried to constant weight. From these determinations, the mass of pro-
tein per gram of the total nanoparticle solids was calculated.

Attempts were also made to directly estimate the concentration of
α-LA in the suspension of nanoparticles from its UV-absorption spec-
trum. This well-known method is simple and reliable provided that
the protein solution contains nomajor contaminants and does not scat-
ter a significant fraction of the incident radiation. However, due to the
large size of the α-LA nanoparticles, a suspension of these particles is
expected to scatter radiation in all directions, thus causing an apparent
absorption in the direction of the incident light beam [23]; furthermore,
in Rayleigh's approximation (i.e., when the light wavelength is longer
than thewavelength atwhich the absorption bands occur), the intensity
of scattered light is inversely proportional to the fourth power of the
wavelength. Accordingly, we corrected the observed nanoparticles
UV–Vis absorption spectrum by subtracting the approximate scattering
absorption curve, which was assumed to obey the relationship [23]:

A scatteringð Þ ¼ a þ b λ−n� �
:

The above equation was fitted to spectral data in the range of
350–600 nm to obtain the empirical coefficients, a, b, and n. In the
aforementioned range (where true absorption bands are not expected),
the absorption of the experimental nanoparticle spectra only showed a
monotonic absorption increase as λ decreased (with n values close to
three), thus indicating that scattering correctionmaywork for an approx-
imate estimation of assembled protein. From the scattering-corrected
spectra, the concentration of α-LA was calculated using the extinction
coefficient of the protein at 280 nm (28,616 M−1 cm−1).

2.2.3. Spectroscopic studies

2.2.3.1. Circular dichroism. Conformational changes occurring once the
protein was assembled into nanoparticles were monitored by circular
dichroism (CD) spectroscopy. CD spectra were registered in a J-715
spectropolarimeter (JASCO, Easton, MD) equipped with a PTC-348WI
Peltier-type holder for temperature control and magnetic stirring.
The secondary structure of the assembled and native α-LA was
assessed from spectra registered over the 200–250 nm (far-UV)
range. Measurements were made in a 1.00-cm cuvette with α-LA
solutions (15 μgmL−1) or a diluted suspension of nanoparticles contain-
ing 30 μg of protein per milliliter. The registration of spectral data was
stopped when the high-tension voltage in the detector reached 750 V.
All samples were previously equilibrated against the appropriate buffer
(50 mM sodium phosphate, pH 7.0; 10 mM sodium acetate, pH 3.0;
and 10 mM sodium borate, pH 9.0). Low-temperature spectra were ob-
tained at 25 °C from freshly prepared samples. These sampleswere heat-
ed up to 90 °C (maximal temperature reached with our experimental
setup) and let stand at this temperature for 10 min, after which the
high-temperature spectra were registered. Tertiary structure changes
were evaluated in the near-UV spectral region (250–330 nm), using pro-
tein concentrations ca. 1.0 mg mL−1. The results are reported as mean
residue ellipticity.

2.2.3.2. Intrinsic fluorescence. The polarity of the microenvironment
around tryptophan residueswas investigated bymeasuring the intrinsic
fluorescence of α-LA and α-LA nanoparticles after sample excitation
with 280 nm UV radiation. Emission spectra were registered from 290
to 500 nm in a K2 spectrofluorometer (ISS Inc., Champaign, IL) with
1.00-cm cells. Nanoparticle and monomeric α-LA samples were equili-
brated in the same buffer solutions used for DC studies, and the protein
concentration was adjusted to 50 μg mL−1.

2.2.4. Protein nanoparticle size and distribution
The size distribution of α-LA nanoparticles was analyzed by dynamic

light scattering (DLS) using a Zetasizer Nano ZS90 (Malvern Instruments
Ltd., Malvern, UK). This technique, which is extensively used as an
adequate means to measure particle sizes over the range of a few nano-
meters up to 1 or 2 μm, allowed for the determination of the hydrated-
nanoparticle apparent size (hydrodynamic diameter). Nanoparticle
samples were diluted 1:400 with deionized water and filtered through
0.22-μm membranes immediately before use. Samples were placed in a
quartz cell and equilibrated to 25 °C. Typically, 3 measurements of 60 s
eachwere collected at a scattering angle of 90°. The hydrodynamic radius
was calculated with Zetasizer Nano ZS90 software.

2.2.5. Transmission electron microscopy
The morphology of the nanoparticles was analyzed with a JEM1010

transmission electron microscope (JEOL, Tokyo, Japan) at a voltage of
60 kV. The aqueous dispersion of the nanoparticles was diluted 10
times, and 5 μL was drop-casted onto a formvar carbon-coated copper
grid (200 mesh); the grid was air-dried at room temperature before
loading into the microscope. Images of α-LA nanoparticles were photo-
graphically recorded in randomly selected fields at several instrumental
magnifications using tools in the microscope software.

2.2.6. Calorimetric studies

2.2.6.1. Differential scanning calorimetry. Differential scanning calorime-
try (DSC) was employed to monitor the heat effects originating from
structural changes induced by increasing the temperature of nanoparti-
cles in suspension. DSC experiments were performed on a differential
scanning nanocalorimeter (Nano DSC 6300; TA Instruments-Waters
LLC) equipped with 0.300-mL capillary cells. Nanoparticle samples
(containing 2.0–4.0mgof protein permilliliter) and buffer reference so-
lutions were properly degassed and carefully loaded into the calorime-
ter cells to avoid bubble formation. Both cellswere pressurized to nearly
3.0 atm and equilibrated before heating was performed at a constant
rate of 1.0 °Cmin−1. To achieve a near perfect baseline repeatability, ap-
proximately ten reference scans with buffer-filled cells preceded each
sample run. Samples were routinely scanned twice to assess the revers-
ibility of any heat effect observed on a first run. The software package
provided by the manufacturer was used for data analysis, including
baseline subtraction, calculation of specific heat capacity, and determi-
nation of enthalpy changes.

3. Results

3.1. Determination of protein content

As described in our previous study [15], α-LA nanoparticles (NPs)
assembled by cross-linkingwith glutaraldehyde in a solution containing
80% acetone had an average size of ca. 150 nm with a narrow size
distribution. To further characterize the properties of the protein incor-
porated into nanoparticles it is necessary to precisely determine the
protein content in the nanoparticle suspension. Therefore, samples of
NPs (prepared as described in the Experimental section) were analyzed
by three different methods: direct determination of total nitrogen by
the Kjeldahl method, BCA assay, and UV absorbance, corrected for
scattering. As determined by the Kjeldahl method (which is regarded
as the most accurate method because all the nitrogen in the NPs
should come from the protein), the amount of α-LA incorporated
was 2.0 ± 0.7 mg per milliliter of the final nanoparticle suspension
(average of three individual batches of NPs), which is equivalent to
40 mg per gram of total solids. The BCA assay indicated a similar pro-
tein content of 2.3 ± 0.8 mg mL−1. However, for an individual batch,
the precision achieved by the Kjeldahl and BCA assays was ±0.06
and ±0.01 mg mL−1, respectively. The overall yield, calculated as
the amount of assembled α-LA with respect to the total protein
used for the cross-linking process, was approximately 54%. Similar
yields have been reported for the preparation of human serum albumin
nanoparticles [9,10].



Fig. 2.Circular dichroism spectra ofα-lactalbumin in its native form and as assembled into
NPs. Far-UV (a) and near-UV (b) spectra of native (solid line) and assembled (dotted line)
α-LA at pH 7.0 and 25.0 °C. Data are reported as mean residue ellipticity, [θ]. In panel (a),
the inset shows the original ellipticity (inmillidegrees) registeredwith a control sample of
glutaraldehyde polymerized in acetone but in the absence of protein.
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In contrast, scattering-corrected UV-absorption measurements
resulted in a higher protein contents (3.2 ± 0.4 mg mL−1, average of
three nanoparticle preparations) than those determined by the other
two methods. In addition, UV-absorption determinations were less
precise (i.e., ±0.20 mg mL−1). There is, indeed, an intrinsic difficulty
in estimating the protein content by light absorption, as can be observed
in the UV-absorption spectrum of NPs (Fig. 1). Specifically, the absorp-
tion bands located between 274 and 291 nm, which arise from trypto-
phan and tyrosine residues, are barely discernible in the intense,
monotonic background due to light scattering. In view of the above re-
sults, the BCA assay (which gave results similar to the Kjeldahl method
and was more easily performed) was used in further studies.

3.2. Conformational changes in α-LA upon the formation of nanoparticles

The far-UV CD spectrumofα-LANPs (pH7.0) displayed a broadneg-
ative band centered on 226 nm (Fig. 2a, dotted line). Because control
polymerized glutaraldehyde samples gave a flat ellipticity trace (see
inset in Fig. 2a), the CD band observed with the NPs can be attributed
to the protein present therein. The overall characteristics (i.e., peak
position and ellipticity magnitude) of the NP spectrum resemble
those found in proteins with a high content of β-strands [24,25]. In
contrast, the CD spectrum of native α-LA in aqueous buffer (solid
curve in Fig. 2a) clearly reflects the large number of α-helix regions
found in this macromolecule [26,27]. These results indicate that
α-LA suffers large conformational changes in its secondary structure
upon desolvation and cross-linking. Such a qualitative description
was confirmed by spectral deconvolution, the results of which (Table 1)
are consistent with an increase of ca. 35% of β-strand and a decrease
of 26% of α-helix when the protein is incorporated into nanoparticle
assemblies.

In the near-UV region, the typical CD signals ofα-LA [27]were found
to be absent in the NP spectrum (Fig. 2b), thus suggesting that a drastic
change in the tertiary interactions surrounding tyrosine and tryptophan
residues occurs during the assembly. This finding was expected, since
the tertiary structure of proteins is more sensitive to alterations in the
physical environment than the secondary structure. Furthermore, the
emission spectrum of NPs (pH 7.0) showed a broad band centered on
approximately 318 nm, which likely originated from the intrinsic
fluorescence of tryptophan and tyrosine residues (Fig. 3). However, it
should be noted that the emission spectrum of NPs appears to be red-
shifted and less intense when compared with the spectrum of α-LA in
solution; these differences in fluorescence properties are indicative of
sound changes in the environment of aromatic residues that occur
during the assembly process. Specifically, the aforementioned spectral
Fig. 1. Absorbance spectrum of α-lactalbumin nanoparticles (NPs) prepared by
desolvation in acetone and cross-linking with glutaraldehyde. Solid line, spectrum of
NPs in suspension (pH 7.0, 25.0 °C); dotted line, light-scattering contribution to the exper-
imental spectrum of NPs (see Experimental section). Shown in the inset is the spectrum
that resulted when the scattering component was subtracted from the experimental
spectrum.
redshift suggests that aromatic residues are more exposed to the aque-
ous solvent in NPs than in native α-LA [28].

3.3. Effect of pH on the spectroscopic properties of α-LA nanoparticles

Spectroscopic studies were also carried out with NPs suspended in
acidic (pH 3.0) and alkaline media (pH 9.0). As can be observed in
Fig. 4a, variations in pH resulted inminor changes in the far-UVCD spec-
trum of NPs; themost conspicuousmodificationwas related to the faint
shoulder around 210 nm (wavelength that approximately corresponds
to one minimum in the α-helix spectrum [25]), which is slightly
enhanced at pH 9.0 but appears to be lost at pH 3.0. Nevertheless, re-
sults from spectral analysis indicate a hardly significant 2% increase
in α-helix when the pH was varied from 3.0 to 9.0 (Table 1).

Likewise, pH-induced changes in the intrinsic-fluorescence intensity
of NPs were rather minimal (Fig. 3). However, the emission band
appears slightly redshifted at pH 9.0 with respect to pH 7.0, whereas
at pH 3.0 the band loses definition and it is seen as a broad shoulder.

3.4. Size and polydispersity of α-LA nanoparticles

Electron micrographs (Fig. 5a) confirmed the spheroidal shape pre-
viously reported for α-LA NPs and their approximate diameters, which
varied between 100 and 160 nm [15]. In contrast, polymerization of
glutaraldehyde in the absence of protein produced particles of irregular
shape and smaller dimensions (Fig. S1). DLS measurements carried out
with NPs in suspension (pH 7.0) showed monomodal size distributions
Table 1
Fraction of secondary structure of α-lactalbumin before and after assemblage in
nanoparticles.

Sample α-Helix β-Strands Random

α-Lactalbumin (pH 7.0) 0.29 0.15 0.57
NPs (pH 7.0) 0.03 0.50 0.47
NPs (pH 9.0) 0.04 0.49 0.47
NPs (pH 3.0) 0.02 0.51 0.47

Determined by deconvolution of circular dichroism spectra using K2D algorithm
(Dichroweb© 2013).

image of Fig.�2


Fig. 3. Intrinsic fluorescence of α-LA nanoparticles at pH 9.0 (curve 1), 7.0 (curve 2), and
3.0 (curve 3); curve 4 is the spectrum of native α-LA at pH 7.0. In all cases, samples
were excited with UV light of 280 nm.

31I.J. Arroyo-Maya et al. / Biophysical Chemistry 193–194 (2014) 27–34
(Fig. 5c), with a mean hydrodynamic diameter of 184 nm; a 0.07
polydispersity-index value indicated a relatively narrowwidth of distri-
bution. Nonsignificant differences in diameter and polydispersity were
found at the other pH values studied (results not shown).

3.5. Thermal stability of α-LA nanoparticles

DSC traces of dispersed NPs (pH 7.0) exhibited a broad endothermic
transition (curve 2 in Fig. 6) accompanied by a large increase in the
permanent heat capacity, ΔCp, as indicated by the difference between
the Cp values in the post- and the pretransition temperature regions.
In comparison, control samples of glutaraldehyde polymerized in the
absence of protein gave essentially flat DSC traces (results not shown).
The lack of any endothermic effect in rescans of the NPs samples previ-
ously denatured in a first temperature scan (see dashed line in Fig. 6)
indicated that the denaturation process was irreversible. Furthermore,
the electron micrographs of nanoparticles that had been subjected to a
calorimetric scan revealed the presence of entangled aggregates of
somewhat distorted particles (Fig. 5b). Likewise, DLS measurements
showed distributions with average sizes of approximately 700 nm for
temperature-denatured nanoparticles (Fig. 5c). These observations
suggest that the NP endotherm is in fact reflecting structural changes
in theα-LA incorporated into the NPs, changes that lead to nanoparticle
distortion and aggregation.

Although the endothermic nature of the transition and positive ΔCp
are properties that the nanoparticle suspension have in common with
typical globular proteins [29,30], such as α-LA itself, it is evident from
Fig. 6 that the heat absorbed during the transition (i.e., the area under
the Cp curve spanning the transition) is smaller for NPs than for native
α-LA (cf. curves 1 and 2 in Fig. 6). Indeed, the denaturation enthalpy,
Fig. 4. Far-UV CD spectra ofα-LA nanoparticles at 25.0 °C (a) and 90.0 °C (b). Spectrawere
registered at three pH values: 9.0 (curve 1), 7.0 (curve 2), and 3.0 (curve 3).
ΔHd, for α-LA was determined as 17 ± 1 J/g, which is similar to previ-
ously reported values [27]. In contrast, the ΔHd value for NPs amounted
to only 7 ± 2 J/g (on a protein mass basis).

As can be observed in Fig. 6, DSC curves obtained at pH9.0were sim-
ilar to those recorded at pH7.0; likewise,ΔHddeterminations at both pH
valueswere also alike (7 vs. 5 J/g). However, at pH 3.0, the endothermic
transition was scarcely visible (Fig. 6, curve 4) and appeared displaced
toward lower temperatures. Such a distinct thermal behavior for NPs
at a low pH was also evident in far-UV CD spectra registered at 90 °C:
in acidic media, the low- and high-temperature spectra were nearly
identical, whereas at pH 7.0 and 9.0, the ellipticity measured below
220 nm became more negative upon heating to high temperature
(Fig. 4b).

3.6. Effect of the protein–glutaraldehyde ratio on nanoparticle properties

Further studieswere carried out to examine the influence of the pro-
tein to cross-linking agent ratio on the assembly of nanoparticles. For
this purpose, a series of experiments were performed by following the
standard procedure used to prepare NP samples in which the amount
of glutaraldehyde was reduced. We found that halving the cross-linker
concentration led to an increase of ca. 40% in the amount of assembled
α-LA, whereas the size of the nanoparticles and properties of the incor-
porated protein remained like those observed for NPs (see Fig. S2).
However, when lower concentrations of glutaraldehyde were used
(one tenth or less of the original concentration) aggregatesweremainly
observedwith a fewNPs of smaller size (Fig. S3);moreover, the amount
of α-LA incorporated in these samples was approximately ten-fold re-
duced with respect to the original samples. Finally, when native α-LA
was cross-linked (no acetone added), oligomers no larger than 50 nm
were obtained, and the secondary structure of the protein therein
contained was rather similar to that of native α-LA as indicated by far-
UV CD spectra (Fig. S4).

4. Discussion

4.1. Content and structure of α-LA in nanoparticles

We have applied spectroscopic and calorimetric methods to deter-
mine the basic structural characteristics of cross-linked α-LA that is in-
corporated in nanoparticles of a well-defined size. Because these
methods require precise knowledge of the protein concentration to
givemeaningful results, the amount ofα-LA present in the nanoparticle
suspensions was quantified by directly assaying the total nitrogen
(Kjeldahl method). The protocol based on the bicinchoninic acid
(BCA) reagent, which is commonly used in biochemical work, was
also used for protein determinations. Both of these methods provided
similar, reproducible results. Strikingly, it was found that only ca. 4% of
solid material in the nanoparticles came from the protein, although
54% of the totalα-LA used for cross-linkingwas assembled. By doubling
the protein/glutaraldehyde ratio, we could increase the yield of the as-
sembled protein to 76% without affecting the morphology and stability
of the resulting nanoparticles; however, the protein weight still repre-
sented a small fraction of the nanoparticle material (6 wt.%). Such a
modest protein content in NPs is roughly consistentwith themagnitude
of UV-absorption bands (274–291 nm) after correction for light scatter-
ing (Fig. 1).

Hence, it is evident that α-LA nanoparticles are mainly composed
of polymerized glutaraldehyde [31]. Nonetheless, the small amount
of protein assembled appears to be necessary to form NPs of 100–
160 nm in diameter (Fig. 5) because in the absence of α-LA glutaral-
dehyde polymerizes producing smaller particles with irregular
shape (Fig. S1).

As reported in the literature [5,9,12], the optimization of the process
for nanoparticle assembly involves the selection of an adequate pH at
which there is net repulsion between protein molecules, and the right
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Fig. 5. Morphology and size of α-LA NPs. TEM images before (a) and after (b) thermal scanning in a DSC experiment. Size distribution by DLS of α-LA NPs before (c) and after (d) DSC
experiment.
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concentration of desolvating agent. Organic solvents that have been
used for desolvation (i.e., acetone, ethanol, and isopropanol) are
thought to decrease intermolecular hydrophobic interactions that can
lead to the formation of bulky protein aggregates. On the other hand,
it is well-known that organic solvents, when present at high concentra-
tions, promote large conformational changes in proteins because they
affect the hydrophobic effect that contributes to the stability of the na-
tive macromolecule [18,19]. This scenario is likely the case of α-LA
treated with 80% acetone that was added prior to cross-linking. Indeed,
as judged from far-UV CD spectra of NPs (Fig. 4), the assembled protein
displays a β-strand-like conformation with virtually no helical regions
that markedly differs from the predominantly helical secondary struc-
ture of native α-LA. It is clear that acetone brought about this large
conformational change because the secondary structure of α-LA was
Fig. 6. DSC profiles of α-LA in its native form and as assembled into NPs. Curve 1, native
protein at pH 7.0; curves 2, 3, and 4 are traces obtained with nanoparticles suspended in
buffers of pH 7.0, 9.0, and 3.0, respectively. The dotted line is the second scan of the exper-
iment shown in curve 2 (pH 7.0). All samples were scanned at 1.0 °C min−1.
affected to a lesser degree when cross-linking was performed with no
previous desolvation treatment. In addition, this nonnative form of
assembled α-LA lacks near-UV CD bands, indicating that its tyrosine
and tryptophan side chains have lost their native asymmetric environ-
ment [32]. Besides, the Trp residues seem to be more exposed to the
aqueous solvent than in native α-LA, as the fluorescence redshifts in
Fig. 3 suggest [28].

It is important to note that the polypeptide structure achieved with-
in the nanoparticle assemblage is drastically distinct from the structure
found in α-LAmolten-globule states. These expanded forms of the pro-
tein, which are well-populated at acidic pH [27,33] or in the presence
0.50 M hexafluoroisopropanol (HFIP) [19], are characterized by a
completely disrupted tertiary structure, but otherwise possess a high
content of α-helix [27,34]. Interestingly, the secondary conformation
of assembled α-LA and its denatured form in HFIP (alcohol concentra-
tion of 1.0 M or higher) may resemble each other, as suggested by the
similar shape of their far-UV CD spectra. Taking the above evidence
into account, the acetone-induced denaturation of α-LA seemingly re-
sults in an extended polypeptide structure in which many of its side
chains might become available for reaction with glutaraldehyde. This
reagent can react not onlywith amines but alsowith several other func-
tional groups of proteins, such as guanidinyl, hydroxyl, and imidazole
[31]. Thus, the large number of sites within a single polypeptide chain
that may serve as cross-linking points, together with the polymeric
nature of the reactive glutaraldehyde species that are known to exist
in solution [31], may explain the low weight fraction of α-LA found in
NPs.

4.2. Stability of assembled α-LA

Even though covalent bonds likely constitute a primary source of
stability for α-LA nanoparticles, secondary (i.e., noncovalent) interac-
tions also appear to play a role in this regard, as the DSC results point
out. Specifically, the broad endothermic transition observed in calori-
metric scans (Fig. 6) occurs at temperatures below 90 °C and under
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pH conditions (3.0 to 9.0) that can hardly affect the integrity of covalent
bonds. Rather, the endothermic effect reflects the breakdown of hydro-
gen bonds, van der Waals, and electrostatic interactions, as is the case
with proteins that are subjected to similar ranges of temperature incre-
ments [35]. Accordingly, it seems thatα-LA nanoparticles possess some
degree of internal packing (i.e., nonsolvated regions stabilized via
noncovalent interactions between different atomic groups). The large
increase in Cp observed on up-temperature scans (Fig. 6) supports the
proposal that inner nanoparticle regions of nonpolar nature become
exposed towater at temperatures ca. 90 °C. Itmust be recognized, how-
ever, that the packing density in an α-LA nanoparticle should be less
than in a globular protein molecule, as judged from the low ΔHd value
associated with the endothermic transition exhibited by NPs. The CD
spectra registered at pH 7.0 and 90 °C (Fig. 4) clearly show that the
heat-absorption effect is accompanied by changes in the polypeptide
secondary structure. Electron micrographs provide further evidence
for the stabilizing role played by noncovalent interactions because the
NPs appeared deformed and were prone to aggregation (Fig. 5) after
being subjected to thermal scanning, although their individual charac-
ter was not completely lost.

With regard to the influence of pH on stability, the spectroscopic
probes used in this study revealed that the overall structure of assem-
bledα-LA undergoes onlyminor changeswithin the 3.0–9.0 pH interval
at 25 °C (see Figs. 3 and 4). Similarly, the size distribution and average
diameter of NPs appeared to be preserved throughout this pH range
(results not shown). In contrast, DSC runs showed that the endotherm,
which is clearly visible at pH 7.0 and9.0, is barely discernible and shifted
toward lower temperatures at pH 3.0. This suggests that limited regions
within NPs are destabilized when the pH is brought to 3.0, whereas
most of the inner structure actually becomes more resistant on up-
temperature scans. In agreement with this view, CD spectra point out
that the polypeptide conformation of assembled α-LA appears to be re-
fractory to high temperatures at pH 3.0 (cf. low- and high-temperature
CD spectra shown in Fig. 4). Undoubtedly, the pH effect that was just
mentioned is linked to the (partial) protonation of carboxylates (in-
trinsic pKa values from 4.0 to 4.5), and its physical background prob-
ably involves a shift in the balance between electrostatic interactions
and hydrogen bonds. However, further studies are needed to clarify
these issues.

5. Conclusions

Spherical nanoparticles (NPs) of 100–160 nm in diameter compris-
ing α-LA cross-linked with glutaraldehyde in the presence of acetone
(80% v/v) were studied to determine the structure of the embedded
protein and its amount relative to the cross-linking agent. Direct protein
quantification revealed that assembled α-LA contributes only 4% of the
nanoparticle dryweight. Even thoughNPs are predominantly formed by
polymerized glutaraldehyde, the small amount of protein incorporated
appears to be necessary to obtain NPs on the hundred-nanometer scale.
Owing to the denaturing effect of acetone, the polypeptide chain of as-
sembled α-LA acquires a β-strand-like conformation, which is devoid
of the tertiary structure typical of the native protein. It is then proposed
that as a result of acetone-induced denaturation, multiple α-LA side
chains become available for reaction with polymeric forms of glutaral-
dehyde, thus explaining the low protein weight fraction found in NPs.

Althoughmuch of the nanoparticle stability is due to covalent bonds,
noncovalent interactions seemingly impart additional stability to the
assemblage. At low temperatures, neither the nanoparticle morphology
nor the conformation of assembled α-LA is significantly affected by
changes in the 3.0–9.0 pH region. However, the behavior of NPs on tem-
perature scans was distinctly different at low pH; specifically, the major
part of the nanoparticle structure apparently becomes refractory to high
temperatures at pH 3.0. This result suggests that carboxylate group
protonation shifts the balance between stabilizing and destabilizing
noncovalent interactions.
Notes
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Appendix A. Supplementary data

Additional TEM micrographs (S1: polymerized glutaraldehyde, S2
and S3: NPs prepared by means of reducing glutaraldehyde concentra-
tion, and S4: NPs obtained from non-desolvated α-LA). Supplementary
data to this article can be found online at http://dx.doi.org/10.1016/
j.bpc.2014.07.003.
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