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The administration and delivery of pharmaceuticals faces a variety of well-known obstacles that result in limited
biocompatibility and bioavailability. Efforts to improve these properties have often employed serum albumin,
primarily due to its inherent biocompatibility and its ability to enhance the circulation times of pharmaceuticals.
In this work, we have adapted a nanoparticle-formulation protocol, to produce a protein carrier of curcumin with
bovine serum albumin. This was achieved by using a near-equimolar protein:curcumin ratio instead of the
abundance of curcumin that would be normally used in a nanoparticle formulation. Photometric and quantitative
analysis of this carrier showed an increased curcumin content in the produced aqueous solutions following the
homogenization of bovine serum albumin (water) and curcumin (dichloromethane) phases. Albumin fluorescence
studies indicated curcumin association near a tryptophan residue, without excluding the possibility of additional
sites. Circular dichroism provided strong evidence of this association through the induced circular dichroism
effect and showed that the secondary structure of bovine serum albumin was effectively maintained. Overall, this
work presented a new means of facilitating the association of increased levels of curcumin with bovine serum
albumin, which could potentially be used to generate additional non-covalent albumin carriers for pharmaceutical
compounds.
1. Introduction

Enhancing the bioavailability of insoluble drugs in the blood stream
remains a major challenge in formulation science and drug delivery.
Research on thematter has focused on either increasing the solubility of a
compound by chemical modification, or on the design of carriers that
indirectly improve the cargo's bioavailability. The latter often involves
the formulation of nanoparticles (NP) wherein the compound is encap-
sulated. Depending on the route of administration, the NP approach
might aim to improve drug circulation times or tissue permeability as
well, while limiting unwanted effects such as the formation of the protein
corona on its surface [1]. Several NP-drug formulations have been
approved for clinical application in recent decades, delivering both hy-
drophobic and hydrophilic drugs; today, a large portfolio of
drug-delivery NPs is available [2]. However, clinical translation of a
substantial portion of NP-assisted drug delivery systems is often hindered
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by toxicity, colloidal instability, the protein corona effect, elimination
from circulation, off-target distribution and more [1,3–6]. Efforts to
circumvent or reduce the effect of such issues have, on many occasions,
employed proteins. For instance, the Transferrin/Transferrin-receptor
(Tf/TfR) complex has been used to facilitate NP passage through the
blood-brain barrier, in the form of Tf-functionalized NPs [7], Tf-binding
NPs [8], TfR-targeting NPs [9]. Likewise, human serum albumin (HSA),
or its bovine analogue (BSA), have been used to generate NPs with
improved biocompatibility and bioavailability and in certain cases, the
ability to accumulate in certain tumors [5,10–16].

More recently, efforts to bypass common complications associated
with NP-assisted drug delivery have exploited biocompatible proteins for
the formation of drug-protein carriers or complexes. Serum albumin has
been extensively utilized to develop such carriers, mainly because of its
various binding sites and its ability to increase the binder's circulation
time [10,11,17,18]. Its fatty-acid-binding sites have been used to extend
scattering; CD, Circular Dichroism; nBSA, Mols of BSA; nCCM, Mols of CCM.
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the circulation times of lipidated incretin peptides [19] and of Detemir, a
lipidated insulin analogue that has received approval for commercial use
[20]. Furthermore, albumin's free cysteine (Cys34) allows the
site-specific covalent bonding of appropriately modified molecules and
generation of albumin-drug conjugates [21]. Overall, albumin allows for
a variety of methodologies to be used for the in situ or in vitro association
with a target molecule, through conjugation and non-covalent binding,
albumin-binding protein domains, nanobodies and more [18]. One of the
simpler approaches to generating an albumin carrier entails the protein's
inherent affinity for various small hydrophobic molecules with aromatic
groups, such as Curcumin (CCM) [18]. Curcumin is a well-characterized
binder of albumin that is practically insoluble in water under physio-
logical conditions, and binds BSA via its phenolic rings in the vicinity of
the two Trp-containing hydrophobic pockets of BSA [22].

In this work, we have created a BSA carrier of CCM by homogeni-
zation of a two-phase system similar to those described in Nanoparticle-
Albumin Based (NAB) protocols. NAB protocols involve the homogeni-
zation of a two-phase system containing albumin in an aqueous envi-
ronment and a hydrophobic compound in an immiscible organic solvent.
Abraxane is a prominent NAB-paclitaxel formulation, in which HSA in-
teracts with paclitaxel (PTX) and forms intermolecular disulfide bridges
due to the shearing forces of homogenization, to create the hydrophilic
shell of the NP [15,16,23,24]. Here, as with NAB protocols, we mixed an
aqueous phase containing BSA with a dichloromethane phase containing
CCM. This two-phase system was then homogenized by sonication, and
dichloromethane was evaporated to yield an aqueous product. Critically,
our adaptation differed from typical NAB iterations in that a
near-equimolar nBSA:nCCM ratio was utilized; NAB iterations require an
abundance of the hydrophobic compound [23,25]. This differentiation in
our approach originated in the observation of samples that were pro-
duced with near-equimolar nBSA:nCCM ratios, that lacked the turbidity
associated with nanoparticle generation [25], rather, presenting a clear
aqueous product with a visibly high CCM content. This initial observa-
tion prompted our hypothesis that the cause of this high CCM content in
an aqueous solution was its association with BSA. As such, this approach
would potentially be useful in the non-covalent attachment of increased
amounts of CCM to BSA. To limit any conformational and chemical al-
terations on BSA that could lead to self-association, we chose sonication
as a simple and quick homogenization method; BSA has shown resistance
to structural alterations, aggregation or disulfide bridge formation when
sonicated for short periods of time [26]. We followed-up on our original
observation by qualitatively and quantitatively determining the CCM
content in the aqueous phase with photometric and HPLC analyses,
respectively. BSA-CCM association was investigated by
native-polyacrylamide gel electrophoresis (PAGE), tryptophan fluores-
cence, and by circular dichroism (CD), which was also employed in the
detection of alterations in the secondary structure of BSA. Any potential
BSA self-assembly resulting from homogenization was examined by
native-PAGE and dynamic light scattering. Finally, the effect of different
BSA:CCMmolar ratios on NP formation versus BSA-CCM association was
investigated.

2. Materials and methods

2.1. Chemicals

Fatty-acid-free Bovine Serum Albumin (BSA) Fraction V (>98%) was
purchased from PAN Biotech (Aidenbach, Germany). Curcumin (CCM)
(>98%) was purchased from Apollo Scientific (Stockport, UK).
Dichloromethane (HPLC grade) was obtained from Chem Lab (Zedelgem,
Belgium) and Acetonitrile (HPLC grade) was purchased from Thermo-
Fisher Scientific (Waltham, USA). Coomassie brilliant blue R250 was
obtained from Applichem (Darmstadt, Germany). All aqueous solutions
were prepared with ultrapure water (Siemens Ultra-Clear TWF system,
Munich, Germany).
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2.2. Sample preparation

Lyophilized BSA was dissolved in double-distilled H2O (ddH2O), to a
concentration of 50 mg/mL. CCM was dissolved in dichloromethane to
create stock solutions of 1.1, 2.2 and 4.4 mg/mL 1mL of the aqueous BSA
solution was mixed with 0.25 mL of a stock CCM solution to achieve
nBSA:nCCM molar ratios of 1:1, 1:2 and 1:4. In order to maintain the same
volume ratio, the sample containing a 1:20 nBSA:nCCM ratio was prepared
by using a 5 mg/mL BSA solution in ddH2O and a 550 μg/mL CCM so-
lution in dichloromethane, due to the limit of CCM solubility in
dichloromethane. Two-phase systems were vortexed briefly and were
either used directly or sonicated for 5- or 10-min time spans, using a
BIORUPTOR® Standard sonicator (Diagenode, Denville, NJ, USA).
Samples were transferred into a spherical flask and the organic solvent
was evaporated in a 30 �C waterbath under vacuum, using a Buchi
Rotavapor R110 (Flawil, Switzerland) rotary evaporator. The remaining
aqueous solution was collected, and the flask walls were washed with
double distilled H2O, resulting in an aqueous solution of 5 mL. Control
samples that did not contain CCM were prepared under the same con-
ditions, with CCM-free dichloromethane vehicle. All samples were
centrifuged (16,000 g, 5 min) to remove any insoluble CCM traces prior
to evaluation. Experimental determination of BSA concentration after
sample preparation was performed with a Pierce™ BCA protein assay kit
(Thermo-Fisher Scientific, Waltham, MA, USA).
2.3. Absorbance and fluorescence measurements

Curcumin absorbance was measured at 425 nm for all samples and
was used to provide a qualitative estimate of the CCM content in the
prepared aqueous solution. Measurements of Trp fluorescence were used
to determine the quenching effect of CCM association with BSA. Trp
fluorescence was monitored using an excitation wavelength (λex) of 290
nm. Fluorescence emission scans were taken for all samples, from 310 to
410 nm. Absorbance and fluorescence measurements were performed
with a Safire2 (Tecan, M€annedorf, Switzerland) plate reader.
2.4. Curcumin quantification

The CCM content in each sample was determined by HPLC quantifi-
cation. CCM was recovered by adding dichloromethane in the prepared
sample, within a separation funnel. The two phases were mixed until the
aqueous phase was colorless. The dichloromethane volume was at least
4-fold greater than the aqueous phase volume, to favor CCM solubiliza-
tion in the organic solvent and limit its re-association with BSA.
Dichloromethane was then evaporated via rotary evaporator (Buchi
Rotavapor R110) and CCM was resolubilized with acetonitrile. An
acetonitrile/H2O (60/40) mobile phase was selected, and samples were
quantified using an Agilent Eclipse XDB-C18 (4.6 � 150 mm, 5 μm)
column in combination with an Agilent 1100 chromatography system
(Santa Clara, CA, USA). CCM detection was performed by absorbance
measurements at 430 nm.
2.5. Protein electrophoresis

Native polyacrylamide gel electrophoresis (PAGE) was performed on
12% bis-acrylamide gels. A bromophenol-blue-free loading buffer was
used, and CCM-containing bands were observed via their characteristic
yellow color. The gel was visualized using a UVP ChemiDoc-it2 imager
(Analytik Jena, Upland, CA, USA) equipped with a grayscale charge-
coupled-device (CCD) camera. The gel was subsequently stained with
Coomassie brilliant blue R-250 to allow observation of all present protein
bands, the potential depletion of BSA as well as determine which protein
species corresponded to the yellow-colored bands.
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2.6. Dynamic light scattering

A Zetasizer Nano ZS90 (Malvern Panalytical, Malvern, UK) equipped
with a He–Ne laser (632.8 nm), using a non-invasive back scatter (NIBS)
technology was employed for dynamic light scattering (DLS) studies.
Samples were diluted (0.1 mg/mL BSA), and filtered with a 0.45 μm
filter, prior to measurement. The filtration step was introduced to remove
externally introduced large particles which can hinder the quality of the
results.
Fig. 1. Curcumin absorbance measurements in the aqueous BSA solution.
nBSA:nCCM (1:Х) indicates molar ratios. Samples labeled as “BSA” did not contain
CCM but underwent the same preparation as their CCM-containing equivalents.
CCM absorbance was measured at 425 nm to qualitatively determine CCM
contents in the aqueous BSA solutions. The absorbance of the non-sonicated BSA
(t ¼ 0 min) sample was arbitrarily set at 100% to allow normalization of other
samples. All absorbance measurements were performed in triplicate (n ¼ 3)
except for the absorbance measurement of non-sonicated (t ¼ 0) BSA (n ¼ 2).
Error bars represent the standard error of the mean (SEM).
2.7. Circular dichroism

Following sample preparation, structural studies of BSA solutions
(CCM-free, or 1:1, 1:2 and 1:4 nBSA:nCCM ratios) were performed with
circular dichroism spectropolarimetry (Jasco J-715 spectropolarimeter,
Tokyo, Japan) The CD spectra were recorded at 25 �C in the 190–500 nm
range, with 0.2 nm step resolution, 50 nm/min speed, 0.5 nm resolution,
and 1 mm bandwidth. The protein concentration in the experiments for
the far-UV (200–260 nm) and near-UV (260–300 nm) regions was 0.1
mg/mL, and for the recording of induced CD (ICD) in the near-UV region
and visible region (380–500 nm), protein concentration was 10 mg/mL.
CD spectra are displayed as ellipticity in units of millidegrees (mdeg).
Each spectrum is the average of three scans and three independent ex-
periments for each condition. The CD data were analyzed through the
OriginPro 9 program and the content of the secondary structure of BSA
was calculated through the CDNN software.

3. Results and discussion

A previous study by Gulseren et al. has shown that moderate soni-
cation (i.e. t < 15 min at 20 W/cm2) has a negligible effect on the
structure of BSA or its free-sulfhydryl content, and does not lead to
oligomerization or aggregation of the protein [26]. Therefore, a
water-bath sonicator intended for the treatment of protein and DNA was
chosen for sample homogenization, in order to minimize the effect of
sonication on BSA.
Fig. 2. Curcumin quantification in the aqueous BSA solution by analytical
HPLC. nBSA:nCCM (1:Х) indicates molar ratios. CCM in the aqueous BSA solutions
(CCMf) is presented as a percentage of the corresponding initial CCM concen-
tration (CCMi). All HPLC quantifications were performed in triplicate (n ¼ 3)
except for the quantification of sonicated (t ¼ 5 min) nBSA:nCCM ¼ 1:4, (n ¼ 4).
Error bars represent the standard error of the mean (SEM).
3.1. CCM absorbance

Absorbance measurements were performed in the aqueous solutions
that resulted from homogenization of the aqueous and dichloromethane
phases containing BSA and CCM respectively, and the subsequent evap-
oration of dichloromethane. Any insoluble CCM was removed from the
solution by centrifugation. To evaluate the effect of sonication in the
resulting CCM content, samples were either non-sonicated or sonicated
for 5 or 10 min. Sonication treatments showed a noticeable increase of
CCM content in the resulting aqueous solution, compared to samples that
were not sonicated, as shown in Fig. 1. Notably, a longer sonication of 10
min did not further increase CCM absorbance, compared to a 5 min
sonication step (Fig. 1). Molar ratios (nBSA:nCCM) also affected CCM
absorbance in the produced aqueous solutions. A higher initial concen-
tration of CCM led to increased CCM absorbance in the produced aqueous
solution. Remarkably, this concentration dependence was also observed
for non-sonicated samples that were otherwise submitted to the same
treatment (Fig. 1).

These findings revealed an increase of CCM content in the produced
aqueous solution, which stems both from sample sonication and
increased initial CCM concentrations. Considering that CCM is practically
insoluble in water under room temperature and physiological pH, the
main reason for its apparent “solubilization” is most likely an association
with BSA, which is facilitated by the sonication process. It was also
interesting to observe that the CCM content increased in a CCM-
concentration dependent manner in non-sonicated samples, implying a
role of the two-phase system in enabling CCM association with BSA.
3

3.2. CCM quantification by HPLC

The increase in CCM content was quantified by analytical HPLC. CCM
concentration in the produced aqueous solution (CCMf) is presented as a
percentage of the initial CCM concentration in dichloromethane (CCMi):
(CCMf/CCMi) � 100 (Fig. 2). Sonicated samples retained more of the
initial CCM amount contained originally in the dichloromethane phase,
compared to non-sonicated samples, in accordance with CCM absorbance
findings. We also observed that sonicated samples with nBSA:nCCM ratios
of 1:1 and 1:2 could retain most of the initial CCM amount (91% and 80%
respectively), while the “1:4” sample retained 47%, not adjusting for
sample loss during preparation (80–90% of initial BSA remained in the
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aqueous solution after sample preparation). These results also provide a
rough estimate of the number of CCM molecules per BSA in the aqueous
solution. Recent studies of BSA have revealed an average of ~1 binding
sites for CCM [27]. Here, the percentages of retained CCM in sonicated
“1:2” and “1:4” samples correspond to CCM:BSA ratios of 1:1.6 and 1:1.9
respectively, in the aqueous preparation. Interestingly, this finding
highlights the possibility that more than one molecule of CCM is asso-
ciated per BSA.
3.3. Investigation of particle size by dynamic light scattering

This study revealed a primary population set with a hydrodynamic
diameter (Dh) of ~10 nm, present in all samples as well as in CCM-free
BSA (Fig. 3). In addition to the centrifugation step described in sample
preparation, samples were filtered (0.45 μm filters) as is commonly
practiced in DLS protocols to exclude any large particles that were
introduced during sample preparation. However, to determine the po-
tential presence of self-assembled BSA species, all samples were also
examined without a filtration step (Fig. S1a). Both examinations revealed
the presence of populations with Dh> 100 nm in intensity spectra, which
potentially corresponded to aggregated BSA (Figs. 3 and S1a). Similar
populations were present in an unfiltered and unprocessed BSA sample
(Fig. S1b) indicating the presence of aggregates formed upon BSA solu-
bilization in water, which is a common finding when using albumin that
has not undergone additional purification [28]. An additional population
at Dh ~ 70 nm, shown more clearly in the examination of unfiltered
samples, was present only for sonicated preparations and showed a
dependence on the initial CCM concentration (Fig. S1a). This population
could potentially indicate the presence of particles that eluded removal
by centrifugation, although it is unclear whether these are free-CCM
Fig. 3. Particle sizes in the aqueous BSA solutions as determined by dynamic light sca
contain CCM but underwent the same preparation as their CCM-containing counterpa
intensity-based distributions and lower spectra correspond to number-based distribu
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particles or BSA aggregates. Nevertheless, conversion of intensity-based
distributions to number-based distributions, suggests that any species
with higher hydrodynamic diameters (Dh > 70 nm) formed a small
fraction of the total population (Figs. 3 and S1), and that the peaks that
appeared at ~10 nm constituted the majority of the observable species.

In a study by Falke et al., the hydrodynamic radius (Rh) of BSA has
been determined by DLS studies at 3.8 nm in intensity-based distribu-
tions (Dh ¼ 7.6 nm) [29]. The higher mean hydrodynamic diameters
noticed here, at ~10 nm, could be attributed to the presence of pop-
ulations of soluble BSA oligomers, such as dimers and trimers, along with
the BSA monomer. This assumption was supported by native-PAGE
analysis which clearly revealed the presence of small BSA oligomers in
the presence of a dominant BSA monomer (Fig. 4). The presence of such
oligomers is thought to be the result of the isolation process of BSA, while
the dimers, which comprise the secondmost abundant population among
BSA species (Fig. 4), are considered to be the result of intermolecular
disulfide bridges formed by the free sulfhydryl groups of Cys34 [30].

Although the presence of colloidal nanoparticles cannot be dismissed
by this evaluation due to the sample centrifugation step after evapora-
tion, none of the near-equimolar nBSA:nCCM samples displayed the
turbidity commonly observed upon NP formation, especially at such
protein concentrations.
3.4. Native-PAGE analysis

Based on a previously published protocol that recommended the use
of CCM as a protein stain [31], we hypothesized that it would be possible
to visualize CCM-containing species of BSA in native-PAGE, without the
need for further staining. CCM-containing bands (Fig. 4, upper gel,
shown in grayscale), corresponded primarily to monomeric BSA and to a
ttering. nBSA:nCCM (1:Х) indicates molar ratios. Samples labeled as “BSA” did not
rts. Sonication timespans are noted as “t ¼ x min”. Upper spectra correspond to
tions.



Fig. 4. Native-PAGE analysis of aqueous BSA solutions. nBSA:nCCM (1:X) in-
dicates molar ratios. Samples labeled as “BSA” did not contain CCM but un-
derwent the same treatment as their CCM-containing equivalents. Upper image
shows the unstained gel. Protein bands were visualized via the yellow color of
CCM that was associated with the protein [31] (image was captured with a
grayscale imaging system). Lower image: the same gel as in the upper image,
following Coomassie-staining.
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lesser degree, to BSA dimers, as revealed by the subsequent staining of
the gel with Coomassie blue (Fig. 4, lower gel). Sonicated samples
showed a visibly increased CCM association for both monomeric and
dimeric BSA species. Likewise, band density was dependent on the initial
CCM concentration, for both sonicated and non-sonicated samples.
Following coomassie-staining, the monomeric and oligomeric BSA bands
revealed no changes in protein composition throughout the sample
range, indicating no BSA depletion and therefore no further BSA oligo-
merization and aggregation. The apparent BSA dimer and oligomer
species shown in the Coomassie-stained gel were common for all samples
(Fig. 4, lower gel). Dimers and other oligomers are likely the result of the
isolation process of BSA and have been a common finding in other
publications using commercially available BSA [28,30,32,33].

These results imply an association between CCM and BSA, which
appears to take place primarily with the monomer. The presence of sol-
uble oligomeric BSA species remains unchanged in the sample set of
Fig. 4 while the lack of BSA depletion indicates that no significant ag-
gregation of BSA has taken place post-sample preparation. Equally, BSA-
based NPs are not likely a component of the aqueous solution since their
generation would have been reflected on the BSA band densities.
3.5. Fluorescence quenching

The effect of CCM association with BSA can be observed by the
quenching effect on the protein's intrinsic fluorescence. BSA's main
intrinsic fluorophores are found in tryptophan (Trp), tyrosine (Tyr) res-
idues, although its fluorescence is principally attributed to its Trp resi-
dues (Trp134 and Trp213) [34,35]. The quenching of Trp fluorescence
by a compound that binds to albumin has been employed in the char-
acterization of protein-compound binding [36,37]. In fact, the hydro-
phobic pockets of BSA containing the tryptophan residues have been
proposed to be binding sites for CCM and for two of its derivatives [37].
Tyr fluorophores are also excited at a similar wavelength as Trp fluo-
rophores (280–285 nm), however, excitation of BSA at 280 nm has
previously revealed a minimal Tyr contribution when emission was
measured at 340 nm [38,39]. Considering all of the above, we expected
our observations of sample fluorescence to be associated with Trp and
therefore any quenching effects to be the result of CCM association with
BSA in the vicinity of a Trp residue.
5

All samples that contained CCM showed CCM-concentration-
dependent quenching of fluorescence (Fig. 5). Following the same
pattern observed in previous studies, sonication (Fig. 5, right) further
increased the quenching effect. Overall, our results suggest that CCM
associates with BSA in the vicinity of a Trp, however, the presence of
additional CCM-binding sites cannot be dismissed at this point, requiring
further evaluation.

Samples containing CCM also developed a minor blue shift compared
to BSA control samples without CCM (Table 1), which indicates that the
Trp fluorophore is found in a more hydrophobic environment, consistent
with the presence of a CCM molecule [40]. The emission maxima
observed for BSA controls without CCM, also coincided with the emission
maximum observed for untreated native BSA: λem ¼ 354 nm (Fig. S2).

3.6. Circular dichroism studies

CD spectropolarimetry was employed to study the conformation of
BSA in the solutions under study and to acquire evidence for its inter-
action with CCM. Fig. 6 summarizes the CD spectra of BSA-CCM samples
of different molar ratios, with or without sonication. In full accordance
with the literature [41], plain BSA exhibits a positive band at 191 nm and
two negative bands at 208 nm and 220 nm, characteristic of the domi-
nant α-helical structure of the protein. In addition, quantitative second-
ary structure analysis of free BSA showed a 61.8% content of α-helix,
21.8% β-sheet and 16.4% random coil in compliance with similar reports
[22]. As depicted in Fig. 6a, without sonication, the spectra of BSA
remain unchanged in the presence of CCM at the 1:1 and 1:2 nBSA:nCCM
ratios, while a slight decrease in the negative bands is noted at the 1:4
nBSA:nCCM ratio, without any shift in peak position. The decrease in the
negative bands is greater when sonication is present, and more intense at
increased CCM concentrations (Fig. 6b). In fact, at the 1:4 nBSA:nCCM ratio
of the sonicated samples, the α-helical structure decreased to 55%, while
β-sheet content increased to 28% indicating that CCM binding induces
limited uncoiling of α-helices in BSA. Similar changes in helicity of up to
6% have been observed in the literature upon binding of drugs and other
compounds to BSA [42,43]. Overall, the CD spectra indicate that in the
presence of CCM, α-helix is still dominant, though a-helix to β-sheet
transitions are noted with increasing CCM content. The differentiation
between non-sonicated and sonicated samples may suggest a more effi-
cient interaction of the BSA with CCM in the sonicated samples.

CD spectra were also obtained in the near-UV and visible range
250–500 nm where CCM absorbs light. As can be seen in Fig. 7, an
induced circular dichroism (ICD) signal is present providing strong evi-
dence for the interaction of CCM with BSA [44]. As CCM is a non-chiral
molecule with no CD absorption, the generation of ICD attests to the
perturbation of CCM symmetry induced by its interaction with the
asymmetric BSA environment. CCM bound to BSA, acts as a chiral
molecule and generates a bisignate ICD signal, with a negative Cotton
band centered at 350 nm, a positive band centered at 425 nm, and a
zero-crossover point at 380 nm. A similar ICD spectrum has been re-
ported for HSA in the presence of CCM (1:1 ratio) at pH 7.0 [45] and 7.4
[46]. The intensity of both bands increases with increasing CCM con-
centration, with no significant change in wavelength position for the
negative band or the crossover point, but with a gradual shift for the
positive band. At the highest CCM concentration the positive band ap-
pears at 458 nm, registering a 33 nm red shift. The increase in intensity of
the ICD spectra at the higher curcumin molar ratios reflect the higher
fraction of curcumin complexed to BSA.

It is documented in the literature based on fluorescence quenching,
CD displacement experiments, and molecular modelling, that the pri-
mary binding site of curcumin is the hydrophobic pocket of subdomain
IIA of HSA and BSA [47,48]. At the pH ¼ 6.0 of our solutions, the planar
π-conjugated phenolic structure of curcumin interacts with BSA through
hydrogen bonding and hydrophobic interactions with the aliphatic and
aromatic protein side chains [22,45]. Intermolecular exciton coupling
between curcumin and the far UV π-π* transitions of the aromatic side



Fig. 5. Tryptophan fluorescence spectra of aqueous
BSA solutions following sample preparation.
nBSA:nCCM (1:X) indicates molar ratios. Samples
labeled “BSA” did not contain CCM but were pre-
pared in the same manner as the CCM-containing
samples. Fluorescence excitation was fixed at λex ¼
290 nm and emission scans were taken between 310
and 410 nm. Samples were normalized using their
respective “BSA” control. All fluorescence quenching
studies for sonicated samples (t ¼ 5 min) were per-
formed in triplicate (n ¼ 3), and in duplicate (n ¼ 2)
for non-sonicated samples (t ¼ 0 min).

Table 1
Average BSA emission maxima observed in fluorescence emission scans from 310
to 410 nm (λex ¼ 290 nm).

Sonication (t, min)

0 5

BSA 356 nm 354 nm
nBSA:nCCM (1:1) 352 nm 350 nm

(1:2) 350 nm 348 nm
(1:4) 346 nm 348 nm

Native BSA 354 nm

K. Matskou et al. JCIS Open 6 (2022) 100051
chains located at the BSA IIA subdomain, may therefore be contributing
to the observed ICD signal in our samples [48]. This reasoning is in
agreement with the fluorescent quenching experiments (Section 3.5) that
support the interaction of CCM with BSA in the vicinity of a Trp. The red
shift of the positive band at higher curcumin ratios together with its
overall broader shape, may be indicating the presence of a second
binding site for CCM that gives positive ICD sign at higher wavelengths
and contributes to the generation of a composite positive band. An
only-positive ICD signal at approximately 460 nm has been reported for
curcumin:BSA interaction at pH 6.4 in the presence of phosphate buffer
and for a curcumin:BSA ratio of 0.75 [49]. Furthermore, the presence of a
Fig. 6. Secondary structure of BSA upon interaction with CCM following sample pr
presence of CCM at different nBSA:nCCM ratios (1:1, 1:2 and 1:4) without (a) or with (b
are presented.
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second binding site for CCM on HSA has been suggested in the literature
based on spectroscopic data [45,46].

Overall, the CD studies confirm the stability of BSA secondary
structure in the sonicated samples, provide solid evidence for the pres-
ence of interaction of BSA with CCM with preservation of the α-helical
structure and are in agreement with binding of CCM in subdomain IIA of
BSA. Further experimentation is required to delineate the mode of BSA-
CCM binding interaction in our samples.

3.7. The role of nBSA:nCCM molar ratios

Previous work by Kim et al., has shown that the homogenization of a
two-solvent system containing CCM and BSA leads to the formation of
NPs with a diameter of ~130 nm, when a molar abundance of CCM is
used [25]. Here, we investigated the role of near equimolar nBSA:nCCM
ratios with a modified protocol, showing that CCM associates with BSA
and yields a clear aqueous solution rather than a colloidal NP suspension.
To verify that the sonication-based homogenization step was capable of
yielding NPs when CCM is abundant, we used a nBSA:nCCM ratio of 1:20,
which promptly resulted in a yellow aqueous suspension (Fig. 8). A lower
BSA concentration (5 mg/mL instead of 50 mg/mL used in other ratios)
was used in the generation of the “1:20” sample to maintain the
water/dichloromethane volume ratio, due to limitations set by CCM
eparation. CD spectra of BSA (0.1 mg/mL), pH 6.0, at 25 �C in the absence or
) sonication (5 min). Representative spectra from n ¼ 3 independent experiments



Fig. 7. Induction of circular dichroism signal in CCM upon interaction with BSA
after sample preparation. ICD spectra of BSA (10 mg/mL) at 25 �C and pH 6.0 in
the absence or presence of CCM at different nBSA:nCCM ratios (1:1, 1:2 and 1:4)
with 5 min sonication. Representative spectra from n ¼ 3 independent experi-
ments are presented.
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solubility in dichloromethane. DLS measurements corroborated the ex-
istence of NPs in the “1:20” sample by revealing populations of particles
with Dh ~ 350 nm (Fig. S1c). The larger size of obtained NPs compared to
those produced by Kim et al. [25], could be explained by the use of
sonication instead of a high-pressure homogenizer [23].

The use of near equimolar ratios yielded clear aqueous solutions as
shown in Fig. 8, which also highlights the discussed CCM-concentration
effect. Centrifugation of said samples did not produce a resuspendable
precipitate; even when centrifugation was skipped in sample prepara-
tion, insoluble CCM quickly precipitated. This contrasts with the
nBSA:nCCM ¼ 1:20 sample ratio sample, whose precipitate after centrifu-
gation was quickly resuspended to its original state. The apparent high
optical density of the solution with ratio nBSA:nCCM ¼ 1:4 in Fig. 8b in-
troduces the possibility of a suspension being present in the sample.
However, this contradicts with our findings from native-PAGE that did
not show BSA depletion. Overall, these results revealed the distinct
outcomes obtained using different CCM concentrations in this protocol.
Fig. 8. The effect of the nBSA:nCCM ratio on the outcome of homogenization. Sampl
manner as the CCM-containing samples. All samples were sonicated for 5 min duri
nBSA:nCCM ¼ 1:20 sample required the use of a lower initial BSA concentration (5 m
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4. Overall discussion

In order to verify that BSA-CCM association was responsible for the
increased CCM content in the produced aqueous solutions, it was
necessary to determine any potential self-assembly of the protein. Native-
PAGE, and DLS data suggest that BSA aggregation beyond that of the
commercial lyophilized BSA, was insignificant, if at all present in the
samples. Moreover, near-equimolar ratios of BSA and CCM such as those
used here, were not likely to favor NP formation; similar two-phase
systems used for NP generation require an abundance of the hydropho-
bic compound to form a hydrophobic core which is then surrounded by
intermolecularly crosslinked albumin molecules [25,50]. The centrifu-
gation step for the removal of insoluble CCM rendered NP detection
difficult since they would have been precipitated along with insoluble
CCM. Nevertheless, the lack of BSA depletion in native-PAGE, combined
with the fact that most of the originally added BSA (80–90%) was found
in the produced solution, suggest BSA-CCM association rather than NP
formation. This deduction was supported by the generation of a NP
suspension in the sample with a nBSA:nCCM ratio of 1:20, capable of
staying in suspension for more than 48 h at 4 �C. Although this was ex-
pected based on the extensive literature on NAB iterations, the results
from using near-equimolar nBSA:nCCM ratios in sample preparations were
not. CCM is known to naturally associate with BSA through hydrophobic
and hydrophilic interactions [22] and recent studies of BSA-CCM asso-
ciation have determined the existence of ~1 binding site for CCM. Here,
the association of more than one CCM molecule per BSA is corroborated
by CCM quantification and CD data. Overall, we suspect that the asso-
ciation of CCM with BSA is enhanced in a two-step manner: initially, the
water-immiscible dichloromethane facilitates the access of CCM to one or
more hydrophobic pockets of BSA, which is then further assisted by the
additional sonication step. The mechanism of this association remains to
be determined however, while additional work is necessary to fully
elucidate the nature of BSA-CCM interaction achieved by this method.

5. Conclusions

We have reported on a method that facilitates the association of CCM
with BSA and produces aqueous solutions with high CCM content. All
samples prepared in the described manner revealed a correlation be-
tween initial and final CCM contents. However, samples that were sub-
mitted to an intermediate sonication step showed higher CCM
concentrations in the resulting aqueous solutions, compared to samples
that were only submitted to the rapid mixing of the two-phase system by
vortex mixer. BSA-CCM association was verified by the detection of an
e labeled “BSA” did not contain CCM but was otherwise processed in the same
ng preparation. Examined nBSA:nCCM ratios include: 1:1, 1:2, 1:4 and 1:20. The
g/mL) to maintain the water/dichloromethane volume ratio.
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ICD signal in the studies, and by the quenching of BSA fluorescence,
which suggested CCM association localized in the vicinity of a Trp res-
idue. Our approach was also aimed towards minimal disruption of the
structure and disulfide bonds of BSA. Sonication provided an easy means
of homogenizing the initial two-phase system while minimizing the
application of shearing forces on BSA, and therefore avoiding the gen-
eration of intermolecular disulfide bridges and subsequent BSA oligo-
merization. Furthermore, short sonication of BSA has a minimal effect on
its secondary structure [26]. Indeed, the evaluation of the secondary
structure of BSA by CD showed minor CCM-dependent α-helix to β-sheet
transitions, with the sonicated sample of nBSA:nCCM ¼ 1:4 displaying the
greatest transition, although α-helices remained dominant in all samples.

We expect this work to lead to the development of more advanced
non-covalent albumin carriers which could include compounds of phar-
macological interest, as well as proteins and peptides that have been
conjugated with an albumin binder. Such systems should bypass the issue
of colloidal instability associated with protein-based NPs and increase
circulation times. Overall, this work has highlighted a simple and
underexplored process to achieve protein-compound association with a
potential importance to future drug-delivery applications.
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