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Human serum albumin (HSA) is one of the most abundant proteins in the human body and also used as a
biomaterial coating. While there is signiﬁcant interest in modifying the properties of solid supports to control
HSA adsorption, there is an outstanding need to investigate whether modulating the conformational properties
of HSA proteins can inﬂuence adsorption properties, especially in the context of surface passivation applications.
Herein, we investigated how ionic strength – a key modulator of electrostatic forces inﬂuencing protein folding
and protein-substrate interactions – can aﬀect the conformational stability of HSA proteins and the resulting
adsorption of HSA proteins onto silica surfaces for surface passivation applications. Thermal denaturation experiments identiﬁed that HSA is prone to unfolding and aggregation under physiologically relevant ionic
strength conditions while HSA is more conformationally stable in low salt conditions. In line with these observations, we also determined that the adsorption of native HSA monomers onto silica surfaces was strongly
inﬂuenced by electrostatic forces, with greater uptake in low ionic strength conditions. By contrast, the adsorption uptake of heat-denatured HSA was greatest in high ionic strength conditions and related to oligomer
size. It was further revealed that native HSA is superior to heat-denatured HSA for passivating silica surfaces
against serum biofouling. Taken together, our ﬁndings demonstrate that modulating the conformational stability
of HSA proteins inﬂuences the adsorption pathway and passivation properties, oﬀering fundamental insights that
can lead to improved protein coatings.

1. Introduction

resolution crystal structures of bovine serum albumin (BSA) and human
serum albumin (HSA) revealed only a 75.8% match [19]. Distinct differences in protein-protein and protein-surface interactions have also
been identiﬁed between the two homologues [16,21] despite the excellent agreement in their basic physicochemical properties (e.g., molecular weight of approximately 66.5 kDa and isoelectric point in the
range of 4.8 to 5.6 [17,18]). This leads to signiﬁcant behavioral differences in solution and upon adsorption [16,22,23], motivating the
need to understand the roles of conformational and colloidal stabilities
in modulating the adsorption of serum albumins, particularly the lessstudied HSA.
The protein stability in solution inﬂuences the adsorption behavior
and, in some cases, represents one of the driving forces for protein
adsorption [24–26]. Previous works by Karlsson et al. employing engineered protein variants described how protein stability inﬂuences the
orientation in which proteins approach the surface as well as the rate

Understanding the solution and adsorption behaviors of proteins
represents the key towards obtaining fundamental colloidal and interfacial science insights into a wide variety of physiological processes
[1–3] and is signiﬁcantly relevant for biomaterials development [4–6]
and in biomedical applications such as pharmaceutics [7–9], biosensing
[10–12] and biological passivation [13–15]. One of the most widely
studied classes of protein is the serum albumins, owing to their abundance in the circulatory system and their popular application as a
generic protein and blocking agent in solid-phase assays [14,16–18].
While serum albumins from diﬀerent species generally share many similarities in terms of sequence, structure and function, subtle diﬀerences exist as a consequence of evolution [18,19]. For example, while
all serum albumins are predominantly helical and consist of three similar domains arranged in an overall heart-like shape [18,20], high
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Aldrich). All buﬀer solutions were adjusted to pH 7.5 with 1 M hydrochloric acid (Sigma-Aldrich), and ﬁltered through 0.22 μm membrane ﬁlter before use. All protein samples were freshly prepared on the
same day of experiments by dissolving a lyophilized amount of protein
in buﬀer solution. The stock concentrations of the protein samples were
determined by 280 nm absorbance measurements using molar extinction coeﬃcient 35,700 M−1 cm−1, and adjusted accordingly to the
desired experimental concentration. For thermal investigations, stock
aliquots were incubated in a water bath set at temperatures incrementing by 10 °C for implementing a heat cycle consisting of 30 min
of heating and 2 h of cooling. Fresh aliquots were used for each temperature increment.

and extent in which protein undergoes conformational changes postadsorption [27,28]. Subtle variations at the submolecular level have
dramatic inﬂuence on the adsorption behavior [29] and the ﬁnal irreversible state of adsorbed proteins eventually determines the surface
properties and degradation characteristics of the adsorbing material
[30]. Having established that protein stability is inﬂuenced by the solution condition, several reports have discussed the adsorption behavior
of serum albumins within the context of solution parameters such as
temperature, ionic strength and pH [26,31–38]. In particular, gradually
raising the temperature generally led to an increased rate of serum albumin adsorption but resulted in diﬀerent trends in saturation uptakes
between HSA and BSA, depending on the solution and surface properties [31,32]. It was also noted that adsorbed BSA presents higher
thermostability and lower α-helicity than its native form [39]. In terms
of ionic strength, the addition of salt mediates adsorption through
electrostatic protein-protein interactions [33,34], as well as surface
potential, which inﬂuences protein-surface interactions [34,36,38].
While adsorption would be enhanced under favorable electrostatic interactions (i.e., minimal protein-protein and protein-surface electrostatic repulsions), it was possible to adsorb BSA onto silica particles
even under non-favorable electrostatic interactions [40]. This emphasizes that in the case of serum albumins, electrostatic interactions may
not represent the primary driving force for adsorption [33,34] and that
the process can be entropically driven, as we recently demonstrated for
HSA adsorption onto titania [41].
Despite extensive investigations into protein adsorption behavior
using serum albumins as a model, with the exception of a few works
[16,22,23], direct experimental comparisons between BSA and HSA are
rare, making it diﬃcult to predict the adsorption properties of HSA
from experiments conducted on BSA, even when subjected to the same
treatment. This prompts the need for dedicated studies on HSA adsorption, which are only recently beginning to be explored [26,42,43].
Studies investigating the adsorption of heat-denatured HSA, which
potentially presents vastly diﬀerent conformational and colloidal stabilities than their native forms, are also lacking. Within the context of
biomedical applications, the relationship between solution and adsorption behavior and protein functionality, particularly surface passivation properties, remains elusive.
In this work, the solution and adsorption behaviors of HSA are investigated as a function of heat treatment and ionic strength. The solution behavior is characterized by observing the extent of aggregation
using dynamic light scattering (DLS) [44,45] and tracking changes in
secondary and tertiary structures using circular dichroism (CD)
[46–49]. Taken together, DLS and CD data provide information on the
colloidal and conformational stabilities of HSA in solution, under different heat treatment and ionic strength conditions. In a similar fashion,
the adsorption behavior of HSA on a planar silica surface as a function
of denaturation temperature and ionic strength were characterized
using the quartz crystal microbalance with dissipation (QCM-D) technique, which provides real-time information on the amount of adsorbed
wet mass and the corresponding changes in adlayer viscoelasticity
[50–52]. Finally, we investigated the eﬀect of modulating the adsorption behavior on the surface passivation performance of native and
heat-denatured HSA. Our ﬁndings hold signiﬁcant relevance in understanding the structure-function relationship of HSA as well as evaluating its suitability for applications involving protein formulations and
surface coatings.

2.2. Dynamic light scattering (DLS)
Size measurements for 50 μM HSA protein molecules in solution
were analyzed with NanoBrook ZetaPALS Particle Analyzer
(Brookhaven Instruments, USA) under varying ionic strength conditions
and heat treatments. Initial measurements were performed at room
temperature and subsequent measurements of 1 mL aliquots were
conducted after a 30 min heat treatment (50, 60, 70, 80, or 90 °C) followed by 2 h of cooling at room temperature. All measurements were
performed with a 658.0 nm monochromatic laser at a scattering angle
of 90 °C and data were collected using the BIC Particle Size Software
(Brookhaven Instruments). Ten measurements for each sample were
recorded in the Cumulant mode and the average was reported with
standard deviation to estimate the eﬀective hydrodynamic diameter.

2.3. Circular dichroism (CD) spectroscopy
CD spectrometry was performed using an AVIV Circular Dichroism
Spectrometer Model 420 (Aviv Biomedical, USA). Experiments were
conducted using a glass/quartz microcuvette with a 0.1 mm path length
(Hellma Analytics, Germany) and the far-UV spectral range from 190 to
260 nm was analyzed in 1 nm segments. All measurements were recorded at 25 °C with a 4 s averaging time and a 1.0 nm bandwith.
10 mM Tris buﬀer solution [pH 7.5] with 0 or 150 mM NaCl was used to
record the background spectra, while all protein samples were prepared
at a concentration of 50 μM in the same buﬀer solution for sample
analysis. Further details on Molar Residue Ellipticity (MRE) quantiﬁcation are presented in Supporting Information.

2.4. Quartz crystal microbalance-dissipation (QCM-D)
QCM-D was employed for the investigation of protein adsorption. QSense E4 (Biolin Scientiﬁc, Sweden) was utilized to monitor HSA adsorption on silicon oxide-coated sensor chip (QSX303, Biolin Scientiﬁc).
The surface of the sensor was rinsed with 1% SDS solution, Milli-Q
water, and ethanol then dried under a gentle stream of nitrogen gas.
The cleansed sensor chip was then pre-treated with oxygen plasma
(PDC-002, Harrick Plasma, USA) for one minute immediately prior to
the adsorption study. All solutions were introduced into the measurement chamber through a 0.76 mm-inner-diameter tube (Pharmed®,
Ismatec SA, Switzerland) installed on a peristaltic pump (ISM833C,
Ismatec SA) operating at a nominal ﬂow rate of 50 μL/min. Real-time
measurements of frequency and dissipation factors were recorded simultaneously at various overtones (n = 3, 5, 7, 9, and 11). Protein
solution injection was initiated upon stabilizing the frequency and
dissipation baseline using protein-free buﬀer. The real-time shifts in
frequency and dissipation were recorded up to the point of stabilization
and the dataset from the ﬁfth overtone (25 MHz) were presented in the
main text, unless stated otherwise.

2. Materials and methods
2.1. Sample Preparation
Lyophilized human serum albumin (A3782) was purchased from
Sigma-Aldrich (Singapore) and stored at 2–4 °C prior to use. Buﬀer
solutions were prepared using 10 mM tris(hydroxymethyl)aminomethane (Tris) and varying concentrations of sodium chloride (Sigma307
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Fig. 1. (A) A simpliﬁed schematic of the experimental steps involved leading to the solution characterization of native and heat-denatured HSA. (B) Dynamic light
scattering (DLS) measurements obtained at room temperature from the HSA solution after heat treatment up to the respective temperatures labelled in the x-axis,
under diﬀerent ionic strength conditions. (C) The respective ionic strength dependency of the extent of aggregation inferred from the recorded DLS hydrodynamic
diameters for heat treatments up to 70 °C and 80 °C, respectively. Data are expressed as mean ± standard deviation for n = 3 measurements.

3. Results and discussion

the colloidal stability via the electrostatic charge shielding eﬀect [54].
However, the eﬀect is non-monotonic due to the interplay of proteinion and protein-protein interactions, which led to greatest aggregation
at an intermediate NaCl concentration (i.e., 150 mM NaCl), whereby
salting-in and salting-out eﬀects are counterbalanced [55], and moderate aggregation at the highest NaCl concentration (i.e., 250 mM
NaCl). It is worthy to note that the same trend was also observed for the
case of BSA, indicating similar colloidal behavior between the homologues.
To understand the contributions of secondary and tertiary structure
variations to HSA aggregation, the CD spectra of native HSA, as well as
after heating up to 70 °C and 80 °C in the presence and absence of
150 mM NaCl were obtained in the far-UV range at room temperature.
The spectra from the samples without heat treatment exhibited
double minima at 208 nm and 222 nm, which is typically observed for
α-helical proteins [49]. There is no diﬀerence between the spectra
obtained from samples with and without NaCl, indicating that native
HSA still retained strong traits of α-helicity under NaCl-free conditions.
With heat treatment in the presence of 150 mM NaCl, the minima
gradually diminished, suggesting a continual loss in α-helicity up to
80 °C (Fig. 2A). However, in the absence of NaCl, the spectra obtained
from protein solutions heated up to 70 °C and 80 °C were similar, implying no progressive denaturation at higher temperatures (Fig. 2B).
The α-helicities of native and heat-denatured HSA calculated based on
the Molar Residue Ellipticity (MRE) at 222 nm and 208 nm are listed in
Table 1. Since changes in secondary structure are accompanied by
changes in tertiary structure [56,57], we also compared the ratio of the
MRE at 222 nm and 208 nm, which relates to the tertiary structure of

3.1. Temperature-induced protein denaturation depends on salt
concentration
The colloidal and conformational properties of proteins in bulk solution strongly depend on environmental conditions, and one of the
most important factors is the ionic strength of the solution [36,53].
Therefore, we ﬁrst investigated how diﬀerent ionic strength conditions
aﬀect the temperature-dependent stability of HSA proteins in bulk solution. Dynamic light scattering (DLS) measurements were performed
to measure the size distribution of protein molecules after a 30-min
incubation period at diﬀerent temperatures and cooled to room temperature (Fig. 1A). The ionic strength was adjusted by varying the NaCl
salt concentration from 0 to 250 mM while equivalent buﬀer conditions
were used in all solutions: 10 mM Tris [pH 7.5]. Up to 50 °C, HSA
protein was stable in bulk solution under all tested ionic strength
conditions. With increasing temperature, protein aggregation occurred,
and the extent of aggregation varied under diﬀerent ionic strengths
(Fig. 1B). The onset of protein aggregation was in the range of 60–70 °C,
which is consistent with temperature-induced protein unfolding.
A closer inspection of HSA aggregation after heating up to 70 °C
under diﬀerent ionic strengths showed that maximum aggregation occurred at 150 mM NaCl, although large aggregates was observed at all
ionic strengths (Fig. 1C). Similar ionic strength-dependent results were
observed at 80 °C as well. In marked contrast, it was found that NaClfree conditions eﬀectively suppressed aggregation even after heating up
to 80 °C. Taken together, this suggests that the addition of NaCl reduces
308
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Fig. 2. Circular dichroism (CD) spectra of HSA in the native form and after denaturation at 70 °C and 80 °C in the (A) presence and (B) absence of 150 mM NaCl.

contribution of charge screening eﬀects in decreasing protein-surface
interactions and suggests that electrostatic forces of interaction represent a key factor in the adsorption of native HSA. However, the
saturation uptake in the absence of NaCl was higher than in the case of
250 mM NaCl. The corresponding
dissipation shifts for HSA adsorption displayed overshooting behavior under all ionic strength conditions, strongly indicating post-adsorption reorientation (Fig. 3B). Time-independent frequency versus
dissipation (f-D) curves, which provide insight on adsorption-related
structural changes, suggest that adsorption-induced denaturation and
reorientation were independent of ionic strength conditions (Fig. S2A).
Taken together, we can conclude that although the adsorption process
is largely governed by long-range electrostatic protein-surface interactions, it is also mediated by short-range non-electrostatic forces of interactions (e.g., van der Waals) [35,41] as well as hydration factors [42]
once the proteins come into contact with the surface. Since native HSA
molecules adsorb as monomers, the degree of protein spreading and the
role of non-electrostatic factors would be considerable, in eﬀect dampening the overall inﬂuence of ionic strength on the adsorption process
(Fig. 3C). As a result, although the adsorption of native HSA is electrostatically-driven, QCM-D responses show relatively low mass uptake
with minimal variation across the tested ionic strength conditions. This
is in contrast to the case of BSA, whereby a larger variation was observed across the equivalent range of ionic strength [38].

Table 1
Quantitative comparison of the secondary and tertiary structures characterized
by α-helicity and MRE222/MRE208 ratio, respectively, for native and heat-denatured HSA under diﬀerent ionic strength conditions.
Ionic Strength

Temp (°C)

α-Helicity (%) MRE222(MRE208)

MRE222/MRE208

150 mM NaCl

20
70
80
20
70
80

62(63)
44(41)
32(11)
61(61)
45(44)
42(42)

0.94
0.89
1.30
0.95
0.87
0.83

0 mM NaCl

the remaining α-helices [46]. As expected, tertiary structure relaxation
was observed after the 70 °C heat cycle in the presence of 150 mM NaCl.
After heat treatment at 80 °C, the MRE ratio at 222 nm and 208 nm
stabilized at 1.3, indicating a prevalence of coiled coil structures and a
signiﬁcant loss of single-stranded α-helices leading to a largely aggregated sample. By contrast, the MRE ratios steadily reduced from
0.95 to 0.83 in the absence of NaCl, demonstrating a lesser degree of
structural relaxation. Overall, the trends observed from CD experiments
suggest that native HSA undergoes greater denaturation in the presence
of 150 mM NaCl, which in turn contributes to lower colloidal stability
and higher propensity to aggregate, as observed via DLS.
3.2. Native and heat-denatured proteins exhibit distinct adsorption proﬁles

3.2.2. Adsorption of the heat-denatured form
To study the inﬂuence of ionic strength on the adsorption of heatdenatured HSA, samples were heated up to 70 °C in order to achieve
heat denaturation without forming micron-sized aggregates. The QCMD frequency shifts for heat-denatured HSA adsorption increased
monotonically with ionic strength but only up to 150 mM NaCl
(Fig. 4A). The adsorption of heat-denatured HSA at 250 mM NaCl resulted in an almost identical proﬁle to 150 mM NaCl with a slightly
lower net uptake. Likewise, the dissipation shifts showed a matching
trend to the frequency shifts (Fig. 4B). Compared to native HSA, the
variations in the QCM-D responses as a
function of ionic strength were clearly more signiﬁcant for the adsorption of heat-denatured HSA. Notably, the trend closely resembled
the inﬂuence of ionic strength on the degree of aggregation of heatdenatured HSA in solution, as measured via DLS, suggesting the role of
aggregate size in the adsorption process. Along this line, it is worthy to
note that in the absence of NaCl whereby aggregation was suppressed,
the adsorption proﬁle of heat-denatured and native HSA were indeed
similar but in the presence of NaCl, the ionic strength dependency between the adsorption of native and heat-denatured HSA is generally
reversed. The f-D curves suggest that the adsorption of heat-denatured
HSA did not exhibit traits of adsorption-induced denaturation, implying

As there is a strong correlation between HSA protein solution stability and its adsorption proﬁle [26], we further investigated the respective adsorption behaviors of native and heat-denatured HSA on a
planar silicon oxide surface by monitoring QCM-D frequency and dissipations shifts, which relate to the adlayer mass and viscoelasticity
changes, respectively. The frequency (Fig. S1A) and dissipation (Fig.
S1B) shifts from the adsorption of native HSA at concentrations of 10
and 50 μM in 150 mM NaCl suggest strong intrinsic protein-surface
interaction between native HSA and silicon oxide (details in Supporting information). Subsequent investigations were performed
using a protein concentration of 50 μM in order to clearly observe the
eﬀects of conformational stability, especially in cases involving postadsorption denaturation.
3.2.1. Adsorption of the native form
Since protein adsorption is ionic strength dependent [35,36,53], we
investigated the adsorption of native HSA under varying ionic strength.
The QCM-D frequency shifts resulting from HSA adsorption showed a
monotonic decrease in mass uptake, but only within the ionic strength
range of 50 mM NaCl to 250 mM NaCl (Fig. 3A). This indicates the
309
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Fig. 3. QCM-D (A) frequency and (B) dissipation shifts as a result of 50 μM native HSA adsorption on silica under varying ionic strength conditions. (C) A simpliﬁed
illustration of the inﬂuence of ionic strength on the electrostatic-driven adsorption of native HSA.

trend. In particular, with increasing ionic strength up to 150 mM NaCl,
the aggregates become larger, which correspondingly led to higher
protein uptake on the surface and larger QCM-D responses.

that the protein molecules have lesser spatial freedom to spread on the
surface and aﬃrms that HSA adsorbs as aggregates (Fig. S2B). Taken
together, these observations suggest that unlike native HSA whereby
the adsorption of monomers is largely electrostatically-driven, the adsorption of heat-denatured HSA largely depends on aggregate size
(Fig. 4C). Since the extent of aggregation is mediated by ionic strength,
the adsorption behavior of aggregates would likewise follow the same

3.3. Native HSA is a superior blocking agent to heat-denatured HSA
Our previous work suggests that the surface passivation properties

Fig. 4. QCM-D (A) frequency and (B) dissipation shifts as a result of 50 μM denatured HSA adsorption on silica under varying ionic strength conditions. (C) A
simpliﬁed illustration of the inﬂuence of aggregate size on the adsorption of heat-denatured HSA.
310
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Fig. 5. (A) Surface passivation properties of native and denatured HSA protein ﬁlms against whole fetal bovine serum, characterized via time-resolved QCM-D
frequency shifts. After recording the measurement baselines in Tris buﬀer solution with zero NaCl, the HSA coating step was performed by (1) injecting 50 μM native
or denatured HSA into the QCM-D measurement chamber housing the silica surface (i.e., silica-coated quartz crystal surface), followed by (2) rinsing with the same
buﬀer. After that, (3) the buﬀer was exchanged to introduce 150 mM NaCl before (4) incubating the surface in 100% FBS, and (5) rinsing with the same buﬀer (i.e.,
Tris buﬀer with 150 mM NaCl). The net frequency shift between the HSA coating step and the ﬁnal rinsing step was attributed to serum fouling. Accordingly, the
blocking eﬃciency was expressed as a percentage relative to serum fouling on the control silica surface (i.e., without the HSA coating step). (B) Calculated percentage
blocking eﬃciencies of native and denatured HSA protein ﬁlms adsorbed from a solution containing zero NaCl. Data represents mean ± standard deviation for n = 3
measurements.

conformational change was observed upon heat treatment up to 80 °C,
accompanied by diﬀerent degrees of aggregation. Following this, we
compared the adsorption behaviors of native and heat-denatured HSA.
We found that the adsorption behavior of native HSA is largely electrostatically-driven since it adsorbs in the monomeric state. However,
the adsorption behavior of heat-denatured HSA is governed by the extent of aggregation in solution, with larger aggregates yielding higher
uptake on the surface. Most importantly, we observed that the diﬀerences in adsorption behavior translate to signiﬁcant variations in surface passivation performance against whole fetal bovine serum. Of note,
native HSA oﬀered much higher surface passivation capacity compared
to its heat-denatured counterpart, contrary to what was previously
observed for BSA. Taken together, our ﬁndings reveal how physicochemical factors aﬀect protein structure-function relationship, and
highlight key diﬀerences in the adsorption behavior between HSA and
BSA. Given the high structural similarity between the two proteins, it
will be interesting to see how processing eﬀects inﬂuence the adsorption processes.

of proteins can be eﬀectively modulated by appropriate heat treatment
[58]. Along this line, we evaluated the capability of native and heatdenatured HSA to serve as surface passivation coatings against whole
fetal bovine serum (100% FBS). We quantiﬁed the blocking eﬃciency
via QCM-D by measuring the reduction in serum fouling when silica
surfaces are coated with HSA. After establishing the measurement
baseline in Tris buﬀer solution with zero NaCl, the HSA coating process
is performed by injecting 50 μM native or denatured HSA into the
measurement chamber housing the silica-coated quartz crystal, followed by a 30 min incubation period and rinsing in the same buﬀer.
The buﬀer is then exchanged to introduce 150 mM NaCl before incubating in 100% FBS, followed by rinsing in the same buﬀer. The ﬁnal
frequency shifts are compared to control experiments (i.e., without the
HSA coating process) to determine the blocking eﬃciency.
For protein coatings obtained via adsorption in the absence of salt, it
was clearly observed that native HSA oﬀered much better surface
passivation than denatured HSA (Fig. 5A). This provides further evidence that heat-denatured HSA does not adsorb strongly on the surface
due to its aggregated state, which prevents extensive post-adsorption
denaturation and protein spreading on the surface. In other words, the
protein ﬁlm comprises of layers of weakly bound protein aggregates,
which could be easily displaced by later arriving proteins. Comparing
the percentage blocking eﬃciencies of the tested samples, the adsorption of native HSA yielded a blocking eﬃciency of ˜63%, which is ˜20%
higher than the blocking eﬃciency oﬀered by heat-denatured HSA
(Fig. 5B). It is worthy to note that our current observation is opposite to
the ﬁndings in our previous study whereby heat denaturation signiﬁcantly increased the adhesion of BSA on silica, eﬀectively resulting
in superior passivation performance [58]. This implies that although
BSA and HSA are homologous, the subtle variations in sequence and
structure can greatly aﬀect their solution and adsorption behaviors and
eventually their passivation properties.
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