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Serum albumins are evolutionary conserved proteins that are found in many animal species, and puriﬁed forms
are widely used in biotechnology applications, such as components within surface passivation coatings and drug
delivery systems. As such, there has long been interest in studying how serum albumins adsorb onto solid
supports, although existing studies are limited to one or two species. Herein, we comprehensively investigated
three serum albumins of bovine (BSA), human (HSA), and rat (RSA) origin, and discovered striking diﬀerences in
their conformational stabilities and adsorption properties. Together with bioinformatics analysis, dynamic light
scattering (DLS) and circular dichroism (CD) spectroscopy measurements revealed that the proteins form different types of macromolecular assemblies in solution. BSA and HSA existed as individual monomers while RSA
formed multimers, and each protein exhibited sequence-dependent variations in conformational stability as well.
Quartz crystal microbalance-dissipation (QCM-D) and localized surface plasmon resonance (LSPR) experiments
further showed that BSA and HSA proteins adsorb to form well-packed adlayers, and the extent of protein uptake
and spreading depended on their unique conformational stabilities. Conversely, RSA adsorption resulted in
sparse adlayers and appreciably less spreading of the adsorbed multimers, as conﬁrmed by attenuated total
reﬂection Fourier-transform infrared (ATR-FTIR) spectroscopy experiments. Together, our ﬁndings demonstrate
that signiﬁcant diﬀerences in conformational stability and adsorption behavior exist even between evolutionary
conserved serum albumins with high sequence and structural similarity and illustrate how rational engineering
of protein structures and stabilities, guided by insights from nature, might be useful to design protein-based
coatings for various biointerfacial science applications.

1. Introduction
There is broad interest in studying protein adsorption at solid-liquid
interfaces [1], which is important for fundamental biointerfacial science as well as for applications such as medical implants [2], biosensors
[3], and bionanotechnology tools [4]. Over the years, a wide range of
model protein systems have been studied and perhaps the most important one is the class of serum albumin proteins that are found in the
vertebrate blood of various mammals, are naturally abundant, and wellcharacterized in terms of fractionation methods for extraction [5,6].
Certain species are also widely used as surface passivation (“blocking”)
agents in molecular biology and biotechnology applications [7–9].
One important factor aﬀecting the adsorption behavior of serum
albumins, and proteins in general, is the conformational stability of a
protein in the solution phase. A protein will naturally fold into the most
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energetically stable structure that is kinetically accessible, and a protein
with greater conformational stability (i.e., due to stronger intramolecular forces) will prefer to remain in that state and adsorption
can be less favorable in such cases. On the other hand, proteins with
lower conformational stability typically have weaker intramolecular
forces that hold together the folded protein structure, leaving protein
molecules more prone to unfold and denature upon adsorption due to
protein-surface interactions [10]. A key factor inﬂuencing conformational stability is the primary amino acid sequence of a protein and
corresponding eﬀects on the folded structure. To date, this factor has
been explored using engineered proteins with rationally inserted amino
acid mutations to either increase or decrease conformational stability
and to evaluate the eﬀects on protein adsorption accordingly. Karlsson
et al. ﬁrst demonstrated the relationship between protein structure,
conformational stability, and adsorption behavior by using several
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dependent measurements were ﬁrst recorded at 25 °C, and then from 50
to 75 °C in 5 °C increments. A 5-min equilibration was conducted after
each temperature increment. Time-dependent measurements were
conducted by maintaining the temperature at 60 °C and taking size
measurements every 10 min for 200 min. All reported values were obtained from 5 measurements. DLS characterization was conducted to
measure the size distribution of the protein samples prior to all experiments. The standard deviation (s.d.) related to the size distribution
of the protein samples was obtained by dividing the full-width-at-halfmaximum (FWHM) of the Gaussian size distribution from DLS measurements by 2 2ln2 ≈ 2.355.

engineered versions of the carbonic anhydrase II protein [11]. The results showed greater adsorption irreversibility for engineered proteins
with lower conformational stability in the solution phase.
While protein engineering enables the systematic investigation of
speciﬁc amino acid mutations, it is also interesting to proﬁle the conformational stability of naturally occurring, structurally related proteins in order to determine eﬀects on adsorption properties, and serum
albumins from diﬀerent species provide an ideal option. Indeed, serum
albumins from diﬀerent species share certain physicochemical features
[12,13] and similar three-dimensional crystal structures [14–16], but
there are also diﬀerences in solution properties such as ligand binding
[17–24], which provides motivation to investigate how structural variations in serum albumin proteins can aﬀect their conformational stability and adsorption behavior. So far, there have been reports that
serum albumins from bovine, human, rat, dog, rabbit, and pig species
exhibit unique characteristics related to solution-phase conformational
stability, such as thermal denaturation proﬁle [25–28]. However, a
comparative evaluation of the adsorption behavior of diﬀerent serum
albumin species and how such properties are linked with conformational stability is lacking and the adsorption properties of bovine and
human serum albumins have been the only ones tested [29–36].
Herein, we experimentally investigated bovine serum albumin
(BSA), human serum albumin (HSA), and rat serum albumin (RSA), to
understand the interplay between naturally occurring sequence variations and corresponding eﬀects on adsorption. Using a bioinformatics
approach, we ﬁrst conducted amino acid sequence comparisons followed by experimental characterization of each protein’s solutionphase conformational stability, real-time adsorption behavior, and adsorption-related conformational changes. Collectively, our ﬁndings
build a mechanistic picture of how sequence variations in BSA, HSA,
and RSA proteins aﬀect adsorption behavior and the resulting insights
can also guide the engineering of proteins with modulated conformational stabilities for fabricating adsorbed protein layers as biointerfaces.

2.4. Circular dichroism spectroscopy
Temperature-dependent circular dichroism (CD) spectroscopy
measurements were conducted in a similar format to DLS experiments.
Measurements were taken in triplicate and all the sample spectra were
subtracted by a background buﬀer spectrum. More details are provided
in Supplementary Material.

2.5. Quartz crystal microbalance-dissipation
Protein adsorption kinetics on silica-coated sensor surfaces were
characterized by quartz crystal microbalance-dissipation (QCM-D) experiments conducted using the QSense E4 instrument (Biolin Scientiﬁc
AB, Sweden) with silica-coated quartz crystal sensor chips (QSX 303,
Biolin Scientiﬁc). Before each experiment, the sensor chips were washed by sequentially rinsing with 1 % (wt/vol) aqueous SDS solution,
water, and ethanol. After drying under a gentle stream of nitrogen gas
and oxygen plasma treatment (PDC-002, Harrick Plasma, USA) for
3 min, the chips were assembled into the measurement chamber. For
experiments, liquid samples were injected into the measurement
chamber at a ﬂow rate of 100 μL/min. A stable baseline was ﬁrst established with buﬀer solution, then 50 μM protein samples were injected for 30 min, followed by a buﬀer washing step. All measurements
were conducted at 25 °C. The corresponding resonance frequency (ΔF)
and energy dissipation (ΔD) shifts were recorded in real-time at multiple odd overtones, as previously described [38]. Data collected at the
ﬁfth overtone are reported. Measurement operations were controlled by
the QSoft 401 (Biolin Scientiﬁc) software package.

2. Materials and methods
2.1. Reagents
Bovine serum albumin (BSA, A7030, lot no. SLBT4132), human
serum albumin (HSA, A3782, lot no. SLBN5035V), rat serum albumin
(RSA, A6414, lot no. SLBQ0209V), sodium dodecyl sulfate (SDS,
L4390), and sodium chloride (NaCl, 746398) were purchased from
Sigma-Aldrich (USA). Tris(hydroxymethyl)aminomethane (Tris, 0497)
was purchased from Amresco (USA). Ethanol (95 %) was purchased
from Aik Moh (Singapore), and hydrochloric acid (100317) was purchased from Merck (USA).

2.6. Localized surface plasmon resonance
Ensemble-averaged localized surface plasmon resonance (LSPR)
experiments were conducted to characterize the adsorption behavior of
the protein samples onto silica-coated sensor chips containing gold
nanodisk arrays using an Insplorion XNano instrument (Insplorion AB,
Sweden), as previously described [39]. Sensor chip preparation and
adsorption experiments were conducted in a similar format to the QCMD experiments. The Insplorer software package (Insplorion AB) was
used to record shifts in the LSPR centroid (peak) position (Δλ) from the
extinction spectrum. The rate of change of the Δλ shifts was determined
by calculating the ﬁrst derivative with respect to time (dΔλ/dt) (see
Ref. [40]) by using the OriginPro 2019b software package.

2.2. Sample preparation
Buﬀer solutions were prepared to 10 mM Tris, 150 mM NaCl, and
pH 7.5 in Milli-Q-treated water (> 18.2 MΩ cm, 25 °C) and ﬁltered
through a 0.2 μm ﬁlter (595–4520 Thermo Scientiﬁc, USA). All protein
solutions were prepared by dissolving lyophilized powders in buﬀer
solution and then ﬁltering through a 0.2 μm syringe ﬁlter (PN-4612,
Pall Corporation, USA). The molar concentrations of BSA, HSA, and
RSA proteins in aqueous buﬀer solution were determined by ultraviolet
light absorbance measurements at 280 nm using molar extinction
coeﬃcient values of 42,925, 34,445, and 38,915 M−1 cm−1 respectively [37].

2.7. Attenuated total reﬂection Fourier-transform infrared spectroscopy
2.3. Dynamic light scattering
Attenuated total reﬂection Fourier-transform infrared (ATR-FTIR)
spectroscopy experiments were conducted to determine the secondary
structure of 100 μM serum albumin proteins in solution and in the
adsorbed state. More details are provided in Supplementary Material.

Intensity-weighted size distributions of 150 μM BSA, HSA, and RSA
proteins were determined by dynamic light scattering (DLS) measurements (ZetaPALS, Brookhaven Instruments, USA) and analyzed by the
Particle Solutions software (Brookhaven Instruments). Temperature2
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Fig. 1. (A) Experimental strategy to characterize how structural variations between serum albumin proteins aﬀect conformational stability and adsorption behavior.
(B) Modeled 3D structures of BSA, HSA, and RSA. (C) Multiple sequence alignment of BSA, HSA, and RSA. Amino acids are classiﬁed based on their physicochemical
properties according to the Zappo color scheme. (D) List of diﬀerent physicochemical property pairs and respective number of amino acid substitutions between BSA,
HSA, and RSA. Substitutions involving changes in hydrophobic interactions and electrostatic interactions were designated as Type 1 and Type 2, respectively.

& E) charged residues, amounting to predicted net charges of −17,
−15, and −12 for BSA, HSA, and RSA, respectively, which could aﬀect
protein conformational stability [41].
To further analyze their sequence diﬀerences, a multiple sequence
alignment for BSA, HSA, and RSA was plotted (Fig. 1C). The Zappo
color scheme helps to identify sequence variations with diﬀerent physicochemical properties. Such variations could indicate diﬀerent extents
of intramolecular interactions (hydrophobic, electrostatic, and hydrogen bonding) which directly aﬀect protein conformational stability
[41,42]. Since certain substitutions occur between residues under the
same physicochemical classiﬁcation, we listed diﬀerent physicochemical property pairs and their respective number of substitutions and in
doing so, identiﬁed two types of substitutions that were most likely to

3. Results and discussion
3.1. Comparing the amino acid sequences between serum albumin species
We ﬁrst compared the amino acid sequences of BSA, HSA, and RSA
proteins to identify regions of variation that might impact protein
conformational stability, followed by experimental characterization of
protein conformational stability and adsorption behavior (Fig. 1A). We
selected BSA, HSA, and RSA as naturally occurring structural variants of
serum albumin proteins. From their 3D model structures, it can be
observed that certain similarities exist between the three proteins along
with subtle distinctions (Fig. 1B). One possible source of distinction
would be the diﬀerent numbers of positively (R & K) and negatively (D
3
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due to temperature-induced unfolding and reconﬁguration of its constituent monomers to form more compact denatured oligomers. Interestingly, at 70 °C, HSA achieved a larger mean size of 65.7 nm compared to 34.3 nm for BSA despite having a higher onset temperature of
oligomerization. At 75 °C, HSA and RSA protein oligomerized to micron-scale sizes, which were about two orders of magnitude larger than
BSA protein aggregates.
We next conducted CD spectroscopy measurements to determine the
percentage of α-helical secondary structure in each protein as a function of temperature (Figs. 2B & S3). CD spectroscopy measurements
showed that, at 25 °C, BSA, HSA, and RSA had helicity percentage values of 62.3, 61.8, and 60.2 % respectively, indicating that all serum
albumins have high levels of secondary structure and were not denatured [36,43,45]. Taken together, the DLS and CD spectroscopy measurements at 25 °C support that RSA is multimeric, consisting of clustered non-denatured monomers. The multimeric conﬁguration of RSA
proteins might relate to its lower net charge than BSA and HSA as
mentioned above, which could facilitate more extensive protein-protein
interactions.
At higher temperatures, all three proteins underwent thermally induced unfolding, which is observed by a decrease in α-helical percentage at each temperature increment. Serum albumins underwent reversible unfolding at lower temperatures while the folding became
irreversible at higher temperatures [27]. In order to take into account
the latter, which is usually related to temperature-induced oligomerization, we compared the mean α-helical percentage values at 65 °C,
which showed that BSA had the lowest mean α-helical percentage value
of 48.8 %, followed by RSA with 49.0 % and HSA with 51.9 %. This
trend continued at 70 °C with BSA, RSA, and HSA having values of 41.8
%, 42.3 %, and 43.5 %, respectively, which indicates that BSA underwent the most extensive thermally induced unfolding, followed by RSA
and then HSA. At 75 °C, all three serum albumins had similar helicity
values despite HSA and RSA displaying more extensive oligomerization
than BSA, as indicated by the DLS experiments. Therefore, the DLS and
CD spectroscopy data indicate that, while BSA had the lowest onset
temperature of oligomerization and most extensive thermal unfolding,
BSA also formed the smallest protein aggregates. These data support
that BSA has lower conformational stability but greater colloidal stability than HSA and RSA. In other words, HSA and RSA have higher
onset temperatures of oligomerization, but oligomerize more

aﬀect protein conformational stability: (1) hydrophobic/polar and hydrophobic/charged substitutions that lead to changes in hydrophobic
interaction propensity; and (2) neutral/charged substitutions and substitutions between oppositely charged residues that lead to changes in
electrostatic interactions (Fig. 1D). Type 1 substitutions comprise almost 40 % of all substitutions while Type 2 substitutions were around
60 %. These analyses indicate that the three proteins likely have different conformational stabilities on account of variations in amino acid
sequence that inﬂuence hydrophobic and electrostatic interactions visà-vis protein-surface and protein-protein interactions.
3.2. Solution-phase conformational stability of serum albumin proteins
We then measured the solution-phase conformational stability of
each serum albumin by conducting temperature-dependent dynamic
light scattering (DLS) and circular dichroism (CD) spectroscopy experiments. The onset temperature of oligomerization was determined
by recording the lowest temperature at which an appreciable increase
in protein size was observed. CD spectroscopy measurements were
conducted to determine the extent of thermal unfolding as indicated by
changes in secondary structure.
The measured sizes of BSA, HSA, and RSA at 25 °C were 9.4, 8.1,
and 28.7 nm, respectively, indicating that BSA and HSA exist as
monomers while the larger size of RSA suggests that it is present either
as irreversibly denatured oligomers [36,43] or as non-denatured multimers [44] (Figs. 2A & S1). In all cases, no temperature-induced oligomerization was observed at 50 and 55 °C as the sizes of the three
serum albumins remained constant up to this temperature range. By
contrast, at 60 °C, the sizes of BSA, HSA, and RSA proteins were 12.8,
8.2, and 34.1 nm, respectively, while at 65 °C, their sizes were 23.8,
12.4, and 33.2 nm, respectively. These data indicate that BSA oligomerization occurred at 60 °C, which is consistent with our previous
work [35], while HSA oligomerization occurred at a higher temperature
of 65 °C. This ﬁnding supports that HSA is more stable against temperature-induced oligomerization than BSA. Time-dependent experiments further veriﬁed that BSA underwent more extensive oligomerization than HSA (Fig. S2). Conversely, RSA displayed temperatureinduced oligomerization behavior at 70 °C, reaching 184.6 nm. In both
temperature-dependent and time-dependent DLS measurements, RSA
exhibited a slight decrease in size prior to oligomerization. This is likely

Fig. 2. (A) Hydrodynamic diameter of BSA,
HSA, and RSA measured by dynamic light
scattering (DLS) as a function of temperature.
Data are presented as mean ± standard deviation (s.d.) [n = 5 technical replicates, oneway analysis of variance (ANOVA) with
Dunnett’s multiple comparisons test (versus
data at 25 °C)]. (B) α-helical percentage of BSA,
HSA, and RSA as a function of temperature
from circular dichroism (CD) spectroscopy experiments. Data are reported as mean ± s.d.
(n = 3 technical replicates). Mean values are
presented on top of each column.

4
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Fig. 3. (A) Time-resolved QCM-D ΔF shifts and (B) corresponding |ΔFmax| values at adsorption saturation. (C) Time-resolved QCM-D ΔD shifts and (D) corresponding
ΔDmax values at adsorption saturation. (E) Time-resolved LSPR Δλ shifts and (F) corresponding Δλmax shifts at adsorption saturation. Data in (B), (D), and (F) are
presented as mean ± s.d. (n = 3 biological replicates, one-way ANOVA with Tukey’s multiple comparisons test). Test results are reported for HSA and RSA (versus
BSA). Dots represent individual data points.

adsorbed protein undergoes more extensive deformation-related
spreading and is thus, on average, closer to the sensor surface [47].
LSPR extinction peak shifts (Δλ) were recorded in real time to track the
adsorption of the three serum albumins (Fig. 3E). At adsorption saturation, BSA, HSA, and RSA yielded mean Δλmax shifts of 1.59, 1.44,
and 1.28 nm, respectively (Fig. 3F). Interestingly, this trend is directly
opposite of the |ΔFmax| trend obtained from the QCM-D experiments
and provides insight into the relative degree of protein denaturation on
the silica surface.
The ﬁndings from both QCM-D and LSPR experiments support that
the BSA proteins are, on average, closer to the sensor surface, undergo
more surface-induced spreading, and possess a larger adsorption footprint, thereby reducing the total number of adsorbed BSA molecules on
the sensor surface compared to the HSA case. Regarding RSA adsorption behavior, the comparatively smaller LSPR Δλ shift indicates that
the entire RSA multimer is detected by the QCM-D platform but only
partially detected by the LSPR platform’s shorter sensing depth, and
that adsorbed RSA molecules are, on average, farther away from the
sensor surface and have less dense packing, due to larger-sized RSA
multimers having a lower probability of adsorbing between gaps in the
pre-adsorbed layer, according to the random sequential adsorption
model [50]. Also, the QCM-D platform detects hydrodynamically-coupled solvent in void gaps, while the LSPR platform does not [51]. Taken
together, the combination of QCM-D and LSPR experiments revealed
key mechanistic diﬀerences between the adsorption behavior and resulting adsorbed ﬁlm properties of each protein. Particularly, BSA underwent greater spreading than HSA upon adsorption to silica surfaces
while RSA multimers were more sparsely adsorbed.

extensively to form larger aggregates than those of BSA once unfolded.
Collectively, both DLS and CD experiments show that BSA has the
lowest solution-phase conformational stability while HSA has the
highest, which agrees with the DLS data and other methods [25–27].
3.3. Comparing the adsorption behavior of serum albumin proteins
We next characterized the adsorption behavior of the serum albumins on hydrophilic silica surfaces by using the quartz crystal microbalance-dissipation (QCM-D) technique. The QCM-D resonance frequency shift (ΔF) corresponds to the mass of the adsorbed protein
molecules, including hydrodynamically-coupled solvent, while the energy dissipation shift (ΔD) corresponds to the viscoelasticity of the
adsorbed ﬁlm. Larger ΔF shifts typically indicate more adsorption uptake. At adsorption saturation, the adsorption uptake of BSA, HSA, and
RSA in terms of mean absolute ﬁnal frequency shift (|ΔFmax|) was 38.0,
45.0, and 53.4 Hz, respectively (Fig. 3A, B). The corresponding mean
dissipation shifts (ΔDmax) were 2.6, 2.4, and 4.5 × 10−6, respectively
(Fig. 3C, D). The higher |ΔFmax| of HSA vs. BSA supports that more HSA
monomers adsorbed onto the silica surface while similar ΔDmax values
were also recorded. Conversely, the larger |ΔFmax| and ΔDmax values
from the adsorption of multimeric RSA proteins indicates the formation
of a thicker and more viscoelastic layer on the silica surface. Further
analysis of time-independent F-D curves showed that the BSA and HSA
curves have similar gradients and thus form similarly rigid adlayers
(Fig. S4). By contrast, RSA’s F-D curve yielded a steeper gradient
(greater increase in energy dissipation per change in frequency), supporting that RSA multimers form less rigid adlayers than BSA and HSA
monomers.
To corroborate the QCM-D adsorption results, we next conducted
localized surface plasmon resonance (LSPR) experiments to track protein adsorption onto silica-coated gold nanodisk arrays. Unlike the
acoustic-based QCM-D technique, the LSPR platform is optical-based
and does not take into account hydrodynamically-coupled solvent mass,
only the protein mass itself [46–48]. LSPR measurements also have
greater surface sensitivity because of the technique’s much shorter
sensing depth of < 20 nm compared to ∼200 nm in QCM-D measurements [49], and therefore yields a higher signal response when an

3.4. Adsorption-related conformational changes
We next investigated the adsorption-related conformational changes
of each protein by further analyzing the LSPR data. We calculated the
rate of change of LSPR peak shift (dΔλ/dt), which correlates with the
relative extent of surface-induced protein conformational changes
(Fig. 4A) [46–48]. The maximum rate of change ((dΔλ/dt)max) during
the initial stage of adsorption was computed and the mean (dΔλ/dt)max
values for BSA, HSA, and RSA adsorption were 0.42, 0.42, and 0.16 nm/
5
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Fig. 4. (A) Rate of change of LSPR peak shift
during the initial stage of adsorption (dΔλ/dt)
as a function of time and (B) corresponding
maximum rate of change of LSPR peak shift
during the initial stage of adsorption (dΔλ/
dt)max. (C) Comparison between the rate of
size-related diﬀusion-limited adsorption and
the maximum rate of change in LSPR peak shift
data from (B). Rates are normalized to the BSA
case. (D) α-helical percentage of BSA, HSA, and
RSA proteins in solution and upon adsorption
from ATR-FTIR spectroscopy experiments. Data
in (B), (C), and (D) are presented as mean ±
s.d. [n = 3 biological replicates, one-way
ANOVA in (B) and two-way ANOVA in (D) with
Tukey’s multiple comparisons test]. Test results
in (B) are reported for HSA and RSA (versus
BSA). Test results in (D) are reported for HSA
and RSA (versus BSA) in solution and are separately reported for HSA and RSA (versus
BSA) in the adsorbed state. Dots in (B) and (D)
represent individual data points.

3.5. Mechanistic picture of BSA, HSA, and RSA protein adsorption behavior

min, respectively (Fig. 4B). We note that the experimentally measured
rate reﬂects both the diﬀusion-limited adsorption and the extent of
surface-induced denaturation [47,48]. Since all experiments were
conducted in identical environmental conditions, diﬀusion-limited adsorption would only be aﬀected by the size of the protein samples. To
resolve the eﬀects of protein size and surface-induced denaturation on
the LSPR rate, we compared the theoretical size-dependent diﬀusionlimited adsorption rate with the experimentally measured rate (see
Supplementary Material), and diﬀerences between the two trends can
be attributed to diﬀerences in surface-induced denaturation. Upon
normalizing to the BSA case, the rates were plotted in Fig. 4C and the
diﬀusion-limited rates for HSA and RSA were higher than their measured rates, suggesting that HSA and RSA undergo less surface-induced
denaturation than BSA during the initial stage of adsorption.
To corroborate these results, we conducted attenuated total reﬂection Fourier-transform infrared (ATR-FTIR) spectroscopy experiments
to determine the secondary structure of the three serum albumins in the
solution state and in the adsorbed state (Fig. S5). The mean α-helical
percentage of BSA, HSA, and RSA were 61.2, 63.0, and 63.0 %, respectively, in the solution state, and 46.1, 51.9. and 53.8 %, respectively, in the adsorbed state (Fig. 4D). These results show that BSA
experienced a greater loss in α-helical percentage than HSA, supporting
previous adsorption data that BSA underwent more extensive surfaceinduced denaturation upon adsorption and is more spread out than
HSA. Conversely, RSA proteins incurred the least extensive loss in αhelicity. Notably, the ATR-FTIR penetration depth is ∼1.2 μm [52],
indicating that the data reﬂects the average secondary structure of all
the molecules within the RSA multimer and supporting that the molecules in contact with the surface denature while other molecules in the
multimer predominately remain in their native state, thereby preventing RSA multimers from deforming as much as BSA and HSA
monomers. This supports evidence from the adsorption studies that RSA
multimers adsorb with relatively larger interparticle spacing due to its
larger size and also due to its restricted ability to spread on the surface.

We present an overall mechanistic picture of the adsorption behavior for each serum albumin, including their relationship to solutionphase conformational stability. BSA and HSA in solution exist as individual molecules in their native state (monomers), while RSA in solution exist as composites of native monomers (multimers) (Fig. 5A).
Compared to HSA, BSA has lower conformational stability in solution,
as observed by BSA having a lower onset of temperature-induced oligomerization and undergoing more extensive temperature-induced
conformational changes. Adsorbed BSA proteins have more extensive
surface-induced denaturation than HSA and thus more spreading on the
surface as well (Fig. 5B). Taken together, our ﬁndings demonstrate how
natural sequence variations between serum albumins give rise to variations in conformational stability, and surprisingly colloidal organization (monomers vs. multimers) as well, that directly impact the
speciﬁc adsorption behavior of each protein. In general, the data support that BSA forms tightly packed adlayers consisting of well-spread
protein molecules while HSA does so to a lesser extent. Due to its larger
size, RSA forms sparser adlayers which are likely less eﬀective as surface passivation coatings.

4. Conclusion
Herein, we compared the conformational stability and adsorption
behavior of three diﬀerent serum albumins, BSA, HSA, and RSA, to
unravel how naturally occurring, evolutionary conserved variations in
amino acid sequence aﬀect protein structure and consequently inﬂuence protein adsorption behaviors. We found that BSA and HSA are
monomers in solution, while RSA exists as multimers consisting of helical protein molecules, and the two types of macromolecular assemblies have distinct adsorption behaviors. BSA and HSA adsorbed onto
silica surfaces to form a single layer of adsorbed protein molecules and
the extent of protein uptake and spreading depended on their conformational stability. Conversely, RSA adsorption resulted in less-dense
adlayers because the adsorbing species were multimers and there was
less spreading of adsorbed protein molecules within the adlayer
6
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Fig. 5. Schematic illustration of BSA, HSA, and RSA proteins in solution and conformational stability-related adsorption behavior trends. (A) BSA and HSA proteins
exist as monomers while RSA proteins are assembled as multimers in solution. (B) BSA, HSA, and RSA display diﬀerent adsorption behaviors. BSA’s lower conformational stability than HSA leads to greater surface-induced denaturation and larger footprint size. Adsorption of larger RSA multimers results in denaturation of
only the molecules in contact with the surface (darker colored) while other molecules remain in their native state.

because only some protein molecules within the multimers contacted
the surface and were subjected to protein-surface interactions directly.
Thus, even with the range of evolutionary conserved serum albumins
with high sequence and structural similarity, we observed key diﬀerences in conformational stability and adsorption behavior. These ﬁndings not only oﬀer fundamental insight into protein adsorption but also
provide mechanistic support to explain why, among the serum albumins, BSA is so useful to form surface passivation (“blocking”) coatings
on solid supports. Our combination of solution-phase and surface-sensitive experiments along with bioinformatics provides an avenue to also
engineer serum albumin derivatives and other proteins with programmed conformational stabilities and other physiochemical characteristics (e.g., net charge) to modulate adsorption behaviors and potentially control the formation of protein layers with enhanced
application possibilities.
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