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Hypothesis: Nonionic surfactants can counter the deleterious effect that anionic surfactants have on proteins, where the folded states are retrieved from a previously 
unfolded state. However, further studies are required to refine our understanding of the underlying mechanism of the refolding process. While interactions between 
nonionic surfactants and tightly folded proteins are not anticipated, we hypothesized that intermediate stages of surfactant-induced unfolding could define new 
interaction mechanisms by which nonionic surfactants can further alter protein conformation. 
Experiments: In this work, the behavior of three model proteins (human growth hormone, bovine serum albumin, and β-lactoglobulin) was investigated in the 
presence of the anionic surfactant sodium dodecylsulfate, the nonionic surfactant β-dodecylmaltoside, and mixtures of both surfactants. The transitions occurring to 
the proteins were determined using intrinsic fluorescence spectroscopy and far-UV circular dichroism. Based on these results, we developed a detailed interaction 
model for human growth hormone. Using nuclear magnetic resonance and contrast-variation small-angle neutron scattering, we studied the amino acid environment 
and the conformational state of the protein. 
Findings: The results demonstrate the key role of surfactant cooperation in defining the conformational state of the proteins, which can shift away or toward the folded 
state depending on the nonionic-to-ionic surfactant ratio. Dodecylmaltoside, initially a non-interacting surfactant, can unexpectedly associate with sodium 
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dodecylsulfate-unfolded proteins to further impact their conformation at low nonionic-to-ionic surfactant ratio. When this ratio increases, the protein begins to 
retrieve the folded state. However, the native conformation cannot be fully recovered due to remnant surfactant molecules still adsorbed to the protein. This study 
demonstrates that the conformational landscape of the protein depends on a delicate interplay between the surfactants, ultimately controlled by the ratio between 
them, resulting in unpredictable changes in the protein conformation.   

1. Introduction 

By mimicking Nature’s ability to control certain protein functions 
through specific interactions with amphipathic molecules [1], protein 
behavior can be modulated in artificial systems by altering the inter
action landscape through the addition of surfactants [2]. Interactions 
between proteins and surfactants are important in a wide range of ap
plications and a variety of products. In cleaning detergents, enzymes and 
surfactants co-exist to improve detergency [3]. In pharmaceutical 
formulation, nonionic surfactants protect proteins from surface-induced 
aggregation by hindering their access to interfaces without altering the 
compact fold of the proteins [4]. As a rule of thumb, anionic surfactants 
bind to and unfold proteins, which is exploited in analytical and sepa
ration methods such as SDS-PAGE [5]. Therefore, the broad protein- 
surfactant interaction landscape contributes to either enhancing or 
disrupting the conformational and colloidal stability of the protein, as 
well as to affecting its function [6]. However, despite continuous efforts 
over the years, a general mechanistic model for protein-surfactant in
teractions, particularly those involving surfactant mixtures, remains 
elusive. 

Due to their importance in fundamental and applied sciences, sur
factant–protein interactions have been studied for decades. Early studies 
showed that the surfactant-to-protein molar ratio drives conformational 
changes rather than absolute surfactant concentrations [7,8]. In addi
tion, the extent of saturation of the hydrophobic patches on the protein 
surface controls the protective effect of nonionic surfactants against 
aggregation, rather than the surfactant CMC [9]. Trends related to 
extrinsic factors have also been identified; protein-surfactant systems 
comprise a collection of equilibria that are sensitive to, e.g., tempera
ture, pH, and ionic strength [10,11]. Besides, the expected interaction 
depends on both the protein and surfactant in question. For instance, the 
loosely folded α–lactalbumin can be unfolded by maltoside-based 
nonionic surfactants [12], whereas uncharged amphiphiles marginally 
bind to compactly folded proteins [2]. Surfactant binding can either 
induce changes that are thermodynamically stable and easy to detect or 
in the form of transient exchanges that are more challenging to deter
mine experimentally [2,13]. In recent years, experimental (e.g., spec
troscopy, scattering, and calorimetry) and computational studies have 
led the way toward to a set of principles for understanding the realm of 
surfactant–protein interactions [6,14–16]. 

A recurrent aspect in many investigations is that interactions be
tween surfactants and proteins are dynamic and reversible, which can be 
utilized to achieve refolding of previously surfactant-unfolded proteins 
[13,17–24]. For instance, the addition of an ionic surfactant (often so
dium dodecyl sulfate, SDS) unfolds the protein. Subsequently, a 
nonionic surfactant (e.g., β-dodecylmaltoside, DDM) is added at a con
centration above its CMC to refold the protein. The general picture 
suggests that the presence of nonionic micelles displaces the ionic sur
factant to the micellar phase, causing the protein to retrieve (either 
partially or totally) its native conformation [18,25]. Therefore, the 
chemical variety of surfactants enables a synthetically accessible 
approach to develop refolding methods tailored for specific systems, 
finding potential applications in recombination biotechnology [19], 
new formulation methods [20], and biomaterials with programmable 
properties [21]. However, the mechanism of the dynamic interaction 
between protein and surfactant pairs is still not fully understood, and 
mapping this constitutes an important step toward predesigning these 
systems and increasing their applicability. 

To elucidate the structural phases and interactions of the system, 

three model proteins were systematically studied: human growth hor
mone (hGH), bovine serum albumin (BSA), and β-lactoglobulin (βLG). 
These three proteins constitute valuable models due to several reasons: 
(1) the proteins present a negative charge at pH = 7.0, which avoids 
threatening colloidal stability upon addition of the anionic SDS [24,26], 
(2) they are known to populate a broad conformational landscape upon 
SDS addition [26–28], (3) the proteins have different sizes and sec
ondary structures, which allow to determine whether these parameters 
contribute to protein-surfactant interactions (Fig. 1a). SDS was used as 
the ionic surfactant to induce protein denaturation [10,27,29–31], 
where the protein-to-surfactant ratio can be used to isolate different 
structural phases. The nonionic surfactant DDM was used as the partner 
for protein refolding [13]. The interaction stages were investigated by 
titration fluorescence spectroscopy upon the addition of the surfactants 
at different molar ratios (i.e., DDM:SDS:protein, with a nominal value of 
1 for the protein). In addition, the transitions occurring in the secondary 
structure of the proteins were studied using far-UV circular dichroism 
(CD). Once key transitions were identified, the local environment of the 
hGH backbone was studied by proton nuclear magnetic resonance 
spectroscopy (1H NMR), and detailed structural models of the hGH 
conformation were built using contrast-variation small-angle neutron 
scattering (SANS). Our results reveal that the unfolding/refolding pro
cess in the presence of surfactant pairs cannot be simply understood in 
terms of isolated interactions with each individual amphiphile. Instead, 
the synergistic association of the two surfactants with the protein de
termines the mechanism of unfolding and refolding. As such, the con
tributions from the nonionic surfactant can drive the process either away 
or toward the native fold depending on the initial conformational state 
of the protein and the proportion of charged and uncharged surfactants 
in the system. Notably, this investigation reveals that the native fold of 
the protein is not fully retrieved even at exceedingly high DDM/SDS 
ratios, suggesting that a few surfactant molecules remain entrapped in 
the protein envelope upon refolding. 

2. Materials and methods 

2.1. Materials 

Sodium phosphate monobasic and dibasic (Reag. Ph Eur, Sigma- 
Aldrich, US), sodium hydroxide (>99.99 %, Sigma-Aldrich), sodium 
azide (Reag. Ph Eur, Scharlab, Spain), SDS (ACS reagent, Sigma-Aldrich, 
US), DDM (≥99 %, Anatrace, US), and D2O (99.9 %D, Sigma-Aldrich) 
were used as received. Highly pure hGH was kindly supplied by Fer
ring Pharmaceuticals A/S (Kastrup, Denmark) as a lyophilized powder. 
BSA (>98 %) and βLG (>90 %) were supplied by Sigma-Aldrich and 
used without further purification. For SANS and NMR measurements, 
deuterated SDS (96 %D in the tail to match the scattering length density 
of D2O) and tail-perdeuterated SDS were synthesized at the ISIS 
Deuteration Facility with a 96 %D to match the scattering length density 
of D2O. Similarly, deuterated DDM (51 %D in the headgroup, 89 %D in 
the tail) [32], and DDM with deuterated tail (89 %D) and protiated 
headgroup (0 %D) were prepared at the Deuteration and Macromolec
ular Crystallisation platform of the European Spallation Source using the 
literature procedure described by Midtgaard et al. [32]. 

2.2. Methods 

Stock solutions of protein and surfactants were prepared in 10 mM 
sodium phosphate buffer at pH 7. Samples in D2O for SANS 
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measurements were prepared at a pH of 7.4 to achieve a pD of 7.0, ac
cording to Rubinson’s protocol [33]. All samples contained 0.01 wt% 
NaN3 to avoid bacterial proliferation and were used within 72 h after 
preparation. Protein concentration was determined on Nanodrop 1000 
(Thermo Scientific, US) using the 280 nm absorption peak. 

Titration fluorescence spectroscopy (intrinsic) was performed on a 
Probe Drum (Labbot, Sweden) at a temperature of 25 ◦C. A titrant vol
ume of 2 µL was added every minute for 100 steps (total volume added 
200 µL) to a starting volume of 900 µL of titrand under continuous 
stirring. After 30 s equilibration, emission spectra between 215 nm and 
730 nm were recorded using an excitation wavelength of 280 nm for 
each step. Starting titrand concentration was 67.8 µM (1.48 mg/mL) for 
hGH, 22.5 µM (1.49 mg/mL) for BSA, and 81.5 µM (1.48 mg/mL) for 
βLG. Titrant concentrations were 72 mM SDS, and 144 or 288 mM DDM 
for hGH, and 75 mM SDS and 300 mM DDM for BSA and βLG. For 
measurements starting with premixed protein and SDS, the SDS/protein 
ratio was selected from the initial experiments from single surfactant 
systems, i.e., 45 SDS/hGH, 130 SDS/BSA and 72 SDS/βLG. In addition, 
measurements for three different initial states were performed for hGH 
using SDS/hGH 15, 45 or 90. 

Far-UV CD measurements were performed on a Jasco J-715 spec
tropolarimeter at 25 ̊C. Data were acquired between 190 nm and 250 
nm, using 50 nm min− 1 scan speed, a spectral bandwidth of 1 nm, and a 
response time of 1 s. Each spectrum results from the accumulation of 5 
scans. Protein concentration was 9.1 µM (ca. 0.21 mg mL− 1) for hGH, 
3.1 µM (ca. 0.21 mg mL− 1) for BSA, and 11.4 µM (ca. 0.42 mg mL− 1) for 
βLG. Samples were loaded in a 1-mm path length quartz cuvette. The 
contribution from the phosphate buffer was subtracted. Data were 
subsequently corrected for protein concentration and number of protein 
residues to determine the mean residue ellipticity ([θ]MR) in deg cm2 

dmol− 1. 
1H NMR experiments were performed at the NMR center at Goth

enburg University, Sweden, on a Bruker Advance III HD 800 MHz 
spectrometer equipped with a 5 mm TXO cold probe at 37 ◦C. 1D 

experiments were run with 126 or 128 scans, 2.045 s acquisition time, 
1.5 s delay time, and 16 kHz spectral width. The protein concentration 
was increased to 3.5 mM (8 mg/mL) to acquire an adequate signal-to- 
noise ratio. Sample preparation was performed by serial dilution of 
stock solutions prepared in buffered D2O. Tail-deuterated SDS was used 
in these experiments to minimize signal overlapping with the protein. 
Besides, tail-deuterated DDM was employed in the NMR experiments 
containing large quantities of this surfactant, i.e., those starting at 45 
SDS/hGH. Surfactant concentrations used in these experiments were 
selected from the key transitions obtained from the titration experiment. 
Correlation plots, as the representation of the spectral intensities in the 
backbone and amide region of the spectra (6–8.5 ppm) for two different 
samples against each other, are included to provide a quantitative 
assessment of the likeness between selected spectra. As a general rule, 
the native spectrum is used as a baseline comparison. From these plots, 
the spectral similarity was parametrized using the Pearson correlation 
coefficient (R2) using Matlab R2020a, which starts at 0 for two spectra 
with no similarity and approaches 1 as the likeness of spectra increases. 
In addition, 1H–13C SOFAST-HMQC spectra were acquired on selected 
samples with a 1H spectral width of 13 ppm using 1040 and 256 points in 
direct and indirect dimension, respectively. Spectra were processed 
using the nmrPipe software suite [34]. 

SANS experiments were performed on D22 at Institut Laue-Langevin 
(France) and on Larmor at ISIS Pulsed Neutron Source (UK) [35,36]. 
Data were reduced according to standard protocols of each beamline 
[37,38], and instrument resolution was accounted for by smearing the 
theoretical models using a Gaussian function [39]. Larmor is a time-of- 
flight neutron instrument operated in SANS mode at fixed sample-to- 
detector distance of 4 m, providing a momentum transfer (q) range of 
0.004–0.8 Å− 1. The sample stage was equipped with the NURF setup, 
allowing for in situ collection of UV–vis absorption and fluorescence 
emission data [40]. The spectroscopy data was used to cross-check 
protein concentration and correlate the interaction stage to our in- 
house fluorescence spectroscopy results. D22 used distances of 1.3 m 

Fig. 1. (a) Monomer structure, number of amino acids (N), isoelectric point (pI), and estimated net charge at pH 7 of the native proteins: hGH – PDB entry: 3HHR 
[49], BSA – PDB entry: 4F5S [52], and βLG – PDB entry: 2AKQ [50]. Intrinsic fluorescence characterization of hGH (b), BSA (c), and βLG (d) during titration with 
DDM ( ) or SDS ( ): evolution of the intensity at λem = 330 nm (normalized to the emission of the native state) and maximum peak position as a function of the 
surfactant-to-protein ratio. The dashed lines represent the transitions in the spectral parameters occurring upon SDS addition. Representative CD spectra and 
evolution of the secondary structure of hGH (e), BSA (f), mM βLG (g) in the presence of different amounts of DDM ( ) or SDS ( ), as shown in (e). Secondary 
structure contents were calculated from the far-UV CD data using BeStSel [53]. Protein concentrations were 67.3 µM and 9.1 µM for hGH, 22.5 µM and 3.1 μM for 
BSA, and 81.5 μM and 11.4 μM for βLG in fluorescence and CD spectroscopy experiments, respectively, and surfactant concentrations were as indicated by the ratios. 
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and 8 m for the front and rear detector, respectively, giving a q-range of 
0.008–0.9 Å1. Samples were loaded in 1-mm path length quartz cuvettes 
and placed in a temperature-controlled sample changer. All experiments 
were performed using 0.154 mM hGH in D2O, 10 mM pH 7.4 phosphate 
buffer solutions at 25 ◦C. Contrast-match experiments were performed 
using isotopically labelled surfactants (vide supra) to make the protein 
structure the only effective scatterer. SasView 5.0 was used for model- 
based fitting [41]. Structure factor deconvolution for IFT analysis was 
performed using the protocol previously described [27,42–44]. In brief, 
data were analyzed using prolate ellipsoid model to account for the 
protein form factor and the rescaled mean spherical approximation 
(RMSA) to model the structure factor contribution arising from long- 
range electrostatic interactions between scatterers [45,46]. Subse
quently, the experimental scattering intensity was divided by the 
structure factor contribution to obtain a corrected scattering pattern that 
excludes interparticle correlations. Corrected data were analyzed using 
GNOM (ATSAS package) to conduct the indirect Fourier transform (IFT) 
method to determine the pair distance distribution function P(r) [47]. 
The P(r) represents a histogram of all the distances between two points 
within the scatterer and allows structural information of the protein to 
be extracted: Dmax is the maximum dimension of the scatterer (protein), 
r1 is a descriptive parameter that relates to the folding state of the 
protein unit (i.e., tertiary structure) and corresponds to the position of 
the first oscillation in the P(r), and Nagg parametrizes the self-association 
of the protein, i.e., the number of associated protein units in a single 
scatterer [42]. Besides, an empirical parameter that quantifies the de
viation of the monomer structure from the native folding (δ value) was 
determined from the structural characterization. 

Further details in data reduction and analysis protocols are presented 
in the Supporting Material. 

3. Results and discussion 

3.1. Surfactant synergy defines protein unfolding and refolding 

To obtain an initial picture of the interaction of hGH with the indi
vidual surfactants, intrinsic emission fluorescence spectra (λEx = 280 
nm) were recorded as the nonionic DDM or anionic SDS were titrated to 
a protein solution. Our results systematically show that no major 
changes are observed in the intrinsic fluorescence emission spectra 
when DDM is added to the proteins (Figure S1). Only a subtle decrease in 
the emitted intensity at 330 nm (maximum intensity in the native state) 
occurs, which is attributed to a dilution effect upon titration, ca. 11 % 
decrease in protein concentration (Fig. 1b, c, and d). This is further 
confirmed by titration results with buffer (no surfactant added), as the 
evolution of the spectral intensities overlap (Figure S2). It should be 
noted that the subtle shoulder arising at 280 nm (i.e., the excitation 
wavelength) with increasing DDM concentration is attributed to the 
scattering from DDM micelles above the CMC, i.e., 0.18 mM [48]. Thus, 
DDM shows no interaction that affects the environment of the fluo
rophores excited at 280 nm of hGH and βLG, TRP and TYR, which are 
mainly located in the protein core [49,50]. In contrast, an initial 
decrease of the emitted intensity of BSA is observed, possibly attributed 
to the ability of this protein to bind amphipathic molecules through six 
high-energy binding sites without severely altering protein fold [51]. In 
addition, the secondary structure of the protein shows no changes in the 
presence of DDM, with the CD spectra overlapping at all concentration 
and no variations in the calculated contents. These results agree with 
previous reports on the resilience of compactly folded proteins to the 
addition of nonionic surfactants, which shows no major effects on the 
protein [2]. 

Upon SDS titration, significant alterations in the intensity, maximum 
peak position, and overall line shape of the intrinsic emission fluores
cence spectra are observed across all proteins (Figure S1). The investi
gated SDS concentration range covers a premicellar state (CMC = 4.1 
mM in 10 mM, pH 7 phosphate buffer), implying that the surfactant 

likely resides either in its monomeric form or in association with the 
protein [27], and thus the interaction is solely attributed to the gradual 
binding of individual surfactant molecules. The evolution of emission 
spectra follows different sequential stages. Generally, it is noted that 
early changes (<20 SDS molecules per protein) are more prominently 
reflected in alterations in emission intensity, while the emission wave
length remains relatively stable in this concentration range. For hGH 
and BSA (Fig. 1b, c), a sharp decrease in the intensity is initially 
observed at low SDS content (i). Subsequent addition of surfactant yields 
minimal changes in intensity (ii). A second decline in intensity occurs at 
intermediate SDS contents (iii), beyond which no further alterations in 
the spectral parameters are observed, except for the dilution effect (iv). 
Regarding the maximum peak position, a blue shift follows the same 
transitions outlined for the changes in the intensity. The absolute change 
in this position ranges from ca. 330 nm and 331 nm in the native state of 
hGH and BSA, respectively, to 318 nm and 316 nm at the highest SDS 
content. This is generally attributed to a more hydrophobic environment 
of tryptophan [54], which could be due to the presence of the SDS alkyl 
chains neighboring the protein chromophore. βLG exhibits analogous 
sequential transitions, albeit the intensity sharply evolves toward higher 
values during stage (i) and more subtly during stage (iii) (Fig. 1d). These 
changes in the intensity are accompanied by a red shift in the wave
length corresponding to the maximum emission occurs at stage (iv), 
unlike for the other two proteins. 

These changes in the intrinsic fluorescence are associated to the 
interaction between the protein and the surfactant and, although the 
changes seem protein dependent still represent the key transitions 
occurring in the system. Notably, the transitions occur at different 
surfactant-to-protein ratios for each protein. For instance, BSA requires 
three times more surfactant to reach the same stage compared to hGH. 
This is possibly attributed to the considerably larger size of BSA, as ex
pected from Tanford’s model of surfactant-induced denaturation [55]. 
However, the shape of the titration curves is indicative of a strong 
interaction with SDS, resulting in major changes in the cybotactic 
environment of the protein fluorophores. Previous investigations have 
related these transitions to changes in the higher-order structure of 
proteins. For instance, hGH undergoes a sequential denaturation 
pathway upon SDS addition, ranging from the stabilization of a molten 
globule at low SDS content to the formation of a decorated micelle 
structure at SDS concentrations close to the CMC of the surfactant [27]. 
Similarly, a sequential denaturation model has been proposed for the 
interaction of BSA and SDS, ranging from randomly adsorbed surfactant 
molecules at low SDS content to the formation of more complex struc
tures [23,26], although the architecture of the resulting complex has 
been subjected to debate [13]. 

To investigate the effects of surfactant addition in the secondary 
structure of the proteins, CD measurements were performed (Figure S3). 
The addition of DDM did not cause detectable changes in any of the 
three proteins, and their secondary structures remained mostly identical 
to the native state (Fig. 1e, f, g). In contrast, the spectra changed upon 
addition of SDS. For hGH and BSA, we saw a gradual reduction in the 
negative CD signals, mainly at 209 nm. These changes are attributed to a 
decrease in the ordered secondary structure domains, i.e., α-helices, 
accompanied by an increase of disordered regions (Fig. 1e, f). For βLG, 
which is predominantly populated by β-sheets, we observed a decrease 
in the content of β-sheet that is compensated by an increase in the 
amount of α-helix in the presence of SDS (Fig. 1g), as previously 
observed [17]. Therefore, the native populations of secondary structure 
motifs are strongly affected upon SDS addition for all these proteins, 
where highest concentrations of SDS lead to greater changes, while the 
protein hardly changes its structure in the presence of DDM. 

Once the interactions (or lack thereof) of the individual surfactants 
with the proteins were determined, we focus our attention on the 
refolding process. This phenomenon has been previously reported as a 
mechanism to retrieve the native conformation of surfactant-unfolded 
proteins by the addition of a nonionic surfactant [17,18,22]. We 
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initially performed fluorescence spectroscopy titration to determine the 
transition points upon DDM addition. Based on the phases observed 
when mixing SDS and the proteins, the initial SDS concentration was 
selected at a ratio where significant interaction with the protein occurs, 
i.e., 45 SDS/hGH, 130 SDS/BSA and 72 SDS/βLG. Moreover, the system 
containing hGH was investigated at two additional starting ratios, i.e., 
15 and 90 SDS/hGH. 

With the gradual addition of DDM, the characteristic spectral fea
tures change in a non-monotonic fashion for the three proteins 
(Figure S4), where different stages of interaction between DDM and the 
SDS-protein complexes are identified (Fig. 2a, b, c). The first stage (ri) 
occurs at low DDM/SDS ratios and is characterized by a blue shift in the 
maximum emission wavelength, therefore shifting away from the value 
associated to the native states. At intermediate DDM/SDS rations (rii), a 
gradual red shift of this parameter is observed. The final stage (riii) is 
found above 10 DDM/SDS, where the value of the wavelength plateaus. 
The changes in the emission wavelength are accompanied by variations 
in the emitted intensity at 330 nm but those differ between the proteins. 
The emitted intensity from BSA slightly drops at low DDM/SDS ratios 
(ri) and then increases (rii), before reaching a plateau excluding the 
dilution effect (riii). It is hypothesized that this initial drop in intensity 
could be attributed to a reorganization of the surfactants at the protein 
envelope, possibly connected to the distinct binding ability of BSA [51]. 
In contrast, this drop in intensity is not observed for hGH and βLG. 
Instead, the intensity increases to maxima at ca. 5 DDM/SDS to then 
gradually decrease. Upon further addition of DDM, the transition to the 
last stage (riii) is observed as a change in the slope of the decay. As 
observed in the case of the individual surfactants, the variation in the 
spectral intensity between proteins is possibly associated to a different 
response in the proteins’ higher-order structure to the interactions with 
the surfactants. 

The transitions between the different stages are governed by the 
SDS/DDM ratio for a given protein, as these overlap when plotted as a 
function of this variable (Figure S5). Instead, the ratios change between 

proteins. For instance, the transitions occur at much lower SDS/DDM 
ratios for BSA than for hGH. This is surprising since one could expect 
that the larger size of BSA would shift the transitions to higher ratios, as 
observed for the individual surfactants. However, the changes in the 
higher structure of the protein could not necessarily correlate with the 
size of the protein, but rather with the binding affinity and structural 
resilience of the protein [17]. 

In addition, the effect of the mixing protocol was investigated to 
elucidate if the interactions are controlled by the equilibrium or whether 
initial interactions predefine the final state of the system. As such, the 
previous results were compared to samples where a mixture of DDM/ 
SDS was added to hGH. The results show a practically identical fluo
rescence emission spectra when reaching the same DDM:SDS:hGH ratios 
despite the mixing protocol (Figure S6). In fact, the addition of mixed 
micelles with a 12 DDM/SDS ratio, where the partial recovery of the 
native spectral parameters was expected (Fig. 2a), did not result in 
protein unfolding. Thus, the mixing order does not affect the refolding 
process or complex formation, indicating that the system resides in a 
dynamic equilibrium. This was further confirmed by our stability 
studies, which showed that the fluorescence signal did not change over 
3 days for SDS-hGH and DDM-SDS-hGH systems (Figure S7). 

Therefore, the evolution of the spectral features suggests that the 
addition of DDM changes the environment of the protein fluorophores. 
Initially, the changes evolve even further away from those attributed to 
the native proteins, suggesting a greater degree of unfolding at low DDM 
contents in the presence of SDS (ri). Above a threshold concentration 
(rii), the trend is reversed, and the features gradually evolve toward the 
native state. Finally, the results indicate that the higher-order structure 
of the proteins is stabilized at high DDM content (riii). An important 
aspect is that the features of emission spectra for the native proteins are 
not recovered even with a large excess of DDM and that the extent of 
recovery differs for each protein (Fig. 2d, e, f), with hGH reaching closer 
values than those for BSA and βLG. As such, the results suggest that the 
native higher-order structure may not be fully recovered even with 

Fig. 2. Intrinsic fluorescence characterization of the addition of DDM to the SDS-unfolded proteins at an initial [SDS] = 3 mM: evolution of the intensity at λem =

330 nm (normalized to the emission of the native state) and maximum peak position as a function of the DDM-to-SDS ratio for (a) hGH, (b) BSA, and (c) βLG. The 
dashed lines represent the transitions in the spectral parameters occurring upon DDM addition to the SDS-unfolded proteins. Spectral features for the native and 
refolded state for (d) hGH, (e) BSA, and (f) βLG. Error bars (standard deviation from duplicates) are shown for all data points. Representative CD spectra and 
evolution of the secondary structure of hGH (g), BSA (h), mM βLG (i) at different DDM:SDS:protein ratios, as shown in the legend of graph (g). The secondary 
structure contents are displayed as a function of the DDM:SDS ratio for samples starting with different SDS:protein ratios 15 ( ), 45 ( ), and 90 ( ). Secondary 
structure contents were calculated from the far-UV CD data using BeStSel [53]. Protein concentrations were 67.3 µM and 9.1 µM for hGH, 22.5 µM and 3.1 μM for 
BSA, and 81.5 μM and 11.4 μM for βLG in fluorescence and CD spectroscopy experiments, respectively, and surfactant concentrations were as indicated by the ratios. 
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exceeding concentrations of DDM. 
Far-UV CD was used to determine the variations in the secondary 

structure of the proteins in the presence of the two surfactants 
(Figure S8). Interestingly, the calculated secondary structure contents 
demonstrate that the presence of low amounts of DDM (DDM/SDS ≤ 4) 
causes a further loss of the native secondar structure. In the case of hGH 
and BSA, a loss of helicity and an increase in the number of disordered 
regions is observed (Fig. 2g, h), whereas βLG undergoes a β-sheet-to- 
α-helix transition. Although these structural changes have been previ
ously observed for BSA and βLG upon interaction with SDS [17], these 
results confirm the synergistic effect of SDS and DDM in the unfolding of 
proteins. Interestingly, the extent of synergistic unfolding is more 
prominent at lower SDS contents, i.e., 15 SDS/protein, while it decreases 
at 45 and 90 SDS/protein ratios despite maintaining the DDM/SDS ratio. 
As such, it is hypothesized that the interaction becomes cooperative at 
low SDS/protein ratios, where the proteins are possibly not saturated 
with surfactant molecules and SDS mediates the interaction with DDM. 
This saturation threshold may be the reason why the surfactant coop
eration has not been previously observed, as the conditions explored so 
far used considerably higher SDS concentrations, e.g., 10 or 25 mM, 
where the proteins were possibly saturated with SDS prior DDM addition 
[18,25]. Upon increasing the DDM content (DDM/SDS ≥ 4), the con
tents of the secondary structure gradually evolve toward those associ
ated to the native state, confirming that further addition of DDM 
prompted a gradual recovery of the proteins’ secondary structure. 
Notably, the contents associated to the native state were fully regained 
(within error) for the three proteins investigated here. 

Therefore, our findings highlight the differences between the 
behavior of surfactants whether they operate individually in a surfac
tant–protein system or within a ternary system comprising the two 
surfactants and the protein. DDM can further unfold the SDS-unfolded 
proteins at low SDS/protein ratios, which is not observed in the case 
of the native proteins. It is hypothesized that the structurally loose 
molten globules formed by the SDS-protein complexes could interact 
with DDM unlike compactly folded native proteins [12,27]. If the con
tent of DDM is increased, a gradual recovery of the higher-order native 
structure of is observed. However, the results from the titration suggest 
that full recovery may not be achievable, although the native secondary 
structure of the protein is regained. Our findings also reveal that the 
DDM/SDS ratio is critical for modulating protein response. For example, 
the DDM concentration required to retrieve the spectral features similar 
to those of the native state of hGH scales with SDS concentration, i.e., ca. 
10 DDM/SDS. Thus, a 10 mM DDM concentration is required to refold 
hGH in the presence of 1 mM SDS. 

3.2. A model to understand surfactant-induced unfolding and refolding 

With these results at hand, we sought to determine a detailed model 
of protein-surfactant interactions employing NMR and SANS techniques 
for the systems containing hGH. Initially, 1H NMR measurements of 
native hGH and hGH in the presence of either SDS or DDM were per
formed to study the local environment of the protein backbone. The 
partial spectra covering the aromatic region (8.8–5.8 ppm) show that 
the overall peak pattern with and without DDM is rather similar at all 
surfactant concentrations investigated here (Fig. 3a). The subtle differ
ences, consisting of a peak broadening and overall intensity loss at the 
highest DDM content, could be attributed to the slower tumbling of the 
protein in the presence of high contents of DDM. In addition, the cor
relation plots show a narrow distribution around the self-correlation 
signal (Fig. 3c). As the main features are conserved in these spectra at 
two different DDM contents, changes in the R2-values are likely attrib
uted to the broadening of the peaks (Fig. 3d). Therefore, no major 
transitions occur in the higher-order structure of hGH in the presence of 
DDM. 

In contrast, the peak pattern of hGH with SDS considerably changes 
compared to the peaks of the native hGH sample (Fig. 3b). At 0:15:1, the 

peaks shift and broaden, which is possibly associated to a change in the 
protein backbone structure and an increase in its conformational flexi
bility compared to the native state. Upon increasing SDS content, i.e., 
0:45:1 and 0:90:1 DDM:SDS:hGH, no major changes are observed in the 
position of the peaks compared to 0:15:1 DDM:SDS:hGH. However, the 
peaks show sharper features at higher SDS contents, suggesting that that 
the protein backbone presents a similar local environment, but it adopts 
more restricted dynamics at higher SDS content compared to the lower 
SDS content. These differences are confirmed by the correlation plots 
(Fig. 3c), with a decreasing value of the self-correlation signal with 
increasing SDS/hGH ratio (Fig. 3d). 

Contrast-variation SANS was performed to probe the changes in the 
tertiary and quaternary structure of the protein in the presence of sur
factant. The contrast-matching approach allows selective study of the 
structure of the protein by matching the scattering length density of the 
isotopically labelled surfactants to that of D2O, which effectively makes 
the surfactants “invisible” to neutrons [32]. The SANS results comple
ment the previous observations. The addition of DDM did not result in 
changes in the overall size, shape, and self-association of the protein at 
any of the investigated concentrations (Fig. 4a, c, and Table S1). In 
contrast, SDS significantly perturbs the structure of hGH (Fig. 4b), 
leading to different degrees of unfolding and, to some extent, oligomer 
formation (Fig. 4d). The initial addition of SDS, i.e., 0:8:1 DDM:SDS: 
hGH, prompts hGH to unfold (Fig. 4c, d), as judged by the shape of the P 
(r) and the structural parameters. While the native protein resides in a 
monomeric state, the addition of SDS readily prompts the oligomeriza
tion of hGH (potentially into dimers-trimers), as reflected in the 

Fig. 3. 1H NMR spectra of the protein backbone of 3.5 mM hGH in the absence 
and presence of DDM (a) and SDS (b) at selected surfactant-to-protein ratios, as 
indicated in the graph legends. (c) The correlation plots comparing the signal of 
native hGH against hGH in the presence of surfactant are shown for different 
surfactant-to-protein ratios for DDM (15:0:1 DDM:SDS:hGH) and SDS 
(0:15:1 DDM:SDS:hGH). The diagonal line in the correlation plots indicates the 
self-correlation of the native spectra (R2 = 1) and divergence from these values 
is presented as a heatmap. (d) R2-parameter derived from the analysis of the 
correlation plots for hGH in the presence of DDM ( ) or SDS ( ). 
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increased Nagg. These trends are gradually reversed at higher SDS con
tent, as seen in a decrease of the characteristic dimensions and Nagg of 
the scatterer at 0:15:1 DDM:SDS:hGH. At the highest SDS content, 
0:45:1 DDM:SDS:hGH, the P(r) confirm the formation of a hollow shell 
in terms of scattering contrast (confirmed by the oscillation centered at 
0.25 q-1). The analysis confirms the transition to an unfolded protein 
with a small characteristic distance of 13.7 Å, corresponding to the 
thickness of the shell [27]. These observations converge in the δ value, 
which shows that the addition of DDM does not cause changes in the 
folding state (<2%), whereas SDS profoundly affects hGH conformation. 

Our characterization of the interaction of these surfactants with hGH 
converges in one key idea, concurring with the model developed by 
Otzen and co-workers [13]: DDM, as a nonionic surfactant, hardly in
teracts with the compactly folded hGH, while SDS significantly perturbs 
its higher-order structure and overall conformation in a sequential order 
controlled by the surfactant-to-protein ratio: first, a shift from native to a 
highly flexible expanded structure where the hydrophobic core expands 
as surfactants bind, second, a molten globule structure where the ter
tiary structure is disrupted leading to the exposure of hydrophobic 

residues, and, lastly, a transition to a decorated micelle where the pro
tein surrounds a micelle-like surfactant assembly and the secondary 
structure has been (at least partially) disrupted [27]. Above this SDS 
content, SDS micelles begin to form in the bulk phase and only minor 
changes occur to the complex structure and dynamics. These different 
interaction stages define the conformation of the protein and the phase 
adopted by the surfactants attached to the protein, and undoubtedly 
affect its physicochemical behavior. 

The spectroscopic characterization suggests that the changes 
induced by SDS are reversible for hGH by the subsequent addition of 
nonionic surfactant (Fig. 2). As such, we sought to investigate the nature 
of the interaction mechanism when the two surfactants are present. The 
local environment of the protein backbone was investigated by 1H NMR 
measurements for selected DDM:SDS:hGH ratios. Of the possible com
binations in a DDM:SDS:hGH matrix at a constant hGH concentration, 
two types of studies were performed: (a) samples with a constant SDS/ 
hGH ratio at different DDM contents, and (b) samples with a constant 
DDM/SDS ratio at different total surfactant contents. 

Shifts in the backbone proton peak pattern were studied at 15, 45, or 
90 SDS/hGH, and between 1 and 12 DDM/SDS, corresponding to the 
regions studied by intrinsic fluorescence spectroscopy. While keeping 
constant hGH and SDS concentrations, shifts in the peak pattern of the 
protein backbone occur (Fig. 5a). When starting at 0:15:1 DDM:SDS: 
hGH, the addition of DDM between 1 and 4 DDM/SDS causes changes in 
the spectra, mainly observed in the narrowing of the peaks. These 
spectra further deviate from that of the native state and 0:15:1:1 DDM: 
SDS:hGH, particularly in the spectral features between 8.0 and 7.0 ppm, 
and 6.8 and 6.5 ppm. Also, a decrease in the correlation coefficient is 
observed (Fig. 5d and Figure S10). This transition corresponds to the 
regions where intrinsic fluorescence showed changes in the opposite 
direction to the native spectral features upon DDM addition, confirming 
that low quantities of the nonionic surfactant unexpectedly cause further 
changes in the backbone of the SDS-unfolded protein. 

In contrast, when the DDM content is increased to 90:15:1 the trend 
is reversed and a subtle increase in the correlation coefficient is observed 
(Fig. 5d). At 180:15:1 DDM:SDS:hGH, the peak pattern changes again 
and displays very similar features to those of the native peak spectrum. 
Compared to the native state, the spectrum at this ratio mostly retrieves 
the peak positions but the features are slightly broadened, resulting in a 
significant recovery of the correlation signal (Fig. 5c). Particularly, the 
features between 8.0 and 7.0 ppm, and 6.6 and 6.0 ppm are similar to 
the native pattern, while the group at ca. 6.8 ppm retains the shape 
observed at 6 DDM/SDS. This suggests that at 180:15:1 DDM:SDS:hGH 
the protein backbone partially retrieves its native structure. However, 
the changes in the spectra suggest that subtle differences still appear 
compared to the protein native state. 

As the DDM-to-SDS ratio is the main variable that drives the inter
action with hGH, the aim was to study whether the recovery of the 
backbone environment can also be attained when starting from different 
SDS-hGH states. In the following comparisons, it must be considered 
that peak broadening will have an impact on the values for systems with 
very different total surfactant content. When comparing the influence of 
the total surfactant content at a constant DDM/SDS ratio of 4, i.e., 
60:15:1, 180:45:1, and 360:90:1 DDM:SDS:hGH (Fig. 5b), the spectra 
look remarkably similar (Figure S11). This indicates that the protein 
backbone adopts a similar environment in the presence of the two sur
factants as long as there is a constant DDM/SDS ratio. In the region 
where the DDM/SDS ratio leads to a partial retrieve of the native signal, 
i.e., 12 DDM/SDS, differences are observed between the spectra at 
180:15:1 and 540:45:1 DDM:SDS:hGH and, consequently, their corre
lation parameters. These differences are mainly attributed to the 
broadening of the peak signals at higher total surfactant content. 
However, it is observed that the main spectral features are conserved 
between the two systems, e.g., those between 7.4 and 7.0 ppm. There
fore, the refolding of hGH is again achieved, although the extent of re
covery cannot be accurately determined due to peak broadening. 

Fig. 4. Structural characterization of hGH using contrast-variation SANS. Data 
and best fits for 0.154 mM hGH in 10 mM phosphate buffer, pH 7.4, in D2O in 
the presence of isotopically labelled (a) DDM and (b) SDS at different ratios, as 
indicated in the legends of the graphs. The contrast-matching approach makes 
the protein the only visible scatterer and the background contribution from the 
solvent and surfactant solutions were subtracted. The dotted lines correspond to 
fits obtained with the IFT method including the structure factor contribution. 
The SANS data and fits were scaled by a factor of × 1, ×2, ×4, and × 8 for 
clarity. (c) shows the P(r) associated to the data in (a) and (b). (d) Parameters 
derived from the analysis of the SANS data of hGH in the presence of DDM ( ) 
or SDS ( ). Error bars (standard deviation) are shown for all data and, where 
not visible, the error bars are within the markers. 
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Fig. 5. 1H NMR characterization of the protein backbone region for the DDM:SDS:hGH systems at 3.5 mM hGH. (a) Spectra at a constant SDS/hGH of 15 with an 
increasing amount of DDM. Spectra at DDM/SDS ratios of 4 (b) and 12 (c) varying the amount of SDS in the system. The ratios are indicated in the legend of the 
graphs. The correlation plots comparing selected spectra against the native spectrum are presented in (d). The diagonal line in the correlation plots indicates the self- 
correlation of the native spectra (R2 = 1) and divergence from these values is presented as a heatmap. (f) displays the evolution of the parameter R2 with varying the 
DMM content in the system at different initial SDS/hGH ratios: 15 ( ), 45 ( ), and 90 ( ) SDS/hGH. 

Fig. 6. 2D 1H–13C HMQC spectra of the protein methionine region for the DDM:SDS:hGH systems at 3.5 mM hGH. The ratios are indicated in the legend of the 
graphs. The dashed lines indicate the overlap between the spectra. 
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By looking at the evolution of the R2-values as a function of DDM: 
SDS:hGH ratio some relevant aspects can be inferred (Fig. 5d). (a) The 
addition of low quantities of DDM to a previously SDS-unfolded hGH 
does not contribute to retrieving the native environment of the protein 
backbone and even displaces the features further away from the native 
state. (b) When 12 DDM/SDS is reached, the R2-values significantly 
increase compared to those at lower DDM content, suggesting that the 
protein has retrieved, at least partially, its native higher-order structure. 

To further investigate the extent of protein recovery, 1H–13C HMQC 
spectra were acquired on selected samples (Fig. 6). Samples with high 
levels of detergent show significant overlap between the signals of the 
surfactants and the protein, which hides the protein methyl groups. 
Therefore, analysis was focused primarily on the methionine side chains, 
which are displaced from the center of the methyl spectra [56]. Initially, 
the signal from the native protein was compared with experimental 
signal of the protein in the presence of the individual surfactants. The 
results clearly show an almost perfect overlay in the case of DDM 
(60:0:1), while the presence of SDS (0:15:1) completely suppresses the 
native peaks (ca. 1H 2.10–2.15 ppm, 13C 16.0–17.0 ppm) and new fea
tures appear in the spectra (ca. 1H 1.95–2.05 ppm, 13C 17.0–17.5 ppm). 
As expected, this correlates with the loss of the protein conformation in 
the presence of the anionic surfactant [27], whereas the nonionic hardly 
perturbs the hGH native fold. When the two surfactants are present at 12 
DDM/SDS, where refolding is expected, it is observed that the spectra 
show both the peaks from the native conformation and a subtle signal 
from the characteristic SDS-unfolded hGH. In addition, new features 
appear in the spectra (ca. 1H 2.25–2.30 ppm, 13C 16.0 ppm) that could 
be attributed to contributions from the surfactants. However, the over
lap between the native and SDS-unfolded signals in the spectra at 
180:15:1 suggests the co-existence of (at least) two conformational 
states. It is here hypothesized that these are closely related in terms of 
backbone structure and these results confirm that higher-order structure 
of hGH cannot be fully refolded through the addition of DDM. 

The influence of the interactions between the protein and the two 
surfactants from a conformational point of view was investigated using 
contrast-variation SANS (Fig. 7a, b). When starting from SDS-hGH 
complexes, the addition of DDM between 1 and 6 DDM/SDS causes an 
increase in the dimensions of the protein, either r1 or Nagg (Fig. 7d). This 
confirms that DDM contributes to further unfolding of hGH compared to 
the initial SDS-unfolded state. Particularly, at 90:45:1 DDM:SDS:hGH we 
observed the largest deviation from the conformation in the native state, 
with a 1.7-fold increase in the size of the hGH monomer. In addition, the 
presence of DDM seems to modulate the self-association of the protein. 
This is possibly attributed to a re-distribution of the charge density at the 
surfactant–protein complex, leading to hindered electrostatic repulsion. 
At 180:15:1 DDM:SDS:hGH (12 DDM/SDS), the conformation of hGH is 
similar to the native protein (Fig. 7b, c), but some structural differences 
are observed. In particular, the protein recovers its monomeric state, but 
the characteristic size of the monomer is 1.2-fold larger than that of 
native hGH (Fig. 7d). Although these differences may seem relatively 
small, they are consistent with our NMR and could be attributed to co- 
existing conformational states that are closely related in terms of 
structure. The unfolding-refolding sequential process upon increasing 
DDM content can be seen in the evolution of the δ parameter (see 
Fig. 6c), which clearly shows a general deviation of the monomer 
structure at low DDM/SDS ratios before the recovery attained at high 
DDM/SDS ratios. 

As a general picture drawn from our integrative characterization, the 
results demonstrates that the nonionic-to-ionic surfactant ratio controls 
the unfolding and refolding processes of hGH. When hGH is unfolded in 
the presence of SDS, the addition of small amounts of DDM (DDM/SDS 
between 1 and 4) promotes further protein unfolding (ri), characterized 
by changes in the backbone environment and a loss of the conformation 
of the protein. These findings contrast with the evidence that DDM does 
not interact with the folded state of hGH. When the DDM/SDS ratio is 
increased between 6 and 10, the system begins to retrieve the native fold 

(rii). This transition has been finely characterized using fluorescence 
titration, showing a gradual recovery of the spectral features. Further 
increasing the DDM/SDS above 10 (riii), the protein has mostly recov
ered the characteristic features of the native state, that is, chromophore 
environment, secondary structure, backbone environment, and confor
mation. However, our results demonstrate that a multimodal system 
appears, potentially containing closely related conformations in terms of 
structure and dynamics, that are close but not identical to the native 
state of the protein. 

3.3. A general mechanism to decipher surfactant cooperation 

As demonstrated in this work, interactions between proteins and the 
surfactants consist of a sequence of equilibria in a dynamic landscape. 
The transitions between the different states can be controlled by the 

Fig. 7. Structural characterization of hGH using contrast-variation SANS. (a) 
and (b) Data and best fits for 0.135 mM hGH in 10 mM phosphate buffer pH =
7.4 in D2O in the presence of isotopically labelled SDS and DDM at different 
ratios, as indicated in the legends of the graphs. The contrast-matching 
approach makes the protein the only visible scatterer and the background 
contribution from the solvent and surfactant solutions were subtracted. The 
dotted lines correspond to fits obtained with the IFT method including the 
structure factor contribution. The SANS data and fits in (a) were scaled by a 
factor of × 1, ×2, ×4, ×8, and × 16 for clarity. (c) shows the pair distance- 
distribution functions, P(r), associated to the data in (a) and (b). (d) Parame
ters derived from the analysis of the SANS data of the SDS-unfolded hGH in the 
presence of DDM at different starting SDS/hGH ratios: 0 ( ), 8 ( ), 15 ( ), and 
45 ( ). The structural parameters derived from the δ as a function of DDM/SDS 
ratio for different starting conditions is presented in (d). Error bars (standard 
deviation) are shown for all data and, where not visible, the error bars are 
within the markers. 
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surfactant ratios, and mapping the ternary system, i.e., protein, ionic 
surfactant, and nonionic surfactant, enables the regulation of the 
conformational landscape of the protein, even allowing to access a 
greater variety of states compared to the binary systems. To understand 
the full picture, these different states were investigated, covering 
possible unfolding and refolding pathways, as well as surfactant 
cooperation. 

One of the key aspects demonstrated is the ability of small quantities 
of DDM to interact with SDS-unfolded proteins at low total surfactant 
content (ri). The current paradigm dictates that SDS constitutes a 
strongly interacting surfactant that leads to protein unfolding upon 
complexation, while DDM hardly affects the conformation of compactly 
folded proteins [13]. However, our results reveal a new interaction 
mechanism, that is, the nonionic surfactant can interact with partially 
unfolded proteins as mediated by the presence of SDS. This is possibly 
due to the stabilization of a highly dynamic, partially open protein 
structure, such as a molten globule [27], which enables the co- 
adsorption of DDM and SDS molecules onto the protein. Such a sce
nario seems plausible since hindrance would diminish due to protein 
unfolding, mimicking the mechanism observed for α-lactalbumin, which 
resides in a highly dynamic, partially folded state [12]. Also, the ac
cretion of nonionic surfactants would reduce local electrostatic repul
sion between neighboring ionic surfactants [13], thus adopting a more 
energetically favorable state. Notably, this effect seems to be more sig
nificant for the lower starting SDS/protein ratios, possibly as the SDS- 
protein complex is not yet saturated with the anionic surfactant. 

On the other end of the nonionic surfactant content, at high 
nonionic-to-ionic surfactant ratio (riii), we find the ability of DDM to 
refold SDS-unfolded proteins [17]. When sufficient DDM is present in a 
micellar form, SDS and DDM molecules desorb from the protein com
plex, and the protein begins to retrieve a folded conformation. However, 
even at the highest DDM/SDS ratio measured here, our results suggest 
that the environment of the backbone and conformation of the protein 
cannot be fully retrieved. A close-to-native state was observed in our 
studies, with possibly a few surfactant molecules still adsorbed to the 
protein. Besides, a detailed study of the protein backbone suggests that, 
at this stage, the protein co-exists in different conformations that are 
structurally similar. 

Thus, a question remains open: can a protein be fully stripped of SDS 
and is this a protein-dependent scenario? The characterization by fluo
rescence spectroscopy shows that the extent of recovery of the native 
spectral features differs for each protein. For instance, hGH features are 
recovered to a greater extent than those for BSA. This could be attributed 
to the recognized ability of BSA to selectively bind aliphatic moieties 
[51]. Therefore, it seems plausible that different proteins react differ
ently to the surfactant-mediated protein refolding. The challenge then 
becomes to detect those remnant surfactant molecules associated to the 
protein. Previous investigations have shown that the adsorption of very 
few SDS molecules causes minor changes in the protein that could not be 
easily detected by conventional in-house methods (e.g., circular di
chroism and fluorescence spectroscopy) [27]. Therefore, the surfactant- 
mediated refolding is likely a protein-specific process since each protein 
will expose different amphiphilic interfaces in the presence of surfac
tants. As such, future investigations shall be performed to primarily 
focus on studying, possibly involving advanced characterization 
methods, protein behavior upon refolding, where it is hypothesized that 
these closely related conformations co-exist in a dynamic and rapidly 
interchanging landscape. 

Our study suggests that the cooperativity between the two surfac
tants constitutes the mechanistic origin of the unfolding and refolding 
processes in the three-component system. This brings us to hypothesize 
the formation of hybrid SDS and DDM nanoscale domains, either as co- 
assembled adsorbates in the protein complex (synergistic unfolding) or 
in mixed micelles at the bulk phase (refolding) [57]. For the former 
scenario, the co-adsorption of both surfactants onto the protein only 
happens in a narrow and well-defined window of nonionic-to-anionic 

surfactant ratio. This phenomenon is facilitated by the unfolded state 
of the protein and possibly mediated by the formation of SDS- 
hydrophobic domains [27], where the co-adsorption of DDM could be 
thermodynamically favored [58]. In contrast, when sufficient DDM is 
present in the system, the population of nonionic micelles in the bulk 
prompts the accretion of weakly protein-bound SDS molecules into 
mixed micelles [13]. Previous investigations have shown the nonideal 
behavior of SDS and DDM, where attractive interactions between these 
two surfactants are attributed to the reduction of local electrostatic re
pulsions between SDS molecules [57]. In such a scenario, the SDS- 
protein complex would favorably adsorb nonionic surfactant at low 
DDM concentrations, ultimately causing the synergistic unfolding of the 
protein. Further addition of DDM provides enough micelles (protein- 
free) to displace the protein-adsorbed surfactants to the micellar phase. 
Such an effect will cause the refolding of the protein, given that enough 
DDM is present in the system. From the fluorescence titration, the 
refolding process begins at ca. 6 DDM/SDS, which corresponds to 7 mM 
total surfactant concentration. This concentration is well above the CMC 
of DDM alone (0.18 mM) and that of DDM-SDS micelles at equimolar 
amounts (0.20 mM) [48,57]. Comparing this interaction to a poly
electrolyte system without a defined intramolecular folding, it has been 
shown that: (i) synergistic binding of DDM and SDS to the polyion occurs 
at a low surfactant content, and (iii) when mixed micelles are in excess 
the binding between SDS and the polyion can be completely suppressed 
[59]. Therefore, a threshold population of micelles must be required to 
initiate the refolding process, at a point where surfactant monomers 
[57], free micelles [58], and surfactant–protein complexes co-exist. 

We have also shown that the structures formed here are equilibrium 
states, and specific conformational populations only occur in narrow 
ranges of DDM/SDS ratios. Experimental evidence based on NMR and 
SANS data shows that the synergistically unfolded state is different from 
that driven by SDS alone. Also, the results suggest that multiple 
conformational states could co-exist upon refolding. This has been pre
viously observed as the refolding of β-lactoglobulin in a mixed surfactant 
system is a heterogenous process where several protein species coexist 
[18]. Although the protein-surfactant complexes during synergistic 
unfolding/refolding processes are in equilibrium with the micellar 
phase, the underlying mechanism behind surfactant desorption is yet to 
be determined. As such, future investigations shall be oriented to 
determine the molecular origin of those effects, possibly requiring the 
combination of experimental and computational methods. 

4. Conclusions 

In summary, we have demonstrated that the higher-order structure 
of proteins can be modulated through the cooperation of an anionic 
surfactant, SDS, and a nonionic surfactant, DDM. At low SDS content, 
the native conformation of the protein is disrupted, opening interaction 
sites for DDM to bind to the protein that was not present in the native 
state, and causing further unfolding. When the content of DDM is further 
increased, the SDS-unfolded protein gradually retrieves a compact 
conformation, confirming the reversibility of SDS-binding to the protein 
[13]. However, the native fold cannot be fully recovered even at the 
highest DDM-to-SDS ratios, where multiple conformational states co- 
exist. This mechanism can possibly be a general scenario for globular 
proteins, as it has been shown that the cooperation arises from the af
finity between amphiphiles to associate around charged polyionic do
mains [59], and the affinity of nonionic surfactants for loosely folded 
molten globules [12]. Our results show that the ratio between the sur
factants is critical for the defining the interaction stage, where the 
conformation of the protein evolves through a non-monotonic landscape 
of equilibria with increasing the DDM/SDS ratio. 

To the best of our knowledge, this study is the first demonstration of 
surfactant cooperativity for protein unfolding. These findings are an 
important contribution to achieving a better understanding of protein 
refolding mediated by the addition of a nonionic surfactant, opening 
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new possibilities in the development of new formulation technologies, 
where the cooperative binding can be utilized for the stabilization of 
non-native protein folds. For instance, liquid pharmaceutical formula
tions could use this concept of cooperativity to enhance the colloidal 
stability of biologics, since the SDS-protein complexes are highly stable 
[27], where the folded state can be retrieved upon the addition of the 
third component. Also, the refolding strategy could enhance the pH 
resilience of the protein [11], contributing to stabilizing the system in 
conditions near the isoelectric point of the protein and improving pro
tein performance in, e.g., detergency and cosmetics. Overall, our study 
confirms the complex interplay between proteins and surfactants can 
provide new routes for controlling protein conformation, opening a wide 
range of possibilities to be exploited in fundamental and applied 
investigations. 
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