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§ 10
E 11  Abstract
g 12 Hemoglobin A, (HbA,) is a physiologically important tetrameric protein, consisting of two
é 13 alpha (@) and two beta (f) subunits, resides inside the red blood cell and carries oxygen to the
% 14 cell. In this study, the interaction of HbA, protein with anionic sodium dodecyl sulfate (SDS)
§ 15  has been investigated by small-angle neutron scattering (SANS), UV-visible spectroscopy,
g 16  fluorescence spectroscopy, and circular dichroism (CD) spectroscopy. The previous studies on
; 17  the HbA,-surfactant system by DLS and spectroscopic techniques only confirmed the
g 18  unfolding of HbA, without deciphering the exact process and differentiating between the
é 19  subunit dissociation and extended structure formation. Our spectroscopic results reveal
§ 20  disruption of the heme pocket, loss of Tyr—Trp energy transfer, and spectral shifts indicative
21 of methemoglobin formation. Utilizing the advantages of SANS, we have explored the subunit
22 dissociation of tetramer units of HbA, and their different forms (monomer, dimer, etc.) with
O the sequential addition of SDS. The results reveal that the addition of SDS at low
24 concentrations leads to the dissociation of tetramer structure into dimers and monomers, driven
25 by molecular-level binding of SDS monomers to hydrophobic and electrostatic patches at the
26  subunit interfaces rather than by micellization. Above higher SDS concentrations, a fraction of
27  nonbound SDS forms free micelles that stabilize the dissociated monomers without promoting
28  further unfolding. In the presence of electrolytes, electrostatic screening enhances protein—
29  surfactant interactions and promotes the formation of extended rod-like complexes. These
30 findings establish a detailed structural pathway for SDS-induced remodelling of HbA, and
31  highlight the distinct behaviour of multimeric proteins compared to single-chain globular
32 proteins.
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1. Introduction

Understanding different conformations of proteins is of principle importance as the
unfolding/misfolding can cause different diseases e.g., Parkinson’s, Alzheimer’s, Cystic
fibrosis, Cancer, etc. Surfactants are surface-active substance, that interacts strongly with
protein due to their common amphiphilic nature, leading to an exhibition of rich phase
behaviour in the aqueous solution [1,2]. The combination of protein with surfactants finds
applications in pharmaceutical, cosmetic, food industries, etc. [3,4]. Therefore, the
understanding of protein-surfactant interaction has an emerging scientific interest in terms of
the conformational change of the protein.

Hemoglobin is one of the widely studied iron-containing proteins, which includes four
polypeptide chains (a tetramer) consisting of a dimer of a-polypeptide and S-polypeptide
chains (ayf,) and usually find in the red blood cells of many animals [5]. Each polypeptide
chain is attached to a heme group, composed of a porphyrin ring and to which iron is attached.
The heme group is the most active site in hemoglobin which can interact with different
biologically active molecules [6]. [ron atoms in the hemoglobin bind reversibly with oxygen
as blood travels between the lungs and the tissues. The oxygenated form (R-state) of
hemoglobin is known as oxyhemoglobin which is bright red, whereas the reduced form or the
deoxygenated form (7-state) of hemoglobin, known as methemoglobin, is brownish. The
transformation between the R and 7-state of hemoglobin is crucial for the transport of oxygen
throughout the body [7]. Hemoglobin is a highly water-soluble protein and hence, demonstrates
strong hydrophilic interactions with ionic surfactants [8—10]. The interactions between
hemoglobin and surfactants play an important role in the field of biochemistry [11]. It is driven
by both the electrostatic and hydrophobic interactions between the protein and surfactants [12—
15]. Sodium dodecyl sulphate (SDS) is an anionic surfactant commonly used to study
mechanisms of protein unfolding and various other structural changes [16]. Studies reveal that
unlike other denaturants such as guanidinium hydrochloride and urea which denature proteins
only at molar concentrations, SDS can denature proteins at millimolar concentrations [17-21].
SDS can perturb quaternary structure of Hemoglobin at very low concentrations (0-5SmM),
impacting activity, aggregation, and long-term stability. The efficiency of ionic surfactants as
a denaturant can be tuned by adding salts, which are known to influence strongly the self-
assembly of surfactants [22,23]. On the other hand, at low NaCl concentration (~0.2 M),

hemoglobin exists mostly as tetramers, whereas at higher NaCl concentrations (>1 M), it exists
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67  predominantly as dimers. A molecular-level understanding of how SDS interacts ywith EBAacoonor
68  therefore provides valuable guidance for designing more stable protein-containing materials.
69  Such insights are important for preventing unwanted subunit dissociation in Hemoglobin-based
70  oxygen carriers, maintaining functional conformation in biosensors, and ensuring structural
71  integrity in protein-loaded delivery systems. Mechanistic knowledge of surfactant-mediated
72 destabilization helps inform formulation strategies, predict compatibility with material
73 interfaces, and support rational engineering of protein material hybrids.

74 In this study, we investigate the interaction of HbA, with SDS across a broad range of
75  surfactant concentrations using a combination of UV-visible spectroscopy, fluorescence
76  spectroscopy, circular dichroism (CD), and small-angle neutron scattering (SANS). These
77  complementary techniques enable a detailed analysis of both local changes in the heme
78  environment and global alterations in secondary and quaternary structure. SANS allows us to
79  distinguish tetramers, dimers, and monomers granularity not accessible through conventional
80  spectroscopic approaches. We also examine the role of ionic strength, comparing protein—
81  surfactant complexation in the presence and absence of electrolytes to assess electrostatic
82 screening effects relevant to physiological and materials-processing conditions. All
83  experiments were performed near the isoelectric point of HbA, [24], where the protein is most
84  susceptible to structural perturbation.

85 Collectively, our results reveal the stepwise dissociation pathway of HbA, induced by

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

86  SDS and demonstrate how surfactant concentration and ionic strength govern structural
87  transitions. By bridging fundamental biophysical observations with materials-design

88  implications, this work provides insight that is directly applicable to the development of stable

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

89  protein-based formulations, nanocarriers, biosensors, and advanced biomaterials where

(cc)

90  surfactants are either intentionally incorporated or unavoidable during processing.

91

92 2. Materials and methods

93 2.1 Hemoglobin preparation

94  Hemoglobin A, (HbA,; catalogue no.H0267) Sodium dodecyl sulphate (SDS; catalogue no.
95  L4390) was purchased from Sigma-Aldrich. D,0O (99.9 atom % D) was used for the sample
96  preparation to create the contrast for SANS experiments. For the rest of the experiments like
97  UV-vis and CD, and fluorescence spectroscopy measurements H,O was used. HbA, and SDS
98  were dissolved in 20 mM phosphate buffer at pH=7.4. All HbA,-SDS mixtures were incubated

99  for an hour to equilibrate the solution at 25°C for optical spectroscopy measurements and
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overnight at 30°C for SANS experiments, consistent with the respective instrumentscontedied;

conditions.

2.2Small-Angle Neutron Scattering (SANS)
Small-angle neutron scattering experiments were carried out on the SANS-I diffractometer at
the Guide Tube Laboratory, Dhruva Reactor, Bhabha Atomic Research Centre (BARC), India
[25]. All the measurements were performed atA=5.2 A and the wavelength resolution (AA/A)
was ~15%. All the Samples were placed in 5 mm HELLMA quartz cuvettes and aligned t the
neutron beam inside the thermostatic sample holder maintained at 30 °C. The detection of the
scattered neutrons was performed using a one-dimensional detector in the g-range of 0.017 to
0.35 A-l. The background, empty cell contributions, and transmission corrections were
performed on the raw data and normalized to the absolute cross-sectional unit using standard
protocols. Finally the data obtained from SANS experiments were fitted using the analysis
software named SASfit[26].

The differential scattering cross-section per unit volume (dx/dQ) as a function of ¢ for
monodisperse interacting particles is given by

[%j(q) =N, P()S(g)+B M

where N, P(q), and S(gq) are the number density of particle, form factor and structure factor,
respectively, and B is the incoherent background that arises due to the hydrogen present in
different components. The form factor of HbA, protein and SDS micelles has been assumed to
be prolate ellipsoidal with axial anisotropy £21,27]. For the semi-axes R, R and &R, P(g) can

be written as

P(q)=(F*(q)) = j [F(q,Rl)]2 sinfd )
where F((] R‘):(p —p)V{M}
p s q]ei
. (sin x—x cos x) .
withJ, (X): 2 R, = R(sin2 B+ e cos? ,3)

where pyand ps are respectively the scattering length densities of the particle and solvent. V' is
the volume of the particle, f is the angle between the directions of the semimajor axis and wave

vector transfer, and J;(x) is a first-order spherical Bessel function.
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126 The wormlike micellar model has been used to define the elongated strugture, of ithe s o omo:
127 complex [28]. In this model, the total length (contour length) can be described by a chain with
128  number of locally stiff statistical segments. This segment, /p (persistence length), is the length
129  of the cylinder over which the flexible cylinder can be considered as a rigid rod. In wormlike
130  micellar model, the Kuhn length (), describes the stiffness of a chain and is related to the
131  persistence of length by 5=2Ip.The structure factor of charged particles interacting through the
132 screened Coulomb potential is used to define the scattering profile of pure ionic surfactants.
133 The charged particles are assumed to be rigid spheres of equivalent size ¢ interacting through

134 apotential as given by[27]

1o 3)
135

136  where k is the Debye- Hiickel inverse screening length and u, is the contact potential, r is Inter particle
137  distance and o is the hard sphere diameter of particles respectively.

138

139 A two-step approach has been adapted to analyze the SANS results qualitatively and

140  quantitatively. In the first step, an Indirect Fourier Transformation (IFT) has been performed

141  using Sasview software (http://www.sasview.org) to obtain the model-independent information

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

142 of the scattering objects in the real space [29]. The IFT of scattering data provides the pair

143 distance distribution function (p(7)). The information about the maximum size Dy, (p(7)~0 at

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

144 r=Dpy,y) and the radius of gyration (R,) of the scattering objects are obtained from p(r). In the
145  second step, a detailed model for HbA(-SDS complexes has been proposed based on the

(cc)

146  information obtained from the p(r) and optimizing the nonlinear least-squares fitting method.

147

148 2.3 UV-visible spectroscopy

149  For the protein-surfactant interaction study, the reaction between HbA, at a working
150  concentration of 0.1 mg/mL and different concentrations of SDS was set up and incubated for
151  an hour. A wavelength scan has been performed from 200 nm to 700 nm using the PerkinElmer
152 Lambda-365 UV-vis spectrophotometer. The absorbance as a function of wavelength has been
153  extracted and plotted using GraphPad Prism 9.

154

155 2.4 Fluorescence spectroscopy
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156  Similar to UV-vis spectroscopic study, the concentration of HbA, was kept constantat;0lisoomor

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.
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157  mg/mL while the concentration of SDS was varied and incubated for an hour. The emission
158  (Em) scan at different excitation (Ex) wavelengths (273 nm and 295 nm, respectively with slit
159 width 5 nm) was performed using the Cary eclipse fluorescence spectrometer. The
160  measurements yield the intensity as a function of wavelength, which has been plotted using
161  GraphPad Prism 9.
162
163 2.5 Circular Dichroism (CD) spectroscopy
164  CD measurements were carried out with a Jasco J-600 spectrophotometer equipped with a
165  Peltier temperature controller. The sample temperature was fixed at 25 °C with a
166  thermostatically controlled cell holder throughout the measurement. Secondary structure was
167  measured over the wavelength of 190 to 250 nm using a | mm HELLMA quartz cuvette. CD
168  spectra were collected with a fixed scan speed of 10 nm min-! and each spectrum was averaged
169  over three scans. The high-tension voltage for the spectra was restricted to be less than 600 V.
170  This condition was achieved keeping the HbA, concentration as low as 0.1 mg/mL. All the
171  protein-surfactant complexes were stabilized for an hour before performing the measurements.
172 The results are expressed in terms of mean residue ellipticity (MRE) expressed in units of
173 degem?dmol-!. The MRE can be defined as

MRE = 51_2? (4)
174
175  where 6, is the CD in millidegree, n is the number of amino acid residues, / is the path length
176 of the cuvette in cm and C is the concentration of the protein in molL-!.
177
178 2.6 Bright-Field Microscopy
179  Bright-field microscopy was used to qualitatively assess the morphological appearance of
180  Hemoglobin (HbA,) in the presence of increasing concentrations of sodium dodecyl sulfate
181  (SDS). HbA, solutions were prepared at the same concentration used for spectroscopic and
182  SANS measurements and incubated with SDS at specified concentrations (0.01-10 mM) in
183  Tris buffer (pH 7.4). All samples were equilibrated at room temperature for a fixed duration
184  prior to imaging.
185  For imaging, a small aliquot of each sample was placed onto a clean glass microscope slide
186  and covered with a coverslip. Bright-field images were acquired using an optical microscope
187  equipped with a 10x objective lens and a 10x eyepiece (total magnification 100%) under white-

6
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188  light illumination. All images were collected using identical magnification, illumjnation, a4t oouo:
189  exposure settings to allow qualitative comparison across different SDS concentrations. No
190  staining or fixation was applied to avoid perturbation of the native solution-phase assemblies.
191  The images were used solely for qualitative visualization of macroscopic aggregation and
192 heterogeneity.

193

194 2.7 Dynamic Light Scattering (DLS)

195  Dynamic light scattering (DLS) measurements were performed using Malvern Zetasizer Nano
196  series (ZEN3600) to determine the hydrodynamic size of Hemoglobin A, (HbA,) in the
197  presence of sodium dodecyl sulfate (SDS) and varying ionic strength. All measurements were
198  carried out using a Malvern Zetasizer Nano series instrument equipped with a 633 nm He—Ne
199  laser and a backscattering detection angle of 173°. HbA, was prepared at a concentration of
200 0.1 mg/mL in 20 mM phosphate buffer (pH 7.4). SDS solutions of varying concentrations (0—
201 80 mM) were prepared in the same buffer and mixed with HbA, to obtain the desired protein—
202  surfactant systems. For ionic strength studies, NaCl was added to HbA, solutions containing
203 40 mM SDS to achieve concentrations ranging from 0 to 0.8 M. All samples were incubated
204  for 1 hour at room temperature (25 °C) to ensure equilibration prior to measurements. The
205  solutions were filtered through a 0.22 um syringe filter to remove dust and large particulates

206  before analysis. DLS measurements were conducted at 25 °C, and each sample was measured

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

207  in triplicate with an equilibration time of 120 seconds per run. The hydrodynamic diameter was

208  calculated using the cumulant analysis method provided by the instrument software. The

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

209  reported values represent the mean hydrodynamic size + standard deviation (SD) of three

210  independent measurements.

(cc)

211 3. Results

212 3.1 Study of HbA,-SDS interaction

213

214 3.1.1 UV-visible spectroscopic study of HbA, and SDS interaction:

215  UV-visible spectroscopy has been performed to determine the structural transition of HbA, in
216  the backbone of the protein. The interaction of HbA, with SDS has been carried out for the
217  surfactant concentration range of 0 to 40 mM. HbA, shows a strong absorbance at 414nm,
218  which denotes the oxy HbA, and the presence of the Fe?* facilitating the binding of oxygen
219  through the coordinate covalent bond. The double peak at 540 nm and 575 nm also
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221  Figure 1: Absorbance spectra of HbA, (0.1 mg/mL) interaction with SDS (0.003 mM - 40
222 mM). 50 mM Tris buffer (pH = 7.4) used as reference. All the spectra shown here are
223 normalized with their SDS only spectra respectively. The inset graph represents the shift in the
224 wavelength maxima of HbA, from 414 nm — 408 nm during unfolding.

225  signifies the oxy HbA, form. The release of oxygen converts oxyhemoglobin into its
226  deoxygenated form, which is signified by the disappearance of the characteristic bands at 540
227  nm and 575 nm. This transition occurs because SDS perturbs the heme pocket by disrupting
228  the hydrophobic and electrostatic interactions that stabilize the Fe*’~O, coordination. The
229  destabilization weakens the ligand environment surrounding the heme group, making the iron
230  center more susceptible to oxidation. As a result, Fe*" is readily oxidized to Fe**, forming
231  methemoglobin. This oxidation process not only abolishes oxygen binding but also leads to the
232 observed shift of the Soret peak from 414 nm to approximately 408 nm, accompanied by an
233 increased absorbance near 395 nm corresponding to free heme. Together, these changes
234 indicate SDS-induced destabilization of the heme environment, oxygen release, and subsequent
235  formation of methemoglobin[30]. The UV-Vis absorbance spectrum of pristine HbA, has been
236  compared with the UV-Vis absorbance spectra of the HbA, in presence of different
237  concentrations of SDS. The results indicate that at very low concentrations of SDS (0.003 mM
238  to 0.3 mM), there is no significant change in the HbA, spectra. However, at higher SDS
239  concentrations (3 mM to 40 mM), HbA, soret peak (at 414 nm) and shift towards 408 nm with
240  the formation of methemoglobin. The disappearance of the oxyhemoglobin peak (540 nm and
241 575 nm) supports the formation of methemoglobin. The shift is also accompanied by the heme
242 loss, which can be visualized by the increase in the 395 nm absorbance peak associated with

243 the free heme group (Figure 1). These findings correlate to the fact that SDS binds to the HbA,

8
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244 and imparts structural changes. It also binds and destabilizes the heme group binding pa¢ket. or
245  which is localized in the hydrophobic domains of hemoglobin and is the site of oxygen binding
246 [31,32].

247
248  3.1.2 Fluorescence spectroscopic study of HbAg and SDS interaction:

249  The changes in the structural conformation of HbA, in presence of 0 to 40 mM SDS have also
250  been confirmed by the Fluorescence spectroscopy. The amino acids tyrosine (Ex-273 nm and
251  Em-305 nm) and tryptophan (Ex-295 nm and Em-335 nm) have intrinsic fluorescence, which
252 has been utilized to study the protein conformation [33,34]. Excitation of HbA, at 273 nm gives
253 the emission maximum at 335 nm, signifies the Fluorescence Resonance Energy Transfer
254  (FRET) between the tyrosine and the tryptophan as the emission of tyrosine nearly matches
255  with the excitation of the tryptophan. Figure 2(A) shows that there is no change in the emission
256  maxima of HbA, up to 0.1 mM concentration of SDS. A gradual increase in the fluorescence
257  intensity at the SDS concentration of 0.3 mM has been observed due to the unfolding of HbA,.
258  The increase in fluorescence intensity has also accompanied by the gradual shift in the emission
259  maxima towards 305 nm which indicates the hindering of the FRET process between tyrosine
260  and tryptophan due to the disruption in the native HbA, structure. This process continues till

261  the SDS concentration of 5 mM and finally it is stabilized at 10 mM. This also supports the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

262  gradual changes obtained from the SANS experiments and may be due to the subunit

263  dissociation. Figure 2(B) shows the Fluorescence emission of HbA, when excited at 295 nm.

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

264  The emission spectra observed is only due to the tryptophan residues without showing

265  significant presence of FRET. The emission maximum has been found at 335 nm. A similar

(cc)

266 increase in the fluorescence intensity has been observed above the concentration of 0.3 mM
267  SDS. The changes are directly correlated with the spectra obtained from the HbA, excitation
268  at 275 nm except the FRET. The peak is started shifting towards the lower wavelength from
269  the SDS concentration of 0.3 mM. The emission peak is started increasing significantly from
270  this concentration till 1.0 mM and takes a sudden jump as seen from the increase in the peak
271  height at SDS concentrations 3 mM and 5 mM. The emission spectra show minor increase in

272 peak height at 10 mM SDS and above while exiting at 275 nm.
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Wavelength (nm)

400 450
Wavelength (nm)

Figure 2: (A) Emission spectra (excitation= 273 nm) of Hemoglobin (0.1 mg/mL) interaction
with SDS (0.003 mM - 40 mM). 50 mM Tris buffer (pH = 7.4) used as reference. All the spectra
shown here are normalized with their SDS only spectra respectively and (B) Emission spectra
(excitation = 295 nm) of Hemoglobin (0.1 mg/mL) interaction with SDS (0.003 mM - 40
mM.50 mM Tris buffer (pH = 7.4) used as reference. All the spectra shown here are normalized

with their SDS only spectra respectively.

3.1.3 CD Spectroscopy to study the secondary structure alterations during HbA, and SDS
interaction:

The conformational changes in HbA, due to the interaction with SDS was evaluated using CD
Spectroscopy. The study shows two characteristics minima of a-helix structure at 208 nm and
222 nm (Figure 3). The addition of SDS in the concentration range of 0.01 mM to 0.1 mM
gradually reduces the a-helix content of the HbA, protein. The decrease in a~helix content is

compensated by the gradual increase in thef-sheet structure. Above 0.1 mM the gain in the o~
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291  helix content has been observed until it achieves the a-helix content of pristine HbAqqad/disoomor
292  mM and thereafter become constant. The f-sheet content follows the reverse trend compared

293 to the a-helix one but also achieve the stability above 1.0 mM SDS concentration.

CD Spectrum of CD Spectrum of
Hb and SDS Interaction Hb and SDS Interaction
40 : T T — 50 mM Tris {(pH = 7.4} 40 — 50 mM Tris (pH = 7.4)
— Hb (0.1 mg/mL) — Hb (0.1 mg/mL)
Hb + 0.003 mM SDS Hb + 0.01 mM SL S
Hb + 0.005 mM SDS Hb + 0.1 mM SD{
Ly — Hb + 0.01 mM SD$§ — [ — Hb +1 mM 8D§
D 20 Hb +0.03 mM SDS g2 Hb +10 mM SD~
h= Hb + 0.05 mM SDS -
E Hb + 0.08 mM SDS E
e — Hb + 0.1 mM SDS e
(] — Hb + 0.3 mM SDS [m}
O 0 Hb + 0.5 mM SDS Q 0
Hb + 0.8 mM SDS
— Hb +1 mM SDS
Hb + 3 mM SDS
Hb + 5 mM SDS
-ZG r ) T Hb + 10 mM SDS _20 - : .
200 220 240 N :; M jg m ggg 200 220 240
Wavelength (nm) Wavelength (nm)

294
295  Figure 3:Far UV CD spectra of Hemoglobin (0.1 mg/mL) interaction with SDS (0.001 mM -

296 40 mM. 50 mM Tris buffer (pH = 7.4) used as reference.

297  Table 1:Percentage of Secondary structures (Predicted using K2D3) of Hemoglobin (0.1
298  mg/mL) interaction with SDS (0.001 mM - 40 mM. 50 mM Tris Buffer (pH = 7.4) used as

299  reference.
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Hb+SDS (mM) % Alpha % Beta
0 67.12+2.51 9.85+0.05
T 0.001 67.1242.33 9.85+0.06
0.008 67.12+1.57 9.85+0.03
0.05 67.1242.74 9.85+0.15
0.08 46.02+1.42 11.72+0.96
0.1 46.35+1.34 11.64+0.94
0.5 61.3442.16 10.03+0.06
0.8 63.12+1.46 9.98+0.05
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1 63.12+1.52 9.98+().(3)!: 10.1039/D6MA00049E
5 61.34+1.95 10.03+0.04

20 63.12+2.31 9.98+0.07

40 66.5+2.66 9.87+0.07

3.2 Characterization of HbA, SDS interaction using SANS

3.2.1 Characterization of pure HbA, and SDS in presence and absence of salt

The SANS data from individual components of 1 wt % HbA, protein and 40 mM SDS are
shown in Figure 4. The scattering profile of 1wt% HbA, indicates the absence of interparticle
interaction (S(g)~1) and therefore has been fitted by the form factor contribution alone. The
obtained SANS scattering intensities are compared first to those calculated from the crystal
data of HbAy on the Protein Data Bank (1GZX) using CRYSON software [35,36]. The
calculated intensity from the crystal structure evidencing that the measured HbA, protein is
correctly folded in the phosphate buffer. The analysis with the spherical form factor provides
a radius of 28.3+0.7 A, which is in good agreement with published results [37,38]. However,
the IFT of SANS shows an axial anisotropy (Figure 4) and hence the data has been also fitted
by prolate ellipsoidal form factor, which provides a better fitting, optimizing the reduced
y>value. Interestingly, the effective size obtained from ellipsoid fitting is quite close to the fitted
radius by the spherical object. Also, the radius of gyration (R,) obtained from the model fitting
(R=23.1 A) is reasonably close to the R, obtained from the Guinier approximation in the low-

q regime [34].

In the case of SDS micelles, unlike HbA,, SANS data cannot be fitted by P(g) only and
hence the contribution from S(q) needs to be included. The higher number density of SDS
micelles as compared to that of the 1 wt% HbA, protein in the respective systems could be the
reason of arising the interparticle interaction in the system. The data of SDS micelles are fitted
with the S(¢) of charged particles interacting through screened Coulomb interaction as
mentioned in eq. 3 [39]. Specifically, Hayter-Penfold (HP) potential has been used to calculate
the structure factor contribution of SDS micelles [40]. It has been observed that the size of SDS
micelles increases, whereas the effective charge decreases with an increase in salt

concentration. The structural parameters of the SDS micelles as obtained from SANS fitting

12
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are in good agreement with the literature [41]. The fitted parameters of the HbA o grotein &t oonos

SDS micelles at different salt concentrations are given in Table 2.

13 5
—~~ ]
-
)
=011 __
G
0 5 1wt% HbAO
%1 o 40 mM SDS
A 40 mM SDS+0.2 M NaCl
0014  © 40mM SDS+0.4 M NaCl ]
0.015 0.5

0.1

-1
q (A7)
Figure 4:SANS data of 1 wt % HbA, protein and 40 mM of anionic SDS at pH = 7.4 and 0,

0.2, and 0.4 M NaCl in D,O.

Table 2: The fitted structural parameters of SANS data of individual components of HbA,
protein and SDS surfactant at pH = 7.4 and 0, 0.2, 0.4 M NaCl in D,0. The aggregation number

of micelles is calculated by dividing the micellar volume by the volume of the surfactant

molecule.
System Shape Semi- Semi- Axial Effective Charge
major minor | Anisotropy | radius (A) (eu.)
axis eR axis R (e)
(A) (A)
1 wt% Prolate 64.6 18.8 3.44 28.310.7 -
HbA, ellipsoid
40 mM Prolate 27.8 16.7 1.43 18.8+0.5 -25.2
SDS ellipsoid
40 mM Prolate 323 16.7 1.93 20.8+0.5 -23.4
SDS+0.2 | ellipsoid
M NacCl
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40 mM Prolate 41.6 16.7 2.49 22.620.6 -19:0,0 1040/ bemAc0040E

SDS+0.4 | ellipsoid
M NaCl

3.2.2 Effect of surfactant (SDS) concentration on HbA, unfolding

SANS measurement has been carried out for 1wt% HbA, protein with varying concentrations
of SDS (0-80 mM). SANS results with model fitting are shown in Figure 5(A), whereas the
IFT of these data is presented in Figure 5(B). The IFT of 1wt% HbA, shows the appearance of
a broad maximum around 7=30 A, which is in agreement with the resultobtainedfrom the model
fitting of SANS data. The maximum of the p(7) function shifts towards the lower-r on the
addition of SDS in the protein solution. The maximum, which appears at 23.9A for 1wt% HbA,
with 5 mM SDS, shifts to 21.2 A at 10 mM SDS and 19.2 A at 20 mM SDS concentrations and
thereafter becomes constant. Following the similar trend, the maximum dimension of the
complex (Dmayx) also decreases with the addition of SDS. Dy,.y, which is obtained ~90 A for
pristine HbA, protein, decreases to as low as ~42 A in presence of 80 mM SDS. Another
interesting feature obtained from p(r) is that with an increase in the SDS concentration, the
amplitude of oscillation also increases, which indicates the occurrence of a better-defined

micelle structure or an increase in the number of micelles.

(A) 0.094(B) ]
15 E 1wt% HbAO+x mM SDS
- ———Pure SDS (40 mM)
\n —0mM
= 0.06- 5 mM -
L 0.141wt% HbA0+x mM SD e —10mM
o 5 0 mM = —20mM
RS o 5mM 0.03 —40 mM
B A 10mM Vo7 —80mM 1
©0.014 - 20mM 1 "
5 40 mM
. —————rt . — 0.004 — P — .
0.01 10.’] 0 20 40 60 80 100
q R r ()

Figure 5: (A) SANS profiles of 1 wt% HbA, in the presence of 0-80 mM SDS. (B) Pair-
distance distribution functions p(r) obtained from the fits of the experimental data. The black

continuous lines indicate the model fitting of SANS results.

The mismatch between the sum of the scattering contribution of the individual protein
and surfactant with the scattering of protein-surfactant complexes rules out the non-interacting

behavior of HbA, and SDS. The interaction between HbA, and SDS has been accounted for

14
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358 by the ellipsoidal shape form factor, chosen based on the p(r) analysis of the SANS data.The: o ouor
359  analysis shows that the effective size of the protein-surfactant complexes decreases from 29.6
360 A to24.3 A on the addition of 5 mM SDS and further decreases to ~19.5 A at 20 mM SDS and
361  thereafter becomes almost constant. The result implies that at lower SDS concentration (5 mM),
362  the electrostatic interaction of surfactant with HbA, protein allows the dissociation of most of
363  the tetramer units into dimer and or monomer units while a part of HbA, protein remains intact
364  astetramers. An attempt has been taken to quantify the number of dissociated subunits of HbA,
365  protein in each step of SDS addition from the absolute scaling of SANS data. However, the
366  quantification is not as straightforward as for other globular proteins like Bovine Serum
367  Albumin (BSA). In the case of BSA, the ionic surfactants form micelles along the randomly
368  distributed unfolded polypeptide chain of the protein [21,42,43]. The formation of beads-on-a-
369  string-like complexes as a result of protein unfolding can be seen from the change in the
370  functionality of the scattering data. On the contrary, in tetrameric proteins like HbA, the ionic
371  surfactant only dissociates their subunits rather than opening up the polymeric chain.
372 Moreover, the hydrogen-deuterium (H/D) exchange makes it more complicated in determining
373  the exact contrast between HbA, and solvent. A study shows that up to 950 hydrogen atoms
374  can be exchanged with deuterium while dissolving HbA, in D,0 and equilibrate for a long time
375  [37]. In order to ensure the maximum H/D exchange, all the measured sample for SANS were

376  equilibrated overnight. The estimated number densities of the scattering objects obtained from

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

377  the scaling using eq. 1 are shown in Table 3. The analysis shows that the number of subunits

378  goes up to ~2 times and [15 times compared to the pristine HbA, on the addition of 5 and 10

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

379  mM SDS, respectively. This trend continues till 20 mM SDS and thereafter becomes constant.

380  However, the propensity of increase in the number density significantly decreases above 10

(cc)

381 mM SDS concentration. At the end of subunit dissociation, the number density of HbA, in
382  protein-surfactant complexes increases [ 16 times compared to the pristine protein. It should be
383  mentioned here that one tetramer unit dissociates to either two dimers or four monomers’
384  subunits. Therefore, the number is somehow an overestimation, which may be due to the
385  approximation taken for H/D exchange in the protein. The typical scattering length density of
386  hemoglobin is ~2.0x10'° cm= in H,O solvent but can increase to ~3.0x10'°cm= in D,0 at full
387 H/D exchange, depending on the specific protein concentration, and exact level of H/D
388  exchange. In our case, we have incubated all the samples for overnight to allow the exchange
389  of H/D in the protein. However, this incubation time may not be sufficient for full H/D

390  exchange. Therefore, assuming complete exchange of H/D in the protein for analysis leads to

15
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error up to ~60% in the number density of the dissociated subunits and may, gaused thé coomor

overestimation in the number density.

Table 3: Fitted parameters of SANS data of protein-surfactant systems (1 wt% HbA, + ¢; mM

SDS).
System | Structure = SDS | Dpax Semi- Axial Ry Free micelle | Estimated
(mM) (A) minor Anisotrop (A)e concentratio | Number
Axis y (€) n (mM) density of
R(A) subunits
0 90 18.8 3.44 28.3+0.8 0 2.5x1017
Iwt% 5 83 16.7 3.04 24.2+0.7 0 4.8x10"7
HbAo+ | Ellipsoid = 19 | 57 16.7 2.11 21.4+0.6 0 1.2x10'8
¢; mM 20 46 16.7 1.76 20.2+0.5 8 1.6x10'8
SDS 40 45 16.7 1.80 20.3+0.6 15 1.7x1018
80 42 16.7 1.79 20.3+0.5 45 1.6x10'8

The subunit dissociation of HbA, with SDS has also been explained in terms of change
in the size of the scattering objects as the size of the tetramer (Rr) is related to the size of the
dimer (Rp) and monomer (Ry;) by Rt=2! Rp and Rt=2%3 Ry, respectively [44]. The effective
size of 1wt% HbA (-5 mM SDS complexes is obtained as 24.3 A, thus suggesting that most of
the tetramer units of the HbA, protein are dissociated into dimer or monomer form. The
dissociation of tetramers continues with the further addition of SDS (10 mM) and as a
consequence, the decrease in the size of the complexes has been observed. The size of 1wt%
HbA,-10 mM SDS complexes has been obtained as 21.4 A, which implies the further
dissociation of dimer unit into monomer form. The increase in the number density also supports
further dissociation of HbA, (Table 3). The further increase in the SDS concentration (20 mM)
dissociates most of the tetramer and dimer units to monomer and thereafter, the dissociation of
HbA, stops as reflected from the constant effective size of the complexes at higher SDS
concentrations (>20 mM). This is why the positions of the maximum in the p(r) function remain
the same for 1wt% HbA, with 20-80 mM SDS. The excess of surfactants that are not bound to
the protein coexists as micelles with the protein-surfactant complexes and contributes to the

increase in the scattering intensity at low-¢ and amplitude of the maximum in p(r) function.

16
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413 The excess surfactant micelles are fitted by the prolate ellipsoid form factor combingd withithe s, ouor
414  Hayter-Penfold potential [45]. The fitted parameters of the protein-surfactant complexes are
415  given in Table 3.

416  3.2.2 Effect of ionic strength on SDS mediated HbA, unfolding

417  The effect of ionic strength on HbA,-SDS interaction and subsequent complex formation have
418  also been studied. SANS measurements have been carried out for 1wt% HbAy-40 mM SDS
419  complexes with different concentrations of NaCl (0 to 0.8 M) (Figure 6). Under these solution
420  conditions, the pristine HbA, protein are expected to be in the form of tetramers [46]. The
421  model fitting of SANS results is shown in Figure 6(A), whereas the IFT of these data are
422 presented in Figure 6(B). The scattering of pristine HbA, in presence of salt could not be
423  measured due the strong electrostatic attraction, leading to the aggregation and hence phase
424  separation from the solution. On the contrary, the presence of 40 mM SDS is able stabilized
425  HbAy in the electrolyte solution. In order to account the simultaneous changes in the both of
426  these structures (HbAo-SDS complexes and free SDS micelles), the SANS measurements also
427  been performed for pure SDS micelles at different NaCl concentrations (0, 0.2, and 0.4 M)
428  (Figure 4). The analysis of the p(r) function shows that the position of the maximum marginally
429  shifts while the maximum dimension (Dy,y) significantly shifts towards higher-r with an
430  increase in the salt concentration. The marginal shift of the maximum of p() can be accounted

431 for by the increase in the size of SDS micelles but could not explain the extended Dy, 0f the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

432 complex. On the other hand, the assumption of extended form of the HbA,-SDS complexes

433 could explain the significant increase in D,,,, at higher salt concentrations.

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

104

- 1(A)  1wt% HbA0+40 mM SDS+X M NaCl 0.08 B) ' ' ' ' '
g ] e, ] 1Wt% HbA0+40 mM SDS+x M NaCl
i ] 008 —1wt% HbAO
£ ] —0M
. ] —020M
ca ] o HbAo (pure) ] = 0041 —0.40M 1
B 4] © 0MNacl ] & —0.60 M
871 202MNacl ] —0.80 M
© 0.4 M NaCl 0.02- -
] © 0.6MNacCI
= 0.8 M NaCl
0014 ————— ————  0.00 . . :
0.01 0.1 0 50 100 150
434 qR™) r (R)

435  Figure 6:(A) SANS profiles of 1 wt% Hb with 40 mM SDS for varying salt concentration from
436  0to 0.8 M NaCl and (B) Pair distance distribution functions p(r) obtained from the fits of the

437  experimental data.
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Table 4: Fitted parameters of SANS data of protein-surfactant systems (1 wt% HbAgsd7 40 o0nor

mM SDS + ¢, M NacCl).

System Structure | NaCl | Dppax( Semi- Semi- Axial Effective
M) A) major axis = minor axis | Anisotropy | radius (A)
eR (A) R (A) ()

Ellipsoid 0 45 29.9 16.7 1.79 20.3

Iwt% 0.2 79 57.7 17.7 3.26 26.2

HbA(+40 0.4 112 79.8 18.1 4.40 29.7

mM SDS 0.6 112 92.7 17.4 5.33 30.4

Worm-like | g Cross-section radius = 15.5 A, Kuhn length = 118.0 A

micelles

Contour length =262.5 A

The SANS spectra at high and mid-g regimes are close to each other, suggesting that
there is only a marginal change in the smaller dimension of the HbA,-SDS complexes at
different NaCl concentrations.In the low-q regime, the scattering intensity increases at higher
salt concentrations, supporting the formation of bigger HbA,-SDS complexes. The analysis of
SANS data shows that HbA,-SDS complexes of prolate ellipsoidal structure with the semi-
minor axis of 16.7 A are formed. The increase in the salt concentration increases the axial
anisotropy (¢) and leading to the formation of worm-like micelle in presence of 0.8 M NaCl.
The cross-section radius, Kuhn length, and contour length are 15.5 A, 118.0 A, and 262.5 A,
respectively. Thus, the results suggest that the addition of salt makes HbA, protein more

interactive with SDS surfactant.

3.3 Bright-Field Microscopy Analysis

Bright-field microscopy was employed to examine the morphological appearance of
hemoglobin (HbA,) in the presence of increasing concentrations of SDS. Representative
images of Tris buffer and HbA, alone show a uniformly dispersed appearance with no visible

large-scale aggregates. At low SDS concentrations (0.01-0.1 mM), the samples remain
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457
458  Figure 7: Bright-field microscopy images of Hemoglobin (HbA,) in the presence of increasing

459  SDS concentrations. Representative bright-field images of (a) Tris buffer only, (b) HbA, only,
460  (c) HbAo + 0.01 mM SDS, (d) HbA, + 0.1 mM SDS, (e) HbAg + 1 mM SDS, and (f) HbA, +

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

461 10 mM SDS are shown. At low SDS concentrations (<0.1 mM), the samples appear optically

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

462  homogeneous with no visible large-scale aggregates. At higher SDS concentrations (>1 mM),

[{ec

463  dark, irregular features become apparent, indicating increased heterogeneity and the formation
464  of larger protein—surfactant assemblies. All images were acquired under identical imaging
465  conditions using a 10% objective and 10x eyepiece (total magnification 100%). No staining or
466  fixation was applied.

467  optically homogeneous and comparable to pristine HbA,, indicating the absence of detectable
468  macroscopic aggregation. Upon increasing the SDS concentration to 1 mM, the appearance of
469  dark, irregular features becomes evident, suggesting the formation of larger protein—surfactant
470  assemblies. At the highest SDS concentration examined (10 mM), these features become more

471  pronounced and widespread, reflecting increased heterogeneity and aggregation within the
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sample. All images were acquired under identical imaging conditions to allow qualitdfiye:
comparison across concentrations.

3.4 Dynamic Light Scattering (DLS) Analysis of HbA,-SDS Interaction

To complement the structural insights obtained from SANS and spectroscopic techniques,
dynamic light scattering (DLS) measurements were performed to probe the hydrodynamic size
evolution of HbA, in the presence of SDS and varying ionic strength. The results are
summarized in Figure 8. In the absence of SDS, HbA, exhibited a hydrodynamic diameter of
6.5 + 0.3 nm, consistent with its native tetrameric state in solution [47]. Upon gradual addition
of SDS (0-20 mM), a systematic decrease in hydrodynamic size was observed, reaching ~4.3
+ 0.3 nm at 20 mM SDS, followed by a plateau at higher concentrations (40-80 mM). This
reduction in hydrodynamic dimension indicates progressive dissociation of tetrameric HbA,
into smaller subunits and the formation of stabilized protein—surfactant complexes, in
agreement with SANS-derived structural parameters. The effect of ionic strength was further
examined for HbA, in the presence of 40 mM SDS. A pronounced increase in hydrodynamic
size was observed with increasing NaCl concentration, from ~4.3 = 0.2 nm (0 M) to ~63.5 +
5.4 nm (0.8 M NaCl). The significantly larger size of HbA,—SDS complexes relative to SDS
micelles indicates enhanced protein—surfactant association and confirm the formation of worm-
like structure.

All DLS measurements were conducted at 0.05 mg/mL, since higher concentrations (e.g., 10
mg/mL used in SANS) are unreliable due to multiple scattering and apparent aggregation that
bias size distributions. Despite this, DLS trends remain directly comparable to SANS, as both
capture the same structural transitions. Absolute DLS sizes are larger than dry dimensions due
to hydration and diffusive effects. Overall, DLS independently validates SANS, confirming (i)
SDS-induced HbA, dissociation at low surfactant concentrations and (ii) formation of larger,

salt-induced assemblies at higher ionic strength.
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Figure 8. DLS analysis of SDS micelles and HbA,-SDS complexes under varying ionic
strength conditions. Representative size distribution profiles of HbA, (0.05 mg/mL) in the
presence of 40 mM SDS at different NaCl concentrations (0-0.8 M) are shown, illustrating the
progressive shift toward larger hydrodynamic sizes with increasing ionic strength. The
distributions broaden and shift to higher size regimes at elevated salt concentrations, indicating
increased heterogeneity and formation of larger assemblies. (A) OM NaCl + 40mM SDS+
0.05mg/mL Hb (B) 0.2M NaCl + 40mM SDS+ 0.05mg/mL Hb (C) 0.4M NaCl +40mM SDS+
0.05mg/mL Hb (D) 0.6M NaCl +40mM SDS+ 0.05mg/mL Hb (A) 0.8 M NaCl + 40mM SDS+
0.05mg/mL Hb (F)The corresponding plot summarizes the hydrodynamic diameter (Dh) of

HbA—SDS complexes compared with SDS alone as a function of NaCl concentration. While
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SDS micelles exhibit a gradual increase in size with increasing salt concentration HbAe=SI)Sxco0ur

systems show a significantly larger increase in Dh, rising from ~4.3 nm (0 M) to ~63 nm (0.8

M NaCl). This pronounced growth reflects enhanced protein—surfactant association and the

formation of extended, anisotropic assemblies under electrostatic screening conditions.

All measurements were performed at 25 °C in buffer (pH 7.4), and data are presented as mean

+ standard deviation (n = 3).

Table 5: Hydrodynamic diameter (Dh) of HbA, (0.05 mg/mL) with increasing SDS (0-80 mM)

showing protein size reduction and micellar growth (mean + SD, n = 3, 25 °C, pH 7.4).

Concentration of SDS (mM) 0.05 mg/mL Hb + SDS
Hydrodynamic Size (nm)
0 6.50 = 0.28
5 5.26 +0.25
10 4.70 = 0.40
20 430 = 0.34
40 4.40 + 0.27
80 453 + 0.25

Table 6: Hydrodynamic diameter (Dh) of HbA, (0.05 mg/mL) + 40 mM SDS and SDS alone

as a function of NaCl (0—0.8 M), showing salt-induced growth of protein—surfactant assemblies

(mean = SD, n =3, 25 °C, pH 7.4).

Concentration of NaCl (M)

0.05 mg/mL Hb + 40mM

40mM SDS

SDS Hydrodynamic Size
Hydrodynamic Size (nm) (nm)
0 430 = 0.27 4.60 = 0.14
0.2 8.40 = 0.76 7.80 = 0.56
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0.4 17.60 + 1.34 12.80, a0l k3 e
0.6 29.80 + 3.40 18.90 + 2.54
0.8 63.50 + 7.60 25.80 + 3.56

4. Discussion
The combined spectroscopic and SANS analyses provide a comprehensive mechanistic picture
of how SDS modulates the structural organization of Hemoglobin Ay (HbA,) at both secondary
and quaternary levels. Unlike globular single-chain proteins such as BSA or lysozyme, HbA,
unfolds through a unique subunit-dissociation pathway due to its tetrameric architecture and
the distinct distribution of electrostatic and hydrophobic contacts at the o4, and a,f;
interfaces [48,49]. Our findings establish that low concentrations (0-5mM) of SDS are
sufficient to initiate dissociation of the tetrameric scaffold, highlighting the susceptibility of
multimeric proteins to local surfactant interactions well before micelle formation.

UV-visible spectroscopy revealed progressive heme-pocket perturbation characterized
by the disappearance of oxyhemoglobin bands (540 and 575 nm) and a Soret shift from 414
nm to ~408 nm, consistent with Fe** — Fe** oxidation and methemoglobin formation. This is
accompanied by the emergence of the 395 nm band representing free heme, suggesting
destabilization of the hydrophobic heme-binding cavity. Fluorescence measurements
demonstrated disruption of Tyr—Trp energy transfer, with significant blue-shifting and
intensity enhancement indicating exposure of previously buried aromatic residues. Together,
these spectroscopic signatures point toward localized unfolding proximal to the heme pocket
and destabilization of inter-subunit interfaces.

SANS provided structural information unattainable through spectroscopy alone. At low
SDS concentrations (<5 mM), the effective radius and Dmax decreased markedly, consistent
with a transition from tetramers to dimers and monomers. The observed ~6-fold increase in
scattering entities supports a model in which SDS monomers bind preferentially to positively
charged interfacial patches at the o—f3 interfaces (Lys, Arg, His clusters) and insert hydrophobic
tails into shallow pockets lining these regions. This specific, localized binding weakens native
inter-subunit salt bridges and hydrophobic packing. Because these interfaces are less
hydrophobically buried and structurally looser compared to those in other tetrameric proteins

(e.g., lactate dehydrogenase), HbA, is particularly susceptible to dissociation. Importantly, the
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heme pockets reside within individual subunits rather than at the interfaces, explaining JHs(s
quaternary dissociation precedes global unfolding. This accounts for the sequential tetramer —
dimer — monomer evolution detected by SANS.

CD spectroscopy corroborated this dissociation-first process: an initial loss of a-helicity
is followed by partial recovery at higher SDS concentrations, coinciding with micelle
formation. At higher concentrations (5-80mM), additional SDS does not further disrupt
structure; instead, free micelles stabilize the already-dissociated monomers through surfactant—
protein complexes, indicating saturation of the primary molecular binding sites.

The effects of ionic strength further illuminate the interplay between electrostatics and
surfactant binding. The presence of NaCl amplifies SDS-induced dissociation and leads to
extended rod-like complexes, as evidenced by increased axial anisotropy and larger Dmax
values in SANS profiles. Charge screening by NaCl reduces repulsion among SDS-coated
protein units, enabling linear aggregation into elongated morphologies. Notably, the non-
monotonic response at 0.2 M versus 0.4 M NaCl highlights a balance between screened
electrostatic repulsion, micelle growth, and complex co-assembly, emphasizing that ionic
environment is a powerful determinant of protein—surfactant architecture [50].

The bright-field microscopy images provide complementary, real-space evidence for
the concentration-dependent structural reorganization of HbA in the presence of SDS. At low
SDS concentrations (<0.1 mM), the samples remain optically homogeneous, consistent with
dispersed protein species and the early stages of subunit dissociation inferred from SANS. In
contrast, at higher SDS concentrations (>1 mM), pronounced dark, irregular aggregates
become visible, indicating the emergence of larger, heterogeneous protein—surfactant
assemblies and the coexistence of multiple structural species that are ensemble-averaged in
SANS measurements. While these images do not resolve nanoscale elongated morphologies,
they corroborate the onset of higher-order association and increasing heterogeneity with rising
surfactant concentration. Direct imaging techniques such as TEM or AFM could, in principle,
visualize elongated structures; however, SDS—protein assemblies are highly sensitive to drying,
staining, and surface adsorption, which can disrupt their native hydrated morphology and
introduce artifacts. The strong agreement between SANS-derived elongation and corroborating
spectroscopic signatures further supports the structural interpretation presented.

The combined spectroscopic, SANS, and DLS analyses provide a comprehensive and
internally consistent picture of the structural transitions of Hemoglobin A, (HbA,) in the
presence of SDS. Importantly, the integration of these complementary techniques allows us to

resolve both local conformational changes and global structural reorganization across multiple
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594 length scales. A key outcome of this study is the identification of a subunit-dissociation-deivgh o osor
595  pathway, rather than classical unfolding, as the dominant structural response of HbA, to SDS.
596  Unlike single-chain globular proteins such as BSA, where surfactant-induced unfolding is
597  typically associated with micellization and formation of extended polypeptide—micelle
598  complexes, HbA, exhibits a fundamentally different behavior due to its tetrameric architecture.
599  The spectroscopic data (UV—visible and fluorescence) reveal early perturbations in the heme
600  environment and disruption of Tyr—Trp energy transfer at relatively low SDS concentrations.
601  These changes are indicative of local structural rearrangements and increased solvent exposure
602  of aromatic residues. More importantly, SANS and DLS provide direct structural evidence that
603  these changes are accompanied by a reduction in particle size, consistent with the dissociation
604  of tetrameric HbA, into smaller subunits. Specifically, the hydrodynamic diameter decreases
605  from ~6.5 nm to ~4.3 nm (DLS), while SANS shows a corresponding reduction in effective
606  radius and Dy,,x (SANS) confirm that structural transitions occur at very low concentration (0-
607  5mM) of SDS.

608 While SDS is structurally heterogeneous (including premicellar aggregates), our results
609  show that interactions between SDS (monomers/small aggregates) and protein subunit
610 interfaces drive dissociation independent of bulk micelles, meaning multimeric protein
611  responses cannot be explained solely by micellization thresholds. SDS is not purely monomeric

612  below the CMC and is influenced by protein and ionic conditions; DLS of SDS alone shows

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

613  gradual size increases with concentration and salt. However, HbA,—SDS shows initial size
614  reduction then stabilization, indicating protein—surfactant interactions dominate early

615  transitions. Thus, SDS in multiple aggregation states destabilizes HbA, quaternary structure.

Open Access Article. Published on 17 June 2026. Downloaded on 6/18/2026 8:31:17 AM.

616 Increasing ionic strength amplifies this effect: size rises to ~63 nm (with higher Dmax and

(cc)

617  anisotropy in SANS), far exceeding SDS micelles alone (~25-26 nm), showing electrostatic
618  screening promotes protein—surfactant co-assembly into larger, anisotropic, worm-like
619  structures.

620

621 Importantly, these results provide insight into the longstanding question of whether
622  SDS-induced protein destabilization is governed primarily by micelle formation or monomer
623  binding. In HbA,, the principal structural transitions occur well below the CMC, showing
624  conclusively that SDS monomer snot micelles drive the dissociation mechanism. This
625  distinguishes HbA, from single-chain proteins like BSA, where unfolding correlates strongly

626  with micellization.
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From a materials perspective, these mechanistic findings have significant implicatiGhs,s;oomo:

Protein-based formulations, Hemoglobin-loaded nanocarriers, membrane-immobilized
sensors, and Hemoglobin-inspired biomaterials all rely on maintaining quaternary stability.
The finding that SDS triggers dissociation at sub-millimolar levels underscores the need for
careful control of surfactant content, ionic strength, and interface chemistry during fabrication.
Moreover, the formation of extended structures under salt-rich conditions suggests possible
strategies for engineering anisotropic protein—surfactant assemblies for biomaterial or
nanostructure applications. By mapping the dissociation pathway and identifying the structural
states accessible under controlled solution conditions, this study provides a mechanistic

framework that is highly relevant to both biological and materials-processing environments.

5. Conclusions and Future outlook

In summary, this work delineates the stepwise structural evolution of Hemoglobin A, in the presence
of the anionic surfactant SDS, integrating spectroscopic and microscopic analyses with SANS to resolve
transitions from the native tetramer to dimeric and monomeric units. Our results demonstrate that SDS
induces dissociation at concentrations far below the CMC, driven by specific monomer—protein
interactions rather than bulk micellization. This subunit-level destabilization occurs because SDS binds
to distinct electrostatic and hydrophobic patches at the a—f interfaces, weakening quaternary contacts
and promoting dissociation prior to any major changes in secondary structure.

The presence of electrolytes further modulates these interactions, promoting the
formation of extended worm-like assemblies through electrostatic screening and enhanced
surfactant—protein association. This behavior contrasts sharply with classical systems such as
BSA or lysozyme, where unfolding is governed largely by CAC/CMC-dependent
micellization. For multimeric proteins such as HbA,, the CAC or CMC are not the dominant
factors determining the unfolding pathway; instead, molecular-level binding of SDS monomers
dictates the dissociation mechanism. Excess SDS beyond the saturation point remains as free
micelles, contributing to colloidal stability through increased electrostatic repulsion rather than
driving additional unfolding.

Although our results show clear differences in HbA, behavior below and above the
CMC, the crucial distinction lies in the underlying mechanism rather than in the relevance of
the CMC itself. For HbA,, the primary structural transition tetramer dissociation into dimers
and monomers—occurs well below the CMC and is initiated by SDS monomer binding at inter-
subunit interfaces. Above the CMC, additional micelles do not induce further unfolding but

instead stabilize the already-dissociated subunits. This behavior contrasts with proteins such as
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661  BSA or lysozyme, where unfolding or aggregation corresponds strongly to CAC/CNIC: . oomer
662  dependent micellization.

663 These mechanistic insights extend well beyond fundamental biophysical chemistry and
664 are directly relevant to the design and stability of protein-containing materials. Understanding
665 how surfactants drive quaternary destabilization provides a framework for improving the
666  robustness of hemoglobin-based oxygen carriers, optimizing protein encapsulation within
667  nanocarriers, preventing aggregation during materials processing, and preserving structural
668 integrity when immobilizing hemoglobin in biosensor platforms. The structural transitions
669  mapped here offer practical guidance for engineering stable protein—material hybrids and
670  anticipating surfactant-mediated effects in formulation environments.

671 Future work exploring the role of multivalent ions, alternative surfactant architectures,
672  or polymer surfactant co-assemblies may further refine control over protein structural states.
673  Such studies will deepen understanding of protein surfactant interactions in complex materials
674  and support the rational design of next-generation protein-based technologies.
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