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ABSTRACT: We report the synthesis and characterization of a new family of maltose-derived
nonionic surfactants that contain a photocleavable azo-sulfide linker (mAzo). The self-
assembly properties of these surfactants were investigated using surface tension measurements
to determine the critical micelle concentration (CMC), dynamic light scattering (DLS) to
reveal the hydrodynamic radius of their self-assemblies, and transmission electron microscopy
(TEM) to elucidate the micelle morphology. Ultraviolet−visible (UV−visible) spectroscopy
confirmed the rapid photodegradation of these surfactants, but surface tension measurements
of the surfactant solutions before and after degradation showed unusual degradation products.
The photodegradation process was further studied using online liquid chromatography
coupled with mass spectrometry (LC−MS),which revealed that these surfactants can form
another photo-stable surfactant post-degradation. Finally, traditionally challenging proteins
from heart tissue were solubilized using the mAzo surfactants to demonstrate their potential in
biological applications.

■ INTRODUCTION
Surfactants are molecules that contain both a hydrophobic and
hydrophilic component.1−3 They can alter the surface tension
of the liquid in which they are present and have proven to be
valuable across several industries and scientific fields ranging
from vessels for chemical reactions to membrane mimics for
the characterization of biomolecules.1−6 Consequently, it is
important to develop and characterize new surfactant
compounds with specifically desired attributes. Surfactants
have been traditionally categorized as ionic, zwitterionic, or
nonionic, and these characteristics have important behavioral
implications that make the surfactants suitable for different
applications. For example, nonionic surfactants can preserve
the native states and biological functions of proteins.7−9 They
can also act as effective templates to design and synthesize
mesoporous solids, a process termed nonionic-surfactant-
templating.10 More recently, novel surfactants with unique
properties, such as cleavable surfactants, multimeric surfactants
(e.g., Gemini and trimeric), and surfactants with constituents of
biological origin, have been of increasing interest.11,12

Cleavable surfactants, wherein a weakened bond is
engineered between the hydrophobic and hydrophilic portions
of the molecule, can be especially useful when their surface
tension-altering property is initially needed yet is a subsequent
nuisance. Several cleavable motifs are labile under various
external stimuli including light, acid, alkali, temperature, redox
environment, and enzymatic conditions.12−24 Light offers
advantages over other stimuli, as it can be administered at a

specific time and location within a larger system, it is relatively
inexpensive, and it is noninvasive.25 Some of the most widely
used photocleavable motifs include phenacyl, nitrobenzyl-
based, azo-based, and benzyl-based.18,26−29 For example, our
lab recently demonstrated the use of an anionic azobenzene
photocleavable surfactant (Azo) for protein extraction and
subsequent proteomic analysis following rapid surfactant
degradation.13,30−33 However, the ionic nature of Azo
surfactant prevents its biological applications where the
proteins cannot be denatured. It is desirable to develop new
classes of photocleavable surfactants with milder nonionic head
and tail groups for a wide variety of biological applications.
Here, we have synthesized and characterized the molecular

and supramolecular properties of a novel family of nonionic
sugar-derived surfactants containing a photocleavable motif
(Figure 1). This surfactant series, which we refer to as mAzo,
consists of a hydrophilic head of maltose,34,35 a photocleavable
azo-sulfide linker, and a phenylalkyl hydrophobic tail with alkyl
chains ranging between 6 and 10 carbons to explore how the
relative hydrophobicity affects aspects of the compounds and
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their assemblies. It is expected that, upon ultraviolet (UV)
irradiation, the azo-sulfide would homolytically cleave to expel
nitrogen gas, leaving behind alkylbenzene and phenolic-derived
products as well as thiomaltose based on a previous work on
the Azo surfactants (that contain a sulfate head group).23,26,36

However, detailed characterization of the properties of the
surfactant uncovered a secondary degradation pathway leading
to the formation of a new surfactant that alters surface tension.
These results provide insights into the continued development
and application of photocleavable surfactants.

■ EXPERIMENTAL SECTION
Reagents and Materials. All chemicals and reagents were

obtained commercially and used without further purification. The β-
D-maltose octaacetate, ammonium acetate (NH4OAc), thiourea, and
high-performance liquid chromatography (HPLC)-grade water
(H2O) were purchased from Fischer Scientific. Boron trifluoride
diethyl etherate (BF3·Et2O), sodium metabisulfite (Na2S2O5),
magnesium sulfate (MgSO4), sodium nitrite (NaNO2), hydrochloric
acid (HCl), potassium hydroxide (KOH), dichloromethane (DCM),
acetonitrile (MeCN), ethyl acetate (EtOAc), anhydrous methanol
(MeOH), anhydrous chloroform (CHCl3), and silica were all
purchased from Sigma-Aldrich. 4-n-Hexylaniline, 4-n-octylaniline,
and 4-n-decylaniline were all obtained from TCI America. Protein
extraction solutions were made in nanopure water, ammonium
bicarbonate (NH4HCO3), potassium chloride (KCl), sucrose, sodium
fluoride (NaF), phenylmethanesulfonyl fluoride (PMSF), L-methio-
nine, ethylenediaminetetraacetic acid (EDTA), and n-dodecyl-β-D-
maltoside (DDM) were all purchased from Sigma-Aldrich. Swine

heart tissue was obtained from healthy Yorkshire domestic pigs and
had been flash-frozen in liquid N2 and stored at −80 °C prior to use.
The Protein Assay Dye Reagent Concentrate was obtained from Bio-
Rad.
Surfactant Synthesis. The synthesis of the family of mAzo

surfactants followed the multistep process outlined in Scheme 1.
1-Isothiouronium-β-D-maltose Heptaacetate Fluoride (1). Thio-

urea (0.418 g, 5.50 mmol, 1.10 equiv) was added to a stirring solution
of β-D-maltose octaacetate (3.39 g, 5 mmol, 1 equiv) in dry
acetonitrile (10.0 mL). Then, BF3•Et2O (1.85 mL, 15.0 mmol, 3
equiv) was added and the reaction was allowed to proceed under
reflux for 20 min. All starting material should disappear at this time.
The reaction mixture was cooled to room temperature before adding
pyridine (15.0 mmol, 1.19 g, 1.21 mL, 3 equiv) and concentrating in
vacuo to a syrup. The syrup was dissolved in 40 mL of EtOAc and
washed with HPLC-grade water (3 × 20 mL). The organic layer was
then dried with anhydrous MgSO4 and concentrated in vacuo.37 The
isothiouronium salt 1 was obtained as a white amorphous solid and
used without further purification. Crude yield, 98%.

1-Thio-β-D-maltose Heptaacetate (2). Sodium metabisulfite (7.50
mmol, 1.43 g, 1.50 equiv), DCM (23 mL), and HPLC-grade water
(13 mL) were added to the isothiouronium intermediate 1 (3.51 g,
5.00 mmol, 1.00 equiv), and the reaction mixture was refluxed at ∼60
°C for 3.5 h. After the mixture was cooled to room temperature, the
aqueous layer was decanted and extracted with DCM (2 × 20 mL).
The organic layers were then recombined and washed with brine (1 ×
10 mL), dried over anhydrous MgSO4, and concentrated in vacuo to
afford 2 as an amorphous white solid, which was used in the following
steps without further purification.38 Yield, 84%.

1-Thio-β-D-maltose Potassium Salt (3). Peracetylated 1-thio-β-D-
maltose 2 (1.00 g, 1.53 mmol, 1.00 equiv) was suspended in a

Figure 1. Design of a family of nonionic photocleavable surfactants (mAzo) consisting of a maltose head group, azobenzene linker, and tunable
alkyl chain, and the hypothesized photodegradation pathway.

Scheme 1. Synthetic Scheme for the mAzo Surfactant Family
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solution of anhydrous MeOH (5 mL) containing KOH (100 mg, 1.78
mmol, 1.18 equiv). The deacetylation was allowed to proceed for 30
min to afford a white precipitate before adding EtOAc (5 mL). The
reaction mixture was then centrifuged, and the supernatant was
discarded. The solid was washed once more with EtOAc (5 mL),
isolated via centrifugation, and dried overnight in a desiccator to
afford 3 as a white solid in quantitative yield.

4-n-Alkyl Diazonium Chloride Salts (4, 5, 6). 4-n-Hexylanilne
(C6) (115 mg, 0.649 mmol, 1.0 equiv) was added to a solution of 11
M HCl (215 μL) and HPLC-grade water (630 μL), and the mixture
was stirred at 0 °C in an ice bath for 5 min before a cooled solution of
NaNO2 (63 mg, 0.914 mmol, 1.4 equiv) in HPLC-grade water (630
μL) was added dropwise over 5 min. The same procedure was scaled
and repeated for 4-n-octylaniline (C8) (116 mg, 0.568 mmol, 1.0
equiv) and 4-n-decylaniline (C10) (35.2 mg, 0.151 mmol, 1.0 equiv).
The reaction mixtures were stirred for 20 min at 0 °C to afford clear,
colorless to slightly yellow solutions of diazonium chloride salts 4−6
in assumed quantitative yields, which were used in situ in the
following steps.23

Maltose Azo-Sulfide Surfactants [7 (mAzo 6), 8 (mAzo 8), 9
(mAzo 10)]. To the stirred solution of diazonium salt 4, ice-cold
NH4OAc (6 M) was added dropwise until a pH of 6 was attained.
This buffered solution was then added dropwise to a stirred, cooled
solution of 3 (410 mg, 0.965 mmol, 1.7 equiv) in HPLC-grade water
(2.0 mL), and a bright yellow product was immediately observed. The
same procedure was scaled and repeated for the solutions of 5 and 6,
and supplemental water was added in 200 μL aliquots for ease of
stirring. After allowing the reaction to stir for a further 30 min at 0 °C,
a volume of chloroform equivalent to the aqueous reaction mixture
was added. Methanol was then added in 100 μL aliquots, and the
mixture was shaken vigorously until the yellow product was observed
to migrate into the organic layer. The organic layer was then removed,
dried with anhydrous MgSO4, and the solvent was removed in vacuo
without applying heat. The crude solids of 7−9 were purified by silica
flash chromatography using ice-cold solvent (DCM:MeOH 80:20; Rf
= 0.3 (C6), Rf = 0.4 (C8), Rf = 0.45 (C10)) to afford 7−9 as a bright
yellow solid. Yield, 39% (C6), 40% (C8), 34% (C10).
Surfactant Characterization. The mAzo surfactants and the

resulting degradation products were characterized using the following
methods:

1H NMR. Spectra were recorded on a Bruker Avance-400 MHz
spectrometer at room temperature and referenced using residual
undeuterated solvent peaks (DMSO-d6, δH = 2.50 ppm; D2O, δH =
4.79 ppm). The 1H NMR spectra and associated peak shifts for
compounds 1−9 are displayed in Figures S1−S6.

Surface Tension Measurements. Critical micelle concentration
(CMC) values were obtained using a Tensiometer Kruss K10T
equipped with a Wilhelmy plate. A 1% wt solution of 7 (mAzo 6) and
8 (mAzo 8) as well as a 0.1% wt solution of 9 (mAzo 10) was
prepared in nanopure water and kept in an ice bath. Small aliquots of
each surfactant were added to 10 mL of ice-cold nanopure water
under continuous stirring, and surface tension measurements were
taken and plotted as a function of the logarithm of their
corresponding concentration. The measurements were repeated
three times for each surfactant.

Dynamic Light Scattering. Dynamic light scattering (DLS)
measurements were carried out using a Malvern Zetasizer Nano
ZSP. Solutions were prepared for each surfactant at 30× their
measured CMCs in degassed nanopure water. The surfactant
solutions were then passed through a 0.2 μm filter and centrifuged
at 21,100g for 10 min at 4 °C. Samples were allowed to equilibrate in
the zetasizer for 120 s before DLS measurements were taken. DLS
experiments were repeated three times on each sample.

TEM Imaging. The surfactants were suspended in nanopure
deionized water from Milli-Q water (MilliporeSigma) at 30× their
measured CMCs, sonicated for 2 min, and allowed to equilibrate in
the dark for 10 min. Transmission electron microscopy (TEM)
samples were prepared by mixing surfactant solutions with a 4% wt
aqueous phosphotungstic acid solution (pH 7.4) (MilliporeSigma) in
a 1:1 ratio by volume, and then one drop of the surfactant solution

was pipetted onto a formvar-coated copper TEM grid with carbon
film for negative staining. TEM imaging was conducted on an FEI
Tecnai TF 30 TEM instrument operated at 300 kV and equipped with
a Gatan K2 direct electron detector for low-dose TEM. Images were
collected with a total electron dose of 10 e/Å2, and all images were
processed with digital micrograph software program.

Photodegradation Analysis by UV−Vis. All UV−visible (UV−vis)
absorbance measurements were performed on a PerkinElmer Lambda
10 spectrophotometer. A 0.014% wt solution of each surfactant was
prepared and aliquoted into 1.5 mL Lo-Bind Eppendorf centrifuge
tubes. Samples were then irradiated using a 100 W high-pressure
mercury lamp for 0, 30, 120, or 600 s. Samples were then immediately
flash-frozen at −80 °C and thawed at 4 °C before taking absorbance
spectra.

LC−MS of the Degradation Products of Surfactants. Liquid
chromatography−mass spectrometry (LC−MS) was performed on a
Waters nanoACQUITY HPLC coupled to a maXis II ETD Q-TOF
(Bruker Daltonics). Surfactant or degraded product (2 μg) was loaded
onto a home-packed C2 column (500 μM) and separated at room
temperature with a flow rate of 12 μL/min using a 35 min gradient
from 40 to 95% B with mobile phases of 0.2% formic acid in water
(A) and 0.2% formic acid in ACN:IPA (1:1) (B). Compounds eluted
from the column were infused and ionized using a capillary voltage of
4500 V and transmitted with an endplate voltage of 500 V. MS scans
were collected at 1 Hz from 500 to 2000 m/z.

Insoluble Protein Extraction and Bradford Assay. The following
protein extraction was carried out at 4 °C. Swine heart tissue (230
mg) was cut into small pieces and homogenized for 1 min in 1 mL of
a lysis buffer containing 1 mM EDTA, 25 mM NH4HCO3, 250 mM
sucrose, 500 mM KCl, 500 mM NaF, 2 mM L-methionine, and 1 mM
PMSF. The homogenate was then centrifuged at 21,100 g for 10 min,
and the supernatant was removed and discarded. The tissue pellet was
then rehomogenized for 1 min in 1 mL of a washing buffer containing
25 mM NH4HCO3, 2 mM L-methionine, and 1 mM PMSF,
centrifuged for 10 min at 21,100 g, and the supernatant was removed.
This washing process was repeated twice more, wherein the
homogenate from the final wash was first partitioned into 21 separate
1.5 mL Eppendorf centrifuge tubes. To each tissue pellet was then
added 100 μL of 25 mM NH4HCO3 containing no surfactant (NS,
control), 1.0% wt mAzo 6, 1.0% wt mAzo 8, 1.0% wt mAzo 10, 1.0%
wt DDM, 1.0% wt Azo 6, or a maximally concentrated solution of Azo
8. Each of these seven conditions was tested three times. The
insoluble pellets were then resuspended, and the extraction was
allowed to proceed for 1 h before centrifuging at 21,100g and
collecting the supernatant. The concentration of the protein in the
supernatants was determined using a Bradford Assay on a small,
diluted sample aliquot and measuring the absorbance at 595 nm after
a 5 min incubation period.

SDS-PAGE of Extracted Proteins. To 40 μL of each supernatant,
160 μL of ice-cold acetone was added, and the samples were allowed
to sit overnight at −20 °C. After the samples were centrifuged for 10
min at 21,100g and the supernatant was removed, the precipitated
proteins from each sample were reconstituted in 40 μL of 1×
Laemmli buffer, of which 5 μL was loaded into a 1 mm, 10 well 12.5%
sodium dodecyl sulfate (SDS) polyacrylamide gel made in-house.
Proteins were resolved by applying 70 V for 20 min and subsequently
120 V for approximately 80 min, and the bands were visualized using
Coomassie Brilliant Blue.

■ RESULTS AND DISCUSSION
We report the successful synthesis of a new class of
photocleavable, nonionic surfactants (mAzo) derived from
the maltose hydrophilic head group, azo-sulfide linker, and
hydrophobic 4-n-alkyl anilines. These mAzo compounds
represent novel analogues of the previously characterized
alkylbenzene azosulfonates23,26 but have a highly water-soluble
maltose head group. This was chosen to mimic the properties
of the commercially available nonionic surfactant DDM, which
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has been widely used in biology for protein purification and
crystallography.7 We envision that additional photodegradable
surfactants featuring a variety of head groups (e.g., different
sugar moieties, oligoglycerols, etc.) could be developed using a
similar process described here, which would have unique
properties.
The surfactants were synthesized in four total steps (Scheme

1), the first three of which were used to form 1-thio-β-D-
maltose (3). Commercially available peracetylated maltose was
first taken to its 1-isothiouronium derivative 1 by exploiting the
increased electrophilicity of the sugar’s anomeric position,
using thiourea as a nucleophile in an SN2 substitution. The
isothiouronium moiety was reduced to thiol 2, which was then
subjected to alkaline deacetylation conditions to afford 3 as a
potassium salt. Diazonium salts 4−6 were synthesized in
aqueous conditions from 4-n-hexylaniline (C6, mAzo 6), 4-n-
octylaniline (C8, mAzo 8), or 4-n-decylaniline (C10, mAzo
10), respectively. The final coupling step between 3 and
diazonium salts 4−6 afforded amphiphiles 7 (mAzo 6), 8
(mAzo 8), and 9 (mAzo 10), respectively. At 4 °C, both mAzo
6 and mAzo 8 are soluble at or above 10% wt in nanopure
water, whereas mAzo 10 is soluble at up to 2% wt. Successful
synthesis was confirmed by NMR spectra of the individual
mAzo compounds (Figures S1−S6). A family of surfactants
was made using the same approach with a glucose head group;
however, they suffered from poor water solubility (<0.5% wt
for all).
The solution stability of these new surfactants (7−9) was

tested using UV absorbance for up to 24 h. The mAzo
surfactant solutions in water appear to be unstable when
maintained at room temperature in the dark, as the UV−vis
absorbance spectra show substantial degradation at 6 h and
almost complete degradation by 24 h (Figure S7). The
previously studied Azo surfactants were found to be stable in
water at room temperature and higher.13,23 When the mAzo
surfactant solutions were stored at 4 °C in the dark, minimal
degradation was observed even after 24 h. Due to the labile
nature of this surfactant family, the proceeding characterization

experiments were carried out at colder temperatures (4−10
°C) instead of at room temperature. However, thermally labile
molecules have been reported to be beneficial in drug delivery
and in green chemistry, which both rely on biodegradability;
thus, this property could be advantageous in select
applications.39

The self-assembly of surfactants into structures like micelles
or vesicles is a key property of these materials. Micelles are the
simplest of amphiphile supramolecular assemblies, and their
formation is driven by the hydrophobic effect.40 We monitored
changes in the surface tension as a function of the mAzo
surfactant concentration as there is a linear dependency with
respect to the logarithm of surfactant concentration until the
critical micelle concentration (CMC) is reached, and little or
no change is then observed (Figure 2a−c). By averaging three
trials of such surface tension measurements (additional results
shown in Figure S8), we determined the CMCs to be (5.1 ±
0.5) × 10−6, (2.6 ± 0.1) × 10−5, and (2.5 ± 0.2) × 10−4 mol/L
for mAzo 10, mAzo 8, and mAzo 6, respectively. A decrease in
CMC with the addition of two carbons on the tail follows the
trend observed with the Azo surfactants.26 For mAzo 10, a
slight uncharacteristic decrease in surface tension was observed
after the CMC was reached (Figure 2c), which could be caused
by impurities (such as a small amount of thermally degraded
surfactant, which will be discussed later). Because mAzo 10 has
the lowest CMC, it is likely the most affected by any impurity.
Next, we measured the micellar size and size distribution

using dynamic light scattering (DLS). Because the measure-
ment is made based on particle diffusion in a fluid, the micellar
size measured is referred to as its hydrodynamic diameter.41

Intensity percentage as a function of the hydrodynamic micelle
diameter distributions of mAzo 6 (7 ± 1 nm), mAzo 8 (9 ± 2
nm), and mAzo 10 (19 ± 5 nm) can be seen as a set of three
separate trials (Figure 2d−f). Typical hydrodynamic micelle
diameters of surfactants are less than 50 nm,42 and commonly
used commercially available nonionic surfactants such as
DDM, Triton X-100, and Tween 20 fall at the lower end of this
range,43 as do the values obtained for the mAzo surfactants

Figure 2. Characterization of the supramolecular assemblies formed by the mAzo surfactants. (a−c) Surface tension measurements at different
surfactant concentrations with linear regression fits to decline and plateau regions for mAzo 6, mAzo 8, and mAzo 10. (d−f) Triplicate trial overlay
of hydrodynamic micelle diameters for mAzo 6, mAzo 8, and mAzo 10 as measured by DLS. (g−h) Representative low-dose TEM images of mAzo
6, mAzo 8, and mAzo 10 obtained by negative stain contrast showing micellar structures. The insets show the micelle size distribution histograms.
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(Figure 2d−f). As the aliphatic chain length increases among
the mAzo surfactants, the hydrodynamic diameter increases as
expected.
Negative stain low-dose TEM imaging was used to further

corroborate the size and distribution measurements obtained
from DLS, as well as to reveal micellar morphology and other
properties. In general, the mAzo surfactant family showed
slightly elongated spherical micelle morphologies (Figure 2g−
i) with increasing average sizes moving from mAzo 6 (5.8 ±
0.5 nm) to mAzo 8 (7.4 ± 0.7 nm) and to mAzo 10 (9.0 ± 1.0
nm). This increase in TEM average size as a function of
increased aliphatic chain length for the mAzo surfactants agrees
with the trend of increasing hydrodynamic diameter of mAzo 6
to mAzo 10 observed above in the DLS results.
We next used UV−visible spectroscopy to examine the

photodegradation of the mAzo surfactants. For each variant, a
λmax‑abs was observed at 322 nm (Figure 3a−c), and the largest
contribution to this absorbance is from the azo chromophore,
which also gives these surfactants their characteristic bright
yellow hue. Specifically, the electronic transition that takes
place to create this absorbance maximum is πN�N → π*N�N,
and the absence of this transition can be used to monitor the
photodegradation process (Figure 3a−c). This photodegrada-
tion can also be visualized when the color changes from bright
yellow before degradation (Figure 3d) to slightly darker after
degradation (Figure 3e). When comparing across UV−visible
absorbance spectra, the degradation time appear to be
correlated with the aliphatic chain length. After 120 s, mAzo
6 is completely degraded, whereas mAzo 8 or mAzo 10 takes
around 600 s for complete degradation. The second
absorbance maximum, corresponding to the aromatic region
of the surfactants, also disappears post-photodegradation and is
replaced by a smaller band at ∼255 nm, congruent with the
changes in ring electronics post-degradation.
To further characterize the photodegradation products of

the surfactants, we took surface tension measurements of the
whole surfactant solutions after photodegradation. A 0.1%
solution of each surfactant was irradiated for 10 min and
diluted as previously described to perform the series of surface
tension measurements. Surprisingly, surface tension still
decreased linearly with increasing surfactant concentration
(Figure 4), instead of remaining constant around the level of
water, as would be expected with the complete destruction of
the surfactant. This behavior was unexpected based on the
anticipated degradation products (illustrated in Scheme 1)

because they are not likely to alter surface tension to this
extent.26 Thus, we hypothesize that a new, surfactant-like
species could form from the recombination of the hydrophilic
and hydrophobic fragments after the photodegradation.
To investigate the surfactant degradation mechanism, we

performed liquid chromatography (LC)-MS analysis to
identify the photodegradation products, which differ from
the previously established photodegradation mechanism of
azobenzene-containing surfactants.26 Before photodegradation,

Figure 3. (a−c) UV−visible absorbance spectra for mAzo 6, mAzo 8, and mAzo 10 (0.014% wt, 4 °C) after 0, 30, 120, and 600 s of
photoirradiation. (d, e) Photographs of the solutions of mAzo 6, mAzo 8, and mAzo 10 before and after photoirradiation.

Figure 4. Whole-solution surface tension measurements as a function
of surfactant concentration before (black) and after (red) photo-
irradiation (10 min) of 0.1% (a) mAzo 6, (b) mAzo 8, and (c) mAzo
10.
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Figure 5. Representative extracted ion chromatograms and the corresponding mass peaks before (a, black) and after (b, red) photoirradiation for
mAzo 6 obtained via LC−MS. ESI-MS for mAzo 6 (C24H39N2O10S), [M + H]+, calcd m/z: 547.2325, exptl m/z: 547.2300, error: −4.6 ppm. ESI-
MS for maltose disulfide (C24H43O20S2), [M + H]+, calcd m/z: 715.1789, exptl m/z: 715.1751, error: −5.3 ppm. ESI-MS for the thioether
degradation product (C48H77O20S2), [2M + H]+, calcd m/z: 1037.4450, exptl m/z: 1037.4399, error: −4.9 ppm. (c) Proposed surfactant
degradation scheme based on LC−MS results.

Figure 6. Insoluble protein extraction performance of mAzo surfactants. (a) Tissue extraction workflow: (i) cell lysis and homogenization, (ii)
centrifugation and removal of supernatant, (iii) extraction using a surfactant, (iv) sample analysis of soluble proteins via Bradford assay or SDS-
PAGE. (b) Bradford assay results from triplicate insoluble protein extracts using either no surfactant (NS), DDM, mAzo 6, mAzo 8, mAzo 10, Azo
6, or Azo 8. (c) 12% SDS-PAGE of insoluble protein extracts using the same sets of surfactants.
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the chromatograms for each surfactant were dominated by one
large peak that corresponds to a mixture of surfactant
monomer, dimer, and trimer, which are typical association
patterns in the gas phase for molecules containing a sugar
motif. After photodegradation, two species prevailed in each
chromatogram, one of which was consistent with a disulfide
compound formed from the oxidation of two thiomaltose
fragments (Y) and eluted earlier in the gradient relative to the
intact surfactant (X; Figure 5a). The second compound, Z,
eluted close to the original surfactant peak and had a mass that
corresponds to a compound consisting of a maltose head group
and an alkylbenzene tail that were linked through a thioether
bond. This amphiphilic product is likely to alter surface
tension, which explains the observed decrease in surface
tension as a function of surfactant concentration even after
irradiation (Figure 4a−c). These photodegradation products
were consistent across mAzo surfactants with different
surfactant chain lengths (Figures S9 and S10).
Based on these results, we propose that the surfactant

degrades upon irradiation by two pathways as illustrated in
Figure 5c. The first is the traditional (and original anticipated)
pathway wherein the surfactant undergoes homolytic cleavage
to form maltose (which in turn forms a disulfide bond with
another free molecule of thiomaltose yielding Y), phenol, and
alkylbenzene byproducts. We note that the phenolic and
benzene-derived degradation products in pathway 1 were not
observed likely because of the poor ionization efficiency of
these species using electrospray ionization (ESI)-MS analysis.
The amphiphilic product Z from pathway 2 forms because of
the recombination of thiomaltose and alkylbenzyl radicals
(Figure S11). Interestingly, when surfactant solutions were
allowed to degrade under nonphotolytic conditions (i.e.,
allowed to remain in the dark in room temperature water),
this amphiphilic product still formed as evidenced by LC−MS
(Figure S12), albeit to a lesser extent. The formation of this
new product under nonphotolytic conditions could proceed
via an alternative mechanism (Figure S13). Overall, the
formation of a new surfactant (Z) explains the continued
decrease in surface tension observed in Figure 4 even after
photodegradation.
Finally, we explored the use of the mAzo surfactants for

protein extraction, as surfactants are widely used throughout
biology to solubilize proteins from cells and tissues.6,44,45 To
examine this property of the mAzo surfactants, heart tissue was
homogenized and washed in NH4HCO3 extraction and
washing buffers to remove water-soluble proteins and obtain
an insoluble tissue pellet (Figure 6a). Depleting the soluble
species allows us to better evaluate the surfactants’ ability to
extract challenging, insoluble proteins such as membrane
proteins. The pellet was then treated with the mAzo surfactants
(1% w/v), DDM (1% w/v), no surfactant (NS), or the Azo
surfactants (1% w/v or 0.2% w/v, based on maximum
solubility in water), which have been previously shown to
facilitate protein extraction (Figure 6b,c).13 The concentration
of surfactants used is in great excess of their CMC to achieve
high protein solubilization.44,46 All steps were performed at 4
°C to prevent surfactant degradation as well as to reduce
proteolytic activity and preserve protein integrity. Thus, the
mAzo surfactants can serve as a cleavable alternative to
common biological surfactants when this functionality is
desirable (e.g., detergent exchange).17,47

Overall, all extraction conditions using various surfactants,
including the mAzo surfactants, show an improved protein

extraction efficacy relative to using no surfactant. The Bradford
assay results in Figure 6b as well as the SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) gel in Figure 6c show that mAzo
8 provides the best protein solubility, while mAzo 6, mAzo 10,
and DDM were slightly less effective. The results suggest a
chain length of 8 provides the best hydrophilic−lipophilic
balance to enable protein solubilization for the mAzo
surfactants.
Not surprisingly, anionic surfactants like Azo 6 and Azo 8

appear to be more effective at solubilizing proteins compared
to the nonionic surfactants,6,13,35,45 even though they contain
the same hydrophobic and photocleavable components as the
mAzo surfactants. Ionic head groups destabilize lipid
membranes and denature proteins by disturbing noncovalent
interaction (e.g., hydrogen bonding), enabling more effective
protein extraction and solubilization relative to surfactants with
nonionic head groups.48,49 Although the mAzos were less
efficient than the anionic Azos at extracting membrane proteins
in the current study, these surfactants presumably are superior
to the original surfactants in stabilizing extracted membrane
proteins.6,8 Therefore, they could be amenable to techniques
requiring nondenaturing conditions such as crystallography7 or
native MS.29,50,51 Moreover, cleavable surfactants are generally
useful in proteomics for protein solubilization and then
detergent removal before MS analysis13,15,16,19,30−32,52,53 or in
detergent exchange before biophysical characterization.17,47

■ CONCLUSIONS
We have successfully synthesized and characterized a new
family of nonionic photocleavable surfactants (mAzo) derived
from maltose, azo-sulfide benzenelinker, and a variable
hydrophobic alkyl chain. Surface tension measurements,
dynamic light scattering, and transmission electron microscopy
show that these mAzo surfactants are able to form supra-
molecular assemblies. UV−visible spectroscopy shows the
rapid photodegradation of the mAzo surfactants, and surface
tension measurements of the whole post-degradation solutions
suggest an unexpected degradation pathway. LC−MS studies
of the photodegradation products reveal that the mAzo
surfactants could undergo a recombination event after nitrogen
expulsion to nonquantitatively form another photo-stable
surfactant. Moreover, we have demonstrated that these
surfactants are capable of solubilizing proteins in a comparable
way to a commercially available nonionic surfactant analogue
(DDM), which is widely used for protein purification and
crystallography.7 Despite the complexity of their photo-
degradation processes, these new nonionic cleavable mAzo
surfactants provide another set of tools for the applications of
mild and switchable surfactants in chemical synthesis, green
chemistry, drug delivery, characterization of insoluble bio-
molecules, and more.
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