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Introduction. Single-molecule force spectroscopy (SMFS),
an atomic force microscopy (AFM)-based technique, has been
widely used to interpret the nanomechanical properties of both
biomacromolecules and synthetic polym&rs. Polysaccharides
are important natural macromolecules in biological systems and
play key roles in protein sorting, celtell communication, cell
adhesion, and molecular recognition in the immune system.
Force spectroscopy on polysaccharides has aroused an increasi
interest because AFM-based SMFS is a good tool for investigat-
ing the force-induced conformational transition, the dynamics,
and supramolecular structures of polysaccharides at the molec
ular level®719-24 Rief et al. first studied dextran, a linea#(1,6)-
linked polysaccharide, and observed a shoulder plateau at aroun
750 pN in the force profiles. Combined with molecular dynamics
calculations, they attributed the plateau to the twist of the-C5
C6 bond in the pyranose rirffgvlarszalek et al. proved that it
was the chairboat conformational transition of the glucopy-
ranose ring that governed the shoulder-like elongation by the
cleavage of the ring structufeBy comparinga-(1,4)-linked
and 3-(1,4)-linked polysaccharides, Li et al. found that only
a-(1,4)-linked glycan could yield a distinct elongation, and there
were no such shoulders which appeared fhf1,4)-linked
polysaccharide¥ The force-governed shoulder-like transition
was thought to be the fingerprint property af(1,4)-linked
glycan rings. Theoretical simulations or(1,4)-linked amylose
andf-(1,4)-linked cellulose confirmed that ondy-glucose has
a fingerprint shoulder. To understand the force-induced con-
formational transition in a different viewpoint, the glycosidic

bonds were regarded as atomic levers that drove the confor-

mational changes of the pyranose i@y comparing the force

spectroscopy on a series of carrageenans, we provided experi

mental evidence that the oxygen bridge could inhibit the
transition?! Recently, Zhang et al. have reported that the force

spectroscopy of amylose is solvent dependent. The plateau

feature, which is characteristic of the force spectroscopy in
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environments are those inside some cells, where protein stability
or aggregation rates are affected by the presence of other
coexisting molecule¥>-27 Since proteins, polysaccharides, and
other biological macromolecules have evolved to function in
crowded media, it is important to know how these molecules
fold, interact, and move in such an environment. In this
Communication, we investigate the change of force spectroscopy
of single amylose chain in a crowded environment which is
provided by micelles. Our research is aimed not only to
understand the influence of the micelles on the force-induced
conformational transition of polysaccharides but also to see
whether the change of the force spectroscopy could indicate
how crowded the environment is.

Experimental Section. a. Materials and Sample Prepara-
tion. Commercially available amylose (type lll, from potato;
Sigma-Aldrich Corp.), hexadecyltrimethylammonium bromide
(CTAB), and sodium dodecyl sulfate (SDS) (Fluka, Corp.) were
used without further purification in this study. Amylose was
dissolved in water at a concentration-e®.01 mg/mL. In force
experiments, quartz slides were used as substrate. The slides
were treated with a hot “piranha” solution (7/3 volume ratio,
98% H,SOW/30% H,O,) and followed by extensive rinsing with
water before the use. About 0.05 mL sample solution was

ncgleposited onto a cleaned quartz slide and incubated for about

30 min. Then the slide was rinsed with water to remove the
loosely adsorbed molecules. After being dried by airflow, the

slide was mounted onto the SMFS setup for force measurements.

% b. Force Measurements.All force curves were measured
y

using the Molecular Force Probe 3D (MFP-3D; Asylum
Research, Santa Barbara, CA). Silicon nitride cantilevers from
Veeco (Santa Barbara, CA) were used. The spring constants of
the cantilevers were calibrated by measuring their thermal
fluctuation before force measuremefitsand the measured
values were 0.020.03 N/m. The velocity of the tip retraction
during the force measurement was 2i/s, if not specified.
The experimental details of SMFS have been described else-
where?%30|n brief, amylose was immobilized onto the quartz
substrate by physical adsorption. Prior to the measurements, a
drop of liquid, acting as the buffer, was injected between the
substrate and the cantilever holder, and then both the substrate
and the cantilever were immersed in the buffer. By the
movement of the piezotube, the AFM tip was brought in contact
with the sample for ca2 s under a contact force of several
nanonewtons, allowing some polymer chains to be physically
adsorbed onto the tip, producing a connective bridge in between.
During the separation of the tip and the sample, the polymer
chain was stretched and the cantilever deflected. At the same
time, a deflectior-extension curve was recorded and then
converted into a forceextension curve.

c. Interaction between Amylose and SurfactantstH NMR

water, disappears progressively in the media of lower dielectric @d Fourier transform infrared (FT-IR) spectroscopy were
constant&4 employed to study the effect of the addition of surfactants on
Although we have obtained more and more information about @mylose chainH NMR spectra were recorded inO solution
the force spectroscopy of polysaccharides, it remains unknown©n @ JEOL JNM-ECA300 (300 MHz) spectrometer. FT-IR
how a crowded environment influences the force-induced SPectra of amylose and its mixture with surfactants were
transition of polysaccharides. In crowded solutions the presencecollected on a Bruker IFS 66V instrument equipped with a
of many cosolutes often affects the properties of biopolymers, de;uterated tr'lglycme sulfate (DTGS) detector. The cell was fitted
such as globular proteins. Important examples of crowded With CaF; windows and has a constant path length of 0.025
mm.
Results and DiscussionBefore observing the force spec-
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troscopy of single amylose in a crowded environment, we
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igure 1. Several typical force extension curves of amylose in water. : :
The inset shows the superimposition of the normalized foesgension ) . Normallzed_ Extension )
curves. Figure 3. Comparison of normalized foreeextension curves of
amylose in water (gray trace) and in 0.14 mol/L CTAB (black trace).
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Figure 2. Several typical forceextension curves of amylose in 0.14 ; P
mol/L CTAB. The inset shows the superimposition of the normalized . Normahzgd Enensmn_
force—extension curves. Figure 4. Comparison of normalized foreeextension curves of

amylose in water (gray trace) and in 0.014 mol/L CTAB (black trace).

repe_ated the single-chain elongation of amylpse under normalcyrves can be well superimposed after being normalized,
media of water. Several typical fore@xtension curves of jpgicative of a single-chain elongation. When the normalized
amylose in water, obtained in different SMFS experiments with 5rce—extension curves of amylose in water and in 0.14 mol/L
different cantilevers, are shown in Figure 1. There is a shoulder cTaAB were superimposed together, we observed a large
plateau about 280 pN high which appeared in each ferce geyiation between them in the middle force region, as shown
extension curve. The contour lengths of the polymer segmentin Figyre 3. It is interesting to find that the plateau feature, which
being stretched vary due to both the polydispersity of the s characteristic of the force spectroscopy of amylose in water,
polymer sample and the uncontrolled stretching point of the disappears in the media of 0.14 mol/L CTAB.
AFM tip. To compare the forceextension relationship of the The two force-extension curves shown in Figure 3 are
polymer chains with different contour length, we normalized gptained in the media of pure water and CTAB solution, and
the curves by dividing the corresponding lengths measured undefihe only difference is the environment of amylose chain during
the same force of 1000 pN: Despite different stretching  the force experiments. Therefore, it is reasonable to assume that
lengths, the fqrceextensmn curves.after the norma[lzatlon can the disappearance of plateau feature in the ferodension
be well superimposed, as shown in the inset in Figure 1. The cyryes of amylose is related to the crowded environment in the
good superimposition of these curves clearly shows that the picelle solution. To clarify the effect of solution environment
elastic properties of ar_nylose chains scale I_|r_1early with the gn the force profiles of amylose, we performed a series of
contour length, and all filaments show a transition at the same experiments by systematically changing the concentration of
force. These results indicate that single-chain elongation is cTAB. When the concentration of CTAB is below 0.014 mol/
realized in these force experiments. As reported, the character  the force-extension curve of amylose has shown a similar
istic plateau in the forceextension curve of amylose is caused fgce profile as in water. As shown in Figure 4, the two
by the force-induced chair-to-boat transition of glucopyranose normalized force-extension curves obtained in water and 0.014
rings./+9 mol/L CTAB are superimposed well in all force regions,
To study the crowding effect on force spectroscopy of suggesting that the existence of surfactant molecules does not
amylose, SMFS experiments were performed on single amyloseinfluence the molecular elasticity of amylose if the concentration
chains in CTAB solution. It is well-known that CTAB can self- of CTAB is lower than 0.014 mol/L. The fact that only in a
organize into micelles in water, when the concentration is above high concentration of CTAB the plateau feature in the ferce
its critical micelle concentration (cmé).Several typical force extension curve disappeared indicates that the existence of large
extension curves of amylose obtained in the media of 0.14 mol/L number of micelles affects the force-induced conformational
CTAB are shown in Figure 2. The force rises monotonically transition of pyranose rings in amylose chain.
with the increasing extension and then drops to zero rapidly What is the mechanism behind the disappearance of the
until the rupture from the tip or the substrate. We also plateau in the forceextension curve of amylose chain in a high
normalized these foreeextension curves under the force value concentration of CTAB? The interaction between amylose and
of 1000 pN. As indicated in the inset of Figure 2, the force CTAB has been extensively investigated, suggesting tha&g%
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Figure 5. Force-extension curves of amylose obtained in SDS
solution. (a) Comparison of normalized foreextension curves of
amylose in water (gray trace) and in 0.18 mol/L SDS (black trace). (b)
Comparison of normalized foregxtension curves of amylose in water
(gray trace) and in 0.018 mol/L SDS (black trace).

binding of CTAB to amylose is a cooperative procéss* We
speculate that the disappearance of plateau feature in the-force
extension curve of amylose in high concentration of CTAB is
related to the interaction between amylose and CTAB. Amylose
can form strong inter-residue hydrogen bonding in a media of
low dielectric constant or in solid state, and these hydrogen
bonds are effectively eliminated in water because of the
competition of glucose hydroxyls to form hydrogen bonds with
water moleculed? Therefore, when the solution contains enough
surfactant molecules, the interaction between CTAB and amy-
lose chain might repel a large number of water molecules that
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molecules before and after the addition of CTAB (see Support-
ing Information, Figure S2). On the basisf NMR and FT-

IR, we may draw a conclusion that the addition of surfactants
provide a more hydrophobic environment for amylose chain and
then facilitate the formation of inter-residue hydrogen bonding.

If the above mechanism is reasonable, it is supposed to be
true for crowded solution formed by other surfactants, for
example, sodium dodecyl sulfate (SDS). To address this
guestion, we performed similar single-chain elongation of
amylose in the media of SDS solution. Figure 5a shows the
comparison of the normalized foreextension curves of
amylose in water and 0.18 mol/L SDS, from which we can find
that the plateau feature in the force profiles of amylose also
disappears. The force signals in SDS have shown similar
characteristics as those in CTAB when the concentration is high.
Whereas the concentration of SDS decreases to 0.018 mol/L,
the force-extension curve of amylose has also shown a similar
force profile as in water. As shown in Figure 5b, the two
normalized force-extension curves obtained in water and 0.018
mol/L SDS superimpose well into all force regions, suggesting
that the existence of surfactant molecules does not influence
the molecular elasticity of amylose if the concentration of SDS
is lower than 0.018 mol/L. These results further confirm that
the existence of large number of micelles in the solution plays
a key role in the force-induced conformational transition of
amylose. Similarly, we employetH NMR and FT-IR to study
the interaction between amylose and SDS, and the results
support the above conclusion from SMFS data (see Supporting
Information, Figures S1 and S3).

Conclusions. We have studied the force spectroscopy of
single-chain amylose in a media of crowded environment by
using surfactant molecules as crowders. The plateau feature,
which is characteristic of the force spectroscopy of amylose in
water, disappears in the media of high concentration of CTAB
or SDS. The SMFS experimental results indicate that the large
number of micelles affects the force-induced conformational
transition of pyranose rings of amylose chain and results in the
change of force spectroscopy of amylose chain in high
concentration of surfactants.
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should hydrate amylose. Because of the absence of water

molecules around the amylose chain in a local environment,
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