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Sample preparation is crucial to the studies of polymers on surfaces and interfaces. For studies using single-

molecule force spectroscopy (SMFS), sample preparation is the key to obtain high-quality data. In each of

the previous SMFS studies, either physisorption or chemisorption was applied in the sample preparation.

However, a direct comparison on the same polymer species with both of the two strategies has not

been reported yet. With two methods (physisorption, “PS”, or chemisorption, “CS”) and two surfaces

(AFM tip or quartz substrate), four types of samples of poly(ethylene glycol) (PEG) can be prepared from

the polymer solution. The performance of these samples with the same species of PEG are directly

compared by SMFS. It is found that among these samples, two of them, i.e., tip-CS and substrate-PS, are

suitable for SMFS. The advantage of substrate-PS is the simple preparation. In contrast, the advantage of

tip-CS is the higher rupture force and the lower sample consumption. The former feature will be time

saving if a high rupture force is needed in the analysis. The latter feature will be economic when an

expensive sample is used. The other two types of samples, i.e., tip-PS and substrate-CS show lower data

yield and lower rupture force. In summary, the tip-CS and substrate-PS are recommended for sample

preparation in SMFS. The tip-CS is the most promising protocol, if a functionalized polymer sample is

available.
1. Introduction

Sample preparation is crucial to the studies of polymers on
surfaces and interfaces.1,2 For studies by single-molecule force
spectroscopy (SMFS),3–8 sample preparation is the key to obtain
high-quality data. In general, there are two strategies for sample
preparation, i.e., physisorption and chemisorption. Although
physisorption from solution is easy to perform, this method
oen suffers from the entanglement of polymer chains and
surface concentration enrichment.9–12 The results frommultiple
chains have to be ltered out (oen manually) before further
data analysis. Therefore, the yield of single-chain data of
physisorption is oen dissatisfying.

Chemisorption can be applied on surfaces of either the AFM
tip or the solid substrate.13–15 Several protocols, such as thiol–
gold chemistry and biotin–avidin recognition, have been
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developed to strongly tether a polymer chain to a surface under
mild conditions.16–18 Chemisorption requires specic chemical
bond to be formed and so is inherently specic to a certain
surface/molecule system, whereas physisorption is generic and
all kinds molecules roughly produce similar physisorbed
results.

In each of the previous SMFS studies, either physisorption or
chemisorption was applied in the sample preparation.19–24

However, a direct comparison on the same polymer species with
both of the two strategies has not been reported yet. Here, we
select poly(ethylene glycol) (PEG) as the model polymer to
perform the direct comparison under similar conditions.25–27

Experimental results show that both of two methods have their
own advantages. The results indicate that the chemisorption
method is superior to physisorption on the aspects of rupture
force and the concentration of the sample solution. The
advantage of the physisorption method is the facile
preparation.
2. Experimental section
2.1 Materials and chemicals

Functionalized PEG (CH2]CH-PEG5K) was purchased from
Shanghai Sangon Biotech Ltd. PEG was dissolved in tetrahy-
drofuran (THF) to a certain concentration. Deionized (DI) water
RSC Adv., 2017, 7, 33883–33889 | 33883
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(>15 MU cm) was used when water is involved. Other chemicals
were analytically pure and used without further treatment.
2.2 Sample preparation

In the sample preparation, we have two methods (phys-
isorption, “PS”, or chemisorption, “CS”) and two surfaces (AFM
tip or substrate) for adsorption. Therefore, we have 4 kinds of
combinations in total. For clarity, we dene the sample with the
following code: surface-method. For instance, tip-CS represents
the sample of PEG modied AFM tip by chemisorption, and
substrate-PS represents the sample of substrate with phys-
isorbed PEG.

For the preparation of hydroxyl-group modied quartz
substrate, the quartz slide was immersed in a hot piranha
solution (98% H2SO4 and 30% H2O2, 7/3, v/v) for 30 min. Aer
that, the substrate is thoroughly rinsed with abundant DI water,
followed by drying with air ow.

Chemisorption. The procedure of the chemisorption of the
AFM tip was shown in Scheme 1. Prior to surface modication,
the AFM tip (MSCT model, Bruker Corp., CA) was cleaned by
a hot piranha solution for 30 min (Caution: Piranha solution is
corrosive, and should be handled with extreme care! AFM tips
are extremely fragile, and should be handled with care!).

Preparation of thiol-group modied surface. AFM tip was
treated with 3-mercapto-propyltrimethoxysilane (MPTMS, 95%)
to provide reactive groups (–SH) on the surface. MPTMS (20 ml),
the silane coupling agent, was dissolved in CH2Cl2 (10 ml)
rstly. The resulting mixture was stirred for 5 min under
a nitrogen atmosphere. Then AFM tip was immersed in the
solution for about 1 hour. Finally, the modied AFM tip was
rinsed with CH2Cl2 and absolute alcohol twice, respectively, and
then dried in vacuum. The thiol-group modied quartz
substrate is prepared similarly.
Scheme 1 The chemisorption procedure (A) with three steps and the
physisorption procedure (B) with two steps.

33884 | RSC Adv., 2017, 7, 33883–33889
Modication of PEG on surfaces. The PEG chains were graed
to the AFM tip via thiol–ene click chemistry.28–30 The modied
AFM tips were immersed into a THF solution of PEG (�15 ml,
Fig. S1†) in the presence of alcohol soluble Eosin Y (�0.01 mM).
Subsequently, with the visible light irradiation (250 W tung-
sten–halide lamp, Osram HLX 64655) for 5 min, PEG was
covalently attached to AFM tip (Scheme 1 and Fig. S1†).31

Finally, the modied tip was washed three times by THF solu-
tion to remove the physisorbed polymers and immediately used
for SMFS experiments. The substrate-CS is prepared similarly.

Physisorption. Substrate-PS: �60 ml PEG/THF solution was
deposited onto the hydroxyl-group modied quartz substrate
for �20 min (Fig. S1†). Aer that, the sample was thoroughly
rinsed with abundant THF, and used immediately for SMFS
experiments. Before force measurements, the AFM tip was
treated by air plasma to remove any organic contaminants. Aer
plasma treatment, the AFM tip will be covered by hydroxyl
groups. Tip-PS: �15 ml PEG/THF solution was deposited onto
the hydroxyl-group modied AFM tip for �1 h (Fig. S1†). Aer
that, the tip was thoroughly rinsed with abundant THF.
2.3 Force measurements

The force measurements were carried out on a commercial AFM
(Nanowizard II, JPK Instruments, Germany). The spring
constant of each AFM cantilever was calibrated with the thermo-
excitation method, which was around 40 pN nm�1. Instru-
mentation details of the AFM-based SMFS have been described
elsewhere.3,4,32 Briey, with the movement of piezo, the data
were recorded at the same time and converted to force–exten-
sion curves (in brief, F–E curves) subsequently. In the SMFS
experiments, nonane was used as the liquid environment. The
stretching velocity was 2.0 mm s�1, unless mentioned otherwise.
3. Results and discussion
3.1 SMFS results from samples by chemisorption

The tip-CS sample and the hydroxyl-group modied quartz
substrate are used as a pair of sample in the SMFS experiments.
Typical F–E curves obtained in this case are shown in Fig. 1A.
Due to the polydispersity of PEG molecule and the random
position where the tip picks, the apparent contour lengths of
PEG are different. In order to compare the data with different
apparent contour lengths, the F–E curves are normalized by the
corresponding extension at a given force (e.g., 600 pN) to the
same extension. The normalized F–E curves can be superposed
well with each other (Fig. 1B), suggesting that each of the F–E
curves originates from the elongation of an individual PEG
chain.11

According to previous work in our group, we can use the QM-
FRC model to quantitatively describe the single-chain elasticity
of PEG obtained in nonane.11,27,33 In the QM-FRC model (see
ESI† for details), the theoretical single-chain elasticity of PEG by
ab initio quantum mechanical (QM) calculations is integrated
into the freely rotating chain (FRC) model:34,35

R/L0 ¼ (L[F]/L0) � [1 � (kBT)/(2Flb)] (1)
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) Typical F–E curves of PEG sample of tip-CS obtained in
nonane, and (B) the normalized F–E curves of those shown in (A).

Fig. 2 (A) Normalized single-molecule F–E curves of PEG sample of
tip-CS (solid line) vs. QM-FRC fitting curves (dotted lines) with various
lb values. (B) The normalized experimental F–E curve of PEG obtained
in nonane (blue solid line) and the QM-FRC fitting curve with lb ¼
0.147 nm (red dotted line).
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where lb is the length of the rotating unit, kB is the Boltzmann
constant, and T is temperature in the Kelvin scale, R/L0 is the
normalized extension of a single polymer chain.

During the elongation of PEG, L[F]/L0 is an ergodic value
ranging from 1 to a number corresponding to the rupture of the
polymer bridge. If the strength of a C–S bond (2800 pN, see
Fig. S4 in ESI†) is set as the upper limit of the stretching force,17

the upper limit for L[F]/L0 is about 1.159, according to eqn (1).
For a given value of lb, the tting curve can be obtained when
the value of L[F]/L0 is changed from 1 to 1.159.

As shown in Fig. 2A, the experimental F–E curve lies between
the two tting curves, indicating that the lb value for PEG is in
the range of 0.1–0.3 nm. An analysis is carried out to nd the
optimum value for lb. The averaged deviation force, namely
ðPn

i¼1

��Fexp � Ffit
���=n, where n is the number of points in the

compared range, is plotted against lb in Fig. S5.†33 The
minimum force deviation is found at lb ¼ 0.147 � 0.001 nm,
where the value of the averaged difference (19.1 pN) is very close
to the standard deviation of the noise signal in the force
measurements (15.4 pN). As shown in Fig. 2B, the entire region
of the experimental F–E curve can be tted well by the QM-FRC
model with lb ¼ 0.147 nm.11,33

Interestingly, the tting result (0.147 nm) corresponds to the
average bond length of the C–O–C– backbone of PEG, showing
that the QM-FRC model is a structure-relevant model. The
excellent tting result in the entire force regime indicates that
the QM calculations reect the inherent single-chain elasticity
of PEG, and the QM-FRC model is appropriate for PEG. These
This journal is © The Royal Society of Chemistry 2017
results indicate that chemisorption could be used to measure
the inherent elasticity of a single PEG chain.

Previous studies showed that QM-FJC model, which was
derived from the freely-jointed chain model, can also be used to
describe the single-chain elasticity of polymers.36,37 Here in this
study, we nd that the single-chain elasticity of PEG can be
described well by QM-FJC model, when lk ¼ 0.294 nm (Fig. S6†).
In the low force region (F < 40 pN), however, there is a remark-
able difference between the tting curves of QM-FJC model and
QM-FRC model. These results are in accord with the previous
nding that these two models are equivalent if lk ¼ 2lb, when
the stretching force is high enough.37 In fact, we nd that when
F > 40 pN (the noise level is �10 pN), the two tting curves of
PEG can be superposed well, see Fig. S6† for details.

Next, the factors that may inuence the chemisorption were
studied. When visible light or catalyst (Eosin Y) was absent in the
sample preparation, respectively, no effective force signal of
polymer could be obtained in the extensive force measurements
(�3000 times approaching–stretching cycles, see Fig. S7†). These
control experiments demonstrate that both visible light and the
catalyst are necessary in the chemisorption.31 We have also per-
formed similar force measurements with different stretching
velocity (0.5–5 mm s�1), and observed no velocity dependence, see
Fig. S8.† This result indicates that the force measurements are
carried out in the quasi-equilibrium condition.11,27
RSC Adv., 2017, 7, 33883–33889 | 33885
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In addition, the force measurements have been carried out
in PBS aqueous buffer. In this case, the F–E curve of PEG present
a ngerprint plateau (see Fig. S9† for details), which is in
accordance with the literature.25
3.2 SMFS results from samples by physisorption

For physisorption, a hydroxyl-group modied tip is exploited to
capture and stretch the chain on the PEG sample of substrate-
PS. Fig. 3 shows typical F–E curves of single PEG chain ob-
tained in nonane from the sample of substrate-PS and tip-CS,
respectively. Aer normalization, these F–E curves could be
superposed well, which illustrate that both of these two sample
preparation methods can be used to measure the single-chain
mechanics of PEG.
Fig. 4 Histograms of the counts of the single PEG F–E curves in
10 000 times stretching with different concentrations obtained on the
samples of (A) substrate-PS and (B) tip-CS, respectively. The statistical
histograms of the rupture force value of PEG on the samples of (C)
substrate-PS and (D) tip-CS, respectively.
3.3 Direct comparison of chemisorption and physisorption

Subsequently, the optimum concentrations of PEG solution are
studied for both chemisorption and physisorption method,
respectively (see Fig. 4 and S10†). For each concentration,
10 000 F–E curves are collected for statistical analysis. The
optimum concentration is dened as the concentration that
corresponds to the maximum probability of single-chain event
(i.e., the peak of the Gaussian tting curve in Fig. 4A and B). For
chemisorption, the optimum concentration is 131 � 4 mg L�1,
which is much lower than that for physisorption, 1249 � 30 mg
L�1. For both of the two sample preparation methods, the
probability of the single-chain stretching event will be increased
with the increasing of the PEG solution concentration, until
a maximum is reached. Henceforth, the probability will be
decreased if the PEG concentration is increased further. The
Fig. 3 (A) Typical F–E curves of PEG obtained in nonane. The dotted
lines are obtained from the tip-CS sample, while the solid lines are
obtained from the substrate-PS sample. (B) The normalized F–E curves
of those shown in (A).

33886 | RSC Adv., 2017, 7, 33883–33889
possible reason could be that when the concentration of the
solution is too high, the resultant concentration of the polymer
chains on the sample surface will be increased so that the AFM
tip would capture multiple-chains at the same time, which will
lower the yield of the single-chain data (see Fig. S11†). Note that
for the case of tip-CS, both of the solution volume and the
concentration of the solution is reduced. In a typical case, the
chemisorption method will save about 97% raw materials
during sample preparation (see Fig. S1† for details). Thus, the
chemisorption method is more efficient than the physisorption
method. This advantage will be very valuable if the sample
polymer (for instance, a synthetic peptide) is expensive.38

Furthermore, the statistical analysis shows that the rupture
force (i.e., the peak force value at the end of polymer stretching)
for tip-CS is 1092 pN (s ¼ 160 pN), which is higher than that for
substrate-PS, 675 pN (s ¼ 140 pN), see Fig. 4. The enhanced
rupture force for tip-CS is reasonable since one end of PEG is
covalently tethered to the AFM tip, while for physisorption,
neither ends are covalently tethered. Since the polymer bridge
will be broken at the weakest point, the rupture forces corre-
spond the desorption forces of the physisorbed end from the
solid surface. Thus, the difference of the rupture forces between
the CS sample and PS sample is not very large. For the case of
substrate-PS, it is still possible (�10% in the effective F–E
curves) to obtain a high rupture force (1500–2100 pN), see
Fig. 4C. The plausible reason is that the AFM tip is very sharp
(tip radius of 10–20 nm), which will lead to a very high pressure
(�10 GPa) upon contact to the substrate (indentation force of
�5 nN). With this high pressure, strong physisorption or even
covalent bonds might be formed between the polymer chain
and tip/substrate.34

In general, a relatively high force is needed to reect more
information of the sample molecules. For example, to observe
the force induced ring-opening reaction in the gem-
dibromocyclopropane-functionalized polybutadiene chain, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 AFM images of substrate-PS (A) and substrate-CS (B).
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applied force should be higher than 1200 pN.39 It is clear that
covalent bonds are stronger than the non-covalent ones at the
single-molecule level. Thus, chemisorption would be a better
choice when a high rupture force is required in the SMFS
experiments. The advantage of physisorption is the simple
preparation. If a large number of single-molecule pulling cycle
can be carried out, the high rupture force can also be observed.
In contrast, the chemisorption method is time saving in the
force measurements.

For the sample of substrate-PS, the measured rupture force
reects the desorption force from either the AFM tip or the
substrate. Note that in this case, both the AFM tip and the
substrate are modied with hydroxyl groups. For the sample of
tip-CS, one end of the PEG chain is covalently tethered to the
AFM tip. The rest part of the chain is free for physisorption to
the substrate upon contact. The desorption signal detected
upon pulling reects the desorption force of the physisorbed
part from the hydroxyl-group modied substrate. The above
section shows that the rupture force for the sample of tip-CS is
much higher than that of the sample of substrate-PS. A plau-
sible reason for this result could be that for the substrate-PS
sample, the desorption force of PEG from the substrate is
stronger than that from the AFM tip, though both of the
surfaces are modied with hydroxyl groups. This is in good
agreement with our experience in SMFS: aer a series of pulling
cycles (�1000 times) on the substrate with physisorbed poly-
mer, the AFM tip is oen clean enough for further experiments
on the same sample. Monte Carlo (MC) simulations also shows
that this assumption is reasonable, see Section 3.4 for details.7

As what has been mentioned in the section of Sample
preparation, we have 4 kinds of samples in total. In addition to
the two kinds of samples that have been discussed above, we
also evaluate the performance of the other two kinds of
samples, i.e., the tip-PS sample and substrate-CS sample
(Scheme S1, Fig. S12†).

For the tip-PS sample, a very low yield (�1/800) of the
effective F–E curve is observed. The rupture forces of these F–E
curves mainly located around 450 pN (Fig. S13†), which is lower
than that observed on the sample of substrate-PS (675 pN) and
tip-CS (1092 pN). The lower rupture force and yield of data is
rationalized as follows. For the sample of tip-PS, any part of the
PEG chain could adsorb on the AFM tip surface by phys-
isorption. Compared to the height of the AFM tip (�6 mm), the
length of the PEG chain (<300 nm) is much shorter. Thus, the
PEG chain will have a very low possibility to extend out of the
AFM tip (Scheme S1B†), which will result in a very low yield of
data. Even if the polymer bridge is built between tip and
substrate, there will be few anchor points on the substrate,
which will lead to a low rupture force.

For the sample of substrate-CS, the most probable rupture
force is 512 pN (s ¼ 69 pN), which is lower than that observed
on the sample of tip-CS, see Fig. S14.† The yield of data (�1/360)
is also lower than that of the sample of tip-CS. The following
factors may contribute to the lower data yield and rupture force.
Since a very low concentration of the PEG solution is used, the
surface concentration of PEG chains will be very low. AFM
images that the typical surface coverage is about 0.9% for the
This journal is © The Royal Society of Chemistry 2017
substrate-CS sample, which is much lower than that for the
substrate-PS sample (�9.1%), see Fig. 5. It is expected that the
distance between two spots (PEG chains) is much larger than
the tip radius (10–20 nm), see Fig. 5B. Therefore, it is not easy to
capture a PEG chain on the substrate in a short time (i.e., several
pulling cycles). Even if a PEG chain is captured by the tip, it is
likely that only a very short part of the chain is available for
physisorption on the tip (due to the tiny size of the tip and short
chain length of PEG). Thus, there will be few anchor points of
PEG adsorbed on the tip during contact, which leads to a low
rupture force upon pulling.
3.4 Monte Carlo (MC) simulations

In the MC simulations, we assume all desorption force distri-
butions are Gaussian for convenience.

Chemisorption. We generate random number X1 from
a Gaussian distribution with m ¼ 1092 pN and s ¼ 160 pN for
10 000 times. The random number X1 represents the desorption
force of the physisorbed PEG chain from the substrate. The
histogram shows that the random number X1 follows a very
similar distribution to that of the force measurements, see
Fig. S15.†

Physisorption. In this section, we rst assume that the
desorption forces of the chain from both tip and substrate
follow the same Gaussian distribution with m ¼ 1092 pN and s

¼ 160 pN.We then generate random number X1 and X2 from the
Gaussian distribution for 10 000 times. Each time we select the
smaller number in X1 and X2 as the rupture force in that single
pulling event, since the polymer bridge always breaks at the
weakest point of the chain. The histogram shows the most
probable rupture force value of 1006 pN, which is much higher
than that obtained in the experiments (675 pN), see Fig. S16 and
S17.† This marked discrepancy implies that the previous
assumption is not reasonable. That is to say, the two distribu-
tions of the desorption forces of PEG, one from AFM tip and the
other from the substrate, should be different.

Then we try to generate random number X1 and X2 from two
different Gaussian distributions, respectively, the rst one with
m ¼ 1092 pN and s ¼ 160 pN (represents the desorption force
from substrate) and the second one with a smaller m and similar
RSC Adv., 2017, 7, 33883–33889 | 33887
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Fig. 6 The Gaussian fitting curves of the MC simulations. The red
curve presents the Gaussian distribution of the desorption force from
the substrate (X1, m ¼ 1092 pN and s ¼ 160 pN). The blue curve
presents the Gaussian distribution of the desorption force from the
AFM tip (X2, m ¼ 675 pN and s ¼ 140 pN). The cyan curve presents the
distribution of the desorption force by selecting the lower value in
each pair of X1 and X2 (m ¼ 675 pN and s ¼ 140 pN). For clarity, the
histograms are omitted.
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s value (represents the desorption force from AFM tip). Aer
trial and error, we nd that when a Gaussian distribution of m¼
675 pN and s¼ 140 pN is used to represent the desorption force
from AFM tip, the nal result of the simulations agrees well with
the results in the experiments, see Fig. 6. Note that the second
distribution used in the MC simulations (m ¼ 675 pN and s ¼
140 pN) is exactly the same to that of the experimental
desorption force for the sample of physisorption. This result
clearly shows that in the experiments, the desorption force from
AFM tip (m¼ 675 pN) is much lower than that from the substrate
(m ¼ 1092 pN). This explains well why the desorption force for
the sample of physisorption is much lower than that for the
sample of chemisorption. On the other hand, this result
predicts that a polymer chain prefers to stay on the substrate,
when the surface components of the AFM tip and substrate are
similar. This is in good agreement with our experience in SMFS:
aer a series of pulling cycles (�1000 times) on the substrate
with physisorbed polymer, the AFM tip is oen clean enough for
further experiments on the same sample.11,36

Note that in the case of physisorption, both the AFM tip and
the substrate are modied with hydroxyl groups. The lower
desorption force from the tip implies that other factors rather
than the surface components inuence the desorption force.
The following factors may contribute to the lower desorption
forces: the size and shape of the AFM tip are largely different
from that of the at substrate. In this case, the PEG chain may
have less anchor points on the AFM tip, which lead to a lower
binding force.
4. Conclusions

With two methods (physisorption or chemisorption) and two
surfaces (AFM tip or quartz substrate), four types of samples can
be prepared from the polymer solution. The performance of
these samples with the same species of PEG are directly
compared by SMFS. It is found that among these samples, two
of them, i.e., tip-CS and substrate-PS, are suitable for SMFS. The
advantage of substrate-PS is the simple preparation. In contrast,
33888 | RSC Adv., 2017, 7, 33883–33889
the advantage of tip-CS is the higher rupture force and the lower
sample consumption. The former feature will be time saving if
a high rupture force is needed in the analysis. The latter feature
will be economic when an expensive sample is used. Monte
Carlo simulations show that in the case of substrate-PS, the
polymer chain tends to detach from the AFM tip, possibly due to
the fewer anchor points. The other two types of samples, i.e., tip-
PS and substrate-CS show lower data yield and lower rupture
force. In summary, the tip-CS and substrate-PS are recom-
mended for sample preparation in SMFS. The tip-CS is the most
promising protocol, if a functionalized polymer sample is
available. Many kinds of end-functionalized polymers (espe-
cially PEG and DNA) are commercially available at present. It is
expected that more and more kinds of end-functionalized
polymers can be supplied in the future. Therefore, it is antici-
pated that the chemisorption route (with the click chemistry
and other reactions) can be used in more and more systems.
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