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scale compaction of cysteine-
modified poly(acrylic acid) brushes revealed by 3D
scanning force microscopy with frequency
modulation detection†

Akihisa Yamamoto, *a Takahiko Ikarashi, b Takeshi Fukuma, bc Ryo Suzuki, a

Masaki Nakahata,de Kazuki Miyata *bc and Motomu Tanaka *af

Stimuli-responsive polyelectrolyte brushes adapt their physico-chemical properties according to pH and

ion concentrations of the solution in contact. We synthesized a poly(acrylic acid) bearing cysteine

residues at side chains and a lipid head group at the terminal, and incorporated them into a phospholipid

monolayer deposited on a hydrophobic silane monolayer. The ion-specific, nanoscale response of

polyelectrolyte brushes was detected by using three-dimensional scanning force microscopy (3D-SFM)

combined with frequency modulation detection. The obtained topographic and mechanical landscapes

indicated that the brushes were uniformly stretched, undergoing a gradual transition from the brush to

the bulk electrolyte in the absence of divalent cations. When 1 mM calcium ions were added, the

brushes were uniformly compacted, exhibiting a sharper brush-to-bulk transition. Remarkably, the

addition of 1 mM cadmium ions made the brush surface significantly rough and the mechanical

landscape highly heterogeneous. Currently, cadmium-specific nanoscale compaction of the brushes is

attributed to the coordination of thiol and carboxyl side chains with cadmium ions, as suggested for

naturally occurring, heavy metal binding proteins.
Introduction

Stimuli-responsive polymers have attracted interest for use in
various drug delivery and microencapsulation applications
because these substances can protect and/or release materials in
response to the surrounding environment.1 In particular, poly-
electrolyte brushes have been graed on surfaces to give the
materials adaptable functionalities. In these cases, the physical
properties of the surface can be modulated based on the elec-
trostatic properties of the external media (e.g., pH and salt
concentrations).2–4 The structures and mechanical properties of
polymer brushes have beenmeasured experimentally using X-ray/
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neutron reectivity,5,6 quartz crystal microbalance with dissipa-
tion (QCM-D),7,8 tribology,9,10 and microinterferometry.11,12

Among the various techniques, atomic force microscopy
(AFM) is commonly used to investigate the mechanical prop-
erties of polymer brushes via nanoindentation.13,14 Recently,
Fukuma et al., developed three-dimensional scanning force
microscopy (3D-SFM) based on frequency modulation AFM
(FM-AFM),15 which has been utilized to construct force maps of
material surfaces. During the measurement process, a canti-
lever tip scans in the vicinity of the interface both parallel and
perpendicular to the surface, and the frequency shi of the
oscillating cantilever is recorded in 3D space. This technique
has been successful in visualizing the 3D force maps of the
surfaces of various materials in water, e.g., minerals,16,17 gra-
phene,18 graphite,19 and supported phospholipid bilayers.20 A
key advantage of this technique is that it can be used to inves-
tigate the density distribution of water at the solid/water inter-
face. By exploiting this unique functionality, 3D-SFM has been
applied to observe the ammonia-mediated hydration of poly(-
vinyl alcohol) coated surfaces.21 However, to our knowledge, no
experimental studies have demonstrated the potential of 3D-
SFM to detect dynamic modulations of hydrated polymer
brushes driven by external chemical stimuli.

In this study, we functionalized the surface of planar lipid
membranes (i.e., supported membranes)22,23 with poly(acrylic
Nanoscale Adv., 2022, 4, 5027–5036 | 5027
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Fig. 1 Chemical structure of DOPE-pAA-Cys5 and schematic illus-
tration of the experimental procedure whereby a lipid monolayer is
formed from a suspension of small unilamellar vesicles (SUV) and anN-
octadecyltrimethoxysilane (ODTMS) monolayer on silicon wafers.
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acid) brushes bearing cysteine side chain functional groups
(pAA-Cys) by incorporating the lipids covalently coupled with
pAA-Cys (i.e., DOPE-pAA-Cys5) into the matrix lipids (Fig. 1). In
these materials, pAA-Cys5 moieties interact with divalent Cd2+

ions similar to naturally occurring proteins24 because pAA-Cys
has both –SH and –COOH groups. We investigated how pAA-
Cys brushes adapt their structure and mechanical landscape
near the interface following the addition of Cd2+ ions. We used
lipids and lipopolymers with identical hydrocarbon chains to
prevent phase separation.25 The lateral average distance
between lipopolymer molecules hdi can be precisely controlled
by taking advantage of the self-assembling nature of lipids and
lipopolymers and tuning the molar fraction of lipopolymers
clipo, such that

hdi ¼ (Alipid/clipo)
0.5, (1)

where Alipid is the cross-sectional area of one lipid molecule
(Alipid z 0.6 nm2).26,27 The topographies and 3D frequency shis
in the vicinity of the brush/electrolyte interface in the presence
and absence of Cd2+ ions weremeasured using two-dimensional
FM-AFM (2D-FM-AFM) and 3D-SFM to monitor the structural
and mechanical responses of pAA-Cys brushes to Cd2+ ions.
Moreover, we examined the ion-specicity of pAA-Cys–Cd2+

interactions based on systematic comparisons of the 2D and 3D
maps in the presence of Ca2+ ions.
Materials and methods
Chemicals and reagents

Sodium chloride (NaCl), cadmium chloride (CdCl2), toluene, and
n-butylamine were purchased from Nacalai Tesque (Kyoto,
Japan). Calcium chloride (CaCl2) was purchased fromWako Pure
Chemical Industries, Ltd. (Osaka, Japan). Tris(hydroxymethyl)
aminomethane, S-trityl-L-cysteine and 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid
(DDMAT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were
5028 | Nanoscale Adv., 2022, 4, 5027–5036
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Texas
Red™ 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
triethylammonium salt (Texas Red™DHPE) was purchased from
Invitrogen (Carlsbad, CA, USA). N-Octadecyltrimethoxysilane
(ODTMS) was purchased from Fluorochem Ltd. (Derbyshire, UK).
Potassium hydroxide (KOH), sodium hydroxide (NaOH), acryloyl
chloride, acrylic acid (AA), dimethyl sulfoxide (DMSO), acetone,
hexane, triuoroacetic acid (TFA), diethyl ether, 4,40-azobis(4-
cyanovaleric acid) (ACVA), N-hydroxysuccinimide (NHS), N,N-
dimethylformamide (DMF), 4 Å molecular sieves, dichloro-
methane (DCM), and triethylamine (Et3N) were obtained from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). Ethanol was
purchased from Japan Alcohol Trading Co., Ltd. (Tokyo, Japan),
and Si wafers were obtained from SUMCO (Tokyo, Japan). Water
from a Millipore Integral system (Merck, Darmstadt, Germany)
was used throughout this study.

Synthetic methods
1H-NMR spectra were recorded at 400 MHz with a JNM-ECS400
NMR spectrometer (JEOL, Tokyo, Japan). For all NMR
measurements, chemical shis were referenced to the solvent
values (d ¼ 2.49 or 7.26 ppm for DMSO-d6 or CDCl3, respec-
tively). Silica gel column chromatography was performed using
a Biotage Isolera One instrument (Biotage AB, Uppsala, Sweden)
equipped with a SNAP Ultra Column cartridge. Gel permeation
chromatography (GPC) measurements of DOPE-pAA-Cys5 was
carried out using a high performance liquid chromatography
(HPLC) system (CBM-20A/LC-20AD/SIL-10AXL/DGU-20 A3R/
CTO-20AC, Shimadzu, Kyoto, Japan) equipped with an SB-804
HQ column (Shodex, Tokyo, Japan) and a refractive index (RI)
detector (RID-20A, Shimadzu, Kyoto, Japan), using Tris–HCl
buffer (10 mM) containing 100 mM NaCl as an eluent at a ow
rate of 0.7 mL min�1 at 25 �C. ReadyCal-Kit polyethylene glycol
(PEG) (PSS GmbH, Mainz, Germany) was used as the calibration
standard. S-Trityl-L-cysteine acrylamide (S-Tri-Cys-AAm) was
prepared according to a previous report.28

Synthesis of ACVA-DOPE

ACVA-DOPE (Fig. S1†) was prepared according to a previous
report.29 ACVA-NHS (250 mg, 0.53 mmol), DOPE (939 mg, 1.3
mmol), and Et3N (175 mL, 1.3 mmol) were dissolved in 50 mL of
DCM dried with 4 Å molecular sieves. Volatile chemicals were
evaporated aer stirring the solution for 3 d at room tempera-
ture. Hexane (10 mL) was added to the residue, and the mixture
was allowed to stir for 2 d, followed by ltration with a 0.45 mm
poly(tetrauoroethylene) (PTFE) lter. Aer evaporation of the
solvent, ACVA-DOPE was obtained as a colorless oil.

Synthesis of the DOPE-pAA-Cys5 lipopolymer

DOPE-pAA-Cys5 was synthesized via copolymerization of S-Tri-
Cys-AAm and AA, using ACVA-DOPE as an initiator and
DDMAT as a chain transfer agent, followed by deprotection of
the trityl group with TFA. Briey, S-tri-Cys-AAm (0.05 mmol), AA
(0.95 mmol), ACVA-DOPE (0.01 mmol), and DDMAT (0.01
mmol) were dissolved in 1 mL of ethanol dried with 4 Å
molecular sieves. The solution was purged with nitrogen gas for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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1 h, sealed, and heated in an oil bath at 70 �C overnight. Aer
cooling to room temperature, the solution was poured into
diethyl ether (10 mL) with stirring. The resulting precipitate was
collected by centrifugation (3500 rpm, 5 min). Aer decanting
the supernatant, TFA (1 mL) was added, and the mixture was
stirred for 1 h at room temperature. The solution was poured
into diethyl ether (10 mL). The resulting precipitate was washed
with diethyl ether (2 � 10 mL) and dried under vacuum at room
temperature. Successful polymerization and deprotection were
conrmed by 1H-NMR.

Functionalization of solid substrates with the ODTMS
monolayer

Silicon wafers were cut into 10 � 10 mm squares and immersed
in a 3 : 1 mixture of H2SO4/H2O2 for 15 min to obtain a hydro-
philic surface. Aer thorough rinsing with water, the samples
were dried under N2 gas and stored in a vacuum chamber at
70 �C. Then, the wafers were immersed in a mixture containing
80 mL toluene, 4.2 mL ODTMS, and 0.4 mL n-butylamine,
sonicated for 60 min at 10 �C, and let stand for another 30 min.
To remove residual chemicals, the samples were rinsed, then
sonicated for 2 min in toluene and stored in a vacuum chamber
at 70 �C. The quality of the ODTMS coating was conrmed aer
each preparation based on the water contact angle, q > 90�.30

Preparation of the supported membrane

Mixtures of DOPC/DOPE-pAA-Cys5 ¼ 95 : 5 mol% or DOPC/
DOPE-pAA-Cys5/Texas-Red-DHPE ¼ 94 : 5 : 1 mol% were sus-
pended in isopropanol. Lipid dry lms were prepared following
the gentle evaporation of isopropanol by a ow of N2 gas in
a glass vial and storage in a vacuum chamber at room temper-
ature overnight. The lms were resuspended at a nal concen-
tration of 1 mg mL�1 in 100 mM NaCl buffered with 10 mM
Tris–HCl (pH ¼ 7.4). The products were then sonicated for
30 min at �1 W using a tip sonicator (XL2000-600, Misonix,
Newtown, CT, USA) and centrifuged (Sorvall Legend Micro 21R,
Thermo Scientic, Waltham, MA, USA) to obtain a suspension
of small unilamellar vesicles (SUV). The SUV suspensions were
then incubated onto the ODTMS-functionalized solid substrates
overnight (Fig. 1). Aer thorough pipetting to remove excessive
SUVs, the solution was replaced with fresh 10 mM Tris–HCl
buffer solutions (pH ¼ 7.4) containing designated metal ions
(e.g., 100 mM NaCl, 100 mM NaCl + 1 mM CaCl2, or 100 mM
NaCl + 1 mM CdCl2) by exchanging the solutions at least 10
times of the initial volume using a pipette. The lateral average
distance between the lipopolymer molecules, hdi ¼ 3.6 nm, was
calculated from eqn (1), using the cross-sectional area of the
single phospholipid membrane Alipid z 0.6 nm2 and the molar
fraction of lipopolymers clipo ¼ 0.05.

Optical microscopy

Fluorescence microscopy images were captured with a Zeiss
Axiovert microscope (Carl Zeiss, Oberkochen Germany) equip-
ped with a digital CMOS camera (ORCA-Flash4.0, Hamamatsu
Photonics, Shizuoka, Japan) and an LED illumination system
(X-Cite 120LED, Excelitas technologies, Waltham, MA, USA).
© 2022 The Author(s). Published by the Royal Society of Chemistry
AFM measurements

AFM measurements were performed using a custom-built AFM
instrument with an ultralow-noise cantilever deection sensor
and a highly stable photothermal cantilever excitation
system.31–33 The AFM was controlled with a commercially
available controller (ARC2, Oxford Instruments, Oxfordshire,
UK) using a modied soware. A commercially available phase-
locked loop circuit (Nanonis OC4, SPECS, Berlin, Germany) was
used to oscillate the cantilever at its resonance frequency in
liquid f0 with a constant amplitude and to detect the frequency
shi Df induced by the force variation. The cantilevers (160AC,
OPUS, Soa, Bulgaria) with a nominal spring constant k ¼ 26 N
m�1 were used. The f0 and the quality factor Q were determined
for each measurement; f0 ¼ 120.2 kHz and Q ¼ 7.8 in 100 mM
NaCl, f0¼ 137.9 kHz and Q¼ 8.0 in 100mMNaCl + 1mMCaCl2,
and f0 ¼ 139.0 kHz and Q ¼ 8.9 in 100 mM NaCl + 1 mM CdCl2.
The cantilever tips were coated with an Si thin lm using
a sputter coater (KST-CSPS-KF1, K's Tech, Ibaraki, Japan) to
obtain an apex diameter of approximately 20 nm.34

For the 2D-FM-AFM measurements, a square 500 � 500 nm
area was scanned at a scan rate of 1 Hz (512 � 512 pixels), with
the setpoint Dfsp ¼ 488 Hz.

For the 3D-SFM measurements, the cantilever tip scanned
vertically following a rapid sinusoidal curve, while slowly
scanning in the lateral direction. During this tip scan, the Df
induced by the force variation was recorded to produce a 3D Df
image; the tip-sample distance was regulated continuously
such that the average Df was equal to a setpoint value Dfsp. This
allowed us to simultaneously obtain a 3D Df image and a 2D
height image. Sections of 100 � 100 nm in area with a height
of 6 nm (for NaCl and NaCl + CaCl2 solutions) or 8 nm (for
NaCl + CdCl2 solutions) were scanned (128 � 128 � 256 pixels)
with a constant setpoint to compare the forces measured in all
the buffer solutions. In this study, we carefully optimized the
setpoint at 3.9 kHz, at which we could gain the highest
contrast.
Data analysis

AFM data were processed with the open-source soware,
Gwyddion,35 to analyze the topography images and a self-written
program in LabVIEW (National Instruments, Austin, TX, USA) to
analyze the 3D-SFM images.

The autocorrelation analysis of the topography images was
conducted using a self-written algorithm in MATLAB 2021b
(Natick, MA, USA). For a given image Dh(x,y) consisting of (m �
n) pixels, the autocorrelation G can be calculated as follows:

GðDx;DyÞ ¼
X
x

X
y

Dhðx� Dx; y� DyÞ$Dhðx; yÞ=ðm$nÞ; (2)

where Dx and Dy represent the lag from the corresponding x
and y positions, respectively. However, this denition is
computationally laborious. Therefore, the autocorrelation of an
image was calculated using the Wiener–Khinchin theorem via
fast Fourier transforms, which is dened as

G ¼ F�1{jF(Dh(x,y))j2}/(m$n) (3)
Nanoscale Adv., 2022, 4, 5027–5036 | 5029
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where F and F�1 are the fast Fourier transform and inverse fast
Fourier transform, respectively.

The vertical Df curves plotted as a function of the height were
converted to force curves according to Sader's model,36 where
the interaction force between the tip and sample F is expressed
as shown in eqn (4),

FðzÞ ¼ 2k

ðN
z

" 
1þ a1=2

8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðt� zÞp

!
UðtÞ � a3=2

8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiðt� zÞp dUðtÞ

dx

#
dt;

(4)

where U(t) ¼ Du(z)/u0, with u0 ¼ 2pf0 and Du ¼ 2pDf, and a is
the amplitude of the oscillation. The processed data were
further analyzed in IGOR Pro (WaveMetrics, Portland, OR, USA).
Results and discussion
Synthesis and characterization of DOPE-pAA-Cys5

First, DOPE-pAA-Cys5 was synthesized via reversible addition–
fragmentation chain transfer (RAFT) copolymerization using
ACVA-DOPE as a radical initiator with a DOPE moiety. Fig. S1†
shows the 1H-NMR spectra of ACVA-DOPE and DOPE-pAA-Cys5.
Peaks corresponding to ACVA-DOPE were also observed in the
NMR spectrum of DOPE-pAA-Cys5. Fig. S2† shows the GPC trace
of DOPE-pAA-Cys5, which gave a unimodal peak with Mw ¼ 7.1
� 103 (PEG standard) and Mw/Mn ¼ 1.9. These results indicate
that the polymer was successfully synthesized with DOPE at the
end.
Formation of supported lipid membranes doped with the
lipopolymer

The formation of a DOPC monolayer incorporating 5 mol%
DOPE-pAA-Cys5 was monitored by doping 1 mol% Texas Red-
DHPE (refer to the Materials and methods section). The
acquired image (Fig. 2) shows a uniform uorescence signal,
Fig. 2 Fluorescence image of a supported membrane (DOPC/DOPE-
pAA-Cys5/Texas Red DHPE ¼ 94 : 5 : 1 mol%) on a glass cover slip
coated with an ODTMS monolayer, verifying the formation of
a uniform lipid monolayer incorporating DOPE-pAA-Cys5. Scale bar:
50 mm.

5030 | Nanoscale Adv., 2022, 4, 5027–5036
indicating that the lipids and lipopolymers formed a homoge-
neous monolayer on the hydrophobic ODTMS surface with no
sign of phase separation. It is noted that the circular bright
spots in the image could be SUVs remaining on the supported
membrane aer rinsing.
Cd2+ ions induce roughening of the pAA-Cys5 polymer brush

The topographic proles of the DOPC/DOPE-pAA-Cys5 mono-
layer surface in the absence or presence of divalent cations were
characterized using 2D-FM-AFM. The minimum positional
height Dh in the eld of view is dened as Dh ¼ 0 nm. In the
absence of divalent cations, the surface of the pAA-Cys5 brush
had a smooth topographic prole (Fig. 3a, top). The line prole
corresponding to the dashed line indicates that the height
uctuation was well below �1 nm (Fig. 3a, bottom). The root
mean square (RMS) roughness calculated from the 100 �
100 nm area at the center was RMS0 ¼ 0.23 nm. When 1 mM
CaCl2 was added to the solution, the brush surface remained
smooth, with a RMSCa ¼ 0.15 nm (Fig. 3b). Remarkably, the
topographic prole of the brush surface was distinct in the
presence of 1 mM CdCl2, exhibiting dense hemi-ellipsoidal
protrusions (Fig. 3c, top). The calculated RMSCd ¼ 1.47 nm
was signicantly larger than those obtained under the other
studied conditions.

To examine whether pAA-Cys5 brushes adopt specic struc-
tural features in the absence or presence of divalent cations, we
calculated the autocorrelations of the topographical images
(Fig. 3d–f) via fast Fourier transformation within the framework
of the Wiener–Khinchin theorem (refer to the Materials and
methods section). As presented in Fig. 3d, the autocorrelation
map reveals no characteristic features in the absence of divalent
cations. Similarly, the autocorrelation function remained
featureless when 1 mM CaCl2 was added to the solution
(Fig. 3e). The featureless autocorrelation maps in Fig. 3d and e
are consistent with the uniform topographic proles in Fig. 3a
and b. In contrast, when 1 mM CdCl2 was added to the solution,
the autocorrelation map (Fig. 3f) showed a distinct pattern.
First, we found an intense peak in the center of the autocorre-
lation map corresponding to the characteristic sizes of protru-
sions. From the full width at half maximum (FWHM) of the
intensity prole along the major and minor axes (Fig. 3f, inset),
the characteristic lengths were determined to be 41 nm and
22 nm, respectively. It should be noted that these values are
much larger than the lateral average distance between lip-
opolymer molecules hdi ¼ 3.6 nm. Even though the object size
might be overestimated due to technical artifacts such as the
nite size effect of the cantilever tip37,38 and a thermal dri
during scanning, each protrusion might consist of multiple
polymer chains. Secondly, similarly intense local maxima were
observed around the central peak in the autocorrelation map,
which indicates that these protrusions were densely packed.
However, there is no clear pattern in the autocorrelation map,
suggesting that these protrusions do not take any distinct
pattern in the presence of Cd2+. To conrm this point, we per-
formed the fast Fourier transform (FFT) of the topographic
prole (Fig. S3†) and found no distinct patterns, suggesting that
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 2D-FM-AFM topography measurements of pAA-Cys5 polymer brushes. (a–c, top) 2D images of polymer brushes in (a) 100 mM NaCl, (b)
100mMNaCl + 1mMCaCl2, and (c) 100mMNaCl + 1mMCdCl2, and (bottom) line profiles obtained at the dashed lines in 2D images. Scale bars:
100 nm. (d–f) Autocorrelation maps of the topography images shown in (a–c); (d) 100mMNaCl, (e) 100 mMNaCl + 1 mM CaCl2, and (f) 100 mM
NaCl + 1 mM CdCl2. Scale bars: 100 nm. (f, inset) The line profiles along the major and minor axes of the central peak and their best Gaussian fits.
The profiles are shifted vertically for the clarity.
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these protrusions do not form a 2D lattice. This nding seems
reasonable as both lipids and lipopolymers are in a uid La
phase, in which hydrocarbon chains are disordered and
uniformly mixed. It is also notable that the central ellipse
showed a slight tilt with respect to the horizontal scanning
direction, which might be caused by a thermal dri. However,
we were not able to correct the topographic proles, because
there was no reference pattern with clear order.39,40 Thus,
although the topographic proles might be distorted due to
dri, the autocorrelation analysis suggested that pAA-Cys5
brushes formed uniformly sized protrusions and assembled
randomly only in the presence of Cd2+ ions.

Cd2+ ions induce an inhomogeneous Df eld near the
interface

In the next step, we investigated how Cd2+ and Ca2+ ions
modulated the nanoscopic mechanical landscape in the vicinity
of pAA-Cys5 brush surfaces. Fig. 4a–c show the 3D Dfmaps over
© 2022 The Author(s). Published by the Royal Society of Chemistry
a 100 � 100 nm � 4 nm area. The bottom planes of each 3D
map (where Dz ¼ 0 nm) coincide with the topographical
surfaces determined with a setpoint value of Dfsp (refer to the
Materials and methods section), which can vary at each xy
position. A transparency lter was applied to the color map to
visualize the high Df regions (Fig. S4†). The pAA-Cys5 brushes in
NaCl solution showed uniformly low Df values near the surface
(Fig. 4a). Notably, Df gradually converged to the level in the
bulk. The 3D Df map in the presence of an additional 1 mM
CaCl2 (Fig. 4b) also shows a uniform prole near the surface.
However, in this case, the transition to the bulk occurred more
sharply at a shorter distance, which suggested uniform
compaction of pAA-Cys5 brushes. In the presence of an addi-
tional 1 mM CdCl2 (Fig. 4c), the 3D Df map is distinct. The 3D
maps reveal heterogeneous domains, similar to those observed
in the 2D topographical map (Fig. 3c).

To gain further insight into the transition from the brush to
the bulk electrolyte, we extracted the xz cross-sections from the
Nanoscale Adv., 2022, 4, 5027–5036 | 5031
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Fig. 4 3D-SFM measurements of pAA-Cys5 polymer brushes. (a–c) 3D Df maps in (a) 100 mM NaCl, (b) 100 mM NaCl + 1 mM CaCl2, and (c)
100 mM NaCl + 1 mM CdCl2. (d–f) xz cross-sections of Df images in (d) 100 mM NaCl, (e) 100 mM NaCl + 1 mM CaCl2, and (f) 100 mM NaCl +
1 mM CdCl2, corresponding to the white shaded planes in the 3D Dfmaps in (a–c). Scale bars: 20 nm in the horizontal direction and 2 nm in the
vertical direction. (g–i) IndividualDf–Dz curves (thin lines) extracted from (d–f), and their averages (thick lines); (g) 100mMNaCl, (h) 100mMNaCl
+ 1 mM CaCl2, and (i) 100 mM NaCl + 1 mM CdCl2. (j) Root mean squared “roughness” of Df as a function of Dz.
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3D Df maps. As shown in Fig. 4d, the Df value of pAA-Cys5 in
NaCl decayed to that of the bulk level over a depth of 4 nm. This
relatively broad transition from the polymer to the bulk elec-
trolyte can be attributed to weak forces originating from the
conformational uctuations of hydrated pAA-Cys5 brushes. In
the electrolyte containing additional Ca2+ (Fig. 4e), the width of
the transition zone was approximately 2 nm, which was nar-
rower than in the NaCl buffer. This result suggests that pAA-
Cys5 brushes became compact in the presence of Ca2+, similar
to other negatively charged polymers.41–43 Remarkably, the xz
cross-section of pAA-Cys5 in the presence of Cd2+ (Fig. 4f) was
generally heterogeneous in the x-direction, which is different
from the other conditions. Some regions had Df values
comparable to those of the bulk phase and were attributed to
gaps/defects. In fact, the lateral size of “triangular” features with
high Df values near Dz ¼ 0 nm (indicated by white arrows) was
similar to that of the hemi-ellipsoidal protrusions observed in
5032 | Nanoscale Adv., 2022, 4, 5027–5036
the 2D topography map (Fig. 3c). Fig. 4g–i present the frequency
shi curves (Df–Dz), which highlight the differences in the
shapes and widths of the “polymer-to-electrolyte transitions”.
The thick solid lines represent the mean of 128 curves collected
from the xz cross-sections shown in Fig. 4d–f. In the buffer
containing only NaCl (Fig. 4g), the onset of Df increase was
observed at Dz z 4 nm. The individual Df–Dz proles overlap
with one another, indicating that the mechanical properties
near the brush/electrolyte interface are uniform over the
surface. In the buffer containing additional Ca2+ ions (Fig. 4h),
Df begins increasing at Dz z 2 nm. When 1 mM CdCl2 was
added to the buffer (Fig. 4i), the Df–Dz proles become signi-
cantly more heterogeneous. Most Df–Dz proles show an onset
of increase at Dzz 2 nm, while others show an increase starting
at Dz # 1 nm. The RMS “roughness” of Df was plotted as
a function of Dz to obtain another measure of the heterogeneity
of mechanical properties near the brush/electrolyte interface
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 4j). The presence of Cd2+ ions led to an inhomogeneous Df
prole in the vicinity of Dz¼ 0 nm, although this heterogeneous
Df distribution converges to that of the other conditions already
at Dz $ 2 nm.
Ion-specic modulation of the mechanical properties of pAA-
Cys5 brushes

We further analyzed the 3D-SFM data to examine whether the
topographical heterogeneity characterized by hemi-ellipsoidal
protrusions was correlated with the mechanical heterogeneity
of pAA-Cys5 brushes in the presence of Cd2+ ions. Fig. 5a shows
the Dh prole of the pAA-Cys5 brush surface in the presence of
1 mM CdCl2 scanned over an area of 100 � 100 nm. The cor-
responding Df prole at Dz ¼ 0 nm measured by 3D-SFM is
presented in Fig. 5b. We selected four representative points: two
near the top of the protrusions (Dh ¼ 4.2 and 3.4 nm, indicated
by a white square and a white diamond, respectively) and two in
Fig. 5 Correlations between the surface topography and mechanical
heterogeneity of pAA-Cys5 polymer brushes in 100 mM NaCl + 1 mM
CdCl2 based on 3D-SFM mapping. (a) Surface topography. A white
square and a white diamond indicate the positions of representative
topographically high points (Dh ¼ 4.2 and 3.4 nm, respectively), and
a grey circle and a grey triangle indicate the positions of representative
topographically low points (Dh ¼ 2.6 and 1.3 nm, respectively). (b) 2D
map ofDf at theDz¼ 0 plane. Scale bars: 20 nm. (c and d) Force curves
measured at (c) the protrusions and (d) the smooth regions; baselines
are offset for clarity. (e) A schematic presentation of pAA-Cys5 brushes
on a phospholipid monolayer and lateral stiffness distribution in the
presence of Cd2+ ions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the lower, smoother regions (Dh ¼ 2.6 and 1.3 nm, indicated by
a grey circle and a grey triangle, respectively). Using eqn (4), the
Df obtained from 3D-SFM can be converted into a force F to
obtain force curves. Fig. 5c and d show the force curves from the
protrusions and smooth regions, respectively. The increase in F
during the approach is notably sharper in the protrusions
(Fig. 5c) relative to that in the smooth regions (Fig. 5d), which
suggests that the protrusions are stiffer than the smooth
regions. In general, such a force–distance relationship can be
used to calculate Young's modulus E of the lms using
a modied Hertz model44,45 as expressed in eqn (5),

F ¼ 4

3

E

1� m2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Rdind

3

q
; (5)

where dind is the indentation depth, m is Poisson's ratio, and R is
the tip radius. However, it is well established that AFM inden-
tation data for a thin lm on a stiff substrate cannot be treated
with a conventional Hertz model because the lm deformation
is limited under a high load.46,47 If the lm is soer than the
underlying solid substrate, one can analytically calculate
Young's modulus of very thin, so lms using a transition
function that linearly connects the inuence of two elastic
layers, i.e., the lm and the substrate48,49 as shown in eqn (6),

1

E
¼
�
1� eadind=d

�
EF

þ eadind=d

ES

; (6)

where E is the combined Young's modulus, EF and ES are
Young's moduli of the lm and substrate, respectively, and d is
the lm thickness. In eqn (6), a is an empirical parameter
characterizing the sharpness of the transition. Previously, we
applied this model to calculate Young's moduli of dendronized
oligoethylene glycol monolayers and determined how the
number and length of branches affected the lm elasticity.50

However, this approach was not used in the present study
because the experimental system consists of ve distinct layers:
the (i) Si wafer, (ii) ODTMS monolayer, (iii) phospholipid
monolayer, (iv) pAA-Cys5 brush layer, and (v) electrolyte. Within
the framework of this model, the sharpness of the transition at
each interface is approximated by using an empirical param-
eter. Moreover, the precise determination of each layer's
thickness is a prerequisite for calculating Young's modulus with
the transition function,48,49 which is non-trivial in this multi-
layered system. Furthermore, it is possible that high-speed
indentation at an oscillation frequency of 130 kHz may result
in an overestimation of Young's modulus because the visco-
elastic response of the so polymer brush interface may not be
accurately captured.51

Additionally, the lateral shi between the Dh map (Fig. 5a)
and the Dfmap at Dz ¼ 0 nm (Fig. 5b) appeared because during
the 3D-SFM measurements, the feedback gain was optimized
for the vertical sinusoidal oscillation of the cantilever. This
enabled the sensitive detection of Df without scratching the
surface; however, it also caused a slight delay in the adjustment
of the average vertical position of the cantilever. Although
a quantitative Emap could not be obtained, a direct comparison
of Dh and Dfmaps enables us to connect the surface topography
and mechanical properties on the nanoscale. Currently we
Nanoscale Adv., 2022, 4, 5027–5036 | 5033

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00350c


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
2/

20
25

 1
:5

7:
28

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
interpret that the “stiffer protrusions” correspond to collapsed
pAA-Cys5 brushes and the “soer, smoother regions” to the
underlying phospholipid monolayer (Fig. 5e).

Fig. S5† shows the overlayed force curves extracted from
Fig. 4g–i. Similar to the corresponding Df curves (Fig. 4g), the
force curves in NaCl buffer overlap with one another, showing
a slow increase to F ¼ 3.5 nN at the interface with the onset of F
increase at Dh ¼ 4 nm (Fig. S5a†). This is reasonable because
the interface between hydrated polyelectrolyte brushes and the
electrolyte is diffusive.52,53 In the presence of an additional
1 mM CaCl2, the onset of F increase was observed at a shallower
position (Dh ¼ 2 nm), and F increased to F ¼ 2 nN at the
interface (Fig. S5b†). A minor deviation in the force curves
indicated that the pAA-Cys5 brushes were uniformly compacted
and therefore stiffened following the binding of Ca2+ ions.
Interestingly, the force curves in the presence of Cd2+ ions
showed a much more pronounced deviation (Fig. S5c†). Both
the onset of F increase and the F value at Dh ¼ 0 nm exhibited
wide distributions, implying that pAA-Cys5 brushes formed stiff
domains on the surface of the phospholipid monolayer. The
formation of collapsed domains in the presence of Cd2+ ions
suggested that the compaction-induced dehydration of pAA-
Cys5 brushes altered the affinity of the solvent (water) to
monomers. Further investigations, including in situ observa-
tions of changes in the viscoelasticity of pAA-Cys5 using 3D-SFM
or other techniques (e.g., QCM-D) would provide further
insights into the ion-specic, dynamic modulation of poly-
electrolyte brushes.

Conclusions

In this study, we investigated the modulation of topography and
mechanical properties of supported lipid monolayers incorpo-
rating lipids functionalized with linear poly(acrylic acid) chains
with cysteine side chains (DOPE-pAA-Cys5) induced by different
metal ions. We found that the topographical prole of pAA-Cys5
brushes obtained by 2D-FM-AFM in the electrolyte containing
no divalent cation (100 mM NaCl, 10 mM Tris–HCl, pH ¼ 7.4)
was very homogeneous, whose RMS0¼ 0.23 nm (Fig. 3a). In fact,
autocorrelation analysis of Dh showed no clear feature (Fig. 3d).
The mechanical landscape, characterized by the 3D Df map
(Fig. 4a) and its xz cross-section (Fig. 4d), was also highly
uniform, suggesting that the hydrated pAA-Cys5 brushes are
stretched into the bulk electrolyte. The slow increase in the Df–
Dz curves (Fig. 4g) and a very low RMS(Df) ¼ 0.24 kHz at Dz ¼
0 nm (Fig. 4j) implied a smooth transition from the polymer to
the bulk electrolyte.

The addition of 1 mM CaCl2 caused a distinct change in both
topographical andmechanical properties of the brush/electrolyte
interface. In the presence of Ca2+ ions, pAA-Cys5 brushes became
smoother, which could be characterized by the very small
roughness, RMSCa ¼ 0.15 nm (Fig. 3b) with no characteristic
feature (Fig. 3e). The 3D Df map and its xz cross-section (Fig. 4b
and e) were smoother, and the increase in Df was much sharper
(Fig. 4h) than the corresponding values obtained in the absence
of Ca2+ ions, RMS(Df)¼ 0.37 kHz atDz¼ 0 nm (Fig. 4j), indicating
that pAA-Cys5 brushes are uniformly compacted by the presence
5034 | Nanoscale Adv., 2022, 4, 5027–5036
of Ca2+ ions. The most remarkable difference was observed when
1mMCdCl2 was added to the electrolyte. The surface topography
became very rough (RMSCd ¼ 1.47 nm, Fig. 3c), displaying hemi-
ellipsoidal features. The autocorrelation analysis suggested that
these protrusions had a similar size and assembled randomly
(Fig. 3f). Accordingly, the 3D Df map became highly heteroge-
neous (Fig. 4c), and the xz cross-section (Fig. 4f) clearly indicates
the coexistence of stiff protrusions and defects. The heterogeneity
of the mechanical landscape was clearly visible from a broad
distribution of the Df–Dz curves, resulting in RMS(Df) ¼ 1.90 kHz
at Dz ¼ 0 nm (Fig. 4j). These data suggest that pAA-Cys5 brushes
“collapsed” in the presence of Cd2+ ions, where water might not
be a good solvent for pAA-Cys5.

3D-SFM also provides with a unique possibility to correlate
nanoscale heterogeneities in the surface topography (Fig. 5a)
and the mechanical landscape (Fig. 5b) observed in the pres-
ence of Cd2+ ions. The force curves extracted from 2 � “higher”
positions (Fig. 5c) and 2 � “lower” positions (Fig. 5d) showed
distinctly different increases. Although the quantication of
mechanical parameters, such as Young's modulus, from the
force curves was not possible with our multilayered lipid/
polymer systems, a sharper increase in Df shown in Fig. 5c
suggests that the higher regions (protrusions) are stiffer than
the lower region showing a markedly slower increase, as sche-
matically shown in Fig. 5e.

It should be noted that the change in chain conformation
and mechanical properties of the polymer brush induced by
Cd2+ ions are reversible, as we recently demonstrated by using
quartz-crystal microbalance with dissipation (QCMD).54 The
compaction and stiffening of the polymer brush due to Cd2+

ions observed in the current study coincide well with the
decrease in the frequency and the increase in the energy dissi-
pation measured by QCMD. We currently interpret that the
Cd2+-specic compaction of pAA-Cys5 brushes originates from
the coexistence of both –SH and –COOH moieties, which share
common features with the naturally occurring proteins that
form coordination complexes with heavy metal ions, because
the polymers lacking either –SH or –COOH moieties showed no
remarkable response to Cd2+ ions.54 More detailed structural
studies on the coordination complex analysis with NMR or the
change in vibrational bands using infrared spectroscopy will
allow for the molecular-level mechanism understanding of the
observed ion-specic response and the rational design of
adaptable polymer brushes that are modulated by specic ions.
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