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ABSTRACT: Elucidation of protein adsorption beyond simple polymer surfaces to those
presenting greater chemical complexity and nanoscopic features is critical to developing well-
controlled nanobiomaterials and nanobiosensors. In this study, we repeatedly and faithfully
track individual proteins on the same nanodomain areas of a block copolymer (BCP) surface
and monitor the adsorption and assembly behavior of a model protein, immunoglobulin G
(IgG), over time into a tight surface-packed structure. With discrete protein adsorption events
unambiguously visualized at the biomolecular level, the detailed assembly and packing states
of IgG on the BCP nanodomain surface are subsequently correlated to various regimes of IgG
adsorption kinetic plots. Intriguing features, entirely different from those observed from
macroscopic homopolymer templates, are identified from the IgG adsorption isotherms on
the nanoscale, chemically varying BCP surface. They include the presence of two Langmuir-
like adsorption segments and a nonmonotonic regime in the adsorption plot. Via correlation
to time-corresponding topographic data, the unique isotherm features are explained with
single biomolecule level details of the IgG adsorption pathway on the BCP. This work not only provides much needed, direct
experimental evidence for time-resolved, single protein level, adsorption events on nanoscale polymer surfaces but also signifies
mutual linking between specific topographic states of protein adsorption and assembly to particular segments of adsorption
isotherms. From the fundamental research viewpoint, the correlative ability to examine the nanoscopic surface organizations of
individual proteins and their local as well as global adsorption kinetic profiles will be highly valuable for accurately determining
protein assembly mechanisms and interpreting protein adsorption kinetics on nanoscale surfaces. Application-wise, such knowledge
will also be important for fundamentally guiding the design and development of biomaterials and biomedical devices that exploit
nanoscale polymer architectures.

■ INTRODUCTION

Understanding protein adsorption to polymer surfaces is of
paramount importance because the ubiquitous phenomenon of
protein adsorption onto solid surfaces governs a wide range of
protein mediated processes in biomaterials, biosensors, implant
devices, tissue engineering, and food packaging.1−8 In recent
years, polymeric surfaces in these applications have become
increasingly sophisticated, often containing nanoscale topo-
logical and chemical features to facilitate high miniaturization
and functional versatility of biomaterials and biosensor
devices.9−16 In particular, block copolymers (BCPs) have
shown growing relevance and utility in biomedical and
biological applications.9,10,15,16 BCPs can be thermodynami-
cally or kinetically controlled to produce periodically arranged,
nanoscale patterns of controlled sizes and shapes via self-
assembly.17−22 The resulting surfaces of BCP nanodomains,
conveniently produced after a self-driven phase separation
process of the BCP blocks, can be exploited as nanotemplates
to effectively organize proteins in a well-controlled manner for
various biomedical applications.13,23−25 Therefore, it is critical
to understand protein adsorption pathways and kinetics on the
chemically varying BCP nanodomain surfaces whose character-

istic feature sizes on the surface are at the length scale
commensurate to the dimensions of individual proteins.
We have made research efforts in this regard.12,13,26−28 For

example, we have shown that globular proteins such as
immunoglobulin G (IgG), serum albumin (SA), and horse-
radish peroxidase (HRP) exclusively adsorb onto the
polystyrene (PS) nanodomain regions, leaving the neighboring
poly(methyl methacrylate) (PMMA) nanodomain areas
completely free of proteins on the BCP surface of PS-block-
PMMA (PS-b-PMMA).26,27,29,30 The highly selective adsorp-
tion of the globular proteins to PS over PMMA observed on
the nanoscale BCP surface is distinct from their behaviors onto
chemically homogeneous, bulk, or macroscopic scale polymer
surfaces.29,31 For example, when homopolymer surfaces of PS
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and PMMA were used instead, the proteins were found to
adsorb not only on PS but also on PMMA.29

However, such previous research efforts on nanoscale
protein adsorption have been largely centered on static instead
of time-dependent adsorption behaviors.24,26,32,33 Experimental
challenges in attaining direct experimental evidence of
nanoscale protein adsorption events simultaneously with
their associated adsorption kinetics remain a major hurdle,
especially for the very early adsorption stages, i.e. protein
surface coverage well below monolayer saturation. Although
many postulations currently exist in the literature for
explaining protein adsorption mechanisms and pathways,
they had to be deduced from bulk protein behaviors observed
on macroscopic, chemically uniform surfaces.5,23,34−36 Once
again, this was largely due to the lack of direct experimental
data rendering protein adsorption on nanoscale surfaces at the
single biomolecular level.1,5,6

Our earlier findings caution us that ensemble-averaged
protein adsorption behaviors can vastly differ from those of
individual proteins.27,29,31,32 Studies carried out by our and
other groups also inform us that many assumed biomolecular
depictions of protein adsorption from already existing
mechanisms may not always accurately represent the exact
details of individual protein adsorption and surface packing
phenomena on nanoscale polymer surfaces.23,33,37−41 Virtually
no theoretical or computational models exist to date that
explain protein adsorption mechanisms and kinetics on
chemically varying BCP nanodomains. Hence, correlated
topographic and kinetic experimental data directly acquired
at the single biomolecule level will be highly valuable not only
for verifying commonly postulated mechanisms in existing
protein adsorption models but also for developing new protein
adsorption mechanisms best suited for nanoscale, chemically
varying BCP surfaces. Considering this, time-dependent
protein adsorption studies that can provide definitive
experimental evidence of nanoscale protein adsorption and
surface assembly processes step by step will be immensely
valuable.
Truly nanoscopic measurements of protein adsorption

pathways and kinetics will require an exquisite level of spatial
resolution such that both the individual proteins and the
discrete polymeric nanodomains of the BCP surfaces can be
discerned. Atomic force microscopy (AFM) can offer the
required detection capabilities and further be exploited to
correlate spatial and temporal evidence of discrete protein
adsorption and assembly events as a function of time.37,38,42−50

Electron microscopy (EM)-based approaches may provide
high spatial resolution comparable to AFM,51−55 but the
requirements for staining, conductive metal coating, and high
vacuum/ultralow temperature operation51,52,56 make time-
dependent protein tracking on a surface unattainable. Protein
adsorption kinetics have also been studied by techniques such
as infrared spectroscopy, X-ray photoelectron spectroscopy,
ellipsometry, fluorescence microscopy, and optical waveguide
lightmode spectroscopy.1,2,13,31,34,57−64 However, the optical
and surface sensitive techniques can be subject to labeling
requirements to conjugate fluorophores, frequency-enhancing
compounds, or refractive index-increasing tags.34,61−64 In
addition, a quartz crystal microbalance with dissipation
monitoring (QCM-D) and surface plasmon resonance (SPR)
techniques have been employed in protein adsorption
studies.63−68 The use of QCM and SPR in protein adsorption
has been predominantly for investigating bulk scale protein

adsorption onto chemically uniform substrates. However, no
such studies are currently available in the literature that
elucidate individual proteins whose adsorption yields very
small amounts of proteins well below a monolayer onto
particular regions of chemically varying polymer surfaces.
Unlike these techniques, AFM provides sufficiently high spatial
resolution for simultaneously resolving single proteins as well
as the underlying, nanometer-sized polymeric features non-
invasively and repeatedly.31−33,37,38 AFM can also faithfully
track particular sets of proteins on the same BCP nanodomain
areas over time which, in turn, permits effective correlation of
time-dependent topographic cues to pertinent protein kinetic
regimes. In particular, AFM can be used to reliably obtain
topological and kinetic information on protein adsorption at a
very early stage when the amounts of proteins adsorbed
correspond to much less than a monolayer. A thorough
mechanistic and kinetic understanding of this very early
adsorption stage is vital to elucidating the exact role of the
underlying polymer surface in protein adsorption. This is
because that the very early adsorption regime ensures that
protein−polymer interactions play a dominant role in the
measured adsorption kinetics, with negligible protein−protein
interactions occurring between multiple protein layers. Yet,
such early adsorption information cannot be readily obtained
from any of the above-mentioned techniques due to limitations
in spatial resolution and signal detection limit.
In this study, we undertake the experimental challenge of

directly and simultaneously resolving time-dependent topo-
graphic changes and adsorption kinetic profiles. We system-
atically investigate IgG protein adsorption occurring onto the
same PS-b-PMMA nanodomain areas via time-lapse AFM
tracking and provide conclusive, single biomolecular level,
experimental evidence of time-dependent surface assembly and
packing mechanisms. Time-dependent surface coverage plots
of IgG adsorption exhibit entirely different profiles on the BCP
surface, i.e. a polymer surface containing nanoscale, chemically
alternating BCP nanodomains, than those obtained on a
homopolymer counterpart. Unlike the steadily increasing
protein surface coverage over time on a PS homopolymer,
the kinetic data on the BCP nanodomain surface reveals an
isotherm profile with two Langmuir-like adsorption segments
with an undulating curve regime. Key segments of the
adsorption curves important for explaining the distinct IgG
adsorption isotherm on the BCP nanodomains are identified,
and each kinetic segment is substantiated by topological data
revealed at the single biomolecular level. These data reveal the
exact protein assembly states on the surface, including
postadsorption protein rearrangement and coordinated surface
packing between adjacent proteins. By correlating the local as
well as more global IgG adsorption isotherms to the specific
protein adsorption and assembly events taking place on the
BCP surface, unique IgG adsorption pathways and associated
kinetics are unambiguously revealed on the BCP nanodomain
surface.

■ EXPERIMENTAL SECTION
Polymer substrates of PS-b-PMMA and PS were prepared from PS-b-
PMMA BCP (71.4 kDa, 71% PS, a polydispersity of 1.06) and PS
homopolymer (152 kDa, a polydispersity of 1.06), respectively,
obtained from Polymer Source Inc. (Montreal, Canada). Silicon
wafers obtained from Silicon Quest, Inc. (San Jose, CA) were cut into
1 by 1 cm2 pieces, cleaned with ethanol, acetone, and toluene, and
spun dry before coating with polymer. Ultrathin films of PS-b-PMMA
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and PS were prepared by spincasting a 2% (w/v) solution of the
respective polymer in toluene onto the Si at 3500 rpm (rpm) for 1
min. Phase separation of PS-b-PMMA was subsequently achieved via
thermal annealing in an Ar atmosphere at 240 °C for 8 h with a
transient ramp-up rate of 5 °C/min and a cooling rate of 2 °C/min.
This process yielded periodic stripes of alternating PS and PMMA
nanodomains with a periodicity of 45 nm (PS to PS distance) at the
air/polymer interface from lying-down half-cylinders exposed at the
air/polymer interface. The AFM phase image of a clean, phase-
separated PS-b-PMMA film is provided in Figure S1 in the Supporting
Information to show the nanostripes on the BCP surface resulting
from the alternating PS and PMMA nanodomains with a repeat
spacing of 45 nm. Whole molecule bovine IgG, received from VWR
Scientific Inc. (West Chester, PA) in a lyophilized form, was
reconstituted in phosphate buffered saline (PBS, 10 mM mixture of
Na2HPO4 and NaH2PO4, 140 mM NaCl, 3 mM KCl, pH 7.4) and
further diluted to a desired protein concentration in PBS. For
completing a typical series of time lapse AFM measurements, IgG
deposition was repeatedly performed up to 15 times on the same BCP
and PS homopolymer surfaces. For each deposition step, the polymer
surface was incubated with 10 μL of 0.1 μg/mL IgG solution for
various time periods in a humidity-controlled chamber, after which
the sample was carefully rinsed with PBS multiple times followed by
gentle drying under a stream of N2 gas. The total time of protein
adsorption corresponding to the first to the 15th deposition was 30 s,
1 min, 1.5 min, 2.5 min, 3.5 min, 10.5 min, 15.5 min, 30.5 min, 1 h, 2
h, 4 h, 8 h, 23 h, and 47 h, respectively. AFM measurements were then
carried out on a MultiMode 8 AFM interfaced with a Nanoscope V
controller (Bruker Corp., Santa Barbara, CA). The microscope was
operated in a tapping mode at a scan rate of 1 Hz or lower in air. The
measurements were conducted at room temperature under an
ambient laboratory condition with a relative humidity of ∼35%. Si
tips (Veeco Instruments, Santa Barbara, CA) with a nominal tip
radius of ∼5 nm, a typical resonant frequency of ∼70 kHz, and a
spring constant of ∼1 N/m were used. The tapping condition was
achieved by setting the cantilever drive frequency to be slightly off of
its resonant frequency (∼0.05%) and by keeping the set-point
amplitude (∼6.7 nm) to be ∼95.7% of the free amplitude (∼7 nm)
for imaging in the attractive interaction regimes.48,69,70 For returning

to the same BCP nanodomain areas for repeated imaging, surface
defects such as a small dust particle trapped in the ultrathin BCP film
were used as a reference to find the original BCP areas of the same
fingerprint patterns. The surface coverage of proteins at each time
point was determined from the AFM topography images by using the
bearing analysis toolset in Bruker AFM software. Adsorption kinetic
data were fitted by using curve fitting toolsets available in OriginLab
software.

■ RESULTS AND DISCUSSION
Time Lapse Tracking of IgG Adsorption on the BCP:

Single Protein Level Imaging and Kinetics. We have
carried out time-lapse AFM imaging of the same PS-b-PMMA
nanodomain areas exposed to IgG solution and repetitively
tracked particular protein molecules of interest over time on
the BCP. Representative AFM topography data acquired using
this method are presented in Figure 1A where panels i−v mark
different states of IgG adsorption and assembly over time on
the BCP surface. The repeating stripes in the AFM images are
the PS and PMMA nanodomains on the underlying substrate
whose nanodomain periodicity is 45 nm (PS to PS distance).
The very early adsorption stage of IgG is characterized by a
relatively small number of individual protein molecules
adsorbing onto available PS nanodomain regions of the BCP
in a scattered fashion, as observed in AFM topography panel i.
Each IgG molecule can be easily identified as a sphere-shaped
object of ∼15 nm in diameter against the underlying
fingerprint patterns of the BCP nanodomains. As more IgG
molecules are adsorbed over time, the surface assembly of IgG
in AFM panel ii yielded a line trace of scarcely adsorbed IgG
beads on the PS nanodomains, mimicking a sparsely strung
strand of IgG beads lying on a PS nanostrip. With further
increased adsorption time, more IgG molecules packed into
the PS nanodomains as shown in AFM panel iii.
When continuous IgG adsorption reached the stage beyond

the line-up in panel iii, further adsorption of IgG molecules led

Figure 1. (A) Five representative AFM topography panels are displayed for tracking the same BCP surface of PS-b-PMMA to examine time-
dependent IgG adsorption behaviors. The repeating stripes in the AFM images are the PS and PMMA nanodomains on the underlying BCP
substrate whose nanodomain periodicity, i.e. PS to PS distance, is 45 nm. The series of AFM panels in i−v were acquired at the time points of (i)
30 s, (ii) 2.5 min, (iii) 5.5 min, (iv) 2 h, and (v) 23 h from the same BCP surface location. All scale bars shown are 200 nm in size. (B) The
adsorption curve displays the surface coverage of adsorbed IgG tracked on the same surface areas of the BCP as a function of time. The left (right)
vertical axis shown in percent surface coverage (adjusted percent surface coverage) indicates the percent protein surface coverage calculated with
respect to the total available surface area on the BCP including the IgG-free PMMA regions (with respect to only the PS nanodomain areas). Each
data point in the adsorption isotherm plot corresponds to IgG surface coverage averaged over 20 different, 2 μm × 2 μm scan areas on the BCP.
The different regimes of the plot are marked i−v to aid easy correlation of the kinetic regimes with the corresponding topography panels in A.
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to the development of PS nanodomain sections with mixed
IgG population of lone as well as paired IgG molecules along
the short nanodomain axis. This assembly behavior is displayed
in AFM panel iv. PS nanodomain areas occupied by lone (and
paired) IgG molecules along the short nanodomain axis are
herein referred to as a single (and double) file. As the
topography data in Figure 1A are intended to show the overall
rather than detailed views of adsorbed IgG molecules covering
a relatively large substrate area of the BCP, the exact
adsorption processes of individual proteins leading up to the
single- and double-file IgG assembly on the PS nanodomains
cannot be discerned from these lower magnification images.
The biomolecular level description of the IgG surface
adsorption and assembly characteristics will be discussed
later in this paper using higher magnification AFM data. With
more extended IgG adsorption time, all PS nanodomains
eventually became fully saturated with IgG molecules adsorbed
in a double file. This final stage is shown in AFM panel v. Due
to the size of the IgG protein relative to the nanodomain
periodicity as well as the exclusive adsorption preference of
IgG to PS, the fully saturated assembly of double file IgG
molecules on PS in AFM panel v corresponds to the highest,
single-layer packing state of IgG permitted on the BCP.

The measured IgG coverage on the PS-b-PMMA nano-
domain surface is displayed as a function of adsorption time in
Figure 1B. Each data point and its error bar in the plot were
determined by averaging over 20 independent, 2 μm × 2 μm
surface areas after repeatedly tracking the same BCP locations
at 15 different time points up to 24 h. The IgG surface
coverage shown on the left vertical axis was calculated based on
the total BCP surface available to the protein including the
protein-covered PS as well as the bare PMMA nanodomains.
In addition, adjusted surface coverage was shown in the right
vertical axis to reflect the IgG surface coverage with respect to
only the surface area of IgG-preferred PS nanodomains. When
considering the PS volume fraction of 0.75 in the BCP for a
volume-to-area scaling relationship, the BCP nanotemplate
presents 65% of PS and 35% of PMMA on its surface.
Accordingly, the adjusted surface coverage in Figure 1B
corresponds to the footprint taken up by IgG on the BCP if the
total available PS nanodomain area is solely considered. The
IgG adsorption plot tracked for the same PS-b-PMMA areas
reveals IgG saturation coverage to be approximately 55% of the
total BCP surface and 90% of all available PS nanodomains on
the surface. To describe the time-dependent IgG adsorption
profile in Figure 1B, we will refer to the trend of an initial,

Figure 2. (A) Different adsorption regimes of the time-dependent IgG coverage data on PS-b-PMMA are displayed. On the nanoscale, chemically
alternating BCP surface, IgG exhibits a unique adsorption kinetic feature exhibiting two Langmuir-like adsorption isotherms. The left (right)
vertical axis shown in percent surface coverage (adjusted percent surface coverage) indicates the percent protein surface coverage calculated with
respect to the total available surface area on the BCP including the IgG-free PMMA regions (with respect to only the PS nanodomain areas). (B−
D) The very early stage data indicated inside the darker blue box in A are shown in B. The first Langmuir-like isotherm segment is shown in C that
includes the data points inside the linear (darker blue box) and plateau (lighter blue box) regimes. The second Langmuir-like isotherm segment is
presented in D. Dotted lines in all plots are the Hill−Langmuir fits for the data points. Each data point in the adsorption isotherm plot corresponds
to IgG surface coverage averaged over 20 different, 2 μm × 2 μm scan areas on the BCP.
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linearly increasing followed by a later plateauing surface
coverage as a “Langmuir-like” isotherm. Although the general
shape of the IgG adsorption curve in Figure 1B may resemble
the well-studied isotherm curves in gas and colloid
adsorption,71 it is worthwhile to note that protein adsorption
kinetics cannot be described simply by using the same
assumptions made in a Langmuir isotherm. This is because
additional factors such as reversibility in adsorption, post-
adsorption protein conformation change, and postadsorption
protein diffusion on the surface can play a significant roles in
protein adsorption.3,72 Indeed, a careful look at the IgG
adsorption plot in Figure 1B interestingly reveals two distinct
Langmuir-like segments from the IgG adsorption on the
nanoscale PS-b-PMMA surface, although the IgG adsorption
on the BCP over time displays Langmuir-like behaviors overall.
Unique IgG Adsorption Kinetics on the BCP Nano-

domain: (1) Two Langmuir-like Segments. The two
Langmuir-like curve segments observed from IgG adsorption
on the nanoscale polymer surface are clearly marked as the first
(blue box) and second (red box) isotherm regions in Figure
2A. Zoomed-in curves for various adsorption time regimes in
Figure 2A are subsequently displayed in Figure 2B−D. The
graphs in Figure 2B,C together mark the first Langmuir-like
isotherm segment. The early stage adsorption profile in Figure
2B indicates that IgG molecules accumulate linearly over time
on the BCP surface. The early stage data also show that the
linearly increasing adsorption trend continues until IgG covers
∼35% of the total BCP (∼55% of the available PS
nanodomain) area. This IgG surface coverage is reached

rapidly within several minutes on the BCP. To better facilitate
the ensuing discussions of correlating given surface assembly
states of IgG to various regimes in the adsorption plot, the
pertinent isotherm curve regions in Figure 1B are denoted by
the time-corresponding topographic panels of i−v in Figure
1A. When correlating to the AFM topographic data in Figure
1A, the early stage adsorption plot encompasses topographic
stages of i and ii. Following this linear regime, IgG surface
coverage increases slowly with time and approaches a plateau
regime, as displayed in Figure 2C. The saturation IgG coverage
of the first Langmuir-like isotherm is determined to be ∼45%
of the total BCP (∼70% of the available PS nanodomain) area.
The IgG assembly state on the BCP at this kinetic regime
corresponds to AFM panel iii in Figure 1A. Considering the
AFM panels and adsorption plots in Figures 1 and 2 together,
the first isotherm segment boxed in blue is determined to be
associated with the initial built-up (early linear regime) and
subsequent biomolecule organization (later plateau regime)
into forming a single file IgG line on the PS nanodomain of the
BCP along the long nanodomain axis direction. It was also
noticed that the adjusted coverage of IgG at saturation for the
single line formation is higher than the expected 50% of the
total available PS nanodomain area. This may be related to the
observation that IgG molecules in the single line tended to
adsorb slightly staggered in a zigzag fashion rather than a
straight line with no kinks. It is likely that the staggered rather
than straight configuration enables more IgG molecules to
adsorb on the surface during the single file assembly.

Figure 3. (A) Schematic illustrations depicting the five stages of IgG adsorption identified over time on the BCP surface. They are termed as (i)
scattered, (ii) scattered to single file, (iii) single file, (iv) single to double file, and (v) double file states. (B) Representative AFM topography (top
row) and phase (bottom row) images of the same BCP area tracked for the very early IgG adsorption stage. The series of AFM data reveal detailed,
single biomolecular level snapshots of adsorption substages transitioning over time from (i) scattered to (ii) scattered to single file on the PS
nanodomain. White boxes are inserted in the time-lapse AFM frames to guide the eye for finding the same PS nanodomain area. All scale bars
shown are 45 nm. All substage panels in B correspond to the very early regime, linearly increasing portion of the adsorption curve in Figure 2A.
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IgG adsorption behaviors on the BCP past the first isotherm
regime are shown in Figure 2D. The time associated with the
initial increase and level-off in the second Langmuir-like
adsorption isotherm is much longer (∼1400 min) than that of
the first isotherm (∼100 min). The saturation coverage for the
second Langmuir-like adsorption isotherm turns out to be
∼55% of the total BCP (∼90% of all available PS nanodomain)
surface. The initial rising and later plateauing IgG coverage
over time in the second isotherm regimes are associated with
the IgG surface assembly state shown in the topography panel

of iv and v in Figure 1A, respectively. The correlated outcomes
of the topography and kinetic data together indicate that the
second isotherm may be attributed to the initial formation of
paired IgG molecules on the PS nanodomains along the short
nanodomain axis. This subsequently leads to tight packing of
IgG molecules in double file lines along the long nanodomain
axis and eventually develops into the assembly state of double
filed IgG molecules uniformly covering all available PS
nanodomains. Unlike the single file IgG assembly in the first
isotherm, many more IgG molecules, including those already

Figure 4. (A) High resolution AFM topography images in a through c display IgG adsorption stages evolving from (iv) single to double file to (v)
double file states. The white lines across the numbered proteins, shown in the smaller panels on top of each topography image, specify the sources
of the line analysis results presented in B and C. All scale bars shown are 40 nm. (B) For the paired sets of labeled proteins 1−2 and 3−4, line
measurements along the short nanodomain axis direction are provided in the left and right plots, respectively. The black, green, and pink traces
belong to AFM frames a, b, and c, respectively, and they show the changes in the height and width profiles of the same protein pairs over time. For
both pairs of proteins 1−2 and 3−4, the total surface footprint of the paired proteins decreased from frame a to frame b (a → b) after which it
increased back in frame c (b → c). (C) Height and width profiles of an initially unpaired but later paired case. Proteins 5−6, are also provided.
Black, green, and dotted pink graphs correspond to the line traces along the protein(s) in AFM frames a, b, and c, respectively. Solid pink and gray
lines are the curve fits of proteins 5 and 6, respectively, after pairing off in frame c. (D and E) High resolution AFM topography panels in D display
the time lapse topography data of a BCP area used for the line analysis along the long nanodomain axis direction shown in E. Changes in the height
and width of several adjacently located proteins, proteins 7−9, were analyzed in the long nanodomain direction. The black, green, and pink graphs
in E correspond to the line traces in AFM frames a, b, and c, respectively, that were taken through the same set of proteins. All scale bars shown are
20 nm.
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formed into a single file line, need to cooperatively redistribute
to accommodate as many IgG molecules as possible on the
surface. This may explain the extended time span associated
with the second Langmuir-like isotherm segment relative to the
first segment.
IgG Adsorption Pathways Revealed on the BCP

Nanodomain: Single to Double File Assembly. The
experimental outcomes in Figure 1A indicate that the tight
packing geometry of IgG molecules on the BCP was achieved
by the formation of a single file IgG line followed by the
second line of IgG molecules on the PS nanodomains. In order
to gather more conclusive topographic evidence and to better
understand the transitions between different segments in the
IgG adsorption curve, IgG assembly and packing states on the
BCP surface were carefully examined by performing high
resolution AFM imaging and resolving single biomolecule level
adsorption behaviors corresponding to different isotherm
segments. Various adsorption stages and substages were then
revealed in AFM topographic data.
The schematic illustrations in Figure 3A depict the IgG

arrangements on the BCP nanodomains in various stages of
the first (i−iii) and second (iv and v) isotherm segments. We
descriptively term the five IgG adsorption regimes as the state
of (i) scattered, (ii) scattered to single file, (iii) single file, (iv)
single to double file, and (v) double file adsorption on the BCP
and will refer to them accordingly for describing the data
herein. First, the time-dependent IgG adsorption belonging to
the first isotherm segment was tracked and adsorption substeps
were scrutinized over time to attain direct experimental
evidence for the formation of a single file IgG line on a PS
nanodomain. The series of high resolution AFM topography
panels in Figure 3B display such substeps existing between the
(i) scattered and (iii) single file states. When the accumulation
trend of IgG molecules on a PS nanodomain inside the white
box area in Figure 3B were tracked over time, IgG adsorption
evolved to form a loosely strung single file IgG line in the last
frame. The 45 nm periodicity of the BCP nanotemplates
provides enough room for two IgG molecules to adsorb side by
side along the short axis of the PS nanodomain.26,31 However,
the time lapse tracking data serves as direct evolutionary proof
that IgG molecules first assemble in a single file line along the
nanodomain long axis, rather than forming paired IgG
molecules along the short nanodomain axis first. The
topographic substages in Figure 3B are associated with the
very early adsorption regime of the first Langmuir-like
segment, showing a rapid and linear increase in IgG surface
coverage over time. Hence, the high resolution AFM series
presented in Figure 3B provide step-by-step biomolecular-level
snapshots of the IgG adsorption events taking place on the
BCP surface during the linearly increasing portion of the
adsorption plot in Figure 2A.
Understanding IgG Assembly via Line Analysis along

the Short Nanodomain Axis. The subsequent adsorption
stages beyond the first linear regime were also examined at the
single biomolecular level. Figure 4 summarizes the time lapse
topography images and line analysis traces corresponding to
these later times of IgG adsorption. The changes in the width
and height of each IgG molecule for the (iii) single file through
(v) double file states were determined. Postadsorption
processes such as the protein’s conformational rearrangements
and two-dimensional (2D) translations on the surface were
examined. The leftmost frame in Figure 4A shows a transition
state of single to double file IgG assembly on PS nanodomains.

IgG molecules in some parts have not been paired up yet with
another IgG along the nanodomain short axis. In addition, for
those areas of double file IgG assembly, a noticeable gap exists
between the paired protein molecules which appears as clearly
separated, two lines of IgG molecules.
Figure 4B,C are the line analysis profiles taken along the

white lines inserted in Figure 4A. The line analyses were
performed along the short nanodomain axis by tracking the six
proteins numbered as 1−6 in the topography frames of a
through c in Figure 4A. The width and height profiles of the
paired proteins, 1−2 and 3−4, tracked over time are provided
in Figure 4B. The black, green, and pink traces in Figure 4B
correspond to the line analysis results from each of these
protein pairs as tracked in the AFM frames of a, b, and c,
respectively. The gap between the paired proteins of 1 and 2 in
AFM frame a was measured to be roughly 10 nm at the full
width at half-maximum (fwhm). A similar separation of 10 nm
was observed on a neighboring PS nanodomain from the
paired proteins of 3 and 4 in AFM frame a. These outcomes
suggest that two IgG molecules in the double file line assembly
initially prefer to adsorb away from the adsorption partner, on
either side of a PS nanostrip as close as possible to the
chemical interfaces defined by the alternating PS and PMMA
nanodomains. Similar protein adsorption characteristics
favoring chemical interfacial regions have been reported in
previous studies.29,31,39 The different chemical environments in
the PS:PMMA interfacial regions on the BCP may better
satisfy varying interaction needs for the different amino acid
moieties on the protein’s exterior surface (see Figure S2 in the
Supporting Information for IgG, Protein Data Bank ID 1IGT),
especially when the periodic length scale of such interfaces is
comparable to the single protein dimension. With increasing
adsorption time in frames b and c of Figure 4B, the separation
distance between the paired proteins was reduced. The green
traces in Figure 4B are obtained from the line analysis results
of AFM panel b from the same two protein pairs. The paired
proteins migrated toward each other over time to a separation
distance of ∼5 nm at the fwhm. With further transition to
AFM frame c, the paired proteins fully closed the gap between
them at the fwhm as seen in the pink trace in Figure 4B.
Furthermore, the tendency for an increase in overall surface
footprints of the protein pairs over time is also evidenced in
the pink line traces in Figure 4B for proteins 1−4.
Changes pertaining to an initially unpaired protein are

presented in Figure 4C. The line profile of protein 5, adsorbed
by itself without an adsorption partner on the PS short
nanodomain axis in AFM frame a, is presented in Figure 4C as
a black graph. Transitioning to AFM frame b where the protein
still remains alone, no significant change was observed in its
line analysis profile traced in green. The width of protein 5
without an adsorption partner was measured to be about 20%
larger at the fwhm than those of the paired proteins in Figure
4B. This reflects a greater degree of protein chain spreading
possible on the PS nanostrip for unpaired proteins relative to
paired IgG molecules. This tendency is further evidenced by
protein 5 in AFM frame c which underwent substantial
changes in its line profile after a new protein, protein 6,
occupied the adjacent space. The line profile spanning the two
proteins is displayed in dashed pink in Figure 4C. The
deconvoluted curve fits are shown in solid pink for protein 5
and gray for protein 6. Upon pairing up, the width of protein 5
in frame c decreased to ∼80% of its unpaired widths in frames
a and b. For considering a possible influence from tip
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broadening in AFM measurements, there are different methods
such as spherical, Garcia, and step-like models.73−75 Yet, this
inherent convolution effect is not trivial to fully account for or
to completely remove from AFM data analysis, especially when
imaging proteins on a nanoscale polymer surface. However, it
is not likely that the unique IgG adsorption trends discussed in
this paper are due to tip broadening. This is because, regardless
of whether the protein is paired or unpaired, its overall feature
dimension (R) is still roughly on the same order as the tip
radius (r). This imposes a similar level of tip convolution effect
across all data points and samples in our measurements as a
case for R ≈ r if the abovementioned models are to be
considered. In addition, by conducting a control experiment on
a PS homopolymer surface, we rule out any potential tip effect
on the distinct trends in the IgG adsorption isotherm on the
BCP. The control experiments carried out on PS homopol-
ymer will be discussed later in this paper.
Understanding IgG Assembly via Line Analysis along

the Long Nanodomain Axis. We have subsequently
examined IgG packing behaviors on the BCP along the long
axis of the PS nanodomain. Similar line analyses were
performed on a group of adjacent proteins, proteins 7 through
9, along the long nanodomain axis, as seen in the AFM
topography series in Figure 4D. The protein width and height
profiles tracked over time are then provided in Figure 4E. The
surface packing trends of the IgG proteins along the long
nanodomain axis direction were similar to what were discussed
previously for those along the short nanodomain axis. Proteins
7 and 9 migrated toward one another over time and reduced
the gaps between them to accommodate the later arriving
protein 8. Compared to the short nanodomain axis results, the
effects of protein migration and chain rearrangements were not
as pronounced in the line analysis results along the long
nanodomain axis. This is likely due to the fact that, in IgG
assembly, a higher degree of chemical constraints is imposed
by the inherent chemical property of the BCP surface in the
short relative to long nanodomain direction. The presence of
the IgG-unfavored PMMA nanodomains on either side of a PS
nanodomain along the short nanodomain axis may force more
pronounced chain rearrangement and 2D translation of the

adsorbed proteins. Comparatively speaking, IgG molecules
encounter only the favored PS block in the long nanodomain
axis direction. With no chemical constraints imposed by the
IgG-unfavored PMMA in this direction, protein ordering can
be more relaxed over time along the long nanodomain axis.

Unique IgG Adsorption Kinetics on the BCP Nano-
domain: (2) Nonmonotonic Regime. Another interesting
phenomenon that was observed from the single biomolecular
level investigation of the time-dependent IgG adsorption onto
the PS-b-PMMA surface pertains to the surface footprint of
adsorbed protein pairs. According to the evolution in the
surface footprint of the protein pairs marked as a → b → c in
Figure 4B, the IgG surface footprint decreased (a → b) after
which it increased back (b → c) with time. Hence, our single
biomolecular level results suggest that the IgG adsorption
isotherm on the BCP surface should yield a nonmonotonic
segment in which IgG surface coverage undulates over time,
i.e. increasing, then decreasing, and finally increasing back over
time. However, this trend is not clearly manifested in the
adsorption kinetic plot in Figure 2. Although a regime with
constant IgG surface coverage over time, i.e. first plateau
region, exists before it increases with time at the start of the
second isotherm, the expected trend of a downward trajectory
in surface coverage followed by an upward recovery over time
is not observed in Figure 2.
The adsorption plot in Figure 2 was produced by averaging

data from many PS-b-PMMA locations to have the total
analysis area of ∼100 μm2. Hypothesizing that the anticipated
undulating segment in the adsorption plot may be better
identified from locally constructed adsorption curves than the
more global area-averaged data, IgG adsorption data from
single 2 μm × 2 μm locations were investigated. Two exemplar,
local IgG adsorption curves are presented in Figure 5A. The
plots in Figure 5A clearly capture a downward dipping
followed by upward rising trend over time, consistent with the
line analysis outcomes summarized in Figure 4. Eight out of 20
independently analyzed BCP locations of 2 μm × 2 μm in size
exhibited a clear “undulating” segment in their adsorption plots
as shown in Figure 5A. Additional data obtained by repeating
the experiments on an entirely new BCP sample to confirm the

Figure 5. (A) Examples of locally analyzed protein adsorption isotherms on PS-b-PMMA showing time-dependent IgG coverage measured from
single locations of 2 μm × 2 μm in size. The locally examined IgG adsorption plots on the BCP clearly exhibit an undulating, nonmonotonic
segment, i.e. decreasing, and then reincreasing IgG coverage over time. This undulating segment corresponds to the stages of (iii) single file and
(iv) single to double file. (B) Representative, locally analyzed adsorption plot obtained from the PS homopolymer surface. Unlike the PS-b-PMMA
case, IgG surface coverage on the macroscopic, chemically uniform surface shows an adsorption curve profile that continuously increases before
flattening out over time.
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undulating trend are also provided in Figure S3 in the
Supporting Information. When correlating to the topographic
data, the undulating segment of the adsorption plot spanned
over the IgG adsorption stages of (iii) single file and (iv) single
to double file transition. The other 12 locations displayed a
curve profile with no undulating segment similar to Figure 2A.
The results discussed here serve as other evidence emphasizing
the important fact that protein adsorption behaviors and
kinetics cannot be thoroughly understood by solely relying on
global, ensemble-averaged data. The experimental outcomes
also underscore that, for a comprehensive understanding of
protein adsorption, it is critical to determine local, single
protein adsorption behaviors and kinetics as they can exhibit
much different characteristics than global, ensemble-averaged
cases.
Origin of the Two Unique Features in IgG Adsorption

on the BCP Nanodomain. Several cases of nonmonotonic
adsorption kinetic curves have been previously accounted for
in the literature.34,35,61,62,76 For example, overshooting kinetic
behaviors observed in some multicomponent protein adsorp-
tion studies were triggered by reconfiguration of a fast
diffusing, initially arriving protein species to reduce its surface
footprint over time due to the space limitation caused by its
replacement by a slower, later arriving protein species.35,76

Other examples include kinetic overshoots observed from the
case of lysozyme adsorption onto a quartz surface61 as well as
from the case of a high concentration (tens of mg/mL) of
lysozyme delivered to a hexadecyltrichlorosilane monolayer
surface at a relatively large flow rate.62 Kinetic overshoots were
also reported in a study of β-lactoglobulin adsorption onto a
glass surface.34 Direct evidence for single biomolecular level
protein adsorption events could not be attained by the
experimental techniques employed in these previous studies
such as total internal reflectance fluorescence (TIRF),
reflectometry, and supercritical angle fluorescence. Hence,
the origin of kinetic overshoots had to be either inferred from
ensemble-averaged, indirect optical signals obtained from
fluorophores tagged onto proteins or deduced from fitted
data by applying plausible adsorption models. Moreover, all of
these previous cases pertain to adsorption taking place on
macroscopic, chemically uniform surfaces. The IgG adsorption
isotherm on the BCP identified in the present study are
distinct from those found in the above-mentioned studies
reporting a single Langmuir-like segment, as discussed earlier.
The existence of multiple Langmuir-like isotherm segments as
encountered in our present BCP nanodomain work has not
been seen from single component protein adsorption onto bulk
scale, chemically uniform surfaces.
Compared to the low protein concentration (a few tenths of

μg/mL) employed in our study, the overshooting behaviors in
the previous works42−44,49,50 were observed at a much higher
bulk protein concentration by at least 2 orders of magnitude.
Also, considering that the surfaces in these previous studies
were chemically and structurally the same everywhere, the
kinetic overshoots reported earlier were likely dictated by
protein−protein interactions rather than protein−surface
interactions.34,61,62 In contrast, the experimental condition of
surface coverage up to a monolayer employed in the present
study is optimized for examining protein−surface interactions.
With the nature of dominant protein interactions being
entirely different, the existing explanations in the previous
works cannot best represent the biomolecular origins of the
two unique features in the IgG adsorption isotherm observed

on the BCP surface. Rather, by linking the distinct adsorption
kinetic segments to the directly visualized individual
adsorption events at the single biomolecule level, we determine
that the cause of the nonmonotonic adsorption kinetic regimes
in our study is strongly driven by the BCP surface and the
unique kinetic behaviors of IgG adsorption on the BCP
originate from the distinctive spatial and chemical constraints
imposed by the underlying PS-b-PMMA surface.

IgG Adsorption Mechanisms and Interaction Forces
at Play on the BCP Nanodomain. Correlated to the time-
tracked, biomolecular level topographic evidence, the unique
adsorption kinetic features of the IgG adsorption on the BCP
nanodomain are attributed to the adsorption pathway of single
to double file assembly adopted by the protein molecules on
the BCP surface. It is intriguing to find that, during the IgG
adsorption onto the BCP, the single to double file assembly is
preferred rather than other pathways such as a case of double
file (protein pair formation along the short nanodomain axis
first) to its extension (building rows of paired protein
molecules along the PS nanostrip). This may be explained as
the case of single to double file assembly being the most
energetically favored pathway overall, although different
protein interaction forces may play a main role at different
adsorption stages. In the initial state of single file IgG
adsorption, the repulsion of the same charged protein
molecules can be best minimized via IgG distribution along
the long rather than the short nanodomain axis. With the
nanodomain spacing along the BCP’s short axis reaching that
of the protein dimension, the potential energy penalty due to
large electrostatic repulsion between two like-charged proteins
will be particularly high for the scenario of forming a double
file first. Beyond the initial single file adsorption, additional
IgG adsorption from the bulk solution will require an
adsorption pathway that produces overall energy gain despite
the inevitable increase in electrostatic repulsions between the
like-charged protein molecules. Such overall entropic energy
gain is possible by having more IgG adsorption and 2D
packing on the hydrophobic PS areas of the BCP via the single
to double file pathway since more water molecules are released
from the PS surface into the bulk solution with more adsorbed
IgG.36

In all stages of the IgG adsorption, hydrophobic interactions
between PS and the protein play a persistently important role.
IgG molecules have a tendency to interact solely with the more
hydrophobic block of PS on the BCP and adsorb exclusively on
the PS area. The energetic interplay of the hydrophobic
interaction and electrostatic repulsion may explain why two
IgG molecules paired up along the short nanodomain axis are
initially found with a noticeable gap between them in Figure 4,
while staying as close as possible to the PS:PMMA chemical
interfacial regions on either side of a given PS nanodomain.
Additional proteins newly adsorbing from the bulk solution
will favor the PS region close to the PS:PMMA interface for
initial landing to minimize electrostatic repulsion between the
proteins. Already surface-bound IgG molecules will then
migrate toward the center of the PS nanodomains which is
more hydrophobic than the region close to the PS:PMMA
interface. The postadsorption 2D translation of the proteins on
the surface also enable more IgG adsorption, hence the
entropic energy gain as discussed earlier. Together, this
explains why this separation between any paired (or
neighboring) proteins along the short (or long) nanodomain
axis closes in over time, eventually leading to tight surface-

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c02710
Langmuir 2022, 38, 1458−1470

1466

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02710/suppl_file/la1c02710_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


packed, IgG molecules forming a double file line on the PS
nanodomain until no more sites on PS are available for IgG.
Borrowing the viewpoint of reversible and irreversible

adsorption states in existing protein adsorption mecha-
nisms,5,36,40,41 IgG molecules initially landed on the BCP
surface are in a reversible adsorption state and show
unoptimized surface packing. They then undergo protein
chain rearrangement to optimize IgG surface packing until a
fully saturated geometry is achieved on the BCP that mimics a
2D pseudocrystal arrangement. As the protein dwell time on
the surface increases, they further go through changes in
protein configuration to maximize its interaction with the
underlying PS surface and increase its surface footprint. The
subsequently established, strong interaction between the
protein and the surface makes the protein reach an irreversible
adsorption state. Such protein reconfiguration events on the
BCP surface are likely to be responsible for the presence of the
nonmonotonic segment seen in Figure 5A.
Protein Adsorption on Nanoscale, Chemically Vary-

ing vs Macroscale, Chemically Uniform Polymer
Surfaces. As discussed earlier, the BCP surface presents
well-defined nanoscale surface features with alternating
chemical compositions of PS and PMMA. Hence, the assembly
and packing of IgG molecules are subject to surface-imposed
constraints such as the preferred polymer nanodomain for
protein interaction and the chemical interfacial region from the
alternating PS and PMMA nanodomains. On top of them,
additional confinement is imposed by the width of the
preferred nanodomain with respect to the protein size,
governing the maximum number of proteins that can be
assembled along the short nanodomain axis. The presence and
absence of such nanoscale surface-driven factors may result in

drastically different, time-dependent packing behaviors and
adsorption kinetics of IgG on the nanoscale BCP surface
relative to those on chemically homogeneous, macroscopic
polymer surfaces. In order to verify this hypothesis that the
unique kinetic features of IgG adsorption observed in our
study is indeed a nanoscale surface-driven effect, a control
experiment was conducted on a PS homopolymer surface.
Adsorption plots were subsequently collected by examining the
IgG adsorption onto the macroscopic, chemically uniform
surface. The time-dependent plot in Figure 5B is a
representative graph of IgG surface coverage when analyzed
from single 2 μm × 2 μm locations on a PS homopolymer. All
20 locally analyzed adsorption curves on the PS homopolymer
exhibited a similar adsorption kinetic profile to the one in
Figure 5B. Unlike its counterpart on the nanoscale BCP surface
in Figure 5A, the curve profiles of IgG adsorption onto the PS
homopolymer showed only one, monotonically increasing,
Langmuir-like segment.
As a direct comparison to the results obtained on the BCP in

Figure 2, we continued to evaluate IgG adsorption onto the
control template of PS homopolymer and obtained an area-
averaged adsorption plot from a total analysis area of 100 μm2.
The more globally analyzed data from the macroscopic,
chemically uniform PS homopolymer are then summarized in
Figure 6A−E. No major differences were found between the
more globally (Figure 6A) and locally (Figure 5B) analyzed
isotherms for the PS homopolymer case, both of which
displayed only a single, monotonic, Langmuir-like segment
unlike those of the BCP cases discussed earlier. These results
confirm that the existence of two Langmuir-like segments in
IgG adsorption isotherms and the appearance of the
undulating regimes with nonmonotonic IgG surface coverage

Figure 6. (A) Adsorption kinetic plot constructed by area-averaging IgG coverage from 20 independent areas of 2 μm × 2 μm in size on a PS
homopolymer surface over time. The curve displays a single monotonic, Langmuir-like isotherm. (B) The regions of the early time, linearly
increasing, as well as the later plateauing regimes are indicated with darker and lighter green shades, respectively. (C−E) The different IgG
adsorption segments color-coded in B are shown magnified for clarity. With PS being the sole chemical phase for IgG to adsorb on the PS
homopolymer, the surface coverage (left axis) is identical to the adjusted surface coverage (right axis).
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over time are associated exclusively with the chemically
alternating, nanosized surface features on the BCP surface.
Several more differences in the IgG adsorption were noticed
from the BCP versus the homopolymer surfaces. When
considering the adjusted IgG surface coverage in the very
early adsorption, linearly increasing regimes in Figures 2B and
6C, the adsorption rate was found to be much higher on the
BCP (∼40% after 3 min) relative to the PS homopolymer case
(∼20% after 3 min). The IgG saturation coverage also differs
on the two surface cases. The adjusted protein coverage for the
final saturation regime was higher on the BCP (∼90%) than on
the PS homopolymer (∼65%). This indicates that, when using
identical protein deposition conditions, the surface density of
adsorbed IgG (the number of IgG molecules per given PS
area) will be higher on the BCP relative to the homopolymer
surface. IgG loading onto a polymer surface, therefore, will be
much more effective if a nanoscale, chemically varying BCP
surface is used instead of a macroscopic, chemically uniform
homopolymer surface.

■ CONCLUSION
We have revealed unique, time-dependent protein adsorption
behaviors at the single biomolecule level on the chemically
alternating BCP nanodomains of PS-b-PMMA. The exact
adsorption pathways and kinetics of IgG molecules, eventually
yielding a tight surface packed geometry that mimics a 2D
pseudocrystal structure, were determined. A distinct adsorp-
tion pathway of a single to double file IgG assembly was
revealed on BCP. In addition, two unique characteristics of
IgG adsorption on the nanoscale BCP surface were identified,
i.e., the presence of two Langmuir-like segments and the
existence of an undulating, nonmonotonic adsorption regime.
The direct experimental proof provided in this study, linking
given topological protein assembly states to specific adsorption
kinetic regimes, made it possible to ascertain the biomolecular-
level origins for many intriguing time-dependent IgG
adsorption characteristics on the nanoscale polymer surface
that could not be attained before. The distinctive IgG
adsorption pathways and kinetics on the BCP surface were
driven by the surface effect whose chemically alternating
feature sizes on the surface are comparable to the size of the
individual protein.
The successfully implemented approach for relating key

segments of adsorption kinetic plots to directly visualized,
nanoscopic adsorption events on the nanodomain surface is
especially valuable considering that such single biomolecule
level experimental evidence has been long sought after to verify
common assumptions in protein adsorption and to build an
entirely new mechanism. Our approach can be also useful for
establishing mechanistic understandings of time-dependent
protein adsorption behaviors on other biomedically important
BCP and protein systems, beyond the model protein and BCP
chosen in this study. Furthermore, the overall methodology
demonstrated for elucidating time-dependent nanoscale
protein adsorption mechanisms and kinetics can be beneficial
for the development of advanced biomaterials and miniaturized
biodevices based on protein interactions with nanoscale,
chemically varying polymer surfaces.
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