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ABSTRACT: Biomaterial surfaces can possess chemical, topo-
graphical, or electrostatic heterogeneity, which can profoundly
influence their performance. By developing experimental models
that reliably simulate this nanoscale heterogeneity, we can predict how
heterogeneous surfaces are transformed by their interactions with the
dynamic physiological environment. In this work, we present a model
surface where well-defined glycopolymer brushes are interspersed with
positively charged binding sites, giving rise to an interface presenting a
mixture of repulsive and adhesive cues to an approaching virus
particle. We show that the density of the affinity sites relative to the
glycopolymer brushes can be tuned precisely by modifying the
chemical vapor deposition (CVD) copolymerization conditions. Further, we examined the effects of binding site density and
glycopolymer brush architecture on the adsorption kinetics of virus-like nanoparticles through a novel approach employing time-
resolved ζ-potential measurements. Most materials have charge-bearing, dynamic surfaces that are sensitive to electrostatic
effects. Hence, adsorption-triggered changes in ζ-potential measurements can be captured in real time to monitor interfacial
events. Real-time ζ-potential measurements present an interesting platform to probe the structure and function of chemically and
electrostatically heterogeneous polymer interfaces. To validate this electrokinetic method, we examined the effect of neutravidin
concentration on its rate of binding to biotinylated surfaces using ζ-potential and compared our results with QCM studies. By
applying electrokinetic methods to examine the roles of glycopolymer brush architecture and surface charge of these tunable
glycopolymer coatings, we can enhance our understanding of the interactions of viruses with heterogeneous biomaterial
interfaces.

■ INTRODUCTION

Reliable experimental models can identify design specifications
for optimal biomaterial performance, but developing a suitable
model system is challenging. This is largely due to the complexity
of biological responses triggered by the biomaterial within the
host organism.1 Interactions between biomaterials and the
physiological environment, such as the formation and remodel-
ing of the protein corona, or the receptor-mediated binding of
viruses and cells,2 begin within nanoseconds, but its effects can
last for years.3 In addition to dealing with the complex
physiological environment, we have to take into account the
additional layer of complexity inherent within heterogeneous
biomaterial surfaces. Nanoscale heterogeneity can exist in several
formsthe surface can contain randomly distributed domains of
neutral, positive, and negative surfaces charge, or the surface
could be amphiphilic with both hydrophobic and hydrophilic
characteristics, leading to interesting interfacial behavior.4

Consider the example of nonfouling polymer brushes that
prevent nonspecific adsorption. Despite advances in surface-
initiated polymerization techniques, it is possible for nanoscale
defects to form in the brush due to trace impurities, low grafting
density, or processing limitations.5 As a result, the nonfouling

performance of the brushes in a biomedical setting will be
compromised,6 leading to undesirable outcomes such as
hospital-acquired infections and thrombosis.7 Since the defects
can interact with proteins and pathogen species through
hydrogen bonding, van der Waals interactions, electrostatic
attraction, or hydrophobic interactions, the surface simulta-
neously offers both adhesive and repulsive cues to the adsorbate
species. A suitable experimental model will help us understand
the adsorption characteristics of these chemically and topo-
graphically heterogeneous interfaces. The use of such model
surfaces will ensure that interfacial interactions promote
intended functional outcomes, ranging from the prevention of
nonspecific adsorption to the modulation of bioactive molecules.
Santore and co-workers showed that electrostatically hetero-

geneous model surfaces possessing systematically engineered
“defects” are useful in several contexts: the prevention of
nonspecific adsorption, selective protein and bacterial capture,
protein separation, and, importantly, fundamental understanding
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of the underlying mechanisms of adhesion.8 By carefully
introducing charged binding sites at the base of protein-resistant
brushes, the competing effects of steric repulsion and electro-
static attraction could be controlled precisely, achieving the
desired bioadhesion outcome.9 Nanotextured surfaces composed
of positively charged patches such as poly-L-lysine hydrobromide
(PLL) and poly(ethylene glycol) (PEG) brushes have been used
extensively as model systems to probe the effects of defect
density, brush architecture, ionic strength, flow conditions, and
protein and particle characteristics on the adsorption
kinetics.10−12 Though several useful insights have been gleaned
from these surfaces, they have a few drawbacks. First, the creation
of cationic patches and PEG brushes is based on physisorption
rather than covalent attachment, imperiling their use in biological
environments for long durations.13 Second, even though PEG is
the most commonly employed nonfouling polymer due to ease
of synthesis, its use is fraught with the risk of auto-oxidative14

degradation in vivo. Investigators seeking to identify alternatives
possessing comparable nonfouling properties have concluded
that zwitterionic polymer brushes and carbohydrate-based
polymer brushes are promising options.15 In a comparison of
mannitol-terminated and PEG-terminated SAMs, it was
discovered that PEG-terminated SAMs lost the fidelity of their
cell patterns.16 In contrast, mannitol patterns were able to retain
their nonfouling properties over a long-term, and the cell pattern
fidelity was preserved. From the perspective of technological
relevance and clinical translation, it would be advantageous to
replace PEG-based model systems with biomimetic carbohy-
drate-based model surfaces, while investigating the role of
binding site density on the adsorption of proteins, bacteria, or
viruses.
Carbohydrate-based polymer films are inspired by the sugary

sheath surrounding the endothelial cells, the glycocalyx.17 On
account of its hydration and steric resistance, the endothelial
glycocalyx can achieve near zero levels of nonspecific protein
adsorption.18 Theoretical and experimental studies indicate that
glycocalyx-inspired surfaces composed of sorbitol and mannitol
interact strongly with hydrating water molecules. These studies
concluded that the enthalpic cost of disrupting this hydration
layer generates repulsive forces and ultimately renders
adsorption thermodynamically unfavorable.19,20

Through surface-initiated atom transfer radical polymerization
(SI-ATRP) and chemical vapor deposition (CVD) copolymer-
ization, we have developed a robust and substrate-independent
glycopolymer brush platform. The versatility and control
afforded by SI-ATRP enable us to create high spatial density of
sorbitol molecules with any desired brush architecture. In
addition, we have rendered the glycopolymer coating electro-
statically heterogeneous by embedding positively charged
binding sites or defects in the form of aminomethyl functional
groups, which can be copresented with the sorbitol brushes in
any desired ratio. In this paper, we describe the design and
synthesis of a tunable electrostatically patchy glycopolymer brush
interface that can build on the progress made by preceding model
systems in understanding adhesion events. Additionally, we have
demonstrated tunable binding of virus-like nanoparticles to our
model surface by varying the relative densities of binding sites
and glycopolymer brushes. We used carboxylate-functionalized
polystyrene nanoparticles as “model viruses” for two reasons: (1)
Its size is comparable to those of many viruses. (2) Most viruses
have isoelectric points below 6, implying that they possess
negative charge at physiological pH.21

To study adsorption kinetics at the nanometer scale, a variety
of techniques have been used: attenuated total reflectance
infrared spectroscopy22,23 (ATR-IR), ellipsometry,24 optical
waveguide light mode spectroscopy25,26 (OWLS), total internal
reflection fluorescence27,28 (TIRF), atomic force microscopy29

(AFM), and quartz crystal microbalance dissipation30,31 (QCM-
D). In recent years, surface plasmon resonance spectroscopy32,33

(SPR) has emerged as the gold standard for studying
biointerfacial phenomena. The use of optical methods to track
the binding of viruses and their nanoparticle surrogates is difficult
owing to their small size and limited ability to scatter light.34

Fluorescence-based schemes for viral detection are hindered by
photobleaching and low emission rates. Hence, measuring the
adsorption kinetics of virus-like particles to our surface would
require alternative approaches. Since we are interested in
visualizing binding events occurring on electrostatically hetero-
geneous surfaces, we decided to depart from the traditionally
used toolbox listed above and, instead, explore an electrokinetic
approach for the detection and time-resolved measurement of
nanoparticle binding. In this work, we apply real-time ζ-potential
measurements to study the adhesion of virus-like nanoparticles
onto glycopolymer coatings.
Typically, biomaterials perform their function in an aqueous

environment, where functional groups on its surface can be
ionized, preferential adsorb ions, and eventually acquire an
electrical double layer. Consequently, the ζ-potential is a
sensitive indicator of interfacial charge development in
physiological fluids such as blood.35 Prior work has linked
changes in the ζ-potential to biofilm formation,36 viral
adhesion,37 changes in the performance of an implanted
neuronal electrode,38 progression of osteogenesis,39 or the
inflammatory response to a biomaterial.40 Although electrostatic
effects exert a profound influence over the rate at which
biomolecules, pathogens, and cells adsorb to the material surface,
there have been very few studies employing ζ-potential
measurements to elucidate adsorption events in a time-resolved
manner. In pioneering work, Norde et al.41 reported that
measuring temporal changes in ζ-potential was an effective way
to record the adsorption kinetics of a charged protein, such as
lysosyme, on a complementarily charged surface, such as glass or
silica.42 Here, the change of the ζ-potential from its baseline value
was linearly dependent on the amount of adsorbed protein.
Etheve and Dejardin43 were able to build on this earlier work by
simultaneously acquiring the values of both ζ-potential and the
deposited mass of protein. The outcome was a defined
relationship between the change in ζ-potential and the total
amount of adsorbed protein. So far, in situ ζ-potential
measurements have been predominantly used to characterize
equilibrium states of surfaces exposed to proteins,44,45

viruses,46,47 or nanoparticles.48,49 In comparison, time-resolved
ζ-potential measurements are still in their infancy50 in spite of
their prominent potential for understanding interfacial events at
a biomaterials interface in a label-free and inexpensive manner.
In this report, we examine the effect of the surface composition

of electrostatically heterogeneous glycopolymer on the binding
kinetics of virus-like nanoparticles using real-time ζ-potential
measurements. Before we embarked on these measurements, we
validated our electrokinetic approach by comparing its
adsorption response with that of QCM. For this validation
study, we chose to measure the adsorption kinetics of a well-
characterized binding pair: neutravidin and biotin. This
contribution employs electrokinetic measurements to study
two interfacial processes: (i) the specific binding of neutravidin
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to biotin with the objective of comparing adsorption trends with
those from QCM and validating the technique; (ii) the
nonspecific charge-promoted binding of virus-like nanoparticles
to glycopolymer brush interfaces interspersed with positively
charged binding sites.

■ RESULTS AND DISCUSSION

Binding Kinetics of Neutravidin to Biotinylated
Surfaces Assessed via QCM and Real-Time ζ-Potential
Measurements. Before conducting electrokinetic measure-
ments to examine the adsorption of nanoparticles to electro-
statically heterogeneous glycopolymer surfaces, we needed to
establish the validity of this technique. We employed QCM
studies in parallel with real-time ζ-potential measurements to
investigate a well-established binding process and then compared
results obtained from both methods. We wished to verify
whether similar trends in neutravidin−biotin association are
observed from both methods while monitoring the binding
events in real time.
The noncovalent interaction between biotin and avidin

analogues has been widely exploited in developing biosensors,
drug delivery systems, biomolecular imaging probes, immuno-
assays, and other applications where high affinity and specificity
are desired.51 This is a well-established model for affinity

interactions and is considered to be a reliable binding pair. Since
biotin−avidin association happens extremely rapidly, the
acquisition of kinetic data and determination of the binding
constant for this interaction are quite challenging.52 Never-
theless, the binding kinetics of streptavidin with biotin53 has been
thoroughly characterized by a variety of techniques, including
fluorescence resonance energy transfer52 (FRET), QCM-D,54

and SPR.55 Compared to streptavidin (pI of 5−656) and avidin
(pI of 10.556), neutravidin (pI of 6.356) has an isoelectric point
closest to neutral pH and is expected to exhibit the least
nonspecific binding among the three. Hence, neutravidin has
been used in our study. We evaluate the adsorption kinetics of
neutravidin on biotinylated surfaces using two methods in
parallel: real-time ζ-potential measurements and QCMmeasure-
ments.
The surfaces of the QCM crystals and the measurement

surfaces of the electrokinetic analyzer were coated with poly(4-
ethynyl-p-xylylene-co-p-xylylene) (PPX-alkyne), which displays
highly reactive alkyne functional groups. The Huisgen 1,3-
dipolar cycloaddition between azides and terminal alkynes was
used to conjugate biotin-PEG-azide to the substrates using a
procedure described in the Experimental Section and in previous
reports.57 To confirm that biotinylation was successful,
fluorescence measurements were performed with both biotiny-

Figure 1. (A) In step 1, biotin-PEG-azide is conjugated to reactive alkyne groups on the PPX-alkyne substrate using Huisgen 1,3-dipolar cycloaddition.
In step 2, neutravidin binds to the biotinylated surfaces. Binding kinetics were studied as a function of neutravidin concentration using (B) real-time ζ-
potential measurements and (C) quartz crystal microbalance (QCM) measurements. Three concentrations of neutravidin were employed (10 nM in
blue, 100 nM in black, and 1000 nM in green). For the control experiment, a PEGylated surface without any biotin was studied using a neutravidin
concentration of 1000 nM (red). In both QCM and real-time ζ-potential measurements, the rate and extent of neutravidin adsorption were controlled
by its solution concentration. Also, no adsorption could be detected in the control experiment even when the highest neutravidin concentration was
employed.
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lated coverslips and non-biotinylated PEG-coated coverslips
(negative control) using a fluorescently labeled streptavidin
molecule. Fluorescence results are discussed in the Supporting
Information.
After verifying that biotinylation was successful, we proceeded

to detect and quantify the binding of neutravidin molecules to
these surfaces (Figure 1A) using real-time ζ-potential measure-
ments and QCM. In a typical measurement, the buffer was
pumped through the measurement chamber, which was a flow
cell in the form of a rectangular slit. Flow conditions in our
measurement chamber are in the laminar regime, and the velocity
profile can be described by the Hagen−Poiseuille equation. Since
rapid transport of neutravidin is not possible in this flow setup,
the rate constants observed from these studies are only transport-
limited “apparent rate constants” and not the true rate constants.
The ζ-potential values were recorded continuously at a

frequency of onemeasurement per second. After a stable baseline
was established, neutravidin was injected into the flow circuit,
and changes in ζ-potential could be observed in real time. Three
concentrations of neutravidin were studied: 10, 100, and 1000
nM. In addition, a control experiment was performed at 1000 nM
on a PEGylated surface devoid of biotin molecules. The
adsorption response (Figure 1B) could be obtained by
subtracting the average of the ζ-potential values collected during
the baseline phase from the ζ-potential values obtained after the

introduction of neutravidin. The average ζ-potential values
collected during the baseline phase were quite similar across all
experimental runs: −44 mV for the 10 nM experiment, −42.4
mV for the 100 nM experiment, and−41.93 mV for the 1000 nM
experiment. In all three experiments, upon addition of
neutravidin, the ζ-potential became less negative. However, the
magnitude of increase in the ζ-potential was highest for the 1000
nM concentration at 29.9 mV, followed by the 100 nM run which
had a 23.4 mV change (Figure 2C). Among the three
experiments, the least change in ζ-potential (19.1 mV) was
observed for the 10 nM experiment (Figure 2C). This change in
ζ-potential can be attributed to the adsorption of neutravidin to
the surface caused by its specific association with biotin
molecules. It appears that the rate of increase of ζ-potential
values as well as the magnitude of its increase is a function of
neutravidin concentration, with higher concentrations promot-
ing more rapid changes. When we consider the control
experiment, the average baseline ζ-potential was −40.6 mV,
which was only slightly higher than the values obtained with the
biotinylated surfaces. However, when we added neutravidin to
achieve a 1000 nM concentration, we did not observe any
departure of the ζ-potential trends from baseline levels,
indicating that neutravidin did not adsorb to the surface in the
absence of biotin (Figure 1B).

Figure 2. (A) Experimental values from the real-time ζ-potential measurements of the adsorption of 100 nM neutravidin to biotinylated surfaces were
fitted to the monoexponential model with model parameters A = 23.4 mV and k = 7.96× 10−3 s−1. The model values (solid blue line) compare well with
experimental values (black dots) within the prediction boundaries (95% confidence interval). The monoexponential model successfully captures the
experimental adsorption trends despite the oscillations and scatter inherent to the technique. (B) Apparent rate constants are plotted against the
logarithm of neutravidin concentration. The rate of neutravidin adsorption increases exponentially with concentration. (C) The magnitude of ζ-
potential increase is plotted as a function of neutravidin concentration. (D) Calibration curve for ζ-potential change against the mass of bound
neutravidin measured using QCM. Vertical and horizontal error bars are in red.
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In our experiments, a target pressure of 150 mbar was
employed to pump the fluid through the measurement chamber,
and this pressure difference is achieved by the motorized
movement of plungers placed within two 100 mL glass syringes.
The oscillatory nature of the adsorption traces can be attributed
to the periodic emptying and refilling of the syringe. Every time
100 mL of the electrolyte solution flows through the measure-
ment chamber, this periodic refilling is performed to re-establish
the target pressure. This cyclical pressure variation occurs every
90 s and is a typical feature of this technique. Further, overshoots
in the target pressure can result in the spikes in the data. This
scatter in the adsorption response has been observed in prior
reports on time-resolved ζ-potential measurements.43,50 When
we constructed monoexponential adsorption models from the ζ-
potential data (described in the next section), we concluded that
this scatter does not affect the ability of the technique to clearly
discriminate between adsorption trends from different neu-
travidin concentrations.
Next, we repeated this study using QCM instead of the ζ-

potential (Figure 1C). In all three experiments performed with
biotinylated surfaces (10, 100, and 1000 nM), we observed a
decrease in frequency upon neutravidin addition. The frequency
decrease was transformed into an estimate of adsorbed mass
using the Sauerberey equation.58 Neutravidin adsorption was
highest when the concentration of neutravidin was 1000 nM, and
an adsorption plateau of 1214 ng/cm2 was reached. This plateau
value was lowered dramatically when concentrations of 100 nM
(931 ng/cm2) and 10 nM (40.3 ng/cm2) were used, indicating
that the extent of neutravidin coverage on the surface is
controlled by its concentration. This result mirrors what we
observed in the ζ-potential studies performed using the same
coatings and identical concentration values.
Interestingly, for the control experiment where the adsorption

of 1000 nM neutravidin was measured on a PEGylated surface, a
plateau value of 20−30 ng/cm2 was obtained, which is only
slightly less than the value (40.3 ng/cm2) for the 10 nM
experiment performed with a biotinylated surface (Figure 1C).
Though a near-zero adsorption signal was obtained from this
control surface using ζ-potential measurements in the 1000 nM
neutravidin run, the adsorption signal from the parallel QCM
control experiment is somewhat high. This suggests that the
uptake of water and sodium phosphate salts by the QCM crystal
also contributes to the adsorption signal. In the absence of
measurements of the energy dissipation factor ΔD, it is difficult
to subtract these non-neutravidin contributions from the buffer
solution itself and obtain more accurate adsorption profiles.
Results from our quantitative analysis are discussed in the next
section.
Kinetic Modeling of Adsorption Data. Consistent with

previous studies that employ Langmuirian adsorption kinetics,
we assumed that neutravidin binding follows a first-order process
and that our ζ-potential and QCM data can be described by a
monoexponential fit. The model equation and fitting procedures
are described in the Experimental Section. Two model
parameters(1) A, the plateau value of adsorption (units of
mV for streaming potential and ng/cm2 for QCM), and (2) k, the
apparent rate constant of adsorption (units of s−1)were
computed within a 95% confidence interval. As an example,
Figure 2A shows how closely the model (A = 23.4 mV and k =
7.96 × 10−3 s−1) fits the experimental values for the ζ-potential
experiment describing the kinetics of neutravidin adsorption at
100 nM. Despite the scatter in the data, we can see that most
values fall within the prediction boundaries within a 95%

confidence interval, indicating that the monoexponential model
describes experimental behavior accurately. Five additional plots
for the remaining experiments can be found in the Supporting
Information (Figures S3 and S4) where the adsorption data from
all ζ-potential and QCM experiments have been mapped. The
model parameters and their uncertainties are tabulated in Tables
S2 and S3 for ζ-potential and QCM, respectively. Model
diagnostic tests were performed to evaluate the quality of our
fitting, and these results are tabulated in Tables S4 and S5 for ζ-
potential and QCM, respectively. We concluded that the
monoexponential model matches our experimental trends for
both measurement approaches.
From a closer look at the QCM adsorption traces, it appears

that the biexponential model may have been more suitable than
the monoexponential model. If we consider the QCM
experiments performed at 10 nM and 100 nM, we can discern
two phases of adsorption: an extremely rapid first phase and a
slower second phase. After the initial exponential increase in
adsorbed neutravidin is completed and a stable plateau value is
attained, a second slower phase of adsorption begins. In contrast
to the other two experiments, we do not detect two plateaus in
the 1000 nM QCM run. Yet, we can see that the steep
exponential climb is followed by a gradual linear growth in the
mass of adsorbed neutravidin. This biphasic adsorption behavior
can be explained by the heterogeneity of binding sites on the
neutravidin molecule, with each site possessing different
affinities.52 Though the binding of the first biotin molecule is
sterically unhindered and quite rapid, the binding of the second
biotin molecule is hindered by the presence of adjacent biotin
molecules that have already associated with neutravidin.59 This
two-step adsorption behavior was not evident in the ζ-potential
experiments because electrokinetic methods, unlike QCM, lack
the ability to detect changes in molecular orientation. Since this
biphasic adsorption did not appear in the ζ-potential runs, we
have used the monophasic monoexponential model for both the
QCM and ζ-potential adsorption data for the sake of consistency
and ease of modeling. From the model diagnostic tests, we
concluded that the accuracy with which the monoexponential
model predicts the QCM adsorption response is adequate.
In Figure 2B, we can see that the apparent rate constant of

binding increases linearly with the logarithm of neutravidin
concentration, a result which is in good agreement with previous
studies. The apparent binding constant extracted from the slope
of this plot is in the order of 104 M−1 s−1, which is far lower than
values of 3.0 × 106−4.5 × 107 M−1 s−1 reported using droplet
microfluidics techniques,52,60 where the transport limitation is
greatly minimized by rapid mixing. In comparison, ζ-potential
measurement is quite limited in its ability to characterize rapid
binding processes, resulting in an apparent neutravidin−bioitin
binding constant that is 2−3 orders of magnitude lower.
We can define a binding constant in terms of the adsorption

response by evaluating the slope of Figure 2C (9.4 mV/μmol of
neutravidin), which allows us to estimate the neutravidin
concentration from the change in ζ-potential. In addition, we
have mapped the adsorption signal from real-time ζ-potential
measurements to the values of adsorbed neutravidin mass from
QCM (Figure 2D), providing a means to evaluate the quantity of
bound neutravidin from the ζ-potential signal.
We conducted a parallel study of neutravidin−biotin

adsorption in order to compare results from from QCM and
real-time ζ-potential measurements. We concluded that time-
resolved electrokinetic measurements can yield kinetic trends
that closely mirror those obtained fromQCM. Upon completion
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of the investigation of biotinylated surfaces, we proceeded to
interrogate electrostatically heterogeneous glycopolymer surfa-
ces using this validated technique.
Tuning the Surface Density of Binding Sites on Brush

Surfaces. Next, we applied real-time ζ-potential measurements
to evaluate the adsorption kinetics of nanoparticulate models of
viruses34 on electrostatically heterogeneous polymer brush
surfaces. Our surface design seeks to recapitulate aspects of the
nanostructured organization of brush-like interfaces found in the
body, most particularly the endothelial glycocalyx.61 Our
composite surface consists of two components (Figure 3A).

The first element is a copolymer formed by chemical vapor
deposition (CVD) copolymerization of two paracyclophane-
based monomers. One comonomer contains an initiator (ester
bromide or EB) for surface-initiated atom transfer radical
polymerization (SI-ATRP) and the other comonomer an
ionizable amine moiety (aminomethyl or AM). The protonated
amine functions as a positively charged binding site to which
negatively charged species of interest such as viruses21 can
adsorb. The second element is composed of glycopolymer
brushes bearing sorbitol side chains, which are grafted from the
EB initiation sites on the copolymer using SI-ATRP. The density
of the binding sites relative to that of the SI-ATRP initiation sites
on the copolymer coating can be tuned by modifying the CVD
copolymerization conditions. The model system can provide
answers to the following questions: How does the density of
aminomethyl groups affect the rate of adsorption of the virus-like

nanoparticles? How does the introduction of a glycopolymer
brush influence the adsorption behavior?
First, the surface composition of the copolymer was tuned by

varying the CVD process parameters as described in the
Experimental Section. To engineer varying ratios of AM and
EB functional groups, copolymers were prepared using different
CVD parameters. As seen in Figure 3B, the FTIR spectra show an
increasing intensity of the carbonyl peak of the EB component
from top to bottom, indicating that the surface concentration of
the AM group in the copolymer was reduced successively. We
concluded that surface composition is tunable and that the ratios
of ester bromide and aminomethyl functional groups present on
the surface could be controlled merely by varying the CVD
parameters appropriately.
To further validate this result, we employed ζ-potential

measurements to compare the interfacial charge of these
copolymers of varying surface compositions. It was hypothesized
that if a greater number of aminomethyl groups were present on
the surface, then the resulting copolymer would carry a higher
positive charge than a copolymer containing fewer aminomethyl
groups. Figure 3C summarizes the results of this study wherein
the ζ-potential values of the seven copolymer coatings (CP1
through CP7) are plotted as a function of pH. The copolymer
surfaces had isoelectric points (IEPs) ranging from 3 to 6, where
the copolymer surfaces with IEPs close to 3 were mostly
composed of the ester bromide whereas those closer to 6 were
dominated by the aminomethyl containing repeating unit. We
concluded that our copolymer charge could be tuned by
controlling surface composition and that a progressively more
positively charged surface could be obtained by increasing the
concentration of aminomethyl groups relative to the ester
bromide groups.

Adsorption Rate of PS-COOH Nanoparticles Can Be
Tuned by Varying the Surface Composition. We studied
three surfaces of varying AM/EB ratios and isoelectric points of
5.7, 4.8, and 3.6. The pH was maintained constant at 6.0 for all
experiments. Though this pH value is higher than the isoelectric
points of all three copolymers, we anticipated that the proportion
of ionized amine groups would be highest on the copolymer with
the isoelectric point of 5.7.
We continuously measured changes in ζ-potential values with

time before and after the addition of the nanoparticles. The
addition of the PS-COOH nanoparticles to the electrolyte
solution was accompanied by a steady decrease in the ζ-potential
for all three samples (Figure 4). However, for copolymers with
IEPs of 5.7 and 4.8, the decrease of ζ-potential was faster than it
was for the sample with an IEP of 3.6. This is consistent with the
predictions of models describing electrostatically driven
adsorption,62 which demonstrate that a greater availability of
binding sites increases the rate constant for the adsorption step.
Also, the magnitude of ζ-potential change (160 and 122mV) was
higher for the amine-rich surfaces than for the surfaces on which
the EB groups were more abundant (51 mV). The relationship
between adsorption rates and copolymer composition could be
clearly discerned using real-time ζ-potential measurements. We
concluded that nanoparticle adsorption rates could be tuned by
modifying the surface concentration of aminomethyl groups.
Next, we studied the effect of incorporating glycopolymer

brushes on the adsorption rate of nanoparticles. Poly(sorbitol
methacrylate) brushes were grafted from the three sets of
copolymers prepared. In all three cases, the adsorption rate was
dramatically lower than what was observed without the polymer
brushes. In two of the three experiments (Figure 4B,C), the

Figure 3. (A) Surface design used in our study. The base layer is
composed of a copolymer synthesized using chemical vapor deposition,
incorporating binding sites (aminomethyl groups or AM), and
polymerization initiation sites (ester bromide or EB). Negatively
charged nanoparticles were expected to attach to the AM groups, and we
studied nanoparticle adsorption kinetics for different copolymer
compositions. Sorbitol methacrylate brushes were grafted from the EB
sites through SI-ATRP. (B) FTIR spectra showed that ratio of AM and
EB is tunable. The decrease in peak heights of the carbonyl peak around
1730 cm−1 indicated that the ratio of EB relative to AMwas reduced. (C)
Surface charge of copolymer surfaces became more positive with
increasing AM concentration. The isoelectric point was varied from 3 to
6 by changing the copolymer composition. Seven copolymer surfaces
were studied (CP1 through CP7).
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sorbitol brushes were successful in preventing adsorption of PS-
COOHnanoparticles almost completely. However, in the case of
the copolymer with the highest density of amine groups (Figure
4A), the sorbitol brushes were able to reduce the rate and extent
of adsorption but could not prevent it completely.
We studied the variation of sorbitol brush thicknesses with

copolymer composition through ellipsometry, and these results
are tabulated in Table S1. The thickness was greatest for the
sorbitol brushes grafted from the copolymer with an IEP of 3.6
(8.7 nm) and lowest for the amine-rich copolymer with an IEP of
5.7 (3 nm). The copolymer with the intermediate IEP of 4.8 had
7.2 nm thick sorbitol brushes, which is the second largest brush
thickness observed. This trend can be attributed to the lower
density of ester bromide initiator groups in the more positively
charged copolymer coatings, leading to a proportionally slower
rate of brush growth and thinner brushes. Since initiator density
and polymer brush growth rates have a linear relationship,63 if we
maintain identical SI-ATRP conditions, the copolymer bearing
more EB groups would have thicker brushes than the copolymer
with fewer EB groups.
Even though all the brush thickness values are within the

Debye screening length (9.62 nm) of the ionic environment, they
still succeed in retarding nanoparticle adsorption. It is possible

that thicker brushes improve the resistance to adsorption as they
carry higher thermodynamic costs of brush compression,10

making it less likely for nanoparticles to adhere to the
aminomethyl groups. However, this energy cost could be offset
by promoting the electrostatic driving forces for adhesion in two
ways: a higher AM surface density or a more acidic environment
that leads to a greater degree of amine protonation. Therefore,
the critical polymer brush thickness required to span the
aminomethyl binding sites and prevent binding is dependent on
the relative densities of initiator and aminomethyl groups and on
the pH value of the medium. Future work will focus on the
interplay between the degree of amine ionization and the chain
length distribution of the sorbitol brushes and their roles in
shaping nanoparticle adsorption. Our results so far suggest that
we can not only modulate binding rates of the particles by
changing the copolymer composition but also switch off binding
by introducing sufficiently thick glycopolymer brushes.
To verify that sorbitol brushes function as barriers against

nanoparticles and to validate the results from real-time
electrokinetic measurements, we performed fluorescence mi-
croscopy to compare equilibrium adsorption of fluorescent
nanoparticles. Four sets of surfaces were compared: the
copolymer containing AM and EB with an IEP of 4.8 and

Figure 4. (A−C) Plots show how an increase in aminomethyl surface density (as measured by the isoelectric point) leads to a higher nanoparticle
adsorption rate. The presence of the sorbitol brush is successful in retarding nanoparticle binding though in the case of (A), it is not entirely retarded.
(D) Fluorescence study substantiates the results obtained from electrokinetic measurements. PS-COOH nanoparticles do not adhere to the sorbitol-
grafted copolymer surfaces. Scale bar is 10 μm. (E) Comparison of surface density of fluorescent PS-COOH nanoparticles adsorbed on copolymer and
PPX-EB before and after the SI-ATRP of sorbitol. High intensities were observed on the copolymer while low intensities were observed on PPX-EB
(without amine groups) and also on sorbitol brushes grafted from PPX-EB and copolymer coatings. Error bars are in red.
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PPX-EB without AM binding sites as well as the respective
surfaces after grafting sorbitol brushes. We observed very little
PS-COOH binding to the PPX-EB surfaces (no AM groups),
both before and after the introduction of the sorbitol brushes,
indicating that the AM groups are required for for the
nanoparticle to bind. Interestingly, fluorescence measurements
showed a high particle density on the copolymer surfaces and
almost no particles on the sorbitol brushes grafted from the
copolymer (Figure 4D,E). This observation is consistent with the
decrease in ζ-potential observed during nanoparticle adsorption
on the copolymers, and little or no change in ζ-potential during
the study of nanoparticle adsorption on the sorbitol brush. ζ-
potential has been a valuable tool to develop a temporal map of
virus-like particle adsorption events transpiring on polymer
brush interfaces that are populated with electrostatic tethers.
This is the first ζ-potential based study that has studied
adsorption kinetics of a biologically relevant adsorbate on a
complex biomimetic interface. We suggest that this electrokinetic
characterization approach, so far limited to simple homogeneous
surfaces such as glass, quartz, andmica, can be readily extended to
heterogeneous and nanotextured surfaces more typical of
biomaterials.

■ CONCLUSIONS

Using real-time ζ-potential measurements, we were not only able
to detect the well-known binding of neutravidin to biotinylated
surfaces but also successfully quantify the neutravidin adsorption
rate as a function of its concentration. By performing a parallel
adsorption kinetics study using QCM, we could compare
adsorption trends from ζ-potential with those obtained through
QCM. Real-time ζ-potential measurements can be a powerful
tool in understanding biomimetic surfaces possessing chemical
heterogeneity, especially for applications sensitive to kinetic
constraints as well as interfacial charge formation. We anticipate
that this electrokinetic approach will be equally relevant to the
study of affinity-based interactions of biological species with
receptors as well as nonspecific binding events that are
electrostatically driven.
Employing a combination of chemical vapor deposition

copolymerization and surface-initiated atom transfer radical
polymerization, we successfully multifunctional polymer coat-
ings where the ratio of glycopolymer brushes and positively
charged binding sites could be tuned. Because CVD copoly-
merization affords exquisite control over the surface composition
and ultimately the surface charge of these coatings, the isoelectric
point of the base copolymer can be increased simply by
increasing the density of aminomethy functional groups.
Increasing the aminomethyl surface concentration resulted in a
progressively more rapid adsorption trajectory of the virus-like
nanoparticles on the copolymer surface. In addition to tailoring
the adsorption rates of nanoparticles by varying the copolymer
composition, we can also reduce the adsorption extent to near-
zero levels by growing sorbitol brushes from the initiator sites
present on the copolymer.
We conclude that the adsorption of virus-like nanoparticles is

shaped by the interplay of aminomethyl concentration and
sorbitol brush architecture. In future work, we will investigate the
effect of glycopolymer brush composition by developing coatings
based on glucose, galactose, and mannose in their bioactive
forms. We will also examine the adsorption of viruses such as
adenoviruses and influenza on these surfaces as a function of
amine density and glycopolymer brush architecture.

■ EXPERIMENTAL SECTION
The first and second sections describe chemical vapor deposition
(CVD) polymerization and surface-initiated ATRP procedures. In the
third, fourth, and fifth sections, characterization procedures for these
coatings using ζ-potential, FTIR, and fluorescence are described. The
sixth and seventh section explains the collection of real-time ζ-potential
measurements using our electrokinetic analyzer and QCM measure-
ments, respectively. Finally, the modeling procedure is summarized in
the eighth section.

Chemical Vapor Deposition. As described in Nandivada et al.,57

the precursor ethynyl[2,2]paracyclophane was sublimed at 100 °C and
then subjected to thermal pyrolysis at 660 °C under low pressure (0.3
bar). The radical species that were generated thus adsorbed to the
cooled substrate (15 °C) in the deposition chamber and underwent
polymerization. Coatings composed of poly(4-ethynyl-p-xylylene-co-p-
xylylene) (PPX-alkyne) were obtained. Poly(p-xylylene) (PPX-N) was
prepared using the same procedure from [2,2]paracyclophane. 4-
Aminomethyl[2,2]paracyclophane (PCP-AM) was obtained from
Uniglobe Kisco, and coatings of poly(p-xylylene-4-aminomethyl)-co-
(p-xylylene)] (PPX-AM) were prepared using the same operating
parameters. To prepare poly[(p-xylylene-4-methyl-2-bromo-
isobutyrate)-co-(p-xylylene)] (PPX-EB), we employed the CVD
conditions described in Jiang et al.64 In brief, 32 mg of [2.2]-
paracyclophane-4-methyl 2-bromoisobutyrate (PCP-EB) was sublimed
at 115−125 °C under reduced pressure (0.3 mbar) and then pyrolyzed
at 540 °C. Deposition of the polymer onto the substrate occurred on a
sample holder maintained at 14 °C. To prepare a copolymer of
[2.2]paracyclophane-4-methyl 2-bromoisobutyrate (PCP-EB) and 4-
aminomethyl[2,2]paracyclophane (PCP-AM), a two-source CVD
system was employed as described by Elkasabi et al.65 An amount of
25 mg of PCP-AM was loaded into one source, and 32 mg of PCP-EB
was loaded into the second source. The two source furnaces were heated
independently to pyrolysis temperatures of 660 and 540 °C. The ratio of
the two functional groups deposited on the target surface of the coating
was controlled by changing the separation distance to the respective
source. For the PCP-EB precursor, the separation was held constant at
0.8 cm, while for the PCP-AM, distances ranging from 2.8 to 3.2 cmwere
employed. Each precursor was sublimed between 80 and 110 °C at a
pressure of 0.125 Torr. The sample holder was cooled to 14 °C and
rotated continuously to ensure compositional homogeneity. At each
source, a flow rate of 10 sccm was maintained using argon carrier gas in
order to carry the sublimated dimers into the pyrolysis zone, from where
they entered the deposition chamber to form coatings of poly[(p-
xylylene-4-methyl-2-bromoisobutyrate)-co-(p-xylylene-4-amino-
methyl)-co-(p-xylylene)] on the substrates. Once the PCP-EB precursor
was sublimed completely, deposition was stopped immediately.

Glycopolymer Brush Synthesis. Sorbitol methacrylate monomer
(SMA) was purchased from Monomer Polymer Dajac Laboratories,
Trevose, PA, and polymerized from the PPX-EB initiator surfaces using
SI-ATRP to yield glycopolymer brushes. Substrates bearing bromoiso-
butyryl groups (EB), either the homopolymer PPX-EB or the copolymer
with PCP-AM, were prepared according to the CVD process described
in previous sections. Prior to SI-ATRP, substrates were coated with
either the copolymer or with PPX-EB. The initial and final values of the
coating thickness were ascertained using nulling ellipsometry before and
after SI-ATRP. Upon subtracting the initial thickness from the final
thickness, the extent of brush growth could be measured. Results from
ellipsometry studies are furnished in the Supporting Information. In a
typical SI-ATRP run, copper(I) chloride, copper(II) chloride, and 2,2,
bipyridyl were purchased from Sigma-Aldrich and used without further
purification. Substrates were placed in a glovebag and degassed using
three cycles of vacuum−argon purge and left at room temperature under
argon. 8 mL of solution of 1 g/mL SMA in methanol, 2 mL of methanol,
and 6 mL of water were mixed together in the monomer flask and then
degassed by three cycles of freeze−pump−thaw. In parallel, a mixture of
3 mL of methanol and 1mL of water was degassed using freeze−pump−
thaw cycles in a separate catalyst flask. The catalyst was precomplexed
with the ligand and dissolved separately from the monomer as the CuI

and CuII tend to form a strong complex with the sorbitol monomer.
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After completion of the third freeze operation, 207.4 mg of bipyridyl,
35.5 mg of CuCl, and 7.9 mg of CuCl2 were added to the catalyst flask
under argon. Pump and thaw operations were continued subsequent to
catalyst addition. Upon dissolution, the brown-colored catalyst mixture
was added to the degassed monomer solution and mixed thoroughly at
room temperature. This mixture was transferred to the glovebag and
distributed such that each substrate was submerged completely in the
reaction solution. The SI-ATRP reaction was allowed to proceed for 24
h under an argon atmosphere. Finally, substrates were rinsed repeatedly
with 0.05 M EDTA solution and deionized water and dried.
FTIR Spectroscopy. To verify whether the desired functional

groups were present on the surface of the polymer coatings, Fourier-
transformed infrared (FTIR) spectroscopy was performed using Nicolet
6700 spectrophotometer in the grazing angle configuration against a
gold background. Polymers were deposited on gold wafers, and 128
scans were collected with a resolution of 4 cm−1. The FTIR spectra for
the sorbitol brushes, PPX-alkyne, and PPX-EB are included in the
Supporting Information.
Isoelectric Point Determination. For measuring the ζ-potential as

a function of pH and to determine the isoelectric point (IEP), streaming
current measurements were collected for multiple values of pH. Polymer
coatings were prepared using the CVD processes described in previous
sections. The clamping cell of the electrokinetic analyzer SurPASS
(Anton Paar GmBH) was used in asymmetric mode66 to acquire
streaming current readings from the samples across a pH range of 3−6.
Polypropylene foil was used as the reference. For each sample, titration
was performed from the neutral to the acidic range using 0.1 M
hydrochloric acid as the titrant and 0.001M potassium chloride solution
as the electrolyte. The pH value was controlled using an automated
titration unit, which effected pH changes in increments of 0.3, while the
electrolyte solution was stirred continuously. The electrolyte solution
was purged continuously with nitrogen to prevent carbon dioxide
dissolution and unintended changes in the pH value. Streaming current
was measured using Ag/AgCl electrodes, and the Helmholtz−
Smoluchwski equation67−69 was applied to compute the ζ-potentials.
Flow rates of 50−70 mL/min were observed at a pressure of 400 mbar,
and a gap of 100−120 μm was maintained between the sample and the
polypropylene reference standard. Samples were rinsed for 3 min before
each measurement to equilibrate the surface against the electrolyte
solution.
Fluorescence Measurements for Streptavidin and Nano-

particle Adsorption. Initially, samples were incubated in a solution of
0.1% (w/v) bovine serum albumin (Sigma-Aldrich) in phosphate
buffered saline (PBS) for 30 min and then thoroughly rinsed with PBS.
Subsequently, they were incubated in streptavidin-Cy3 (50 μg/mL) in
PBS containing 0.02% (v/v) Tween 20 for 10 min. The substrate was
then repeatedly washed with PBS and finally rinsed with deionized
water. Substrates were dried and fluorescence micrographs recorded
using a fluorescence scanner (FluorochemM, Protein Simple Inc.) with
an exposure time of 200 ms. The fluorescence intensity was extracted
using ImageJ, and an average of readings obtained from three substrates
for each sample group (PPX-N, PPX-alkyne clicked with PEG, PPX-
alkyne clicked with biotin-PEG-azide57) was computed. The PS-COOH
nanoparticles (Molecular Probes, carboxylated latex, 0.02 μm, 4% w/v)
were purchased from Life Technologies and diluted down to a
concentration of 8 × 10−7g/mL in 0.1 mM phosphate buffer solution.
The pH of the solution was adjusted to 5.90 by mixing NaH2PO4 and
Na2HPO4 in the desired ratio. Glass coverslips coated with the polymers
of interest were incubated with this nanoparticle suspension for 60 min
and then imaged using a Nikon fluorescence microscope. ImageJ was
used to quantify the density of adsorbed nanoparticles. Three substrates
were used per sample group.
Adsorption Kinetics through ζ-Potential Measurements. This

adsorption accessory (Attract, Anton-Paar GmbH) enabled the
acquisition of ζ-potential values at a temporal resolution of 1 s. Since
our samples were rigid and did not exhibit swelling, streaming current
measurements accompanied by the Helmholtz−Smoluchowski corre-
lation were used to compute ζ-potential. Measurements were performed
in symmetric mode wherein both the top and bottom surfaces of the
rectangular slit flow chamber were composed of the polymer coating of

interest. Consistent with the procedure for IEP determination, a
solution of 1 mM potassium chloride in Milli-Q water was continually
purged with nitrogen gas to prevent the dissolution of carbon dioxide
and subsequent changes in pH. Streaming current measurements were
collected every second at a pressure of 200 mbar and a separation of
100−120 μm between the two parallel surfaces forming the flow
chamber. Before the adsorbate species could be added, baseline
measurements were acquired for a duration of 10 min to ascertain
that a stable baseline was observed. After the baseline phase of the
experiment was completed, the desired quantity of adsorbate was added,
and the ζ-potential was recorded every second for the duration of the
adsorption phase. The adsorption response was quantified by
subtracting the average of ζ-potential values collected in the baseline
phase from the ζ-potential observed at any instant of time. The
magnitude of ζ-potential change was employed to determine the time
and concentration dependence of adsorption. For adsorption kinetics
experiments, carboxylated polystyrene nanoparticles (PS-COOH) were
obtained from Thermo Fisher (Molecular Probes, carboxylated latex,
0.02 μm, 4% w/v). We employed a nanoparticle concentration of 8 ×
10−7 g/mL. The pH value was maintained constant at 6.00 for the
experiments investigating the effect of copolymer composition on
nanoparticle adsorption.

For the neutravidin−biotin binding experiments, a 1 mM solution of
phosphate buffer was employed. The buffer solution consisted of
NaH2PO4 and Na2HPO4 mixed in a ratio of 81:19 v:v to achieve a pH of
7.4. The upper and lower faces of the rectangular slit chamber were
coated with PPX-alkyne according to the procedure outlined in the
second section. Substrates were subsequently biotinylated using biotin-
PEG-azide (PG2-BNAZ-5k, Nanocs, NY) as described previously.57 As
a control, one pair of the PPX-alkyne coated surfaces was coated with 8-
arm star PEG (MW 10K, PSB-881, Creative PEG works, NC) using 1
mg/mL of the functional PEG reagent, 1 mM CuSO4 (Sigma-Aldrich),
and 8 mM sodium ascorbate (Sigma-Aldrich). Neutravidin (catalog #
31050) was purchased from Life Technologies. To understand the effect
of neutravidin concentration on binding kinetics, three concentration
values were studied: 10, 100, and 1000 nM.

QCM Measurements To Measure the Binding Kinetics of
Neutravidin to Biotin.The QCM-200 instrument (Stanford Research
Systems, Sunnyvale, CA) was used for these studies. AT-cut quartz
crystals coated with chrome/gold (O100RX1, Stanford Research
Systems, Sunnyvale, CA) were functionalized with PPX-alkyne
according to the procedure outlined in the second section. Quartz
crystals were biotinylated using biotin-PEG-azide (PG2-BNAZ-5k,
Nanocs, NY) as described previously.57 As a control, one of the PPX-
alkyne coated crystals was coated with 8-arm star PEG (MW 10K, PSB-
881, Creative PEGWorks, Chapel Hill, NC) using 1 mg/mL of the PEG
compound, 1mMCuSO4 (Sigma-Aldrich), and 8mM sodium ascorbate
(Sigma-Aldrich). Prior to measurement, the biotinylated crystal surfaces
were allowed to equilibrate overnight in a 1 mM solution of phosphate
buffer. The buffer solution consisted of NaH2PO4 and Na2HPO4 mixed
in a ratio of 81:19 v:v to achieve a pH of 7.4. Then, they were mounted
on a flow cell, and the phosphate buffer was pumped through the flow
cell at a flow rate of 0.1 mL/h using a syringe pump. Once a stable
baseline was observed, neutravidin was injected and the adsorption
response recorded. The adsorbed neutravidin mass was computed from
the frequency decrease through the Sauerbrey equation.58

Extraction of Apparent Rate Constants Using Kinetic
Modeling. Neutravidin−biotin adsorption experiments performed
with the electrokinetic analyzer, and the QCM yielded plots of
adsorption response y as a function of time t. Assuming that the
adsorption behavior conforms to a first-order kinetic model, these values
were fitted according to the following monoexponential equation where
A denotes plateau value of adsorption (units of mV for streaming
potential and ng/cm2 for QCM) and k is the apparent rate constant of
adsorption with units of s−1.

= − −y A(1 e )kt

The quality of the fit was assessed using the followingmodel diagnostics:
RMSE, which estimates total deviation of the response values from the
fitted values; R-squared, which signifies how well the fit describes
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experimental behavior; and degree of freedom adjustedR-squared which
detects “overfitting”.
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