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ABSTRACT: The performance of polymer interfaces in
biology is governed by a wide spectrum of interfacial
properties. With the ultimate goal of identifying design
parameters for stem cell culture coatings, we developed a
statistical model that describes the dependence of brush
properties on surface-initiated polymerization (SIP) parameters. Employing a design of experiments (DOE) approach, we
identiﬁed operating boundaries within which four gel
architecture regimes can be realized, including a new regime
of associated brushes in thin ﬁlms. Our statistical model can
accurately predict the brush thickness and the degree of intermolecular association of poly[{2-(methacryloyloxy) ethyl}
dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH), a previously reported synthetic substrate for feeder-free and
xeno-free culture of human embryonic stem cells. DOE-based multifunctional predictions oﬀer a powerful quantitative
framework for designing polymer interfaces. For example, model predictions can be used to decrease the critical thickness at
which the wettability transition occurs by simply increasing the catalyst quantity from 1 to 3 mol %.
KEYWORDS: PMEDSAH, stem cell culture, zwitterionic self-association, response surface methodology,
surface-initiated atom transfer radical polymerization
and sometimes even combinations of SI-ATRP parameters.20,21
The traditional iterative approach that relies on one-factor-at-atime22 optimization of polymerization recipe is ineﬃcient and
time-consuming. High-throughput combinatorial approaches23
and computer-aided methods24 for screening and optimizing
solution ATRP conditions have been proposed, but it is unclear
whether these will be eﬀective when translated to SI-ATRP. A
recent study tried to address this issue by developing a
photonic microring resonator for real time monitoring25 of
brush growth, but data interpretation remains diﬃcult.
Properties of polymer brushes prepared by surface-initiated
polymerization (SIP) have been predicted using a combination
of experimental investigations and mathematical models.26
Kinetic modeling and simulations have been employed
successfully to predict polymer ﬁlm thickness as a function of
time.27,28 In predicting the kinetic trajectory for certain
polymerization conditions, these studies have also provided
mechanistic insights on the nature of initiation, chain transfer,
propagation and termination29 in SI-ATRP. However, the
development of these mathematical models requires prior
knowledge of the rate constants as well as experimental
determination of the chain length distribution (CLD) of

1. INTRODUCTION
The performance of responsive polymer brushes,1−6 antifouling
coatings,7 antimicrobial coatings,8,9 biosensor coatings,10 or
substrates for regenerative medicine is deﬁned by the subtle
interplay of interfacial properties such as thickness, wettability,
swelling ratio, friction coeﬃcient, roughness, or surface
charge.5,11,12 In the case of polymer brushes, these properties
are readily modiﬁed by varying the brush composition, i.e., by
choosing a suitable monomer, as well as by varying the brush
architecture. Recent advances in controlled radical polymerization techniques (CRP), such as surface-initiated nitroxidemediated polymerization13 (SI-NMP), surface-initiated reversible addition−fragmentation transfer14,15 (SI-RAFT) polymerization, and surface-initiated atom transfer radical polymerization16 (SI-ATRP), have enabled the creation of tailored
polymer brushes of desired architectures. CRP, when used to
grow polymer brushes from substrate-bound initiators, has farranging possibilities, with a vast and steadily expanding library
of monomers, initiator systems, substrate choices, and polymer
architectures.17−19 Compared to other CRP techniques, SIATRP is compatible with a wider range of functional
monomers, more tolerant of impurities, and easier to access
experimentally.
The selection of optimal SI-ATRP conditions is a critical
element in polymer brush design, because the resultant brush
properties are inﬂuenced by several experimental parameters
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Table 1. Experimental Space Constructed for Statistical Model Developmenta
factor

coding

numberof levels

units

catalyst quantity [CuCl]:[Monomer]
catalyst ratio [CuCl]:[CuCl2]
reaction time

A
B
C

3
3
5

mol %
h

factor levels studied
1%
2.5
1

2%
5
4

3%
10
8

12

24

This general factorial design gave rise to 45 combinations (3 × 3 × 5). This statistical model, developed from a ﬁnite number of experimental runs,
can predict the results of a larger superset of possible experiments within the range of SI-ATRP parameters studied.
a

deﬁned culture conditions during long-term expansion, thereby
circumventing the drawbacks of animal-derived products.43
Earlier, we reported that hESC proliferation rates are highly
sensitive to diﬀerences in the gel architecture of PMEDSAH,
with a coating possessing a moderate degree of self-association
favoring rapid stem cell self-renewal.44 In Qian et al.,44 we
concluded that the rate of stem cell self-renewal can be
increased or decreased by modifying the gel architecture of
PMEDSAH. Therefore, the architecture of PMEDSAH brushes
is a key design parameter that exerts a substantial inﬂuence over
the proliferation rate of hESCs cultured for tissue engineering
applications. Our work was motivated by the need for a
property prediction tool that could guide SI-ATRP parameter
selection and enable access to PMEDSAH brushes possessing
any desired architecture. We anticipate that accurate prediction
of SI-ATRP outcomes will aid the synthesis of PMEDSAH
brushes with the optimal properties for facilitating rapid
expansion of hESC populations.
In this paper, we report the development of a statistical
model that successfully guided the SI-ATRP of PMEDSAH
brushes of diverse architectures and functions, including a
previously inaccessible polymer brush regime. This predictive
model will be more eﬀective in informing experimentalists
about reaction conditions for obtaining polymer brushes with
desired interfacial properties, compared to conventional trialand-error approaches.

tethered polymer chains. Obtaining this information is usually
not straightforward. Releasing tethered polymer chains from
the substrate can introduce impurities and the severed polymers
are not always obtained in a quantity that is suﬃcient for
molecular weight determination using size exclusion chromatography (SEC).30 Precise experimental determination of rate
constants neccessitates use of special methods, such as pulsed
laser polymerization and electron paramagnetic resonance
(EPR),31,32 which can be diﬃcult to implement. Sometimes,
if the experimental estimates of rate constants are unavailable,
they are iteratively determined so as to bring the model
predictions in line with experimental results.26
Nonidealities inherent to the SI-ATRP process further
complicate the development of ab initio models. These include
conﬁnement eﬀects caused by a high grafting density, gradients
in monomer and catalyst concentration and mass transfer
limitations.33 In some cases, the catalysts and the monomer are
not equally accessible to all growing chains, resulting a broader
CLD for the surface-initiated process as compared to the highly
monodisperse molecular weight distribution than is routinely
obtained in a solution ATRP process.34,35 Techniques such as
Monte Carlo36 and Gillespie stochastic simulation algorithm
(GSSA)37,38 simulations that can account for these nonidealities require computationally expensive approaches. Finally,
the predictive scope of these models is restricted to CLD alone
and does not include other interfacial properties, such as surface
charge or wettability.
Because of these limitations, developing a quantitative
understanding of the dependence of polymer coating properties
on SI-ATRP parameter design through stochastic methods and
molecular modeling can be challenging. In contrast, we decided
to develop an alternative modeling approach using statistical
design of experiments (DOE).
Poly[{2-(methacryloyloxy) ethyl} dimethyl-(3-sulfopropyl)
ammonium hydroxide] (PMEDSAH), a zwitterionic polymer
brush, undergoes a hydrophilic-to-hydrophobic transition that
is governed by brush-speciﬁc parameters (e.g., thickness and
monodispersity) as well as kinetic features of the polymerization step (e.g., propagation rate during ATRP39). To create
tailored polymer architectures and tunable CLD for PMEDSAH, we have used surface-initiated atom transfer radical
polymerization (SI-ATRP 40).41 For PMEDSAH brushes
produced by SI-ATRP, Cheng et al.39 found that thin brushes
are usually unassociated and hydrophilic, whereas thick brushes
may or may not produce self-associated hydrophobic brushes
depending on the propagation rate. If the critical thickness for
the hydrophilic-to-hydrophobic transition can be lowered,
typically achieved by bringing about low propagation rates in
SI-ATRP, unusually thin associated gel architectures can be
realized.39
PMEDSAH brushes have been identiﬁed as promising
synthetic substrates for culturing human embryonic stem cells
(hESCs) under feeder-free and xeno-free conditions.42
PMEDSAH coatings can maintain hESC pluripotency in fully

2. EXPERIMENTAL SECTION
2.1. Chemical Vapor Deposition Polymerization of ATRP
Initiator. Using a previously described chemical vapor deposition
(CVD) polymerization approach,45 the initiator coatings were
deposited on the substrates in the form of a thin ﬁlm bearing
bromoisobutyryl ester groups for subsequent ATRP initiation. Using
Fourier Transformed Infrared (FTIR) spectroscopy, two characteristic
bands−the ﬁrst at 1730 cm−1, indicative of the CO bond of the ester
groups and the second band at 1160 cm−1, which is characteristic of
the C−O−C stretches, were used to conﬁrm the chemical structure of
the initiator.45 FTIR spectra can be found in Figure S1. Ellipsometric
characterization of the initiator coating was performed as described in
Qian et al.44
2.2. Experimental Design for SI-ATRP. To conduct a systematic
exploration of the experimental space of SI-ATRP, we used a general
factorial design with the three design variables set at the levels
summarized in Table 1. The design variables form the inputs to our
statistical model and the responses (thickness and contact angle) are
its outputs. It is important to note that these 45 combinations merely
represent a systematic sampling of the inﬁnite combinations possible
within the SI-ATRP parameter space. Each of the 45 experimental runs
was performed twice. Once a satisfactory statistical model was
obtained, it was not necessary to conduct further replicates (the
Supporting Information section includes a description of the
procedure used for model discrimination and selection of the best
statistical model). By analyzing results from this small sample space,
we can make predictions about any point in the entire experimental
space, including those points about which we have no prior
knowledge. The order of experimental runs was randomized to ensure
independence of the data points. Details about choosing factors and
B
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factor levels, statistical diagnostic tests performed for ensuring
normality and independence of data obtained, are provided in the
Supporting Information section. Experimental results from the
systematic sampling were used to construct the statistical model.
Other experimental variables, i.e., monomer concentration, solvent
composition, ratio of ligand (2,2-bipyridyl) to total copper and
reaction temperature were maintained constant throughout the study.
2.3. Procedure for SI-ATRP of MEDSAH. Unless otherwise
speciﬁed, all the chemicals described in this section were purchased
from Sigma-Aldrich and used without further puriﬁcation. The surfaceinitiated ATRP of [2-{(methacryloyloxy)ethyl}] dimethyl-(3-sulfopropyl) ammonium hydroxide (MEDSAH) (Monomer Polymer Dajac
Laboratories, Trevose, PA) was conducted using the procedure
detailed by Qian et al.44 In brief, the ATRP reaction was allowed to
proceed for the desired duration (1, 4, 8, 12, 24 h) under argon
atmosphere at 22 °C. Upon completion, substrates were rinsed with
1% sodium chloride solution and deionized water and dried with a jet
of nitrogen. The solvent ratio (methanol: water) and the
concentration of monomer (0.4 g/mL) was maintained constant for
all experiments whereas the molar ratio of copper(I) chloride to
monomer and the molar ratio of copper(I) chloride and copper(II)
chloride was varied across experiments according to the values
speciﬁed in the experimental design (Table 1). The number of moles
of 2,2 bipyridyl charged was maintained constant at twice the total
number of moles of copper(I) chloride and copper(II) chloride.
2.4. Thickness Measurements Using Ellipsometry. Ellipsometry was performed on silicon wafers (Silicon Valley Microelectronics,
CA) with a native silicon dioxide layer of 2.5 nm thickness. Coating
thickness was measured before and after ATRP with a nulling
ellipsometer (EP3 Nanoﬁlm, Accurion GmbH, Germany). Ellipsometric delta and psi values were collected at a wavelength of 531.9 nm.
Fixed values were used for the real (n = 1.58) and imaginary (k = 0)
components of the refractive index of the polymer coatings. It should
be noted that the refractive index of the initiator coating was very close
to that of PMEDSAH. After ATRP was completed, the thickness of the
PMEDSAH coating formed was calculated by subtracting the initial
thickness of the initiator layer from the post-ATRP thickness. Three
readings were collected for each substrate and two substrates were
used for each experimental run.
2.5. Contact Angle Measurements. Static contact angles of
deionized water were measured using a contact angle goniometer
(Ramé-Hart 200-F1 goniometer). Measurements were taken at three
diﬀerent locations and averaged for each substrate. Two substrates
were used per experimental run.
2.6. Data Analysis Using Analysis of Variance. Analysis of
variance (ANOVA) is a statistical inference tool that identiﬁes
signiﬁcant causes of variation−main eﬀects and interactions between
experimental factors. ANOVA was performed for thickness and
contact angle on Minitab (Minitab Inc., State College, PA) with a 5%
level of signiﬁcance. Model reduction was performed by selecting the
signiﬁcant factor eﬀects identiﬁed from the regression ANOVA
(Partial sum of squares, type III) and discarding insigniﬁcant model
terms. Regression analysis was performed using response surface
reduced quadratic model on Design Expert 9 software (Stat-ease Inc.,
Minneapolis, MN).
2.7. Validation Experiments. For every regime of gel
architecture, the statistical model was veriﬁed by performing validation
experiments and comparing their results to predictions. We selected
validation points such that they did not overlap with the points used
for statistical model construction. Four points were chosen in the
design space so that each point would yield coatings belonging to each
of the four regimes. All validation runs was replicated to be consistent
with the experimental design (n = 2). In total, eight validation
experiments were performed to see whether the statistical model
equations were successful in predicting thickness and contact angle in
the four regimes identiﬁed. The point prediction tool of Design Expert
9 (Stat-ease Inc., Minneapolis, MN) was used to generate predictions.

3. RESULTS AND DISCUSSION
We hypothesized that a response surface methodology
(RSM)46,47 will enable determination of the SI-ATRP reaction
parameters required to achieve a desired gel architecture.
Although RSM is used widely in organic synthesis48,49 to
predict reaction outcomes, this study is, to the best of our
knowledge, the ﬁrst report of an RSM-based study of surfaceinitiated polymerization. The initial goal was to identify a
quantitative relationship between the property space of
PMEDSAH coatings and the vast experimental space accessible
by SI-ATRP. We implemented a factorial design of experiments
(Table 1) to sample the experimental space systematically and
analyzed the roles of statistically signiﬁcant main eﬀects and
interactions in determining thickness and wettability. The result
was a predictive model that described thickness and contact
angle as a function of (i) catalyst quantity, (ii) ratio of activator
CuI to deactivator CuII species and (iii) reaction time. After a
validation phase, the statistical model was employed to guide
the synthesis of thin associated brushes, a gel architecture that
was discovered to be limited to a narrow experimental region.
3.1. Comparing the Impact of Design Variables on
Thickness and Contact Angle. After completing 90
experimental runs (Table 1), the next step was to perform a
statistical analysis of the results in order to identify the most
signiﬁcant sources of variation and thereby understand the roles
of the three experimental variables on thickness and contact
angle. We thus completed two sets of ANOVA analysis for
thickness and contact angle. ANOVA yields F-ratios, which
forms the basis for rank-ordering main eﬀects and understanding their relative importance. Apart from quantifying the
impact of the three main eﬀects on each response, ANOVA is
well-suited to identifying statistically signiﬁcant two-factor and
three-factor interactions. In Table 2, polymer brush thickness is
Table 2. Summary of ANOVA Results for Thicknessa
source of
variation

sum of
squares

degrees of
freedom

mean
square

F0

p-value

cat. qty (A)
cat. ratio
(B)
time (C)
AB
AC
BC
ABC
error
total

1536.0
19489.2

2
2

768.0
9744.6

15.6
198.1

< 1 × 10−3
< 1 × 10−3

57124.6
4260.8
1946.8
3432.7
6623.0
2212.9
96626.1

4
4
8
8
16
45
89

14281.2
1065.2
243.4
429.0
413.9
49.2
1085.7

290.4
21.6
4.9
8.7
8.4

<
<
<
<
<

1
1
1
1
1

×
×
×
×
×

10−3
10−3
10−3
10−3
10−3

a

The tabulated values of the F-test statistic help identifying the
principal sources of variation in thickness, with higher F-ratios
implying a greater contribution. Here, catalyst ratio and reaction time
are the two most signiﬁcant factors.

found to be signiﬁcantly inﬂuenced by all parameters studied
(all p-values are below 1 × 10−3). The ANOVA analysis
identiﬁes reaction time, followed by catalyst ratio, as the lead
parameters with the highest impact. In the range of catalyst
quantity studied (1−3 mol %), thickness does not appear to be
particularly sensitive to catalyst quantity. However, catalyst
quantity has a strong interaction (AB) with catalyst ratio. In
contrast, the ANOVA analysis for contact angle (Table 3)
presents a completely diﬀerent picture, with catalyst quantity
identiﬁed as the clearly dominant factor. The higher the
C
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Table 3. Summary of ANOVA Analysis for Contact Anglesa
source of
variation

sum of
squares

degrees of
freedom

mean
square

cat. qty (A)
cat. ratio (B)
time (C)
AB
AC
BC
ABC
error
total

7195.9
1511.0
10826.4
939.3
5092.2
1289.3
1151.7
1781.8
29787.6

2
2
4
4
8
8
16
45
89

3598.0
755.5
2706.6
234.8
636.5
161.2
72.0
39.6
3598.0

F0

p-value

90.9
19.1
68.4
5.9
16.1
4.1
1.8

<1 × 10−3
<1 × 10−3
<1 × 10−3
0.001
<1 × 10−3
0.001
0.059

Unlike in the ﬁlm thickness model, the catalyst quantity dominates
the statistical model for contact angles. Reaction time is prominent
both, as a stand-alone eﬀect and because of its interaction with catalyst
quantity.

Figure 2. (A) Scatter plot of thickness versus contact angle. The data
were classiﬁed into four regimes by setting boundaries of 70 nm
(horizontal blue line) for thickness and 30° (vertical red line) for
contact angle. (B) Quadrants representing four regimes of gel
architecture, as identiﬁed from the scatter plot.

quantity of catalyst, the more hydrophobic are the resulting
coatings. Interestingly, catalyst quantity was even more relevant
than reaction time, which also favored higher contact angles.
Catalyst ratio, however, only marginally inﬂuences contact
angle, a ﬁnding that contrasts with the strong eﬀect of catalyst
ratio on thickness. Among the interaction terms, the interaction
between reaction time and catalyst quantity is most signiﬁcant
(AC).
Predictive models for thickness and contact angle were
constructed using regression analysis, as described in sections 4
and 5 of the Supporting Information. Two equations, each
describing thickness and contact angle as functions of
signiﬁcant model terms, were obtained. These include main
eﬀects and interaction terms. The statistical model equations
are depicted graphically in the form of response surface plots as
shown in Figure 1. These 3D surface plots are complete
representations of the eﬀects of all three experimental variables
and their interactions.
3.2. Prediction of Four Regimes of Gel Architecture.
The contact angle and thickness results obtained from the 90
experimental runs were plotted in the form of a scatter plot
(Figure 2A) and then segmented into four quadrants (Figure
2B), as described below. The thickness ranged from 2.5 to
140.5 nm. Coatings thicker than 70 nm (median value) were
classiﬁed as thick and those below 70 nm were denoted thin.

For segmenting contact angle data, we have to consider
zwitterionic self-association39,50−52 of PMEDSAH, which
causes an increase in contact angle in proportion to the degree
of self-association. Consistent with previous studies,39,51 contact
angles less than 30° were considered to belong to the
hydrophilic and unassociated regime, those greater than 30°
fall within the self-associated regime.39,51 Therefore, the data
can be grouped into four regimes: thick associated, thick
unassociated, thin unassociated, and thin associated.
From the scatter plot in Figure 2A, we deduced that there
exists a weak overall correlation (R2 = 0.514) between contact
angle and thickness. In the thick associated regime and the thin
unassociated regime alone, where the thickness-dependent
behavior of contact angle is evident, the correlation between the
hydrophobicity of the coatings and its thickness is very strong.
However, if we consider the data points in the thick
unassociated regime and the thin associated regime alone,
this correlation does not hold and thickness and contact angle
are independent of each other. On the basis of this analysis, it
appears that the relationship between PMEDSAH’s thickness
and its degree of self-association is regime-dependent and
complex.
3.3. Assessment and Validation of the Predictive
Character of the Statistical Model. By simultaneously
solving model equations for thickness and contact angle, it
should be possible to experimentally access arbitrary combina-

a

Figure 1. (A) Three-dimensional surface plot predicting ﬁlm thickness as a function of catalyst ratio and reaction time at 1.5 mol % catalyst quantity.
The statistical model that this plot represents, can predict thickness across all possible experiments that can be performed within the studied range.
(B) Three-dimensional surface plot predicting ﬁlm contact angle as a function of catalyst quantity and reaction time at a catalyst ratio of 9.
D
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represented graphically. Model equations for contact angle
and thickness were solved simultaneously to yield a design
space where thickness will be 70 nm or less and contact angle
30° or greater. At a catalyst concentration of 1.5 mol % and
below, no solution exists, indicating that it is unfeasible to
produce thin associated brushes at low catalyst concentrations.
As we increase the catalyst quantity to 2 mol % and higher, the
solution space widens, attaining a maximum area at 3 mol %
catalyst quantity. Similar plots for thick associated brushes and
thick unassociated brushes and a brief discussion of their design
spaces are included in Figure S6.
3.5. Reaction Time and Catalyst Ratio Dominate Film
Thickness. From the ANOVA analysis, we established that all
three main eﬀects (reaction time, catalyst quantity and catalyst
ratio) were signiﬁcant in determining thickness. The individual
impact of each eﬀect can be pictured as protagonistic or
antagonistic depending on whether the slope of the plot in
Figure 5 is positive or negative. Reaction time had the highest

tions of contact angle and thickness, thereby realizing the
desired gel architecture. As an example, if we wish to synthesize
a thin associated brush architecture with a target thickness of 70
nm and a target contact angle of 45°, we would have to employ
the following ATRP conditions: catalyst quantity of 3 mol %,
catalyst ratio of 9 and a reaction time of 10 h, as suggested by
the simultaneous solution of thickness and contact angle model
equations. In Figure 3, experimental values were plotted against

Figure 3. Comparison of experimental and predicted values (hollow
circles) for (A) thickness and (B) contact angle. Horizontal error bars
in green indicate 95% conﬁdence interval of the statistical model
prediction, whereas vertical error bars in red represent standard
deviation of experimental measurement. The blue line is a reference
representing an ideal agreement between predicted and measured
values (y = x).

predicted values for each regime. We found that the
experimental results correlate well with statistical model
predictions in all four regimes.
3.4. Identifying a Design Space for the Thin
Associated Regime. In Figure 2A, we observed prominent
diﬀerences of the population density in the four regimes, with
the thin unassociated regime being the most densely populated
and the thick unassociated and the thin associated regimes the
most sparsely populated. This suggests that the thin
unassociated regime is the easiest brush architecture to obtain
experimentally, whereas it is feasible to obtain the thick
unassociated and the thin associated regimes only within
narrow regions. This observation raises the following question:
Can our statistical model identify experimental boundaries,
within which a given gel architecture can be obtained reliably?
If so, does this hold even for atypical brushes such as thin and
associated brushes? In Figure 4, regions of experimental
viability predicted for thin associated brushes have been

Figure 5. Main eﬀects on thickness. From left to right, the eﬀects of
catalyst ratio, catalyst quantity and reaction time on thickness are
plotted. The red dotted line refers to the location of the overall mean
thickness (53.4 nm) of all 90 data points. By comparing slopes, we can
see that reaction time and catalyst ratio have the strongest eﬀects on
thickness. The eﬀect of catalyst quantity is less pronounced.

slope, with thickness growing linearly with increasing reaction
time. With time, more monomer is added to the growing
PMEDSAH chain, resulting in a linear increase of thickness
with time. The rate of increase of thickness with time is
controlled by the catalyst ratio. Increasing the initial quantity of
the activating CuI relative to the deactivating CuII will aﬀect the
equilibrium position of the activation−deactivation step.53

Figure 4. Design space for thin associated brushes across diﬀerent catalyst quantities (in mol %). The yellow regions represent the experimental
boundaries within which it is possible to obtain coatings belonging to this regime of gel architecture. The design space was obtained by simultaneous
solution of statistical model equations to yield operating conditions which will lead to thickness less than 70 nm and contact angle greater than 30°.
These plots show how the experimentally accessible space becomes larger with increasing catalyst quantity.
E
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Thus, for the same reaction time, thicker coatings are obtained
for a higher ratio of CuI to CuII. The eﬀect of catalyst quantity
on thickness, though statistically signiﬁcant (Table 2), was less
pronounced and had the lowest F-ratio among the three main
eﬀects. Unlike the other two eﬀects, it was observed to have an
antagonistic eﬀect on thickness, with a slight decrease in
thickness observed upon increasing catalyst quantity (Figure 5).
According to SI-ATRP kinetic models, the time-evolution of
chain length distribution is expected to depend only on the
catalyst ratio and not on the catalyst quantity. The migrationtermination hypothesis29 has explained the departure of these
experimental trends from SI-ATRP kinetic models. Among
two-factor interaction terms, the interaction AB between
catalyst quantity and catalyst ratio was the most relevant
(Table 2, AB interaction, p-value less than 0.001). Figure 6

Figure 7. Wettability transition of PMEDSAH from hydrophilic to
hydrophobic. The schematic represents the architecture of a
PMEDSAH brush and its interaction with water when it is
unassociated and when it undergoes hydrophobic collapse because
of zwitterionic self-association. Images of representative water droplets
illustrate the wettability diﬀerences.
Figure 6. Interaction plot for thickness. The increase in thickness with
catalyst ratio is dependent on the catalyst quantity.

time. What is surprising is that the catalyst quantity variable,
which had only a slightly negative eﬀect on thickness, is the
most powerful factor in the contact angle model. Considering
the slopes of the main eﬀects plots for contact angle (Figure 8)

indicates that the sensitivity of thickness to catalyst ratio is
lowered, when a high catalyst quantity is employed, whereas
thickness is highly correlated with catalyst ratio at low levels of
catalyst quantity. Interestingly, the interdependence of catalyst
quantity and catalyst ratio suggests that they operate in tandem
rather than independently.
3.6. Hydrophilic-to-Hydrophobic Transition Is Controlled by Catalyst Quantity. The four regimes of gel
architecture diﬀer clearly in the degree of correlation between
thickness and contact angle, with high correlation in the thick
associated and thin unassociated regimes and none in the thick
unassociated and thin associated regimes. In spite of possessing
a lower mean brush thickness than the thick associated regime,
the polymer brushes in the thin associated regime still exhibit a
high degree of association, with contact angles comparable to
those of the thick associated regime. Second, although thick
unassociated brushes are much thicker than thin unassociated
brushes, they remain unassociated and are as hydrophilic as
those in the thin unassociated regime. This anomalous behavior
of brushes belonging to the thick unassociated and thin
associated regimes indicates that a high thickness is not a
necessary condition for forming association in zwitterionic
polymer brushes. It is well established that PMEDSAH
undergoes a transition from its original hydrophilic state to a
hydrophobic brush as a consequence of zwitterionic selfassociation.51,52,54 Water is excluded from the brush due to the
formation of interchain and intrachain association between the
quaternary ammonium cation and sulfonate anion of adjacent
side chains39 (Figure 7). Thicker brushes are likely to have
increased chain association and thus exclude more water from
the brush, explaining the increase of contact angle with reaction

Figure 8. Main eﬀects on contact angle. From left to right, the eﬀects
of catalyst ratio, catalyst quantity, and reaction time on contact angle
are plotted. The red dotted line refers to the overall average contact
angle (24°) of all 90 data points. From the slopes, we can conclude
that catalyst quantity and reaction time exert the most prominent
eﬀect on contact angle.

and thickness (Figure 5), catalyst quantity has a positive slope
in Figure 8, whereas it has a negative slope in Figure 5.
Moreover, catalyst quantity is highly inﬂuential not only as a
standalone eﬀect, but also in its interaction with reaction time,
which has the highest F-ratio among all interaction terms in the
contact angle model. The interaction plot for contact angle is
shown in Figure 9, where the contact angle increases rapidly
with reaction time at high catalyst quantity, whereas it remains
unaﬀected by reaction time at low catalyst quantity. Therefore,
F
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self-association. Our model indicates that we can reduce the
critical thickness at which self-association triggers wettability
changes by increasing the catalyst quantity. This provides
reliable polymerization conditions to synthesize coatings with
unusual gel architectures, such as thin associated brushes.
Because our model is constructed from empirical results of
systematically designed experiments, we did not require any
simplifying assumptions. Moreover, as a property prediction
tool, DOE, unlike ab initio modeling, can be used to model a
range of coating properties. We further developed a quantitative
relationship between the properties of PMEDSAH brushes and
SI-ATRP parameters. This predictive tool provides on-demand
access to PMEDSAH brushes for four regimes of gel
architecture. Because our modeling approach can predict the
outcomes of SIP accurately, it can be extended to other SIP
systems to discover, design, and identify unusual combinations
of polymer brush attributes.

Figure 9. Interaction plot for contact angle. The level of catalyst
quantity employed determines the dependence of contact angle on
reaction time. At a higher catalyst quantity, the contact angle becomes
more dependent on reaction time.

■

the sensitivity of contact angle to reaction time is governed by
the level of catalyst quantity employed. To understand these
ﬁndings, it is helpful to refer to the study performed by Cheng
et al.39 The authors noted that the self-association of
PMEDSAH is driven by two factors: the thickness of the
brush as well as the monodispersity of the CLD. In a
monodisperse brush, the critical thickness required to trigger
self-association is lower than it would be for a polydisperse
brush. Exploring only 6 combinations of catalyst quantity and
catalyst ratio, Cheng et al.39 reported that that decreasing the
ratio of activator to deactivator (CuI:CuII) would reduce the
critical thickness by improving monodispersity. However, this
study not explored the eﬀects of catalyst quantity as
exhaustively and systematically. From our statistical models,
we established that catalyst ratio, albeit an important
determinant of thickness, has only a marginal role in
determining contact angle. Hence we propose that the critical
thickness at which zwitterionic association causes wettability
changes is controlled by catalyst quantity and not by catalyst
ratio.
3.7. Physical Validity of the Statistical Model and
Potential Uses for hESC Culture. In all four validation tests,
the experimental results for thickness and contact angle were
within the predicted range. Therefore, this statistical model can
be considered a valid mathematical representation of the SIATRP process and employed as a predictive tool to obtain
PMEDSAH coatings of the desired gel architecture. In ref 44,
we reported that PMEDSAH’s capacity for facilitating hESC
self-renewal could be tuned by modifying the gel architecture.
We had studied three coatings: two belonging to the thick
associated regime and one to the thin unassociated regime.
Even though they all had similar surface charge and roughness,
the thick associated coating with a moderate degree of
association was found to have higher hESC propagation rates.
Using the predictive tool established in this paper, we can now
access coatings from the yet unevaluated thick unassociated and
thin associated regimes, perform hESC culture studies using
these coatings, and discover whether higher or lower rates of
hESC expansion result.
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