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ABSTRACT
Polymers conjugated with active agents have applications in biomedicine, anticorrosion, and smart agriculture. When the active agent is
used as a drug, corrosion inhibitor, or pesticide, it can be released upon a specific stimulus. The efficiency and the sustainability of active
agents are determined by the released kinetics. In this work, we study the fast-release kinetics of 8-hydroxyquinoline (8HQ) from a pH-
responsive, random copolymer of methyl methacrylate and 8-quinolinyl-sulfide-ethyl acrylate [P(MMA-co-HQSEA)] by hydrolysis of the
β-thiopropionate groups. We used contact angle measurements of sliding drops as an elegant way to characterize the release kinetics. Based
on the results gained from 1H nuclear magnetic resonance measurement, fluorescent intensity measurement, and velocity-dependent contact
angle measurement, we found that both the hydrolysis rate and polymer conformation affect the release kinetics of 8HQ from a P(MMA-
co-HQSEA) film. Polymer chains collapse and further suppress the release from the inner layer in acidic conditions, while polymer chains in
a stretched condition further facilitate the release from the inner layer. As a result, the cumulative release rate of 8HQ is higher in the basic
condition than in the acidic condition.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142928

INTRODUCTION

Polymers conjugated with active agents are already being
applied in biomedicine, to prevent corrosion, and in smart
agriculture.1–4 Active agents such as drugs, corrosion inhibitors,
and pesticides are released from polymers upon a specific stimulus,
depending on the type of cleavable bond, the substituents around
the bond, and the affinity to the surrounding medium.3,5 To unravel
and control the release kinetics of active agents from polymers to
the environment is vital for the success of their applications. A rapid
release provides high availability in the short term, while a slow,
long-term release maintains a certain level of the active agent.6,7

Therefore, understanding the release kinetics at all time scales is
essential for further specific applications.

Polymer release kinetics depends on the contact time and con-
tact medium. In the case of active agents released from a free

polymer chain in a good solvent by a chemical reaction [Fig. 1(a)],
the release kinetics is determined by the reaction rate itself. When
multiple free polymer chains form a nanoparticle [Fig. 1(b)], the
release from the outer layer of the nanoparticle is mainly affected by
the reaction rate, while the release from the inner layer is influenced
by the conformation of the polymer chains.8–11 Polymer chains in a
collapsed state prevent liquid from penetrating into the inner layer,
which, in turn, suppresses the release from the inner layer. In con-
trast, polymer chains in a stretched state allow liquid penetration,
which facilitates release from the inner layer. The release from a
condensed polymer film on a substrate is also affected by the poly-
mer conformation, namely, the collapsed state or the stretched state
[Fig. 1(c)]. However, the release kinetics is probably different for
polymer films and nanoparticles, given their different geometries. To
distinguish the influence of reaction rate and polymer conformation,
studying the fast-release kinetics is required.
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FIG. 1. Schematics showing active
agents (orange circles) attached to poly-
mer chains. The active agent is released
from a polymer by exposure to a liq-
uid. The polymer forms different states:
(a) a free polymer chain, (b) a polymer
nanoparticle, and (c) a thin polymer film
on a substrate.

To characterize the release kinetics of active agents from poly-
mers, typically ultraviolet−visible spectroscopy, nuclear magnetic
resonance spectroscopy (NMR), and high-performance liquid chro-
matography (HPLC) are applied.12,13 The latter two techniques
require an experimental time for a quantitative analysis of at least a
few minutes or even longer. In these cases, a burst release with high
errors usually appears in the release profiles, because a large quantity
of molecules is released in a very short time. Thus, until now, only
very limited knowledge about the release kinetics at shorter time
scales is available. Here, we propose to use contact angle measure-
ments directly near the three-phase contact line of sliding drops as a
way to characterize the release kinetics.

The relationship between the release kinetics and the dynamic
contact angles can be described by the adaptation model proposed
by Butt et al. in 2018.14 In the adaptation model, surface adap-
tation causes a change in the chemical/physical properties of the
surfaces. The chemical/physical properties of the surfaces later lead
to a change of the interfacial energies and the contact angle. For
example, liquid diffusion and polymer reorientation at the interface
change the contact angle.15,16 We assume that the changes in sur-
face energy due to the hydrolysis reaction follow first-order kinetics.
Then, the exponentially relaxing interfacial energies are described by

γ(t) = γ∞ + Δγe−t/τ , (1)

where τ is the relaxation time correlated with the release, γ∞ is the
equilibrium interfacial energy, and Δγ is the change in interfacial
energy due to surface adaptation. The peripheral length (l) is defined
as the width in the contact region, which determines the contact
angles. By replacing the time t by the ratio between the peripheral
length and the contact-line velocity (v), we can rewrite Eq. (1) as

γ(t) = γ∞ + Δγe−l/vτ. (2)

Assuming that Young’s model is still valid locally and with the sur-
face energies in Young’s model described by Eq. (2), the advancing

angle (θA) and the receding angle (θR) can be quantified by the two
equations

cos θA = cos θ∞A −
ΔγSL

γ∞L
e−l/vτSL , (3)

cos θR = cos θ∞R +
ΔγS

γ∞L
e−l/vτS. (4)

Here, θ∞A and θ∞R are the static advancing and receding contact
angles that are valid for v → 0. The subscripts “S,” “L,” and “S/L” cor-
respond to the solid/air, liquid/air, and solid/liquid interfaces. Mea-
surements of the dynamic advancing and receding contact angles
can be performed, e.g., by tilted plate experiments.15–17 The relax-
ation time can be calculated by fitting the measured dynamic contact
angles vs velocity with Eqs. (3) or (4). A general unknown para-
meter is the peripheral length. Here, we assume a peripheral length
to be around 10 nm, which is a typical length scale for surface force
and surface stress.14 Generally, multiple adaptation processes can
lead to changes in contact angles. To distinguish them, a reference
surface is required, to attribute change of surface energy (chemical
composition or topography) to hydrolysis of the surface. Then, the
adaptation model can be used to fit the experimental data.

In this work, we investigate the release kinetics of active
agents in solution and from thin polymer films. We explore
the release kinetics of 8-hydroxyquinoline (8HQ) from a pH-
reactive, random copolymer of methyl methacrylate (MMA) and
8-quinolinyl-sulfide-ethyl acrylate (HQSEA) [P(MMA-co-
HQSEA)]. P(MMA-co-HQSEA) is a random pH-responsive
copolymer, with 8-hydroxyquinoline (8HQ) as the active agent. The
8HQ groups are linked to the polymer chains with β-thiopropionate
groups and can be released by a hydrolysis reaction. Due to the
electron-withdrawing sulfide on the β-thiopropionate groups,
the hydrolysis reaction is sensitive to the presence of acids or
bases.7,18–23 The released 8HQ groups can work as inhibitors
for metal corrosion or proteasome; therefore, β-thiopropionate
polymers with the active agent of 8-hydroxyquinoline (8HQ)
have potential applications in the fields of anticorrosion and
biomedicine.24–26 Thus, P(MMA-co-HQSEA) is a representative
polymer for studying the release kinetics of active agents.
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EXPERIMENTAL SECTION

1. Materials: methyl methacrylate (MMA, 99%, Acros Organics)
was purified by distillation before use. 8-quinolinyl-sulfide-
ethyl acrylate (HQSEA) was synthesized according to a pre-
viously reported method.25 N,N-Dimethylformamide extra
dry (DMF, 99.8%, Acros Organics), 1,1′-azobis (cyclohex-
anecarbonitrile) (ABCN, 98%, Sigma-Aldrich), diisopropyl
ether (99%, Carlo Erba), dichloromethane (DCM, 99.9%,
Honeywell), aluminum chloride (AlCl3, 99%, Acros Organ-
ics), 1,4-dimethoxybenzene (>99%, Tokyo Chemical Indus-
try), chloroform-d1 (CDCl3, 99.8%, Cambridge Isotope Labo-
ratories, Inc.), deuterium oxide (D2O, 99.96%, Cambridge Iso-
tope Laboratories), dimethyl sulfoxide-d6 (99.9%, Cambridge
Isotope Laboratories), hydrochloric acid (HCl, 37%, Carlo
Erba), potassium hydroxide (KOH, 85%, Carlo Erba), sodium
hydroxide (NaOH, 97%, Carlo Erba), di-sodium tetraborate
(99.5%, QReC), boric acid (99.8%, Carlo Erba), monosodium
phosphate (98%, Carlo Erba), glacial acetic acid (99.5%, Carlo
Erba), pH 3 citric buffer solution (citric/sodium hydrox-
ide/sodium chloride, Fluka), pH 3 phosphate buffer solu-
tion (Fisher Chemical), pH 4 buffer solution (citric/sodium
hydroxide/sodium chloride, Fluka), pH 5.5 buffer solution
(sodium acetate, AmBion), pH 7 buffer solution (Sodium
phosphate, Alfa Aesar), pH 8 buffer solution (Sodium phos-
phate, Alfa Aesar), and pH 10 buffer solution (Borax/sodium
hydroxide, Fluka) were used without further purification.
Deionized water was used throughout this experimental work.

2. Polymer synthesis: HQSEA (1660.45 mg, 5.00 mmol) and
MMA (500.60 mg, 5.00 mmol) were dissolved in 6 ml of
DMF in a 25-ml, round-bottom flask. After adding ABCN
(24.43 mg, 0.1 mmol) as the reaction’s initiator, the liquid
was bubbled with nitrogen gas for 5 min. The reaction flask
was then placed in an oil bath at 80 ○C in a nitrogen atmo-
sphere for 20 h. After polymerization and cooling to room
temperature, the products were precipitated into 200 ml cold
diisopropyl ether. Then, the products were dissolved in 10
ml dichloromethane and re-precipitated in cold diisopropyl
ether two more times. Finally, the product was dried under a
vacuum.

3. Preparation of surfaces: We used pure poly(methyl
methacrylate) (PMMA) as a reference surface for the dynamic
contact angle measurement. Both PMMA surfaces and
P(MMA-co-HQSEA) surfaces were prepared by a home-
made dip-coating machine at a dipping speed of 90 mm/min
from a solution of 1 wt. % PMMA or P(MMA-co-HQSEA) in
tetrahydrofuran. After coating, the surfaces were dried under
vacuum at room temperature for 10 h. The thickness of the
polymer film was ≈18 nm, as measured by scanning force
microscopy (Fig. S1).

4. Scanning Force Microscopy (SFM): The topography and the
thickness of the surfaces were measured by SFM (Dimension
Icon, Bruker) in the tapping mode (Fig. S2). SFM tips with a
nominal spring constant of 26 N/m and a nominal resonance
frequency of 300 kHz were utilized (160AC-NA, OPUS).

5. 1H NMR spectroscopy measurements: 1H NMR spectra
of products dissolved in CDCl3, D2O, and DMSO-d6 were
recorded at room temperature with a 600 MHz Bruker NMR

spectrometer. To study the release kinetics of 8HQ, 2.5 mg
P(MMA-co-HQSEA) and 0.5 mg 1,4-dimethoxybenzene were
dissolved in a mixture of 700 μl of DMSO-d6 with 70 μl of D2O
(neutral condition), 70 μl of 0.5M HCl solution in D2O (acidic
condition) or 70 μl of 0.5M KOH solution in D2O (basic solu-
tion). The different solutions were then transferred to NMR
tubes, which were placed in a shaking incubator (NB-205,
N-Biotek), at 30 ○C, applying a shaking rate of 100 rpm. The
solutions in the NMR tubes were then measured by 1H NMR
spectroscopy at different time intervals.

5. Fluorescence spectroscopy measurements: The fluorescence
intensity of 8HQ was measured by fluorescence spectroscopy
(Edinburgh Instruments FLS980 spectrometer). We moni-
tored the temporal evolution of the fluorescence intensity of
the released 8HQ from P(MMA-co-HQSEA) surfaces. The
coated glass substrates were immersed in a 15 ml solution at
pH 3, in a solution at pH 7, and in a solution at pH 10 in
shaking incubators (NB-205, N-Biotek, 30 ○C, 100 rpm). At
different time intervals, 2 ml of the buffer solution, includ-
ing released molecules, was removed for measurements and
replaced by 2 ml of fresh buffer solution. A solution at pH 3
was prepared by adding 0.3 g of glacial acetic acid to 225 ml
of deionized water, followed by the gradual addition of a 1N
HCl aqueous solution, to control the pH value. The volume
was then adjusted to 500 ml with deionized water. A solution
at pH 7 was prepared by adding 0.6 g of monosodium phos-
phate to 225 ml of deionized water, followed by the gradual
addition of a 1N NaOH aqueous solution, to control the pH
value. The volume was then adjusted to 500 ml with deion-
ized water. A solution at pH 10 was prepared by adding 3.1 g
of boric acid and 2.5 g of di-sodium tetraborate to 225 ml
of deionized water, followed by the gradual addition of a 1N
NaOH aqueous solution, to control the pH value. The volume
was then adjusted to 500 ml with deionized water. To increase
the fluorescence, we added 200 μl of 20 mg/ml AlCl3 aque-
ous solution to the aliquots taken from the release media. The
concentration of 8HQ in the released media was then deter-
mined from the measured fluorescence intensity (λex = 360 nm
and λem = 530 nm). The calibration curves are provided in
the supplementary material (Fig. S2). The cumulative release
percentage was calculated using27

Cn = Cn_measured +
A
V∑

n−1
s=1 Cs_measured. (5)

Here, Cn is the expected nth sample concentration, Cn_measured
is the measured concentration, A is the volume of the with-
drawn aliquot, V is the volume of the dissolution medium,
n − 1 is the total volume of all the previously withdrawn sam-
ples before measuring the current sample, and Cs_measured is the
total concentration of all previously measured samples taken
before the current sample was measured.

6. Dynamic contact angle measurement: The experimental
setup and procedure were described previously.15,17 Briefly,
≈35 μl drops were deposited onto a tilted surface by a peri-
staltic pump (MINIPULS 3, Gilson) at a height of 5 mm. The
movement of the drop was recorded by a high-speed cam-
era (FASTCAM Mini UX100, Photron) using a 1.0x SilverTL™
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Telecentric Lens from the side. The recorded length was
around 1 cm. The video was processed by an adapted drop-
shape analysis code from MATLAB (open source DSAfM)
version 9.5.0.944 444 (R2018b). The contact-line velocity and
the contact angles on the advancing and the receding sides
were then calculated automatically using a polynomial fit. The
average velocity of the advancing and receding contact lines
is defined as drop velocity. The drop velocity was varied by
changing the tilt angle from 30○ to 70○. Pristine samples were
used for every measurement at varying tilt angles. All the
buffer solutions for the tilted plate setup were bought and used
directly. The influence of the different compositions of buffer
solutions is investigated by measuring the dynamic contact
angles of a citrate buffer solution and of a phosphate solu-
tion at pH 3 on the P(MMA-co-HQSEA) surfaces—the nearly
identical results for the two cases indicate that the influence
of the buffer solution composition is low see Fig. S5 of the
supplementary material.

RESULTS AND DISCUSSION

To study the release kinetics of 8HQ under different condi-
tions, we synthesized a random P(MMA-co-HQSEA) polymer. The
molar ratio between methyl methacrylate and 8-quinolinyl-sulfide-
ethyl acrylate units in the copolymer was 1:1, as measured by 1H
NMR spectroscopy in CDCl3 [Fig. 2(a)].

The release kinetics of 8HQ from P(MMA-co-HQSEA) under
neutral, acidic, and basic conditions was investigated by monitoring
the 1H NMR spectra in the solutions at different time intervals at
25 ○C. The release of 8HQ from P(MMA-co-HQSEA) was investi-
gated by comparing the signal of aromatic protons in 8HQ with
the signal of protons of 1,4-dimethoxybenzene used as an inter-
nal standard [Fig. 2(b) and Fig. S2]. Under neutral conditions
[green triangles in Fig. 2(c)], we detected no significant signal from
8HQ. Thus, under neutral conditions, 8HQ was not released or
the released amount was too low to be detected. In contrast, more
than 70% of 8HQ was released in acidic conditions after 480 h [red
squares in Fig. 2(c)]. Moreover, all 8HQ had been released from
P(MMA-co-HQSEA) in basic conditions within 5 min before the
first 1H NMR measurement [blue circles in Fig. 2(c)]. Hydrolysis
of β-thiopropionate groups under the acidic and basic conditions
was, therefore, faster than that under neutral conditions, confirm-
ing previous reports.4,28 However, the release kinetics of 8HQ on
a very short time scale (for example, in basic solution) could not
be detected by 1H NMR spectroscopy because of the relatively low
sensitivity and long measuring time.

To slow down the release kinetics of 8HQ, we used a dense, 18-
nm-thick P(MMA-co-HQSEA) film on a glass substrate, immersed
in solutions with different pH values. 8HQ is a weakly fluorescent
molecule due to intramolecular proton transfer from the hydroxyl
group to the nitrogen atom in the excited state. However, chela-
tion of metal cations can prevent this transfer, rendering the 8HQ
complex highly fluorescent.25,29,30 For this reason, a measurement
of fluorescent intensity is also a normal way to explore the release
kinetics of 8HQ after adding 20 mg/ml AlCl3 to the solution.
Upon light excitation at 360 nm, the chelated 8HQ displayed a
fluorescence emission at 530 nm. The cumulative amount of released

8HQ could be calculated based on the calibration curves see Fig. S3
of the supplementary material.

We measured an increasing fluorescence intensity over time
after immersing the film in the basic solution at pH 10 [Fig. 3(a)].
The cumulative release percentages of 8HQ in acidic and basic
conditions were 7.5% and 7.8%, respectively, after 72 h of immer-
sion [Fig. 3(b)]. Consistent with the NMR results, the P(MMA-
co-HQSEA) film in neutral conditions did not display measurable
fluorescence. At the early stage of immersion (1–6 h), the release of
8HQ from the coating in the basic condition was faster than that
in the acidic condition, also in line with the NMR results. Since
the fluorescence intensity of the released 8HQ in the first 1 h after
immersing the samples was low, the release kinetics on a time scale
of up to 1 h could not be resolved [Fig. 3(a)].

To study the release kinetics of 8HQ on a time scale ≤1 s and
to distinguish the influence of hydrolysis rate from that of poly-
mer conformation, we measured the velocity-dependent contact
angles of sliding drops on P(MMA-co-HQSEA) films. Even on non-
adaptive surfaces, the dynamic advancing contact angles increased,
while the dynamic receding contact angles decreased, with increas-
ing contact-line velocity. This effect is known and originates from
viscous energy dissipation and contact-line friction.31–33 To exclude
the influence of non-adaptive energy dissipation and to consider
only the changes in dynamic contact angles by surface adaptation
due to the release of 8HQ and the presence of carboxyl acid groups,
a non-hydrolyzed PMMA surface was used as a reference. On the
PMMA surfaces, the dynamic advancing contact angles increased
slightly from 76○ to 82○. The dynamic receding contact angles
decreased from 60○ to 35○ at a contact-line velocity of 0.3 m/s for
a buffer solution at pH 3 [Fig. 4(a), gray].

The relevant contact time between a sliding drop and a
P(MMA-co-HQSEA) surface on the advancing side is different
from that on the receding side, giving us different time windows
during which we could study the release kinetics. On the advanc-
ing side of a sliding drop, the relevant time scale is τSL = l/v. At
pH 3, the dynamic advancing contact angle on the P(MMA-co-
HQSEA) surface was almost constant (∼82○) and the same as the
dynamic advancing contact angle of the PMMA surface for velocities
>2 cm/s [Fig. 4(a), red]. Then, it decreased from 80○ to 60○ for
velocities <2 cm/s. At a velocity U→ 0, the static advancing con-
tact angle (θ∞a = 66○) was 10○ lower than the one on the PMMA
surface (θ∞a = 76○). This result indicates that the copolymer surfaces
became more hydrophilic compared to the PMMA surface after con-
tact with an acidic drop. That means that the P(MMA-co-HQSEA)
surface adapts when it contacts the sliding drop at low velocity. Fit-
ting the velocity-dependent dynamic advancing contact angles to
Eq. (3), we obtained the fitting parameter of the peripheral length
divided by relaxation time [Fig. 4(b)]. Using 10 nm as the periph-
eral length, we calculated the relaxation times for drops at pH 3
to be around 3 μs. The relaxation time indicates the time needed
to reduce the solid/liquid interfacial energies to 37% of their initial
value. Varying the pH value of the sliding drop changes the criti-
cal contact-line velocities at which the dynamic advancing contact
angles start to increase with velocity [Fig. 4(a) and Fig. S4, circles].
This observation indicates that the relaxation time of surface adap-
tation for solutions at different pH values varies. The relaxation time
increased from around 1 to 5 μs when the pH value increased from 3
to 7, and when pH > 7, it saturated at around 5 μs [Fig. 4(c)]. In the
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FIG. 2. Representative results of 1H
NMR measurements. (a) 1H NMR spec-
trum of P(MMA-co-HQSEA) in CDCl3. (b)
Temporal evolution of the 1H NMR spec-
tra of a solution of P(MMA-co-HQSEA)
in an acidic condition. (c) Temporal evo-
lution of the cumulative release percent-
age of 8HQ from P(MMA-co-HQSEA) in
neutral, acidic (pH ≈ 0.3), and basic
(pH ≈ 13.7) conditions.

FIG. 3. The results of fluorescence
microscopy measurements. (a) The typi-
cal change in the fluorescence spectrum
of 8HQ over time in the solution at pH 10.
(b) Temporal evolution of the release of
8HQ from P(MMA-co-HQSEA) solutions
at pH 3, pH 7, and pH 10, measured by
fluorescence spectroscopy.

literature, the time needed for protonation/deprotonation of the
nitrogen atom at the quinolinyl group is microseconds.34 Thus,
one possible explanation for the adaptation of the P(MMA-co-
HQSEA) surface could be protonation in acidic conditions, which
makes the surface hydrophilic. However, the protonation effect
does not explain why the P(MMA-co-HQSEA) surface also becomes
hydrophilic in the basic condition. Based on the above-mentioned
1H NMR measurements, an alternative explanation for the adap-
tation of the P(MMA-co-HQSEA) surface would be hydrolysis of
the β-thiopropionate group on the advancing side of the drop.
Hydrolysis leads to the presence of carboxyl groups after releasing
8HQ, which makes the surface more hydrophilic. In this case, the

hydrolysis time would be a few microseconds, which is surprisingly
short.

The diffusion coefficient (D) for water in PMMA or in PAA
polymer film is around 10−12 to 10−13m2/s.35,36 The time needed for
water to diffuse 10 nm deep (Δz) into a polymer film is (τ = Δz2

D )
≈ 10 ms, which is longer than a few microseconds.14–16 According
to the time scale, hydrolysis would only affect the outer layer of
the sample on the advancing side. Lower advancing contact angles
[Fig. 4(b)] and shorter relaxation time [Fig. 4(c)] of drops at pH 3
indicate that the hydrolysis reaction would be faster in the acidic
solution than in the basic solution (drops at pH 10). The shorter
relaxation time is consistent with the hypothesized hydrolysis
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FIG. 4. The results of the dynamic contact angle measurements of pristine samples. Dynamic contact angles were measured for drops with a volume of 35 μl which slid
down a tilted plate at different tilt angles. (a) Velocity-dependent contact angles of drops at different pH values, sliding down the P(MMA-co-HQSEA) surfaces and inert
PMMA surfaces. Circles represent the dynamic advancing angles, while rectangles represent the dynamic receding contact angles. (b) Fitting parameters for the fitting
curves are given in Fig. 4(a) and Fig. S4. (c) Evolution of the relaxation time with the pH values of the drops.

mechanism of the β-thiopropionate groups.4,23 In the acidic solu-
tions, sulfur atoms are protonated, which increases the positive
charge on the carbon atom of the ester group and makes the forma-
tion of a six-membered ring intermediate easier (Fig. 5). Therefore,
the hydrolysis in acidic conditions could be faster than the hydrolysis
in basic conditions.

However, our observation and hypothesis that the hydrolysis
reaction is faster in acidic solutions seem to contradict the lower
cumulative release rate of 8HQ measured by NMR and fluorescent
microscopy [Figs. 2(c) and 3(b)]. In fact, the measurements of NMR
and fluorescence intensity only reveal the cumulative release rate. In
addition to the hydrolysis rate, the cumulative release rate is affected
by the polymer conformation. The influence of polymer conforma-
tion is visible on the receding side of the drop in our sliding drop
experiments on polymer films. Sliding drops have a contact length
of around 5 mm. On the receding side, the contact time between
a sliding drop and a P(MMA-co-HQSEA) surface is in the range
0.05–500 s at a contact line velocity ranging from 0.1 to 10−5 m/s.
Even the shortest contact time on the receding side of the drop

(50 ms) is already longer than the hypothetical hydrolysis reaction
time (5 μs) on the advancing side. In addition, 50 ms is long enough
to allow water to diffuse deeper into the polymer film. Thus, the
8HQ could be released from the inner layer of the film. After releas-
ing 8HQ from the outer layer, the remaining moiety polyacrylate
(PAA) is a kind of polyelectrolyte with pKa of 4.5.37 In the acidic
solution with pH < 4.5, the functional group (–COOH) in poly-
mer chains is primarily un-dissociated and protonated. Because of
the inter-/intra-molecular H-bonding attraction between fully pro-
tonated carboxyl groups, the liquid tends to be excluded from the
polymer mesh, leading to a collapsed conformation of the poly-
mer [Figs. 1(b) and 5]. In this case, the 8HQ in the inner layer is
protected by the collapsed polymer chains. Release from the inner
layer is suppressed. However, in a basic solution with pH≫ 4.5, the
functional group (–COOH) in the polymer chains manifests as a car-
boxylate anion (–COO−). Because of electrostatic repulsion between
neighboring chains and the same chain, the polymer chains show
stretched conformation [Figs. 1(b) and 5]. As a result, the liquid
penetrates the inner layer and facilitates the release of 8HQ from
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FIG. 5. The schematic of release steps of 8HQ from the P(MMA-co-HQSEA) surfaces when the surfaces are in contact with the drops.

the inner layer, leading to a higher cumulative release percentage
and lower receding contact angles. In fact, the static receding con-
tact angles of the low-velocity regime (<0.01 m/s) decrease with
the increase of pH [Fig. 4(a) and Fig. S4 in the supplementary
material, rectangles], in line with above expectations and with the
cumulative released percentage measured by NMR and fluorescence
microscopy.

CONCLUSIONS

In summary, the release of active agents (8HQ) from pH-
responsive P(MMA-co-HQSEA) thin films was affected by the
hydrolysis rate and polymer conformation. The release kinetics in
the outer layer of thin films is dominated by the hydrolysis rate,
whereas the release kinetics in the inner layer is influenced by
both the hydrolysis rate and polymer conformation. After partially
releasing 8HQ from the outer layer, the polymer chains assumed a
collapsed state in the acidic condition, while taking on a stretched
state in the basic solution. Therefore, the cumulative release rate
of 8HQ is higher in the basic solution than in the acidic solution.
Using velocity-dependent contact angle measurements, we were able

to study the fast-release kinetics at a time scale <1 s, which paves the
way to release kinetics at very short time scales.

SUPPLEMENTARY MATERIAL

The supplementary material includes the surface morphology
characterization by scanning force microscopy; 1H NMR spectra of
P(MMA-co-HQSEA) in the acidic, neutral, and basic conditions; cal-
ibration curves of 8HQ concentration in solutions of pH 3, pH 7, and
pH 10; velocity-dependent dynamic contact angles of drops at pH 4,
pH 5.5, and pH 8 on the P(MMA-co-HQSEA) surfaces, and velocity-
dependent dynamic contact angles of a citrate buffer solution and
a phosphate buffer solution at pH 3 on the P(MMA-co-HQSEA)
surfaces.
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