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ABSTRACT: Hydrogen sulfide (H2S) is involved in a myriad of cell
signaling processes that trigger physiological events ranging from vaso-
dilation to cell proliferation. Moreover, disturbances to H2S signaling have
been associated with numerous pathologies. As such, the ability to release
H2S in a cellular environment and stimulate signaling events is of
considerable interest. Herein we report the synthesis of macromolecular
H2S donors capable of stimulating cell signaling pathways in both the cytosol
and at the cell membrane. Specifically, copolymers having pendent
oligo(ethylene glycol) and benzonitrile groups were synthesized, and the
benzonitrile groups were subsequently transformed into primary aryl
thioamide groups via thionation using sodium hydrosulfide. These thioamide
moieties could be incorporated into a hydrophilic copolymer or a block
copolymer (i.e., into either the hydrophilic or hydrophobic domain). An
electrochemical sensor was used to demonstrate release of H2S under simulated physiological conditions. Subsequent treatment
of HEK293 cells with a macromolecular H2S donor elicited a slow and sustained increase in cytosolic ERK signaling, as
monitored using a FRET-based biosensor. The macromolecular donor was also shown to induce a small, fast and sustained
increase in plasma membrane-localized PKC activity immediately following addition to cells. Studies using an H2S-selective
fluorescent probe in live cells confirmed release of H2S from the macromolecular donor over physiologically relevant time scales
consistent with the signaling observations. Taken together, these results demonstrate that by using macromolecular H2S donors it
is possible to trigger spatiotemporally confined cell signaling events. Moreover, the localized nature of the observed signaling
suggests that macromolecular donor design may provide an approach for selectively stimulating certain cellular biochemical
pathways.

■ INTRODUCTION

For centuries hydrogen sulfide (H2S) was primarily known for
its toxicity and malodor. However, in 1996 H2S was identified
as having an important physiological function in the nervous
system.1 Since this initial report, many studies have confirmed
the endogenous generation of H2S in the human body and its
ability to affect a variety of physiological processes, particularly
through participation in signaling cascades.2−5 H2S is now
considered to be the third member of the gasotransmitter
family, along with nitric oxide (NO) and carbon monoxide
(CO). As such, H2S has undergone something of an image
transformation from poison and pollutant to important
molecule with possible therapeutic potential.6

In mammals, endogenous production of H2S occurs
enzymatically in tissues such as vasculature, heart, liver, kidney

and brain. Specifically, H2S is produced through metabolism of
L-cysteine (L-cys) under the action of three enzymes:
cystathionine-γ-lyase (CSE), cystathionine β-synthase (CBS),
and 3-mercaptopyruvate sulfur transferase (3-MST).7−9 H2S
can also be generated in vivo through nonenzymatic processes,
in particular, from sources such as inorganic and organic
polysulfides, such as those present in garlic.10

One of the best characterized physiological effects of H2S is
the relaxation of vascular smooth muscle cells through H2S-
mediated KATP channel opening.11,12 Other studies have
suggested that the production of H2S provides a protective
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effect in some pathologies. For instance, H2S has been
associated with inhibition of leukocyte adherence in the
microcirculation during vascular inflammation,13,14 cardiopro-
tective,15−17 neuroprotective,18−20 and gastroprotective ef-
fects,21 regulation of insulin release22 and promotion of
wound healing.23 A correlation between low levels of H2S
and H2S-generating enzymes has also been noted in hyper-
tension, Alzheimer’s disease, and gastric mucosal injury.24

Exogenous delivery of H2S may therefore be a useful strategy in
the management of a number of diseases.
The array of physiological processes affected by H2S is

indicative of its participation in a variety of cell signaling
pathways such as those involving intracellular mitogen-activated
protein (MAP) kinases. For instance, exogenous H2S was
shown to suppress the proliferation of cultured rat aortic
vascular smooth muscle cells through the MAPK pathway in a
dose-dependent fashion;25 endogenous and exogenous H2S was
found to upregulate p38 MAPK activity in cultured human
umbilical vein endothelial cells;26 and H2S treatment of pigs
subjected to coronary artery occlusion and reperfusion was
found to be associated with higher phosphorylation of the
MAPK extracellular signal-regulated kinase (ERK) 1/2.27

Further, exogenous H2S was found to promote the survival of
human granulocytes, associated with the inhibition of p38 MAP
kinase phosphorylation28 and with the attenuation of lip-
opolysaccharide (LPS)-induced p38 MAPK phosphorylation in
BV-2 microglial cells29 and keratinocytes.30

The potential to deliver H2S to tissues as a therapy is
complicated by its gaseous, toxic, and malodorous nature.
Effective delivery to cells must take into account both the rate
of production and transient concentration so as to prevent any
adverse effect arising from excessive production/concentra-
tions. To date, inorganic sulfide salts (e.g., Na2S and NaSH)
that form HS− and H2S immediately upon solvation in buffer
have been widely used as H2S-releasing molecules for biological
studies. While sulfide salts have the advantage of rapidly
increasing H2S concentration, this same rapid release of H2S
can result in loss from solution (by volatilization and/or
transport across membranes), shortening the effective residence
time in tissues.31 Consequently, the instantaneous delivery of
H2S from inorganic sulfide salts does not reproduce the effects
of continuous and controlled biosynthesis. As such, there is a
need for a system that mimics the controlled biosynthetic
release of H2S, with an extended time of delivery and in a
physiologically relevant concentration range.32

With these issues in mind, medicinal chemists have
developed organic donor drugs with the intent of reducing
the rate of H2S release and avoiding the transient H2S
concentration surge associated with the sulfide salts.33,34

Currently, there is considerable research in this area,
particularly with respect to the development of hybrid drugs
incorporating both H2S donating molecules and nonsteroidal
anti-inflammatory drugs (NSAIDs).32,35 A number of H2S-
releasing molecules are based on aryl dithiole-3-thione (ADT),
especially ether derivatives (ADT-OR)), and these are thought
to release H2S via slow hydrolysis. Further, macromolecular
conjugates incorporating ADT−OH have emerged in the last
couple of years, and these materials offer several potential
benefits over their small molecule analogues.36,37 Incorporating
the drug into a macromolecular conjugate can serve many
functions: solubility enhancement for an otherwise hydro-
phobic drug;38 improvement of the pharmacokinetic profile of
the drug by increasing plasma half-life and volume of

distribution and by reducing clearance by the kidneys or
liver;39 and protection of the drug against degradation via
hydrolysis or oxidation.40 In the specific case of ADT−OH,
conjugation with hydrophilic poly(ethylene glycol) via an ether
bond minimized the toxic side effects of ADT−OH in murine
macrophages without impairing its H2S-releasing properties.36

A different approach to release H2S from a macromolecular
construct has been to use thiols to activate the release of H2S
from the organic donor.41−46 This approach has been
investigated using methacrylate prepolymers bearing pendent
benzaldehyde functionalities.47 Subsequent side-chain derivati-
zation with different S-benzoylthiohydroxylamines resulted in
thiooxime functionalized polymers, which could undergo L-cys
and glutathione-triggered release of H2S, consistent with small
molecule S-benzoylthiohydroxylamines.45

In the present study, we explored the synthesis and
application of thiobenzamide-functionalized polymers as
macromolecular H2S donors and demonstrated that these
materials are effective at stimulating certain cell signaling
cascades which are dependent on the liberation of H2S.
Thiobenzamide derivatives (also known as aryl thioamides)
have previously been explored as small molecule H2S-donors,
predominantly as hybrid drugs of NSAIDs, which are linked to
4-hydroxy thiobenzamide via an ester bond.48 Moreover,
certain derivatives based on thiobenzamides are thought to
release H2S not only through hydrolysis, but also via reaction
with L-cys or glutathione.43 Most recently, a series of L-lactide
copolymers functionalized with different amounts of thio-
benzamide units were formed into particles that were found to
deliver H2S over days to weeks.49 The thiobenzamide moiety,
therefore, represents a versatile donor capable of releasing H2S
hydrolytically or via stimulus and in a controlled manner. The
incorporation of these moieties into a macromolecular
construct offers further advantages as might be expected for a
macromolecular therapeutic.
The macromolecular H2S donors synthesized for the present

study possess the ability to form micelles in water, and release
H2S hydrolytically or upon addition of an L-cys trigger. Further,
intracellular release of H2S from the donors was confirmed
using a fluorescent probe. FRET-based biosensors were used to
confirm that H2S release from the macromolecular donor could
modulate cytosolic ERK signaling and plasma membrane-
localized PKC activity within HEK293 cells, without causing
any significant toxicity to cells. These results demonstrate that
macromolecular H2S donors are able to trigger spatiotempor-
ally confined cell signaling events, and provide a useful platform
for studying the induction of localized cell signaling by
application of a macromolecular structure.

■ EXPERIMENTAL SECTION
Materials. Oligo(ethylene glycol) methyl ether methacrylate

(OEGMA) (Mn = 300 g mol−1) and methyl methacrylate (MMA)
were purchased from Sigma-Aldrich and passed through a column of
basic alumina in order to remove inhibitor before use. Initiators, α,α′-
azobis(isobutyronitrile) (AIBN) and 1,1′-azobis(cyclohexane-
carbonitrile) (ACHN), were purchased from Sigma-Aldrich and
purified by recrystallization from methanol and chloroform/methanol
respectively before use. The RAFT agent, 4-cyano-2-propyl
benzodithioate (CPBDT) was purchased from Sigma-Aldrich at the
highest purity available (>97% HPLC) and used as received. Sodium
sulfide (Na2S) anhydrous was purchased from Alfa Aesar (Cat. No.
65122) and hydrochloric acid 32% was purchased from Ajax
Finechem. Solvents (except anhydrous solvents) were purchased
from Merck Millipore and used as received.
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All other chemicals such as reagents and anhydrous solvents for
synthesis were purchased from Sigma-Aldrich at the highest purity
available and used without further purification (unless otherwise
stated). A Reveleris Flash Chromatography System fitted with GRACE
silica cartridges was used for purification of monomer and
intermediates. TLC was performed on Merck Silica 60F254 plates.
Characterization. 1H (400 MHz) and 13C NMR (100 MHz)

spectra were obtained with a Bruker UltraShield 400 MHz
spectrometer at 25 °C running Bruker Topspin Software. Spectra
were recorded for samples dissolved in deuterated solvent (chloro-
form, CDCl3, or dimethyl sulfoxide, DMSO) and chemical shifts are
reported as parts per million from external tetramethylsilane.
Monomer conversions were obtained from the 1H NMR spectra.
Gel permeation chromatography (GPC) was performed using a

Shimadzu modular system comprised of a DGU-12A degasser, an SIL-
20AD automatic injector, a 5.0 μm bead-size guard column (50 × 7.8
mm), followed by three KF-805L columns (300 × 8 mm, bead size: 10
μm, pore size maximum: 5000 Å), a SPD-20A ultraviolet detector, and
an RID-10A differential refractive-index detector. The temperature of
columns was maintained at 40 °C using a CTO-20A oven. The eluent
was N,N-dimethylacetamide (DMAc, HPLC grade, with 0.03% w/v
LiBr), and the flow rate was kept at 1 mL/min using a LC-20AD
pump. A molecular weight calibration curve was produced using
commercial narrow molecular weight distribution polystyrene stand-
ards with molecular weights ranging from 500 to 2 × 106 g mol−1.
Polymer solutions at approximately 2 mg mL−1 were prepared and
filtered through 0.45 μm filters prior to injection.
Attenuated total reflectance-fourier transform infrared spectroscopy

(ATR-FTIR) spectra were obtained using a Shimadzu IR Tracer-100
Fourier transform infrared spectrometer fitted with a GladiATR 10
single reflection accessory. Data was processed using LabSolutions IR
software in the mid-IR region of 4000−500 cm−1 at a resolution of 8
cm−1 by averaging 128 scans (collected via a mercury cadmium
tellyuride detector).
Dynamic light scattering (DLS) measurements were carried out on

a Malvern Zetasizer Nano ZS Series running DTS software (laser, 4
mW, λ = 633 nm; angle 173°). The polydispersity index (PDI) was
used to describe the average diameters and size distribution of
prepared micelles from a Cumulants analysis of the measured intensity
autocorrelation function. Samples were filtered using 0.45 μm Nylon
syringe filter to remove contaminants/dust prior to measurement.
Synthesis. The synthesis and characterization of all small

molecules (intermediates, standards, SF4 fluorogenic probe, CPPMA
monomer), macromolecules (macromolecular precursors, H2S donors,
and control) and detailed methods that were applied to measure H2S
release time course are fully described in the Supporting Information.
Synthesis of [POEGMA46]-S(CS)Ph (1). The polymerization

was carried out using the following stoichiometry of [CPBDT]0/
[OEGMA]0/[AIBN]0 = 1:80:0.125. OEGMA (2.12 g, 7.08 × 10−3

mol), CPBDT RAFT agent (19.4 mg, 8.76 × 10−5 mol), AIBN (1.80
mg, 1.10 × 10−5 mol), and acetonitrile (ACN; 8 mL) were placed in a
round-bottom flask equipped with a magnetic stirrer bar and capped
with a rubber septum. The reaction mixture was deoxygenated for 30
min at 0 °C by sparging with N2. The deoxygenated mixture was
placed into a preheated oil bath at 70 °C and the polymerization left to
stir for 6 h. The resulting mixture was then allowed to cool in an ice
bath for about 15 min to terminate polymerization and then exposed
to air. The monomer conversion was determined by 1H NMR. The
resonances integrated to obtain conversions for OEGMA polymer-
izations were the vinyl peaks at 5.4 and 5.9 ppm (monomer only) and
the OCH2− peaks at 3.8−4.1 ppm (monomer and polymer). To
remove all traces of unreacted monomer the polymerization solution
was first transferred to dialysis tubing (Cellu Sep, nominal MWCO
3500 g mol−1) and dialyzed against acetone with at least five exchanges
of solvent. This was followed by multiple precipitation and
centrifugation steps, using petroleum ether/diethyl ether 1:1 as the
precipitant. Residual solvent was then removed by blowing a gentle
stream of nitrogen over the polymer solution overnight, followed by
drying with a high vacuum line. The final product, POEGMA46-S(C
S)Ph 1, was analyzed by 1H NMR and GPC. Polymerization results:

conversion = 60%; Mn 9672 g/mol, PDI 1.12 (GPC-DMAc); Mn
14020 g/mol (1H NMR estimate); Mn 14620 g/mol (theoretical Mn).
The 1H NMR spectrum of 1, with main peak assignments, is provided
as Figure S1.

Synthesis of [POEGMA46]-block-[PCPPMA10-co-PMMA99]-
S(CS)Ph (4). The polymerization was carried out using the
stoichiometry of [POEGMA Macro RAFT]0/[monomers]0/[AIBN]0
= 1:188:0.129. The molar feed ratio of MMA to CPPMA was 9:1.
Briefly, POEGMA46-S(CS)Ph (4; 0.435 g, 3.10 × 10−5 mol), MMA
(0.532 g, 5.31 × 10−3 mol), CPPMA (0.130 g, 5.31× 10−4), AIBN
(0.64 mg, 3.86 × 10−6 mol), and anhydrous 1,4-dioxane (1.8 mL) were
transferred to a glass vial equipped with a magnetic stirrer bar and
capped with a rubber septum. The reaction mixture was deoxygenated
with nitrogen for 30 min at 0 °C by sparging with N2. The
deoxygenated solution was then placed into a preheated oil bath at 70
°C and the block copolymerization was allowed to proceed with
stirring for 15 h. The polymerization was terminated by placing the
sample in an ice bath for 15 min. The monomer conversion was
determined by 1H NMR. The resonances integrated to obtain
conversions for CPPMA were the CH2 resonance (triplet) at 4.2
ppm from the CPPMA monomer only versus aromatic peaks at 6.8−
7.0 ppm (monomer and polymer). The MMA vinyl peaks at 5.4 and
5.9 ppm (monomer only) could be ascertained, and the average value
was compared to a broad resonance at 3.5 ppm corresponding to the
methoxy hydrogens of the polymerized MMA. The product polymer
was recovered by multiple precipitations into diethyl ether/petroleum
ether. The purified block polymer was then dried under high vacuum
after evaporating off a majority of the solvent with a stream of
nitrogen. The final product [POEGMA46]-block-[PCPPMA10-co-
PMMA99]-S(CS)Ph 4 was analyzed by 1H NMR and GPC.
Polymerization results: conversion (CPPMA) = 50%; conversion
(MMA) = 50%; Mn 19850 g/mol, PDI 1.14 (GPC-DMAc); Mn 26400
g/mol (1H NMR estimate); Mn 25500 g/mol (theoretical Mn). The
1H NMR spectrum of 4 with peak assignments is provided as Figure
S2. Overlayed GPC traces showing block extension are displayed in
Figure S3.

RAFT End Group Removal from [POEGMA46]-block-
[PCPPMA10-co-PMMA99]-S(CS)Ph (4). A solution of [POEG-
MA46]-block-[PCPPMA10-co-PMMA99]-S(CS)Ph, 4 (0.430 g, 1.63
× 10−5 mol, 1 equiv), 1-ethylpiperidine hypophosphite (EPHP; 0.030
g, 1.70 × 10−4, ∼10 equiv), AIBN (1.0 mg, 6.09 × 10−6, 0.37 equiv),
and anhydrous toluene (3.0 mL) were added to a Schlenk vessel with a
magnetic stirrer bar and capped with a rubber septum. The reaction
mixture was deoxygenated with nitrogen for 30 min and then placed
into a preheated oil bath at 80 °C with stirring for 2 h. The radical-
induced reduction process was terminated by placing the sample in an
ice bath for 15 min. The product was then recovered by multiple
precipitations into diethyl ether/petroleum ether (1:2). After drying
under a stream of nitrogen, the conversion for thiocarbonylthio end
group removal was determined by 1H NMR to be only 90%. The
procedure was therefore repeated, as described above. However, after
precipitation and drying the product was found to contain reaction
byproducts, most likely from EPHP. These were removed by washing
the polymer, dissolved in chloroform, with water and brine.
Decolorization of the polymer and 1H NMR analysis showed that
the RAFT end groups and reaction byproducts had been adequately
removed. Specifically, three distinct signals in the 1H NMR spectrum
(δ 7.35, 7.50, and 7.90 ppm), representing the aromatic
benzodithioate, were found to be removed on radical-induced
reduction. The final product was also analyzed by GPC to monitor
possible side reactions such as termination. Results: conversion > 95%;
Mn 22014 g/mol, PDI 1.15 (GPC-DMAc). The 1H NMR spectrum
before and after RAFT end group removal is provided as Figure S4.

Thionation of [POEGMAa]-block-[PCPPMAb-co-PMMAc]-H To
Give [POEGMAa]-block-[PTHAb-co-PMMAc]-H (7). [POEGMAa]-
block-[PCPPMAb-co-PMMAc]-H (0.320 g) from the previous step was
dissolved in anhydrous DMF (2 mL), followed by the successive
addition of magnesium chloride hexahydrate (MgCl2·6H2O; 120 mg,
5.90 × 10−4 mol) and 70% sodium hydrosulfide hydrate (100 mg, 1.2
× 10−3 mol). The green slurry was left to stir at room temperature for
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4 h. The slurry was then added to 0.2 M aqueous HCl (5 mL), and the
resulting yellow gum was stirred for several minutes. The crude
product was then extracted using chloroform and washed with 0.2 M
HCl (×2), water (×2), and saturated brine (×1). The organic phase
was then dried with MgSO4 (anhydrous) and the solvent was removed
under reduced pressure, leaving behind a yellow glassy polymer. The
final product [POEGMAa]-block-[PTHAb-co-PMMAc]-H, 7, was also
analyzed by GPC to monitor possible side reactions and termination.
Results: Mn 23300 g/mol, PDI 1.16 (GPC-DMAc). The 1H NMR
spectrum before and after thionation is provided as Figure S5.
Biological Evaluation of H2S Donating Polymer 6. Preparation of

macromolecular solutions: Micelle solutions of polymers (macro-
molecular control 8 and macromolecular H2S-donor 6) were prepared
∼1 h prior to cell experiments, by dropwise addition of the polymer
dissolved in THF (10 mg/mL THF) into nitrogen-sparged PBS pH
7.4 (10 mg of polymer solution/10 mL PBS). The THF was then
removed using a centrifugal filter unit (Amicon Ultra-4, Ultracell-3K,
regenerated cellulose 3000 NMWL). For this, an aliquot of micelle
solution (500 μL) underwent three spin cycles of 20 min each at
5000−6000 rpm. The solution was reconstituted to the original
volume with nitrogen-sparged PBS 7.4 after each spin cycle. The final
concentration of micelle solution was 1 mg/mL. For the high-content
ratiometric FRET imaging experiments and high-content SF4 time
course studies, the micelle solutions were diluted 1:10 in PBS prior to
addition to the cells (final concentration 0.1 mg/mL). For the
intracellular H2S release imaging studies (using SF4 probe), the

micelle solutions were diluted 1:1 in OptiMEM prior to addition to
the cells (final concentration 0.5 mg/mL).

Cell Culture for High-Content Ratiometric FRET and SF4 Time-
Course Study. HEK293 cells were grown in DMEM supplemented
with 5% v/v FBS, and all assay plates were coated with poly-D-lysine (5
μg/cm2) prior to use.

High-Content Ratiometric FRET Imaging. HEK293 cells were
seeded in black, optically clear 96-well plates and grown to 70%
confluency prior to transfection with 90 ng/well FRET biosensor using
linear polyethylenimine (PEI).50 NucEKAR Cerulean-Venus (Addg-
ene plasmid 18681) and cytoEKAR Cerulean-Venus (Addgene
plasmid 18679) were gifts from K. Svoboda.51 CytoCKAR (Addgene
plasmid 14870) and pmCKAR (MyrPalm-CKAR, Addgene plasmid
14862) were gifts from A. Newton.52,53

At 48 hours following transfection, fluorescence imaging was
performed using a high-content GE Healthcare INCell 2000 Analyzer
with a Nikon Plan Fluor ELWD 40× (NA 0.6) objective and FRET
module, as described previously.54 For CFP/YFP (cytoCKAR,
pmCKAR) or Cerulean/Venus (nucEKAR, cytoEKAR) emission
ratio analysis, cells were sequentially excited using a CFP filter
(430/24) with emission measured using YFP (535/30) and CFP
(470/24) filters, and a polychroic optimized for the CFP/YFP filter
pair (Quad3). HEK293 cells were imaged every 90 s (image capture of
20 wells per 90 s). Baseline signaling was measured in cells over 6 min,
followed by the addition of polymer (either macromolecular control 8
or macromolecular H2S-donor 6) or PBS, and the response was

Scheme 1. Synthesis of CPPMA Monomer, Precursor Polymers, 2a, 3, and 4, and Subsequent Conversion to Thioamide
Polymers 5, 6, and 7a

aReagents and conditions: (i) 3-bromo-1-propanol, K2CO3, and DMF; (ii) methacrylic anhydride, TEA, and DCM; (iii) MMA, 70 °C, 1,4-dioxane;
(iv) MMA, CPPMA, 70 °C, 1,4-dioxane; (v) polymer end-group removal, 1-ethylpiperidine hypophosphite, AIBN, toluene, 80 °C; (vi) thionation,
NaHS, DMF, MgCl2·6H2O. CPPMA = 3-(4-cyanophenoxy) propyl methacrylate; OEGMA = oligo(ethylene glycol) methyl ether methacrylate, with
average Mn = 300 g/mol; MMA = methyl methacrylate.
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measured over 1 h. For all wells, a positive control for signaling (used
to generate a maximal increase in the signaling pathway: 200 nM
phorbol 12,13-dibutyrate (PDBu) for ERK or 200 nM PDBu with
phosphatase inhibitor cocktail for PKC) was measured to allow only
cells that responded to the positive control to be selected for analysis.
Data were analyzed using in-house scripts written for the FIJI
distribution of ImageJ,55 as described previously.54 Data are expressed
as the mean ± SEM from 170 to 292 cells.
Preparation of Solutions of SF4. These were prepared fresh in

DMF/DMSO (5 mM) and diluted to give a 5 μM solution in Hank’s
Balanced Salt Solution (HBSS) for the high-content SF4 time course
study or in OptiMEM for the intracellular H2S release imaging studies.
High-Content SF4 Time-Course Study. HEK293 cells were seeded

in triplicate in black, optically clear 96-well plates and grown to 90%
confluency. Cells were washed once with HBSS and nuclei were
stained using Hoechst nuclear stain 33342 for 10 min at 37 °C.
Fluorescence imaging was performed using a high-content PerkinElm-
er Operetta with an Olympus LUCPlanFLN 20× (NA 0.45) objective.
Nuclei were visualized using the Hoechst 33342 filter set (excitation
360−400, emission 410−480), and SF4 fluorescence was visualized
using the EGFP filter set (excitation 460−490, emission 500−550).
Images were taken every 2 min.
Cells were washed with HBSS, then loaded with 5 μM SF4 probe

(in HBSS) for 10 min at 37 °C. Baseline fluorescence was determined
for 8 min followed by the addition of the macromolecular H2S-donor 6
(or macromolecular control 8), then images were taken every 2 min
for 1 h at 37 °C. Data were automatically analyzed by determining the
mean SF4 fluorescence per well using Harmony High Content
Imaging and Analysis software (v3.5.2). SF4 fluorescence was PBS
vehicle-subtracted and expressed relative to the baseline fluorescence
for each experimental condition. Data are expressed as the mean ±
SEM from three independent experiments.
Cell Culture for Intracellular Imaging of H2S Release Using SF4

Probe. H460 lung carcinoma cells were maintained in T75 flasks in
exponential growth as a monolayer in DMEM (Gibco by Life
Technologies) supplemented with 10% fetal bovine serum and 1% L-
glutamine, and incubated at 37 °C in 5% CO2. Cells were plated into
poly-D-lysine-coated μ-dishes (ibidi, 35 mm) at 20000 cells per dish
and allowed to attach for 3 days.
Intracellular Imaging of H2S Release Using SF4 Probe. On the day

of imaging, the culture medium was removed and cells were washed
with PBS once. Cells were treated with freshly prepared micelle
solutions (macromolecular control 8 or macromolecular H2S-donor 6)
diluted 1:1 with OptiMEM for 60 min, followed by 1 μM Hoechst
nuclear stain 33342 for 10 min prior to imaging. The micelle solution
was removed and the cells were washed with PBS once. The cells were
then incubated with 5 μM SF4 (H2S probe) and images were collected
at 5 min intervals using a Nikon Eclipse Ti-E microscope. The cells
were excited using a GFP filter cube for SF4 fluorescence and a DAPI
cube for H33342 nuclear stain.

■ RESULTS AND DISCUSSION
Synthesis of Macromolecular H2S Donors. Thioamides

and their derivatives are an important class of molecules due to
their use in synthetic chemistry, especially in the preparation of
sulfur-containing heterocycles such as thiazoles and thioazo-
lines.56 Their utility stems in part from the presence of both
nucleophilic and electrophilic reactive centers in their
structures. In this work we employed the reversible addition−
fragmentation chain transfer (RAFT) polymerization technique
to synthesize macromolecular structures. Since thioamides are
also known to undergo photochemical radical reactions,57

rather than directly polymerizing a thioamide functionalized
monomer into our structures, which could potentially degrade
during the polymerization, we employed a postpolymerization
approach. This involved copolymerization of a monomer
bearing a benzonitrile group which could subsequently be
converted in high yield into a primary aromatic thioamide. We

anticipated that benzonitrile groups would remain inert to
radicals during the polymerization, making them ideal
candidates for the postpolymerization modification strategy.
The monomer 3-(4-cyanophenoxy)propyl methacrylate

(CPPMA; Scheme 1), which is not commercially available,
was synthesized in two steps from 4-cyanophenol. First, 4-
cyanophenol was alkylated with 3-bromo-1-propanol, after
which the aliphatic alcohol was esterified with methacrylic
anhydride. Somewhat inconveniently, the monomer was found
to form large insoluble crystals on standing. This is not
surprising, considering that the acrylic version has been applied
in dispersed liquid crystal polymerizable compositions due to
its ability to elicit phase separation and structural ordering.58

This crystallization phenomenon was circumvented by keeping
the monomer dissolved in solvent with a small amount of
inhibitor, with isolation only executed immediately prior to use.
The monomer was incorporated into 3 types of polymer

precursors, 2a, 3, and 4, as shown in Scheme 1, using the RAFT
agent, 4-cyano-2-propyl benzodithioate (CPBDT). First, it was
copolymerized with oligo(ethylene glycol) monomethyl ether
methacrylate (OEGMA300) to give hydrophilic POEGMA-co-
PCPPMA copolymers 2a and 2b. Copolymer 2a was used as
prepared, while 2b was block extended with methyl
methacrylate (MMA) to give block copolymer 3. CPPMA
was also copolymerized with MMA in a block extension step
from POEGMA 1, to give block copolymer 4. Block
copolymers 3 and 4 differed in that the CPPMA was
incorporated into either a soft hydrophilic or rigid hydrophobic
block, accounting for ∼10% of the block molar content in both.
Each of the block copolymers were synthesized with a view to
forming self-assembled micelles in PBS at pH 7.4. For
POEGMA-co-PCPPMA 2a (which was not block extended),
the CPPMA accounted for ∼10% of the copolymer content.
However, the lack of a hydrophobic segment means that final
copolymer 2a would only be able to form unimers in PBS at pH
7.4, as opposed to self-assembled micelles. The polymerization
characteristics for the benzonitrile copolymers, which are
expected to contain random distributions of pendent CPPMA
units along each polymer chain, are shown in the Supporting
Information (SI, Table S1).
Following successful synthesis of the precursors, benzonitrile

groups in the polymers were converted into primary aromatic
thioamide moieties, often referred to in the literature as
thiobenzamides. Initially, we tested the reagent commonly used
for this thionation (or thiolysis) reaction, Lawesson’s reagent,
but found conversions to be low. Hydrogen sulfide gas, another
commonly used reagent, was not considered due to the high
bubbling rates and pressures required owing to its low solubility
in organic solvents, combined with its hazardous nature.
Instead, thioamide formation as a postpolymerization mod-
ification reaction was carried out using sodium hydrosulfide
(NaHS, ∼ 70%) and MgCl2.6H2O in DMF (as in Scheme 1).59

Initial trials using this method gave high conversions to
thioamide, although this was found to be concurrent with
RAFT (benzodithioate) polymer end group removal. The latter
was apparent by the immediate decolorisation of the polymer.
NaHS has been briefly studied as a nucleophilic agent for the
conversion of RAFT agents into thiols so this outcome was not
unexpected.60 However, due to reactivity of the thioamides to
thiols, we decided to remove the RAFT end groups before
carrying out the thionation reaction. Therefore, diblock
copolymers 3 and 4, as well as copolymer 2a, were subjected
to a radical-induced reduction using N-ethylpiperidine hypo-

Biomacromolecules Article

DOI: 10.1021/acs.biomac.5b01469
Biomacromolecules XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5b01469/suppl_file/bm5b01469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5b01469/suppl_file/bm5b01469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5b01469/suppl_file/bm5b01469_si_001.pdf
http://dx.doi.org/10.1021/acs.biomac.5b01469


phosphite (EPHP) and a thermal initiator, to give a hydrogen
end group.61 Other than decolorization of the polymer, this was
evidenced by the loss of three distinct signals in the 1H NMR
spectrum (δ 7.4, 7.5, and 7.9 ppm), which corresponded to the
aromatic benzodithioate end group protons (SI, Figures S4, S9,
and S12). The GPC traces for the polymers after end group
removal were found to broaden marginally, due to the
formation of higher molecular weight polymer species (Figures
S3, S8, and S14).
The thionation reaction conditions were found to convert

benzonitrile groups to thioamides almost completely within 4 h.
Shorter reaction times and exclusion of MgCl2·6H2O caused
conversions to diminish. We did not monitor conversions over
time, mainly due to the complex work up and small quantities
of polymer employed. An alternative method was trialed using
pyridine as a solvent, triethylamine, and a 20% solution of
ammonium sulfide in water,62 however, this gave poor yields of
thioamide.
In order to ascribe peaks in the final 1H NMR spectra and

subsequent FTIRs, we synthesized a control molecule, 4-
butoxybenzothioamide. Representative 1H NMR spectra
(collated as Figure 1) show changes in the aromatic protons

for block copolymer 3 (with RAFT end group removed), after
the thionation process, as compared to the control molecule. It
is worth noting that the NH2 groups of the pendent thioamide
moieties in polymer 6 were shifted versus the control molecule,
which could be the result of hydrogen bonding with other units
along the chain, such as OEGMA units. Solid-state ATR-FTIR
spectra for the control thioamide molecule (Figure S17) and
the intermediate, 4-(3-hydroxypropoxy)benzonitrile (Figure
S18) display characteristic transmission peaks from thioamide
(i.e., 3130−3300 cm−1 (NH2 bands) and 1630 cm

−1 (C−N and
N−H combined stretching)) and from the benzonitrile (2226
cm−1 (−CN stretching)). These characteristic peaks are
clearly distinguished in the ATR-FTIR spectra of macroRAFT
2a and thionated polymer 5 (Figure S20). As further evidence
of successful thionation, all polymers developed a yellow color

after the reaction, such color being characteristic for
thioamides.63

The composition of polymers did not change markedly on
thionation (Table S2), indicating that the pendent ester groups
along the chain were not significantly susceptible to reaction
with HS− ions during the thionation process nor during
workup. Moreover, there was no evidence of −COSH protons
in our 1H NMRs (the signal of the thiol protons of thioacetic
acid CH3COSH appears at 4.6 ppm in CDCl3). While GPC
traces were found to broaden somewhat during the RAFT end
group removal process, this was not observed for the thionation
step, suggesting that oxidized thiols did not form along the
chains (Figures S3, S8, and S14).
Since the polymer end groups were no longer visible in the

1H NMR spectrum, we used the GPC-derived molecular
weights for subsequent calculations that required molecular
weight estimates of the thionated polymers (2a, 6, and 7).
These are displayed in Scheme 1 (as well as in Table S2). With
thionation conversions >95% for each polymer, the number of
benzonitrile groups in the original RAFT end functional
polymers was used to approximate the number of thioamide
units in the final polymers. We used these values to calculate
the concentration of thioamides in the testing solution and
thereby assess the H2S-donating ability of each polymer.
Finally, each polymer was tested for its capacity to form

micelles (Figure S15). A total of 10 mg of block copolymer
(either 6 or 7) was dissolved in 1,4-dioxane (1 mL).
Subsequent micelle formation was afforded by injecting 10
mL of PBS (pH 7.4) into the polymer−dioxane solution under
vigorous stirring at room temperature. Block copolymer 6
afforded 18 nm micelles, and block copolymer 7 afforded 25
nm micelles by DLS. Copolymer 5 was prepared the same way
and gave unimers in solution.

Assessment of H2S-Releasing Ability. The capacity of
the synthesized polymers to function as macromolecular H2S
donors was examined using an amperometric approach using an
H2S selective microsensor, with a working concept published by
Jeroschewski et al.64 The H2S-selective and calibrated micro-
sensor was used to measure the evolution of H2S concentration
(μmol/L) over time in solutions of polymers 5, 6, and 7 in PBS
at pH 7.4. Additionally, thiol-triggered release was measured
after an aliquot of L-cys had been added to the solution (22
°C). Figure 2 shows H2S concentration produced over time for
the H2S-donating polymers, with and without addition of L-cys.

Figure 1. 1H NMR spectra (400 MHz, CDCl3) showing the aromatic
proton signals for polymer 3 with the RAFT end group removed
before (top) and after (6, middle) the thionation process vs control
molecule 4-butoxybenzothioamide (bottom).

Figure 2. Representative H2S release curves for polymers (10 mg), as
measured by the amperometric microsensor method (PBS at pH 7.4,
10 mL), L-Cysteine (400 mM, 100 μL aliquot).
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Considerations for H2S-Releasing Ability of Polymers.
To obtain a reasonable estimation of H2S release kinetics across
the series 5−7, we compared peaking time, which is the time
taken to reach the maximum [H2S] value in solution and the
peak value of [H2S]. These values are provided in Table 1,
columns 3 and 4, respectively. Importantly, in order to make
relative assessments of H2S donation across the polymeric
series, several issues needed to be taken into consideration,
related to the establishment of an ionization equilibrium
between H2S and HS−.65 Such aspects, which are defined
further in the Supporting Information, can be simplified into
the total concentration of dissolved sulfide species generated in
solution: [sulfides]tot = [H2S] + [HS−], which can be calculated
from

= × +−[sulfides] [H S] (10 1)K
tot 2

pH p 1 (1)

The amperometric sensor only detects partial pressure of H2S
and since the test is carried out in pH 7.4 buffer, this only
accounts for one component of the total sulfides, [sulfides]tot,
generated. Using eq 1, one can estimate [sulfides]tot existing in
solution at pH 7.4:

= ×[sulfides] [H S] 3.40tot 2 measured

The derived peaking value of [sulfides]tot for each polymer is
provided in Table 1, column 5. A further measure of the H2S-
generating capability of the polymers was made based on a
comparison of peaking value of [sulfides]tot, with the
concentration of thioamide groups originally present in the
testing solution. The polymers were tested for H2S release at a
concentration of 10 mg/11 mL of solution (to guarantee
micellization for block copolymers), resulting in different
starting concentrations of thioamide in the measurement
solution. Furthermore, the amperometric probe measures H2S
in real time and is not a cumulative measure of dissolved gas.
Consequently, loss of H2S over time due to volatilization (both
to the headspace and escape from the measurement vessel),
and oxidation due to oxygen in the system cannot be
overlooked in our experiments, as these phenomena could
result in a reduction in the amount of H2S measured in
solution. This means that the peaking concentration may never
approximate total sulfides released from each thioamide
polymer, and therefore, a comparison of the two values may
not be entirely a measure of % sulfides released. This value is
therefore more appropriately expressed as % sulfides measured
at peaking concentration (% sulfides (MPC)), which allows
some comparative assessment to be made of the H2S-releasing

capability of each of the polymers. These values are given in
Table 1, column 7.

H2S-Releasing Ability of Polymers. In the absence of L-
cys, thioamides release H2S via a hydrolysis mechanism, a
process that is promoted by acid or base. This is analogous to
the hydrolysis of thioacetamide, which leads to the correspond-
ing amide.66,67 Aromatic thioamides are more likely to undergo
this mechanism due to their aromatic ring, which stabilizes
intermediates. Figure 2 shows the curves of H2S concentration
over time for the various polymers, both with and without L-cys.
The hydrolysis rates leading to H2S release (i.e., with no L-cys
present) were found to be low overall, with the fastest release of
H2S measured for water-soluble copolymer 5, which forms
unimers in solution (41 min). This was followed by micelle-
forming polymer 6 (60 min), which incorporated thioamides in
the hydrophilic corona, followed by micelle-forming polymer 7
(>120 min), which incorporates thioamides in the hydrophobic
core. These results are anticipated for a hydrolysis mechanism,
since this route involves charged intermediates that are
stabilized by solvation with water. This is likely to be less
favored in an aggregated and hydrophobic environment, such as
the core of a micelle (i.e., as in 7).
With respect to the peaking value of [sulfides]tot generated

on hydrolysis, copolymer 5 ranked the highest (78 μM). With
respect to the concentration of thioamides originally present in
solution, this material released approximately 24%. In contrast,
micelle forming polymers 6 and 7 showed lower levels of
release. Polymer 6, with thioamides in the hydrophilic corona,
gave a slightly higher release value (8%) compared to polymer
7 (3%). The different levels of H2S released from unimer-
forming polymer 5 and micelle-forming polymer 6 (in which
thioamides reside in the corona) is worth noting. In both of
these cases, one would envisage similar hydrated environments.
However, the aromatic nature of the thioamide itself may result
in some partitioning of units within the core of the micelle to
promote some stacking or aggregation, factors that could
reduce hydrolysis of thioamides in 6. Even though hydrolysis
led to low levels of H2S release overall, the results suggest that a
nonaggregated polymeric system (as in 5) promotes hydrolysis
of thioamides more so than do aggregated systems 6 and 7.
The exact mechanism of L-cys triggered release from

thioamides is not known to us, and a survey of literature
uncovered little with respect to the aqueous reaction of thiols
with thioamides. In transamidation, primary amines can replace
the sulfur of the thioamide with an amine residue (with
formation of N-substituted amidines) to release H2S.

68 We do

Table 1. Release Characteristics of Thioamide Polymers, as Measured Using Amperometry

polymer L-cysa (Y/N) peaking timec (min) peaking [H2S]
b (μmol/L) [sulfides]tot

d (μmol/L) [thioamides]e (μmol/L) sulfides (MPC) releasedf (%)

7 Y 14 67 226 390 58
7 N >120 3 10 390 3
6 Y 13 58 196 224 88
6 N 60 4 19 224 8
5 Y 12 19 64 325 20
5 N 41 23 78 325 24

aY = L-cysteine added (400 mM, 100 μL aliquot) during microsensor recording; N = L-cysteine not added. bHighest μmol/L H2S value attained on
the curve of [H2S] vs time.

cTime taken to reach highest value of μmol/L on the curve of [H2S] vs time.
dTotal sulfides concentration = [sulfides]tot

= [H2S] + [HS−], where [sulfides]tot = [H2S] × (10pH−pK1 + 1) = 3.40 × [H2S] (see Supporting Information for explanation of equations).
e[Thioamides] = n(thioamides)/0.011, where 11 mL = total volume in reaction vessel for microsensor testing; n(thoamides) = (average number of
units in each chain) × n(polymer); average number of units in each chain is taken to be equal to number of CPPMA units in the original polymers
and n(polymer) = 0.01/Mn (GPC, DMAc) since 10 mg of polymer was tested. f% sulfides released (measured at peaking concentration) =
[sulfides]tot/[thioamides].
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not believe that this is the route to H2S release from our
materials, since the amine group of L-cys exists predominantly
as the positively charged α-ammonium ion (−NH3

+) at pH 7.4
and, thus, has reduced nucleophilic capacity. Furthermore, we
found that we could trigger the release of H2S from polymer 7
using the N-protected thiol amino acid, N-acetyl-D-penicill-
amine (results not shown). Calderone et al.43 also report
glutathione-triggered release from arylthioamides, which is
highly suggestive of a thiol-triggered process.
As is evident in Figure 2, for all the polymers tested, the rate

of thiol-triggered H2S release was found to be greater than that
by hydrolysis (12−14 min until peaking for the series),
indicating that it is generally a faster reaction. The thiol-
triggered peaking H2S concentrations, however, were found to
be markedly higher (at least 10× higher) than the
corresponding concentrations for hydrolysis in the case of
micelle forming polymers 6 and 7. For unimer-forming
copolymer 5, peaking concentrations were found to be almost
equivalent for both hydrolysis and thiol-triggered release.
Further, when taking into consideration the concentration of
thioamides originally present in solution, copolymer 5 was
found to release the smallest amount (20%) versus polymers 6
and 7, which achieved higher values (88 and 58%, respectively).
We cannot discount a possible hydrolysis mechanism that does
not result in H2S and, further, that this could explain the lower
quantities of H2S released for polymer 5, which underwent
hydrolysis more so than 6 and 7. Some H2S could have also
been lost to hydrolysis during the addition of polymer 5 (in
dioxane) to the water solution or possibly even due to
absorption of water on standing and during the work-up stage,
which would also explain the low levels of H2S released with L-
cys versus 6 and 7.
Many groups have reported the use of disulfide bridges to

covalently cross-link and stabilize the cores of polymeric
micelles. The stabilized micelles can be degraded in their cores
by disulfide exchange, which would suggest that thiols, such as
L-cys and glutathione, have the capacity to infiltrate these often
rigid and hydrophobic domains.69,70 In our case, we envisage a
similar capability of L-cys to access thioamides localized in the
micelle core. The higher level of H2S released by polymer 6
versus polymer 7 is most likely due to the greater ability of L-cys
to access the corona versus the core. However, this ration-
alization does not explain the low levels of H2S released by
copolymer 5 with L-cys. One explanation for this observation is
that, since hydrolysis is more significant for unimers of 5
(which is evident when L-cys is excluded), a greater proportion
of thioamides in solution are consumed via this process, as
compared to the micelle-forming polymers 6 and 7. Therefore,
since hydrolysis always occurs in the background in an aqueous
environment, less thioamides could be available for activation
by L-cys.
To provide further evidence for the ability of the synthesized

polymers to function as macromolecular H2S donors, we
carried out a Methylene Blue (MB+) test, an alternative method
for quantitating the amount of H2S released based on
colorimetric detection. However, this methodology suffers
from several drawbacks. Dimeric and trimeric forms of MB+ can
coexist with the monomeric form, and these species have
different wavelength maxima and molar absorptivity values
compared to MB+, meaning that the absorbance spectra for
standard solutions do not always obey Beer’s Law. Further, as
opposed to the amperometric method (which measures [H2S]
in situ and in real time), the MB+ method involves sampling of

the thioamide stock solution, which necessitates opening the
vessel (to the outside air). This may shift the H2S/HS

−

equilibrium and change the [H2S] in solution. We carried out
this test for our polymers in the presence of L-cys, primarily to
ensure that the [H2S] measured using the amperometric
method was in a similar concentration range as that measured
using the MB+ test. The peaking concentrations achieved for
micellar solutions of thioamide block copolymers 6 and 7, as
measured using the MB+ method, were found to be in a similar
range to those obtained by the amperometric method (Figure
S21), although the peaking concentration achieved for block
copolymer 6 (187 μM) was found to be slightly lower than that
achieved by 7 (211 μM). This small discrepancy is of little
concern, given the issues discussed above, which can affect the
[H2S] during the measurement. However, in contrast to 6 and
7, when we carried out the test for water-soluble polymer 5, we
found that the MB+ dye discolored within an hour. We
investigated literature with regard to this, and it was noted that
thiols themselves can be subjected to oxidation to their
corresponding disulfide by MB+, with concurrent reduction of
MB+ to the colorless leucomethylene blue (LMB+) (Figure
S23).71 The discoloration observed in the case of polymer 5
could indicate that more L-cys was available to reduce MB+

compared to the block copolymers 6 and 7, which showed a
high level of L-cys-triggered H2S release in the amperometric
studies.

Biological Evaluation of H2S Donating Polymer 6. Cell
Signaling Tests. H2S has the potential to elicit a wide range of
physiological actions, including vasodilation and anti-inflamma-
tory effects. The specific molecular targets with which H2S
interacts are thought to include intracellular proteins, enzymes,
and transcription factors, as well as membrane ion channels.
For example, intracellular H2S signaling is involved in the
endoplasmic reticulum (ER) stress response, where stressed
cells turn off protein synthesis to permit the repair of cellular
damage. In this case, the generation of H2S is thought to inhibit
a key enzyme, PTP1B, which is localized to the cytoplasmic
face of the ER.72 Ideally, to elicit such a cellular response using
a delivery vehicle, the proximity to the target (e.g., the ER) and
the timing of H2S release would be important factors to
consider. An ideal carrier would be able to release the requisite
amount of H2S in the cytosol with sufficient spatiotemporal
precision to mimic endogenous production.
H2S release in a cell, whether endogenous or exogenous, can

affect signaling pathways that regulate cell behavior. This makes
H2S delivery a potentially powerful strategy for targeting a
range of pathological cellular processes. Genetically encoded
fluorescent proteins have made it possible to monitor complex
signaling events in living cells. Specifically, FRET-based sensors
which undergo a conformational change in response to stimuli
that activate the kinases, ERK51 and PKC,52 have found
significant utility in this context. While traditional methods
(such as Western blotting or immunostaining) provide a static
snapshot of cellular events, FRET-based reporters allow for the
dynamic examination of kinase activity with fine spatial and
temporal resolution.
Previous studies have reported increases in ERK activity in

HEK293 cells in response to H2S generated as a result of
overexpression of cystathionine-γ-lyase.73 In this work we
monitored the effect of macromolecular H2S-donor 6 on
cytosolic and nuclear ERK activity in HEK293 cells using the
ERK activity sensor, “EKAR” (extracellular signal regulated
kinase activity reporter).51 ERK activation leads to phosphor-
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ylation of EKAR which triggers a conformational change that
subsequently increases FRET between donor and acceptor
fluorophores in the structure of EKAR. This test was also
carried out on a control polymer, [POEGMAa]-block-
[PMMAb]-H 8 (derived from [POEGMA47]-block-
[PMMA120]-S(CS)Ph), which was synthesized to contain
no thioamide moieties (i.e., was unable to release H2S).
Baseline signaling was measured in cells over 6 min, followed
by the addition of polymer (either macromolecular control 8 or
H2S donor 6), and the response was measured over 1 h. A
positive control for signaling (used to generate a maximal
increase in the signaling pathway) was measured, allowing only
cells that responded to the positive control to be selected for
analysis. Figure 3 shows the time course data for changes in
cytosolic ERK activity over 1 h, expressed as [FRET]/[FRET at
time 0] (F/F0 with each cell normalized to its own baseline
FRET level). As can be seen in Figure 3, there was no change in
ERK activity in response to the PBS or the control polymer 8.
However, the macromolecular H2S donor 6 was found to cause
a slow and sustained increase in cytosolic ERK from around 5−
10 min post-addition (Figure 3a). No effect was seen for any of
the materials on ERK activity within the nucleus (Figure 3b).
Figure 3c shows the combined area under the curves (AUC)
for ERK activity.
The effect of adding macromolecular H2S-donor 6 on

cytosolic and plasma membrane PKC activity in HEK293 cells
was also measured using a reporter for PKC-mediated
phosphorylation, CKAR (C kinase activity reporter).52 Previous
studies in rat cardiomyocytes demonstrated translocation of
PKC to the membrane following addition of the H2S donor,
NaHS.74 Here, we found that the macromolecular H2S donor 6

caused a small but fast and sustained increase in plasma
membrane (pm)-localized PKC activity immediately following
addition to cells (Figure 4b). There was no change in PKC
activity in response to PBS or the control 8. There was also no
effect of any of the materials on PKC activity within the cytosol
(Figure 4a). Activation of plasma membrane PKC activity for
macromolecular H2S donor 6 is summarized in Figure 4c,
which is the combined AUC plot.

Intracellular Live-Cell Imaging. Chemoselective H2S-
responsive fluorescent probes also provide a mechanism by
which to image the production of H2S in live cells with
temporal resolution. One example is the use of molecular
imaging probes that rely on the selective H2S-mediated
reduction of biocompatible azides to amines for H2S
detection.75 We applied the probe SF4,76 which becomes
fluorescent in the presence of H2S (as shown in Figure 5) to
image and monitor the release of H2S in cells over time.
First, the fluorescence generated in HEK293 cells which had

been incubated with macromolecular H2S donor 6 and SF4
probe was monitored over time. Specifically, cells were
preincubated with the SF4 probe for 10 min, the baseline
fluorescence measured, followed by addition of the macro-

Figure 3. Time course of cytosolic (cyto) ERK activation (a) and nuclear (nuc) ERK activation (b) in HEK293 cells in response to addition of PBS,
macromolecular H2S donor 6 and control 8, as monitored using EKAR sensor. Area under the curve (AUC) derived from time course (c). Symbols/
bars represent means, and error bars SEM of 174−270 cells. ***p < 0.001 vs PBS, two-way ANOVA with Dunnett’s multiple comparison test.

Figure 4. Time course of cytosolic (cyto) PKC activation (a) and plasma membrane-localized (pm) PKC activation (b) in HEK293 cells in response
to addition of PBS, H2S-donating polymer 6 and control polymer 8, as monitored using CKAR sensor. Area under the curve (AUC) derived from
time course (c). Symbols/bars represent means, and error bars SEM of 73−145 cells. ***p < 0.001 vs PBS, two-way ANOVA with Dunnett’s
multiple comparison test.

Figure 5. Fluorescent probe SF4 for H2S detection.
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molecular donor 6. Fluorescence intensity was measured every
2 min for 1 h, with each measurement carried out in triplicate.
As can be seen in Figure 6 (which is the averaged fluorescence
result) only addition of the macromolecular H2S donor 6
increased SF4 fluorescence, corresponding to intracellular
release of H2S. There was no change in SF4 fluorescence
following addition of PBS nor the control polymer 8.
Importantly, from these results it can be seen that the release
of H2S from the macromolecular donor correlates with the
signaling response measured using the FRET sensors, with both
experiments conducted under the same conditions.
To confirm that the macromolecular H2S donors were

effective for H2S release in multiple cell lines, a further
experiment was conducted using H460 lung carcinoma cells.
The H460 cells were initially incubated with solutions of either
control polymer or macromolecular H2S donor 6 (2 h), and
then treated with Hoechst nuclear stain, followed by SF4 probe
(5 μM) for 30 min. As shown in Figure 7, significant
intracellular fluorescence was detected with SF4 probe from
cells treated with macromolecular H2S donor 6 (bottom c),
relative to cells treated with the control polymer (top c).
Moreover, bright-field images with Hoechst nuclear staining
confirmed that the cells remain viable throughout exposure to
the donor (b).

■ CONCLUSION

In conclusion, a series of benzonitrile-functionalized polymers
were synthesized and successfully transformed into primary aryl
thioamide-functionalized polymers using a postpolymerization
approach. The use of RAFT polymerization enabled incorpo-
ration of the thioamides into a hydrophilic polymer or into
either the hydrophilic or the hydrophobic domain of a block
copolymer. The block copolymers were designed to form
micelles in PBS, while the hydrophilic, water-soluble copolymer
afforded unimers. We demonstrated that these thioamide-
functionalized polymers were effective as macromolecular H2S
donors and that release of H2S occurred either hydrolytically or
in response to a thiol stimulus. Specifically, L-cysteine-triggered
H2S release was significant for micelles of the macromolecular
H2S donor, resulting in release of more than 3× as much H2S
from the thioamide units, compared to the water-soluble
polymer. Incorporation of the thioamides into the corona
versus the core further enhanced the process. The hydrolysis
mechanism results in lower, yet sustained release over time and
proved to be most significant for water-soluble polymer.
The macromolecular H2S donors synthesized with the

thioamide moieties in the hydrophilic domains were sub-
sequently applied in a range of cellular tests. The macro-
molecular H2S donors were found to elicit a slow and sustained
increase in cytosolic ERK signaling in HEK293 cells, as

Figure 6. Fluorescence intensity of the SF4 probe over time (a) in HEK293 cells in response to addition of PBS, H2S-donating polymer 6 and
control polymer 8. Cells loaded with 5 μM SF4 probe in HBSS, polymers loaded at 0.1 mg/mL. Area under the curve (AUC) derived from the time
course (b). Symbols/bars represent means, and error bars SEM from three independent experiments conducted in triplicate. **p < 0.01 vs PBS, one-
way ANOVA with Dunnett’s multiple comparison test.

Figure 7. H2S detection in live H460 lung carcinoma cells using H2S fluorescent probe SF4. Images in top row show H460 cells incubated for 2 h
with control polymer (0.5 mg/mL in OptiMEM), images in bottom row show H460 cells incubated for 2 h with macromolecular H2S donor 6 (0.5
mg/mL in OptiMEM). Following incubation with polymers, cells were incubated with 5 μM SF4 solution for 30 min and imaged: (a) phase contrast,
(b) Hoechst stain, (c) SF4 fluorescence, and (d) composite images showing Hoechst stain in blue and SF4 fluorescence in red.
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monitored using a FRET-based ERK activity sensor. The
donors were also found to cause a small, fast, and sustained
increase in plasma membrane-localized PKC activity immedi-
ately following addition to cells. Finally, an H2S-selective probe
that becomes fluorescent on reaction with H2S enabled further
confirmation of the release of H2S from the polymer inside live
cells. The macromolecular H2S donors caused an increase in
fluorescence over time, which correlates with the time frame of
signaling responses, as measured using the FRET reporters.
Taken together, these results demonstrate that macromolecular
H2S donors are capable of stimulating spatiotemporally
confined changes to cell signaling. Moreover, we postulate
that, with further modification of the chemical structure of the
macromolecular donor, it may become possible to target
particular signaling processes in an increasingly refined manner.
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