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Abstract

Disulfide acids are important for traceless release mechanisms in prodrugs and drug delivery
applications. Their ability to self-immolate and release cargo due to environmental stimulus is
invaluable. However, complex reactivity patterns may be overlooked as assays increase in
complexity or are conducted in media of increasing biological relevance. Conclusions drawn from
preliminary characterization in simple phosphate buffers are often applied to in vitro studies in
which more complex media are used (e.g. containing glucose, amino acids, FBS, and the cell
surface). We developed a model disulfide incorporating a fluorogenic dye as a reporter group in
order to explore the generality of the disulfide prodrug system, and used this to explore the
stability of disulfide esters in various contexts of increasing complexity. We found that our
reporter molecules prematurely released cargo in a series of cell-containing and cell-free assays.
We systematically reverse-engineered the components of a complex cell medium and found that
FBS was capable of interfering with disulfide-based prodrug linkers, triggering the release of
conjugated 4-methylumbelliferone (4-MU) from representative reporter molecules. FBS
consistently induced 4-MU release in complete media (i.e. DMEM and RPMI 1640), minimal
essential media, and in pure water. Signs of 4-MU release were mitigated when FBS was
subjected to intense heat (> 100 °C) or esterase-specific protease inhibitor cocktail (PIC),
indicating that esterases from the serum were capable of triggering cargo release using a
hydrolysis mechanism that is separate from the desired reductive cleavage pathway. These
findings are important because they show that variance in models may hide unexpected results,
which calls for more meticulous consideration of control experiments when developing stimulus-
release agents for biological applications.
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Introduction

Self-immolation is frequently used in drug delivery systems to facilitate the release of a drug
by controlled disassembly of the vehicle or a prodrug form.[1-14] In controlled drug delivery
systems, the triggered release of a drug is attributed to intentional deconstruction of the vehicle
by an external factor or stimulus, which releases the active drug moiety. Stimuli may be intrinsic
environmental factors such as changes in pH or temperature, irregular concentration of redox
reactive species, or external factors like light or ultrasound.[15-18]

The tumour microenvironment (TME) is reported to be more acidic and highly reductive,
making it a prime target for stimulus-based drug delivery.[2—4,19-23] The irregular environment
(relative to basal cell conditions) is caused by an imbalance in metabolites. One frequently
associated metabolite with the TME is reduced glutathione (GSH), a common thiol-containing
tripeptide; it is reported at unusually high concentrations surrounding tumours.[20] The
abnormal concentration of GSH consequently introduces an immediate reducing extracellular
matrix relative to healthy tissues, making it an excellent focus for stimulated release via disulfide-
based prodrugs or nanoparticle release mechanisms.[5,20,24]

Disulfides are an important moiety in nanomaterials for drug delivery due to their redox
capability for controlled deconstruction.[3,6,8,11,25-28] Dithiodiacids are useful as prodrug
linkers with their two carboxylic acid handles for potential asymmetric conjugation, and the
disulfide bridge which is reactive with a reducing environment. Upon reduction of the disulfide,
the free thiol (or thiolate) is capable of nucleophilic addition to the nearby carbonyl group,
resulting in the formation of a thiolactone and ultimately releasing the active drug species
(Scheme 1). Disulfides are a traditional approach to redox-responsive nanocarriers selective for
a reducing environment.[3,4,14,29-38] Their response to the environment may induce swelling
or shedding of the hydrophilic component of a vehicle, releasing the payload into the bulk.
Disulfides have also been used as chemodosimeters to discriminate various thiols.[39,40] Bohn
et al. used a series of asymmetric disulfide—linker prodrugs to discriminate and decrease esterase
degradation, effectively improving the half-life of the molecules; the increased hydrophobicity
also helped the molecules cross the blood-brain barrier.[34]

In this work, we employed dithiodiacids as a means of selective and controlled release for the
reducing character of the TME using turn-on fluorescence from liberated 4-MU as the primary
readout. However, we found an incompatibility with common cell culturing techniques when
transitioning from molecular-based studies to cellular environments. Herein we emphasize how
common biological reagents were used to discriminate the stability of our compounds, and how
cell culturing techniques and conditions affected our controlled release studies when
transitioning into more complex systems.
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Scheme 1. General mechanism of disulfide-induced release of 4-MU anion from fluorescently quenched bis-
esterified prodrugs 1-3. A. Exchange or reduction of the disulfide with another thiolate-species is expected to form
the free thiolate. B. The reduced thiolate undergoes an intramolecular nucleophilic substitution cyclization forming
an unstable intermediate. C. The intermediate species collapses favouring formation of the thiolactone, which
releases the drug into the bulk. 4-MU behaves as a surrogate drug with turn-on fluorescent properties when in the
anionic form. The inset presents the structures of the 4-MU anionic fluorophore and the variation between traceless
prodrug linkers in compounds 1-3. The complete structures are shown in Figure S1.

Materials and methods
1.1. Materials:

3,3’-dithiodipropionic and 4,4’-dithiodibutyric acid, EDC, 4-MU, DMAP, DCM, MeOH, oxidized
glutathione (GSSG), reduced glutathione (GSH), cysteine (Cys), meta-chloroperoxybenzoic acid
(mCPBA), NaS, NaSH, Tris-HCl, and acetonitrile were obtained from Sigma. TCEP was obtained
from ChemlImpex. All culturing media (DMEM, RPMI 1640, DPBS, and MEM) were purchased from
ThermoFisher, 100x Protease Inhibitor Cocktail Set | purchased from Calbiochem, and Fetal
Bovine Serum (FBS) One shot was purchased from Gibco.

1.2. Instruments:
1.2.1. NMR, IR, and HRMS

'H NMR spectra were either recorded at 500.27 or 300.27 MHz, respectively, on a Bruker AVANCE
NEO 500 spectrometer equipped with a BBF probe or a Bruker AVANCE 300 spectrometer
equipped with a 5 mm PABBO BB-1H/D Z-GRD probe. 3*C NMR spectra were recorded at 125.81
MHz on a Bruker AVANCE NEO 500 spectrometer equipped with a BBF probe. *H chemical shifts
(6) are reported in parts—per—million (ppm) relative to tetramethylsilane and referenced to the
solvent peak (CDCls3, 6 7.27). NMR data is presented as follows: chemical shift, multiplicity (s =
singlet, d = doublet, dd = doublet of doublets, dt = doublet of triplets, qt = quintet, app =
apparent, m = multiplet), coupling constants (J, reported in Hz), integration. All 13C NMR spectra
are proton-decoupled (**C{1H}). 13C chemical shifts (8) are reported in parts-per-million (ppm)
relative to tetramethylsilane and referenced to the solvent peak (CDCls, 6 77.2)



IR spectra were recorded using a Perkin-ElImer ATR spectrometer, and wavenumbers (v) were
reported in cm™, In addition, high-resolution electrospray ionization mass spectrometry (HRMS)
data were acquired using a Thermo Scientific Orbitrap Exactive Plus spectrometer.

1.2.2. Fluorescence monitoring

All fluorescence experiments monitored release of 4-MU with fixed excitation and emission
wavelengths of 315 nm and 445 nm, respectively. Any observed release of the fluorophore from
compounds 1 and 2 was normalized with respect to 2 mol eq. 4-MU in the appropriate medium,
expressed as a percentage described in Equation 1. The fluorescence intensity of 4-MU release
in cell-free media was kinetically monitored using a SpectraMax M5 (Molecular Devices LLC, US)
by reading every 180 s for compounds 1 and 2, and every 300 s or 600 s for compound 3. The
fluorescence intensity of cell supernatant was measured using an Infinite M Nano plate reader
(Tecan, Switzerland). Plates were incubated at 37 °C.

1.3. Molecular characterization

Stock solutions of prodrugs 1 and 2 were made in 100% acetonitrile and were diluted to a working
concentration of 200 uM (20x) with 30% MeCN / 70% Tris buffer, pH 7.4. Two Tris buffer stocks
was prepared using Tris-HCI. The first (Tris buffer A) was a working stock at 71.4 mM, such that it
would have a final concentration of 50 mM when 30% (v/v) MeCN was added. Tris buffer B was
prepared at 50 mM Tris-HCl and used as the solvent for preparing reagent stocks. Both Tris
buffers had their pH adjusted to 7.4 with 6 M NaOH. The reagent stocks used in Figure 1 were
prepared at 31.6x concentrate, such that the final concentration would be 30 mol eq. relative to
the traceless linkers. In a 96-well plate, 10 uL of 20x compound solution (3:7 MeCN/Tris buffer A)
was further diluted with 190 puL 31.6x reagent solution (Tris buffer B) to afford a solution
containing 1x compound (10 uM), 30x of the stimulus reagent (300 uM), and 1.5% v/v MeCN in
200 pL.

The spectrophotometer detected fluorescence of 4-MU by exciting at 315 nm and detecting the
emission at 450 nm. This was performed either in a quartz cuvette with a 1 cm pathlength or in
a 96-well plate with a with 1 cm pathlength. The fluorescent release profile of “high”
concentration acetonitrile was 5% v/v — by preparing 20x stocks of compound in acetonitrile
(100% v/v) and performing 1:19 dilution with the 30 mol eq. reactive species in Tris buffer.

1.3.1.1.  Cell-free plate assay

The cell-free plate assays had the molecule dissolved in the above mixture as a stock solution and
diluted into the appropriate media, treated with either 30 mol eq. TCEP and/or FBS. Untreated
media was used as a negative control. The plate was excited at 315 nm to stimulate emission of
445 nm light from released 4-MU. Readings were taken every five min.

1.4. Syntheses of compounds 1-3
1.4.1. Synthesis of compound 1



Compound 1 was synthesized using conventional peptide coupling, based on the work of Zou et
al. In a round bottom flask, 235 mg of 3,3’-dithiodipropionic acid (1.1 mmol) was mixed with 2.2
mol eq. 4-methyl umbelliferone (4-MU, 430 mg), 2.2 mol eq. EDC (462 mg), and 0.3 mol eq. DMAP
(43 mg) in anhydrous DCM (30 mL). The mixture was stirred for 18 h at 25 °C under inert
atmosphere. The crude mixture was concentrated in vacuo and the product was purified using a
gradient column starting at 100% DCM and slowly increasing amounts of MeOH. Prodrug 1 was
isolated as a fine colorless powder at 56% vyield.

1H NMR & (DCM—d>): 2.45 (3H, s), 3.12 (4H, m), 6.26 (1H, s), 7.13 (1H, app dd, 8.3 Hz, 2.3 Hz), 7.14
(1H, app s), 7.66 (1H, d, 8.3 Hz).

13C NMR 6 (DCM-d>): 18.53, 29.71, 32.86, 34.20, 110.20, 114.48, 117.89, 125.62, 152.10, 152.90,
154.17, 160.12, 169.77.

1.4.2. Synthesis of compound 2

Compound 2 was made using similar peptide coupling conditions. In a round bottom flask,
240 mg of 3,3’-dithiodbutyric acid (1 mmol) was weighed with 2.1 mol eq. 4-MU (370 mg), 2.1
mol eq. EDC (410 mg), and 0.3 mol eq. DMAP (40 mg) in anhydrous DCM (30 mL). The mixture
was stirred for 18 h at 25 °C under inert atmosphere. The crude mixture was concentrated in
vacuo, and the product was purified using a gradient column starting at 100% DCM and slowly
increasing amounts of MeOH. The isolated product had a 70% vyield.

IH NMR & (DCM—d.): 2.17 (2H, qt), 2.41 (3H, s), 2.76 (2H, t), 2.84 (2H, t), 6.22 (1H, s), 7.07 (1H,
app dd), 7.10 (1H, app d), 7.62 (1H, d).

13C NMR 6 (DCM-d>): 18.63, 24.11, 32.70, 37.70, 110.34, 114.50, 118.01, 118.06, 125.67, 152.26,
153.16, 154.28, 160.31, 171.05.

1.4.3. Synthesis of compound 3

Compound 3 was from commercially available gamma-butyrolactone (GBL, Sigma) in five steps
as presented in Scheme S1.

All commercial materials were used as received without any further purification. 3,3-
dimethyldihydrofuran-2(3H)-one (5)[41], 3,3-dimethyldihydrothiophen-2(3H)-one (6)[42] and
4,4'-disulfanediylbis(2,2-dimethylbutanoic acid) (7)[43] were synthesized by the reported
methods in the supplementary references.

1.4.3.1. 3,3-dimethyldihydrofuran-2(3H)-one (5)

In a flame-dried flask under argon, sodium hydride (60% in mineral oil, 5.58 g, 139 mmol) was
added to tetrahydrofuran (40 mL) at 0 °C in portions. The ice bath was removed, and the
suspension was stirred at room temperature for 5 min, then heated at 70 °C. At this temperature
was added a solution of methyl iodide (9.0 mL, 145 mmol) and y-butyrolactone (4; 4.4 mL, 58.1
mmol) in tetrahydrofuran (10 mL) over 30 min. After 3 h, the mixture was cooled to 0 °C,



guenched with saturated aqgueous ammonium chloride (100 mL) and extracted with ethyl acetate
(3 x 100 mL). The combined organic layers were dried over magnesium sulfate, concentrated
under reduced pressure, filtered through a silica plug (2 cm), and washed with diethyl ether (150
mL). The solution was concentrated to afford 3,3-dimethyldihydrofuran-2(3H)-one (5) as a
colorless oil. (5.44 g, 82%). The ATR-IR diagnostic peak was 1762 cm™.

1H NMR (500 MHz, CDCls) & 4.25 (t, J = 7.0 Hz, 2H), 2.10 (t, J = 7.0 Hz, 2H), 1.25 (s, 6H).

13C NMR (126 MHz, CDCls) & 182.37, 64.77, 38.62, 37.08, 24.21.

IR (diamond-ATR): 2971, 2933, 2875, 2255, 1762, 1615, 145, 1389, 1367, 1263, 1230, 1203, 1167,
1103, 1027, 998, 965, 907, 755, 729 cm™..

1.4.3.2.  3,3-dimethyldihydrothiophen-2(3H)-one (6)

To a round bottom flask equipped with a condenser was added 3,3-dimethyldihydrofuran-2(3H)-
one (5) (4.56 g, 40 mmol) and potassium thioacetate (7.31 g, 1.6 eq, 64 mmol) in
N,N-dimethylacetamide (50 mL). The mixture was heated at 160 °C for 4 h. The reaction mixture
was then cooled to room temperature, and water (150 mL) was added. The product was
extracted with hexane (3 x 150 mL). The combined organic layer was washed with saturated
sodium chloride and dried over magnesium sulfate. The solvent was evaporated to afford 3,3-
dimethyldihydrothiophen-2(3H)-one (6) as a pale-yellow oil (3.71 g, 71 %). ATR-IR showed the
diagnostic thioester peak at 1697 cm™.

H NMR (500 MHz, CDCls) & 3.24 (t, J = 6.6 Hz, 2H), 2.10 (t, J = 6.6 Hz, 2H), 1.16 (s, 6H).

13C NMR (126 MHz, CDCl3) 6 213.24, 48.97, 40.28, 28.19, 23.54.

ATR-IR C=0(S), 1697 cm™

1.4.3.3. 4,A'-disulfanediylbis(2,2-dimethylbutanoic acid) (7)

3,3-dimethyldihydrothiophen-2(3H)-one (6; 2.60 g, 20 mmol) was suspended in an aqueous
NaOH solution (3.20 g, 80 mmol, 4 eq, in 8 ml water), and the resulting mixture was then heated
to 110 °C for 20 min in preheated oil bath. The mixture was then cooled to 0 2C. HCI (35%, 16 mL)
was added dropwise. The mixture was then extracted with diethyl ether (3 x 50 mL), dried over
MgSOQ4, and concentrated under reduced pressure.

The crude residue from the above reaction mixture was dissolved in MeOH (100 mL), NaOH (800
mg, 20 mmol) and Kl (2g, 12 mmol, 0.6 eq). lodine (2.53 g, 10 mmol, 0.5 eq) was added portion-
wise and the solution was stirred for 2 h. The brown reaction mixture was decolored with a
saturated sodium sulfite solution, the solvents were removed under reduced pressure, the
residue was dissolved in EtOAc (100 mL) and the resulting solution was washed with aqueous HCI
(1 M, 100 mL) and water (100 mL). The organic phase was dried over MgSQy, filtered, and
concentrated under reduced pressure. Purification of the crude material was accomplished by
crystallization from Et,0 to give 4,4'-disulfanediylbis(2,2-dimethylbutanoic acid) as a white solid



(1.76 g, 59%). The diagnostic ATR-IR peaks were the broad OH stretch from 3600-2400 cm™* and
a strong 1689 cm absorbance corresponding to the carbonyl stretch.

1H NMR (500 MHz, CDCl3) § 2.70 — 2.61 (m, 4H), 1.99 — 1.90 (m, 4H), 1.24 (s, 12H).
13C NMR (126 MHz, CDCl3) 6 184.25, 42.16, 39.88, 33.90, 25.05.
HRMS (ESI-) m/z [M-H] calculated for C12H2104S,: 293.0881, found: 293.0887.

1.4.3.4. bis(4-methyl-2-oxo0-2H-chromen-7-yl)
4,4'-disulfanediylbis(2,2-dimethylbutanoate) (3)

4,4'-disulfanediylbis(2,2-dimethylbutanoic  acid) (7) (2941 mg, 1.0 mmol), 4-
dimethylaminopyridine (DMAP, 122.2 mg, 0.6 mmol), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimidehydrochloride (EDC, 575.1 mg, 3 mmol) and 7-hydroxy-4-methylcoumarin (5)
(387.3 mg, 2.2 mmol) were mixed in 20 mL of anhydrous dichloromethane. The mixture was
stirred at room temperature 24 h and then at 40 °C for another 24 h. The mixture was then cooled
to room temperature and the solvent was removed under reduced pressure. The resulting
residue was purified by silica gel column chromatography using a gradient of 1:2
pentane:dichloromethane to pure dichloromethane to yield the target compound 6 as an off-
white solid (416.2 mg, 68 %).

!H NMR (500 MHz, CDCls) & 7.56 (d, J = 8.6 Hz, 2H), 7.06 (d, J = 2.3 Hz, 2H), 7.01 (dd, J = 8.6, 2.3
Hz, 2H), 6.24 (d, J= 1.4 Hz, 2H), 2.76 = 2.71 (m, 4H), 2.41 (s, 6H), 2.12 —2.07 (m, 4H), 1.36 (s, 12H).
13C NMR (126 MHz, CDCl3) & 175.07, 160.42, 154.12, 153.32, 151.97, 125.44, 117.98, 117.77,
114.48,114.47, 110.30, 42.67, 40.12, 34.33, 25.05, 18.71.

IR (diamond-ATR): 3067, 2972, 2925, 1750, 1722, 1706, 1626, 1614, 1570, 1499, 1474, 1459,
1388, 1369, 1330, 1255, 1193, 1129, 1095, 1066, 1037, 1017, 983, 915, 883, 861, 7990, 750, 738
cml,

HRMS (ESI+) m/z [M+Na] calculated for C3;H340s5,Na: 633.1592, found: 633.1587.

1.5. Molecular characterization:
1.5.1. Fluorescence spectroscopy
A SpectraMax M5 plate reader was used to monitor release of 4-MU. Measurements were made
using 96-well flat-bottom plates (Corning Costar). 4-MU was excited at 315 nm, and emission was
measured at 450 nm. Upon conjugation, the emission peak of the coumarin was suppressed, but
this quenching was shown to be reversible upon addition of at least 30 mol eq. TCEP. Time-
dependent release of 4-MU from the model prodrugs was normalized relative to the intensity of
2 mol eq. free 4-MU using equation 1 as described below:
F(6)-Fp

+—-MU—Fo

Release (t) = * 100% (1)

where “Release (t)” is the normalized release represented as a percentage, “F(t)” is the observed
fluorescence at a given time point, “F” is fluorescence intensity of media, and



“Famu” is the intensity of the total 4-MU (2 mol eq. relative to the traceless linker). Time was set
to 0 s when the prodrugs were added to their respective well.

1.5.2. Turn-on fluorescence of fluorogenic reporter compounds

Compounds 1 and 2 were screened for selective turn-on fluorescence with reducing agents,
oxidizing agents, and sulfur exchanging species (Figure 1, Figure S3, Figure S4). In a
96-well plate, 10 uM of the test compound was treated with 30 mol eq. TCEP, glutathione (GSH),
oxidized glutathione (GSSG), cysteine (Cys), H.02, or mCPBA and monitored for 4-MU release
with the previous conditions.

Compounds 2 and 3 were screened for selective turn-on fluorescence as described above (Figure
S5).

1.6. Cell-based studies
1.6.1. Invitro culture of U-87, U-251, and HNDF cells

Human-derived glioma cell lines, U-87 (ATCC® HTB—14™) U-251 (Creative Bioarray, CSC-6321W)
and human primary normal dermal fibroblast cells (ATCC® PCS-201-212™) were cultured
according to the standard protocol provided by the supplier. Briefly, cells (of passage 3—8) were
initially grown in a Corning 25 cm? Rectangular Canted Neck Cell Culture Flask using Dulbecco’s
modified Eagle’s medium (DMEM, Gibco™ by Life Technologies™, USA) treated with 10% FBS
(Gibco™ by Life Technologies™, USA) and 1% penicillin-streptomycin (10,000 unit/mL, Gibco™ by
Life Technologies™, USA) as the growth medium. Cells were incubated in an atmosphere of 5 %
CO2at 37 °C.

When cells were 85% confluent, they were detached from the surface of culture flask when
growth media was replaced with 3 mL trypsin-EDTA (Gibco™ by Life Technologies™, USA) and
incubated at 37 °C for 5 min. Following this step, 6 mL of growth media was added to the
detached cells to deactivate trypsin activity, followed by centrifuging the cell suspension at 300xG
to make a cell pellet. The supernatant was discarded, and 1 mL of fresh growth media was added
to the cell pellet to suspend the cells by gentle pipetting.

The next step was seeding cells in Corning 96-well plate at the density of 3000 cells/well and
incubating the well plate at 37 °Cin an atmosphere of 5 % CO,. After 24 h, the cell culture media
in each well was replaced by 300 pL of prodrug solution (10 and 20 uM of compound 1 or 2
dissolved in growth medium) and incubation was maintained for 24 h. A control solution of free
4-MU was prepared to monitor “full” release (20 and 40 uM, respectively).

1.6.2. Compound 1 release study with U-87 glioma cells

U-87 cells were seeded in a 96-well plate at a density of 3000 cells/well as described above. After
24 h the cell growth media was replaced with 300 uL of different release media. To obtain
different release media containing 10 uM of compound 1, a stock series was diluted in several
media such as DPBS, DPBS+Glucose, DPBS+Glucose+Glutamine, and



DPBS+Glucose+Glutamine+FBS. The concentrations of glucose, glutamine, and FBS were 4.5 g/L,
0.584 g/L, and 10% (v/v), respectively. Also, the standard release medium was prepared by
dissolving equivalent concentration of 4-MU (20 uM) in the same series of buffers. After 24 h,
cell media was removed and replaced with appropriate release medium and standard release
medium. At predetermined time points, the fluorescence intensity was measured as described
before and the obtained intensity was normalized with respect to the intensity of the equivalent
concentration of 4-MU cultured in the same release medium. The experiment was carried out
with 6 replicates.

1.6.3. Cell viability assay

To identify the effect of release media and compound 1 on the cell viability, U-87 cells were
seeded in a Corning 96-well plate at a density of 3000 cells/well as previously described. After 24
h, the cell media was removed and replaced with different release media containing 10 uM
compound 1. Cells cultured with cell media and Milli-Q water were considered as the positive
and negative controls, respectively. At specific time points (namely 12 h, 24 h, 48 h, and 72 h),
the release media was removed and replaced with 110 pL of cell media containing 10% (v/v)
PrestoBlue reagent (Invitrogen, USA). After 30 min of incubation at 37 °C, 100 pL of supernatant
was taken from each well and the fluorescent intensity of supernatant was measured using an
excitation wavelength of 560 nm and emission wavelength of 590 nm. The results were
normalized with respect to the positive control to obtain relative viability. The experiment was
carried out with 6 replicates.

1.7. Cell-free thiol release assays

Fluorescent release from model prodrug compounds was followed in a 96-well plate, under
various conditions with various media to assess what was causing reduction of the disulfide
linker. Any turn-on fluorescence observed from either compound was normalized to a control
series of wells with 2 mol eq. 4-MU. Each subsequent experiment contained a background series
of simply media absent of compounds 1 and 2 or 4-MU. The plate was monitored for turn-on
fluorescence every 5 min, for a duration of 1 h, using the same excitation and emission
wavelengths described above. The media investigated were DMEM, RPMI 1640, MEM, and MilliQ
water. Each sample replicate was measured from at least three wells.

A final assay was performed using MilliQ water alone treated with or without 10% FBS. With a
fresh FBS shot, the serum was either heat-treated at >110 °C for at least 1 h in a water bath prior
to mixing with MilliQ water or treated normally by incubating at 37 °C. To determine if there was
esterase activity, an additional 1% PIC was also added. The plate was assayed under the same
conditions as above: monitoring turn-on fluorescence of 4-MU from the prodrugs, where the
intensity was normalized to 2 mol eq. of 4-MU, reading the emission wavelength at 445 nm every
5 min for 1 h.
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Time-dependent analysis was performed using one-way ANOVA between at least three
replicates, comparing averaged intensity at the initial time for the experiment with averaged
intensity at 1 h. This was done to determine if background hydrolysis of 4-MU was significant in
buffer control, and to determine the effects of the reagents after 1h of incubation.

Time-independent analysis was performed using two-way ANOVA between at least three
replicates, comparing averaged intensity at 1 h between reagents. This test allowed us to
compare intensities induced by reagent to background hydrolysis.

Results and discussion
Compound synthesis and screening of 4-MU release

Compounds 1 and 2 were synthesized as models of selective payload release for the tumour
microenvironment, by turn-on fluorescence of the conjugated fluorophore
4-methylumbelliferone (4-MU; Scheme 1). The fluorescence of 4-MU is quenched when the dye
is esterified through the phenol group (Figure S2). Previously, Zou et al. reported compound 1 as
a chemodosimeter for endogenous H,S.[39] Zou'’s findings suggested that H,S exchanges with
the disulfide, forming an asymmetric nucleophilic persulfide, which causes release of one 4-MU
molecule. Zhang et al. noted a similar mechanism with benzodithiolane released alongside the
liberated fluorophore.[40]

The two reporter molecules (at 10 uM) were first screened for reactivity with various
biologically relevant oxidizing and reducing agents (30 molar equivalents; i.e. 300 uM) in Tris
buffer containing 1.5% v/v acetonitrile (MeCN). The concentration of stimulant was selected to
match the previous studies by Zou,[39] and to be consistent with the expected concentration of
GSH in biologically relevant tissue.[44,45] The emission intensity observed from each experiment
was normalized to that of 2 molar equivalents of free 4-MU. In buffer alone, a low rate of
background hydrolysis was observed, such that <5% release of 4-MU occurred from 1 or 2 within
the first hour of incubation (Figure 1), while approximately 15% release of 4-MU was observed
following a 24 h incubation (Figures S3—S4). To confirm that disulfide reduction was capable of
initiating 4-MU release, we employed a non-thiol-containing reducing agent, tris-carboxyethyl
phosphine (TCEP), as a positive control.[46,47] As expected, TCEP triggered significant 4-MU
release from both 1 and 2 within 1 h (P <0.0001; Figure 1 and Table S1).

Thiol-containing biological reducing agents, glutathione (GSH) and cysteine (Cys), were
similarly effective at triggering 4-MU release from compound 1, leading to a statistically
significant increase in fluorescence within 1 h (P < 0.0001; Figure 1A and Table S1). In both cases
the rate of 4-MU production was significantly larger than that of background hydrolysis (P = 0.024
for GSH; P < 0.001 for Cys; Table S2). As expected, a negative control molecule that lacks free
thiol groups (glutathione disulfide; GSSG) did not lead to a significantly greater release of 4-MU
than was observed in the buffer-only samples (P = 0.92; Table S2).[48]
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Interestingly, the oxidants hydrogen peroxide (H20;), potassium peroxymonosulfate (Oxone),
and meta-chloroperbenzoic acid (mCPBA) were also effective at liberating 4-MU from compound
1 within 1 h (P <0.0001 for each oxidant; Figure 1A and Table S1). For H,0; in particular, the rate
of production of 4-MU was significantly greater than that observed in the buffer-only samples (P
< 0.0001; Table S2). Indeed, H,0; induced a greater degree of 4-MU production than did
glutathione, cysteine, or even TCEP. This is an intriguing result given that disulfides (including
dithiodiester motifs) are often assumed to be predominantly sensitive to reductive cleavage
conditions—although oxidative cleavage has also been well described in the literature.[49]
Clearly their equivalent sensitivity to oxidative conditions is important to bear in mind when
designing drug-releasing small-molecule or nanoparticle constructs.

Compound 2 was likewise found to be sensitive to the positive control molecule (TCEP) and
to be insensitive to the negative control molecule (GSSG). In the case of TCEP, a statistically
significant production of 4-MU was observed from 2 within 1 h (P < 0.0001; Figure 1B and Table
S1), and this rate of increase in fluorescence was significantly greater than that observed in the
buffer-only vehicle control samples (P < 0.0001; Table S2). In the case of GSSG, no significant
increase in fluorescence was observed, relative to that of the vehicle control samples (P = 0.42;
Table S2).

Interestingly, however, compound 2 was generally less sensitive to the presence of either
oxidants or reducing agents. Within 1 h, cysteine triggered no statistically significant release of
4-MU relative to the rate of background hydrolysis (P = 0.88; Table S2), while the rate of GSH-
triggered 4-MU production was modest (P = 0.0034 after 1 h; Table S1) and was not statistically
significant when compared to the rate of hydrolysis in the vehicle control samples (P =0.19; Table
S2). Intriguingly, H,02 was the only agent tested (other than the TCEP positive control) which led
to a rate of 4-MU production from compound 2 that exceeded that of background hydrolysis to
a statistically significant degree (P = 0.022; Table S2). This once again reinforces the need to
consider oxidative release mechanisms for disulfide systems alongside reductive mechanisms. At
the same time, it must be recognized that hydrogen peroxide can promote ester hydrolysis as
well as disulfide oxidation; this alternative mechanism of 4-MU liberation is discussed in more
detail below.
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Figure 1. Compounds 1 (A) or 2 (B) at 10 uM were monitored for reactivity with 30 mol eq. (300 uM) of various
reducing and oxidizing agents by a means of turn-on fluorescence from liberated 4-MU in Tris buffer containing 1.5%
MeCN. A two-way ANOVA analysis was used between 4 replicates to compare intensities between time points, and
a one-way ANOVA analysis was used to investigate time-dependent release. The bars represent standard error of
mean (SEM) (* : P < 0.05, ** : P < 0.01, *** : 0.001, #: P < 0.0001). The complete statistical comparison is shown in
Table S1. Data from longer incubation times (24 h) are shown in Figure S3 and Figure S4 for compounds 1 and 2,
respectively.

When the release reaction was allowed to proceed for 24 h (Figures S3—-5S4), a further increase
in 4-MU production was observed from compounds 1 and 2 in the positive control experiments
that used TCEP as the reducing agent (up to ca. 50% conversion in both cases), while the negative
controls using GSSG once again showed no greater amount of 4-MU production than was found
in the vehicle control samples. In the 24 h measurement, cysteine, hydrogen peroxide, Oxone
and mCPBA all elicited a statistically greater amount of 4-MU release than was observed in the
vehicle control samples (Table S3), while for compound 2 only hydrogen peroxide triggered 4-
MU release at a rate that was higher than that of background hydrolysis.

Bohn et al. reported that increased hydrophobicity in the disulfide-containing reagent
corresponded to a slower rate of reduction.[34] This observation was consistent with our finding
that compound 2 appeared to react less efficiently with both oxidants and reducing agents than
did compound 1, but we wondered whether the reason behind the reduced reactivity was due
to decreased solubility (or increased aggregation) for the marginally more lipophilic 2, or whether
it might simply be due to differences in the rate of attack of the thiol (or thiolate) nucleophile at
the electrophilic carbonyl group (Scheme 1), given that the aliphatic linkers in 1 and 2 were of
different lengths, and thus may engage in cyclization (to make 4- and 5-membered thiolactones)
at different rates. Alternatively, it is possible that direct thiolysis may play a role in 4-MU release
from either or both reporter molecules. To probe whether solubility was a factor, we repeated
the 4-MU release experiments using an increased concentration of acetonitrile in the Tris buffer
(5% instead of 1.5%).
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No differences were observed in the UV/Vis spectra of 1 and 2 when the concentration of
acetonitrile was increased (Figure S2), and the production of 4-MU from compound 2 remained
slower than the release observed from compound 1, no matter which chemical trigger was
employed (Figure S6). We therefore conclude that aggregation likely does not play a role in the
reduced reactivity of 2, and that instead the reduced rate of production of 4-MU from this
reporter reagent was either due to the intrinsic lipophilicity of the compound itself (as suggested
by Bohn) or was due to differences in the release rate that stem from the use of the longer linker
group.

Inadequate selectivity between different cell types

%% ns * ns
| 1 1 | | |
1004 m U387
B HNDF
80-
B U-251

Relative Fluorescence (%)

1 2 1 2
(10uM) (10 uM) (20 pM) (20 pM)

Figure 2. Compounds 1 and 2 were incubated at either 10 uM or 20 uM with human glioblastoma cells (U-87, U-251)
and normal dermal fibroblasts (HNDF) to validate TME selectivity, and we poor selectivity for the release of 4-MU.
The cells were treated under typical growth conditions, incubating 24 h in DMEM treated with 10% FBS at
37 °C. The fluorescence intensity was normalized to that of 2 mol eq. free 4-MU. The bars represent SEM, and n = 3.
The complete statistical analysis is shown in Table S6.

Following the above confirmation that GSH was capable of inducing 4-MU release from our
traceless linkers, we wanted to investigate how the compounds 1 and 2 would react when
presented with varied endogenous levels of the metabolite, in the context of a cellular model
system (Figure 2). From previous reports, U-87 glioblastomas have consistently higher levels of
GSH than do U-251 cells, and these empirical data were used as the baseline for selectivity.[50—
53] Human normal dermal fibroblasts (HNDF) cells were used as a negative control.

GSH-positive U-87 glioblastoma cells promoted a significant release of 4-MU from compound
1, relative to both HNDF and U-251 (P < 0.01, Table S6). When the concentration of compound 1
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was doubled to 20 uM, the intensity of 4-MU fluorescence remained constant in U-87 and HNDF
cells, whereas only at 20 uM did compound 1 display significant release of 4-MU in U-251
compared to HNDF (P < 0.05, Table S6). Consistent with the data from our molecular assay, which
showed that 2 was less sensitive to GSH-triggered immolation than 1, 4-MU release from
compound 2 was not affected by cell type.

The above data indicated some degree of correlation between the cell-based experiment
and the earlier release assays performed in Tris buffer. While we did not explicitly probe whether
1 and 2 were able to penetrate into the cells, compound 1 proved once again to be a superior
reporter to compound 2, and a modest selectivity for release by the GSH-rich U-87 glioblastoma
cells was observed. At high concentrations of 1, a greater degree of 4-MU release was observed
in the second tumor cell (U-251) than in the healthy control cells, which again was consistent
with the expectation that 1 may be subject to some degree of selective GSH-triggered release
either inside, or—more likely—on the surface of the cells. By far the most striking observation,
however, was the very large rate of background 4-MU release observed in the cell-based
experiment: regardless of the cell type, >50% of the reporter dye was liberated within 24 h. This
was a surprising result, given the frequency with which disulfides are employed in controlled
release systems using cytotoxic payloads.[1,3,7,12,54]

We tested cell viability to determine that the emission observed was not caused by cell death
(Figure S7), since it is known that 4-MU possesses modest anticancer properties, and there was
a concern that apoptosis may have contributed to further release.[55] However, upon starving
the cells for up to 3 days to compare the viability in the presence of the compounds, we found
that the concentrations of either compound had no significant effect on cell viability (Figure S7),
and the total amount of cell death was low, in both the starved control cells and in cells to which
test compound had been added. This led us to believe there was something in the culturing media
or culturing conditions that were causing release rather than the cells alone.

The data collected in Figure 2 suggest the linkers are not stable in complex matrices, since
all cell types caused 4-MU release. However, our initial characterization (Figure 1) had been
performed in a much simpler model. To probe whether the effects were induced by the cells or
by some other factor in the media itself, we monitored the emission intensity of 4-MU from
compound 1 with U-87 cells in a simple salt solution, Dulbecco’s phosphate-based saline (DPBS),
and added components that are commonly found in a complete medium (e.g. DMEM) to
determine if they were contributing to the unwarranted release. We monitored 4-MU production
for up to 2 h in the presence or absence of U-87 cells to isolate which of the major components
could be causing the unwarranted release of the fluorophore (Figure 3). By incubating compound
1 and U-87 cells in un-supplemented DBPS, we saw that the cells did have a significant impact on
4-MU release from the traceless linker (Figure 3A), presumably as a result of disulfide cleavage.
When glucose or glutamine were added to the media there was no change in intensity, unless U-
87 cells were present (Figures 3B and 3C). The concentrations of the additives were comparable
to what are found in the formulation of the complete medium, DMEM, at 4.5 g/L glucose and 0.5



15

g/L glutamine, respectively. Since the glucose and glutamine did not elicit higher intensities of 4-
MU emission than in Figure 3A, they were not contributing to 4-MU liberation.

However, when 10% v/v fetal bovine serum (FBS) was added to the media there was a
substantial increase in 4-MU release over 2 h, even without any U-87 cells present (Figure 3D).
This FBS-promoted release was much faster than the rate of cell-promoted release observed in
panels A—C. As such, no statistically significant differences could be observed in the rate of
reaction in the presence vs. absence of cells, when FBS was present. When the cells were
incubated for 3 days, a similar pattern of emission intensity was observed (Figure S8). Once again,
when FBS was present there was no significant difference in fluorescence intensity caused by the
presence of cells (Figure S8D). Interestingly, the total fluorescence emission from the released
4-MU reporter observed in DPBS supplemented with FBS (with or without U-87 cells; Figure 3D)
was similar to that observed in the cell-culturing experiments described in Figure 2. These data
clearly implicate fetal bovine serum as the factor contributing to premature release of the
molecular cargo — a surprising result given the ubiquity of FBS in tissue culture work.
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Figure 3. Compound 1 showed significant release from U-87 glioma cells within 2 h, except when media was
supplemented with FBS. A. The traceless disulfide linker 1 was incubated with or without U-87 glioma cells in pure
DPBS. B. The DPBS was supplemented with 4.5 g/L glucose. C. The DPBS was supplemented with 4.5 g/L glucose and
0.5 g/L glutamine. D. The DPBS was supplemented with 10% FBS (v/v) in addition to glucose and glutamine. Error
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bars represent SEM of three replicates and statistics were measured at the 2 h timepoint. Compound intensity was
normalized to 2 mol eq. 4-MU, expressed as a percentage. The full statistical analysis can be found in Table S8.

Next, the U-87 cells were removed to isolate how the components in the actual complete
media, DMEM, could affect the traceless disulfide linkers (Figure 4). The DMEM was
supplemented in one of three ways: either with TCEP (30 mol eq.) to confirm disulfide reduction
and 4-MU release, or with 10% v/v FBS (a common supplement added to complex media), or with
both. In all cases, significant release of 4-MU from compound 1 was observed when comparing
time points at zero min and 1 h; some of this release could be attributed to background
hydrolysis, as seen in the black trace. Compound 2 displayed a similar trend, except that the rate
of background release in native DMEM was reduced, possibly due to a greater degree of
hydrophobicity present in compound 2 vs. compound 1. Regardless, the presence of TCEP and/or
FBS had a significant impact on the release of 4-MU from both traceless linkers after 1 h, and the
intensities were significantly higher than observed from background hydrolysis in DMEM (Table
S9). When performed again in another complete media, RPMI 1640, we saw a similar trend in
release intensity, where FBS had a significant effect of 4-MU emission (Figure S9). Interestingly,
when either compound was incubated with both FBS and TCEP, there was no increase in emission
intensity compared to the individual reagents alone.
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Figure 4. The release of 4-MU was monitored from traceless disulfide linker 1 (A) or 2 (B) in DMEM over 1 h. Wells
were treated with either 30 mol eq. TCEP (green), 10% FBS (pink), or Both (purple). Compounds in DMEM alone were
used as a control to assess background hydrolysis (black). Intensities are normalized to 2 mol eq. 4-MU and the bars
represent SEM and n = 3. Error bars are present for all data points, but in some cases are two small to be resolved
above and below the data marker. The complete statistical analysis is shown in Table S9.

To offset the possible effects of cysteine found in complete media affecting release of
4-MU and to focus more on the FBS-induced release, we repeated the measurements in
minimum essential media (MEM) (Figure S10). In these experiments, we observed a noticeable
decrease in emission intensity in the untreated MEM (black trace), relative to the previous
complete media. MEM is expected to have around half the concentration of Cys, relative to
DMEM and RPMI 1640.[56-58] Therefore, the decrease in intensity could be attributed to the
reduced thiol content. For both compounds 1 and 2, FBS additives still induce significant release
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of 4-MU relative to untreated media (P < 0.0001), meaning that thiol-exchange was not a major
source of unwarranted release. The same pattern was observed when MilliQ water was used as
the media (Figure S11).

Assessing if the release is enzymatic and mitigated by denaturation

FBS is an essential additive for preparing complete media to sustain cellular growth.[59,60]
However, it is a complex serum on its own, with growth factors and other proteins.[60,61]
Therefore we wanted to assess if the serum effects were enzymatic and if they may be mitigated
by denaturation and inhibitors.[59—61] To this end, we explored the effect of thermal
denaturation of serum proteins (by incubation at 100 °C for 60 min) and also incorporated a
protease inhibitor cocktail (PIC) using aprotinin, to deter any esterase activity on compounds 1
and 2 (Figure 5).

As anticipated by the experiments described above, the addition of FBS to a solution of
compound 1 in water led to a significant release of 4-MU within 1 h (Figure 5A; P <0.0001, Table
S13). Addition of 1% PIC did not immediately affect the release rate, but when the FBS was
thermally denatured prior to addition, the rate of 4-MU production was significantly reduced
(Figure 5A, red vs. purple; P < 0.01). Combining the two treatments (i.e. adding 1% PIC to
thermally denatured FBS) reduced the rate of 4-MU release still further (Figure 5A, purple vs.
violet; P < 0.01).

Compound 2 showed a similar pattern to compound 1 with respect to 4-MU release, albeit
with a smaller difference in emission intensity between the test samples and vehicle control
(Figure 5B). When incubated with 37 °C FBS, with or without PIC, there was a significant increase
in 4-MU production, compared to the background control (Figure 5B, red vs. black,
green vs. black; P < 0.0001, Table S13). Once again, however, thermal denaturation of the FBS
reduced the amount of release, and addition of PIC to the denatured serum further reduced the
amount of 4-MU production. Together, these data indicate that the premature release of the
4-MU reporter group that was observed in the earlier experiments is likely to be due to esterase
activity rather than disulfide reduction (Scheme 2).
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Scheme 2. Two competing mechanisms of cargo release from functionalized dithiodiacid framewoks. The fact that
FBS-promoted release of 4-MU from compounds 1 and 2 can be blocked by thermal denaturation and by the use of
a protease inhibitor cocktail indicates that esterase-mediated hydrolysis is dominant. To reduce the susceptibility of
the reporter molecule toward esterase activity, additional steric bulk can be added adjacent to the carbonyl group.

To further prove the hypothesis that premature cargo release from 1 and 2 was due to
esterase activity, and to demonstrate a ready solution to the problem of premature liberation of
the active agent from disulfide diacid drug-releasing constructs, we designed and synthesized
compound 3, which incorporated two methyl groups adjacent to each carbonyl group (Figure S1,
Figure 6). Inspired by previous studies from Bohn et al.,[34] the addition of extra steric bulk at
this position was expected to disfavour enzymatic cleavage reactions.

As expected, compound 3 liberated 4-MU when treated with TCEP (employed as a positive
control reducing agent; Figure S5) and did not release 4-MU when treated with GSSG (employed
as a negative control). A statistically significant increase in 4-MU release (relative to background
hydrolysis) was observed when 3 was treated with GSH (P = 0.0091) or H,0; (P = 0.0067) for 1 h
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(Table S2). Consistent with the earlier point that increased hydrophobicity appeared to reduce
the rate of reaction, the average rate of 4-MU production from 3 was less than that observed for
1 or 2 (Figure S3-S5). Nevertheless, when the incubation time was increased to 24 h, we observed
statistically significant 4-MU release (relative to the rate of background hydrolysis) promoted by
TCEP, GSH, Cys, and H,0; (P < 0.0001 for all four compounds; Table S3). Once again, the use of a
higher concentration of acetonitrile (5% instead of 1.5%, Figure S6) did not significantly alter the
emission intensity, suggesting that solubility was not a limiting factor for compound 3.

Most importantly, we found that compound 3 had greatly improved stability in FBS-treated
media, such that only very minimal hydrolysis was observed when non-denatured serum was
added to a solution of 3 in water (Figure 6A). As expected, this minimal rate of hydrolysis could
be further reduced by denaturing the FBS or by adding a protease inhibitor cocktail, or both
(Figure 6B). These data indicate that while the addition of methyl groups adjacent to the ester
groups in 3 did not completely block esterase activity, it did substantially protect the compound
from unwanted enzymatic cleavage.
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Figure 6. Compound 3 suffers substantially less FBS-promoted enzymatic cleavage, as a result of the incorporation
of addition steric bulk near the carbonyl groups. Panel (A) shows the data on the same scale as that used for
Figure 5. Panel (B) uses an expanded Y-axis to display the decrease in 4-MU intensities between treatments. Error
bars are SEM, n = 4. The complete statistical analysis is shown in Table S13.

Conclusions

Traceless disulfide linkers are valuable for controlled release studies, but must be
appropriately characterized prior to use in in vitro experiments. Upon systemic removal of the
complex variables between cellular studies and our initial reducing agent screen, which had been
conducted in a simple buffer matrix, we found that the common, but necessary, tissue culture
additive, FBS, was a major factor in premature release of our 4-MU reporter from our disulfide
constructs. When the serum was denatured by thermal treatment to inactivate enzymatic
components, there was a significant decrease in release rate, and when PIC was added, the rate
further decreased indicating that the cleavage observed was most likely enzyme-induced
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cleavage at the ester rather than the reduced disulfide immolation (Scheme 2). This competitive
(and largely undesirable) enzymatic release pathway could be almost completely blocked
through the addition of extra steric bulk at the position adjacent to the ester groups that were
used to conjugate the reporter molecule to the disulfide.

The use of FBS (or a similar serum additive) is a requirement for most tissue culture
protocols. Moreover, all animal studies (including clinical administration of therapeutics to
human patients) will necessarily involve exposing the agents under study to enzymes (including
esterases) that are naturally present in circulation or within tissue. The present study shows that
typical disulfide diacid constructs are much more sensitive to endogenous hydrolase enzymes
than might be predicted based upon a survey of the literature, which finds these types of linkages
to be used in a broad array of applications. As such, we strongly recommend that release studies
be carried out using at least 10% of non-denatured FBS (rather than simply using PBS or Tris
buffers, which has been the norm). Moreover, we recommend that investigators consider
installing quaternary centres beside the carbonyl group that links the ‘cargo’ to the disulfide
motif. Doing so should provide improved selectivity for triggered release over background
hydrolysis.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.doi.org/xxxx.
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