Reactive oxygen species responsive dextran-thioketal conjugate nanocarriers

for the delivery of hydrophilic payloads

Sourav Nayak %, Nuran Caz °, Elien Derveaux 2, Sander Smeets '#, Tom Cardeynaels '*, Esther
Wolfs ?, Peter Adriaensens '*, Wouter Maes '? and Anitha Ethirajan™® '?

' Hasselt University, Institute for Materials Research (imo-imomec), Martelarenlaan 42, B-3500
Hasselt, Belgium

? imec, imo-imomec, Wetenschapspark 1, B-3590 Diepenbeek, Belgium

* Hasselt University, BIOMED, Laboratory for Functional Imaging & Research on Stem Cells
(FIERCE Lab), Agoralaan gebouw C, B-3590 Diepenbeek, Belgium

*Corresponding author: Prof. Anitha Ethirajan; E-mail: anitha.ethirajan@uhasselt.be

Abstract:

Dextran-thioketal conjugate (DTKC) nanocarrier responsive to endogenous as well as exogenous
stimuli is developed for delivering hydrophilic payloads. First, water-soluble reactive oxygen
species (ROS)-responsive DTKCs are synthesized and responsiveness to various ROS stimuli is
studied. Next, different DTKC nanocarriers (NCs) loaded with the respective hydrophilic
molecules -fluorescent dye (rhodamine B, RhoB), photosensitizer, PS (rose bengal, RB), and
chemotherapeutic drug (doxorubicin hydrochloride, Dox)- are synthesized using inverse
miniemulsion interfacial polymerization. All NCs exhibit nanocapsule morphology, and cargo
dependent hydrodynamic diameters (166—194 nm) in water, an encapsulation efficiency between
79-91%, and a drug loading content of about 11%. RhoB-NCs and Dox-NCs exhibit time-
dependent release upon exposure to different H,O, concentrations and an enhanced release in
conditioned medium collected from oral squamous cell carcinoma (OSCC) cells. Further, as a
proof-of-concept, light-responsive payload release from PS loaded NCs via a cascade reaction is
confirmed. The in vitro studies show that RhoB-NCs and RB-NCs are biocompatible while the
Dox-NCs exhibit cytotoxic effects. Such dextran-based ROS-responsive NCs sensitive to
endogenous (ROS rich environment) as well as exogenous (light in combination with a PS)
stimuli are highly interesting to realize combination therapies, for instance combining a
chemotherapeutic drug and a photosensitizer for application in photochemotherapy.
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1. Introduction

Stimuli-responsive nanocarriers (NCs) that undergo physicochemical or morphological transition
upon exposure to a desired stimulus of action exhibit immense potential for the delivery of cancer
therapeutics (Fatima et al., 2024; Shi et al., 2024; Tang et al., 2024). NCs with responsiveness to
various stimuli, whether external (such as magnetic, light, ultrasound, and temperature) or
internal (including pH, redox, hypoxia, enzyme, etc.), have been synthesized and extensively
investigated for in vitro and in vivo studies involving cancer cells (Liu et al., 2024; Mi, 2020;
Mura, Nicolas, & Couvreur, 2013) in the context of chemotherapy, photodynamic therapy,
imaging, immunotherapy, and gene therapy. (Zhang et al., 2023; Kaushik et al., 2022; Chang et
al., 2021; Torchilin, 2014). Recently, reactive oxygen species (ROS) as a stimulus has received
increased attention for designing different drug delivery systems (DDSs), particularly for drug
resistant and ROS-elevated tumor cells (Yang et al., 2022). Tumor cells are associated with
overproduction of ROS species as compared to healthy cells, caused by environmental and many
internal factors including mitochondrial dysfunction, increased growth signals, decreased
antioxidants, and others (Yang et al., 2018). This enhanced level of ROS opens up a therapeutic
window for the delivery of drugs to cancer cells via the enhanced permeability and retention
(EPR) effect. A variety of polymers, including cationic poly(amino thioketal) (PATK) (Shim, &
Xia, 2013), poly(ester-thioacetal) (Xu et al., 2018), phenylborate ester (PBAE) polymers (Liu et
al., 2020), and poly(tetraphenylethylene-aminoacrylate-oligoethylenimine)-mPEG  grafted
copolymers (P(TPECM-AA-OEI)-g-mPEG) (Yuan, Zhang, & Liu, 2015) were synthesized using
ROS-responsive thioketal, thioether, arylboronate ester, aminoacrylate chemical groups,
respectively. Upon exposure to an oxidative stimulus, the chemical bond breaks at the responsive
part of the polymer and exhibits a transition from a hydrophobic to a hydrophilic nature, resulting
in loosening/swelling of the NCs and subsequently causing drug release (Gao, & Xiong, 2021).
Mostly, these (co)polymeric NCs are formulated as self-assembled micelles through hydrophobic
or electrostatic interactions, facilitating the encapsulation of hydrophobic drugs (Tyrrell, Shen, &

Radosz, 2010).

Although synthetic polymers with controlled composition and molecular weight have been used
for designing DDSs, biopolymers (e.g., dextran, hyaluronic acid, chitosan, alginate, etc.) have an

edge over the former as they offer interesting intrinsic characteristics such as biocompatibility,



inherent biodegradability, low immunogenicity, and useful functional groups for chemical
conjugation (Arora et al., 2021; Seidi, Jenjob, Phakkeeree, & Crespy, 2018). Particularly, dextran
is extensively used for the delivery of tumor chemotherapeutic drugs because of its
hydrophilicity, good solubility in different solvents (e.g. water, DMSO, formamide, ethylene
glycol, and glycerol), prolonged blood circulation ability, biodegradability (Hu, Lu, & Luo,
2021), and biocompatibility (Huang, & Huang, 2018). Pramod et al. synthesized dextran
vesicular nanoscaffolds by coupling hydrophobic units to dextran for the co-delivery of water-
soluble molecules and the polyaromatic anticancer drug camptothecin (Pramod et al., 2012).
Furthermore, acid-sensitive ROS-triggered dextran-based DDSs were developed for chemo-
photodynamic cancer therapy, where the chemotherapeutic doxorubicin was chemically
conjugated to the dextran backbone using a ROS-cleavable thioketal linker, while the porphyrin
photosensitizer (Zn-TPP) was encapsulated via metal coordination (Bao, Yin, Liu, & Chen,
2020). Alkanawati et al. developed pH-sensitive NCs using bio-orthogonal chemistry by
crosslinking aldehyde/ketone-functionalized dextran with poly(styrene-co-methacryloyl
hydrazide) for the delivery of sensitive biomacromolecular therapeutic agents such as proteins,
DNA, or RNA (Alkanawati et al., 2020). Although these reports show the potential of dextran-
based DDSs, using ROS-responsive dextran-based DDS for hydrophilic drugs is still in its
infancy. Moreover, the dextran based NCs are mostly formulated as self-assembled micelles
where hydrophilic dextran is modified by a hydrophobic linker and/or prodrug conjugates and
thus can only load hydrophobic molecules into the core of the micelles or hydrophilic drugs via
chemical conjugation (Fazal et al., 2023). Despite the ability of these NCs to release payloads
both in vitro and in vivo, they often encounter challenges such as disassembly in cellular medium,
premature drug release at non-target sites, cytotoxicity, and/or the requirement of toxic solvents

and catalysts (Perumal, Atchudan, & Lee, 2022; Tyrrell, Shen, & Radosz, 2010).

In this study, we report a water-soluble dextran-thioketal conjugate (DTKC) which is obtained by
crosslinking a thioketal linker at the glucose units of different chains of dextran, and the
conjugate is tested against various ROS species found in cancer cells. The hydrophobic thioketal
moiety is chosen due to its reactivity to various ROS species, biodegradability, and amenability
to incorporation in polymers (Rinaldi et al., 2022). We hypothesize that thioketal conjugated
dextran with high substitution retaining water solubility can be used to formulate ROS responsive

dextran based NCs that are sensitive to various ROS species present in the biological
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environment and also can be triggered by light in the presence of a photosensitizer to release
hydrophilic payloads. The NCs are expected to deliver hydrophilic therapeutics employing
endogenous (ROS rich environment) and exogenous (light) stimuli. Using the conjugate with the
highest degree of substitution, dextran-thioketal nanocarriers (DTKC-NCs) with urethane
linkages are synthesized to encapsulate various hydrophilic payloads through the inverse
miniemulsion interfacial polymerization technique (Tiwari et. al., 2021; Seneca et al., 2020;
Pramanik et al., 2019; lyisan, & Landfester, 2019; Pramanik et al., 2018). Three model payloads
— rhodamine B (RhoB), rose bengal (RB), and doxorubicin (Dox) — are selected for their
application as a fluorescent dye for imaging, a photosensitizer (PS) for photodynamic therapy,

and a chemotherapeutic drug, respectively, and their release upon ROS exposure is studied (Fig.

).
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Fig. 1: Illustration of the thioketal linker (1) and the dextran-thioketal conjugate (2) synthesis. Next, the
nanocarrier synthesis by miniemulsion interfacial crosslinking using TDI and the payload release from the
nanocarriers upon exposure to an endogenous (elevated ROS in the biological environment) or an
exogenous stimulus (light) via a cascade reaction of 'O, production and conjugate degradation are
illustrated.

Interestingly here, the encapsulated PS can generate singlet oxygen upon irradiation with light of

a suitable wavelength to cleave the thioketal linkers via a cascade reaction. Previously, light was



used to cleave a drug-conjugated TK linker in combination with up-conversion nanoparticles and
a PS (Yue et al., 2016), whereas in our system, no drug conjugation is required but the drugs are
encapsulated/protected by the degradable polymeric shell, offering flexibility in incorporating
different active ingredients while maintaining their native structure and activity. The synthesized
NCs are further studied for their biocompatibility and cellular uptake using an oral squamous cell
carcinoma (OSCC) cell line. The latter is characterized by elevated levels of ROS (Kesarwala,
Krishna, & Mitchell, 2016), thereby presenting an interesting target for the designed ROS-

responsive NCs.

2. Materials and methods

2.1. Materials

Dextran (MW ca. = 40000, (C¢H,,0s).; Thermo Scientific) was dried at 100 °C in a vacuum oven
overnight before use. N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide  hydrochloride
(EDC.HCI; Alfa Aesar, 98+%), 4-dimethylaminopyridine (DMAP; Thermo Scientific, 99%,
pilled), and anhydrous dimethyl sulfoxide (Thermo Scientific, 99%) were used as received.
Thioglycolic acid (TCI Europe, >95%), trifluoroacetic acid (TFA; Honeywell), acetone (Fischer
Chemical, analytical grade, 99.9%), n-hexane (VWR chemicals, 98%), cyclohexane (Honeywell),
methanol (VWR chemicals, >99.8%), sodium chloride (NaCl; VWR Chemical, 99.5%), toluene-
2,4-diisocyanate (TDI; TCI Europe, >98%), rose bengal (RB; Thermo Scientific, 85%),
rhodamine B (RhoB; Acros Organics, >98%), doxorubicin hydrochloride (DOX.HCI; Merck),
5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB; Acros Organics, 99%), 1,3-diphenylisobenzofuran
(DPBF; Sigma-Aldrich, 97%), and sodium dodecyl sulfate (SDS; Acros Organics, 99%) were
used as obtained from the supplier. Deuterium oxide (D,0O; Thermo Scientific, 100.0% atom D),
methyl sulfoxide-d; (DMSO-d,;; Thermo Scientific, 99.9 atom% D), and acetone-d; (Deutero
GmbH, 99.8% atom D) were used as NMR solvents. Spectrum™ Spectra/Por™ 3 RC dialysis
membrane tubing (MWCO 3500) was used for dialysis. The polymeric surfactant Hypermer
B246 was obtained from Croda Europe Ltd (UK). Deionized water (DI) from a Sartorius Stedim
Biotech machine was used for all experiments unless mentioned otherwise. BupH™ modified
Dulbecco’s phosphate buffered saline (PBS) packs were used (0.008 M sodium phosphate, 0.002
M potassium phosphate, 0.14 M sodium chloride, 0.0027 M potassium chloride) to make buffer



solutions of pH =7.4 in a final volume of 500 mL. The pH of the buffer solution was adjusted
with 1 M NaOH or HCI solution to obtain the desired pH for the different experiments.

2.2. Synthesis of the thioketal (TK-2COOQOH) linker

The synthesis of 2,2'-(propane-2,2-diyl-bis(sulfanediyl))diacetic acid (TK—2COOH) was carried
out according to a modified procedure from literature (Pan et al., 2020). Briefly, an oven-dried
round bottom flask was charged with thioglycolic acid (15.7 g, 170.5 mmol) and acetone (4.5 g,
77.5 mmol) while stirring at room temperature (RT). A catalytic amount of TFA (~30 uL) was
added to the reaction mixture and the flask was flushed with N,. The reaction was allowed to stir
overnight and then cooled in ice water to complete the crystallization of the white product. The
precipitate was filtered off, washed with n-hexane and cold water several times, and vacuum
dried (15.5 g; 89% yield). The linker molecule was characterized by 'H and “C NMR

spectroscopy (supplementary material, S1).

'H NMR (400 MHz, DMSO-d,, 5): 1.53 (s, 6H; CH,), 3.35 (s, 4H; CH,)

2.3. Synthesis of the dextran-thioketal conjugates

The conjugates were prepared by an esterification reaction between the carboxylic acid groups of
the TK linker and the hydroxy groups of dextran (Fig. 1(2)). First, different amounts of TK—
2COOH (0.5%, 1%, and 1.3x the number of equiv. of the anhydrous glucose units (AGU) of
dextran) were stirred with EDC.HCI and DMAP, maintaining the molar ratio of TK-2COOH,
EDC.HCI, and DMAP at 1:3:0.3, in anhydrous DMSO (15 mL) at RT and under an inert
atmosphere for 2 h to preactivate the —COOH groups of the thioketal. Next, 0.81 g dextran (5
mmol, MW = 162 g/mol of the AGU unit) was dissolved in 10 mL anhydrous DMSO by heating
at 45 °C until complete dissolution. Then, the previously activated thioketal was added to the
dextran solution drop wise and the reaction mixture was stirred at RT or 45 °C under an inert
atmosphere for 24-48 h (see Table S1). After that, the reaction mixture was cooled to RT and the
product was precipitated by adding the reaction mixture dropwise to an excess of cold acetone
(300 mL). The precipitate was filtered off and washed with cold methanol (300 mL). Then, the
precipitate was redissolved in DMSO and precipitated again according to the same procedure.
After 3 consecutive purification steps, the product was dissolved in water and transferred into a

dialysis bag (MWCO 3.5 kDa). Dialysis was carried out for 5 days against DI water, changing the



water twice a day. Finally, the dialyzed solution was lyophilized for 24 h, which resulted in a
light brown product (yield between 51-63 %), stored in the fridge (4 °C). The product was
characterized by 'H NMR, *C NMR, and ATR-FTIR spectroscopy.

The degree of substitution (DSr; see Table S1 and Fig. S2.1-2.5) was estimated by 'H NMR

according to the formula

DS =

where the C1 anomeric protons from the glucose units of dextran appear at 4.95 ppm and the 6
methyl protons from the thioketal at 1.61 ppm in D,O (Guo et al., 2024). Due to the presence of
small overlapping peaks around 4.95 ppm in native dextran (see Fig. S2.1), the whole region

between 4.8-5.4 ppm was included in the integration for the C1 anomeric protons.

2.4. Solubility test of the DTKCs

To check the solubility of the conjugates in water, known excess amounts of the conjugates were
taken in 3 mL of DI water, sonicated for 30 min (42 KHz), and then shaken at 100 rpm for 24 h at
RT. After centrifugation, the amount of dissolved material was determined
thermogravimetrically, where a known amount of supernatant was passed through a filter paper
(5-13 um), dried at 80 °C, and then weighed. Control experiments were performed with pure TK—
2COOH and neat dextran. The studies were carried out in triplicate (Singh et al., 2023).

2.5. Determination of free carboxylic acid groups of DTKC-4

The ratio of free carboxylic acid (—COOH) groups for the DTKC-4 conjugate was determined by
an acid-base back titration method (Kunc et al., 2019). First, an HCI solution (12.6 mM) in DI
water was standardized using 0.01 M Na,CO; solution. Then, a NaOH solution (0.069 M) was
standardized using 0.1 M oxalic acid solution. Subsequently, a weighed quantity of dextran or the
conjugate (10.5 mg) was dissolved in 9 mL DI water and 1 mL standard NaOH solution (0.069
M) was added. The sample was stirred for 5 min to achieve quantitative conversion of the free
carboxylic acid groups to the carboxylate anions. Then, 2-3 drops of phenolphthalein were added,
and the remaining hydroxide anions (OH™) were back titrated against the standard HCI solution

(12.6 mM). Neat dextran was used as the control where no —COOH groups were present. The



number of carboxylic acid groups present was calculated based on the difference in consumption

of the titrant between DTKC-4 and neat dextran.

2.6. ROS responsiveness of the DTKC-4 conjugate

DTKC-4 was checked for its responsiveness to hydrogen peroxide (H,O.), hydroxyl radicals
(‘OH), and singlet oxygen ('O,). The characterization was done by 'H NMR spectroscopy while
ROS solutions were prepared in D,O. The conjugate (10 mg) was dissolved in a glass vial
containing 1 mL 100 mM H,0O, or 1 mL 100 mM H,O, + 5 uM CuSO, ("(OH), respectively, and
then the solution was transferred into an NMR tube. 'H NMR spectra were acquired at different

time intervals while the conjugate dissolved in pure D,O (1 mL) was taken as control (Xu et al.,

2019).

For checking the reactivity to 'O,, the water-soluble photosensitizer rose bengal (RB) was used.
In I mL of a 1 mM RB solution in D,O, 10 mg DTKC-4 was dissolved and the solution was then
bubbled with oxygen for 15 minutes using a balloon. Then the solution was irradiated with green
light (530 nm, 13.2 mW/cm?) for different time intervals at RT and 'H NMR spectra were taken

(Lamb, & Barbas III, 2015). A non-irradiated solution was taken as control.
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Scheme 1: Degradation of the DTKC conjugates upon exposure to ROS species, including
hydrogen peroxide (H,0,), hydroxy radicals ("OH), and singlet oxygen ('O,).

The ROS species are known to react with the thioketal linker, leading to oxidative cleavage of the
C-S bond and thereby producing acetone as a byproduct (Scheme 1), which was monitored
through '"H NMR spectroscopy at different time intervals. In all cases, the appearance of the

acetone peak at 2.2 ppm and the disappearance of the thioketal peak at 1.6 ppm were monitored.

2.7. Detection of free thiols: Ellman’s test
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To detect the thiol-terminated products from the DTKC-4 conjugate degradation (Scheme 1),
Ellman’s test was performed, which is commonly used for the detection of sulfhydryl groups €
SH) in solutions. Briefly, 20 mg conjugate was dissolved in 2 mL of a 1 mM RB solution in PBS
buffer (pH = 8) to get a concentration of 10 mg/mL. The mixture was purged with oxygen using a
balloon to provide sufficient oxygen in the reaction mixture. Then, the solution was divided into
two halves (1 mL). While the first half was irradiated with green LED light (530 nm, 13.2
mW/cm?) for 90 min at RT, the other half was kept in the dark as control. Meanwhile, a I mM
5,5-dithio-bis(2-nitrobenzoic acid) (DTNB) solution was freshly prepared in PBS buffer (pH =
8). After the irradiation was complete and waiting for 15 min, 50 pL of the reaction mixture was
mixed with 1 mL PBS buffer (pH = 8), and then 50 uL. DTNB solution was added. The mixing
time of DTNB with the reaction mixture was taken as t = 0 (min) and UV-Vis absorption spectra
were taken at different time intervals (Moser et al., 2016). A control experiment was performed
with the sample kept in the dark, following the same procedure. The experiments were repeated
at least 3 times (n=3). For the detection of thiol-terminated products in acidic pH, the same test
was performed at pH =5.1 where all the solutions were prepared at pH =5.1 and the test was

performed following the same procedure.

2.8. Synthesis of the nanocarriers

The dextran-thioketal nanocarriers were synthesized by inverse miniemulsion polymerization at
the droplet interface (Kuypers et al., 2015). Briefly, the dispersed phase (DP) was prepared by
mixing 100 mg DTKC-4 with or without 5 mg payload (RhoB/RB/Dox) in 1 mL 0.05 M NaCl
solution by gentle stirring at room temperature to form a homogeneous solution. The continuous
phase (CP) was prepared by dissolving 90 mg of the polymeric surfactant Hypermer B246 in 15
mL cyclohexane in a water bath at 65 °C until it completely dissolved. The DP was then added to
the CP dropwise and the mixture was stirred at 1400 rpm for 1.5 h at RT. Then, the emulsion
mixture was ultrasonicated (Branson sonifier, 450 D) at 70% amplitude (30 s on, 20 s off) for 3
min using a 3/16-inch tip while cooling it in an ice-water bath. After that, 70 uL of toluene-2,4-
diisocyanate (TDI) was dissolved in 2 mL cyclohexane and added dropwise to the ultrasonicated
emulsion mixture over 10 min. The crosslinking reaction of TDI with the hydroxy groups of the
conjugate at the nanodroplet interface was stimulated by heating the reaction mixture at 50 °C for

2 h. Then, the heating was stopped and the mixture was further stirred overnight at RT to



complete the reaction. Finally, the mixture was filtered through a filter paper (2 um) to remove

any large aggregates.

For transferring the NCs into water, 2 g NC solution was mixed with 10 g 0.3 wt.% SDS solution
and the mixture was stirred for 1.5 h at 1400 rpm at RT in a closed vial. Then, the mixture was
placed in a sonication bath (42 KHz + 6%) for 5 min, while shaking the vial in between.
Cyclohexane was evaporated by stirring the mixture in a vial with the lid kept open overnight.
Finally, the redispersed sample (RD) was filtered again through a 2 pm filter paper to remove
large agglomerates (if formed). The excess SDS was removed by dialysis (3.5 kDa) for a

maximum of 48 h prior to characterization.

2.9. Dynamic light scattering

The hydrodynamic diameter (D,) and polydispersity index (PDI) of the NCs were measured at 25
°C by dynamic light scattering (DLS) using a Zetasizer Ultra from Malvern Panalytical (Malvern,
UK). The average size values are reported as quadruplicate £ SD (n=4) from the independent
synthesis of all nanocarriers. For cyclohexane phase samples, 20 uLL NC solution was diluted
with 1.5 mL cyclohexane, and Z average (intensity weighted mean hydrodynamic size) values
were determined. Multi-angle dynamic light scattering (MADLS") analysis was also performed
to obtain D, values from different angles. For the redispersed samples, a similar procedure was
applied where 50 pL sample dispersion in water was diluted with 1 mL DI water. Zeta potential
measurements were carried out in 1 mM KCI solution. All the measurements were carried out in

triplicate and average values are reported (n=3).

2.10. Determination of the encapsulation efficiency and loading content

To determine the encapsulation efficiency (EE) of the NCs, 2 mL of RhoB, RB, and Dox-loaded
NCs were centrifuged down (Sigma 3-30 K, 19776-H) at 20000 rpm for 1.5 h at 8 °C. Then, the
supernatant was collected and passed through a syringe filter (0.45 um). The absorbance of the
filtrate was measured by UV-Vis absorption spectroscopy (Nanodrop 2000c, Thermo Scientific).
Depending on the payloads used, their absorbance maxima were measured and compared to the
calibration curves of the respective payloads. Their concentration in the supernatant was

determined (Fig. S6A-C) and the EE was calculated as
EE (%)= x 100%
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where C, = concentration of payload used in the sample (mg/mL) and C,, = concentration of
payload determined in the supernatant (mg/mL). The loading content (LC) of the samples was

determined according to the formula (Xu et al., 2019)
LC (%)= x 100%

where W,...a = weight of the payload in the sample (mg/mL) and Wy.= weight of the dried NCs

(mg/mL). Measurements were carried out in triplicate (n=3) and average values were reported.

2.11. ROS responsiveness of the nanocarriers

The changes in D, and PDI were monitored by DLS after exposure of the NCs to a ROS
environment. RhoB, RB, and Dox-loaded RD NCs were stirred with 10 mM H,O, at a ratio of 1:1
(v/v) in a 37 °C water bath. At different time intervals, 100 pL of the reaction mixture was taken
out for DLS measurements. The measurements were performed in triplicate and the mean = SD

(n=3) values are reported.

Detection of 'O, from the RB loaded NCs was carried out using the 1,3-diphenylisobenzofuran
(DPBF) probe. A fresh 0.5 mM DPBF stock solution was prepared in EtOH prior to the
experiment. In a cuvette containing 1 mL of DI water, 0.5 mL DPBF solution was mixed with 50
pL RB-NCs dispersion (t = 0), and this mixture was either irradiated with green light (530 nm,
~10 mW/cm?) or kept in the dark. Absorbance spectra were recorded for both cases at regular
time intervals while the irradiation was stopped at each minute and the spectrum was recorded
immediately (Entradas, Waldron, & Volk, 2020). To check the photobleaching of DPBF, another
control experiment was conducted by irradiating a DPBF-only solution of the same dilution and

recording the absorbance spectra. All experiments were repeated at least 3 times (n>3).

2.12. Payload release studies

The cumulative release (%) experiments were carried out with RhoB (ca. [RhoB]= 62.5 pg/mL)
and Dox (ca. [Dox] = 67.5 pg/mL) loaded NCs. In general, 2 mL sample dispersion was mixed
with 1 mL H,O, (I mM or 10 mM) solution in a dialysis bag (MWCO 3.5 kDa) and the bag was
immersed in 15 mL H,0O,solution (1 mM or 10 mM) at 37 °C in a water bath while stirring at 100
rpm. After predetermined time intervals, 2 mL outside release medium was replaced with 2 mL
fresh H,O, solution. To assess the release of the payloads in a medium containing relevant

biomolecules, ions, etc., the cumulative release of payloads was also evaluated in a conditioned
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culture medium (CCM), which was generated by incubating OSCC cells and collecting it after
two days. A 20% CCM (v/v) was used to avoid clogging of the dialysis bag pores and cumulative
release was performed similarly as mentioned before. The control experiment was performed as a
continuous release without H,O, conditions. The absorbances of the released media were
measured by UV-Vis absorption spectroscopy at well-defined time intervals and their
concentrations were calculated from the respective calibration curves (supplementary material,
Fig. S6A, C). Cumulative release (%) was calculated according to the formulae reported in the
literature (Chen et al., 2019). The measurements were carried out in triplicate and mean £ SD

(n=3) values are reported.

The light responsive release of RB from the NCs was also carried out. First, quenching of RB
(100 pg/mL) due to light irradiation was checked for different time intervals. 2 mL sample
dispersion_(ca. [RB] = 59.25 pg/mL) was irradiated (530 nm, ~13.2 mW/cm?) for 10, 20, 30, and
40 min, respectively, and transferred into dialysis bags. The bags were then incubated in 15 mL
DI water for 24 h at 37 °C. A control experiment was performed with a non-irradiated sample,
following a similar procedure. The released RB dye intensity was measured by UV-Vis
absorption spectroscopy and the concentrations were determined from the calibration curve of

RB (supplementary material, Fig. S6B).

2.13. In vitro experiments

2.13.1. Cell culture

The human OSCC cell line UM-SCC-14C (CLS cell lines service, Germany, CVCL 7721) was
cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) (Gibco™,
Thermo Fisher Scientific) supplemented with 5% heat-inactivated fetal bovine serum (FBS) and
1% penicillin/streptomycin and maintained in an incubator preserved at 37 °C in a humidified

atmosphere with 5% CO..

2.13.2. Cell viability assay

Cells were seeded at a density of 15x10° cells/cm? and allowed for adherence. Next, the cells were
incubated over a period of 24, 48, and 72 h with different concentrations of NCs diluted in a
culture medium. At given time points, the AlamarBlue protocol was performed according to the

manufacturer’s instructions. Fluorescence intensity was measured using the CLARIOstar® PLUS
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plate reader (BMG Labtech, The Netherlands) at a wavelength of 540/590 nm. Data were
normalized to the negative control. Outliers were detected and statistical analyses were performed
using GraphPad Prism 9. The statistical tests used are Two-way ANOVA followed by Dunnett’s

multiple comparisons test.

2.13.3. Cellular uptake studies

Cells were seeded at a density of 15x10° cells/cm? on glass coverslips. Following overnight
adherence, cells were incubated with NCs and then fixed using 4% paraformaldehyde (PFA) for
20 min at RT. Next, the cells were incubated with 1:200 wheat germ agglutinin AlexaFluor 647
(WGA647) for 10 min followed by nuclear staining using 4',6-diamidino-2-phenylindole (DAPI).
Cells were mounted with Fluorescence Mounting Medium (Dako) on microscopic slides for
imaging with the LSM900 confocal microscope (Zeiss). Images were acquired in z-stack mode

and processed using the ZEN Blue software (Zeiss).

2.13.4. Flow cytometry

Cells were seeded at a density of 23x10° cells/cm* and allowed for overnight adherence.
Following, the cells were incubated with 100 pg/mL of NCs for an incubation period of 2, 4, 6,
and 24 h. The cells were collected and stained using the Zombie NIR viability dye (BioLegend)
and centrifugation was performed at RT for 5 min at 2000 rpm. Next, a total of 10 x 10° events
were recorded using the LSRFortessaTM (BD Biosciences) Flow Cytometer. The FlowJo
software was used to gate the cell population in a plot of FSC versus SSC. Cell debris and
doublets were excluded, and a histogram from the PE channel was created to calculate the
percentage of Rhodamine B-positive cells. Statistical analyses included a One-way ANOVA

followed by Dunnett’s multiple comparisons test and were performed using GraphPad Prism 10.

2.14. Analytical methods

'H and “C NMR spectra were measured on a 400 MHz nuclear magnetic resonance spectrometer
(Varian Inova) with a sample concentration of 10 mg/mL in D,O (4.79 ppm) or 60 mg/mL in
DMSO d; (2.50 ppm), using a 5 mm four-nucleus PFG probe. The chemical shift scale was
calibrated relative to TMS (0 ppm). Unless stated otherwise, all measurements were performed at
room temperature. Acquisition parameters used for the 'H measurements were: a spectral width

of 6.4 kHz, a 90° pulse length of 6.4 us, an acquisition time of 2.5 s, a recycle delay time of 10 s,
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and 32 accumulations. For the HETCOR (heteronuclear chemical shift correlation) 2D NMR
measurements, the delay times were optimized to observe direct 'H- *C couplings [1J(C, H) =
140 Hz]. The spectral width was set to 3600 Hz and 27000 Hz in F1 and F2, respectively and
spectra were accumulated with a relaxation delay of 7.5 s, an acquisition time of 0.2 s, 112 scans,
and 72 FID increments in F1 and 5K data points in F2. For the HMBC (heteronuclear multiple
bond correlation) 2D NMR measurement, the delay times were optimized using a J-value of 7 Hz
to observe long-range 'H- “C couplings. The spectral width was set to 22000 Hz and 5200 Hz in
F1 and F2, respectively and spectra were accumulated with a relaxation delay of 2 s, an
acquisition time of 0.2 s, 384 scans, and 192 FID increments in F1 and 974 data points in F2. For
the “C measurement (DTKC-4), 20 mM chromium(III) acetylacetonate was added as a relaxation
reagent. Acquisition parameters used were: a spectral width of 25.1 kHz, a 90° pulse length of
10.8 us, an acquisition time of 0.8 s, a recycle delay time of 6 s, and 50.000 accumulations (95 h
acquisition. Solid-state C NMR was carried out according to a previous report (Seneca et al.,
2020). Elemental analysis was performed using a Thermo Electron Flash EA1112 elemental
analyzer (ThermoFisher Scientific, Waltham, USA). Calibration was carried out using BBOT
((2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene) (Thermo Scientific). The powders were
weighed and measured as such. Samples were measured at least in triplicate. ATR-FTIR
spectroscopic measurements were carried out using a Bruker Invenio S spectrophotometer. The
spectra were recorded in the range 600-4000 cm™ with a resolution of 16 cm™, by directly placing
a lyophilized or dried sample in the spectrophotometer. Morphological studies of the NCs were
done by TEM imaging using a Tecnai Spirit TEM operating at 120 kV (FEI Company, Hillsboro,
Oregon, USA) with an Olympus-SIS MegaView G2 CCD camera. The diluted samples were drop
casted and air dried on a TEM grid (formvar foil upon copper grids, Electron Microscopy

Sciences). No additional staining was performed for imaging.

3. Results and discussion
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3.1. Synthesis of the thioketal linker and the dextran-thioketal conjugates

Synthesis of the thioketal linker (TK-2COOH) was carried out by a simple acid-catalyzed
reaction of a ketone (C=0O) with a thiol (—SH) (Fig. 1(1)) and the linker molecule was
characterized by 'H and “"C NMR spectroscopy (supplementary material, S1). The dextran-
thioketal conjugates were then synthesized by Steglich esterification (Lian et al., 2017) of the —
COOH and —OH groups from the thioketal and dextran, respectively. The molar ratio of TK-
2COOH to the anhydrous glucose unit (AGU) of dextran was varied (0.5%, 1x, 1.3x) under
different reaction conditions (supplementary material, S2) to increase the thioketal content in the
conjugates, which were characterized by 'H NMR and FTIR spectroscopy (Fig. 2). First, the
characteristic proton signals from the glucose ring protons of the conjugate were assigned to 4.95
(H-1), 3.96 (H-6b), 3.88 (H-5), 3.70 (H-3, H-6a), and 3.54 (H-2, H-4) ppm in the 'H NMR
spectra (Zeini et al., 2021). The methyl proton signal from the thioketal group of a typical
conjugate appeared around 1.6 ppm (H-9 + 9" at 1.32-1.84 ppm, 6H, —(CH,).C-S—) (Fig. 2A).
Peak broadening was observed for all the conjugates due to the deceleration of molecular
tumbling caused by the increase in molecular weight due to crosslinking. Such observation is
common for high molecular weight biopolymers. Kunc et al. for instance also observed peak
broadening when succinic anhydrides were attached to dextran to form polycarboxylated dextran
(Kunc et al., 2019). The methylene protons (4H) of TK-2COOH, were found to be situated
around 2.90 ppm. Some residual traces of EDC at 1.99 and 1.17 ppm (denoted by * in Fig. 2A)
and DMAP at 8.42 and 6.89 ppm were still present in the conjugate. To further characterize the
proton as well as carbon peaks of the conjugate, 'H-"C 2D HETCOR NMR spectra were
conducted for the pure linker (S2.6), dextran (S2.7), and the DTKC conjugate (Fig. 2B). Based on
the '"H-"C correlations in the HETCOR spectrum of the conjugate, the carbon signals from the
dextran a-(1 — 6)-linked glucose units are assigned as: 68.0 ppm (C-6), 72.0 ppm (C-4), 72.6
ppm (C-5), 74.0 ppm (C-2), 75.9 ppm (C-3), 100.2 ppm (C-1). The CH; and CH, peaks of the
linker appear at 32.3 ppm and 45.3 ppm, respectively. Furthermore, the esterification site of the
linker to the glucose ring was investigated by 'H-"C 2D HMBC spectroscopy (Heteronuclear
Multiple Bond Correlation spectroscopy). A correlation spot (*J-coupling) between the carbonyl
carbon at around 172 ppm and the H-3 proton of the glucose ring indicates an esterification of the

linker with the C-3 hydroxy group of the glucose ring (Fig. 2C).
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Fig. 2: Characterization of the dextran-thioketal conjugates. (A). Stacked 'H NMR spectra of thioketal
(TK-2COOH), dextran, and a typical dextran-thioketal conjugate (DTKC). The '"H NMR spectrum of TK-
2COOH was taken in DMSO-d,, whereas the dextran and DTKC spectra were obtained in D,0 (“*’
denotes the peaks of remaining EDC at 1.99 and 1.17 ppm). (B). The 'H-"C 2D HETCOR NMR spectrum
of the DTKC conjugate and (C). The 'H-"C 2D HMBC NMR spectrum of the conjugate in D,O. (D).
ATR-FTIR spectra of TK-2COOH, dextran (DEX), and the DTKC-2, DTKC-3, and DTKC-4 conjugates.

Optimization of the esterification reaction was carried out by increasing the molar feed ratio of
TK-2COOH: AGU to 0.5, 1, and 1.3 (Table S1) under different reaction conditions and the
degree of substitution (DS.x) was quantified by 'H NMR (Fig. S2.1-S2.5). When 0.5 equivalents
of TK-2COOH were used at RT or 45 °C, the DS increased from 3% (DTKC-1) to 8% (DTKC-
2). Increasing the TK-2COOH amount to 1 equivalent resulted in a DS of 14% (DTKC-3) for a
reaction of 24 h at 45 °C. Further increase of the TK-2COOH amount to 1.3 equivalents resulted
in a DS of 23% (DTKC-4) for a reaction of 48 h at 45 °C. The conjugates were further
characterized by ATR-FTIR spectroscopy (Fig. 2D). For all the conjugates, ester bonds were
found at 1735 cm™ in accordance with literature (Su et al., 2017). The presence of a small peak at

1695 cm™ could be attributed to remaining unreacted -COOH groups in the conjugate, i.e. TK-
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2COOH linkers that are esterified with dextran at one end only. These are more prominently
observed for DTKC-3 and 4 whereas the C-H stretching vibrations in the 2850-2970 cm™ region
are from the CH, and CH; groups of the linker as well as from the C-H bonds of the sugar ring, as

also observed for the native and functionalized dextran (Nikonenko et al., 2000).

Since the thioketal linker is relatively hydrophobic and crosslinking reduces chain mobility of the
polymer, a decrease in solubility of the conjugate with increasing substitution level is to be
expected. Solubility of the thioketal linker molecule was determined to be 15.7 + 3.2 mg/mL in
water at RT (23 °C), whereas neat dextran showed high solubility (>0.459 g/mL). DTKC-2 and
DTKC-3 conjugates showed a solubility >150 mg/mL, but DTKC-4 showed a reduced solubility
of 120.3 £ 5.1 mg/mL. Therefore, a gradual decrease of the solubility with an increase of the

thioketal content in the polymer was realized.

From the nanocarrier perspective, a higher degree of thioketal content in the conjugate can enable
a faster release of the payloads, whereas a good water solubility of the materials in the dispersed
phase of the nanocarrier formulation is also important for increasing the DTKC concentration to
improve the polymeric shell thickness for safe encapsulation of the payloads as well as for the
colloidal stability of the emulsions. Therefore, the DTKC-4 was selected as the optimal
conjugate for nanocarrier synthesis, since it has the highest thioketal substitution and could also
be dissolved homogeneously in DI water, NaCl solution, PBS buffer, and in the presence of

different payload molecules.

For quantifying the conjugation in DTKC-4, besides the DS« of 23% obtained via 'H NMR, the
degree of substitution (DS) was also determined via the carbon atoms of the carbonyl groups
(DSc-0) and the amount of sulfur (‘S”) by *C NMR and elemental analysis, respectively. *C NMR
of the conjugate (Fig. S3) showed a total DS., of 31% and the presence of two carbonyl peaks
between 168 and 174 ppm, probably corresponding to C=0O carbons from linker molecules that
are crosslinked (two-sided esterification) and COOH carbons from linker molecules that are
esterified at a single site only. The intensity distribution of these two peaks suggests that 61% of
the attached linkers are esterified at both ends with the glucose ring (Fig. S3). The presence of
mono-esterified linkers was also determined quantitatively by an acid-base back titration method
(Kunc et al., 2019). Neat dextran (blank) and DTKC-4 were titrated separately and their

difference in consumption of HCI could be attributed to the free Ncoon groups, which was
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calculated to be 0.1 mmol/g conjugate. Elemental analysis showed a ‘S’ content of 2.48 mmol/g
conjugate (Table S2) and DS, was calculated to be 27% (Fig. S4). Comparing all three different
techniques, an average DS,,..... of 27 £+ 4% could be established for DTKC-4.

3.2. ROS responsiveness of the conjugate DTKC-4

The dextran conjugate was tested for its reaction with H,O,, "OH, and 'O, independently to
evaluate the degradation products. It is well known that ROS reagents induce oxidative cleavage
at the C—S bond of the thioketal, eventually leading to the generation of acetone and other
products (Liu, & Thayumanavan, 2020). When the conjugate was incubated with 100 mM H,O,
or 100 mM H,O, + 5 uM CuSO, ("OH) for different time intervals, a time-dependent gradual
appearance of acetone at 2.2 ppm and disappearance of the thioketal proton signal around 1.6
ppm was observed by 'H NMR (Fig. 3A-B). The conjugate was more reactive with "OH radicals
than with only H,O, as can be observed from the strong diminishment of the methyl peak
between 1.32-1.84 ppm (Fig. 3B) within 24 h. Longer incubation (120 h) of the conjugate with
H,0, showed a better effect on thioketal protons decrement and acetone generation (Fig. S5),

suggesting slow degradation of the conjugate.

To assess the reaction with 'O,, the conjugate was tested with RB as the photosensitizer to
produce 'O, in situ upon green light irradiation. RB is a xanthene photosensitizer and is an
excellent water-soluble dye with a good singlet oxygen production quantum yield at RT
(Entradas, Waldron, & Volk, 2020). After irradiation of the conjugate with RB for different time
intervals, 'H NMR spectra were taken in D,O and a time dependent acetone generation was
detected (Fig. 3C). In the control experiment where no irradiation was performed, no sharp
acetone peak was found. This confirms the reactivity of the conjugate with 'O,. Overall, the
conjugate exhibited greater reactivity toward "OH radicals compared to H,O,, as evidenced by the
faster reduction in thioketal CH; peak intensity as a function of the incubation period (Table S3).
The reactivity toward 'O, was comparable to that toward "OH radicals, at least for 1h; however,
photobleaching of RB limits the evaluation of the ROS production ability over longer periods
(Table S3).
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Fig. 3: Characterization of the ROS responsiveness of the dextran-thioketal conjugate. (A). 'H NMR
spectra of the DTKC-4 conjugate after incubation with 100 mM H,O, in D,0O. (B). 'H NMR spectra of
DTKC-4 after incubation with 100 mM H,0, + 5 uM CuSO, ("'OH) in D,O (C). 'H NMR spectra of the
conjugate + rose bengal (RB) after irradiation with green light (530 nm) for different time intervals. (D).
UV-Vis absorption spectra of the light-irradiated reaction mixture containing DTNB (Ellman’s reagent).

Detection of thiol degradation products from the conjugate was carried out qualitatively by
Ellman’s method (Moser et al., 2016). 5,5'-Dithio-bis(2-nitrobenzoic acid) (DTNB) is known as
Ellman’s reagent and is commonly used for the detection of free thiols from peptides and proteins
(Rudyk & Eaton, 2014). The sulthydryl groups (—SH) act as a nucleophile and attack the -S-S-
bond of DTNB to form a mixed disulfide and a TNB anion, which gives rise to an absorption
peak at 412 nm. In a study by Cathell et al., DTNB was used to study thiol modification after
conjugating different thiol containing acids with chitosan in PBS buffer at pH 8 (Cathell et al.,
2008). Detection of thiols was also reported in a system where RB was used as a 'O, generator
and did not affect thiol detection (Kukreja et al., 1991). Following a similar procedure, first a

reaction mixture (DTKC-4 + RB) was irradiated with green light to produce degradation products
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and then this was mixed with DTNB solution (t = 0; PBS buffer, pH = 8). UV-Vis absorption
spectra were taken at different time intervals after mixing (Fig. 3D). With an increase in time, the
DTNB peak at 316 nm decreased and the TNB* peak appeared at 412 nm, with a clear isosbestic
point, while the peak at 550 nm from RB remained unaffected. However, for the control
experiment with a non-irradiated reaction mixture, a weak peak of TNB* was also observed (Fig.
S7.1). This false positive response can arise due to the hydrolysis of DTNB since DTNB is
known to undergo hydrolysis at higher pH and elevated temperature (pH = 8) (Winther and
Thorpe, 2014). Nevertheless, upon comparing the absorbance maxima at 412 nm for both cases
after 16 minutes of mixing with DTNB, absorptivities A, = 0.285 (light irradiated) and Ac =
0.142 (control) were obtained. The extra absorbance (AA, . = 0.143) from the irradiated sample
could be attributed to the reaction of DTNB with thiols from the reaction mixture. To ascertain
the presence of thiol terminated degradation products, the same test was performed at pH =5.1 to
avoid the hydrolysis of DTNB, following an exactly similar procedure. In this case, the light
irradiated mixture showed a gradual appearance of a TNB* peak at 412 nm (Fig. S7.2) whereas in
the control experiment (non-irradiated, pH =5.1), no change at 412 nm was observed (Fig. S7.3).
This confirms the evolution of the thiol terminated degradation products upon irradiation of the
DTKC-4 conjugate with the photosensitizer RB. A similar test could not be performed with
reaction mixtures from H,O, and ‘OH due to the fact that the presence of H,O, can oxidize thiols (—
SH) to sulfonic acids (—SO;H) or a disulfide bond, thereby making free thiols unavailable (Van
Bergen, Roos, & De Proft, 2014). Regardless, summing up all the different approaches to assess
the ROS responsiveness, it can be concluded that the dextran conjugate is responsive to all the

individual ROS species H,0,, "OH, and 'O.,.

3.3. Synthesis and characterization of the nanocarriers

Inverse miniemulsion polymerization at the droplet interface was used to prepare the NCs using
water and cyclohexane as the dispersed and continuous phases, respectively. Prior to the
nanocarrier synthesis by miniemulsion, the stability of the thioketal bonds in the DTKC-4
conjugate was checked by NMR spectroscopy after the ultrasonication step and was found to be
unaffected under the tested conditions (Fig. S8). In here, the organic phase contains the polymeric
surfactant and the aqueous phase contains DTKC-4 and the different payloads. Nanoemulsion
droplets were created by ultrasonicating the emulsion mixture and then a crosslinker (TDI) was
introduced in the organic phase to react at the interface of the droplets (Fig. S9.1). Finally, the
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NCs were transferred into an aqueous phase containing SDS and are denoted further on in the
text as redispersion (RD). The crosslinking by TDI is crucial to form a polymeric shell at the
interface of the droplets as well as to provide stability to the emulsion droplets which further
prevents the nanocarriers from disassembly while transferring from the organic to the water phase
(RD) and encapsulating the payloads in the inner aqueous core. Then the redispersed samples
were dialyzed to remove excess SDS. Three different water-soluble drugs — RhoB, RB, and Dox
— were selected as model payloads, and the NC dispersions were characterized.

Table 1. Overview of the hydrodynamic diameter (D,), polydispersity index (PDI), and zeta

potential of the DTKC-4 NCs with or without different payloads as measured using DLS at 25
°C. The drug loading content (LC) and encapsulation efficiency (EE) are also presented for the

differgf\fa4 D,(nm) PDI D,(nm) PDI  EE* LC* Zeta
(cy) (water) (%) (%) potential
y

= (mV)

- 150 0.1 165 0.2 - - -12.1

+14  +£0.04 £21  +0.04 +1.8

RhoB 181 0.14 193 0.29 85 11 113

+22  +£0.09 +23  +0.1  +48 +1 +3

RB 179 0.1 193 0.29 79 10.5 -16.2

+15  +008 +26  +£0.1  £65 +2 +2.8

Dox 173 0.17 173 0.23 91 11.3 12

+24  +£004 +24  +£0.04 +£43 +1 +3

cyclohexane. Zeta potential values were obtained after 24 h dialysis. ‘*’ denotes the values for mean = SD
(n=3), while the other values are represented as mean £ SD (n=4).

First, the colloidal features of the NCs were studied by DLS to check their D,, PDI, and zeta
potential (Table 1 and Fig. 4A-C). In general, D, lies between 150 and 181 nm in cyclohexane
with PDI values from 0.1 to 0.17. Transferring the NCs into the water resulted in D, and PDI
increments. This is in line with our previously reported synthesis of pure dextran nanocapsules,
where RhoB was used as the model payload (Nayak et al., 2023). The size increment could be
attributed to swelling of the NCs, which is common for dextran due to its hydrophilicity
(Alkanawati et al., 2020). Upon comparing the EE, the highest value of ca. 91 + 4.3% was found
for the Dox loaded NCs, while the overall EE was in the range of 79-91%. LC values of the NCs
were found in between 10.5 and 11.3% (Table 1), comparable to the prodrug conjugates (Ding et
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al., 2023; Sun et al., 2017). The NCs were stable for at least 3 weeks when stored at 4 °C without

a significant change in D, or PDI, indicating the absence of aggregation and/or precipitation.

The different NCs (RhoB, RB, Dox, and non-loaded DTKC-4 NCs) were characterized by TEM
for morphological analysis. All the NCs exhibited a nanocapsule morphology in the TEM
characterization (Malzahn el at. 2014; Schlegel et al.,2018) where the thin polymeric shell
appeared as crumpled structures (Fig. 4D-F, Fig. S9.2). Such capsule morphology was observed
previously with neat dextran NCs and crosslinked gelatin capsules, both obtained by interfacial
polymerization in the inverse miniemulsion using the toluene diisocyanate (TDI) as a cross-linker
(Nayak et al., 2023; Bacher et al., 2019). Furthermore, similar morphology was also reported by
Alkanawati et al., where the nanocapsules were obtained using the interfacial bio-orthogonal
crosslinking between the ketone/oxidized (aldehyde) functionalized dextran and a hydrazide
crosslinker (Alkanawati et al., 2020). The samples exhibited low contrast while imaging and
appeared smaller in size as compared to the DLS results, which can be attributed to the drying
effect of the NCs on the TEM grid. Irrespective of the presence or absence of the payload, there

is no characteristic difference between the different NC samples.
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Fig. 4: Characterization of the nanocarriers. DLS data of non-loaded and RhoB, RB, and Dox loaded
nanocarriers in cyclohexane (A) and in water (B) (D, = hydrodynamic diameter). (C) represents the
corresponding zeta potentials of the NCs. Representative TEM images of the nanocarriers where (D)
shows the RhoB loaded NCs, (E) the RB loaded NCs, and (F) the Dox loaded NCs. (G) UV-Vis
absorption spectra of the nanocarriers with different payloads. (H). Representative FTIR spectra of dextran
and dried RB loaded NCs. (I). “C solid-state NMR spectra of pure dextran and dried DTKC-4 NCs
without any payload (* denotes the ester signal at 171 ppm).

UV-Vis absorption spectra of the NCs are shown in Fig. 4G. A bathochromic shift in the
absorption maxima (A..) of the dyes/drugs was observed after encapsulation in the NCs. To
analyze the interfacial crosslinking of the —NCO groups of TDI with the —OH groups from the
conjugate, "C solid-state NMR and FTIR spectroscopy were employed (Fig. 4H-I). A
representative FTIR spectrum of the RB-NCs is shown in Fig. 4H, where the strong carbonyl
peak at 1732 cm’, the -NH stretching peak at 3286 cm”, and the NH bending peak at 1548 cm

were observed, in accordance with the literature (Seneca et al., 2020). In a control experiment,

where no payload was used, similar peaks were evidenced from the DTKC-NCs (Fig. S9.3).
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Further, the peak at around 1640 cm™ indicates the side reaction of TDI with water (Jagielski et
al., 2007). Complete consumption of the —NCO groups of TDI was indicated by the nearly flat
baseline at 2276 cm™. "“C solid-state NMR of the non-loaded NCs further indicated the urethane
linkage at 155 ppm (Fig. 4I). The peak at around 171 ppm could be attributed to the ester bonds
arising from the conjugate DTKC-4. Thus, it was concluded that the interfacial crosslinking at the
droplet interface was successful and nanocapsules with different payloads were obtained with

good EE, LC, and colloidal stability.

3.4. ROS responsiveness of the nanocarriers

The NC dispersions with RhoB, RB, and Dox were incubated with 10 mM H,0O, and their change
in D, and PDI was monitored by DLS at different time intervals (Fig. SA and Fig. S10). In
general, for all the NCs, D, and PDI increased with time. This could be attributed to NC
aggregation, destruction of NC morphology, and swelling due to the degradation of the conjugate
by H,O,. The effect was most pronounced for the RhoB loaded nanocapsules, which attained a
maximum D, of 735 nm and PDI of 0.4 within 30 h of incubation. At the same time, the D, for
the RB and Dox loaded samples was 440 and 353 nm with a maximum PDI of 0.31 and 0.37,
respectively (Fig. 5A). Zhang et al. reported crosslinked nanoparticles from oligo(ethylenimine)
and thioketal linkages and observed an increment in D, and PDI up to 1500 nm and 0.48,
respectively, after exposure to a strength of 400 mM + 1.6 uM CuCl, of Fenton’s reagent (Zhang
etal., 2019).
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Fig. 5: Characterization of the ROS responsiveness of the nanocarriers with different payloads. (A). Time-
dependent change in hydrodynamic diameter (D,) and polydispersity index (PDI) of the NCs loaded with
RhoB, RB, and Dox, after incubation with 10 mM H,O, ROS solution (D, is represented as mean = SD
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values, SD set as y-axis error, n=3). (B). The production of 'O, from RB-loaded NCs was analyzed by
colorimetry using DPBF as a 'O, detection agent. A reaction mixture containing DPBF (0.5 mM) and RB-
loaded NCs was irradiated with green LED light (530 nm, 10 mW/cm?), and UV-Vis absorption spectra
were taken for 0 to 5 minutes at each minute. Inset graph represents -In ([DPBF]/[DPBF],) vs time (t,
min) plot.

The nanocarriers were further tested for singlet oxygen production from the RB loaded NCs to
test the hypothesis of the cascade reaction, where singlet oxygen species produced via irradiation
of the photosensitizer can subsequently cleave the TK linker. To check the 'O, production from
RB after encapsulation, the NC dispersion in water was mixed with a 1,3-diphenylisobenzofuran
(DPBF) solution and irradiated with green light. Light irradiation to the mixture is expected to
afford 'O,, which can be quantified by the decrease in the absorbance/fluorescence of DPBF. UV-
Vis absorption spectra were taken after each minute of irradiation (530 nm, ~10 mW/cm?) for 5
minutes and are presented in Fig. 5B. The decrement in the peak maximum at 411 nm
corresponds to the quenching of DPBF with a calculated rate constant 1.94x10° sec™ (inset Fig.
5B) (Wang et al., 2019). Alternatively, quenching of DPBF can happen due to photodegradation
rather than 'O, capture. Thus, a control experiment was performed with only DPBF (without RB-
NCs) and this solution was irradiated independently at the same dilution while maintaining the
identical irradiation parameters. Only 6% DPBF intensity quenching was observed after 5
minutes, compared to the quenching in the presence of RB-NCs (Fig. S11.1). In another control
experiment, the non-irradiated RB-NCs and DPBF mixture were studied by UV-Vis absorption
spectroscopy, where virtually no change in DPBF absorbance was monitored (Fig. S11.2). These
experiments indicate that the DPBF quenching is mainly caused by the produced 'O, and a
minimal amount (6%) due to photobleaching. Hence, the 'O, production ability of RB in an

aqueous environment, even after encapsulation into the NCs, was successfully confirmed.

3.5. Payload release studies

Since ROS solutions have oxidizing abilities, at first the degradation of the dye/drug (RhoB and
Dox) in the experimental conditions used to study the cumulative release was checked by testing
the respective payloads in 1 mM and 10 mM H,O, environments (Fig. S12.1). Under the tested
conditions, the absorbances of RhoB and Dox were only slightly affected until 24 h but decreased
more significantly after 48 h of incubation. Incubation with 100 mM H,O, resulted in more
quenching within 24 h for both cases. Therefore, the release was only checked for rather low

molar concentrations of H,O,(Xu et al., 2017; Xu et al., 2019).
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A sample dispersion of RhoB-NCs in a dialysis bag (MWCO = 3.5 kDa) was incubated with
H,0, solutions at 37 °C and the release of RhoB outside the bag was plotted as a cumulative
release (%) in Fig. 6A. On changing the H,O, strength from 1 to 10 mM, the release proceeded
faster, releasing a maximum of ~21% and ~30% of dye to the outside medium, respectively, after
30 h of incubation. In the control experiment where no H,O, was used, ca. 7.8% dye release was
observed after 24 h of incubation. Photographs of the release media taken after 30 h are shown in

the inset of Fig. 6A.
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Fig. 6: Characterization of payload release under ROS conditions. The cumulative release profile of RhoB
(A) from DTKC-4 NCs under ROS conditions of 1 mM H,0,, 10 mM H,0,, and 20% OSCC cell
conditioned culture medium (CM) at 37 °C for 30 h (mean = SD values, SD set as y-axis error, n=3).
Milli-Q water was used as control. In the inset, photographs of the vials taken after 30 h are shown. (B)
RB release (%) from the NCs after light irradiation for 10, 20, 30, and 40 minutes (mean + SD values, SD

set as y-axis error, n=2). In the inset, photographs of the release vials taken at the respective time points
are shown.

To study the release of the payloads in a relevant cellular environment that contains
biomolecules, ions, etc., the cumulative release was evaluated in a conditioned culture medium
(CCM) which was collected after incubating the culture medium with the OSCC cancer cells (Wu
et al., 2020). Interestingly, in the 20% CCM (v/v), a dye release of 50.4 + 1.9% within 30 h was
observed. As CCM likely contains a mixture of proteins, oxidative species, enzymes, and other
(sub)cellular components, it is not straightforward to attribute this effect to a specific factor(s)
that can influence the release of the payload. However, to ascertain the extent of ROS responsive
release (as OSCC cells produce excess ROS) (Kesarwala, Krishna, & Mitchell, 2016), two
control experiments were performed with DTKC-NCs and pure dextran NCs (Dex-NCs) in 20%
CCM as well as in 20% non-cell incubated blank medium (BM). First, pure dextran NCs (Dex-
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NCs) with RhoB were prepared (Fig. S12.2) and then the release was carried out for both the NCs
(Fig. S12.3A-B). For the DTKC-NCs, a ~43% and ~26% release of RhoB were observed for 20%
CCM and 20% BM, respectively, after incubation for 25 h. Since the BM does not contain any
ROS species and (sub)cellular components, the higher release of 20% CCM can be attributed to
these factors (Fig. S12.3A). For the case of pure Dex-NCs, ~29% RhoB release was observed
after 30 h, without a significant difference between 20% CCM and 20% BM (Fig. S12.3B) (Wu
et al., 2015; Surnar et al., 2015). Since pure dextran nanocarriers have no thioketal linkage, it is
safe to presume that the release in CCM is not due to the ROS induced cleavage but rather
triggered by other components from CCM and thus did not lead to a difference in release profile
between CCM and BM. Comparing both the DTKC and pure dextran NCs, the higher release for
the DTKC-NCs under 20% CCM and similar release for both the NCs under 20% BM justifies
the ROS induced release in the case of the DTKC-NCs. However, the nanocarriers exhibited
greater swelling in 20% BM compared to the control (Milli-Q water), leading to an increased
release in 20% BM (Fig. S12.3C, D). The latter could be attributed to the composition of the BM

which is different as compared to the control.

Upon exposure of the Dox-loaded NCs to the same release conditions, a total of ca. 33.5 + 1%,
47.1 £ 1.4%, and 70.4 + 2% cumulative release was observed after 72 h (pH = 7.0) of incubation
with 1 mM H,0,, 10 mM H,0,, and CCM (20% v/v), respectively (Fig. S12.4.1). Recently, a
dextran-based micellar system was reported by Guo et al., where Dox was conjugated to dextran
using a thioketal linker (Guo et al., 2024) and micelles were prepared with an LC of 8.4%. In this
case, Dox release was found to be 65% after incubation with 200 mL of 1 mM H,0, (total 6.8 mg
H,0,) for 72 h, whereas in our case ~33% release was observed for 16 mL of 1 mM H,O, (total
0.55 mg H,0,). In another study by Pan et al., ROS-responsive PEG-DOX conjugate
nanoparticles were synthesized and Dox release was found to be 45% after 24 h upon exposure to
30 mL of 0.1 mM H,O, conditions (total 0.11 mg H,0,) (Pan et al., 2020). It is worth mentioning
that in our case doxorubicin exhibited quenching under the tested conditions (Fig. S12.1) which
might be attributed to an underestimation of the values. Regardless, though the nanocarrier
systems are different, the results indicate that the release was either slower or comparable to our
approach. However, as the drug is encapsulated in our work, chemical conjugation/modification
that might influence the efficacy of the drug is averted. Additionally, the approach is generic in

incorporating different types of drugs, as demonstrated by the encapsulation of various payloads.
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The effect of pH on the release medium was also checked. When incubated with 1 mM and 10
mM H,O, solutions at pH = 5, ca. 47% and 62% cumulative release was observed within 26 h of
incubation, respectively (Fig. S12.4.2) which is slightly higher than the values observed at pH =7
after the same time. This could be attributed to the combined effect of pH and ROS-responsive

release.

Finally, as a proof of concept, the light-triggered release was carried out with the RB loaded NCs.
It was hypothesized that irradiation of the NCs would produce 'O, from the encapsulated RB,
which would lead the ROS-responsive NCs to degrade and subsequently cause RB release. When
the NCs were irradiated (L(+)) for 10, 20, 30, and 40 minutes, ca. 19.7 + 0.8%, 21.3 + 0.2%, 17.3
+0.1%, and 15.2 + 0.1% release was observed, respectively. The decrement in the release of RB
with an increase in light irradiation time could be due to the photobleaching of RB under the
measurement conditions (Fig. S12.5). The photobleaching of RB can affect the production of 'O,
by light irradiation and also at the same time reduce the concentration of the remaining RB
(unbleached) in the release media. In case of longer irradiation time, the decrease in the
concentration of unbleached RB for 'O, production can eventually lead to the reduction in the
cascade reaction with the thioketal bonds and also cause a reduction in the unbleached RB
observed in the release media, as observed in the release studies. As a control experiment, the
same release was performed with the sample kept in the dark (L(-)), and ~9% release was
monitored (Fig. 6B). DLS data indicated a slight D, and PDI increment upon light irradiation
which suggests responsiveness of the NCs to 'O, (Fig. S12.6). Therefore, we can conclude that
light can also act as a trigger to degrade the DTKC-4 NCs in the presence of a photosensitizer for

the payload release.

3.6. In vitro assessment of the NCs

The biocompatibility of the DTKC-4 NCs was assessed using OSCC cells employing an
AlamarBlue cell viability assay. Primarily, the RhoB-NCs incubated OSCC maintained cell
viability over 72 h (Fig. 7A). After 24 h specifically, a slight decrease in cell viability was
observed when incubated with 50 pg/mL and 100 pg/mL. This decrease can result from cellular
adaptation, as cells exposed to environmental changes often undergo an initial period of stress
that reduces metabolic activity and therefore the AlamarBlue signal. Moreover, the cell cycle

dynamics can play a role in the sensitivity to environmental adaptations; throughout progress, the
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cells can restore their metabolic activity whereas they are initially more sensitive (Longhil et al.,
2022; Rampersad, 2012). However, cell viability remained above 80%, indicating good
biocompatibility of the NCs (Lopez-Garcia, Lehocky, Humpolicek, & Saha, 2014). Cell viability
was also assessed in OSCC cells after incubation with RB-NCs (Fig. S13.1). Similar results for
the RhoB-NCs were observed, which shows the biocompatible character of these NCs as well. In
addition, the cytotoxic effects of the NCs loaded with Dox were tested for a time period of 72 h.
As doxorubicin is cytotoxic, unloaded NCs as well as free Dox were included as a control (Fig.
S13.2). Dilution series were prepared for the unloaded NCs analogously to the Dox-loaded NCs
(Table S4). The latter showed a declined cell viability over time while unloaded NCs did not
reduce cell viability, suggesting the successful in vitro release of cargo from the ROS-responsive
NCs in OSCC cells. Moreover, previously determined 1C50 values for Dox in different OSCC
cell lines were up to or equal to concentrations of 1 pg/mL, supporting the obtained doxorubicin
cell viability data (Fang et al., 2018). Overall, cell viability results showed that the designed NCs
are biocompatible with cancer cells, indicating their potential use in future biomedical
applications. In addition, our approach offers an intrinsic advantage in that chemical conjugation

of the drug to the carrier is not required. Hence, it offers flexibility in using various therapeutic

drugs.
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Fig. 7: Cell viability of OSCC cells with the payload (A) RhoB at different concentrations and incubation
times (n=3 biological replicates with 3 technical replicates) (data are represented as mean+SEM). The
dotted line represents the negative control. *P < 0.05, **P < 0.01, and ****P < (0.0001. (B). Confocal
image representing cellular uptake of the NCs in the X, y, and z-axis (left) and in higher magnification
(right). White arrows indicate NCs. WGA: wheat germ agglutinin; DAPI: 4',6-diamidino-2-phenylindole.

Subsequently, the uptake of RhoB-NCs by the OSCC cells was investigated. Using flow

cytometry, an increased association of the NCs with the cells was detected over time (Fig. S14.1).

After 24 h specifically, about 40% of the cells showed a successful association of RhoB-loaded

NCs (Fig. S14.2). The obtained confocal microscopy images show that the NCs are successfully
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taken up by the cells after incubation with 100 pg/mL for 24 h, more specifically in the
perinuclear region (Fig. 7B). Previous studies on the uptake of nanoparticles have demonstrated
that exogenous materials entering cells often concentrate in the perinuclear region (Lai, Hida,
Chen, & Hanes, 2008; Lai et al., 2007). Collectively, the data indicates that the designed RhoB-
NCs are successfully internalized by the cancer cells and do not induce any cytotoxic effects over

time.

4. Conclusions

The successful synthesis of water-soluble dextran-thioketal conjugates and further ROS-
responsive NCs reported here add to the advancement of polysaccharide-based drug delivery
systems. In this systematic study, we showed the versatility of the encapsulation approach, where
NCs were capable of encapsulating different water-soluble payloads with a good encapsulation
efficiency of > 80%. Interestingly, the EE was also dependent on the cargo type where a high EE
>90 % was observed in the case of Doxorubicin. The loading content for the different payloads
was between 10-12%, irrespective of their molecular weights and solubility. The nanocarriers
were able to release the payloads upon ROS exposure or light irradiation. For the first time, we
have demonstrated the light induced cascade reaction to release the encapsulated payload (RB)
where 'O, produced via irradiation of the photosensitizer can subsequently degrade the ROS-
responsive NCs. This approach conveniently paves the way for realizing combination therapies,
for instance combining a chemotherapeutic drug and a photosensitizer for application in cancer
therapy. Further, these nanocarriers showed profound release of hydrophilic payloads irrespective
of their payloads in conditioned culture medium, which is the culture medium that was collected
after incubation with the OSCC cancer cells, suggesting the applicability of these NCs to release
the payloads in a ROS elevated system. The successful uptake and biocompatible character at
relevant concentrations of the nanocarriers further validate their potential use in the field of drug
delivery to cancer cells. As delivery vehicles for water soluble therapeutic ingredients are highly
desired and drug delivery via a stimulus is also highly sought to enable controlled release, this
study opens new avenues in exploring dextran-based ROS-responsive NCs for delivering

therapeutics employing exogenous as well as endogenous stimuli.
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