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Light-Sensitive Phenacyl Crosslinked Dextran Hydrogels for
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Abstract: Stimuli-responsive soft materials enable controlled
release of loaded drug molecules and biomolecules. Con-
trolled release of potent chemotherapeutic or immunother-
apeutic agents is crucial to reduce unwanted side effects. In
an effort to develop controlled release strategies that can be
triggered by using Cerenkov luminescence, we have devel-
oped polymer hydrogels that can release bovine serum
albumin and immunoglobulin G by using light (254 nm-
375 nm) as a trigger. We describe the synthesis and photo-
chemical characterization of two light sensitive phenacyl bis-
azide crosslinkers that are used to prepare transparent self-
supporting hydrogel patches. One crosslinker was designed
to optimize the overlap with the Cerenkov luminescence

emission window, bearing an m-extended phenacyl core,
resulting in a high quantum yield (14%) of photocleavage
when irradiated with 375 nm light. We used the extended
phenacyl crosslinker for the preparation of protein-loaded
dextran hydrogel patches, which showed efficient and
selective dosed release of bovine serum albumin or immuno-
globulin G after irradiation with 375 nm light. Cerenkov-
triggered release is as yet inconclusive due to unexpected
side-reactivity. Based on the high quantum yield, efficient
release and large overlap with the Cerenkov window, we
envision application of these photosensitive soft materials in
radiation targeted drug release.

/

Introduction

Stimuli responsive drug carrier systems have emerged as
important devices in the field of biomedical applications and
targeted drug delivery. General challenges for controlled release
of drugs are timed or prolonged release, targeted or local
release, and overcoming physicochemical barriers in the body.
In order to release the cargo a phase transition or macroscopic
change of the hydrogel network has to be triggered. Several
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triggers have been successfully applied, such as: pH, ionic
strength, mechanical stress, redox potential and light. Light is of
particular interest since it is spatio-temporally controlled and
can be harmless when clinically applied, depending on wave-
length and intensity.? However, human tissue limits the use of
light as the penetration depth is just a few centimeters
depending on the applied wavelength, which inherently limits
the use of external light sources for triggered release.” To
overcome these limitations, we were excited to investigate the
potential of insitu generated light, known as Cerenkov
luminescence (CL), and employ it as a drug release trigger. CL is
generated when a charged particle, generated by the decay of
radionuclides or external radiation, travels faster than the speed
of light in a dielectric medium such as water or tissue. CL has a
broad emission spectrum with a maximum emission around
380 nm (UV-A), and is usually generated with low intensity.” CL
has been employed as a light source in anticancer therapies,
where nanoparticles passively target solid tumors and generate
reactive oxygen species (ROS).”) Moreover, CL is found an
effective trigger for decaging doxorubicin®™ and is employed to
generate reactive singlet nitrene species, that subsequently
react with extracellular proteins or lipids and ‘tag’ solid tumors
with a drug or dye.” For future application with CL triggers, we
aimed at developing hydrogels with light sensitive groups with
an absorption maximum in the Cerenkov emission window and
high quantum yield of photodegradation.

Light sensitive hydrogels have been employed in a broad
variety of settings and rely on light sensitive functionalities
incorporated into the hydrogel network.” Two well-known light
sensitive moieties are the ortho-nitrobenzyl group (oNB) and its
ortho-nitroveratryl analog.” Although ortho-nitrobenzyl and
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ortho-nitroveratryl groups have been employed successfully
many times in a variety of studies, they have low to very low
quantum yields and during photocleavage toxic nitroso adducts
are formed.” Therefore we are curious to employ phenacyl
based photo cleavable hydrogel crosslinkers (Figure 1C and 1D),
as these have a significantly higher quantum yield."” Photo
responsive phenacyl moieties have been applied to photocage
thiols,"" control the degree of swelling in polymer coatings,"?
induced light triggered folding of polymers chains™ and to
photocage a drug such as chlorambucil.™™*

Chemotherapy is one of the most important strategies to
treat cancer. However, the administered dose of any particular
drug is often low due to its toxicity and accompanying side
effects. To mitigate these limiting factors and improve the
efficacy of chemotherapeutic drugs, smart drug delivery
systems are employed. Responsive hydrogel networks can be
used for controlled delivery. Hydrogels are able to covalently or
non-covalently store a variety of anticancer drugs and show
triggered release in the human body."” Alternatively, mono-
clonal antibodies or antibody-drug conjugates (ADC) are
employed to selectively target malignant tumor cells and
induce cell death."® Controlled antibody release can improve
therapy as the total administered dose is low, on target drug
concentrations are high and systemic drug exposure is low
which helps to reduce side effects."” Release mechanisms rely
on a variety of internal and external triggers, including
hydrolysis,"® temperature,"® ultrasound,”” (UV) light®" or
enzymatic activity.””? Also, passive release mechanisms are
employed to deliver antibodies from hydrogels, were the
degree of hydrogel branching and crosslink density determine
the release profile of the loaded proteins.?®’ Here, we present
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light cleavable dextran based hydrogels loaded with either
doxorubicin, bovine serum albumin (BSA) or human Immuno-
globulin G (IgG), which release their cargo when triggered by
(UV-A/C) light. Photosensitivity in the Cerenkov irradiation
window is introduced by crosslinking alkyne modified dextran
with bis-azide phenacyl C1 or C2 using standard Cu-click
conditions (Figure 1).

Results and Discussion

We synthesized bis-azide crosslinker C1 starting with the
protection of commercially available para-hydroxyphenacyl 1
(pHp) using tert-butyldiphenyl(chloro)silane (TBDPS—CI), afford-
ing silyl ether 2 (Scheme 1). Next, bromination of compound 2,
using benzyltrimethylammonium tribromide (BTMABTr;), af-
forded compound 3. In reaction step 3, using alkaline
conditions, 3-chloro propane thiol was coupled to bromine 3.
The combination of prolonged reaction time and alkaline
conditions also resulted in the deprotection of the slightly acid
hydroxyl in bromine 3, affording deprotected pHp 4.* Treating
pHp 4 with NaN; afforded azide 5, and in the final reaction step
azide 5 was coupled to mesylated polyethylene glycol (PEG) 7
affording bis-azide crosslinker C1 (Figure S1). C1 has an
absorption maximum at 283 nm, which is not ideal for CL
triggering. To gain insight in the photodegradation process of
crosslinker C1, we performed an irradiation experiment in which
one sample was irradiated with UV-C light (254 nm, 1.02 mW/
cm?) and one sample was kept in the dark as a control. We
found that the absorption (283 nm) of the light irradiated
sample decreases and shifts with increasing irradiation time,
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Figure 1. A) Schematic representation of dextran based photosensitive hydrogels. Alkyne modified dextran is crosslinked with a bis-azide crosslinker using
standard Cu-click conditions (CuSO,, sodium ascorbate and activating ligand: Tris(3-hydroxypropyltriazolylmethyl)amine (THTPA)). UV-A light (including
Cerenkov luminescence) triggers the photocleavage of the crosslinker resulting in free diffusion of the loaded cargo. B) Photograph of centimeter sized
transparent self-supporting dextran hydrogel. C) Bis-azide crosslinkers C1 and C2, synthesized and investigated in this research. D) bis-azide phenacyl

crosslinked dextran structure.
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Scheme 1. Synthetic pathway for the 6-step synthesis of bis-azide crosslinker C1, starting from parahydroxy phenacyl (pHp) 1.

indicating photocleavage of C1 (Figures 2A and B (green data)),
while the non-irradiated sample remained stable over time
(black data, Figure 2B). Using standard Cu-click conditions
(CuSO, (0.47 mM), sodium ascorbate (3.0 mM), activating ligand:
Tris(3-hydroxypropyltriazolylmethyl)amine (THTPA) (0.24 mM)),
crosslinker C1 and alkyne modified dextran (500 kDa, DS =36 %,
Figure S3) were reacted to prepare transparent self-supporting
dextran hydrogels (Figure 2C), having a storage modulus (G’) of
43-10*Pa and tan 0 (G"/G) of 6.7-107 (Figure S11). These
hydrogels were loaded with doxorubicin (Figure 2D) and the
washed hydrogels were then placed in fresh H,0 (25 mL) and
irradiated with UV-C light (254 nm, 1.02 mW/cm?) (Figure 2F).
Aliquots were collected at selected timepoints over a period of
24 h (Figure S8B) and UV/Vis analysis showed a linear increase
of absorbance at 480 nm, which is doxorubicin’s absorption
maximum. Unfortunately, the observed increase in absorbance
was very small, which is likely caused by the simultaneous
photo degradation of doxorubicin.”® In the same experiment, a
5-fold increase in absorbance at 283 nm was observed which is
contributed to degradation products of doxorubicin (Fig-
ure S8A). Degradation products of doxorubicin were not
identified or quantified as degradation products of C1 also
absorb in the 283 nm region. Although the photodegradation
of doxorubicin is undesirable, the experiment does demonstrate
that C1 phenacyl works as a photolabile crosslinker as the
hydrogels completely disintegrated upon UV-C irradiation (Fig-
ure 2G), in contrast with the control hydrogels that remained
intact and retained the loaded doxorubicin within the hydrogel
matrix (Figure 2H).

In this stage of the research we opted to develop a -
extended analogue of crosslinker C1, which would absorb light
in the UV-A region to trigger its photocleavage. This would
enable the release of proteins using our hydrogels. Since many
proteins often do not absorb light above 300 nm, we expected
no interference during light irradiation experiments. Also, the
emission maximum of CL is centered around 380 nm light, and
the increased overlap of the CL window with the absorbance

Chem. Eur. J. 2022, 28, 202103523 (3 of 7)

spectrum of the new crosslinker would increase the efficiency
of our system.”! We synthesized crosslinker C2 which has an
extended conjugated m-system compared to crosslinker C1 and
has a maximum absorbance at 383 nm, instead of 283 nm. The
synthesis of bis-azide crosslinker C2 was started with the
mesylation of 3-azido-propanol (Scheme 2, compound 8) and
the subsequent coupling with 4-ethynyl-aniline afforded alkyne
10 (Scheme 2). In parallel, reacting 3-chloro-propane thiol with
bromide 11 yielded bromide 12. The Sonogashira coupling of
alkyne 10 and bromine 12, catalyzed by [Pd,(dba);] and [Pd(P(t-
Bu),),], afforded extended pHp 13, which in the final reaction
step was treated with NaNj; to yield bis-azide crosslinker C2 as a
yellow powder.

To examine the photochemical properties of C2 a solution
was prepared and irradiated with 375 nm light (1240 mW,
incident intensity =2.93 & 0.08-10"° determined by ferrioxalate
actinometry™® (details in Supporting Information)). During a
period of 60 minutes, aliquots were collected and analyzed
using UV/Vis spectroscopy (Figure 3B). We observed a linear
decrease of absorbance (383 nm), indicating photodegradation
of C2 (Figure 3C, blue data), while the absorbance data
collected for the non-irradiated control sample remained stable
over time (Figure3C, black data). Photodegradation was
confirmed by ESI-MS analysis were we found m/z=319.12 (M +
H*1) (Figure S4), corresponding with the mass of the ketone
photoproduct generated in the photodegradation process of
C2 (Figure 3A).%" The photodegradation rate of C2 was
calculated (C2 extinction coefficient=g,4; 27210 M~ cm™' (Fig-
ure S6)) according the collected UV/Vis (Figures 3B and C) data
and equals 6.8-107'" mol s™'. Alternatively, the photodegrada-
tion process of C2 was monitored by 'H NMR analyses. Here we
observed a linear decrease of the resonance at 4.03 ppm (in
DMSO-d6) belonging to the a-carbon in C2 (indicated with
asterisk, Figures 3A and S5), indicating the photocleavage of the
thioether. Additionally, the photodegradation rate was deter-
mined according the collected 'H NMR data (Figure S5) and
equals 6.5-107"° mol s™', which is in line with the degradation

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry—A European Journal

Full Paper
doi.org/10.1002/chem.202103523

Chemistry
Europe

European Chemical
Societies Publishing

A 0.6
= 05 1 l
3
< 04
8
§ 031 N\ I /-\\
g 0.2 - N
Q
< 0.1 4

0 T T

200 250 300 350

Wavelength (nm)
B 05 |
o L] L] ] L] ° °
o }
g 044 © ”
£ @
€ 0.3 - . .
2 °
]
No.2 - .
©
2 01 1 ® control
< ® 254 nm irradiation
0.0 T T T T

0 4 8 12 16 20 24 28
Time (min.)

Figure 2. A) UV/Vis data recorded during 254 nm light (1.02 mW/cm?)
irradiation experiment of crosslinker C1 (40 uM in H,0). B) Absorbance at
283 nm over time. Black data is a non-irradiated control sample, green data
is irradiated sample. C)-H) series of photographs taken during doxorubicin
load and release process. C) H,0 washed and swollen gel. D) Hydrogel
submerged in doxorubicin loading solution (0.18 mM in H,O after 148 h
incubation. E) Doxorubicin loaded hydrogel taken out from the doxorubicin
loading solution. F) Doxorubicin loaded gel during 254 nm light irradiation.
G) After irradiation, the hydrogel object has fully disintegrated. H) Non-
irradiated control hydrogel after 24 h in H,0.

rate determined according the UV/Vis data. The quantum yield
(¢p) of photodegradation for crosslinker C2 equals ¢=0.14
calculated using UV/Vis data or ¢=0.13 calculated using
'HNMR data, which is in line with reported values of
comparable thioether phenacyl structures,”>*® and is higher
than typical o-nitrobenzyl or o-nitroveratryl cages."” Chromo-
phore extension brings the absorption into the visible range,
similar to other core-extended photocages such as nitrobenzyls,
acridines and some coumarins.*”

Chem. Eur. J. 2022, 28, €202103523 (4 of 7)

Next, we prepared hydrogel patches (4x4 cm, thickness ~
2 mm) loaded with BSA as a model protein (Figure 4A). First, a
BSA stock solution (60 ul, 0.63 mg/mL, phosphate buffer (PB)
(100 mM, pH 7.4)) was prepared and mixed with a dextran-
alkyne solution (10 wt% in DMSO), which subsequently was
mixed with a crosslinker C2 solution (400 pl, 4.61 uM, DMSO)
containing Cu-click reactants (Cul 3.2 uM, DIPEA 8.6 uM, DMSO)
and transferred to a quartz cuvette (4x4x4 cm) to gel over-
night. After washing the hydrogel patches (details in Supporting
Information), one hydrogel was irradiated with 375 nm light in
order to degrade the hydrogel matrix and release the loaded
BSA (66.5 kDa). Another hydrogel was kept in the dark as a
control. During irradiation, aliquots were collected and sub-
sequently analyzed for their protein content by SDS-page gel
analyses (sample mixture fluorescently labelled with NHS—Cys5,
details in Supporting Information) (Figure 4B, right lanes). Here,
we observed an increasing trend in fluorescence intensity as
irradiation time increases, indicating the release of BSA protein.
In contrast, barely any fluorescent signal is observed in the non-
irradiated control hydrogel after 24 h (Figure 4B, left lanes),
indicating that the mesh size of the hydrogel matrix is small
enough to efficiently trap the BSA protein. The fluorescent
protein band is located high (approximately at 500 kDa range)
in the SDS-page gel, which is likely the result of resolubilized
dextran polymer (500 kDa) during light irradiation, resulting in
clogging of the SDS-page gel which prevents BSA to migrate
freely through the SDS-page gel material®” Since NHS-
fluorescent labelling is specific towards protein amines, we are
confident that we are observing the light triggered release of
BSA protein from the dextran hydrogel matrix. This is supported
by accompanying UV/Vis (NanoDrop) data we collected, which
shows a linear increase of protein release reaching a 45%
release efficiency after 24 h of 375 nm light irradiation (Fig-
ure 4C). Encouraged by these results we decided to load human
1gG in our hydrogel patches. Human IgG is an interesting model
protein as antibodies and antibody drug conjugates (ADC) are
potent anticancer agents.®” The molecular weight of human
IgG is approximately 150 kDa which is 2.3 times heavier than
BSA (66.5 kDa). Larger molecules typically diffuse slower from a
hydrogel matrix.”*®! This allowed us to reduce the crosslinker C2
loading (25% lower initial C2 concentration) in our hydrogels
while still hampering protein diffusion from the hydrogel
matrix. To test antibody release, we prepared hydrogel patches
as described before, and loaded human IgG (0.5 mg/mL). After
gelation was complete, 375 nm light irradiation was started and
the IgG release was quantified according a Bradford assay. We
found a linear increase in IgG concentration with increasing
irradiation time, reaching a release efficiency of 96 % after 9 h of
375 nm light irradiation (Figure 4D).

Encouraged by our obtained results on light triggered
protein release, we were curious if we could photodegrade our
hydrogel using real CL, which would result in protein release.
To test this, we prepared protein containing hydrogel patches
of which one was placed in a ®Co-source and one was kept
aside as a control. The vy-radiation emitted by a ®Co source
(0.6 kGy/h) generates low intensity light due to the Cerenkov
effect, which could potentially trigger the photocleavage of

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 2. Synthetic pathway for the 5-step synthesis of bis-azide crosslinker C2.
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C) Absorbance at 383 nm over time. Black data is non-irradiated control sample, blue data is irradiated sample.

crosslinker C2, resulting in the triggered release of the loaded
proteins. However, we did not detect a significant amount of
protein in the hydrogel’s supernatant aqueous solution com-
pared to the control hydrogel, indicating that the triggered
release had failed. When visually inspecting the y-irradiated
hydrogels we observed a remarkable contraction effect where
the hydrogels consistently showed a macroscopic contraction
of the hydrogel volume. Inspired by these results we started to
investigate this contraction effect and found that the residual,
unreacted alkyne moieties after initial Cu-click mediated cross-
linking, form new alkyne-alkyne crosslinks. These secondary v-
irradiation induced crosslinks result in an increased hydrogel
stiffness and a significantly reduced hydrogel volume.*? More-

Chem. Eur. J. 2022, 28, 202103523 (5 of 7)

over, the diffusivity of the hydrogel loaded proteins is thus
further restrained due to the increased crosslink density, which
explains why no protein release was observed. All together, we
were not able to perform proper CL triggered release experi-
ments, due to the inference caused by the residual alkyne
groups. For future hydrogel design we will have to carefully
design the polymer backbone structure and avoid residual
reactive groups that potentially could interfere with y-radiation.
At present, CL-triggered release using phenacyl crosslinkers
remains inconclusive.
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Figure 4. A) Schematic representation of a dextran-based protein loaded hydrogel, which shows light triggered protein release. B) Fluorescent SDS-page gel
analysis of aliquots collected during 375 nm light irradiation experiments of BSA loaded C2 crosslinked hydrogel patches. The collected aliquots where
incubated with NHS—Cy5 fluorophore prior to SDS-page gel analysis. Fluorescent intensity of the entire lane was analyzed. Control samples show no
fluorescent signal except the 24-hour timepoint which shows low intensity fluorescence. An increase in fluorescence is observed over a time span of 24 h. C)
375 nm light triggered release of BSA from C2 crosslinked hydrogel patches. BSA concentration was determined by UV/Vis analysis (NanoDrop). Initial BSA
hydrogel loading = 1.8 ng/mL, maximal detected BSA concentration after 24 h of light irradiation=0.8 pg/mL (45 % release efficiency). SD determined by n=2
experiments. D) 375 nm light triggered release of IgG from C2 crosslinked hydrogel patches. IgG concentration was determined by a Bradford assay. Initial IgG
hydrogel loading =0.5 mg/mL, maximal detected IgG concentration after 9 h of light irradiation =0.48 mg/mL (96 % release efficiency). SD determined by
n=2 experiments.
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