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PDT has gained growing interest as a prospective approach for cancer therapy, thanks to its minimal

invasiveness and low systemic toxicity, making it a promising therapeutic option. Nevertheless, type II

PDT is significantly influenced by the oxygen levels in the tumoral microenvironment. Consequently, the

weak oxygen pressure encountered in hypoxic regions of solid tumours poses a significant challenge in

cancer treatment. In this case, PDT efficiency is reduced and the existing hypoxia is intensified by

oxygen consumption and vascular closure, activating the angiogenic factors and thus, potentially leading

to cancer recurrence and progression. We describe here a series of thiochromenocarbazole imide (TCI)

photosensitizers featuring carbonic anhydrase inhibitors (CAi) of the sulfonamide, coumarin and

sulfocoumarine type, designed to alleviate the consequences of PDT-induced hypoxia by merging the

advantages of hCA IX knockdowns with PDT. TCIs with coumarin and sulfocoumarin moieties showed

selective inhibition against tumour-associated hCA IX and hCA XII, while TCI incorporating

benzenesulfonamide moieties also showed activity against the off-target hCA II. In biological assays, the

TCI photosensitizer incorporating coumarin-based CAi demonstrated minimal dark toxicity and

showcased strong imaging and photodynamic therapy (PDT) effects in both in vitro and in vivo settings.

Introduction

Photodynamic therapy (PDT) has emerged as a promising
therapeutic approach for solid cancer treatment, due to its
minimal invasiveness, high safety and low systemic toxicity.1,2

A typical PDT process involves the in situ formation of cytotoxic
reactive oxygen species (ROS) such as singlet oxygen (1O2),
peroxide (O2

�), superoxide (O2
��) and the hydroxyl radical

(HO�) through the photoexcitation of a photosensitizer (PS), accu-
mulated in the tumour, under appropriate light irradiation.3,4 The
PDT process can be categorized into type I and type II depending on
the photo-triggered reactions that occur between PS and the sub-
stances in its vicinity.3,4 Specifically, type I reaction involves either
hydrogen atom abstraction or electron transfer, ultimately leading
to the formation of radicals and hydrogen peroxide (H2O2) while
type II leads to the generation of singlet oxygen (1O2) by energy
transfer from the electronically excited triplet-state PS to the ground-
state molecular oxygen (3O2).3,4 Type II PDT is the dominant
mechanism since most of PSs are type II.3,4 Unfortunately, this
dependency on the surrounding oxygen contradicts the inherent
properties of tumour hypoxia.

Hypoxia is a salient and important feature found in the
microenvironment of solid tumours due to the fast cancer cell
proliferation and irregular angiogenesis.5 The oxygen pressure
typically falls below 10 mmHg in the hypoxic regions of the
tumour in contrast to the 40–60 mmHg range found in most
healthy tissues.6 Consequently, since type II PDT is highly
dependent on oxygen concentrations, the hypoxic tumour
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e Université de Lorraine, CNRS, LRGP, F-54000 Nancy, France
f Latvian Institute of Organic Synthesis, Aizkraukles 21, 1006, Riga, Latvia

† Electronic supplementary information (ESI) available: Experimental section,
optical properties, hCA inhibition assays, biological assays. See DOI: https://doi.

org/10.1039/d3ma00926b

Received 29th October 2023,
Accepted 8th February 2024

DOI: 10.1039/d3ma00926b

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
H

la
ko

la
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5-

12
-0

5 
21

:0
3:

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-1176-5335
https://orcid.org/0000-0003-4539-1677
https://orcid.org/0000-0002-6834-9597
https://orcid.org/0000-0002-7659-3864
https://orcid.org/0000-0002-9471-1342
https://orcid.org/0000-0001-5284-0931
https://orcid.org/0000-0001-9641-212X
https://orcid.org/0000-0003-4262-0323
https://orcid.org/0000-0003-3781-887X
https://orcid.org/0000-0003-3197-3414
https://orcid.org/0000-0002-8473-8197
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00926b&domain=pdf&date_stamp=2024-02-22
https://doi.org/10.1039/d3ma00926b
https://doi.org/10.1039/d3ma00926b
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00926b
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005010


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 4172–4177 |  4173

microenvironment not only hampers the PDT efficiency but
also exacerbates the existing hypoxia by consuming oxygen and
vascular closure.7 Hypoxic cells respond to PDT-induced
damages by activating signaling cascades mostly regulated by
transcription factors HIFs (hypoxia-inducible factors 1 and 2,
HIF-1/2) and by releasing pro-angiogenic growth factors which
sustain survival, stimulate metastasis, invasiveness, and recur-
rence of tumour cells.8,9 Several strategies, including the direct
delivery of exogenous oxygen to the tumour or the generation of
oxygen in situ, have been developed to partially alleviate tumour
hypoxia.10–13

However, these methods provide only a temporary oxygen
supply and often result in modest degradation of HIF-1, which
can significantly compromise PDT effectiveness. Consequently,
the inhibition of the HIF-1 signalling pathway has emerged as a
promising approach to mitigate tumour hypoxia.

Human carbonic anhydrase IX (hCA IX) and another related
isoform, i.e. hCA XII, are transmembrane proteins regulated by
hypoxia-inducible factor (HIF) transcription factors, leading to
their overexpression under hypoxic conditions.14 These trans-
membrane isoforms hCA IX and hCA XII are members of the
hCA family of zinc enzymes (CA, EC 4.2.1.1) which play a crucial
role in regulating the pH balance within tumours, thereby
contributing to the survival, proliferation, invasion, and metas-
tasis of cancer cells.15 The overexpression and extracellular loca-
tion of the active site of hCA IX/hCA XII in hypoxic cancer cells
offer potential as a target for delivering PS to cancer cells in PDT,
with the aim of addressing the limitations associated with this
treatment approach. In 2017, Jung et al. described the synthesis
of a BODIPY-based PS featuring hCA IX inhibitor (CAi) acetazo-
lamide (AAZ).16 This PS, designed to specifically target hCA IX,
exhibited significantly improved effectiveness in causing photo-
toxicity in vitro against the aggressive human breast cancer MDA-
MB-231 cell line, both in standard culture and in a spheroid
model. Moreover, its ability to suppress tumour growth in vivo
was also demonstrated when tested on xenograft mice inoculated
with MDA-MB-231 cells. Since this pioneering work, a series of
CAi-PS systems including conjugated polymer,17 metal organic
framework,18,19 porphyrins,20–22 and metal complexes were
developed.23–26 We recently reviewed all these systems highlight-
ing that a synergistic treatment that enhances the PDT effect
against hypoxic cancer cells and reduces resistance can be
achieved by combining a PS with a CAi.27 Nevertheless, although
these studies have yielded promising results thus far, it is worth
noting that comprehensive inhibition studies against recombi-
nant proteins such as hCA IX, and hCA XII, as well as the
cytosolic off-targets hCA I and hCA II, have only rarely been
carried out.27

Herein, we design a series of CAi-PS hybrid systems incor-
porating as CAi either a classical benzenesulfonamide chemo-
type, known to strongly inhibit hCA isoforms with high
potency, or coumarin and sulfocoumarin-based moieties more
selective for hCA IX and XII and compare them with respect to
their carbonic anhydrase inhibition activities and phototoxic
effect.28–30 We opted to develop a metal-free PS based on the
thiochromenocarbazole imide (TCI) core, derived from the

N-annulation process of benzothioxanthene imide (BTI).31

The selection of the TCI core was driven by the existence of a
nitrogen-containing cycle, allowing for extra and orthogonal
functionalization through N-alkylation. Furthermore, its intri-
guing photophysical attributes, such as a high fluorescence
quantum yield and noteworthy spin–orbit coupling (SOC), can
be finely adjusted depending on the nature of the substituent.
Compared to the parent BTI, TCI was found to be able to
generate singlet oxygen (FD = 0.14 in CH2Cl2) due to increased
intersystem crossing (ISC) transition.31 To increase the singlet
oxygen generation quantum yield, we decided to introduce a
bromine substituent, a well-known strategy to achieve efficient
singlet oxygen sensitizers due to SOC.32 The synthesis, optical
properties as well as detailed biological and PDT studies in a
human breast adenocarcinoma (MDA-MB-231) cell line of this
innovative CAi-TCI hybrid system were then investigated.

Results and discussion
Design and synthesis

The synthetic route to a series of TCI PS featuring CAis is
illustrated in Scheme 1. This series of PSs was achieved by
formation of a 1,2,3-triazole bridge between a carbonic anhy-
drase inhibitor (coumarin, benzenesulfonamide and sulfocou-
marin) and TCI-based PS through a Cu(I)-catalyzed 1,3-dipolar
cycloaddition. A TCI PS without hCA IX inhibitor 7 was also
prepared from hex-1-yne serving as a control system (Scheme 1).
Azido-functionalized TCI PS 3 was prepared in 68% yield by
N-alkylation of TCI 1 with 2-[2-(2-azidoethoxy)ethoxy]ethyl
4-methylbenzenesulfonate 2 in THF at 85 1C in the presence
of sodium hydride. The structure of TCI 3 was confirmed by IR
spectroscopy by the strong asymmetric stretching frequency at
2111 cm�1 related to the azido group. High-resolution ESI-TOF
mass spectrometry (positive mode) also revealed the presence of
the pseudo-molecular ion [M + H]+ at m/z = 622.1105 Da in
agreement with the calculated one (calcd m/z = 622.1118 Da).

Alkyne-substituted carbonic anhydrase inhibitors were then
grafted to azido-functionalized TCI 3 via a copper catalysed
azide alkyne cycloaddition reaction in a mixture of THF–H2O,
affording the TCI-CAi-based PSs 4–6 with yields ranging from
60% to 84%. A control system without a CA inhibitor was also
elaborated through the reaction of TCI 3 with hex-1-yne
(Scheme 1). The disappearance of the strong N3 stretching
bands in the ATR-FTIR spectra of TCIs 4–7 confirmed that
the cycloaddition occurred. The formation of the triazole ring
was also corroborated by 1H NMR spectroscopy and by the
presence of an additional singlet between 7.20 and 7.90 ppm.

Scheme 1 Synthetic route to CAi-based TCIs.
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Additional signals corresponding to CAi moieties were also
observed: two signals at 2.40 ppm (CH3) and 6.23 ppm (hydrogen
close to the carbonyl) for the coumarin-based TCI 4, two doublets
at 6.95 ppm and 7.79 ppm (hydrogens of the phenyl group) for the
benzenesulfonamide-based TCI 5, signals between 6.75 and 7 ppm
(aromatic hydrogens) for the sulfocoumarin-based TCI 6 and
finally, signals corresponding to the CH2 and CH3 groups between
0.90 and 2.26 ppm for TCI 7. Finally, the presence of monocations
[M + H]+ was also observed in the high-resolution ESI-TOF mass
spectra (positive mode) of all CAi-TCI PSs 4–6 as well as the control
PS 7.

Optical properties

All molecules were studied in diluted DMF solutions and their
absorption, maximum emission wavelength, fluorescence quan-
tum yield and lifetime were systematically studied. The absorption
and emission spectra of CAi-TCI 4 are depicted in Fig. 1 as an
example. All the CAi-TCI hybrid systems exhibit two broad absorp-
tion bands centered at around 410 nm and 480 nm corresponding
to the absorption of the TCI central core. These CAi-TCI hybrid
systems exhibit a broad emission band at 532 nm with moderate
Stokes shift (B50 nm) and fluorescence quantum yields between
0.13 and 0.20 using rose bengal as a reference (FF = 0.11 in
EtOH).33

The ability of PSs 4–7 to generate 1O2 was then evaluated by
monitoring its photoluminescence (PL) at 1270 nm in aerated
DMF using rose bengal as a reference (FD = 0.40).33 As shown in
Table 1, the nature of CAi had very little effect on the produc-
tion of 1O2 with a 1O2 yield between 0.31–0.40 for all TCIs 4, 6, 7
whereas in the case of 5, a little lower 1O2 quantum yield is
noticed. These yields are in the same range as that of rose
bengal.34 Indeed, the presence of a halogen substituent, namely
bromine, on the TCI core enables efficient singlet oxygen
generation due to increased singlet-to-triplet inter-system
crossing (ISC) owing to the so-called heavy atom effect.31

Carbonic anhydrase inhibition assays

The CAi-TCI hybrid systems 4–6 as well as TCI PS without hCA
IX inhibitor 7 were subsequently assessed for their inhibitory

activity against carbonic anhydrases, using a stopped-flow assay
method. Four clinically relevant human isoforms were investi-
gated including the two cytosolic off-targets, hCA I and hCA II,
along with two tumour-associated membrane-bound isoforms,
hCA IX and hCA XII. The clinically used acetazolamide (AAZ)
served as a reference drug (Table 2). As anticipated, the negative
control 7, which lacks a pharmacophoric CA inhibitory moiety,
exhibited no inhibitory activity (Ki 4 100 mM) against the four
tested isoforms. When compared to the standard drug AAZ,
which effectively inhibits all four CA isoforms considered in
this study, analogues 4, 5 and 6 exhibited lower effectiveness as
hCA IX and XII inhibitors.

However, derivatives 4 and 6 displayed strong selectivity, as
neither of them inhibited the cytosolic off-targets hCA I and
hCA II. Specifically, coumarin derivative 4 and sulfocoumarin
derivative 6 demonstrated identical activity profiles against the
membrane-bound isoforms, with an inhibitory activity against
hCA IX at 86.2 and 76.9 nM, respectively, and a slightly
improved inhibitory activity against hCA XII, with Ki values of
45.3 and 48.2 nM, respectively. Although compound 5 displayed
one of the best inhibition values against hCA IX and hCA XII,
with inhibition constants of 42.9 and 21.3 nM, respectively, it
exhibited the same inhibitory profile against hCA I and hCA II.
The lack of selectivity of benzenesulfonamide towards the
different CA isoforms is well-known28–30 and is due to the lack
of additional interactions with hydrophobic and/or hydrophilic
residues in the region of the active site, which influences the

Fig. 1 UV-visible absorption (black) and emission spectra (blue) of CAi-
TCI 4 in DMF (C = 1.5 � 10�5 mol L�1, lexc = 435 nm).

Table 1 Summary of the main spectroscopic and photophysical data for
all studied CAi-TCI hybrid systems

Compounds
labs

(nm)
e
(L mol�1 cm�1)

lem

(nm) FF
a

tobs

(ns) FD
ab

4 410 42 000 532 0.20 7.6 0.36
481 47 600

5 412 44 700 532 0.18 7.0 0.25
483 50 000

6 413 39 800 532 0.13 9.8 0.31
483 43 500

7 410 51 500 532 0.18 6.7 0.39
480 56 100

a Rose bengal was used as a reference both for determining fluores-
cence quantum yields and 1O2 generation efficiency. b 1O2 generation
efficiency.

Table 2 Inhibitory activity of PSs 4–7 against hCA I, hCA II, hCA IX and
hCA XII using acetazolamide (AAZ) as reference drug

Compounds

Ki
a (nM)

Cytosolic Membrane-bound

hCA I hCA II hCA IX hCA XII

4 4100 mM 4100 mM 86.2 45.3
5 89.5 28.7 42.9 21.3
6 4100 mM 4100 mM 76.9 48.2
7 4100 mM 4100 mM 4100 mM 4100 mM
AAZ 250 12 25 5.7

a Mean from three different measurements by a stopped flow technique
(errors were in the range of 5–10% of the reported values).

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
H

la
ko

la
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5-

12
-0

5 
21

:0
3:

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00926b


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 4172–4177 |  4175

inhibitor binding but also, the selectivity.35,36 Given the
absence of selectivity exhibited by compound 5, we considered
only the selective inhibitors 4 and 6, along with the negative
control 7, in the biological studies.

Biological studies in vitro

The biological potential of 4, 6 and 7 was studied both in vitro
and in vivo. First, human breast cancer cell line (MDA-MB-231)
was used to establish the dark cytotoxicity of these three
compounds. To achieve this goal and in order to reduce the
risk of precipitation due to solubilization of compounds in
aqueous media, the compounds were first dissolved in DMSO
followed by 10-fold dilutions in culture media. Fig. 2(A)
describes the cell viability after 72 h of incubation with increas-
ing concentrations of 4, 6 and 7 from 0.1 to 100 mg mL�1,
corresponding to 0.12 to 142.21 mM (Fig. S24 in the ESI†). As
observed, 4 and 6 exhibit relatively low toxicity in the studied
condition while 7 is strongly toxic from 5 mg mL�1 (7.11 mM). In
order to clearly demonstrate a PDT effect without any dark
toxicity background, we performed the PDT experiments by
incubating cells with only 0.5 mg mL�1 compound (Fig. 2(B)).

For this, MDA-MB-231 cells were incubated 24 h with 0.5 mg
mL�1 compound and excited during 30 s with a blue LED
source (470 � 22 nm). Two days later, living cells were quanti-
fied and Fig. 2(B) showed that compounds 4, 6 and 7 are very
efficient in killing cancer cells by PDT with 75%, 57% and 86%
of cell death induced by light excitation, respectively. Then, we
decided to analyse the imaging potential of such compounds by
incubating cells with the ligands at 10 mg mL�1 for 24 h.
Fig. 2(C) highlights the strong fluorescence of compounds 4

and 7 and the localisation inside the cells, which suggests their
potential for imaging of living cells.

These data demonstrate that 4 exhibits a low toxic level
without specific excitation, a strong PDT and imaging potential.
Compound 6 is not toxic in the studied conditions without
excitation, but it is less efficient in PDT and particularly in
imaging. Finally, while compound 7 may be deemed the most
effective choice for imaging and PDT, its notable high toxicity
above 5 mg mL�1 stems from its lack of specificity, as it can be
internalized by all cells owing to its lipophilic properties.

Biological studies in vivo

These highly encouraging results on cells led us to test their
effectiveness in vivo, on zebrafish embryos. This is a particularly
well-suited substitute animal model for small mammals to study
biocompatibility, PDT, and imaging.37,38 We first injected the three
compounds into the intravenous system of embryos. More pre-
cisely, 10 nL of 4, 6 and 7 at a concentration of 1 mg mL�1 in 5%
glucose were injected in the tail vein of embryos at 72 hours post-
fertilization (hpf). If we consider a total blood volume of around
80 nL for a 72 hpf embryo,39 the injection of 10 nL at 1 mg mL�1

allows to reach a final concentration of around 111 mg mL�1

(Fig. 3). As observed in vitro, at first sight, all compounds were
luminescence and very well dispersed in the embryos, suggesting a
good bioavailability, but analogue 6 was the least fluorescent. 4
was also well-dispersed and particularly luminescence when
observed under the same condition of 6, that is 3 hours after
injection and using a laser power of 30%.

Finally, the negative control 7 exhibiting a tremendous bright-
ness is visualized at only 1% laser power and immediately after
injection because embryos died in the minutes following the
injection. Taking all these results into account, we concluded that
compound 4 was the most effective in terms of imaging and PDT,
while maintaining a high level of safety. So, we decided to study
its PDT activity in vivo. For this, MDA-MB-231 cells stably expres-
sing red fluorescece protein were injected in the yolk of 30 hpf
embryos.

These MDA-MB-231 cells were previously treated (or not)
with 10 mg mL�1 of compound 4 for 24 h (Fig. 4). Twenty-four
hours after cell injection, embryos were imaged then, exposed to
blue light for 2 min. One day later, embryos were imaged again to
monitor the xenograft growth. By quantifying the fluorescence

Fig. 2 (A) Toxicity study on the human breast cancer cell line (MDA-MB
231) incubated 3 days with increasing concentrations of 4, 6, 7 and the
corresponding volume of the vehicle (DMSO). Values are mean � SEM of
three experiments. (B) Phototoxic effect of 4, 6, 7 on MDA-MB 231 cells
incubated with 0.5 mg mL�1 of compounds for 24 h then exposed to blue
light at 469–494 nm for 30 seconds using EVOS. Cell viability was
quantified after 48 h. Results are presented as mean � SEM of three
experiments. (C) Confocal microscopy imaging of living MDA-MB-231
cells incubated with 10 mg mL�1 of 4, 6, 7 for 24 h using confocal
microscopy LSM780.

Fig. 3 Casper zebrafish embryos at 72 hours post-fertilization (hpf) were
injected with 10 nL of 4, 6, 7 at a concentration of 1 mg mL�1 in 5% glucose
(final concentration B 111 mg mL�1). Embryos injected with 4 and 6 were
observed with LSM880 (laser power 30%) 3 h post-injection. Embryos
injected with 7 were observed with LSM880 (laser power 1%) immediately
after injection.
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intensity of the xenograft before and after light exposure, results
(Fig. 4) show the high efficiency of compound 4 in eradicating the
tumours.

Conclusions

In summary, we successfully designed and synthesized thio-
chromenocarbazole imide derivatives incorporating carbonic
anhydrase inhibitor moiety. Among the three CAi-TCI hybrid
systems that were the subject of biological assays, compound 4,
featuring the selective hCA IX/hCA XII coumarin inhibitor,
displayed low dark toxicity and exhibited robust imaging and
PDT effects both in vitro and in vivo. Interestingly, the negative-
control compound 7, lacking pharmacophoric scaffold able to
inhibit CA, surprisingly demonstrated significant imaging and

PDT effects, albeit with high toxicity. The high lipophilicity of
this non-targeted photosensitizer may account for its effective-
ness, as it can readily penetrate various cell types, thereby
explaining its significant toxicity. This underscores the impor-
tance of focusing on therapeutic targets, such as relevant carbo-
nic anhydrase isoforms, to address this issue. Altogether, this
study provides a valuable resource for the study of innovative
photosensitizers linked to selective carbonic anhydrase inhibi-
tors, with potential applications in imaging and phototherapy.

Data availability

All of the additional information and experimental data are
provided in the ESI.†
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Fig. 4 (A) Casper zebrafish embryos at 30 hpf were used for the micro-
injection of red fluorescence cells (MDA-MB-231-Luc-RFP) previously
incubated (or not) with 4. Each embryo received 10 nL of cell suspension
in the yolk. Injected Casper embryos with cells without 4 were used as
controls. (B) Twenty-four hours after injection, the embryos were exposed
or not to light excitation (470 nm) (n = 10/group) during 2 or 1 min (lex =
470 � 22 nm, 9.41 J cm�2). (C) The fluorescence intensity of the
xenografts before and 24 h after irradiation was quantified using the
ImageJ program. The corrected total cell fluorescence (CTCF) was calcu-
lated as CTCF = integrated density � (area of selected cell � mean
fluorescence of background readings) and the tumour regression (%)
was calculated considering the fluorescence intensity value of each
embryo before irradiation is 100%.
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C. M. Schlepütz, S. Sieber, P. Fluder, G. Schulz, H. Unterweger,
C. Alexiou, B. Müller, M. Puchkov and J. Huwyler, Small, 2020,
16(31), 2000746.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
H

la
ko

la
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5-

12
-0

5 
21

:0
3:

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1080/14728222.2023.2255380
https://doi.org/10.1080/13543776.2023.2245971
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00926b



