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Amygdalin is a natural glycosidic compound found in bitter almonds and apricot seeds. After enzymatic
hydrolysis, amygdalin forms a cyanohydrin which spontaneously decays to release toxic hydrogen
cyanide in a process called cyanogenesis. Due to this capacity to release cyanide, it has a long and
controversial history of use as an anticancer therapeutic in alternative medicine. However, the inability to
control amygdalin's cyanogenesis hinders its efficient medical use and renders it potentially dangerous.

In this study we describe the design and development of ‘photo-amygdalin’, a compound whose
Received 17th February 2025 . . . . . L )
Accepted 6th May 2025 cyanogenesis can be triggered by visible light. We synthesize photo-amygdalin inspired by the molecular
structure of amygdalin, illustrate its capability to form hydrogen cyanide upon irradiation through

DOI: 10.1039/d55c01248a a myoglobin test, and showcase its ability to significantly reduce the viability of a human cell line upon
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Introduction

Cancer is a major global health threat, most notably in the
developed world." In 2020, around 10 million people died of this
disease, and new cases are projected to rise worldwide by 47%
yearly by 2040.> Given this large disease burden, extensive
efforts are devoted to research towards the eradication of tumor
tissue. Besides surgical intervention, the main strategies used
for tumor-treatment are radiation in radiotherapy and the use
of cytotoxic agents in chemotherapy. Chemotherapy relies both
on synthetic as well as natural compounds, with widely used
Taxol being an example of the latter.> A major problem with
current chemotherapy remains the selectivity of targeting tumor
tissue over healthy tissue. Since most chemotherapeutical
agents lack this selectivity, they cause severe side effects that
often significantly reducing a patients’' quality of life.*
Cyanogenic glycosides are a class of natural compounds that
have a controversial history of use in chemotherapy.® These
plant-derived molecules characteristically feature a carbohy-
drate and cyanohydrin moiety, connected via a glycosidic bond.®
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irradiation, proving it to be 100-fold more potent than potassium cyanide.

Perhaps the most widely known cyanogenic glycoside is amyg-
dalin, a compound found in high concentrations in almonds,
apricot seeds and peach seeds.” Whereas amygdalin itself is
a stable compound, enzymatic hydrolysis of its B-glycosidic
linkage results in the formation of a labile cyanohydrin
(Fig. 1a).® Then, in a process called cyanogenesis, the formed
cyanohydrin dissociates into benzaldehyde and hydrogen
cyanide. Cyanide is infamous for its toxicity stemming from its
ability to inhibit metalloenzymes, in particular cytochrome c
oxidase (i.e. complex IV), which is an enzyme in the mito-
chondrial electron transport chain.**®

Amygdalin, together with its semi-synthetic analogue
laetrile, has a long history of use in alternative medicine for the
treatment of cancer.’ Proponents of its efficacy claim that
amygdalin specifically targets tumor cells over regular cells,
a hypothesis that thus far remains unproven.® The popularity of
amygdalin led to an investigation into its efficacy and a clinical
trial performed in 1982 dubbed amygdalin ‘a toxic drug that is
not effective as a cancer treatment’.”> On the other hand,
amygdalin's efficacy to limit the proliferation of cancer cells or
even induce their apoptosis in vitro has been
demonstrated.” >

Given that the crucial step in the activation of amygdalin's
cytotoxicity is enzymatic hydrolysis leading to cyanogenesis,
amygdalin's degree of cytotoxicity depends largely on the (over)
expression of beta-glucosidase, the enzyme catalyzing this
process. A study in which beta-glucosidase was specifically tar-
geted to tumor cells significantly increased the cytotoxicity of
amygdalin, illustrating that the natural activity of the enzyme -
and therefore the natural antitumor effect of amygdalin- is
limited.*® Furthermore, since the distribution of this enzyme is

Chem. Sci., 2025, 16, 10585-10594 | 10585


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc01248a&domain=pdf&date_stamp=2025-06-06
http://orcid.org/0000-0001-9948-6132
http://orcid.org/0000-0003-0355-7296
http://orcid.org/0000-0002-3058-2246
http://orcid.org/0000-0002-9754-9248
http://orcid.org/0000-0003-0588-8435
https://doi.org/10.1039/d5sc01248a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01248a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016023

Open Access Article. Published on 09 May 2025. Downloaded on 8/2/2025 7:41:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Amygdalin Glucosidase

0]
OH _—
s . O —=
OH H,0

Enzymatic hydrolysis

View Article Online

Edge Article

HCN

. .
HO // OH O\
=

OH

N Cyanohydrin
b) =y Alcohol
_O___Payload OH
'Photohydrolyis’ HO. Payload
o —_— *
@ G
T HCN
c) S -
N \“ NS 0
N O.__Payload R OH z
\n’ Photohydrolyis HO.__Payload
o — L —=
& v @ &
Cyanohydrin
d) Photo-Amygdalin HCN
N ¢ A
Bang R N R°
A > OH A OH
\l , N O
‘;' _4»
N
X N —_—
H,0 P
o~ N 0" X0 N o™ ~0
N 0" Yo P P
) 2°-PA,R =H R =H/Me R =H/Me
3°-PA,R =Me

Fig.1 Theoretical basis and design of photo-amygdalin. (a) Schematic representation of the enzymatic hydrolysis of amygdalin, resulting in the
formation of the cyanohydrin mandelonitrile and subsequent cyanogenesis. (b) Schematic representation of the ‘photohydrolysis’ process
occurring after irradiation of a heterolytic photocleavable protecting group (PPG), resulting in formation of the PPG-alcohol and liberation of the
payload. (c) Installation of a cyano-substituent at the PPG alpha-carbon would, under irradiation, result in payload release and formation of
a cyanogenic cyanohydrin. (d) Proposed design of a modified diethylamino-coumarin PPG that upon irradiation would release cyanohydrin.

non-specific to tumor cells, cyanogenesis remains untargeted as
well. Therefore, using amygdalin alone to selectively target
cancer cells will be ineffective and cyanide poisoning resulting
from untargeted cyanogenesis in healthy tissue will remain
a considerable risk.

In this work, we aimed to design and evaluate a molecular
system that would allow a highly precise control over the release
of cytotoxic cyanide. Drug activation and targeting can be ach-
ieved in a variety of ways, such as pH-dependent activation'® or
conjugation with antibodies.”” However, we reasoned that
a system depending on light-activation would allow a particu-
larly high degree of control. For example, in photo-
pharmacology, the use of light-controlled drugs allows for their
activation in space and time with high accuracy simply by
directing the irradiation source,'*>* a degree of control that's
unattainable using pH- or antibody-dependent strategies.

The crucial step in cyanogenesis is the hydrolysis of the
glycosidic bond, which liberates the unstable cyanohydrin
moiety. Fundamental to the design of our photochemical tool,
we recognized that hydrolysis of a bond could also be achieved
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photochemically using heterolytic photocleavable protecting
groups (PPGs). Upon irradiation in water, a PPG of this type
undergoes a form of photo-hydrolysis of the bond between the
payload and the PPG alpha-carbon, to form the PPG-alcohol and
liberate the payload (Fig. 1b).>** Building on this reactivity
pattern, we envisioned that, when a cyano-group is installed at
the PPG alpha-carbon, the resulting PPG photoproduct would
not be an alcohol but a cyanohydrin (Fig. 1c). Analogously to the
formed cyanohydrin in the case of amygdalin, this photo-
product should be unstable and undergo cyanogenesis,
a process that therefore could hypothetically be activated by
light, non-invasively and with high spatial-temporal precision.
Additionally, whereas in the case of amygdalin the hydrolysis
product besides the cyanohydrin is glucose (Fig. 1a), the use of
a PPG would mean that the second ‘photohydrolysis’ product
would be its payload (Fig. 1c). Conveniently, this payload could
be chosen freely and could be any small molecule of interest.
For example, in the field of photopharmacology, PPGs have
been widely used to release bioactive (chemotherapeutic)
payloads upon irradiation, allowing for their light-controlled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activation.'®?%>” Qverall, the conceptual cyano-PPG displayed
in Fig. 1c would liberate two distinct payloads upon irradiation.

While in principle any member of the class of heterolytic
PPGs could be used to test the hypothesis outlined in Fig. 1c, we
decided to use diethylamino-coumarin PPGs. Coumarin PPGs
are one of the oldest members of the class of heterolytic PPGs
and are synthetically easily accessible. Furthermore, they
undergo visible light activation (violet-blue light, A = 400 nm)
and feature higher photolysis quantum yields (QYs) than other
members of the class of heterolytic PPGs that respond to green-
or red-light.”*>" We therefore designed coumarin based photo-
amygdalin compounds featuring a cyano-substituent at the
PPG alpha-carbon and bearing a model acetic acid (AcOH)
payload (Fig. 1d). Furthermore, we compared the performance
of both the classical secondary coumarin PPG (Fig. 1d, 2°-PA)
and its tertiary analogue (Fig. 1d, 3°-PA), inspired by our recent
discovery of the increased uncaging quantum yields featured by
tertiary PPGs in which the carbocation formed after uncaging is
stabilized through hyperconjugation.*

Results and discussion
Synthesis

Often, the last step in the synthesis of PPG-payload conjugates
is the reaction between the desired payload and the PPG-
alcohol.*® However, in the case of 2°-PA and 3°-PA, the PPG
bearing a hydroxyl functionality would not be a simple benzylic
alcohol, but a labile cyanohydrin. Therefore, we initially sought
a way to avoid the necessity for isolation of the cyanohydrin
intermediate. Inspired by a literature procedure,® a biphasic
system was used containing NaCN, acetic anhydride and
a phase-transfer catalyst. Starting from coumarin-aldehyde 1,
this yielded the acetylated cyanohydrin 2°-PA conveniently in
one step (Fig. 2). Formation of tertiary analogue 3°-PA using this
procedure proved unsuccessful, arguably due to the reduced
electrophilicity of ketone 2 as compared to the aldehyde.
Therefore, we decided to test a two-step procedure, first forming
the cyanohydrin intermediate 3 using NaCN in a mixture of
ethanol and acetic acid. While the formed intermediate 3 was
indeed unstable and slowly decomposed back to the ketone, it
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was sufficiently stable to endure a workup. Subsequent acety-
lation using acetic anhydride in DCM yielded the desired
compound 3°-PA. Both 2°-PA and 3°-PA were sufficiently stable
to be isolated and characterized successfully.

Photochemical evaluation of 2°-PA and 3°-PA

With the secondary and tertiary model photo-amygdalins in
hand, we set out to study their photochemical properties. Irra-
diation of solutions of both compounds in water with violet
light (A = 390 nm) led to remarkably fast changes in their
absorption spectra, and stable spectra were obtained after only
seconds of irradiation. To study the process in more detail, the
irradiation intensity was lowered (photon flux lowered ~5-fold
from 33.5 x 107° to 7.05 x 10~° mmol s~ ') and absorption
spectra were recorded upon irradiation (Fig. 3a). Interestingly,
3°-PA showed a pronounced change in the shape of the spec-
trum upon irradiation, hinting at the formation of compounds
structurally significantly different from 3°-PA and therefore
indicating a complex photochemical mechanism. HPLC-MS
analysis of irradiated samples of 2°-PA and 3°-PA revealed that
for both compounds no single major PPG-derived photoproduct
was formed, but a variety of species (ESI Section 2.4F). Whereas
the m/z signal corresponding to the expected ketone photo-
product could be observed in the irradiated sample of 3°-PA, in
the irradiated samples of 2°-PA neither the aldehyde nor its
hydrate were observed (see ESI Section 2.47).

The QY of PPG conversion could be determined by UV-vis
spectroscopy. To our surprise, these quantum yields were
found to be remarkably high, around 46% for 2°-PA and 32% for
3°-PA (Fig. 3c). Given that a cyano-substituent is an electron
withdrawing group - as indicated by its strongly positive
Hammet o,-constant of 0.66 (ref. 33) — we were initially puzzled
by these results, since the installation of an electron with-
drawing group at the PPG alpha-carbon should reduce stability
of the intermediate PPG alpha-cation formed in the photolysis
process and therefore reduce the QY.**** A possible explanation
for the remarkably high QY could be cation stabilization
through delocalization of the m-electrons of the cyano group.
Cyano-substituents have previously been found to stabilize
alpha-cations in some cases, and this -donor effect is higher
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Fig. 2 Synthesis of the photo-amygdalins 2°-PA and 3°-PA.
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Fig. 3 Photochemical evaluation of 2°-PA and 3°-PA. (a) UV-vis absorption spectra of 2°-PA (left) and 3°-PA (right, both at 55 uM concentration
in 97 : 3 (v/v) water/MeCN, 25 °C) upon irradiation (Anax = 390 nm, total irradiation time 5 min, photon flux 7.05 x 10~® mmol s7Y), the insert

shows the change in absorption at 320 nm upon irradiation. (b) Structures
3°-PA (n = 3, determined from (a)). (d) Partial *H-NMR spectra of 2°-PA

of 2°-PA and 3°-PA (c) Quantum yields of PPG conversion of 2°-PA and
and 3°-PA (2 mM, DMSO-dg/D,0 1:1) in the dark (bottom) and after

irradiation with violet light (Anax = 400 nm, 5 min for 2°-PA, 10 min for 3°-PA, middle spectrum). The release of AcOH was confirmed through
a spike with AcOH (top spectrum). For 3°-PA, two singlets are observed in the dark, stemming from the acetate and methyl protons. Complete

spectra can be found in the ESL.{

for unstable cations.*® To further test this hypothesis, we per-
formed DFT-calculations to investigate the heterolysis of acetate
in the first singlet excited state (S;), the state in which the
uncaging of coumarin-PPGs is known to occur.* These calcu-
lations revealed that the introduction of the cyano-substituent
indeed resulted in a significant reduction in the computed
energy barriers of acetate heterolysis in S;, displaying barrier
heights of 5.9 and 8.3 kcal mol " for 2°-PA and 3°-PA, respec-
tively (see ESI Section 5%). In contrast, analogous coumarin
molecules solely lacking the cyano substituent show energy
barriers of 12.0 and 9.6 keal mol ' for the analogues of 2°-PA
and 3°-PA, respectively.” Furthermore, while our DFT-
calculations were unable to detect a CIP intermediate in S;, in
T; highly stabilized CIP intermediates were found for both
compounds (ESI, Fig. S367), further hinting on the stabilizing
nature of the cyano substituent.

Subsequently, we set out to study whether irradiation of the
compounds indeed led to liberation of both payloads: acetic
acid and cyanide. 'H-NMR analysis in D,O/DMSO-ds 1:1
revealed that upon violet light irradiation (Anax = 400 nm),
acetic acid was released from both PPGs (Fig. 3d). Detection of
the release of cyanide proved to be more challenging. "H-NMR
analysis did not allow for its detection since the use of

10588 | Chem. Sci, 2025, 16, 10585-10594

deuterated solvents would lead to the formation of DCN instead
of HCN. Furthermore, since we reasoned water to be crucial in
the cyanogenesis process through formation of the cyanohydrin
intermediate, the requirement for a high water content of the
mixture did not allow us to reach a sufficiently high concen-
tration of the PPGs for the detection of the *C-signal of cyanide.

Cyanide release studied using the myoglobin test

To confirm the release of cyanide, we decided to use UV-vis
spectroscopy, a technique that would enable the detection of
low concentrations and accordingly allow for high water
contents of the mixture. Seeking a method for visualization of
cyanide formation, we realized that some metal-complexes
reveal the binding of cyanide through changes in their
absorption spectrum. One of these complexes is myoglobin, an
analogue of hemoglobin responsible for the storage of oxygen in
muscle tissue.***® The Soret-band of myoglobin is sensitive to
the presence of different ligands, and its Ana.x value changes
depending on which ligand (e.g. O,, CO or CN) is bound.*”
The addition of NaCN (40 uM) to a solution of myoglobin (1.5
uM) in PBS-buffer, followed by a 10 min incubation period, led
to a clear (~15 nm) bathochromic shift in the absorption
spectrum (Fig. 4a), resulting in an absorption peak at 423 nm,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Results of the myoglobin cyanide test. (a) Normalized UV-vis absorption spectra of myoglobin (1.5 uM) in PBS-buffer (pH 7.3) at 25 °C in
the absence and presence of cyanide (40 puM). (b—d) UV-vis absorption spectra of myoglobin (1.5 uM) in PBS-buffer (pH 7.3) at 25 °C in the
presence of compound 4/2°-PA/3°-PA (50 uM), that was either irradiated ('light’, Amax = 390 nm, 1 min for 2°-PA and 3°-PA, 2 min for 4) or kept in
the dark for the same period of time (‘'dark’). Also shown is the absorption spectrum of myoglobin as reference. For (b—d), the absorption spectra
of compounds 4, 2°-PA or 3°-PA after dark incubation or irradiation was subtracted before the addition of myoglobin. All displayed spectra were

recorded after incubation at 25 °C for 10 min.

corresponding to the absorption spectrum of a myoglobin-
cyanide complex reported in literature.’” With this positive
control confirming cyanide-binding through UV-vis spectros-
copy, we set out to study the effect of addition and irradiation of
PPGs 2°-PA and 3°-PA on the absorption spectrum of
myoglobin. Inconveniently, the absorption spectra of these
coumarin compounds also show A, values around 400 nm
and therefore would show significant overlap with that of
myoglobin, complicating the detection of cyanide-binding.
Therefore, we decided to use aqueous solutions of 2°-PA and
3°-PA that were either irradiated or kept in the dark as blank
measurements, and subsequently add myoglobin. Initially,
these experiments were performed with tertiary coumarin 4,*
a control PPG also bearing an acetate payload but lacking the
cyano-substituent. The presence of this compound had no
effect on the absorption spectrum of myoglobin and both the
samples that were kept in the dark or irradiated showed the
same A, value as myoglobin itself (Fig. 4b).

Unfortunately, the use of 2°-PA led to the formation of cyano-
myoglobin both in dark and irradiated samples, indicating that
2°-PA was not stable for the incubation period (Fig. 4¢c). This was
later confirmed by UV-vis and UPLC-MS studies under pro-
longed incubation in aqueous solution, which showed a hydro-
lytic instability of 2°-PA (ESI, Section 3f). In the same
experiments, 3°-PA showed high hydrolytic stability, showing
just minimal hydrolysis after 48 h at RT. To our delight,

© 2025 The Author(s). Published by the Royal Society of Chemistry

irradiation of the 3°-PA samples led to the formation of cyano-
myoglobin, whereas in samples that were kept in the dark the
natural peak of myoglobin was retained (Fig. 4d). These results
demonstrate that for 3°-PA, the desired irradiation-dependent
cyanogenesis was achieved and, importantly, cyanogenesis did
not occur in the dark in the incubation period.

While this test allows for the detection of cyanide and shows
proof of principle, it does not allow for its quantification.
Studying whether complete consumption of 3°-PA under irra-
diation would result in the equimolar formation of cyanide
would require a more sensitive cyanide detection method. The
release of cyanide is likely partly due to formation of the
intermediate labile cyanohydrin, supported by the ketone
observed after irradiation of 3°-PA (ESI Section 2.41). However,
at the moment we cannot confirm if other photochemical
pathways also contribute to cyanogenesis. Given the formation
of a wide range of other photoproducts besides the expected
ketone resulting from the irradiation of 3°-PA (ESI Section 2.47),
it is likely that alternative photochemical routes are also
contributing to cyanide formation.

In summary, both 2°-PA and 3°-PA release their payloads,
HCN and AcOH, upon irradiation with remarkably high
quantum yield. Whereas 2°-PA showed hydrolytic instability
releasing cyanide in the dark, 3°-PA showed improved hydro-
Iytic stability and no cyanogenesis in the dark. Based on these

Chem. Sci., 2025, 16, 10585-10594 | 10589
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displayed spectra recorded after incubation at 25 °C for 10 min).

results, we decided to use 3°-PA featuring the additional methyl
group at the alpha-carbon in our further studies.

Given that the cytotoxic effect of cyanide is a result of
a mitochondrial enzyme inhibition, we reasoned that when 3°-
PA is accumulated in mitochondria, upon irradiation a higher
concentration of cyanide would be released at its site of action,
increasing the cytotoxic effect. Mitochondria can be specifically
targeted by certain molecular moieties, for example triphenyl-
phosphonium (TPP) compounds are known to accumulate in
these organelles.*®** TPP-functionalization of lonidamine,
a drug targeting tumor cell glycolysis, resulted in a significant
increase in its potency.” Inspired by this observation, we
installed the TPP functionality on the tertiary cyano-coumarin 3
through a reaction with TPP-COOH (Fig. 5a). In a one pot
procedure, initially the acyl chloride of TPP-COOH was formed
followed by the addition of cyanohydrin 3, yielding the cyano-
genic triphenylphosphonium PPG 3°-TPP. The myoglobin test
confirmed that 3°-TPP shared the favorable properties of 3°-PA
and released cyanide solely upon irradiation (Fig. 5b).

Cell viability assay

We set out to study the cytotoxicity of the synthesized
compounds 3°-PA and 3°TPP towards human embryonic
kidney cells (HEK239). In this assay, the concentrations of both
3°-PA and 3°-TPP, as well as the irradiation times, were varied.
Cells were incubated with the photo-amygdalins for 24 h, and
subsequently either irradiated (A = 400 nm) for one or five
minutes or kept in the dark. Afterwards, cells were incubated at
37 °C for 24 h, and viability was evaluated using a 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay. Furthermore, in these experiments, control compound 4
was included, featuring a tertiary coumarin PPG core bearing an
acetic acid payload (Fig. 6a). Just as for 3°-PA, upon irradiation
of compound 4 acetic acid is released, but since this compound
does not contain a cyanide substituent at the alpha-carbon, no
cyanogenesis takes place, as was also confirmed by the
myoglobin test (Fig. 6b). Therefore, compound 4 provides the
control to establish the effect of irradiation dependent release
of acetic acid itself.

10590 | Chem. Sci, 2025, 16, 10585-10594

In a 24 h incubation period, 3°-PA showed a decent stability
in phosphate-buffer at the temperature used in the assay (37 °©
C), according to UV-vis and UPLC-MS measurements (ESI
Section 31). Unfortunately, 3°-TPP did not display a stable
absorption spectrum at this temperature, and UPLC-MS studies
also indicated a reduced stability of 3°-TPP in these conditions.
Nevertheless, we were interested to see how both compounds
would behave in the cell viability assay.

Initially, we established that irradiation of the cells with
violet light (A = 400 nm) for 5 min itself had no effect on cell
viability (Fig. 6b, DMSO). Furthermore, control compound 4
also had no effect on cell viability at concentrations up to 75 uM,
both in the dark and upon irradiation (Fig. 6b). Excitingly, for
cyanogenic PPGs 3°-PA and 3°-TPP, the release of cyanide at pM
concentrations did reduce the mean cell viability (Fig. 6¢c and d).
Also, irradiation of both cyanogenic PPGs resulted in a signifi-
cant reduction in mean cell viability as compared to irradiation
of compound 4 (Fig. 6e). At a 50 pM concentration and an
irradiation time of merely 1 min, 3°-TPP reduced the mean cell
viability down to 50% (Fig. 6d).

The statistical significance of the data was evaluated through
ANOVA tests. For both compounds, no statistical difference in
cytotoxicity between one and five minutes of irradiation was
observed (all p-values > 0.4, see ESI Section 4.37), suggesting
that the majority of PPGs undergoes photolysis within the first
minute of irradiation. These results are in agreement with the
high QY that was determined earlier for 3°-PA (Fig. 3c), high-
lighting the efficiency of these compounds. However, while
irradiation of 3°-PA at all tested concentrations did lower the
mean cell viability (6c), for this compound the difference
between dark and irradiated samples was not found to be
statistically significant. Comparing the cytotoxicity of 3°-PA
upon irradiation with that of control compound 4 did reveal
a statistically significant difference (6e). Gratifyingly, for the
mitochondria-targeted 3°-TPP a statistically significant differ-
ence in cell viability was found between irradiated and dark
samples at 50 and 75 pM (6d). Furthermore, comparing the
cytotoxicity of 3°-TPP upon irradiation to that of compound 4
revealed highly significant differences (6e). Although upon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different cell batches were used.

irradiation 3°-TPP reduced cell viability to a larger extent than
3°-PA did, this difference was found to be not significant (6e).

While irradiation of both 3°-PA and 3°-TPP resulted in
significant cytotoxicity as compared to control compound 4,
only for 3°-TPP the effect of irradiation itself was found to be
unequivocally established. This indicates that also in the dark,
a certain amount of cyanide is released from the cyanogenic
compounds. Surprisingly, cytotoxicity in the dark is comparable
for both compounds (Fig. 6¢c and d, grey bars), indicating
a comparable stability of 3°-PA and 3°-TPP. Therefore, the
reduced stability of 3°-TPP as compared to 3°-PA that was
determined in water (ESI Section 3.27) is not reflected in the
results of the cell viability assay. While these results at first
glance seem confusing, they could stem from a difference in
stability of the compounds once they are taken up by the cell, as
compared to their stability in PBS-buffer. While the localization

© 2025 The Author(s). Published by the Royal Society of Chemistry

of the coumarin-PPGs inside the cell so far remains unknown, if
these lipophilic compounds were to be taken up in the cellular-
or mitochondrial-membrane, they would likely feature an
increased stability as compared to that in an aqueous medium.
After uptake, cellular-stability should be the determining factor
rather than hydrolytic stability, and the observed similar dark
cytotoxicity could indicate that 3°-PA and 3°-TPP show a similar
cellular-stability. Furthermore, we hypothesized that outside of
the cell, the instability of 3°-TPP might be less relevant since
cyanide formation in the medium would likely have a lower
cytotoxic effect than cyanide formation inside the cell after PPG
irradiation. Studies in a 2 : 1 MeCN/PBS-buffer mixture showed
excellent stability of 3°-PA and even 2°-PA, with both
compounds showing no hydrolysis after 48 h, illustrating
a potentially higher stability in more hydrophobic environ-
ments such as cell membranes (ESI Section 3.21). In the same
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study, 3°-TPP also showed high stability, while it degraded
rapidly in 99 : 1 water/DMSO, indicating that the higher amount
of acetonitrile reduces its hydrolysis rate significantly.

Given these hypotheses, we ultimately set out to study the
cytotoxic effects of potassium cyanide (KCN) itself. Using the
same procedure for the cell viability assay, the cells were incu-
bated with KCN. Excitingly, as compared to the cyanogenic
PPGs 3°-PA and 3°-TPP, a ~100-fold higher concentration of
KCN was required to cause similar cytotoxicity (Fig. 6f). This
indicates that cyanide delivery inside the cell constitutes the
main bottleneck for its cytotoxicity, a bottleneck that then can
be effectively overcome through the use of photo-amygdalins
acting as “Trojan horses”, i.e., masked, photoactivatable sour-
ces of cyanide.

Conclusion and outlook

In this study, we present the design, photochemical evaluation
and cell toxicity studies of photo-amygdalins. These coumarin-
based compounds were designed to feature secondary or
tertiary centers at the cyanide-bearing alpha-carbon (2°-PA and
3°-PA). Upon irradiation of these compounds, the payload acetic
acid was released, identifying them as a new variant of PPGs.
Both PPGs showed surprisingly high QYs of PPG conversion of
46 and 32% for 2°-PA and 3°-PA, respectively. A myoglobin test
was developed to evaluate the irradiation-dependent release of
HCN. This test revealed that 2°-PA suffered from poor hydrolytic
stability and it released cyanide in the dark. In contrast, the
more stable 3°-PA displayed the desired property of releasing
cyanide solely upon irradiation. Based on the molecular design
of 3°-PA, 3°-TPP was developed featuring a lipophilic quaternary
phosphonium moiety known to accumulate in mitochondria,
the intracellular target of cyanide. A cell viability assay was
performed to evaluate the irradiation dependent cytotoxicity of
the cyanogenic PPGs. While after only a minute of irradiation of
both 3°-PA and 3°-TPP cell viability was reduced, due to dark
cytotoxicity only for 3°-TPP the effect of irradiation was found to
be statistically significant. 3°-TPP was also slightly more cyto-
toxic upon irradiation than 3°-PA, an effect that could be due to
the mitochondria targeting triphenylphosphonium moiety of
3°-TPP. Interestingly, cyanogenic PPG 3°-TPP was ~100-fold
more cytotoxic than KCN itself, hypothetically stemming from
superior cell-penetrating properties of 3°-TPP. Overall, the cell
viability assay illustrates that cytotoxicity towards HEK239 cells
can be controlled through the photo-release of cyanide when
employing 3°-TPP. Furthermore, irradiation of control
compound 4 confirmed that the observed cytotoxicity of 3°-TPP
is indeed caused by cyanogenesis resulting from its irradiation.

In the future, photo-amygdalin compounds may be used as
a chemical tool to study the effect of cyanide on certain cell
types. As opposed to the use of cyanide salts, these compounds
would allow for the precise control over the moment and loca-
tion of cyanide release. Furthermore, the masked cyanide in
photo-amygdalin is considerably more cytotoxic than cyanide
salts. Ultimately, photo-amygdalin compounds may find use in
anticancer therapy. However, for this purpose, their potency
needs to be improved, since the initial compounds reported
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here still require pM concentrations for cyanide phototoxicity.
Also, instability and the accompanying cytotoxicity of 3°-PA and
3°-TPP in the dark so far remains a drawback, requiring the
future design of new cyanogenic PPGs with superior stability.
The instability of these compounds may be due to high stability
of the incipient PPG-cation formed after heterolysis, as also
implied by the high QY of these compounds. Having demon-
strated the novel concept of photoactive cyanogenic compounds
in cells, installing different inductive electron-withdrawing
substituents at the PPG alpha-carbon may enhance the stability
of these compounds, providing exciting opportunities for future
improved versions of photo-amygdalin and applications in
photopharmacology.
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