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ABSTRACT 
 

The development of photoresponsive self-assemblies is of great 

interest as light represents a non-invasive trigger that can be tuned 

with high accuracy in space and time. In this chapter, the design and 

synthesis of photocleavable amphiphiles is discussed. A 

photocleavable moiety, based on the o-nitrobenzyl group, was 

incorporated in the scaffold of two different systems, that are DNA-

based surfactants and a pore-forming peptide.  
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5.1 Introduction  
 

5.1.1 Light-responsive systems 
Stimuli-responsive nanomaterials have recently received great attention 

in various fields, since they are able to display a precise response to 

environmental changes, such as temperature, pH, light, redox state or 

magnetic field.1 Among the different stimuli, light represents an attractive 

approach as external trigger, due to its non-invasiveness and the 

possibility to achieve accurate spatiotemporal control. These properties 

make light-responsive systems attractive for diverse applications, such as 

catalysis, diagnostics, sensing and drug delivery.2,3   

Amphiphiles can be tethered with photosensitive moieties in order to 

achieve control over their supramolecular self-assembly. Different 

approaches can be used mainly related to the nature of the photo-

responsive molecule incorporated in the scaffold and the position of the 

modification.4 Azobenzenes, stilbenes and spiropyrans are generally 

employed to design reversible photo-responsive systems. The reversible 

trans-cis photoisomerization of azobenzenes upon UV irradiation (Figure 

1a), determines a change in hydrophobicity that can be used to influence 

the aggregation behavior of the surfactants. Based on this property, Sakai 

et al. reported the reversible formation and disassembly of vesicles formed 

by a mixture of surfactants modified with an azobenzene group.5 Similarly, 

the modification of surfactants or nanoparticles with photoswitchable 

moieties has been extensively employed to obtain controlled drug 

release.6–9 The reversible character of these systems presents great 

attractiveness, but the shift in the hydrophilic-hydrophobic balance is 

usually weaker than for irreversible systems. Moreover, most of the 

systems are only partially reversible, since the initial characteristics are not 

fully recovered during the irradiation cycles.4 

A different approach consists of the incorporation of a photocleavable 

moiety into the scaffold, to achieve irreversible chemical changes to the 

assembly upon irradiation. Among the many photocleavable moieties that 
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have been investigated, o-nitrobenzyl (o-NB) derivatives are the most 

extensively used for this purpose, due to facility of synthesis and 

functionalization. Moreover, the photochemistry of the o-NB group is well-

established and its photochemical reactivity is retained in many solvents as 

well as in the solid state.10 However, the use of o-NB presents some 

limitations mainly related to the formation of a potentially toxic byproduct, 

o-nitrosobenzaldehyde, upon photolysis (Figure 1b).11 Photocleavable 

groups have been incorporated into lipids or micelle-forming block 

copolymers to achieve light-triggered drug release.4,12 Zhao and 

coworkers synthesized an amphiphilic block copolymer composed of 

poly(ethylene oxide) and poly(2-nitrobenzyl methacrylate). Upon UV 

irradiation, the photocleavable moiety is removed, yielding a 

poly(methacrylic acid) block that is fully hydrophilic, thus leading to the 

release of the encapsulated molecules.13 Following this approach, 

extensive research has been done towards the design of photocleavable 

polymers to develop new smart materials and strategies for controlled 

drug release.14,15  

Conjugation of a photoactive molecule with the functional group of 

peptides or proteins is an attractive and challenging approach to achieve 

control over their self-assembly or activity, employing light as external 

trigger. ‘Caging’ ion channel-forming proteins or peptides with a 

photoresponsive moiety allows to design artificial systems, where the 

gating mechanism can be precisely regulated in space and in time. 

Different strategies can be employed depending on the protein and the 

photoresponsive group used. Reversible switching between closed and 

open conformation of the channel can be achieved by employing 

azobenzenes or spiropyran derivatives.16–18 Conversely, the incorporation 

of a photocleavable moiety such as 2-bromo-2-(2-nitrophenyl) acetic acid 

(BNPA) in the scaffold of α-hemolysin, generated a photoactivatable pore-

forming protein.19 Regardless of the strategy used, the light-controlled 

gating of protein channels offers new exciting opportunities for real-time 

monitoring and manipulation of biological systems. 
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Figure 1. Examples of photoresponsive groups. (a) Azobenzenes photoisomerization 
between cis and trans form can be used to construct reversible photoresponsive 
systems. (b) Photolysis mechanism of o-nitrobenzyl derivatives that leads to formation 
of o-nitrosobenzaldheyde and release of the caged molecule X. 

 

5.2 Aim  
 

 In this project we aimed to design and synthesize novel 

photoresponsive systems by conjugation of a photocleavable moiety to 

two different scaffolds: a DNA-based surfactant and a pore-forming 

peptide.  

The design of DNA G-4 surfactants, described in Chapter 2, was further 

engineered to develop DNA-based micelles, which can be responsive to 

two different stimuli. We previously showed that the micelles disassembly 

could be triggered by addition of a complementary strand to the solution 

or in a more complex design by a small molecule such as ATP (Chapter 3). 

The incorporation of a photocleavable linker as junction between the 

hydrophilic and hydrophobic part of the surfactant, provides the 

opportunity to control the disassembly by UV irradiation as well as by 

hybridization with a complementary strand (Figure 2). 

Conjugation of a photocleavable moiety to a pore-forming peptide can 

be used to design photoactivatable channels. Mayer et al.20 modified 

Alamethicin with a linker containing a benzenesulfonamide group and 

proved that the self-assembly of the peptide could be inhibited upon 

binding of Carbonic anhydrase II (CAII) to the sulfonamide moiety. In our 

approach, a linker containing a sulfonamide group attached to an o-NB 

moiety is conjugated to the pore-forming peptide (Figure 3). 
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Figure 2. Schematic representation of the photocleavable micelles. The G-4 motif 
formed in presence of K+ promotes the self-assembly of the surfactant into micelles. 
Upon UV irradiation the photocleavable moiety (in orange) undergoes photolysis, thus 
the structure of the surfactant is disrupted, leading to cargo release. 

 

This strategy offers the opportunity to control the formation of the 

channels by two different stimuli: specifically the addition of a protein, 

such as CAII, prevents the self-assembly of the peptide monomers, while 

UV irradiation detaches the bulky protein and its ligand, favoring the 

peptide self-association and the formation of the ion channel. This system 

can be studied by single-channel recordings, that allow for real-time 

monitoring of the current flowing across the pore (Chapter 4).  

 

 
Figure 3: Schematic representation of the Alm-based photoactivatable ion channels. 
The pore-forming peptide monomers (indicated in pink) are tethered to a 
photocleavable linker composed of an o-NB derivative (in orange) and a 
benzenesulfonamide moiety (in purple). The binding of CAII (in light blue) to the 
sulfonamide inhibits the formation of the channel, due to steric hindrance. Upon UV 
irradiation the linker is cleaved and the peptide monomers are able to self-assemble 
into an ion channel. 
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5.3 Design 
 

5.3.1 Light-responsive DNA G-quadruplex micelles  
In Chapter 2, a novel design of DNA-based surfactants was presented 

and it was shown that the aggregation into micelles is mainly dictated by 

the supramolecular organization of the oligonucleotide headgroup into a 

G-4 structure.21 We employed this design to construct light-responsive 

micelles by incorporation of a photocleavable moiety between the DNA 

headgroup and the hydrophobic tail of the surfactants. A bifunctional 

photocleavable linker molecule containing a nitrobenzyl group was chosen 

to connect the two parts of the surfactant.22,23 The photocleavable linker (6 

Figure 4a) is characterized by two functional groups attached to the o-NB 

moiety: a NHS-ester (N-hydroxysuccinimide ester) group that can react 

with amines and an alkyne group for convenient attachment with azides by 

using CuAAC (copper catalyzed alkyne azide cycloaddition also known as 

the ‘click reaction’).  This linker has been used in previous reports to attach 

PEG-molecules and biomolecules to surfaces.22,23 In this project, we 

envisioned to use linker (6) to synthesize light-responsive micelles, by 

conjugation of the amino-modified oligonucleotide and the azido-

functionalized lipid tail on each end of the linker. The nitrobenzyl ester 

linker can be cleaved upon irradiation with UV light (λ = 365 nm), releasing 

the oligonucleotide headgroup of the micelles from the hydrophobic core 

and therefore causing micelles disassembly. Several synthetic strategies 

were investigated to obtain the photocleavable conjugates and these will 

be discussed in this chapter. 

 
5.3.1 Photoactivatable Alamethicin-based ion channels  

Alamethicin (Alm) is an antimicrobial peptide consisting of 20 amino 

acids that belongs to the family of peptaibols.24,25 Alm has been 

extensively studied and characterized, due to its ability to interact with 

lipid bilayers and self-assemble into ion channels when a voltage is 

applied to the membrane.26,27 The high content of sterically hindered 

aminoisobutyric acid (Aib) in the Alm sequence makes its chemical 
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synthesis and purification laborious. To avoid a low-yielding synthetic 

approach, we decided to use in our design a previously reported Alm 

analogue (des-Aib-Leu-des-Pheol-Phe-Alm)28 instead. This is a synthetic 

peptide, in which all Aib residues and the C-terminal Pheol are replaced 

with leucine (Leu) and an amidated phenylalanine (Phe), respectively. 

Nevertheless, this peptide displays similar channel behavior as the native 

peptide, albeit with reduced life times of the channels. In order to enable 

its conjugation with the photocleavable linker, a cysteine residue was 

appended on the peptide C-terminus (the modified peptide is hereafter 

designated as Alm*, section 5.6.1).  
 

 
Figure 4. (a) Structure of the photocleavable linker (6) used for the light-responsive 

micelles. The NHS-ester group can be conjugated to the amino-functionalized 

oligonucleotide, while the alkyne reacts with the azido group of the surfactant lipid tail 

via click reaction. The photocleavable group is indicated in blue. (b) Structure of the 

photocleavable linker (15) used for the photoactivatable ion channel. The linker 

consists of a benzenesulfonamide moiety (highlighted in pink) responsible for the 

interaction with CAII, a photocleavable group (highlighted in blue) that can be 

conveniently attached to the cysteine residue on the peptide terminus and a 

diethylene glycol derivative (highlighted in green) to increase the hydrophilicity of the 

molecule. 

 

The photocleavable linker was rationally designed in order to contain both 

a benzenesulfonamide moiety and an o-NB derivative (Figure 4b). The 

benzenesulfonamide group binds the protein CAII with a Kd ~ 1 μM 29,30 
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and was incorporated at one end of the linker. The photocleavable group 

chosen is a derivative of the α-carboxy-2-nitrobenzyl group,19,31 with 

bromine in the benzylic position that conveniently allows for reaction with 

sulfhydryl groups, such as the cysteine residue on the peptide. The two 

moieties are connected via a diethylene glycol linker that was incorporated 

to increase the hydrophilicity of the final conjugate and facilitate its 

purification. 
 

5.4 Results and discussion 
 
5.4.1 Synthesis and characterization of the photocleavable surfactants 

The photocleavable linker (6) was synthesized accordingly to previously 

reported procedures, starting from 4-hydroxy-3-methoxyacetophenone 

(Figure 5).23,32  

The conjugation of the linker to the two parts of the surfactant was 

performed in two steps (Figure 6). The proposed strategy was to first react 

the activated NHS-ester to the amino-labeled oligonucleotide and 

subsequently attach the azido-functionalized lipid tail via click reaction. A 

different approach is possible by conjugation of the lipid first, however we 

envisioned that this would significantly increase the hydrophobicity of the 

molecule and reduce the yield of the following conjugation reaction, due 

to the low solubility of the lipid in buffer. Indeed, our attempts to perform 

the click reaction between the photocleavable linker (6) and 1-

azidododecane in the presence of Cu(I)Br were not successful. 

 

 
Figure 5. Synthesis of the photocleavable linker (6). 
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The coupling was performed on oligonucleotides with different length: 

a 5-mer (ODN-1) and a 16-mer (ODN-2), bearing a C3 amino linker on 

the 5’ terminus. The amino-modified oligonucleotides were solubilized in 

NaH2PO4 buffer 200 mM at pH 8.5 and reacted with an excess of the 

photocleavable linker (6) dissolved in DMF. The mixture was purified by 

size-exclusion chromatography to remove the excess of the linker and 

analyzed by UPLC-MS (TQD). ESI-MS analysis indicated the formation of 

the desired products (7a-b) together with the presence of unreacted 

oligonucleotide starting material (Figure 7a). Since only the linker-modified 

oligonucleotides are able to react with the azido-functionalized lipid, the 

obtained products were employed for the following conjugation without 

further purification.  

The coupling reaction between 1-azidododecane (8) and the alkyne 

group of the linker-modified oligonucleotides was performed under inert 

atmosphere by dissolving the oligonucleotides in 100 mM NaH2PO4 pH 

7.0 and an excess of 1-azidododecane solubilized in DMSO. The reaction 

was incubated in the dark in presence of copper(II) sulfate. Additionally, 

sodium ascorbate was employed to generate Cu(I) in situ and tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) as stabilizing ligand for Cu(I). 

UPLC-MS and reversed phase-HPLC (RP-HPLC) analysis of the obtained 

fractions by size exclusion chromatography indicated full conversion of the 

linker-modified oligonucleotides (Figure 7b). However, further purification 

of the samples was necessary, due to the presence of unreacted 

oligonucleotide starting material. Unfortunately, our attempts to purify the 

mixture by preparative RP-HPLC didn’t lead to successful isolation of the 

product. Further investigations are necessary in order to optimize the 

purification strategy of the conjugates and increase the yields of the 

reactions. It was reported that the use of veratryl-based nitrobenzyl groups 

that incorporate two alkoxy groups on the benzene ring and an α-methyl in 

benzylic position enhances the photolytic cleavage at wavelengths >350 

nm.33 Based on these considerations, it might be plausible that the 

product is partially cleaved during the process of purification, complicating 

its isolation. 
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Figure 6. (a) Conjugation of the amino-modified oligonucleotide with the 
photocleavable linker; (b) Click reaction to synthesize the photocleavable surfactants 
(9a-b). 

 

 
Figure 7. (a) UPLC chromatogram of the alkyne-modified oligonucleotide 7b after 
size-exclusion showing the presence of unreacted oligonucleotide (left) and ESI(-)MS 
spectrum of the product (right). (b) UPLC chromatogram of the crude mixture after click 
reaction, showing the formation of the product 8b and the full conversion of alkyne-
ODN (left). The ESI(-)MS spectrum of the peak at 7.49 min indicates the formation of 
the photocleavable surfactant (right). 
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5.4.1 Synthesis and characterization of the photoactivatable Alm-
derivative 

The synthesis of the photocleavable linker (15, Figure 4b) was 

performed as shown in Figure 8. 4-(aminomethyl)benzenesulfonamide was 

reacted with succinic anhydride in presence of triethylamine to achieve the 

intermediate 10 in good yields. In the next step, the benzenesulfonamide 

moiety was attached to the diethylene glycol linker. First, commercially 

available 2,2’-(ethylenedioxy)bis(ethylamine) was monoprotected with a 

tert-butyloxycarbonyl protecting group (Boc group), by treating the 

diamine with a stoichiometric amount of Boc anhydride, as already 

reported in previous studies.34 The obtained monoprotected amine (11) 

was reacted with the carboxylic acid (10) using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC.HCl) and ethyl 

cyano(hydroxymino)acetate (Oxyma Pure) as coupling reagents. Oxyma 

Pure is used as a non-explosive alternative to 1-hydroxybenzotriazole 

(HOBt).35 The carboxylic acid was first mixed with EDC.HCl and Oxyma 

Pure to generate the corresponding activated ester and subsequently the 

amine was added to the mixture. The mixture was initially stirred at 0 °C to 

decrease the formation of unreactive N-acylurea. Several coupling 

reagents were tested for this reaction, however the best results were 

obtained using EDC.HCl and Oxyma Pure. The purification of compound 

12 by flash column chromatography proved to be quite difficult due to 

the high number of side products formed in the reaction and the difficult 

separation. Moreover, the diethylene glycol chain in the structure most 

likely interacts with the silica used for the chromatography, making the 

purification even more challenging. Despite this problems, optimization of 

the workup and purification conditions, ultimately led to isolation of the 

product in good yields. Deprotection of the amine in 12 was achieved by 

treatment with trifluoroacetic acid. The final step of the photocleavable 

linker synthesis consisted of the amide coupling between the deprotected 

amine (13) and 2-bromo- 2-(2-nitrophenyl)acetic acid (BNPA, 14). BNPA 

was synthesized according to a reported literature procedure19,31 starting 

from 2-(2-nitrophenyl)acetic acid and it was isolated in good yields. 
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However, characterization of BNPA via UPLC-MS (TQD) showed the 

coexistence of the product and the corresponding compound with the 

chlorine in benzylic position. Both 1H-NMR and 13C-NMR indicated that the 

main product corresponds to the compound with bromine. Nevertheless, 

the exchange with chlorine should not affect drastically the reactivity of 

the benzylic position. The reaction of amine (13) with BNPA was 

performed using EDC.HCl and Oxyma Pure as coupling reagents. The 

isolated product was characterized by UPLC-MS (TQD) and even in this 

case the presence of corresponding product with chlorine was detected. 

Additionally, the dehalogenated side product was observed in minor 

amounts. Since the yields of the coupling reaction were modest, further 

optimization of the coupling conditions and product purification is 

necessary.   

 

 
Figure 8. Synthesis of the photocleavable linker 15. 

 

The peptide Alm* was conjugated to the photocleavable linker (15) as 

shown in Figure 9a. A solution of Alm* (2 mM in DMF) was treated with 

Cs2CO3 and NaI and subsequently mixed with 10 equivalents of 

compound (15) (26 mM in 2.5 mL DMF). The reaction was performed 

under nitrogen atmosphere to reduce the formation of peptide dimers. 

The crude mixture was analyzed by RP-HPLC that revealed the appearance 

of two new peaks in the chromatogram, corresponding to the two 

diastereoisomers of the product. However, the reaction did not proceed 

with full conversion, since both unreacted peptide and chlorinated linker 

were recovered in the crude mixture. Additionally, the hydrophobic nature 
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of Alm*, its tendency to aggregate in solution and the low absorbance of 

the conjugates made the purification laborious. Nonetheless, the product 

(16) was successfully isolated and characterized by UPLC-MS (TOF) (Figure 

9b). 

UV studies need to be performed on the synthesized conjugate to test 

its photolytic activity. Moreover, single-channel recordings are needed to 

investigate the ion channel behavior of the photocleavable pore-forming 

peptide. 

 
Figure 9. (a) Conjugation of Alm* with the photocleavable linker. (b) UPLC-MS 
chromatogram and corresponding ESI(+)MS spectrum of the purified product 16. 

 

5.5 Conclusions 
 

In conclusion, this chapter describes the design and the synthesis of 

photoresponsive amphiphiles. In both designs an o-NB moiety was 

employed as the photolabile group to develop DNA-based 

photocleavable surfactants and a photoactivatable pore-forming peptide, 

respectively. The DNA-based photocleavable surfactants were successfully 

synthesized via coupling of the amino-modified oligonucleotides with the 

photocleavable linker and subsequent click reaction with the azido-

functionalized lipid tail. Unfortunately, our attempts to isolate the 

conjugates were not successful yet. Further optimization of the purification 

conditions is still necessary. It is conceivable that photolysis of the product 
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might occur during its purification, due to the enhanced photolytic 

cleavage at wavelengths >350 nm of nitroveratryl derivatives. Additional 

studies are needed to corroborate this hypothesis. In light of these 

considerations, special care should be taken during the purification steps. 

Alternatively, modifications in the structure of the photocleavable linker 

might be considered, such as removal of the methoxy group on the 

benzene ring. Furthermore, the purification of the final conjugates might 

be facilitated by removal of the unreacted oligonucleotide after the first 

conjugation step.  

The design of a photoactivatable pore-forming peptide based on Alm* 

was discussed. The presented linker contains an o-NB photolabile group 

and a benzenesulfonamide moiety, which is able to bind to CAII with high 

affinity. The photocleavable linker was successfully synthesized and 

characterized and subsequently used for conjugation with Alm*. Despite 

the laborious purification and the low yield of the coupling, the 

photoactivatable Alm* derivative was successfully isolated and 

characterized. Analysis of the crude mixture of the conjugation reaction 

indicated the presence of unreacted substrates. It is plausible that the side 

product linker containing chlorine instead of bromine negatively affects 

the reactivity of the substrates. The use of NaI to favor the exchange in 

benzylic position increased slightly the reactivity of the substrates but still 

didn’t lead to full conversion.  Future studies should address these 

concerns and strategies to reduce the amount of chlorine linker produced 

should be evaluated. Alternatively different approaches might be used to 

perform the coupling with the peptide, such as the maleimide-thiol 

conjugation. We envisioned the application of the proposed design to 

develop photoactivatable ion channels based on Alm*. In this regard, 

further investigations of the synthesized conjugate via single-channel 

recordings are necessary.  
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5.6 Experimental section 
 
5.6.1 General remarks 

Chemicals were purchased from Sigma Aldrich or Acros and used without 

further purification. 1H-NMR and 13C-NMR spectra were recorded on a Varian 

400 MHz in CDCl3. Chemical shifts (δ) are denoted in ppm using residual 

solvent peaks as internal standard. Synthetic oligonucleotides were purchased 

from Biotez Berlin-Buch GmbH. Oligonucleotide concentrations were 

calculated using Nanodrop 2000 (Thermo Fisher Scientific). Extinction 

coefficients of the oligonucleotides (ε260) have been calculated by Oligo 

Analyzer 3.1 from IDT (Integrated DNA Technologies). Alm* was purchased 

from Bachem GmbH (Germany). Alm*: Ac-Leu-Pro-Leu-Ala-Leu-Ala-Gln-Leu-

Val-Leu-Gly-Leu-Leu-Pro-Val-Leu-Leu-Glu-Gln-Phe-Cys (the underlined 

residues correspond to the mutated aminoacids compared to the native 

peptide). Reversed-phase HPLC (RP-HPLC) purifications were performed on a 

Shimadzu LC-10AD VP. Method A: Xbridge Prep C8 column (5 μm, 10 x 150 

mm,) from Waters Corporation. 0.1 mM triethylammonium acetate (TEAA) at 

pH=7.0 (solvent A) and acetonitrile (solvent B) were used as the mobile phase 

at a flow rate of 1 mL/min. Gradient: 5% B for 5 min, linear gradient to 90% B 

in 5 min, to 100% B in 10 min, isocratic for 5 min. Re-equilibration of the 

column at 5% B for 5 min. The column was heated to 65˚C. Method B: Acquity 

BEH130 C18 (10 µm, 10 x 150 mm). 0.1% acetic acid in water (solvent A) 0.1% 

acetic acid in acetonitrile (solvent B) were used as the mobile phase at a flow 

rate of 2 mL/min. Gradient: 50% B for 10 min, linear gradient to 90% B in 8 

min, to 100% B in 15 min, isocratic for 10 min. Re-equilibration of the column 

at 50% B for 10 min. UPLC-MS on the conjugates was performed on an 

Acquity TQD Detector (ESI TQD-MS) or Acquity TOF Detector ((ESI TOF-MS) 

coupled to Waters Acquity Ultra Performance LC. Method A: Acquity BEH C8 

(1.7 µm 2.1 x 150 mm). 15 mM TEAA at pH=7.2 (solvent A) and methanol 

(solvent B) were used as the mobile phase at a flow rate of 0.3 mL/min. 

Gradient: 95% A for 5 min, linear gradient to 5% A in 5 min. Re-equilibration 

of the column at 95% A for 4 min. The column was heated to 60˚C. The ESI ion 

source was operated in negative mode and mass spectra were collected 

between 600 and 2000 m/z. Method B: Acquity CSH Phenyl Hexyl (1.7 µm, 2.1 
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x 150 mm). 0.1% formic acid in water (solvent A) 0.1% formic acid in 

acetonitrile (solvent B) were used as the mobile phase at a flow rate of 0.3 

mL/min. Gradient: 95% A for 5 min, linear gradient to 5% A in 10 min. Re-

equilibration of the column at 95% A for 5 min. The ESI ion source was 

operated in positive mode and mass spectra were collected between 500 and 

4000 m/z. UPLC-MS chromatograms were analyzed with MassLynx V4.1.  
 
5.6.2 Synthesis  
1-(4-(benzyloxy)-3-methoxyphenyl)ethan-1-one (1) was synthesized 

according to a literature procedure32 starting from 4.7 g of 4-

hydroxy-3-methoxyacetophenone and it was obtained with a 

yield of 70% as a white solid. 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.54 (s, 3H), 3.94 (s, 3H), 5.23 (s, 2H), 6.89 (d, J = 8.0 Hz, 1H), 7.29-7.54 

(m, 7H). 

 
1-(4-(benzyloxy)-5-methoxy-2-nitrophenyl)ethan-1-one (2) was synthesized 

according to a literature procedure32 starting from 4.7 g of 1 
and it was obtained with a yield of 45% as a yellow solid. 1H 
NMR (400 MHz, CDCl3) δ (ppm): 2.49 (s, 3H), 3.98 (s, 3H), 5.22 

(s, 2H), 6.76 (s, 1H), 7.34-7.46 (m, 5H), 7.67 (s, 1H). 
 
1-(4-hydroxy-5-methoxy-2-nitrophenyl)ethan-1-one (3) was synthesized 

according to a literature procedure32 starting from 1.2 g of 2 

and it was obtained with a yield of 54% as a yellow solid.  1H 

NMR (400 MHz, CDCl3) δ (ppm): 2.48 (s, 3H), 4.02 (s, 3H), 5.98 

(s, 1H), 6.80 (s, 1H), 7.66 (s, 1H).  

 
1-(5-methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethan-1-one (4) was 

synthesized according to a literature procedure23 starting 

from 500 mg of 3 and it was obtained with a yield of 63% as 

a yellow solid. 1H NMR (400 MHz, CDCl3) δ (ppm): 2.51 (s, 

3H), 2.61 (t, J = 2.4 Hz, 1H), 3.98 (s, 3H), 4.86 (d, J = 2.4 Hz, 2H), 6.78 (s, 1H), 

7.80 (s, 1H). 
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1-(5-methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethan-1-ol (5) was 

synthesized according to a literature procedure23 starting 

from 350 mg of 4 and it was obtained in quantitative yield 

as a yellow solid. 1H NMR (400 MHz, CDCl3) δ (ppm): 1.56 (d, 

J = 6.4 Hz, 3H), 2.57 (t, J = 2.4 Hz, 1H), 4.00 (s, 3H), 4.82 (d, 

J = 2.4 Hz, 2H), 5.58 (q, J = 6.3 Hz, 1H), 7.34 (s, 1H), 7.75 (s, 1H). 

 

2,5-dioxopyrrolidin-1-yl (1-(5-methoxy-2-nitro-4-
(prop-2-yn-1-yloxy)phenyl)ethyl) carbonate (6) was 

synthesized according to a literature  procedure23 

starting from 350 mg of 5 and it was obtained in quantitative yield as a 

brownish solid. 1H NMR (400 MHz, CDCl3) δ (ppm): 1.78 (d, J = 6.4 Hz, 3H), 

2.59 (t, 2.4 Hz, 1H), 2.80 (s, 4H), 4.06 (s, 3H), 4.82-4.83 (m, 2H), 6.52 (q, J = 6.4 

Hz, 1H), 7.10 (s, 1H), 7.82 (s, 1H).   

 

1-azidododecane (8) was synthesized by adapting a literature procedure.36 A 

solution of 1-bromododecane (415 mg, 1.7 mmol) in DMF (5 mL) was reacted 

with sodium azide (331 mg, 5.1 mmol) under inert atmosphere at 80 ˚C. After 

24 h, the reaction mixture was cooled to room temperature, diluted with water 

(20 mL) and extracted with Et2O (3 x 20 mL). The organic phases were washed 

with water (3 x 20 mL) and brine and dried over Mg2SO4. The solvent was 

removed under reduced pressure, affording the product as a pale yellow oil 

(60%). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.88 (t, J = 6.4 Hz, 3H), 1.2-1.4 (m, 

18H), 1.56-1.63 (m, 2H), 3.25 (t, J = 7.0 Hz, 2H).  

 
3-oxo-3-((4-sulfamoylbenzyl)amino)butanoic acid (10) was synthesized by 

adapting a literature  procedure.37 4-

(aminomethyl)benzenesulfonamide (7.8 g, 35 mmol) 

were suspended in 150 mL anhydrous acetonitrile. A 

solution of succinic anhydride (3 g, 29.2 mmol) and triethylamine (2.95 g, 29.2 

mmol) in 50 mL acetonitrile was added dropwise. The reaction was stirred 

overnight then the organic solvent was evaporated and the residue was 

treated with 90 mL water and acidified with 10% HCl until precipitation. The 

formed solid was filtered, washed with water and dried, affording to the 

product as a white solid (67%). 1H NMR (400 MHz, d6-DMSO) δ (ppm): 2.38-
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2.45 (m, 4H), 4.30 (d, J = 6.0 Hz, 2H), 7.29 (s, 2H), 7.40 (d, J = 8.5 Hz, 2H), 

7.73 (d, J = 8.4 Hz, 2H), 8.44 (t, J = 5.8 Hz, 1H), 12.08 (s, 1H). 13C NMR (d6-

DMSO) δ (ppm): 29.2, 30.4, 42.1, 126.0, 127.8, 142.9, 144.2, 171.7, 174.3. 
 
tert-butyl(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (11) was synthesized 

according to a literature procedure34 starting from 

15.2 g (102.7 mmol) of 2,2’-

(ethylenedioxy)bis(ethylamine) and it was obtained in quantitative yield. 1H 

NMR (400 MHz, CDCl3) δ (ppm): 1.41 (s, 9H), 1.61 (s, 2H, NH2), 2.85 (t, J = 5.2 

Hz, 2H), 3.26-3.30 (m, 2H), 3.48-3.53 (m, 4H), 3.57-3.60 (m, 4H), 5.17 (s, 1H, 

NH). 

 
tert-butyl(3,6-dioxo-1-(4-sulfamoylphenyl)-10,13-dioxa-2,7-diazapenta-

decan-15-yl)carbamate (12) was 

synthesized by adapting a literature 

procedure.38 Carboxylic acid 10 (4 g, 14 

mmol) was dissolved in a mixture of 20 mL DMF and 80 mL DCM under inert 

atmosphere. The solution was cooled down to 0 °C and N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC.HCl, 3.2 g, 

16.8 mmol) and ethyl cyano(hydroxyimino)acetate (Oxyma Pure, 2.4 g, 16.8 

mmol) were added. After stirring the reaction for 10 min, a solution of the 

amine 11 ( 4.2 g, 16.8 mmol) in 100 mL DCM was added dropwise and the 

reaction was allowed to proceed at room temperature overnight. The reaction 

was monitored by TLC stained with ninhydrin. The solvent was evaporated 

under reduced pressure, then 250 mL water was added to the residue and it 

was extracted four times with 250 mL portions of ethyl acetate. The combined 

organic phases were washed with a saturated solution of ammonium chloride, 

then dried over magnesium sulfate and evaporated under reduced pressure. 

Purification by flash chromatography (9:1 methylene chloride/ methanol) 

afforded 4.9 g (69%) of product as yellow solid. 1H NMR (400 MHz, d6-DMSO) 

δ (ppm): 1.37 (s, 9H), 2.31-2.41 (m, 4H), 3.03-3.08 (m, 2H), 3.16-3.21 (m, 2H), 

3.35-3.40 (m, 4H), 3.5 (m, 4H), 4.3 (d, J = 5.9 Hz, 2H), 6.75 (t, J = 5.6 Hz, 1H, 

NH), 7.30 (s, 2H, NH2), 7.40 (d, J = 8.4 Hz, 2H), 7.74 (d, J =8.4 Hz, 2H), 7.88 (t 

J = 5.6 Hz, 1H, NH), 8.42 (t, J = 6.0 Hz, 1H, NH). 13C NMR (400 MHz, d6-
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DMSO) δ (ppm): 28.2, 30.6, 41.6, 69.1, 69.4, 125.6, 127.3, 142.5, 143.8, 155.6, 

171.3, 171.5 (signals missing due to possible overlapping). 
 
N1-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-N4-(4-sulfamoylbenzyl)succinamide 

(13). Boc-protected amine 12 (2.4 g, 4.6 

mmol) was dissolved in 5 mL of DCM and 

5.6 mL of trifluoroacetic acid (73.12 mmol) 

were added. The mixture was stirred for 3 h at room temperature. The organic 

solvent was evaporated under reduced pressure. After removal of the organic 

layer, the deprotected amine was obtained in quantitative yield as yellow oil. 
1H NMR (400 MHz, d6-DMSO) δ (ppm): 2.33-2.40 (m, 4H), 2.95-3.00 (m, 2H), 

3.18-3.22 (m, 2H), 3.40 (t, J = 6.1, 2H), 3.52-3.61 (m, 6H), 4.31 (d, J = 5.8 Hz, 

2H), 7.30 (s, 2H, NH2), 7.40 (d, J = 8.1 Hz, 2H), 7.75 (d, J = 8.1 Hz, 2H), 7.87 (t, 

J = 5.5 Hz, 1H, NH), 8.44 (t, J = 6.1 Hz, 1H, NH). 13C NMR (400 MHz, d6-

DMSO) δ (ppm): 30.5, 30.6, 38.5, 38.7, 41.7, 66.7, 69.1, 69.4, 69.7, 125.6, 

127.4, 142.5, 143.8, 171.5, 171.6 (signals missing due to possible 

overlapping). 
 
2-bromo-2-(2-nitrophenyl)acetic acid (14) was synthesized according to a 

literature procedure31 starting from 2-(2-nitrophenyl)acetic acid (4 

g, 22 mmol). The product was purified by reversed-phase 

chromatography (Reveleris X2 purification system, C18 column, A: 

water B: acetonitrile, 0.1% TFA, linear gradient from 0 to 100% B 

over 60 min) and it was obtained in 52% yield. 1H NMR (400 MHz, CDCl3) δ 
(ppm): 6.12 (s, 1H), 7.56 (td, J1 = 7.4 Hz, J2 = 1.3 Hz, 1H), 7.72 (td, J1 = 7.7 

Hz, J2 = 1.4 Hz, 1H), 8.01 (dd, J1 = 8.0 Hz, J2 = 1.4 Hz, 1H), 8.06 (dd, J1 = 8.2 

Hz, J2 = 1.4 Hz, 1H). 13C NMR (400 MHz, CDCl3) δ (ppm): 42.5, 125.2, 130.1, 

130.4, 133.4, 134.2, 172.8. ESI-MS(-): m/z meas. 258.01 for [M-H]- (m/z calc. 

C8H6BrNO4 = 258.95). Traces of the compound with Cl instead of Br were 

also detected: m/z meas. 213.82 for [M-H]- (m/z calc. C8H6ClNO4 = 214.99). 
 
N1-(2-(2-(2-(2-bromo-2-(2-nitrophenyl)acetamido)ethoxy)ethoxy)ethyl)-N4-
(4-sulfamoylbenzyl)succinamide (15). The carboxylic acid 14 (175 mg, 0.42 

mmol) was dissolved in 8 mL DCM in a 

dark round bottom flask. The solution 
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was cooled down to 0 °C and N-(3-dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC.HCl, 65 mg, 0.42 mmol) and ethyl 

cyano(hydroxyimino)acetate (Oxyma Pure, 59.6 mg, 0.42 mmol) were added. 

After stirring the reaction for 10 min, a solution of the amine 13 ( 4.2 g, 16.8 

mmol) in 5 mL DMF was added dropwise and the reaction was allowed to 

proceed at room temperature overnight. The reaction was monitored by TLC, 

stained with ninhydrin. Then 20 mL water was added to the residue and it was 

extracted four times with 20 mL portions of ethyl acetate. The combined 

organic phases were washed with brine, then dried over magnesium sulfate 

and evaporated under reduced pressure. Purification by flash chromatography 

(92:8 methylene chloride/ methanol, 0.1% formic acid) afforded the product as 

a yellow oil (30%). 1H NMR (400 MHz, d6-DMSO) δ (ppm): 2.33-2.40 (m, 4H), 

3.25-3.30 (m, 2H), 3.36-3.45 (m, 4H), 3,47-3.51 (m, 4H), 4.09-4.13 (m, 2H), 4.30 

(d, J = 5.9 Hz, 2H), 6.06 (s, 1H), 7.30 (s, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.63-7.67 

(m, 1H), 7.72 (d, J = 8.3 Hz, 2H), 7.75-7.90 (m, 3H), 8.04 (dd, J1 = 8.3 Hz, J2 = 

1.3 Hz, 1H), 8.44 (t, J = 6.0, 1H), 8.62 (t, J = 5.8, 1H). ESI-MS(+): m/z meas. 

658.03 for [M+H]+, (m/z calc. C25H32BrN5O9S = 657.11). Traces of the 

compound with Cl instead of Br were also detected: m/z meas. 614.08 for 

[M+H]+, (m/z calc. C25H32ClN5O9S = 613.16). 

 
5.6.3 Synthesis of the alkyne-functionalized oligonucleotides (7a-b) 
The amino-modified oligonucleotide was solubilized in 350 μL of 200 mM 

NaH2PO4 pH=8.5 (350 μM) and 250 μL of compound 6 in DMF (20 mg/mL, 

100 equivalents) were added. The reaction was stirred for 5h at 70 ˚C. The 

functionalized DNA was purified by size exclusion chromatography (NAP-10, 

GE Healthcare) using triethylamine acetate (TEAA) buffer 50 mM pH=7.2. The 

obtained conjugates were subsequently analyzed by UPLC-MS (TOF) (method 

A, Table 2).  

 
Table 1. Oligonucleotide sequences used for the synthesis of photocleavable DNA-
based surfactants. 

Name 
 

Sequence (5’-3’) 
ODN-1 NH2-C3H6-GGGTT 
ODN-2 NH2-C3H6-GGGTTTAAGTGTAGTTAA 
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5.6.3 Synthesis of the photocleavable sufactants via CuAAC (9a-b) 
A solution of 1-azidododecane 7 dissolved in DMSO (40 μL, 50 mM stock 

solution) was added to a solution of alkyne-modified oligonucleotide in 100 

mM NaH2PO4 buffer at pH 7 (200 μL, 14 nmol). Subsequently, a premixed 

solution of  CuSO4
.5H2O, tris-(3-hydroxypropyltriazolylmethylamine) (THPTA) 

and sodium ascorbate (40 μL of stock CuSO4
.5H2O 20 mM, 80 μL of stock 

THPTA 50 mM, 80 μL of stock sodium ascorbate 100 mM in milliQ water) was 

added. Final concentrations: 1-azidododecane 4.5 mM, alkyne-modified 

oligonucleotide 90 μM, CuSO4
.5H2O 2 mM, THPTA 10 mM, sodium ascorbate 

20 mM in 440 μL. The reaction was incubated at 50 ˚C for 5h under continuous 

shaking (800 rpm), protected from light. The reaction mixture was cooled to 

room temperature and centrifuged (13000 rpm) for 10 min. The supernatant 

was purified by size exclusion chromatography (NAP-10, GE Healthcare) using 

triethylamine (TE) buffer 50 mM pH=7.0. The resulting product was freeze-

dried and analyzed by RP-HPLC (method A) and UPLC-MS (TOF) (method A, 

Table 2).  

 
5.6.4 Synthesis of photoactivatable Alm* (16) 
Alm* (12 mg, 5.2 μmol) was dissolved in 2.5 mL of dry DMF together with 

Cs2CO3 (2.5 mg, 7.8 μmol) and NaI (1.2 mg, 7.8 μmol). A solution of the 

photocleavable linker 15 (34 mg, 52 μmol) in 2 mL of dry DMF was added to 

the mixture. The reaction was stirred overnight in the dark under inert 

atmosphere. Then, the solvent was evaporated under reduced pressure and 

the residue was suspended in diethyl ether. The mixture was centrifuged at 

3000 rpm for 20 min. The supernatant was discarded, while the precipitate 

was further purified by RP-HPLC (method B). The isolated product was 

characterized by UPLC-MS (TOF) (method B, Table 2).  

 
Table 2. ESI(-) of the synthesized DNA-lipid conjugates from UPLC-MS. 

Compound 
 

MWobserved (Da) MWcalculated (Da) Rt (min) 
ODN-1 1669.70* 1671.12 2.6 
ODN-2 5119.16* 5119.35 2.7 
PClinker-ODN-1 (8a) 1947.67* 1948.36 4.6 
PClinker-ODN-2 (8b) 5394.04* 5396.59 4.0 
C12-PClinker-ODN-1 (9a) 

 

2158.98* 2159.71 8.4 
C12-PClinker-ODN-2 (9b) 

 

5607.14* 5607.94 7.5 
*calculated from observed [M-2H]2-, [M-3H]3- or [M-4H]4- 
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