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ABSTRACT: Controlling physicochemical properties of light-

unresponsive drugs - by light, prima facie, a paradox approach. 

We expanded light control by ion-pairing light-unresponsive sa-

licylate or Ibuprofen to photo-switchable azobenzene counteri-

ons thereby reversibly controlling supramolecular structures, 

hence the drugs’ physicochemical and kinetic properties. The re-

sulting ion-pairs photo-liquefied into room temperature ionic liq-

uids under ultraviolet light. Aqueous solutions showed trans-cis 

dependent supramolecular structures under light with wormlike 

aggregates decomposing into small micelles and vice-versa. 

Light control allowed for permeation through membranes of cis-

Ibuprofen ion pairs within 12 hours in contrast to the trans ion 

pairs requiring 72 hours. In conclusion, azobenzene ion-pairing 

expands light-control of physicochemical and kinetic properties 

to otherwise light-unresponsive drugs. 

The experiments reported here addressed the hypothesis that 

the physical-pharmaceutical properties of light unresponsive 

drugs can be reversibly controlled after ion-pairing to photo-

switchable azobenzene counterions.  Azobenzenes, first de-

scribed by Eilhard Mitscherlich in 1834, combine high quantum 

yields with trans-cis isomerization in response to illumination 

with different wavelengths of light.1-2 The photochromism of 

azobenzenes has been successfully applied in photo-switch-

ing of protein conformation3, photo-pharmacological applica-

tion4-5, drug nanopumps6, and in ion-pairs for photo-respon-

sive energy storage.7-8  

To  target the optical control of light unresponsive drugs, we 

synthesized photoswitchable ammonium and phosphonium 

containing azobenzene counterions (referred to as N+ or P+) 

and ion-paired these to bromide and salicylate, a basic struc-

ture from which many other therapeutics are developed (Fig-

ure 1A, Scheme S1-4, Figure S1-10).  

 

 

Figure 1. (A) Chemical structure of the photoswitchable salts N+-bromide, 

P+-bromide, N+-salicylate and scheme of the trans to cis isomerization of 

the azobenzene core unit when exposed to UV light. (B) Cis-to-trans ratio 

when exposed to UV light for 15 minutes or left in dark (n = 1). (C) Apparent 

salicylate solubility of the N+-salicylate ion-pair during UV exposure for the 

first 15 minutes and thereafter (n = 3). UV light exposure resulted in a clear 

solution in contrast to samples stored in dark.  (D) Apparent solubility of 

salicylate when ion paired as N+-salicylate salt one day and 10 days after 

UV exposure (n = 3). Data is shown as mean ± standard deviation; compar-

isons were by Student t-Test; p ≤ 0.05 was considered statistically signifi-

cant and indicated by an asterisk. 

The salts isomerized trans to cis under UV light (λ = 365 nm; 

15 minutes of irradiation at 650 mW/cm2 in a distance of 5 cm ; 



 

Figure 1B, Figure S11) resulting in solid-to-liquid phase tran-

sition at room temperature (Video S1) and a more than 10-fold 

increased apparent solubility in water (Figure 1C). Salicylate’s 

apparent solubility remained increased for one day and re-

turned to levels of the thermodynamic solubility within 10 days 

after irradiation, respectively (Figure 1D). We now integrated 

Ibuprofen (2-(4-isobutylphenyl)propionic acid) – a non-steroi-

dal, anti-inflammatory drug - into azobenzene ion-pairs. Both 

Ibuprofen ion-pairs formed an ionic salt, with the triethylammo-

nium Ibuprofenate salt (N+-Ibuprofen; the structure of the azo-

benzene is in Figure 1A) being liquid at room temperature 

(room temperature ionic liquid) and the trimethylphosphonium 

Ibuprofenate (P+-Ibuprofen) being a crystalline solid at room 

temperature (Figure S12, Figure 2A, Scheme S4). We se-

lected the solid P+-Ibuprofen for further characterization as of 

its transition of aggregate states with light. The trans-isomer of 

the P+-Ibuprofen crystalline solid powder (melting point 

107 °C; (Figure S13)) photo-switched into an amorphous liq-

uid (room temperature ionic liquid) following UV light exposure 

(glass transition temperature -17 °C, Figure 2B, Figure S14). 

Photo-switching resulted in the separation of water suspen-

sions into a less viscous upper phase and a viscous amor-

phous gel phase beneath. Both phases responded to UV light 

exposure with a color switch from yellow to intense red (Figure 

2C). The lower gel structure layer was further studied by wide- 

and small-angle X-ray scattering (WAXS/SAXS, Figures S15-

16). In dark (trans) a broad low intensity signal at 3.4 nm (cor-

relation length of 3.5 nm (Scherrer formula; Figure S15)) and 

a much weaker signal at 1.5 nm was observed, indicating a 

double layer arrangement with antiparallel intercalated ion 

pairs with a length of 2.8 - 2.9 nm. Each double layer was sep-

arated by a layer of water with a thickness of about 0.5 nm 

(representing 2-3 water molecules). After 75 min of exposure 

to UV light, most of the water (about 70%) was squeezed out 

from the lower gel layer. Two sharp and more intense reflec-

tions became visible indicating a higher correlation length, 

thus the formation of a periodic, ordered structure. A qualita-

tive interpretation of these two reflections with non-equidistant 

ratio suggested that supramolecular assembly was not just a 

simple layered structure but was more complex. In fact, as wa-

ter was macroscopically separated throughout the structure 

(visible observation), we expect nanosegregation of aliphatics 

and the respective ion pairs dominating self-assembly in the 

bulk after irradiation. Back-conversion of the cis-azobenzene 

in the trans isomer over time reverted the process, i.e. water 

was again integrated in the gel structure (observed visually) 

and the thermodynamically stable structure was attained again 

as seen before by others. 9-10 However, the limited data set 

(SAXS and non-oriented multi-domain samples) allows for 

qualitative interpretation but not for deriving a precise structure 

model of the supramolecular assembly. Figuratively, the gel 

layer formed photo-switchable molecular sponges experienc-

ing structural transition in response to light – accompanied by 

corresponding color changes from yellow (trans) to dark red 

(cis). The structural effects relaxed over several hours as 

shown by time-dependent SAXS measurements (Figure 

S16). Without an external stimulus the cis isomer reverts   

spontaneously to the more thermodynamic stable trans isomer 

and the structure takes up the water again to form the gel 

structure. Similar light-controlled molecular sponges were re-

ported before for organogels 9 10 and now for hydrogels formed 

by ion-paired drugs. For the less viscous upper phase, UV light 

exposure for 15 minutes increased the apparent Ibuprofen sol-

ubility by 2-fold in water and this was stable for 10 days (Fig-

ure 2D). 99% or 3% of the ion-pairs were in trans form when 

stored in dark or after UV light exposure, respectively (Figures 

S17-18). Altered steric molecular structure on cis formation 

leads to remarkable changes on its physical properties. The 

angular geometry acquired by illumination, through the new 

arrangement of aromatic rings, causes dipole moment incre-

ment (from 0 to 3.0 D) for the azobenzene core, so that the 

intermolecular forces, such as van der Waals interaction, π- π 

stacking and lattice energy are weakened. 9 

Figure 2. (A) Chemical structure of the photoswitchable P+-Ibuprofen salt. 

(B) Polarizing microscope images of the solid, crystalline salt and the amor-

phous, room-temperature ionic liquid after UV exposure (λ = 365 nm). (C) 

In water, the Ibuprofen ion-pair turned from an orange suspension into a red 

hydrogel after UV light irradiation and shaking for 1 hour. (D) Apparent sol-

ubility of Ibuprofen in the supernatant with and without UV light irradiation 

(n = 3). All samples were stored in dark and analyzed again after 24 h and 

10 days later. Data is shown as mean ± SD; comparisons were by Student’s 

t-test; p ≤ 0.05 was considered statistically significant and indicated by an 

asterisk. (E) UV-VIS spectra in water (40 µM), in dark and after UV light 

exposure recorded at different time points. (F) Reversible photo-switching 

by repeated cycles of irradiation with UV and blue light (each lasting for 15 

minutes). 

At 40 µM the UV-VIS spectrum of P+-azobenzene in trans 

state (dark; critical micelle concentration (CMC) ~ 70 µM; Fig-

ure S19) had three distinct maxima in water reflecting the 

bands of the π – π* transition of Ibuprofen at λ = 224 nm and 

the π – π* transition and the n – π* transition at λ = 246 and 

360 nm, respectively (Figure 2E). Following exposure to UV 



 

light the P+-azobenzene switched from trans to cis (97% cis, 

Figure S18) resulting in a bathochromic shift of the π – π* 

(from 246 to 319 nm) and the n – π* (from 360 to 444 nm) tran-

sitions, respectively, while the π – π* transition of Ibuprofen 

remained unchanged (224 nm; Figure 2E). Increasing con-

centrations of the ion-pair in dark (trans) blue-shifted the n - π* 

band as reported for H-aggregates (Figures S20-21).11 The 

cis form had a half-time of about 11.5 hours (Figure S22). Ex-

posure to blue light (λ = 445 nm) partially induced cis-trans 

isomerization and did not lead to photo-bleaching or any signs 

of degradation after 10 photoswitching cycles as indicated by 

identical UV spectra (Figure 2F) and confirmed by HPLC after 

one photoswitching cycle (Figure S17-18). The reversible 

phase transition from a crystalline solid to a room temperature 

ionic liquid after UV light exposure and the fast dissolution of 

the cis form are illustrated in supplementary videos (Videos 

S2, S3).  

We now analyzed the assembly of supramolecular species fol-

lowing cis to trans isomerization of the P+-azobenzene ion-pair 

with Ibuprofen in water (Figure 3). Samples stored in dark 

(trans) had a polydispersity index (PDI) of about 0.29 (Figure 

3A, Figure S23) with worm-, disk- and rodlike structures as 

observed by cryo-transmission electron microscopy (cryo-

TEM) (Figure 3B, Figure S29). These structures disappeared 

in response to UV light, being replaced by monodisperse or 

nearly monodisperse small mixed micelles (PDI 0.03) with a 

hydrodynamic diameter of about 5 nm (Figure 3B, Figure 

S24) and a 4-fold faster diffusion coefficient/Brownian velocity 

(Figure 3A, Figures S23-28). The colloidal solution’s mono-

dispersity peaked after about 6 hours in water and rearranged 

back into larger, diverse structures of the trans form after 24 

to 72 hours resulting in PDI values of more than 0.3 (Figure 

3A, Figures S25-28). Hence, these data sets suggested that 

along with the rearranged isomer (t1/2 ~ 11.5 h; Figure S22), 

soluble supramolecular structures formed. Future studies 

need to address the hypothesis that these supramolecular 

structures contribute to the observed recrystallization delay for 

up to 10 days In dark, the 1H NMR resonances of the trans 

counterions’ aryl and hexyl tail were broad (low tumbling rate, 

i.e. stiffer environment) and the methyl signals (H-1) of the po-

lar phosphonium group were sharp. Similarly, the Ibuprofen’s 

aryl and the alkyl signals were broad (small tumbling rate) sug-

gesting its position in the stiffer environment between the trans 

P+-azobenzenes (Figure 3C bottom, Figure S30). This was 

further corroborated by 1H,1H-NOESY spectra with a cross 

peak between the isobutyl group of Ibuprofen and the aromatic 

signals of the trans P+-azobenzene indicating a molecular dis-

tance of Ibuprofen to the trans isomer of less than 0.5 nm12 

(Figure S31). Modelling studies also suggested an equilibrium 

including the formation of wormlike structures through ionic 

and cation-π interactions between the drug and the trans iso-

mer which were stable over time (Figures S32-33). Calcula-

tion of the packing parameter P of the trans isomer without 

Ibuprofen resulted in a P value of 0.17 (Table S2).13 The dark 

adapted cylindrical micelles predicted by the simulation and 

observed by cryo-TEM (trans; Figure 3C) suggested reduced 

repulsion of the positively charged phosphonium groups when 

interacting with Ibuprofen’s carboxylates. These densely 

packed micelles link to the observed high apparent solubility 

of the P+-azobenzene ion-pair with Ibuprofen in water. This 

transition from spherical to rodlike aggregates was previously 

reported for a similar system using cetyltrimethylammonium 

and the hydrophobic counterion p-ethyl-benzenesulfonate.14 

Photoswitching of the P+-azobenzenes Ibuprofen ion-pairs into 

cis changed the interfacial association phenomena as re-

flected by increasing CMC and possibly an increasing surface 

excess (amount of the amphiphile per unit area of surface; 

Figure S19). This increase in hydrophilicity could hypotheti-

cally reflect the molecular bending of the cis-azobenzene core 

by which the charged heads of the alkyl chains move closer, 

hence the polar surface area increases. This increase in sur-

face polarity favors interaction with the surrounding water, 

which is maximized by spherical structures and arguably ex-

plains the observed changes including CMC and as has been 

suggested before by others.15 1H NMR resonances of the cis 

state resulted in sharper and less shifted signals of the Ibu-

profen, as compared to the trans isomer suggesting Ibuprofen 

being positioned between the P+-azobenzene but with a higher 

mobility / tumbling rate within the aggregates as compared to 

the trans state (Figure 3C, Figure S34). The 1H,1H-NOESY 

spectrum was less conclusive for the cis isomer (UV light) than 

the one measured for trans (dark) possibly resulting from the 

molecules switching back to trans during the experiment (Fig-

ure S35) and as indicated by distorted cross peaks due to on-

going re-organization into bigger supramolecular structures. In 

spite of these restrictions, the cross-peaks provided evidence 

that Ibuprofen was incorporated within the colloidal structures 

(Figure S35).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Supramolecular structures of 8 mM aqueous solution of the P+-

Ibuprofen ion-pair. (A) Average diffusion coefficient [cm2/s] of the colloidal 

species in dark and after UV light exposure. The numbers indicate the pol-

ydispersity index (PDI) (B) Scheme of supramolecular species in dark and 

after UV light irradiation. (C) Imaging of supramolecular species in dark and 

after UV light exposure by Cryo-TEM images and the 1H NMR spectra of 

the corresponding state and Ibuprofen sodium for reference. 



 

The modelling experiments suggested that Ibuprofen did not 

diffuse from the colloids forming under UV light and suggesting 

stable micelle structures (Figure S36). We now studied the 

impact of the UV light induced changes of the P+-azobenzene 

Ibuprofen ion-pair on permeability. For that, the ion-pair was 

applied to synthetic model membranes of skin (Strat-M®-mem-

branes). After 3 minutes, the ion-pair in cis (UV light) perme-

ated into the membrane and could not be wiped off in contrast 

to the trans-isomer which remained at the surface and was 

easily removed (Figure 4A; Video S4). This was also seen in 

cross-sections of the membranes taken 72 hours after appli-

cation (Figure 4B). Both Ibuprofen ion-pairs penetrated signif-

icantly better than the sodium salt (Figure 4C). The trans-iso-

mer had a lag time of about 18 hours and reached equilibrium 

after 72 hours, whereas the cis-isomer readily penetrated 

through the model membrane and reached equilibrium in less 

than 12 hours following exponential patterns (Figure 4C). Fu-

ture studies are needed to which extent these findings reflect 

differences in apparent solubility and/or differences in supra-

molecular assembly as of irradiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Permeability of 8 mM aqueous solution of P+-Ibuprofen ion-pairs 

through membranes. (A) Top view on membranes after administration of a 

drop (left) and when wiped off three minutes later (right; Video S5). (B) 

Cross-section of membranes 72 h after exposure. (C) Permeation of Ibu-

profen ion pairs through membranes after UV light irradiation or stored in 

dark in comparison to Ibuprofen sodium. Data is shown as mean ± SE; com-

parisons were by Student t-Test in comparison to Ibuprofen sodium; p ≤ 

0.05 was considered statistically significant and indicated by an asterisk.  

Lastly, we addressed the challenges of light penetration into 

tissues and cytotoxicity in light of future in vivo application. For 

that, exposure of the hydrogel (Figure 2C) was changed from 

UV-light (λ = 365 nm) to ultrafast femtosecond mode-locked 

red light (λ = 730 nm). The ion-pairs responded to irradiation 

at λ = 730 nm in focused ultrafast mode locked laser light by 

two photon absorption (TPA) through the azo moiety, an ap-

proach which has been previously demonstrated for drug de-

livery in an effort to reach deeper tissues by light 16 or neural 

excitation.17 TPA rapidly impacted the structural features in the 

dark-adapted gel (Figure S37). This change was reversed by 

a focused laser at λ = 532 nm (Figure S37; Video S5). In 

these experiments, we did not quantify the response. How-

ever, experiments with solid crystals showed that complete liq-

uefaction was achieved in a focal volume with 2.7mJ  using an 

88 mW 80 MHz repetition rate femtosecond beam at λ = 

730nm center wavelength. (2.7nJ/mm2) per pulse (data not 

shown). Cytotoxicity studies with a spontaneously immortal-

ized human keratinocyte cell line (HaCaT cells) indicated a 

half maximal inhibitory concentration (IC50) of 7 µM for the N+-

bromide salt and 18 µM for P+-bromide salt (Figure S38). 

These IC50 values are in the range of e.g. benzethonium chlo-

ride (18 µM; human fibroblasts),18 a cationic surfactant which 

is used in cosmetics and topical applications or in the range 

reported for the wound disinfectant octenidine dihydrochloride 

(1.28 µM) when tested in human epidermal keratinocytes.19 20  

In conclusion, light unresponsive drugs become light respon-

sive through ion-pairing with photo-switchable azobenzene 

counterions. Light controlled the supramolecular structures 

and these structures in return controlled the physicochemical 

properties as they photo-controlled transport kinetics through 

model membranes of human skin. The opposite response un-

der longer wavelength makes these processes reversible. The 

system offers TPA for future use within tissues and showed no 

or mild cytotoxicity. Future studies need to detail to which ex-

tent other successfully developed ionic liquid drugs may be 

paired with photo-responsive counterions 21-22 Apart from ex-

panding light control to light unresponsive drugs without the 

need for structure modification of the drug, application of this 

concept might be interesting in pharmaceutical processing 

(process as a liquid after UV light exposure/cis), shipping and 

storage(ship/store in dark/trans as a solid) or clinical applica-

tion (light allows control of penetration depths and permeability 

of skin). As true for any new drug substance, preclinical safety 

studies and long term stability assessments are required be-

fore clinical use. Additionally, future in vivo studies should fur-

ther detail the relevance of these findings for (pre-)clinical ap-

plication. 
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Synthesis, characterization, and further experimental outcome 
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