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ABSTRACT 
 

Controllable release of therapeutic compounds from delivery vehicles is 

essential to successfully reduce drug toxicity and improve therapeutic efficacy. Many 

new nanomaterials that display responsive character to external stimuli are being 

developed in order to achieve such controlled release. However, introducing on 

demand release in established and approved drug delivery systems would better 

facilitate their clinical translation. Light-induced rotating hydrophobic molecular motors 

were therefore incorporated in the lipid bilayer of established phospholipid vesicles 

(liposomes) with the aim of using molecular rotation to destabilize the bilayer and 

facilitate on-demand release of liposomal content. To evaluate the phospholipid bilayer 

response to the molecular motion we investigated the release of a model hydrophilic 

molecule, calcein, from liposomes composed of the unsaturated lipid 1,2-dioleoyl-sn-

glycero-3-phosphocholine ((∆9-cis)PC). The presence of molecular motors in 

liposomes together with irradiation triggered calcein release, which did not occur from 

liposomes with molecular motors without irradiation, nor from liposomes without 

motors with irradiation. Additionally, an increase in calcein release was obtained upon 

prolonged irradiation. The integration of sophisticated molecular components with well-

established clinically relevant nanocarrier systems provides the possibility to enhance 

nanomedical treatments without the need to redesign completely new carrier systems 

that would be a long way from clinical use. 

 
Keywords: liposomes, molecular motors, light-triggered release, on-demand release.  
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5.1 INTRODUCTION 
 

Within the field of nanomedicine, specialized approaches to transport 

pharmaceutically active compounds to target sites by means of nanostructures is one 

of the main goals.(1) The use of specialized nanocarriers (NCs) are considered to be 

highly promising in treating various diseases including combating infections, 

inflammation, fibrosis, and cancer.(2,3) Many nanoparticle systems have been 

developed over the years for diagnosis and therapy of diseases, which includes solid 

inorganic nanoparticles, polymeric nanoparticles such as micelles and polymersomes, 

protein nanoparticles, and lipid-based nanoparticles such as liposomes and lipid 

nanoparticles (LNPs).(2,4–8) A key aspect of NCs is not only to accommodate the 

drugs that need to be delivered but particularly to release them on demand in order to 

increase local drug concentrations to achieve therapeutic effectiveness, while 

preventing side effects.(6) 

For on demand drug release from NCs, external triggers or local factors are 

often envisioned. Local factors that can be exploited are e.g. a change (drop) in pH 

(such as in tumor tissues)(9) or alterations in temperature and pH due to inflammation 

of the tissue(10). Many stimuli-responsive systems that have been developed are often 

polymer-based, because of the ease of polymer synthesis that allows for good control 

over their composition, which is necessary to fine-tune their response to specific 

stimuli.(11–13) In light of the possibilities using polymers as responsive structures to 

deliver pharmaceutical cargo, highly interesting drug delivery systems have been 

developed. Small micellar structures that respond to redox conditions have been 

designed to release the anti-cancer drug camptothecin in the presence of high 

glutathione concentration and reactive oxygen species inside tumors. Similarly, 

thermo-sensitive (e.g. poly(N-alkylacrylamide)s) and pH-responsive polymers 

(ionizable polymers containing e.g. amines or carboxylates) are used to trigger release 

in response to an environmental stimulus.(14) These polymers have been used to 

develop systems that mediate immunogenic cell death(15), and deliver anti-

inflammatory as well as anti-cancer drugs such as doxorubicin to tumors.(10,16). Lipid-

based systems are also extremely attractive as triggered release systems. Easy to 

prepare, they also present flexibility of design, low immune response and are capable 

of containing large payloads which facilitate clinical translation.(17,18) LNPs are often 

employed to delivery genetic material,(18,19) but they are also used for drug delivery 
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in cancer therapy,(20–22) delivery of hormones(23) and imagining.(24–26) Liposomes 

applications in medicine are also broad, including drug and genetic material 

delivery.(27,28) The lipid-delivery systems can also rely on controlled/triggered-

release. Relying on local factors of the microenvironment in diseased tissue is not 

desirable in case of inter-patient and intra-patient heterogeneity. Hence, other triggers 

that are not purely related to the local environment are being used in the development 

of nanocarriers, including magnetic fields,(29) ultrasound,(30) and light.(31) 

Temperature-sensitive liposomes are a well-known system described long ago.(32) 

The temperature input relies on other compounds or materials, e.g. inorganic 

nanoparticles that can produce heat with light or magnetic field input. Particularly the 

use of photo-responsive particles and delivery approaches are interesting as these will 

allow on demand release. Photo- responsive polymersomes have been developed to 

release molecular payloads,(34) including light-triggered nitric oxide release for 

corneal wound healing.(35) Light-dependent release has the disadvantage of 

presenting phototoxicity,(33) where if the systems allows short exposure, phototoxicity 

can be prevented or reduced. Another disadvantage is that most release mechanisms 

induce membrane destabilization or permeabilization and membrane stability cannot 

be recuperated. 

 We propose as an alternative MM liposomes that show light-triggered release 

through mechanical action without inducing phototoxicity, and allow for controlled step-

wise release through reversibility of molecular motion. It is clear that polymers and 

lipids have a great potential future within the clinic concerning nanomedicine. However, 

most formulations that have been approved in the clinic and are historically much 

longer investigated, are phospholipid-based structures.(4,5) Liposomes have since 

long times been used in drug formulations, imaging, and delivery.(36–38) Light-

triggered release using amphiphilic phthalocyanine in conventional liposomes have 

been designed to release payload using near-infra red(39) irradiation but also adding 

gold to the liposome surface to utilize the plasmon-resonance effect facilitate 

release,(40) or embedding graphene-oxide inside liposomes as the light-responsive 

moiety.(41) In most cases, light is being transformed into heat that in turn locally 

increases the temperature and facilitates release from the liposomes. An alternative 

approach would be not to rely on heat transfer properties but directly influence the local 

structural features of e.g. a selective channel (42) in a lipid bilayer without the need for 

chemical alterations or heat induced phase changes. 
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We hypothesized that small unidirectional molecular motors that are hydrophobic in 

nature and reside inside the lipid bilayer would open up the membrane upon irradiation. 

Recently, such unidirectional molecular motors have been used to direct stem cell fate 

as well as interacting with cell membranes in order to permeabilize it and facilitate 

cellular uptake.(43,44) These unidirectional molecular motors are tunable in chemistry 

and rotation speed and offer direct mechanical interaction with their surrounding 

mediated by light.(45–47) The molecular motor was embedded inside a phospholipid-

based nanocarrier, a liposome, and the hydrophobic nature of the molecular motor 

enables it to reside in the hydrophobic interior of the membrane. It was found that 

calcein-loaded liposomes displayed enhanced release upon irradiation. This release 

was only triggered when both the molecular motor was present and when irradiation 

was applied offering control and on demand release capabilities. By increasing the 

irradiation time, the amount of calcein released from the liposome was controlled. The 

proposed system opens up possibilities of adding sophisticated small molecular 

components via simple mixing and self-assembly to interfere in a direct fashion with 

the local structural features and thereby allowing on demand events to occur such as 

controlled delivery as depicted in Scheme 5.1. 

 

 
 
Figure 5.1 - Schematic representation of the mode of operation of on demand release from liposomes 
with molecular motors incorporated in the lipid bilayer. The unidirectional molecular rotation disturbs the 
bilayer and thereby facilitates release of liposomal cargo, here calcein as a model compound. 
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5.2 MATERIALS AND METHODS 
 
5.2.1 Preparation of liposomes with molecular motors: Liposomes with 10 mM 1,2-

dioleoyl-sn-glycero-3-phosphocholine (#850375P, 18:1 (Δ9-Cis) PC (DOPC)), Avanti 

Polar Lipids, Inc.) were prepared by hydration method followed by extrusion through 

polycarbonate 100 nm pore membrane. Lipid was dissolved in chloroform and mixed 

with pure methanol (#1060092511, Emsure® Merck) or methanol containing molecular 

motors (MM; synthesis of 5,5'-(9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-

1-ylidene)-9H-fluorene-3,6-diyl)diisophthalic acid, the MM, is described in the 

Supplementary Information of (46)) in a ratio 1:1 (v/v). Liposomes containing MM were 

prepared at two different mixing ratios, 1:50 (MM1) and 2:25 (MM2) of MM to lipid 

(MM:lipid, w/w). The mixtures were dried under a stream of N2 followed by evaporation 

under reduced pressure. The dry lipid films were hydrated with 100 mmol L-1 solution 

of calcein (#C0875, Sigma-Aldrich) in HEPES (10 mM, 7.4), followed by vigorous 

mixing for 2-3 hours to generate liposomes. Liposomes were extruded 17 times using 

an Avestin LiposoFast - Basic extruder with two gas tight glass syringes and 

assembled with two filter supports (#610014, Avanti) and one 100-nm pore 

polycarbonate membrane (Avestin) prewetted in HEPES buffer. Liposome purification 

was performed using a gel filtration resin Sephadex® G-100 (#17006001, GE 

Healthcare) in HEPES (10 mM, 7.4) buffer. The purification setup was protected from 

light during purification. 

Liposome characterization: Liposomes size and zeta potential (z-potential) were 

determined by a Zetasizer Nano ZS (Malvern Instruments) after purification in 10 mM 

HEPES, pH 7.4.  

Calcein release assay: Fluorescence of calcein-loaded liposomes with and without 

motors (MM1, 1:50 (w/w)) was measured before and after UV light irradiation in a 

Synergy HTX Multi-mode plate reader (BioTek Instruments Inc.) with excitation 485/20 

nm and emission 528/20 nm using 96-well black flat bottom plates. Number of 

excitation flashes was set at 3 flashes per well to reduce photobleaching. UV light 

irradiation (λmax = 365 nm) of the liposomal formulations was performed with a 

Spectroline lamp model ENB-280C/FE kept ≈10 cm from the 96-well plate with a 

delivery intensity of ≈ 0.2 mW cm-2. 
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5.3 RESULTS 
 

The molecular motor (MM) is water-insoluble and similar to other small 

molecular components can be stored inside the hydrophobic domain of a phospholipid 

membrane. Liposomes (SUVs) with MM were made at phospholipid:MM molar ratios 

of 1:50 (MM1) and 2:25 (MM2), by means of lipid film rehydration and subsequent 

extrusion. From dynamic light scattering analysis, it was observed that control 

liposomes without MM and  MM1 liposomes showed similar sizes of 120 nm and 110 

nm, respectively (Figure 5.2). Higher loading of MM into the liposome (2:25) resulted 

in a larger diameter of ~200 nm for the MM2 liposomes.  

 
 

Figure 5.2 - Dynamic Light Scattering of (∆9-cis)PC liposomes without MM (no MM), and with MM at 
mixing ratio 1:50 (MM1) and 2:25 (MM2) after purification with Sephadex® G100. Size control was 
induced via extrusion through a polycarbonate filter (pore-size 100 nm) and the measurements were 
performed at 20°C.  
 

The zeta-potential (surface charge) of the non-loaded liposomes and the MM1 

liposomes was similar, while MM2 liposomes displayed a significantly reduced surface 
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charge (Figure 5.3). In order to compare release kinetics from liposomes with and 

without molecular motors we chose to compare MM1 liposomes with liposomes without 

motors, to prevent a potential difference in release kinetics caused by a difference in 

liposome size and/or zeta. 

 
Figure 5.3 - The zeta(z)-potential of (∆9-cis)PC liposomes without MM (no MM), and with MM at mixing 
ratio  1:50 (MM1) and 2:25 (MM2) after purification with Sephadex® G100. z-potential values are mean 
± SD of three measurements of the same batch. Data was analyzed using two-sample t-test and 
significance is indicated by * for p-value < 0.05. 
 

The liposomes were loaded with calcein as a model compound as it is very 

suitable to analyze the release due to the fluorescent properties of calcein. Liposomes 

were loaded with a calcein solution at a concentration above the self-quenching 

concentration. Above the self-quenching concentration, calcein displays a substantially 

reduced fluorescence intensity. The self-quenching calcein concentration is 

maintained inside the liposome, but upon release of calcein into its environment as 

would occur after destabilization of the loaded liposomes, its concentration will 

decrease causing an increase in fluorescence. Therefore, released calcein will 

become clearly measurable and distinguishable from the non-released calcein. By 

measurement of the fluorescence intensity over time and comparing it with the state 

where liposomes are fully destroyed (full release), the percentage release (%) over 

time can be determined. 

Both control liposomes and MM1 liposomes were subjected to the same 

treatments (Figure 5.4). The calcein release over time was first assessed in the 
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absence of irradiation to identify the overall stability of the liposomes over time (Figure 

5.4A). Figure 5.4A shows the release over time and for the duration of the analysis up 

to 70 minutes, no significant release was detected in both the liposomes without and 

with MM. These results indicate that the low abundance of MM inside the lipid bilayer 

does not cause enhanced leakiness of the membrane. Then the calcein loaded 

liposomes were irradiated using UV-light for 30 seconds with a wavelength of 365 nm. 

UV irradiation causes the molecular motors to rotate and induce molecular 

motion.(46,48)  

Upon a single irradiation for 30 seconds, the irradiated MM1 liposomes 

displayed enhanced release compared to the control liposomes. A calcein release up 

to 10% was observed within 60-70 minutes after which the release leveled off. Of note, 

during this period, no irradiation was applied and therefore molecular motion is no 

longer destabilizing the membrane. The partial release indicates that moderate release 

is facilitated rather than that all content is liberated at once, which in turn indicates that 

the molecular motion of the motor inside the lipid bilayer does not result in destruction 

of the membrane. Restoration of the membrane integrity allowed the liposome to 

regain its initial stability. The liposome without MM did not display any release (Figure 

5.4B). Therefore it is not UV-irradiation that causes a local increase in temperature or 

induces molecular alterations to the lipid membrane that induces the calcein release, 

but it is the rotating molecular motor that is responsible. 

 
Figure 5.4 - Liposomes without and with MM (1:50) without irradiation (A) and with irradiation for 30 
seconds (B) of which the calcein release was studied using fluorescence spectroscopy. Measurements 
are average ± SD of three independent experiments. 
 

Figure 5.5 shows the quantified release at intermediate time points to further 

exemplify the difference between MM1 liposomes and control lipsomes. It is clearly 
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distinguishable that most of the release occurs shortly after the irradiation-step and 

only for the liposomes that have the molecular motor incorporated into the lipid 

membrane. A small amount of release, up to 1%, is detected for the liposomes without 

the MM inside the membrane. This indicates that there is a very minor amount of 

unspecific release, which was not detected in the samples without irradiation. It 

indicates that the UV-irradiation influence the system to some degree, most like due to 

(local) heating of the system that faciliates slight permeabilization of the membrane of 

the liposomes. 

 
Figure 5.5 - Liposomes without and with MM (1:50) with irradiation for 30 seconds of which the calcein 
release was studied at fixed time-points using fluorescence spectroscopy. Measurements are average 
± SE of three independent experiments. Data was analyzed by analysis of variance (ANOVA) and 
Tukey’s test. Significances are indicated with * for p-value < 0.05, ** for p-value < 0.01 and *** for p-
value < 0.001. 
 

In order to identify the extent of control over the calcein release from MM-

containing liposomes, also a higher irradiation time was investigated. By increasing the 

amount of irradiation dosage, either by time or intensity, the molecular motors would 

provide more molecular rotatory motion. Liposomes from the same batch prepared 
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with a lipid to MM ratio of 1:50 (w/w) were subjected to 0, 30, and 60 seconds of UV-

irradiation after which the fluorescence intensity was analyzed over time (Figure 5.6). 

It is clearly visible that upon increasing the irradiation time, the release of calcein is 

enhanced. After 60 s exposure to UV-light, 18 ± 3 % release was observed compared 

to 10 ± 3 % after 30 s exposure. This difference in release profile simply by adjusting 

the dosing of UV-irradiation illustrates the ease of control over the system. It enables 

us to appropriately tailor the amount of molecular components to meet either the 

required dosing for an active compound to function, or control the release over several 

events. It has to be noted that irradiation times > 60 s were avoided as well as repetitive 

irradiation as it inflicted photo-bleaching of calcein, preventing proper fluorescence 

data analysis. For future studies, non-bleaching fluorescent moieties should be used 

or molecular motors that respond to visible light rather than UV-light to not inflict 

oxidative alterations to molecular structures. 

 
Figure 5.6. Liposomes with MM (1:50) without irradiation and with irradiation for 30 and 60 seconds of 
which the calcein release was studied using fluorescence spectroscopy. 
 

5.4 CONCLUSION 
 

Redesigning new nanocarriers is something that is a challenge but highly 

important to advance the field of nanomedicine and facilitate controlled active, on-

demand delivery at the right location at the right time. However, while still many new 
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materials are under development and far from the clinical application, novel 

approaches that are more straightforward will provide the opportunity to impact the 

nanomedicine and controlled release field in an immediate fashion. By bringing 

together the well-established and clinically relevant liposomal nanocarrier system with 

the sophisticated responsive small molecular rotating motor, new innovative 

approaches for controlled release are possible. Here we show that the UV-induced 

rotation of a hydrophobic molecular motor, stored inside the lipid membrane, disrupts 

the membrane to such an extent that small molecules (calcein) are released. This 

release only occurs in the presence of the molecular motor and combined with UV-

irradiation. Without either the molecular motor or the UV-irradiation no significant 

release was found. An increase in irradiation dose produced enhanced calcein release, 

which indicates that with this relatively simple approach a high degree of control over 

drug release can be obtained. The incorporation of such an approach is not limited to 

phospholipid systems but is also envisioned to be compatible with polymer-based NCs. 

By further tuning the system by using visible light to become responsive to visible light, 

it will be possible to reduce potential oxidative damage due to irradiation events and to 

improve the biocompatibility of the approach as biological systems generally poorly 

tolerate UV-irradiation. 
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