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ABSTRACT: A reversible switchable on-demand UV-triggered drug delivery system (DDS) based on interpenetrating polymer 
networks (IPNs) with silicone as host polymer and spiropyran (SP) functionalized guest polymer designed and demonstrated. The 
photo-responsive IPNs provide a new triggered drug delivery concept as it exploits the change in intermolecular interactions (work 
of adhesion) between drug, matrix and solvent when the incorporated hydrophobic SP moieties transform into the hydrophilic MC 
form upon light irradiation without degradation and disruption of the DDS. The change of how the copolymer composition (hydro-
philicity and content) and the lipophilicity of the drug (log P) affect the release profile was investigated. A thermodynamic model, 
based on Hansen solubility parameters (HSP), was developed to design and optimize the polymer composition of the IPNs to get the 
most efficient light-triggered drug release and suppression of the premature release. The developed IPNs showed excellent result for 
dopamine, L-dopa and prednisone with around 90-95% light-triggered release. The model was applied to study the release behavior 
of drugs with different log P and to estimate if the light-induced hydrophobic-to-hydrophilic switch can overcome the work of adhe-
sion between polymer and drug and hence the desorption and release of the drugs. To the best of our knowledge, this is the first time 
that work of adhesion is used for this aim. Comparing the result obtained from the model and experiment shows that the model is 
useful for evaluating and estimating the release behavior of specific drugs.

1. INTRODUCTION 
Implantable biomaterials with the capability of providing 
both an appropriate scaffold for tissue engineering and con-
trolled localized drug delivery have opened new horizons in 
tissue engineering and regenerative medicine. Such bio-
materials are capable of direct cell differentiation through 
high-performance localized delivery of therapeutic agents 
and drugs, which have adverse effects or limited effect 
through systemic drug administration methods, such as oral 
and intravenous administration 1–3. Drug delivery systems 
(DDS) that deliver a therapeutic agent upon a specific stim-
ulus are called triggered DDS. If designed properly a trig-
gered DDS can deliver a drug directly at the point of care at 
the desired point in time to achieve a localized high concen-
tration of drug while minimizing overall injected dose and 
systemic concentration. This shows much promise for drugs 
with high toxicity or narrow therapeutic window. To date, 
stimuli-responsive DDS have been designed to intelligently 
switch on/off the release of a drug as the function of respon-
siveness to the stimuli, which can be endogenous (e.g. pH, 
enzyme, small bio-molecules, redox and glucose) or exoge-
nous (e.g. magnetic field, temperature, ultrasound, electric 
pulse and light) 4,5. Endogenous activation exploits particular 
physiochemical characteristics of the pathological microen-
vironment, while exogenous activation provides external 

stimuli to regulate the release. Each stimulus has both ad-
vantages and limitations 6. Particularly, the control of endog-
enous stimuli is more difficult because of their tremendous 
variation from one patient to another, the exogenous stimuli-
responsive DDS are more promising for clinical application 
7. Among the exogenous stimuli, light is particularly inter-
esting due to its potential to be applied remotely and revers-
ibly with controllable intensity as well as high spatiotem-
poral precision 6,8–10. Light-triggered DDS typically consist 
of a photo-responsive molecular switch as the functional 
part. This is usually a photochromic chromophore like azo-
benzene 11, thymine 12, o-nitrobenzyl 13, and spiropyran (SP) 
14. Most of the light-triggered DDS are formulated as de-
gradable photo-responsive films, particles, micelles or lipo-
somes 15,16. One technique takes advantage of the ability of 
plasmonic metal nanoparticle clusters to absorb light and 
convert it into thermal energy, which leads to decomposition 
of the polymeric film and rupture of the liposomes with sub-
sequent release of the encapsulated drugs 15,16. Light-trig-
gered micelle-based drug delivery systems are often func-
tionalized with azobenzene or SP which can isomerize upon 
irradiation with UV light. This causes an alteration in the net 
dipole moment and a disruption of the micellar hydrophobic-
hydrophilic balance, leading to release of encapsulated con-
tents 17,18. Among the available classes of light responsive 
molecular switches, SP 19,20 has attracted a lot of attention 
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21,22, and its photoreaction mechanism thoroughly studied, 
and exploited 22,23 for construction of different hybrid photo-
switchable structures 21,22,24–26. SP is unique in that its two 
isomers exhibit dramatically different physicochemical 
properties in response to light and that the isomerisation is 
reversible 21,22. Under visible (Vis) light or at dark, the mol-
ecule is in its SP form, which is colourless, hydrophobic, 
nonpolar, uncharged, and insoluble in water. Under UV light 
irradiation, it isomerizes to the merocyanine (MC) form, 
which is coloured (violet), hydrophilic, polar, zwitterionic 
and soluble in water 27,28 (Figure 1a). Several scientists have 
been inspired by the hydrophobicity switch between the SP 
and MC isomers and its quick transition rate 29 , which has 
led to various potential applications, such as bioimaging 30, 
sensors 28,31,32, controlled release 14,18,33, optical switching 
displays 34, and optical data storage 35,36. The use of SP for 
light-triggered drug delivery has gained particular attention 
during recent decades 14,17,18,29,37–41. This research area is still 
in its early stages, as no commercial product has emerged, 
but the amount of conducted research indicates the huge po-
tential to use SP for light-triggered DDSs 28. This research 
has mainly focused on the formation of SP-containing am-
phiphilic molecules that self-assemble into micelles or lipo-
somes. Upon UV exposure the molecules loses their am-
phiphilic nature and the micelles/liposomes are disrupted 
and the drug cargo is released 18. Another common approach 
is to embed the drug in mesoporous silica nanoparticles 
which are modified with SP as a gate molecule on their sur-
face, which upon UV exposure transforms the hydrophobic 
SP into the hydrophilic MC form, resulting in the diffusion 
and release of the embedded drug 39,42–44.  
Most of the light-triggered DDS described in literature are 
based on disassembly and disruption of the drug carriers, 
which suffer from premature drug leakage (premature re-
lease) before reaching the target site. Furthermore, these sys-
tems lack the reversibility, i.e. they do not possess the capa-
bility to stop the release again after the initial trigger. Also, 
the residual carrier segments, formed through the disruption 
process, are not desired in terms of toxicity. Therefore, it 
would be convenient to develop a reversible light-triggered 
DDS that exploits the change in the intermolecular interac-
tions (work of adhesion) between polymer, drug and solvent, 
without the disruption of the system. Moreover, a well-
known issue with light-triggered DDS (like the SP-MC sys-
tem) is that most respond to UV light, which can be harmful 
to tissues, and has a low penetration depth (around 10 mm) 
6,45,46. Effort has therefore been invested to address these lim-
itations by replacing UV with two-photon NIR light in the 
range of 650–900 nm 4,6,47. Alternatively, a light source can 
be implanted locally inside the body, as recently proposed 48.  
We have previously employed supercritical carbon dioxide 
(scCO2) technology to generate IPNs by impregnating sili-
cone elastomers (the host polymer) with different guest pol-
ymers formed by free radical polymerization 49–55. This tech-
nology is capable of incorporating different types of mono-
mers into the silicone to develop IPNs with diverse proper-
ties and good potential for long-term continuous drug deliv-
ery 53–55and their performance at in vivo physiological con-
ditions has been demonstared in a previous study 50. How-
ever, to the best of our knowledge, there is no systematic 
study of the scCO2 technology to develop a photo-switcha-
ble silicone-based IPN as a light-triggered DDS.  

Here we describe the development of a light-triggered DDS 
based on IPNs that include copolymers of the photochromic 
compound spiropyran methacrylate (SPMA) as the guest 
polymer and evaluation of the triggered-release of five dif-
ferent drugs with varying hydrophobicity (log P value). Sil-
icone elastomer was impregnated with different photo-
chromic guest polymers including SP co-polymerized with 
different acrylic monomers with varying hydrophilicity; 2-
hydroxyethyl methacrylate (HEMA), poly (ethylene glycol) 
methyl ether acrylate (PEGMEA) and butyl methacrylate 
(BMA).  
A thermodynamic model based on HSP was developed to 
estimate the work of adhesion between each drug and guest 
polymer and used to design, tailor and optimize the guest 
polymer composition. The mechanism of light-triggered 
drug release is a hydrophobic-to-hydrophilic switch of the 
IPNs where the release of the drug depends on the intermo-
lecular interactions between the drug, the guest polymer and 
the solvent. Therefore, by applying the model and altering 
the composition of the guest copolymers with varying hy-
drophilicity, the surface tension was tailored to ensure a trig-
gered release and suppress premature release. The IPNs were 
characterized using FTIR and XPS to confirm the presence 
of guest polymer in the surface and bulk of the material, as 
well as by water uptake measurements. Fluorescence spec-
troscopy was applied to demonstrate the photochromic prop-
erties of the IPNs. Furthermore, the thermodynamic model 
was applied to estimate the work of adhesion between each 
drug and guest polymer and to predict the release behaviour 
of the drugs from the developed photoactive IPNs. To the 
best of our knowledge this is the first time that work of ad-
hesion is used for this aim.  
Finally, we performed some initial cell viability and biocom-
patibility testing of the IPNs before and after UV treatment 
by culturing human neural stem cells (hNSCs) (live/dead 
cell staining) and their further 10 days differentiation on the 
IPNs (immunocytochemistry).  

2. EXPERIMENTAL SECTION 
2.1. Materials and chemicals. Silicone hollow cylinders 
(L:22 mm, ID: 4 mm, WT: 0.5 g) were cut from extruded 
silicone tubing (Nusil MED-4720) and carbon dioxide (N48) 
was supplied by Air Liquide Denmark (Copenhagen, Den-
mark). 2-hydroxyethyl methacrylate (97%, HEMA), poly 
(ethylene glycol) methyl ether acrylate Mn 480 (PEGMEA), 
butyl methacrylate (BMA), 2,3,3-Trimethylindolenin 98%, 
2-hydroxy-5-nitrobenzaldehyde, acetonitrile, diethyl ether, 
dichloromethane (DCM), hexane, potassium hydroxide, tri-
ethylamine, methacryloyl chloride, 2-bromoethanol, 98% 
ethylene glycol dimethacrylate (EGDMA), tetrahydrofuran 
(THF), doxycycline hyclate, curcumin, dopamine hydro-
chloride and ethanol (99.8%, EtOH) and 3-(3,4-Dihydroxy-
phenyl)-L-alanine (L-DOPA) were purchased from Sigma-
Aldrich. Removal of the monomethyl ether hydroquinone 
(MEHQ) inhibitor from HEMA and PEGMEA and their pu-
rification was done as described previously 53. Diethyl per-
oxydicarbonate (DEPDC) in hexane was prepared as de-
scribed by Xu et al 56 and used as initiator for radical 
polymerization. 
2.2. Synthesis of spiropyran methacrylate (SPMA) mon-
omer (1′-(2-methacryloxyethyl)-3′,3′-dimethyl-6-nitro-
spiro-(2H-1 benzopyran-2,2′-indoline)). In order to fabri-
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cate the photo-responsive IPNs, the photochromic com-
pound, 2-(3′,3′-Dimethyl-6-nitro-3′H-spiro[chromene-2,2′-
indol]-1′-yl)-ethanol (SPOH) was synthesized according to a 
previously published procedure 57. The SPMA monomer was 
synthesized through modification of SPOH with methacry-
loyl chloride according to the method described in 58. The H-
NMR spectra of samples were obtained using a 400 MHz 
Bruker Avance III NMR spectrometer with CD3CN and 
CDCl3 as the solvent of SPOH and SPMA, respectively. The 
spectra were processed using TOPSPIN 4.0.2 software 
(Bruker) and are shown in Figure S1 and S2 in Supporting 
information (SI). The H-NMR spectra of the synthesized 
compounds showed the expected peaks and chemical shifts 
according to the reference 59, which confirms the structure 
and purity of them. The photochromic properties of the syn-
thesized SP is presented in the S10 of the SI. 
2.3. Fabrication of photo-responsive IPNs. IPNs contain-
ing photochromic acrylic-based guest polymers were pre-
pared in scCO2 by impregnating the silicone elastomer with 
the guest monomers 49–55, including the photochromic mon-
omer SPMA, in 16 mL-custom-made stainless-steel high-
pressure reactors (Abeto, Copenhagen, Denmark). Hydro-
philic and hydrophobic IPNs were fabricated by co-polymer-
ization of HEMA, PEGMA, and SPMA into poly(HEMA-
co-PEGMEA-co-SPMA) and copolymerizing BMA and 
SPMA into poly(BMA-co-SPMA) as the guest polymer, re-
spectively. The combination of BMA, HEMA and SPMA 
was used to fabricate three partially hydrophilic poly(BMA-
co-HEMA-co-SPMA) IPNs with different HEMA molar ra-
tio of 8.5, 12 and 24%. Briefly, a mixture of monomers so-
lution (the composition of the monomers solution for each 
IPN is described in S2 (SI)), initiator (0.8 mL of 0.2 M 
DEPDC) and crosslinker (0.096 mL of EDGMA) with ap-
proximately 0.5 g silicone hollow cylinders were added to 
the reactors. Then the reactors were closed and pressurized 
with CO2 to 400 bar at 40 ˚C. After 16 h the pressure is 
slowly released (approx. 30 min) and the reactor is allowed 
to return to ambient temperature. The samples are purified 
by extracting the residual monomers and un-crosslinked pol-
ymers by soaking in 96 % ethanol for 7 days and subsequent 
drying at 40 ˚C for 5 hours. The guest polymer content (𝐺𝐺) 
of the IPNs were calculated using eq. (1). 
 
𝐺𝐺 (%) = (

𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼 −𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑚𝑚𝐼𝐼𝐼𝐼𝐼𝐼
) × 100 (1) 

 
Where, mIPN is the mass of the IPN samples and msilicone is the 
mass of pristine silicone before impregnation with the guest 
polymer. 
2.4. IPN characterization. The photochromic properties of 
the IPNs were evaluated by recording fluorescence spectra 
using an Andors Shamrock SR303i spectrometer equipped 
with UV LED lamp (375 nm) and a laser excitation source 
(Cobolt 532 nm). For the isomerization reaction (SP to MC), 
the excitation was performed by a UV LED lamp using 0.52 
mW output and 400 mA current. For the reverse reaction 
(MC to SP), fluorescence spectra were acquired at an exci-
tation wavelength of 532 nm. The exposure time for UV and 
Vis light was set to 6 min for the experiments. To investigate 
the reversibility of photo-isomerization in response to alter-
nating light irradiation, eight cycles of sequential UV and 
Vis light exposure were applied to the IPN sample, and the 
fluorescent emission was recorded accordingly. The atomic 

composition of the surface and bulk of pristine silicone and 
IPNs with and without SP was analysed by X-ray photoelec-
tron spectroscopy (XPS), using a K-Alpha spectrometer 
(Thermo Fisher Scientific Inc., USA) equipped with a mon-
ochromatic Al Kα X-ray source (pass energy: 200 eV for 
survey spectra). The atomic percentages of elements were 
extracted using the software package (Avantage Thermo 
VG), provided by ThermoFisher Scientific. Attenuated total 
reflection Fourier transform infrared spectroscopy (ATR-
FTIR, PerkinElmer Technologies, USA) was used to iden-
tify different functional groups and verify the presence of 
guest polymers in the IPNs. 
The light-triggered release from photoactive IPNs with var-
ying hydrophilicity of the guest polymer were investigated 
by examining the release behaviour of five drugs with vary-
ing lipophilicity (different log P values) with and without 
UV irradiation.  
2.5. Drug loading and drug release. The hollow cylinder 
IPNs (1.00 cm) were loaded by soaking them in 5 mL of 12.5 
mg/mL drug solution in 70 % ethanol for 1 week at 4˚C. It 
was previous shown that the IPNs were fully loaded after 3-
4 days 50. To remove loosely attached drug from the IPN 
samples, they were vortex-washed five times (10 sec each 
time) with fresh miliQ water. For characterization of drug 
release and the effect of UV irradiation on the release behav-
iour, IPNs were immersed in vials containing 5 mL of PBS 
(0.1 M, pH 7.2). The UV irradiation of the samples was done 
using a UV lamp (6-watt, 375 nm, Analytik Jena, Germany). 
300 µL of the release medium was sampled from each vial 
at different time intervals. UV–Vis absorbance of the solu-
tion was then immediately recorded at the maximum absorp-
tion wavelength. Table 1 represents the properties of the 
drugs tested in this work. 
 
Table 1. The properties of the tested drugs 

Drug 
Log 

P 
Water 

solubility 𝜆𝜆max 
HSP 

𝛿𝛿d 𝛿𝛿p 𝛿𝛿h 

 mg/mL nm MPa1/2 

Doxycy-
cline hyclate -1.9 50 344 24.7 8.49 22.2 

Dopamine -
0.98 

Freely 
soluble 284 18.2 10.3 19.5 

Levodopa  
(L-dopa) 

0.05 5 284 22.34 6.26 21.86 

Prednisone 1.46 0.22-0.24 282 21.52 8.88 16.26 
Curcumin 3.62 0.0057 426 18.8 7.7 11.1 

 
2.6. Cell viability and immunocytochemistry. The in vitro 
biocompatibility and the ability of photoactive IPNs to be 
used asa substrate for stem cell differentiation was assayed 
through differentiating hNSCs of ventral mesencephalic 
origin on the poly(BMA-co-HEMA-co-SPMA) IPN with 
8.5% HEMA and poly(BMA-co-SPMA) IPN. Following pu-
rification and sterilizing with ethanol, the IPNs were rinsed 
with sterile MQ water, incubated in a cell culture medium 
overnight then coated with Geltrex (ThermoFisher Scien-
tific). hNSCs cells were cultured on Geltrex coated IPNs, as 
previously described 60,61. Cells were seeded in growth me-
dium containing DMEM/F12 with GlutaMAX, 0.5 % w/v 
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AlbuMAX, 5 mᴍ HEPES (all from ThermoFisher Scien-
tific), 6 g/L glucose (Sigma Aldrich), 40 µM each of each L-
asparagine monohydrate (MerckMillipore), L-alanine 
(MerckMillipore), L-glutamin, L-aspartic acid (MerckMilli-
pore), L-proline (MerckMillipore), acid (MerckMillipore) 
and 100x diluted N-2 supplement (ThermoFisher Scien-
tifica), penicillin/streptomycin mix, 20 ng/L each of fibro-
blasts growth factor (FGF) and epidermal growth factor 
(EGF) (R&D systems). Viability of the hNSC cells was as-
sessed 24 hours after seeding using a live/dead cell viability 
kit (calcein AM and ethidium homodimer-1 (ThermoFisher 
Scientific)), according to the manufacturer’s instructions. 
Cells were incubated with ethidium homodimer-1 and cal-
cein AM for half an hour at 5% CO2 and 37 °C to stain dead 
(red) and live cells (green), respectively. Then IPN samples 
were washed with PBS and imaged using an LSM 710 (Carl 
Zeiss) inverted confocal laser scanning microscope. For 
stem cell differentiation and immunocytochemistry, growth 
medium was replaced with differentiation medium 24 hours 
after seeding. Differentiation medium components were the 
same as growth media, except that EGF and FGF were sub-
stituted by 1 mM Dibutyryladenosine 3’,5’-cylic monophos-
phate sodium salt (Sigma Aldrich) and 2 ng/L GDNF 
(PeproTech). After 48 hours, the differentiation medium was 
entirely exchanged with fresh differentiation medium. Then 
every second day, 2/3 differentiation medium was ex-
changed with fresh differentiation medium. At the experi-
mental endpoint (differentiation day 10), 4% paraformalde-
hyde was used for fixation of cells. Before immunocyto-
chemistry staining, the samples were incubated with block-
ing solution (1% goat serum and 1% horse serum in 0.3% 
Triton X-100 in PBS) to permeabilize the cell membranes 
and prevent unspecific binding of antibodies. Then the sam-
ples were stained with primary antibodies by incubating 
them in anti-β-tubulin (mouse, Sigma-Aldrich T8660, 
1:500) and anti-tyrosine hydroxylase (rabbit, PelFreez Bio-
logicals P40101, 1:500) in blocking solution overnight at 4 
°C. After rinsing of samples with PBS, they were stained 
with secondary antibodies by incubating in Alexa 546 goat 
anti-mouse (ThermoFisher A-11030, 1:500) and Alexa 647 
goat anti-rabbit (ThermoFisher A-21245, 1:500) in blocking 
solution for 2 hours at room temperature. The cell nuclei 
were counterstained with 2 µg/ml Hoechst 33342 (Ther-
moFisher H1399) for 15 min followed by rinsing and incu-
bation in PBS. LSM 710 (Carl Zeiss) inverted confocal laser 
scanning microscope was used for acquiring the images us-
ing objectives with 40x magnification. Z-stacks were ac-
quired in order to visualize the cells growing at different fo-
cal planes. Images were processed and analyzed using Im-
ageJ software.  

3. RESULTS AND DISCUSSION 
3.1 Development of the thermodynamic model. Figure 1b 
illustrates the release process from an IPN. It shows, from a 
thermodynamic point of view, what happens upon UV irra-
diation at the interphase between drug, guest polymer and 
solvent. The desorption and triggered release of a drug from 
the IPN can be described in terms of the involved surface 
energy changes. The work of adhesion (𝑊𝑊𝐼𝐼𝑃𝑃) between a 
guest polymer (𝑃𝑃) and drug (𝐷𝐷) can be estimated according 
to eq. (2) 62 by considering the relationship between the in-
terfacial surface tension between the drug, polymer and sol-
vent (water, 𝑊𝑊). 

 
𝑊𝑊𝐼𝐼𝑃𝑃 = 𝛾𝛾𝑃𝑃𝐷𝐷 +  𝛾𝛾𝐼𝐼𝐷𝐷 −  𝛾𝛾𝐼𝐼𝑃𝑃 (2) 

Where, 𝛾𝛾 is the interfacial surface tension between two sub-
stances, and P, D and W denote the polymer, drug and sol-
vent (water), respectively.  
 

 

Figure 1. a) Photochromism of spiropyran in the guest polymer 
network and reversible transformations between the the hydro-
phobic SP and the hydrophilic MC, b) Desorption and release 
of drug molecules from photoactive guest polymer in an IPN.  

The work of adhesion is the minimum work required to sep-
arate two adjacent phases in contact and the energy needed 
to break the adhesive bonds 63,64. Therefore, the work of ad-
hesion is an interesting thermodynamic parameter that can 
be used to predict if a certain drug will adsorb to a certain 
polymer in a certain environment. Decreasing the work of 
adhesion between a polymer and a drug means that it be-
comes more energetically favourable for the drug to desorb 
from the polymer surface. Adsorption and desorption of a 
drug to or from the surface of a material (e.g. a guest polymer 
in an IPN) can be described by the intermolecular interac-
tions between the drug, polymer and solvent. The thermody-
namic model based on the interrelation of HSP 65 and the 
work of adhesion 64 was developed to estimate the intermo-
lecular interactions between drug, polymer and solvent. 
Thus, the model could be used to tailor and optimize the pol-
ymer composition of the drug carrier (e.g. IPN) and also to 
predict whether the release of specific drugs with different 
log P values can be triggered by light, i.e. if the change in 
work of adhesion caused by irradiation of light is enough to 
trigger the desorption and release of a drug from the SP-
based IPN. 
The HSP gives a systematic estimate of the compatibility be-
tween two compounds. It describes the cohesive energy that 
holds molecules together to form materials or liquids, and is 
equal to the energy needed for vaporization (breaking all the 
cohesive bonds). This energy arises from dispersion forces 
(𝑑𝑑), polar forces (𝑝𝑝) and hydrogen bond forces (ℎ) 65 with 
the total cohesive energy 𝐸𝐸 (J/mol), which is the sum of these 
individual energies, as given by eq. (2) 65. 
 
𝐸𝐸 = 𝐸𝐸𝑑𝑑 +  𝐸𝐸𝑝𝑝 +  𝐸𝐸ℎ (3) 

 
The HSP (𝛿𝛿) (with the unit MPa1/2), can be obtained through 
eq. (4), where 𝑉𝑉 is the molar volume (mL/mol), and the 
square of 𝛿𝛿 is the sum of the square of the individual energy 
𝛿𝛿d, 𝛿𝛿p, and 𝛿𝛿h, arising from dispersion-, polar- and hydrogen 
bond forces, respectively 65, as shown in eq. (5). 
 

 𝛿𝛿2  = 𝐸𝐸/𝑉𝑉 (4) 
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δ2 = δ2𝑑𝑑 +  δ2𝑝𝑝 +  δ2ℎ (5) 
 
The surface tension (𝛾𝛾 in eq (2)) of matter originates from 
the cohesive forces holding this matter together 65. Conse-
quently, the surface tension of a pure substance (𝛾𝛾1) can be 
estimated by applying HSP where the correlation between 𝛾𝛾1 
and HSP is given by eq. (6) 66. 
 

𝛾𝛾1 = 𝑘𝑘1V
1
3 ��

𝛿𝛿𝑑𝑑
𝑘𝑘3
�
2

+  𝑘𝑘2 ��
𝛿𝛿𝑝𝑝
𝑘𝑘3
�
2

+  �
𝛿𝛿ℎ
𝑘𝑘3
�
2

�� (6) 

 
Using the correlation between 𝛾𝛾 and HSP, considering the 
dispersion forces (𝑑𝑑), polar forces (𝑝𝑝) and hydrogen bonding 
(ℎ) as interfacial interactions and cohesive forces, eq. (7) can 
be derived by calculating the work of adhesion based on the 
HSP. The full derivation is described in detail in S3 of the 
SI. 
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(7) 

 
where 𝑉𝑉 is the molar volume of a substance (mL/mol), 𝛿𝛿 is 
the HSP of a specific type of molecular interaction (√MPa), 
and 𝑘𝑘1 is Beerbower's constant which has a value of 0.0715 
67. 𝑘𝑘3 is a conversion constant with the value of 2.0455  65. 
To determine the value of constant 𝑘𝑘2, the theoretical surface 
tension of 132 solvents with known HSP 65 and surface ten-
sions 68 at 25 ℃ were calculated using eq. (6). Based on this, 
the root mean square error (RMSE) between the calculated 
and known surface tensions was determined and minimized 
by changing the value of 𝑘𝑘2 using Excel's solver function. 
This yields a value for 𝑘𝑘2 of 0.5793 with an RMSE of 6.6.  
By applying eq. (7) using known and calculated values, it is 
possible to determine the work of adhesion (𝑊𝑊𝐼𝐼𝑃𝑃 in  mN/
m) between a polymeric matrix and a drug in a given sol-
vent. By evaluating the work of adhesion of different drugs 
with different polymers in different solvents it is possible to 
intelligently choose a suitable combination to meet the spec-
ification of the DDS. This is especially important when de-
signing a triggered DDS. 
The validity of this new thermodynamic model was demon-
strated when applied for designing the guest polymer com-
position of SP-based IPN and further evaluated with five dif-
ferent drugs. 
3.2. Designing the guest polymer composition of IPNs us-
ing the thermodynamic model. The developed thermody-
namic model (eq. (7)) was applied to design and optimize 
the guest polymer composition to minimize the premature 
release. For this study, doxycycline (DOX) was used as a 
model drug. The HSP of different hydrophilic and hydropho-
bic monomers (BMA, HEMA, SPMA, PEGMEA) was es-
timated using the group contribution method 69,70 using van 
krevelen’s 70 values (Table S1 in SI) and presented in Table 
S2 (SI). The HSP of copolymers, used as guest polymers of 

the IPNs, was calculated using the molar fraction of mono-
mers (𝑥𝑥𝑆𝑆) and their partial solubility parameters (𝛿𝛿𝑆𝑆) in Table 
S2 (SI), according to eq. (8) 71, and presented in Table S3 
(SI). 
 
𝛿𝛿𝑆𝑆𝑆𝑆𝑝𝑝𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑆𝑆𝑐𝑐 = �𝑥𝑥𝑆𝑆𝛿𝛿𝑆𝑆

𝑆𝑆

 (8) 

 
The work of adhesion between DOX and different guest pol-
ymer compositions of varying hydrophilicity was deter-
mined by introducing the HSP values in Table S3 (SI) into 
eq. (7) and presented in Table 2. 
Table 2. Estimated work of adhesion (mN/m) between 
DOX and different guest polymer composition. 

Guest polymer composition and DOX Work of 
adhesion 

Poly(BMA-co-SPMA) 31.22 
Poly(HEMA-co-PEGMEA-co-SPMA) 15.75 
Poly(BMA-co-HEMA-co-SPMA), (8.5% 
HEMA) 

29.04 

Poly(BMA-co-HEMA-co-SPMA), (12% 
HEMA) 

28.54 

Poly(BMA-co-HEMA-co-SPMA), (24% 
HEMA) 

25.86 

 
From the thermodynamic point of view at the interphase be-
tween of the drug, guest polymer and water (Figure 1), a high 
work of adhesion between the drug and guest polymer indi-
cates that it is more energetically favourable for the drug to 
adsorb to the guest polymer, which should lead to less prem-
ature release when UV is off, and vice versa, a low work of 
adhesion should lead to larger premature release. Therefore, 
from the model-estimated work of adhesion between DOX 
and different guest polymers in the Table 2, it is inferred that 
the poly(HEMA-co-PEGMEA-co-SPMA) IPN and 
poly(BMA-co-SPMA) IPN should have the highest and low-
est premature release, respectively. Moreover, by increasing 
the HEMA ratio in the guest polymer composition the prem-
ature release should increase. To validate the performance of 
the model in predicting the release behaviour, the triggered 
release of DOX from all five IPNs with different guest pol-
ymer composition was studied (section 3.5).  
3.3. Fabrication and characterization of the photo-re-
sponsive IPN. The guest polymer content of the produced 
poly(HEMA-co-PEGMEA-co-SPMA) and poly(BMA-co-
SPMA) IPNs was determined to be 45 % and 28% (w/w), 
respectively. The guest polymer content of poly(BMA-co-
HEMA-co-SPMA) IPNs with HEMA molar ratio of 8.5%, 
12% and 24% was determined to be 35%, 37% and 49% 
(w/w), respectively. Figure 2 shows photos of the synthe-
sized IPNs with different guest polymers. As can be seen, al-
ready after 20 sec UV irradiation of the three types of IPNs, 
a deep colouration of the samples can be observed, indicat-
ing that the isomerization of SP to MC is working in the 
IPNs.  

Figure 3A compares the ATR-FTIR spectra of pristine sili-
cone, SPOH and poly (BMA-co-HEMA-co-SPMA) IPN, 
HEMA 8.5%. The results for other IPNs are shown in Figure 
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4S (SI). The characteristic peaks of silicone elastomer as-
signed to Si-O-Si, -CH3 and Si-CH3 groups (labelled on the  

 

Figure 2. 20 sec UV irradiation changes the color of photo-re-
sponsive IPNs with guest polymer of: a) poly(BMA-co-SPMA), 
b) poly(BMA-co-HEMA-co-SPMA) with a BMA/HEMA ratio 
of 11/1, and c) poly(HEMA-co-PEGMEA-co-SPMA), due to 
isomerization of SP to MC. 

spectra) are observed for all the IPNs, owing to the presence 
of silicone in their structure. A characteristic peak at around 
1720 cm-1 can be identified for all IPNs, which corresponds 
to the ester carbonyl stretching vibration of acrylate group in 
the guest polymers. IPNs containing HEMA has an addi-
tional broad peak around 3300 cm-1 due to the terminal hy-
droxyl groups. FTIR spectrum of SPOH exhibits a band at 
1651 cm-1 and 1576 cm-1 which is assigned to the stretching 
vibration of endocyclic C=C and aromatic carbon, respec-
tively 72. The same peaks appeared in the spectra of all IPNs 
which clearly indicates the presence of SPMA in their struc-
ture. Preliminary tests was also performed with two-photon 
NIR (750 nm) to see if the isomerization of SP to MC could 
be achieved this way. Figure S8 in (S9 in SI) indicates that 
the IPNs could in principle be excited with two-photon NIR 
and potentially used to trigger the release of drugs. 
The XPS spectra of pristine silicone, IPN with poly(BMA-
co-HEMA-co-SPMA) as guest polymer and the same IPN 
but without SPMA as the control sample are shown in Figure 
3B. The XPS spectra of the surface (Figure 3Ba) shows a 
nitrogen (N1s) peak at 398 eV for the photoactive IPN con-
taining SMPA, whereas for pristine silicone and the IPN 

without SPMA, no nitrogen element was detected. The ex-
istence of nitrogen on the surface of the IPN could be as-
cribed to the presence of the photochromic SP moiety on the 
surface. Figure 3Bb shows the XPS sputter depth profile of 
the nitrogen element for the photoactive IPN sample. The 
inset of Figure 3Bb shows the intensity of nitrogen peak as 
the function of etching sequence; the approximately constant 
intensity of the nitrogen element within the interior structure 
of the IPN confirms the uniform distribution of SPMA 
throughout the IPN. Moreover, when an IPN was cross-cut 
and exposed to UV light, the colour immediately changed to 
purple throughout the cross-section (Figure 3Bc). This con-
firms the presence of SPMA inside the IPN, which is con-
sistent with the XPS observations. To investigate the photo-
chromic properties of the IPNs, they were subsequently ex-
posed to UV and Vis light. The UV light prompted a fast 
uniform deep colouration of the IPNs (inset of Figure 4a), 
which is due to the structural conversion from a colourless 
hydrophobic SP form to a purple-coloured hydrophilic MC 
form through the cleavage of the spiro carbon-oxygen 
bond. This observation shows that the photoactivity of SP 
was not destroyed during the production process. The revers-
ibility of the photo-isomerization of the IPNs (i.e. MC to SP) 
was demonstrated by the colour-shift back to the initial col-
our when irradiated by Vis light for 6 min (inset of Figure 
4b). The fact that the SP form is non-fluorescent, whereas 
the MC form emits fluorescence 73 can be used to study the 
reversible isomerization of SP moiety to MC inside the IPNs 
by fluorescence spectrophotometry. The fluorescence spec-
tra of poly(BMA-co-HEMA-co-SPMA) IPN is shown in 
Figure 4a and b for the isomerization reaction (SP to MC) 
induced by UV irradiation (375 nm; Figure 4a) and the re-
verse reaction (MC to SP) by Vis light (532 nm; Figure 3b) 
irradiation. Figure 4a shows that there is no fluorescence be-
fore exposure to UV light, whereas after irradiation with UV 
light, emission at 651 nm immediately appears, indicating 
that the SP form was converted to the MC form. It can be 
seen that the fluorescence intensity increases with irradiation 
time (spectra recorded every 20 s), almost reaching a plateau 
after 6 min. This indicates that the IPN reached a photo-sta-
tionary state and the inset of figure 4a, also shows the IPN 
colour turns into purple.

  

Figure 3. A) Transmission FTIR spectra of pristine silicone, poly (BMA-co-HEMA-co-SPMA) IPN and SPOH. Ba) XPS survey spectra for 
the surfaces of pristine silicone and IPN with and without SPMA, Bb) depth evaluation of N1s spectra with inset showing the constant 
intensity of nitrogen as the function of etching sequence of IPN, and Bc) colour change of cross-cut IPN after exposure to UV light. 
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Figure 4. Time-dependent fluorescence emitted from poly(BMA-co-HEMA-co-SPMA) IPN with 8.5% HEMA upon exposure to UV (a) and 
visible (b) light. The insets show the change in fluorescence spectra with increasing light exposure time and pictures of IPNs upon UV and 
visible light irradiation. (c) Monitoring of cyclic photo-isomerization effects on the fluorescence intensity of IPN. 

Figure 4b shows the fluorescence spectra of the reverse reac-
tion induced by exposure to Vis light (532 nm) (spectra rec-
orded every 5 s). The fluorescence emission is efficiently de-
creased (quenched) by Vis light, reaching a photo-stationary 
state after 6 min and as shown in the photo inset of Figure 4b, 
the purple IPN returns to its initial colour. The photo-fatigue 
resistance and photo-switchability of the fabricated IPN was 
examined by alternating cycles of UV-Vis irradiation (Figure 
4c). Each irradiation took 6 min and the fluorescence emission 
at λmax under the excitation at 532 nm was immediately mon-
itored after each irradiation. Figure 4c demonstrates that the 
switching back and forth between UV and Vis light irradiation 
could be repeated for at least eight cycles with a slight de-
crease in fluorescence recovery. The reversible isomerization 
supports that the SP/MC moiety in the IPN is fairly fatigue-
resistant as it only shows a slight photo-degradation after sev-
eral cycles of UV-Vis irradiation. 
3.4. Loading of IPNs with drug. IPNs were loaded with 
drugs by passive diffusion, placing them in a solvent contain-
ing the dissolved drug. To select a suitable loading solvent, it 
is crucial to consider two aspects. First, the applied solvent 
should only swell the guest polymer and not the silicone, to 
avoid drug loading into the silicone. Second, it is known that 
using polar surroundings, especially protic solvents, bias the 
chemical equilibrium of photoactive molecules towards the 
MC form, which helps with better drug loading. The equilib-
rium between SP and MC is controlled by Gibbs free energy. 
In the hydrophilic MC form, the zwitterionic structure allows 
electrostatic, polar-polar interactions and hydrogen bonding 
with the solvent molecules. The more polar the solvent is, the 
stronger the interactions, which moves the equilibrium toward 
the MC form 74. In a polar solvent like ethanol, the energy 
level of MC is lower than that of SP, causing the isomerization 
of SP to MC to be thermodynamically spontaneous and irre-
versible (negative photochromism) at dark (∆G < 0) 74–76. 
Hence, by choosing a protic solvent, like ethanol, as the load-
ing solvent, the hydrophobic SP moieties of the IPN isomerize 
to the hydrophilic MC, giving rise to swelling of the guest pol-
ymer that allows diffusion of the drug into the IPN. The drug 
molecules are absorbed and adsorbed to the guest polymer and 
to the exposed interface between silicone and guest polymer 
inside the matrix. Using ethanol eliminates the need for UV 
irradiation to swell the samples in the loading step, which oth-
erwise might lead to photo-fatigue of the IPNs. 

3.5 Light-triggered release of DOX from the IPN. The re-
sults of DOX release with and without UV light irradiation is 
shown in Figure 5. It can be observed that the poly(BMA-co-
SPMA) IPN (Figure 5a) have much lower premature release 
compared with the poly(HEMA-co-PEGMEA-co-SPMA) 
IPN (Figure 5b), which is consistent with the values of work 
of adhesion of these two IPNs estimated by the model. As 
shown in Figure 5a, the cumulative release of DOX from the 
hydrophobic poly(BMA-co-SPMA) IPN upon UV exposure 
was almost 2.5 times higher than without UV light. This is 
attributed to the isomerization of SPMA to MCMA in the IPN. 
Except for the initial burst release, which may be due to DOX 
molecules on the surface of IPN, the drug was efficiently em-
bedded inside the bulk of IPN, while its release could be trig-
gered by light illumination. This burst release can be avoided 
by rinsing the IPN surface more thoroughly before starting the 
release test. For the more hydrophilic poly(HEMA-co-
PEGMEA-co-SPMA) IPN (Figure 5b), a substantial prema-
ture release was observed due to premature swelling of the 
guest polymer in water even without UV radiation. This was 
also indicated in water uptake measurements (Figure S5 in 
SI), showing that the water uptake of poly(HEMA-co-
PEGMEA-co-SPMA) IPN was comparatively high (around 
23%) even without UV on. When SPMA isomerizes to 
MCMA, the water uptake increases, which in turn increases 
the diffusion coefficient for DOX in the IPN due to less re-
sistance. Another explanation could be related to the shift of 
the SPMA and MCMA chemical equilibrium. Through the 
polymerisation of HEMA with SPMA, the HEMA monomers 
surround the SPMA molecules and act as a protic environ-
ment, which means that hydrogen bonding between MCMA 
and hydroxyl groups of HEMA could inhibit the isomerizar-
ion of MCMA back to SPMA at dark. Therefore, the guest 
polymer stays in its hydrophilic state, which causes diffusion 
of water and subsequent release of the drug. This explanation 
is consistent with previous results reported by others 74–76, who 
demonstrated that SP has a negative photochromism in polar 
surroundings due to hydrogen bonding, especially in protic 
solvents. This explanation is further supported by the fact that 
the IPN with poly(HEMA-co-PEGMEA-co-SPMA) (Figure 
2) has a more reddish taint compared to poly(BMA-co-
SPMA) at dark. The hydrophobic poly(BMA-co-SPMA) IPN 
showed however a very small accumulated release (~25 µg) 
in comparison to poly(HEMA-co-PEGMEA-co-SPMA) IPN 
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(>3000 µg). This could be due to that: (i) DOX, as a hydro-
philic drug with a log P value of -1.9, has a lower loading ef-
ficiency in the hydrophobic poly(BMA-co-SPMA) IPN, 
and/or (ii) the low guest polymer content of 28% may not be  
 

 

Figure 5. The release profile of DOX from: a) poly(BMA-co-SPMA), b) poly(HEMA-co-PEGMEA-co-SPMA), c) poly(BMA-co-HEMA-
co-SPMA) 8.5% HEMA, d) poly(BMA-co-HEMA-co-SPMA) 12% HEMA and e) poly(BMA-co-HEMA-co-SPMA) 24% HEMA IPNs as 
a function of time. f) DOX released vs. time with UV light continuously switched on and off every two hours, comparing two of the IPNs. 
Data are presented for three identically treated IPNs as mean ± standard deviation (n = 3).

enough to provide a sufficient surface connectivity between 
silicone and guest polymer. Silicone, which has a low glass 
transition temperature, might bleed to the surface and cover 
the guest polymer at the surface. 
This can actually be seen in the inset of Figure 3Bb, where the 
presence of N-atoms (corresponding to the guest polymer) is 
lower in the outer layer of the IPN. When adding small 
amounts of HEMA (8.5% of the total guest polymer) to the 
monomer feed, the guest polymer content increased from 28% 
to 35%, and the work of adhesion with DOX decreased, but 
was still relatively high (Table 2). The resulting poly(BMA-
co-HEMA-co-SPMA) IPN, which is slightly less hydrophobic 
than the poly(BMA-co-SPMA) IPN, showed triggered release 
of DOX and accumulated release of ~ 50 µg (Figure 5c), 
which was an improvement compared to poly(BMA-co-
SPMA) IPN with 25 µg release. As Figure 5c and d indicates, 
spiking the monomer feed with small amounts of HEMA (8.5 
and 12%) increases the accumulated release with UV on, and 
inhibits the premature release with UV off. However, by in-
creasing the molar ratio of HEMA in the guest polymer to 
24% the premature release was again significantly increased 
(Figure 5e), which is in line with the model-estimated work of 
adhesion values in Table 2. The substantial premature release 
with 24% HEMA can be a combined effect of high guest pol-
ymer content (49% w/w) and small work of adhesion with 
DOX. These findings show that the drug loading and accumu-
lated release can be adjusted by changing the co-polymers in 
the system. Figure 5f shows the release of DOX from 
poly(BMA-co-SPMA) IPN  and poly(BMA-co-HEMA-co-

SPMA) IPNs when the light is repeatedly switched on and off 
every two hours. It can be seen that the release rate is in-
creased when the light is switched on and halted or decreased 
when light is switched off. This reversible feature is rather 
unique for a triggered DDS. These on-off experiments demon-
strated that the release of a drug can be triggered and con-
trolled by light. It was concluded that the guest polymer com-
position, especially the hydrophilicity of the guest polymer, 
has a huge impact on the work of adhesion, premature release 
and whether the release can be triggered. Moreover, that the 
developed thermodynamic model is adequate to design and 
optimize the guest polymer composition. Considering the 
model-estimated work of adhesion and the release experi-
ments, the poly(BMA-co-HEMA-co-SPMA) IPN with 8.5% 
HEMA was selected as the optimal IPN since it showed a lim-
ited premature release and the highest accumulated release 
compared to the other two investigated IPNs. This IPN was 
further used for comparing release profiles of five different 
drugs with different log P values. 
3.6. Evaluation of the effect of drug lipophilicity on the     
triggered release using the thermodynamic model.    
Considering eq. (2), the simplified form of eq. (7), the hydro-
phobic-to-hydrophilic switch (SPMA to MCMA) should lead 
to a change of the HSP of the polymers, and hence the values 
of γPD  and γPW in eq. (2) should change.  However, whether 
or not the light-induced SPMA to MCMA switch can over-
come the work of adhesion depends on the interfacial surface 
tension between the drug and polymer, , and the way it 
changes upon UV exposure. In order to investigate the effect 
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of the lipophilicity (log P value) of a drug on its release be-
haviour, release studies were performed on poly(BMA-co-
HEMA-co-SPMA) IPNs with 8.5 % HEMA for a series of 
drugs with different log P values; dopamine, levopoda (L-

dopa), prednisone and curcumin (cf. Table 1), and the result-
ing release profiles, fitted to the power law equation, are 
shown in Figure 6. Figure 5c for DOX can be directly com-
pared with the release profiles in Figure 6. 
 

 

    

Figure 6. Light-triggered release profiles of: a) dopamine, b) L-dopa, c) prednisone, and d) curcumin from the poly (BMA-co-HEMA-co-
SP) IPN with 8.5 % HEMA. The data fitted to power law equation describes the release. Data are presented for three identically treated IPNs 
as mean ± standard deviation (n = 3).

One of the most applied models to describe controlled re-
lease of drugs from polymeric devices is the semi-empirical 
power law equation, Mt = K tn,  developed by Ritger and 
Peppas 77 where Mt is the accumulated release of drug at 
time t, K is a constant incorporating structural and geometric 
characteristics, and n is the diffusional exponent, which is 
dependent on the geometry of the sample as well as the 
physical mechanism for release. When comparing the re-
lease behavior with and without UV exposure, considering 
that the geometry of the samples is the same, the difference 
between diffusional exponents determine the change in the 
mechanism of release. Drug transport from a slab geometry 
is categorized as Fickan diffusion (n = 0.5), case II transport 
(n = 1), non-Fickian or anomalous transport (0.5 < n < 1) 
and super case II transport (n>1) 77. The release of dopa-
mine, L-dopa, prednisone and curcumin from the photore-
sponsive IPN is fitted to the Power law equation and shown 
in Figure. As seen, the model describes the data of the re-
lease quite well with acceptable RMSE which are shown in 
Figure 6. DOX, dopamine, L-dopa and prednisone all show 
triggered release, i.e. the release is triggered upon exposure 
to UV light with a very low premature release. Curcumin 
has a comparatively high premature release (UV off), how-
ever, the triggered release of curcumin (UV on) is very low 
(only a few µg) compared to the other drugs. The reason 
could be its low water solubility of 5.75 µg/mL (Table 1), 
i.e., only a few curcuminmolecules can be dissolved in the 
release media, hence forcing the chemical equilibrium to-
wards adsorption. Due to the relatively small water solubil-
ity, the release rate is expected to be low as the concentra-
tion of dissolved and desorbed curcumin, and hence the 
driving force for diffusion would be very small. In order to 
understand the system and how the hydrophobic-to-hydro-
philic switch of SPMA can overcome the work of adhesion 
between drug and polymer, the developed thermodynamic 
model (eq. (7)) was used. 
3.6.1. Comparison of experimental results with the ther-
modynamic model. The HSP for the spiropyran monomer 
before and after isomerisation (SPMA and MCMA) was es-
timated by the group contribution method. The existing 
groups in SPMA and MCMA and their contribution to HSP 
is presented in Table S4 and Table S5 in SI. By inserting 
HSP of the drugs 78–80 (cf. Table 1), monomers (SPMA and 

MCMA) and solvent (water) in eqn. (7), the work of adhe-
sion before and after exposing the IPNs to light was calcu-
lated and the results presented in Figure 7. This figure com-
bines the log P value of the tested drugs with the work of 
adhesion before and after exposure to UV light, calculated 
from eq (9) and experimental release studies presented in 
Figure 5c and Figure 6. The work of adhesion is read on the 
left y-axis. The “triggered release (𝑇𝑇) %” (green bars) is a 
measure for how much of the release is caused by the trigger 
and is calculated from eq. (9). The green bars are read on 
the right y-axis.   
 

𝑇𝑇(%) =  
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑢𝑢𝑢𝑢 𝑆𝑆𝑆𝑆 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑢𝑢𝑢𝑢 𝑆𝑆𝑜𝑜𝑜𝑜  

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑢𝑢𝑢𝑢 𝑆𝑆𝑆𝑆
× 100% (9) 

 
As can be seen from Figure 7, the work of adhesion between 
the SPMA and all five drugs before UV (black squares), 
changed to smaller values after UV exposure (red circles), 
which is consistent with the experimental results, displaying 
triggered release upon light exposure, especially for dopa-
mine, L-dopa and prednisone with around 80-90 % trig-
gered release. This makes sense because the IPN becomes 
more hydrophilic after UV exposure due to the transition 
from SPMA to MCMA. Hence, it becomes more energeti-
cally favourable for water to bind to the polymer than it is 
for the drug to bind to the polymer. For DOX (log P value 
of -1.9), we see that the model-estimated work of adhesion 
is only slightly changed after UV exposure, which explain 
why the experimental release results show less triggered ef-
fect for DOX.  
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Figure 7. The relationship between the log P values of drugs (x-
axis), the work of adhesion before (black squares) and after (red 
circles) UV exposure, calculated using the thermodynamic 
model (left y-axis), and the triggered release, derived from ex-
perimental results (green bars, y-axis). The shaded area indi-
cates within which area the studied drugs can be triggered from 
the poly(BMA-co-HEMA-co-SPMA) IPN with 8.5% HEMA. 
The grey bar shows the results for amoxicillin.  

However, there is an enhanced release rate after UV expo-
sure with a triggered release of around 60%. If we compare 
the accumulated release of DOX from the hydrophilic 
poly(HEMA-co-PEGMEA-co-SPMA) with the partially 
hydrophobic poly(BMA-co-HEMA-co-SPMA, 8.5% 
HEMA) (cf. Figure 5b and c), the hydrophilic IPN released 
around 3000 µg DOX whereas the partially hydrophobic 
IPN released only around 50 µg. One possible explanation 
could be a poor loading into the hydrophobic IPN, i.e. DOX 
being so hydrophilic that it prefers to stay in the loading me-
dia instead of adsorbing/absorbing to the guest polymer.   
Considering the large difference in the work of adhesion for 
curcumin before and after UV exposure (Figure 7), the 
model tells us that we should have seen a high triggered re-
lease, however, it was only 26% (Figure 7) with an accumu-
lated release of less than 10 µg (Figure 6d) both before and 
after UV exposure. This is likely due to the combination of 
the low water solubility, as discussed above, and that it ad-
sorbs to or even absorbs into the silicone matrix due to its 
high log P value (3.62). Once it is desorbed, the difference 
in concentration of dissolved curcumin inside and outside 
the IPN is very small and hence the driving force for diffu-
sion out of the IPN is likewise also very small. It should 
however be noted that the values shown in Figure 7 are es-
timated based entirely on the work of adhesion between the 
drug and the SPMA moieties of the guest polymer, since 
they are key for the triggered release.  

These findings offer compelling evidence for that drugs 
with log P- and work of adhesion values, in the region spec-
ified by the shaded area in Figure 7, should have triggered 
release with the developed IPNs, whereas release of drugs 
with higher or lower log P values cannot be triggered. Such 
drugs will have less accumulated release and higher prema-
ture release, respectively. To finally test this assumption, a 

new drug with a log P value within the shaded area was cho-
sen at random and its triggered release evaluated. This com-
pound was amoxicillin with a log P value of 0.47 and a wa-
ter solubility of 2.7 mg/ml. The model-estimated work of 
adhesion before and after UV exposure was calculated to be 
20.63 and 54.17 mN/m, respectively, both values within in 
the shaded area (Figure 7) and led to a triggered release of 
89%. 
3.7. Biocompatibility test (Cell viability and immunocy-
tochemistry). An appropriate drug delivery system, for use 
in medical devices or in tissue engineering applications, has 
to be biocompatible. Here, we used human neural stem cells 
(hNSCs) to test the potential of the optimized IPNs as a bi-
ocompatible substrate for cell-related applications. In con-
trast to more conventional and robust cell lines, hNSCs are 
highly sensitive to environmental perturbation and as such 
provide an optimal in vitro system for testing of new sub-
strates 81. Furthermore, these cells can be differentiated into 
dopaminergic neurons used in cell replacement therapy for 
Parkinson’s disease where IPNs could be utilized to supply 
cells with L-dopa, a precursor needed for dopamine produc-
tion of these neurons. Cell survival on any given material 
construct is the first crude indicator of the construct’s bio-
compatibility. Therefore, cell viability and survival of 
hNSCs was assessed through live/dead staining 24 hours af-
ter culturing on the IPNs in growth medium. The staining 
reveals that live cells are uniformly distributed on the IPNs 
surface with spindle-like morphology (see Figure 8a). High 
viability (more than 98%, Figure 8b) together with healthy 
morphology of hNSCs confirms that the IPNs do not have 
any significant detrimental effects on stem cell survival, ad-
hesion, and spreading. Exposure of the IPN to UV did not 
alter significantly viability, adhesion, and morphology of 
hNSCs (Figure 8c,d and Figure S7c,d). Then, to show that 
the photoactive IPN can be used as a substrate for the gen-
eration of stem-cell derived dopaminergic neurons, a highly 
delicate process, hNSCs were differentiated on the IPNs at 
the given experimental differentiation conditions (Figure 8e 
and Figure S7e). After 10 days, immunocytochemistry was 
performed to assess the efficacy of the differentiation. Dif-
ferentiated hNSCs were immunostained for ß-tubulin III (a 
biomarker that identifies neuronal cytoskeleton proteins), 
tyrosine hydroxylase (TH, the rate-limiting enzyme in do-
pamine synthesis, identifying dopaminergic neurons) and 
the cell nuclei counterstained with Hoechst (a blue fluores-
cent dye that binds to the DNA of the nuclei). The obtained 
fluorescent images show that no toxic chemical able to hin-
der the differentiation process leaked from the IPNs into the 
media. Figures 8e and S7e show a high expression of the 
neuronal marker ß-tubulin III, indicating that neurons were 
successfully generated on both IPNs without any observable 
issues with neuronal morphology. Moreover, cells did not 
make aggregates but formed a dense network of projections 
that covered the whole IPN surface. At the same time, do-
paminergic neurons were successfully generated on the 
IPNs, as indicated by the presence of TH. Overall the results 
show that these photoresponsive IPNs enable successful 
hNSC differentiation into neurons with characteristics in 
line with previously published results using conventional 
polystyrene tissue culture well plates 82,83. 
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Figure 8. Viability of hNSCs and their differentiation into dopaminergic neurons on poly(BMA-co-HEMA-co-SP) IPN, 8.5% HEMA: a) 
Fluorescence confocal images of cells stained with live (Calcein AM) and dead (EthD-1) stain 24 hours after seeding without UV exposure. 
b) Statistical analysis of cell viability (n=3). c) Live/dead staining of cells on UV-exposed IPN. d) Respective stastistical analysis of cell 
viability (n=3). e) Maximum intensity projections of fluorescence confocal images taken from 150 μm thick optical section. Immunocyto-
chemistry shows an even coverage of the IPN by the differentiated neurons: ß- III tubulin (green); TH (red); nuclei (blue); merge (green, red, 
blue). 

4. CONCLUSION 
Light-triggered DDS based on IPNs were successfully 
achieved using the scCO2 technology. The method of devel-
oping silicone-based IPN has some advantages in terms of 
versatility in that the geometry and dimension of the final con-
structs can easily be altered in regards to the shape of the sili-
cone used. The developed photo-responsive IPN brings about 
a new concept of light-triggered DDS, exploiting the change 
in intermolecular interactions (work of adhesion) between 
polymer, drug and solvent, as the hydrophobic SP moiety in 
the polymer transform into the hydrophilic MC, triggering 
drug release without degradation and disruption of the DDS. 
The developed DDS has the property that the release of drug 
can be repeatedly switched on and off, simply by switching 
the light on and off.  
The theory of drug release from the carrier using the concept 
of work of adhesion and surface chemistry based on HSP was 
investigated. It was shown that the developed thermodynamic 
model was a new tool for designing, developing and optimiz-
ing the IPN polymer composition to tailor and minimize the 
premature release. Comparing the results obtained from the 
experimental results and the work of adhesions estimated by 

the developed thermodynamic model shows that the model is 
useful for explaining the triggered release behaviour and esti-
mating whether exposure to UV light can trigger the release 
of a given drug from a given IPN in a given solvent, and it was 
been. The model, however, has its limits. It cannot provide 
information about the solubility of the drugs in the loading 
media.   
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