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Molecular Gated Drug Delivery System Using Light-Triggered Hy-
drophobic-to-Hydrophilic Switch  
Mozhdeh Ghani1,2, Arto Heiskanen2, Peter Thomsen1, Martin Alm1*, Jenny Emnéus2* 
1Biomodics ApS, Fjeldhammervej 15, 2610 Rødovre, Denmark 
2DTU Bioengineering, Building 423, 2800 Kgs. Lyngby, Denmark 

ABSTRACT: A photo-responsive molecule-gated drug delivery system (DDS) based on silicone-hydrogel (poly(HEMA-co-
PEGMEA)) interpenetrating polymer networks (IPN) functionalized with carboxylated spiropyran (SPCOOH) was designed and 
demonstrated as an on-demand DDS. The triggered release mechanism relies on controlling the wetting behaviour of the surface by 
light, exploiting different hydrophobicity between the “closed” and “open” isomers of spiropyran as the photo-switchable molecular 
gate on the surface of IPN (SP-photogated IPN). The light-triggered release of doxycycline (DOX) as the model drug indicated that 
the spiropyran (SP) molecules provide a hydrophobic layer around the drug carrier and have a good gate-closing efficiency for IPNs 
with 20-30 % hydrogel content. Upon UV light irradiation the SP convert to the open hydrophilic merocyanine state, which triggers 
the release of DOX. These results were compared with a previously developed SP-bulk modified IPN using the same hydrogel as a 
control, proving the efficiency of the gated IPN system. The covalent attachment of SPCOOH to the alcohol groups of the hydrogel 
and the structural change caused by UV light was indicated with FTIR analysis. XPS results also confirms the presence of SP by 
indicating the atomic percentage of nitrogen with respect to the hydrogel content.  

Keywords: Spiropyran, IPN, Molecular switch, Light-triggered release, Hydrophobicity switch.

1. INTRODUCTION 
A major problem with conventional methods of drug admin-
istration is the lack of control over the drug concentration at 
the target site, the rate of drug release, and systematic side 
effects due to nonspecific biodistribution of the drug 1. On-
demand DDS have the potential to address these issues by 
delivering the drug to a desired site of action, at a predeter-
mined rate, and for a definite time duration, all of which en-
hances the therapeutic efficacy of the drug while reducing 
its toxicity 1–6. Particularly, light-responsive DDS are con-
sidered advantageous in terms of having the potential for re-
mote precise spatial and temporal control 7 and ease of use 
8–11. Light can be easily switched ‘off’ and ‘on’, and the rate 
of drug release can be tuned remotely according to the du-
ration of exposure 12–14.  
Among the available classes of light responsive molecular 
switches that can be used for developing the light-triggered 
DDS, SP 15,16 has attracted a lot of attention 17,18 . The 
uniqueness of SP is due to the fact that the two isomers, spi-
ropyran (SP) and merocyanine (MC), have extremely differ-
ent physicochemical properties, moreover the response to 
light as the external stimuli is rapid and reversible 17,18. At 
dark or under visible light the molecule is in its SP form, 
which is hydrophobic, colourless, uncharged, nonpolar, and 
insoluble in water. Under UV light irradiation, it isomerizes 
to the merocyanine (MC) form, which is hydrophilic, col-
oured (violet), zwitterionic, polar, and soluble in water 19,20. 
Many efforts have aimed at developing technologies for re-
liable light-triggered release based on SP. This has been 

achieved by two strategies. One is introducing SP into am-
phiphilic block copolymers in which SP represents the hy-
drophobic segment 21–29. These amphiphilic structures self-
assemble into micelles in which the drug is encapsulated. 
UV light irradiation induces the isomerization of hydropho-
bic SP units to hydrophilic zwitterionic MC units, leading to 
the shift of the hydrophilic–hydrophobic balance, which 
consequently disassembles and disrupts the micellar struc-
ture and the encapsulated drug is released 23,24,30. The second 
strategy uses SP as a gate molecule on the surface of drug-
loaded mesoporous silica 31–34. Exploiting the hydrophobi-
city-hydrophilicity switch between the closed (SP) and open 
(MC) isomers allows control and adjustment of the wetting 
behaviour of the surface and release of drug.  
In spite of the advancement in triggered release using these 
strategies, they are plagued by certain limitations and short-
comings that need to be addressed: First, most of these sys-
tems are designed just for hydrophobic drugs because they 
are mainly based on micelles with a hydrophobic core or a 
silica particle as the drug carrier. Second, the majority are 
based on micelles where the triggered-release mechanism is 
relying on disassembly and disruption of micelles, which 
means that the polymer components together with the drug 
will be released in the environment which is not always de-
sirable due to the risk of toxic biproducts and haphazard 
side-reactions.  
We have previously demonstrated the development of IPN-
based drug delivery system by impregnation of silicone 
elastomers (as the host polymer) with different acrylic-
based guest polymers using the supercritical carbon dioxide 
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(scCO2) technology 35–41. Employing this technology, differ-
ent types of monomers could be incorporated into the sili-
cone to develop IPNs with various properties. We have 
shown that IPNs with the guest polymers of poly(2-hydrox-
yethyl methacrylate) (HEMA) and poly(2-hydroxyethyl 
methacrylate)-co-poly(ethylene glycol) methyl ether acry-
late (poly(HEMA-co- PEGMEA)) has good potential for 
long-term continuous drug delivery 39–41. Moreover, in a re-
cent study 42, we demonstrated that incorporation of differ-
ent SP modified guest polymers (with different hydrophilic-
ity) into the silicone elastomer, resulted in reversible pho-
toresponsive SP-IPNs that could be used for delivery of dif-
ferent drugs by switching UV light on and off repetitively. 
A SP-photogated IPN was fabricated by first impregnating 
poly(HEMA-co-PEGMEA) hydrogel into the silicone elas-
tomer, followed by post-modification of the silicone-hydro-
gel IPN with SP. Light-triggered release and premature re-
lease of DOX was thereafter investigated by exposing the 
IPN to UV light. By grafting the surface of the IPN with 
hydrophobic gate molecules of carboxyl-containing SP 
(SPCOOH), the SP moieties act as the OFF state of the gate, 
preventing the drug from being released. Upon UV light ir-
radiation at 375 nm, the hydrophobic to hydrophilic switch 
converts hydrophobic SP to hydrophilic MC, which acti-
vates the ON state of the molecular gate. This leads to dif-
fusion of water into the hydrogel with the capped drug, 
which swells and subsequent release of the drug. 

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-4020). 
Carbon dioxide (N48) was purchased from Air Liquide 
Denmark. HEMA (97%,), 4-(dimethylamino)pyridine 
(DMAP), PEGMEA (Mn 480), dicyclohexylcarbodiimide 
(DCC), 2,3,3-trimethylindolenin 98%, tert-butyl methyl 
ether (TBME),  2-hydroxy-5-nitrobenzaldehyde, tetrahy-
drofuran (THF), 98% ethylene glycol dimethacrylate 
(EGDMA), 3-iodo-propanoic acid, ethyl methyl ketone, pi-
peridine, doxycycline hyclate (DOX) and ethanol (99.8%, 
EtOH) were purchased from Sigma-Aldrich. The monome-
thyl ether hydroquinone (MEHQ), the polymerisation inhib-
itor of HEMA and PEGMEA, was removed as described 
previously [48]. Diethyl peroxydicarbonate (DEPDC) in 
hexane (0.2 M) was prepared as described by Xu et al [56] 
and used as initiator. 
 
2.2. Fabrication of silicone-hydrogel IPNs 
The silicone-hydrogel IPNs were produced by impregnating 
silicone elastomer with hydrogel using scCO2 35–41. IPNs 
containing ~ 50 %, 40 %, 30 % and 20 % (w/w) hydrogel 
were prepared in a 16 mL-custom-made high-pressure reac-
tor (Abeto, Copenhagen, Denmark). The reactor was loaded 
with a mixture of HEMA (1.6 mL), PEGMEA (1.6 mL), 
EGDMA (0.96 mL), ethanol (1.12 mL), THF (1.12 mL), 
DEPDC (0.8 mL) and approximately 0.5 g hollow cylinder 
silicone elastomer. Then, the reactor was closed and CO2 
was added to a pressure of 360 bar at 45 °C; the reaction was 
continued for 16 h for complete impregnation and polymer-
ization of poly(HEMA-co-PEGMEA) hydrogel into the sil-
icone. The reactor was then cooled to ambient temperature 
and the pressure was slowly released; the samples were pu-
rified by extracting the residual monomers through soaking 

in 96 % ethanol for 7 days. The hydrogel content of the IPNs 
was calculated using Eq. (1) 
 
𝐺	(%) = (

𝑚()* − 𝑚,-.-/012

𝑚()*
) × 100 (1) 

 
Where, mIPN is the mass of the silicone-hydrogel IPN and 
msilicone is the mass of pristine silicone before impregnation 
with the hydrogel. 
 
2.3. Synthesis of carboxyl-containing spiropyran 
(SPCOOH)  
1-(b-carboxyethyl)-30,30-dimethyl-6-nitrospiro (indoline-
20,2[2H-1] benzopyran) (SPCOOH) was synthesized ac-
cording to a slight modification of a previously described 
method 43. The reaction was performed at dark by wrapping 
the reaction vessels with aluminium foil during the synthe-
sis. 3-iodo-propanoic acid (0.02 mol) and 2,3,3-trimethylin-
dolenine (0.02 mol) were mixed with 15 mL of ethyl methyl 
ketone solution and refluxed for 3 h under nitrogen. After 
cooling to room temperature, the precipitated solid was col-
lected and dissolved in water followed by washing with 
chloroform. The resulting iodide salt, 1-(b-carboxyethyl)-
2,3,3-trimethylindolenine iodide (4.5 g, 12.6 mmol), to-
gether with piperidine (1.3 mL, 13.2 mmol) and 2-hydroxy-
5-nitrobenzaldehyde (2.1 g, 12.6 mmol) were dissolved in 
20 mL ethyl methyl ketone. The reaction mixture was re-
fluxed for 3 h and then left overnight without stirring at 
room temperature. After cooling to 0 °C, a yellow crystal-
line solid was precipitated and washed with cold ethyl me-
thyl ketone followed by methanol to obtain the product 
SPCOOH (72% yield).  
 
2.4. Grafting of SPCOOH to IPN surface  
Surface modification of IPNs was performed by grafting of 
SPCOOH on the IPN surface using the Steglich esterifica-
tion process similar to the method described in 44. The 
HEMA alcohol groups on the IPN surface are the functional 
site for esterification with SPCOOH (Figure 1). To perform 
the surface grafting, DMAP, DCC and TBME were used as 
the esterification catalyst, dehydrating agent and solvent, re-
spectively. A dry round-bottom flask was wrapped with al-
uminium foil. DCC (55 mg, 0.27 mmol), SPCOOH (100 
mg, 0.27 mmol), DMAP (33 mg, 0.27 mmol) and 12 mL 
TBME were added to the flask. The flask was dried and 
flooded with nitrogen. Poly(HEMA-co-PEGMEA) IPNs 
were added to the mixture and gently stirred for 12 hours at 
room temperature. After the modification, the IPNs were 
washed with TBME, ethanol and water in an ultrasonic bath 
for 5 minutes each. Finally, the IPNs were dried at vacuum 
over molecular sieves for at least 5 hours. 
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Figure 1. The schematic illustration of fabrication of SP-
photogated IPN and isomerisation of hydrophobic SP to the hy-
drophilic MC upon UV irradiation.  

2.5. Characterization of SP-photogated IPNs 
 The atomic composition of the surface and bulk of the SP 
grafted IPNs with different hydrogel content was analysed 
by X-ray photoelectron spectroscopy (XPS) using a K-Al-
pha spectrometer (Thermo Fisher Scientific Inc., USA) 
equipped with a monochromatic 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 Thermo Fisher Scien-
tific.  
Attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR, PerkinElmer Technologies, USA) 
was used to identify different functional groups and verify 
the presence of hydrogel and SPCOOH grafted molecules. 
Moreover, FTIR was used to investigate the structural 
change caused by UV light.  
To assess the change in wettability of the SPCOOH upon 
UV light irradiation, a 0.1 M solution of SPCOOH in THF 
was prepared and coated on cover slides, which was fol-
lowed by contact angle measurements before and after ex-
posure to UV light. The measurement was performed using 
contact angle meter (Dataphysics, Germany). The measure-
ment has performed on five different locations on each sam-
ple.  
The water uptake of the SP-photogated IPN before and after 
irradiation with UV light was evaluated. Samples were kept 
in a desiccator for one day, then they were weighed (𝑤7) and 
put into individual vials containing PBS (pH 7.4). The sam-
ples were taken out at given time points, wiped gently to 
remove the excess water from the surface and weighed (𝑤8). 
The samples were then transferred back to their vials. To 
study the swelling under UV light, samples were kept under 
a UV lamp (6 watt, 375 nm, Analytik Jena, Germany). The 
water content of the samples was calculated using eq. (2). 
 

𝑤𝑎𝑡𝑒𝑟	𝑐𝑜𝑛𝑡𝑒𝑛𝑡	(%) =
𝑤8 − 𝑤7
𝑤8

	× 100% (2) 

2.6. Drug loading and drug release studies 
The hollow cylinder SP-photogated IPNs (1.00 cm) were 
loaded by soaking in 5 mL DOX solution (12.5 mg/mL in 
70 % ethanol) for 1 week at room temperature. Then, the 
samples were vortex-washed five times (10 sec each time) 
with fresh milli-Q water to remove loosely attached drug 
from the surface of samples. To investigate the triggered re-
lease under UV irradiation, the SP-photogated IPNs were 
immersed in vials containing 5 mL PBS (0.1 M, pH 7.2). 
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 solution was then 
immediately recorded at the maximum absorption wave-
length of DOX (344 nm). 

3. RESULTS AND DISCUSSION 
It is crucial for any light triggered DDS to inhibit the back-
ground release (premature release when light is off) and 
only deliver the drug on-demand at a certain point in time. 
In our previous work 42 a light-triggered DDS was designed 
based on incorporation of SP moieties inside the bulk of the 
IPN (SP-bulk IPN), where, the silicone elastomer was 

impregnated with methacrylated SP monomer (SPMA) co-
polymerized with different hydrophobic and hydrophilic 
acrylic monomers to develop photo-responsive IPNs with 
different hydrophilicity/hydrophobicity. It was demon-
strated that the SP-bulk IPN with the most hydrophilic guest 
polymer (poly(HEMA-co-PEGMEA-SPMA)) showed the 
highest accumulated release, however with a similarly high 
premature release of DOX, indicating that the light triggered 
release was dysfunctional, which essentially was due to the 
swelling of guest polymer in absence of UV light. The more 
hydrophobic or partially hydrophilic SP-bulk IPNs (poly 
(BMA-co-SPMA) and poly(BMA-co-HEMA-SPMA guest 
polymers, respectively) demonstrated on the other hand nice 
light triggered DOX release with significantly lower prem-
ature release. The accumulated DOX release was however 
much lower than for the most hydrophilic SP-bulk IPN, 
most likely due to inefficient loading of the drug into the 
hydrophobic guest polymer. We therefore decided to instead 
explore the possibility to modify the surface of the hydro-
philic poly(HEMA-co-PEGMEA) IPN by grafting SP on its 
surface as a molecular gate (SP-photogated IPN). It was hy-
pothesized that this structure should have a high DOX load-
ing efficiency but that the premature release could be inhib-
ited by the hydrophobic SP molecular gate layer. Drug re-
lease should then be possible by opening the gate by light 
triggered isomerization of hydrophobic SP to hydrophilic 
MC.  
 
3.1 Characterization of SP-photogated IPNs  
Physical characteristics upon UV light exposure: Figure 2 
shows the SP-photogated poly(HEMA-co-PEGMEA) IPNs 
with different hydrogel content before and after UV expo-
sure. As seen, the colour of the samples changes upon UV 
exposure as a consequence of SP to MC isomerization. The 
more hydrogel content, the more purple the sample are, 
which is due to the increasing number of SP groups grafted 
on the surface. The coloration confirms that SP photo-isom-
erization was retained after the reaction, thereby confirming 
that the grafting does not adversely affect its reversible 
switching behavior.  
 

 

Figure 2. Surface grafted poly(HEMA-co-PEGMEA) IPNs be-
fore (top) and after (bottom) UV light irradiation (375 nm). The 
samples contain hydrogel content 20, 30, 40 and 50 wt % from 
left to right, respectively. 

FTIR spectra of IPNs before and after grafting: To identify 
the functional groups and confirm the presence of hydrogel 
in the silicone hydrogel IPNs and SP on the SP-grafted IPN 
surfaces, ATR-FTIR was used to characterize the samples. 
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Figure 3 shows the ATR-FTIR spectra of pristine silicone 
and poly(HEMA-co-PEGMEA) IPNs with hydrogel con-
tents of 20 % and 50% (w/w) before and after grafting with 
SPCOOH. In the IPN spectra, the characteristic absorption 
peaks assigned to silicone are observed at 1008 cm-1, 1258 
cm-1 and 2963 cm-1 and due to stretching vibrations of Si–
O–Si, bending vibrations of Si−CH3 and stretching vibra-
tions of CH3- groups, respectively. Moreover, the character-
istic peaks around 1720 cm-1 and 3300 cm-1, which corre-
spond to the ester carbonyl in the acrylate and the terminal 
O−H groups of HEMA, respectively, confirm the presence 
of the HEMA in the IPNs. As expected, these peaks are 
broader and sharper in the IPN with 50% hydrogel content. 
FTIR spectrum of IPNs after grafting with SP exhibits a 
band at 1341 cm-1 assigned to the C–O ester group which 
confirms the SP esterification and the HEMA alcohol 
groups on the IPN surface.  
 
FTIR spectra of SP grafted IPNs before and after UV light 
irradiation: FTIR was also used to investigate the structural 
change of the SP-photogated IPN due to UV light. The sur-
face grafted poly(HEMA-co-PEGMEA) IPN with 20% 
(w/w) hydrogel content was used for this test, and UV irra-
diation was conducted with a 6-watt UV lamp (375 nm, An-
alytikjena) for 1 minute. 
 

 

Figure 3. Transmission FTIR spectra of pristine silicone and 
poly(HEMA-co-PEGMEA) IPNs with different hydrogel con-
tent before and after grafting with SP.  

The differential ATR-FTIR spectra was obtained by sub-
tracting the spectra acquired before UV from that after UV 
exposure. It is believed that the ring-opening process of SP 
takes place after the irradiation, which results in breaking of 
the C-O bonds 18. As seen in Figure 4,  the peaks at 947 cm-

1 and 1005 cm-1, corresponding to Cspiro–O stretching 45, ap-
pear in the ATR-FTIR differential spectra. The appearance 
of these peaks in the differential spectra is due to the de-
creased intensity of peaks corresponding to Cspiro–O in the 
spectra of the SP-photogated IPN after exposure to UV light 
due to the cleavage of this bond. 
 
 

 

Figure 4. FTIR spectra of poly(HEMA-co-PEGMEA) IPN be-
fore and after UV exposure, and the corresponded differential 
spectra. 

Elemental analysis of SP grafted IPNs: XPS analysis was 
used to verify that SP was grafted on the IPN surfaces with 
different hydrogel content. XPS can distinguish the nitrogen 
(N) atoms of SP and was therefore used to study their pres-
ence on the IPN surfaces and to evaluate the ratio of the 
grafted SP with respect to the hydrogel content. The XPS 
spectra of SP grafted IPNs with hydrogel contents of 20, 30, 
40 and 50 % (w/w) are shown in Figure 5. As seen, all the 
SP grafted IPNs show a nitrogen (N1s) peak at 398 eV with 
the atomic percentage increasing with increasing hydrogel 
content. This can be explained by the increasing number of 
HEME alcohol groups on the surface, available for esterifi-
cation with SPCOOH. 
 

 

Figure 5. XPS survey spectra of the surfaces of silicone-hydro-
gel IPNs with hydrogel contents of 20 %, 30 %, 40 % and 50 % 
(w/w). N1s represents the increasing nitrogen content due to the 
increased number of spyropiron present at the surface 

Water uptake and contact angle measurements: To evaluate 
if the surface wettability changes when the SP-photogated 
IPN is exposed to UV light, water uptake and water contact 
angle (CA) measurement was performed. Due to inhomoge-
neity of the cylindrical IPNs, it was not possible to conduct 
contact angle measurements on their surfaces. Therefore, a 
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SPCOOH solution in THF was sputter-coated on cover 
slides and the wettability measured with contact angle meter 
(Dataphysics, Germany) before and after 1 min of UV irra-
diation. The measurements were performed at five different 
locations on each sample and the mean was taken as static 
CA. As shown in Figure 6, the SPCOOH isomerization after 
exposure to UV light, gave a CA decrease of 27° (from 99.2° 
to 72.2°), indicating increasing hydrophilicity of the sam-
ples.  
As shown in Figure 7, the water uptake under UV light is 
higher for all SP grafted IPN compared to the samples at 
dark (UV off). This change stems from the hydrophobic 
layer provided by SP moieties at dark, which inhibit water 
from diffusing into the hydrogels of the IPNs. The isomeri-
zation of SP to MC acts as an opening of gate, which leads 
to diffusion of water into the interior hydrogel structure. 
These results are consistent with the CA measurements, 
which confirm that isomerisation of SPCOOH changes and 
leads to the hydrophilic MC conformation. It can be seen 
that the total water uptake is increasing with increasing hy-
drogel content, but the most interesting point is that as the 
hydrogel content of the SP-photogated IPN increases, the 
difference between water uptake with and without UV ex-
posure decreases. For instance, the water uptake of the IPN 
with 20% hydrogel exposed to UV is almost twice as high 
as that of the same sample in the dark (UV off) (Figure 7a). 
On the other hand, the water uptake of the IPN with 50% 
hydrogel increases only slightly upon UV irradiation (Fig-
ure 7d). This indicates that by increasing the hydrogel con-
tent, the SP molecules cannot inhibit the diffusion of water. 
This might be due to that the esterification of the HEMA 
alcohol groups was not complete or sufficient in the IPNs 
with high (40% and 50%) hydrogel content (Figure 7c and 
d).  
 

 

Figure 6. Contact angle measurement of SPCOOH-coated on a 
cover slide before and after UV exposure. 

3.2. Loading of SP-photogated IPNs with DOX  
The SP-photogated IPNs were loaded with DOX by passive 
diffusion. To select an appropriate loading solvent, it is im-
portant to consider that 42: i) The solvent should swell the 
hydrogel and not the silicone. ii) Polar solvents, like ethanol, 
drives the chemical equilibrium from SP towards MC, i.e. 
the energy level of MC is lower than that of SP, which 
causes the isomerization of SP to MC to be thermodynami-
cally spontaneous and irreversible (negative photochrom-
ism) at dark (∆G < 0)46–48 . By choosing ethanol as the load-
ing solvent, the hydrophobic SP moieties isomerize sponta-
neously to the hydrophilic MC form, which leads to 

hydrogel swelling and diffusion of DOX into the IPN. Thus, 
ethanol eliminates the need for UV irradiation to swell the 
samples during the loading step which otherwise might lead 
to photo-fatigue (loss of reversibility) of SP-photogated 
IPNs.   
 

  

  
Figure 7. Water uptake measurements of SP-IPN grafts with: a) 
20%, b) 30%, c) 40% and d) 50% (wt%) hydrogel content with and 
without exposure to UV light. Data are presented for three identi-
cally treated samples as the mean ± standard deviation (n = 3). 

 
3.3. Light-triggered release of DOX  
The premature release of DOX from the SP-grafted 
poly(HEMA-co-PEGMEA) IPN was compared with our 
previously developed SP-bulk IPN with poly(HEMA-co-
PEGMEA-co-SPMA) as guest polymer 42 (both with 40% 
HEMA hydrogel content). Both IPNs were loaded with the 
same amount of DOX using the same method, as described 
in section 2.6. Figure 8 shows that the SP grafted IPN inhib-
its efficiently the premature (unwanted) release when UV is 
off; almost 15 times less DOX is released compared to the 
SP-bulk IPN.  

 

Figure 8. Comparing premature release of DOX from SP-bulk 
IPN and SP-photogated IPN from poly(HEMA-co-PEGMEA-
co-SPMA), each with 40% poly (HEMA-co-PEGMEA) hydro-
gel content.  Data are presented for three identically treated 
samples as the mean ± standard deviation (n = 3). 

The triggered release of DOX from SP-grafted IPNs with 
different hydrogel content was investigated and the release  
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Figure 9. Light-triggered release profile of DOX from the SP-photogated IPNs with: a) 20%, b) 30%, c) 40% and d) 50% hydrogel content. 
Data are presented for three identically treated samples as the mean ± standard deviation (n = 3).

profiles shown in Figure 9, with and without exposure to UV 
light. It can be seen that for all IPN samples, the release is 
enhanced when exposed to UV. IPNs with the higher hydrogel 
content (40 and 50 % HEMA) show however very high prem-
ature release (Figure 9c and d) whereas IPNs with the lower 
hydrogel content (20% and 30% HEMA) have almost three 
times higher triggered release than the premature release (Fig-
ure 9a and b). This indicates that the hydrophobic SP mole-
cules clearly have a gate-closing effect. The initial burst re-
lease with UV off might be due to residual DOX adsorbed on 
the surface of the IPNs, as the premature release was almost 
constant over time. These release results are consistent with 
the results of the water uptake measurements (Figure 7), 
which show that the water uptake of IPNs with high hydrogel 
content was high even without exposure to UV. It seems that, 
although the IPNs with high hydrogel content have more 
HEMA alcohol groups for SP attachment, the hydrophobic 
gate molecules on their surface cannot compete with the hy-
drophilicity and affinity of the hydrogel to water, which leads 
to swelling of the polymer and unwanted premature drug re-
lease. The release profiles in Figures 8 and 9ab indicate that 
the SP molecular gate is quite efficient, maybe too efficient, 
since the accumulated release for the best SP-grafted IPN with 
20% hydrogel content (considering the ratio between accumu-
late and premature release) only reaches a maximum of 167 
µg of DOX (Figure 9a). Overall, the release profiles in Figure 
9 indicate that: i) a low hydrogel content leads to a low load-
ing efficiency and subsequently a low accumulated drug re-
lease, however with an efficient SP molecular gate that inhib-
its premature release, and ii) a high hydrogel content provides 
a more hydrophilic environment and therefore more swelling 
of the IPN and higher accumulated release, but with a less ef-
ficient SP molecular gate, leading to increased premature re-
lease. Our previous work indicates that the premature and ac-
cumulated release can potentially be tuned by playing around 
with guest polymer composition, varying the hydrophilic-
ity/hydrophobicity of the IPN in respect to the requirements 
and the drugs to be released 42. 

4. CONCLUSION 
Photo-responsive DDS based on silicone-hydrogel IPNs were 
successfully achieved using the combination of scCO2 tech-
nology and surface modification by grafting of photo-respon-
sive SPCOOH on the IPN surface to generate photo-switcha-
ble molecular gate based IPNs. This novel system could ad-
dress the problems associated with the light-triggered release 
systems that has been designed so far. Where, the triggered 
release is not based on the disruption and degradation of the 
drug carrier, but it was achieved by exploiting the change in 
the wetting behaviour of surface by the SP hydrophobic-to-
hydrophilic switch. Moreover, the hydrogel which is 

impregnated into the silicone elastomer provides the oppor-
tunity to deliver hydrophilic drugs on-demand. Comparing 
post-modification of silicon-hydrogel IPNs with SP moieties 
grafted on the surface (SP-photogated IPN) and SP co-pol-
ymerised inside the bulk of the silicon-hydrogel IPN (SP-bulk 
IPN) demonstrates that the SP-photogated IPN had much less 
premature DOX release compared to the SP-bulk IPN with the 
same overall hydrogel and DOX content. The SP molecules 
of the SP-photogated IPN provide a hydrophobic layer around 
the silicon hydrogel IPN, which can inhibit the diffusion of 
water and release of drug from the material. Upon irradiation 
of UV light, the “closed” SP gate molecules convert to the 
“open” hydrophilic MC state, which causes surface wetting 
and increased diffusion of water into the IPN; therefore, lead-
ing to the release of DOX. The SP gate-closing efficiency very 
much depends on the hydrogel content. IPNs with high hydro-
gel content (40% and 50 %), which in spite of having a higher 
ratio of SP molecules on the surface, show a substantially 
higher premature release with limited light-triggered drug re-
lease. IPNs with the lower hydrogel content (20% and 30%) 
showed efficient SP-photogated DOX release with a substan-
tial difference between the light triggered accumulated release 
and premature release, however, with lower accumulated re-
lease compared to IPNs with the higher hydrogel content. 
From our previous research, we know that the premature and 
accumulated release could in principle be adjusted simply by 
tuning the polymer composition in the IPN, depending on the 
requirements and the lipophilicity of the drug to be released. 
This molecular gated strategy may be promising for future de-
velopment of on-demand drug or compound delivery for var-
ious applications. 
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