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Background 
 

•  Size: 120-170 µm [1] 
•  Shrinking:   to 68% of initial size after 120 s 
•  Maximum shrinking: to 52 % of initial size [1] 
•  Necessary time for reswelling: > one hour 

Drawbacks 
 
•  Gels are soaked in 0.5 mM HCl overnight 
•  Operating only in acidic environment 
•  Suitable for single-use only 
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 Spiropyran  a = 1   

NIPAAm   b = 100 

MBAA   c = 2 

$"



Self-protonating hydrogels 
 

%"



&"

Fully hydrated After white light Fully Dry 

on-demand patterned channels for micro!uidic systems.9 In the
case of valves, typically the acidi"ed swollen gel containing MC-
H+ blocks the channel until it is exposed to white light,
whereupon shrinking of the gel is induced, and the channel
opens.4 For the generation of photo-patterned channels, a
planar sheet of photoresponsive gel is placed under a micro-
!uidic chip inlet/outlet system having no channels. Irradiation
with light through a mask triggers shrinking only along the
exposed lines resulting in formation of channels between pre-
formed external !uid inlets and outlets.9

In these valve systems the shrinking times of the gels are
usually relatively fast (from several seconds up to several
minutes)4,7 However, the reswelling time and consequently valve
closing time is much slower, up to several hours, which is not
ideal for fast !uid handling and valve operations.4,7 Satoh et al.
recently reported gels with improved actuation behaviour,
through control of the spiropyran opening and closing
kinetics.10,15 This was demonstrated by attaching di!erent elec-
tron donating/withdrawing substituents to the spiropyran mole-
cule and then copolymerising it with N,N-dimethylacrylamide.
The resulting derivatives showed (in most cases) improved
protonation rates compared to non-functionalised spiropyran.15

The best performing modi"ed spiropyran molecules were then
incorporated into poly(NIPAM) gels and these showed di!erent
speeds of reversible gel shrinking.10 The “fastest” gel was shown to
fully contract within 10 min and re-swell back to !95% of the
original size within 10 min. However, when comparing results
between groups, it should be noted that these gels were in the
form of 300 mm diameter rods, as the dimensional scale of the
entity obviously has a signi"cant impact on the overall di!usion
kinetics of water into and/out of the gel.

Improvements in the physical robustness of the photo-
switchable gels were also reported by using ionogels in place of
the original spiropyran/poly(NIPAM) hydrogels.16 There are two
advantages arising from this approach. Firstly, the tendency of
conventional hydrogels to crack and !ake when stored in air
does not occur, due to the low vapour pressure of ionic liquids
and their ability to plasticise the gel polymer structure.17

Secondly, the spiropyran isomerisation kinetics (and conse-
quently the ionogel actuation kinetics) can be strongly in!u-
enced by the ionic liquid used to form the ionogel.16,18

Despite the enormous potential of these photoresponsive
actuators, they have not as yet been broadly exploited in
micro!uidic devices due to signi"cant performance limitations
arising from:

(1) The need to expose the gel to a strongly acidic solution
(typically pH3 HCl) in order to generate the photoresponsive
MC-H+ species.

(2) The rather slow recovery of contracted gels to the swollen
form a!er use (can take many minutes or even hours).

Together, these constraints have a signi"cant negative
impact on the range of practical applications of these actuators,
essentially limiting their use to “single shot” disposable
micro!uidics, and to chemistries that will not be a!ected by the
release of protons into the external solution during shrinkage of
the gel. In this work, we address these issues by incorporating
acrylic acid (AA) co-monomer into the structure of the

poly(NIPAM)-co-spiropyran hydrogels, to act as an internalised
proton donor/acceptor. We report the light induced shrinking
behaviour of the gels for di!erent amounts and ratios of AA to
BSP in poly(NIPAM) and suggest gel composition range within
which these actuation characteristics are optimal.

Experimental
Materials

N-Isopropylacrylamide 98% (NIPAM), Acrylic Acid 99% (AA) (180–
200 ppm MEHQ as inhibitor), N,N0-methylenebisacrylamide 99%
(MBIS), phenylbis(2,4,6 trimethyl benzoyl) phosphine oxide 97%
(PBPO) were obtained from Sigma Aldrich, Ireland and used as
received. Trimethyl-6-hydroxyspiro-(2H-1-benzopyran-2,20 indo-
line) 99% was obtained from Acros Organics and acrylated as
described in the ESI.†

Gel preparation

For the hydrogel synthesis, typically 200 mg (1 mol equiv.) of
NIPAM was mixed with 3 mol% equiv. of MBIS and the given
amount of AA and spiropyran acrylate (BSP). These compounds
were then dissolved in 500 mL of 1,4-dioxane–water mixture
(4 : 1 v/v). To this mixture 1 mol% equiv. of the photo-initiator
(PBPO) was added. This cocktail was poured onto a PDMS
mould containing circular pits with various sizes, covered with a
glass microscope slide and polymerised for 30 min under white
light. The white light source used was a Dolan-Jenner-Industries
Fiber-Lite LMI LED lamp with an intensity of 780 lumens pro-
jected through two gooseneck waveguides placed at a distance
of 10 cm from the mould. The polymerised gels were allowed to
swell in deionised water that was changed twice with 4 h
intervals between each change. A!er 24 h the swollen and
equilibrated gels were cut into 3 mm discs using a manual
puncher. All measurements were performed on gels produced
according to this protocol.

White light induced polymerisation of the spiropyran-
modi"ed polymer using PBPO initiator is the preferred
approach rather than the more usual UV-photopolymerisation.
This is because white light irradiation ensures the BSP is
present predominantly in the colourless spiropyran form,
minimising any co-absorbance of the incident light by the
merocyanine isomer. Experiments conducted in our laboratory
with other spiropyran acrylates (particularly the commonly used
–NO2 derivative11) show that under UV irradiation, BSP converts
to MC, which absorbs strongly in the visible region and inhibits
the polymerisation process.

Gel shrinking measurements

To quantify the degree of shrinking, we estimate the percent
decrease in the diameter of a 3 mm gel disc relative to the
greatest possible degree of shrinkage, which is de"ned as the
di!erence in diameter of a gel disc in its most swollen state
(dmax) and the diameter of the same gel disc in its most con-
tracted (dried) state (dmin), according to expression (1), below;

D% "
!
1#

!
$dmax # dx%
$dmax # dmin%

""
& 100% (1)
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Hydrogel fabrication 
 

3 mm 

•  Photo-polymerised in circular PDMS moulds 

dmax dx dmin 
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contain any BSP (Fig. 2). However, samples from the same batch
(gel 0-1) pre-soaked in 1 mM HCl exhibit a yellow colour char-
acteristic of the protonated MC form (MC-H+), and shrink
considerably (down to 80% relative swelling) under white light
as previously reported for such systems.4,10,16 This suggests that
the shrinking of these gels is induced more by the combined
deprotonation of MC-H+ and conversion to BSP, rather than the
conversion of MC to BSP on its own (i.e. deprotonation of MC-
H+ is inherent to the shrinking mechanism).

A small but discernable shrinkage of the poly(NIPAM) blank
gel under white light irradiation (Gel 0-0, Fig. 2 and 4) occurs
because the light source used to actuate the gels, although a
‘cold’ LED source, induces a small degree of heating of the gel
and surrounding water due to absorption of incandescent
radiation. In fact, the temperature rose from the initial 18 !C to
22 !C during the 20 min period of measurement. Therefore,
because poly(NIPAM) gels are thermoresponsive and have been
shown to shrink slightly even at temperatures several degrees
below the actual LCST12,13,19 a slight temperature induced
shrinkage in the blank poly(NIPAM) gels occurs.

In!uence of AA content on gels with 1% BSP

Fig. 2 shows the results of photoinduced shrinking experiments
performed on gels containing 1% BSP and 0 to 5% AA. The !rst
observation is that the gels incorporating AA function remark-
ably well without the need for prior soaking in HCl. When
placed in DI water and in darkness, a yellow colouration of the
AA-modi!ed gels can be observed a!er 5–10minutes, indicating
spontaneous formation of MC-H+ and, by implication, an
equivalent number of deprotonated –COO" groups. A sche-
matic of this equilibrium within the gel is shown in Fig. 3.
Moreover, the shrinking of the 1-1 gel is both faster and greater
in extent than for the equivalent non-AA modi!ed 0-1 gel pre-
equilibrated in HCl (30% versus 20%, respectively, Fig. 2). Gel 5-
1 shrinks most, reaching 50% relative swelling a!er 20 min of
irradiation with white light.

Poly(acrylic acid) polymers are themselves pH responsive,
and gels made from this polymer have been shown to swell
when the acid is deprotonated to the acrylate anion, and shrink
when reprotonated to the uncharged form.20 During the light-
induced deprotonation of the MC-H+ protons are liberated
(sometimes referred to as a pH jump reaction)14 and these re-
protonate the acrylic acid groups and increase the extent of
shrinkage (Fig. 2). These results show that the incorporation of
AA into these gels simpli!es the actuator operation by removing
the need to use an external HCl bathing solution to prime the
gel prior to photo-induced shrinking.

In!uence of BSP content on gels

Intuitively it might be assumed that increasing the BSP-acrylate
content in the gel formulation will increase the rate and extent
of the photo-induced actuation e!ect. However, the results in
Fig. 4 suggest that there is an optimum BSP content of ca. 1–2
mol % (gels 5-1 and 5-2) which in both cases produces #50%
relative shrinking. However, increasing the BSP content in the
polymer to 3% (gel 5-3) reduces the relative shrinking extent to
#20%.

Another optimisation aspect of these gels is the reswelling
rates. When the gels (Table 1) had adopted their steady-state
contracted form under white light irradiation, they, were kept
for 1 hour in the dark and their diameters measured again. The
resulting data (Table 2) shows that all gels with 1% BSP i.e. 1-1,
2-1, 5-1 shrink more with increasing amount of AA and reswell
to #100% a!er one hour storage in darkness. When the BSP

Fig. 2 Shrinking of gels containing 1% spiropyran and varying amounts of
acrylic acid. Error bars are standard deviations, note that in some cases they are
obscured by the marker. (n $ 6).

Fig. 3 Schematic representation of the proton exchange taking place in the gels
between the acrylic acid and the spiropyran together with the e!ect of light
irradiation; Y:Z:X refer to the mol% of BSP, poly(NIPAM), and acrylic acid in the
formulation (see Table 1).
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content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation e!ect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation e!ect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide e!ective photo-
actuation without a!ecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best !t
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n " 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n " 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n " 3).
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Optimization of hydrogel composition 
 

•  Photo-induced shrinking 
 

content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation e!ect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation e!ect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide e!ective photo-
actuation without a!ecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best !t
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n " 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n " 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n " 3).
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content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation e!ect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation e!ect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide e!ective photo-
actuation without a!ecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best !t
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n " 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n " 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n " 3).
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("

sample 20 [min] 
(Vis. light) std dev 60 [min] 

(in darkness) std dev 

poly(NIPAM) blank 87.85 % 1.18 97.44 % 1.60 

1 % AA, 1 % BSP-A 67.33 % 1.85 100.45 % 0.64 

2 % AA, 1 % BSP-A 59.37 % 4.26 96.48 % 1.34 

5 % AA, 1 % BSP-A 49.10 % 4.73 97.35 % 1.93 

2 % AA, 2 % BSP-A 61.31 % 5.20 83.69 % 1.27 

5 % AA, 2% BSP-A 
45.50 % 5.33 82.69 % 3.33 

5 % AA, 3 % BSP-A 77.22 % 1.12 76.44 % 1.46 

Shrinking/Reswelling Behaviour  



)"

where D% is the relative percent swelling of the disc diameter,
dx ! measured diameter; dmax ! diameter of the fully swollen
gel; dmin ! diameter of the fully contracted gel (dried at room
temperature for 3 days). The dried gels had diameters between
64 and 67% of the fully swollen gel. Therefore, the relative
percent of swelling that is used expresses dimension changes
taking place between fully swollen gel (dmax ! 100% relative
swelling) and the maximally shrunken, dried state (dmin ! 0%
relative swelling). Therefore from here onwards, unless stated
otherwise, % swelling/shrinking refers to the relative % as
de!ned above. Further details are given in the ESI, Fig. S1.†

For white light stimulated shrinking measurements, the
3 mm hydrogel discs were placed in a 5 mm wide and 2 mm
deep PDMS circular recess !lled with water and covered with a
second PDMS 2 mm thick slide. The imaging was performed
using an Aigo GE-5 microscope with a 60" objective lens and
the accompanying so!ware. The light was provided by a Dolan-
Jenner-Industrie Fiber-Lite LMI at maximum power (780
lumens) through two waveguide goosenecks !xed at a distance
of 10 cm from the samples.

UV-Vis spectroscopy

UV-Vis spectroscopy was used to study the absorbance behav-
iour of the spiropyran hydrogels under di!erent illumination
conditions. The absorbance spectra were recorded in re"ec-
tance mode using a !bre-optic light guide connected to a
Miniature Fiber Optic Spectrometer (USB4000 – Ocean Optics
Inc.) and a specially designed probe holder (see ESI Fig. S2† for
the setup details). The light source was a LS-1 tungsten halogen
lamp (white light) obtained from Ocean Optics Inc. The spectra
were calibrated using the white standard WS-1-SL provided by
Ocean Optics Inc. Data from the spectrometer was processed
using Spectrasuite so!ware provided by Ocean Optics Inc. For
clarity, the absorbance spectra were smoothed using Origin
so!ware with a Savitzky–Golay algorithm on a total of 3648 data
points per spectrum, and an averaging window of 50 data
points.

Results and discussion

Table 1 shows the compositions of the hydrogels tested. The AA
content was varied along with that of BSP-acrylate to determine
the ratio that provides optimal actuation behaviour, in terms of
extent and rate of photo-induced shrinking. The gels have been

named according to the convention “gel[amount of AA mol%]#
[amount of BSP-A mol%]” e.g. gel 2–1 has 2 mol% AA and
1 mol% BSP-acrylate, all relative to NIPAM.

The initial experiments on light induced shrinking were
performed using the 0-1 gels (Table 1), which did not contain
AA. These gels, when placed in DI water and in darkness, swell
naturally and turn red (Fig. 1a) upon swelling indicating spon-
taneous conversion of BSP to the unprotonated MC form
(Scheme 1, step 1), con!rmed by the absorbance band centred
around 560 nm.

When acrylic acid is incorporated into the gel (e.g. gel 5-1) the
samples also swell in darkness in deionised water, but adopt a
yellow colouration a!er several minutes (Fig. 1b) due to an
absorbance band centred around 480 nm, which is character-
istic for the protonated MC-H+ form of the spiropyran. All these
gels, when in the MC or MC-H+ form, become decolourised
under white light due to isomerisation back to the BSP form, as
con!rmed by the disappearance of bands at 560 and 480 nm,
respectively. Fig. 1 shows this happening for gel 5-1, which
spontaneously adopts the MC-H+ form in the absence of light
(Fig. 1b), and reverts to the BSP form when irradiated with white
light (Fig. 1c).

Interestingly, under white light the MC isomer present in gel
0-1 reverts to the initial BSP form, but minimal shrinking is
induced, similar to the blank poly(NIPAM) discs that do not

Table 1 Composition and molar ratios of reactants used to produce photoresponsive poly(NIPAM) gels

Gel code AA [mol%] BSP-acrylate [mol%] Cross-linker [mol%] Intiator [mol%] NIPAM [mmol] Solvent [mL]

0-0 0 0 3 1 1.77 500
0-1 0 1 3 1 1.77 500
1-1 1 1 3 1 1.77 500
2-1 2 1 3 1 1.77 500
2-2 2 2 3 1 1.77 500
5-1 5 1 3 1 1.77 500
5-2 5 2 3 1 1.77 500
5-3 5 3 3 1 1.77 500

Fig. 1 UV-Vis spectra and associated colours of 1% BSP-A gels. (a) 0% AA, 1%
BSP gel in DI water in darkness, (b) 5% AA, 1% BSP gel in DI water in darkness, (c)
5% AA, 1% BSP gel in water after irradiation with white light.
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Hydrogel 5-1 
 

contain any BSP (Fig. 2). However, samples from the same batch
(gel 0-1) pre-soaked in 1 mM HCl exhibit a yellow colour char-
acteristic of the protonated MC form (MC-H+), and shrink
considerably (down to 80% relative swelling) under white light
as previously reported for such systems.4,10,16 This suggests that
the shrinking of these gels is induced more by the combined
deprotonation of MC-H+ and conversion to BSP, rather than the
conversion of MC to BSP on its own (i.e. deprotonation of MC-
H+ is inherent to the shrinking mechanism).

A small but discernable shrinkage of the poly(NIPAM) blank
gel under white light irradiation (Gel 0-0, Fig. 2 and 4) occurs
because the light source used to actuate the gels, although a
‘cold’ LED source, induces a small degree of heating of the gel
and surrounding water due to absorption of incandescent
radiation. In fact, the temperature rose from the initial 18 !C to
22 !C during the 20 min period of measurement. Therefore,
because poly(NIPAM) gels are thermoresponsive and have been
shown to shrink slightly even at temperatures several degrees
below the actual LCST12,13,19 a slight temperature induced
shrinkage in the blank poly(NIPAM) gels occurs.

In!uence of AA content on gels with 1% BSP

Fig. 2 shows the results of photoinduced shrinking experiments
performed on gels containing 1% BSP and 0 to 5% AA. The !rst
observation is that the gels incorporating AA function remark-
ably well without the need for prior soaking in HCl. When
placed in DI water and in darkness, a yellow colouration of the
AA-modi!ed gels can be observed a!er 5–10minutes, indicating
spontaneous formation of MC-H+ and, by implication, an
equivalent number of deprotonated –COO" groups. A sche-
matic of this equilibrium within the gel is shown in Fig. 3.
Moreover, the shrinking of the 1-1 gel is both faster and greater
in extent than for the equivalent non-AA modi!ed 0-1 gel pre-
equilibrated in HCl (30% versus 20%, respectively, Fig. 2). Gel 5-
1 shrinks most, reaching 50% relative swelling a!er 20 min of
irradiation with white light.

Poly(acrylic acid) polymers are themselves pH responsive,
and gels made from this polymer have been shown to swell
when the acid is deprotonated to the acrylate anion, and shrink
when reprotonated to the uncharged form.20 During the light-
induced deprotonation of the MC-H+ protons are liberated
(sometimes referred to as a pH jump reaction)14 and these re-
protonate the acrylic acid groups and increase the extent of
shrinkage (Fig. 2). These results show that the incorporation of
AA into these gels simpli!es the actuator operation by removing
the need to use an external HCl bathing solution to prime the
gel prior to photo-induced shrinking.

In!uence of BSP content on gels

Intuitively it might be assumed that increasing the BSP-acrylate
content in the gel formulation will increase the rate and extent
of the photo-induced actuation e!ect. However, the results in
Fig. 4 suggest that there is an optimum BSP content of ca. 1–2
mol % (gels 5-1 and 5-2) which in both cases produces #50%
relative shrinking. However, increasing the BSP content in the
polymer to 3% (gel 5-3) reduces the relative shrinking extent to
#20%.

Another optimisation aspect of these gels is the reswelling
rates. When the gels (Table 1) had adopted their steady-state
contracted form under white light irradiation, they, were kept
for 1 hour in the dark and their diameters measured again. The
resulting data (Table 2) shows that all gels with 1% BSP i.e. 1-1,
2-1, 5-1 shrink more with increasing amount of AA and reswell
to #100% a!er one hour storage in darkness. When the BSP

Fig. 2 Shrinking of gels containing 1% spiropyran and varying amounts of
acrylic acid. Error bars are standard deviations, note that in some cases they are
obscured by the marker. (n $ 6).

Fig. 3 Schematic representation of the proton exchange taking place in the gels
between the acrylic acid and the spiropyran together with the e!ect of light
irradiation; Y:Z:X refer to the mol% of BSP, poly(NIPAM), and acrylic acid in the
formulation (see Table 1).
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Reproducible actuation 

content is increased to 2 mol% the extent of shrinkage also
increases with increasing amount of AA (gels 2-2 and 5-2).
However, these formulations do not re-swell fully within the
one-hour period, reaching only !83% relative swelling. For
formulation 5-3, the extent of shrinkage is reduced relative to
gel 5-2, and it re-swells only to !76% within one hour. This
suggests that there is an optimum concentration of BSP in the
polymer for both light-induced shrinking and the re-swelling
kinetics. This can be explained by the fact that BSP, regardless
of the isomerisation state, is a rather hydrophobic molecule,
and at higher concentrations in the gel, it reduces the overall
hydrophilicity, making it a less attractive environment for water
uptake, and hence the actuation e!ect is impaired.

The extent of photo-induced shrinking of the gels versus
their composition can be seen in Fig. 5. This shows that the
shrinking extent is maximised for gels with AA% $ ca.3%, and
for BSP-acrylate% in the range 1–2% (all mol% relative to
NIPAM). In order to ensure maximum protonation of the MC
isomer, a molar excess of AA will be required. From Fig. 5, the
maximum actuation e!ect coincides with the blue plateau
region, and this in turn depends on the population of protons
migrating between the MC and AA sites (Fig. 3).

Assuming 100% conversion of monomers during polymeri-
sation of the gels, and given the pKa of AA21 to be 4.2, the local
pH within the gels will be ca. 2.8 for gel 1-1, and ca. 2.5 for gel
5-1. Therefore, it is reasonable to expect the local pH of gels

containing 1–5% AA to be ca. pH3, which coincides with the
acidic conditions reported previously to swell non-AA contain-
ing gels.4,7,9,10,16 Therefore, in order to provide e!ective photo-
actuation without a!ecting the overall gel hydrophilicity
unduly, and to ensure there is a reasonable molar excess of AA
over BSP groups, we selected 1% BSP-acrylate and 5%AA (Gel
5-1) for further study.

Gel photoactuation stability studies

A critical property of these gel photo-actuators is their stability
over a series of actuation cycles. In DI water, Gel 5-1 contracted
to about 75% relative swelling within 5 min of white light
irradiation and subsequently re-swelled back to around 90%
within 20 min in darkness. This process was repeated 4 times
using the same sample and was found to be reproducible over a
series of actuation cycles (Fig. 6).

Fig. 4 Shrinking of gels containing varying amounts of spiropyran. Best !t
(black) are for eye guidance. Error bars are standard deviations, note that in some
cases they are obscured by the marker. (n " 6).

Table 2 Swelling values [relative%] and standard deviations (s) for gels in Table
1 after 20 min under white light and after 1 h in the dark (n " 4)

Gel
20 min
(vis. light) s

60 min
(in darkness) s

0-0 87.9% 1.2 97.4% 1.6
1-1 67.3% 1.9 100.5% 0.6
2-1 59.4% 4.3 96.5% 1.3
5-1 49.1% 4.7 97.4% 1.9
2-2 61.3% 5.2 83.7% 1.3
5-2 45.5% 5.3 82.7% 3.3
5-3 77.2% 1.1 76.4% 1.5

Fig. 5 Extent of relative swelling upon white light irradiation for 20 min as a
function of gel composition. AA% – acrylic acid content; BSP-acrylate% – spi-
ropyran content; both expressed as molar % relative to NIPAM.

Fig. 6 Alternating light (5 min) and dark (20 min) cycles for the 5-1 gel in DI
water (n " 3).
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•  DI water 
•  No external proton source 
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The photoresponsiveness and the self-protonating stability
were also tested versus drying cycles. Three fully swollen gel 5-1
samples were contracted under white light, dried for 48 hours at
room temperature, re-swelled in DI water, and their photo-
induced shrinking measured again. This drying/reswelling cycle
was then repeated twice and impressive reproducibility of the
photo-shrinking behaviour was evident (Fig. 7). In contrast, gel 0-1,
a!er initially swelling in 1 mM HCl, showed drastically impaired
actuation behaviour a!er one drying/reswelling cycle in DI water,
and had e!ectively lost its photo-actuation ability a!er the second
cycle (Fig. 7). This result con!rms that, in contrast to the standard
gels, the AA-modi!ed gels do not need to be exposed to HCl to
induce reswelling a!er photo-induced contraction, and can be
repeatedly recycled through contraction/expansion in DI water.

The e!ect of washing with water on the gel actuation
behaviour was also examined. The Gel 5-1 samples were fully
swollen in DI water, shrunk with white light and then kept in
fresh DI water for 24 hours in the dark. Then the light induced
shrinking was measured again, and the procedure repeated 4
times. Similar measurements were performed on the Gel 0-1
samples which were initially pre-soaked in 1 mM HCl to induce
MC protonation. The photos in Fig. 8 show that Gel 5-1 can
undergo light induced shrinkage even a!er re-swelling 3 times
in fresh DI water (i.e. no exposure to HCl). In contrast, Gel 0-1
loses its photoresponsive character a!er two washes. Simulta-
neously, Gel 0-1 adopts an increasingly reddish colour (le!
column, Fig. 8A), indicative of a tendency to preferentially form
the unprotonated MC isomer rather thanMC-H+, due to the loss
of protons from the gel during washing. The behaviour of Gel 5-
1 is strikingly di!erent, as it retains the yellow colour of the
protonated MC-H+ form in the swollen state (le! column,
Fig. 8B). A!er 4 wash cycles, the pH of the external bathing
water of equilibrated gels was 5.8 for both 5-1 and 0-1 gels,
which was equivalent to the pH of the fresh DI water. This,
coupled with the theoretical pH values within the gel discussed
earlier, suggests that AA modi!cation of the gels creates a pH
bu!ering e!ect within the gel.

Mechanism of gel protonation/deprotonation

The MC-H+ copolymer used in this study has been reported to
have a pKa value in the range of 6–7.22 On the other hand, closed
form of a BSP molecule has been reported to have pKa of 2.3.23

Considering these values with respect to acrylic acid, (pKa !
4.2), when these functionalities are co-immobilised within a gel,
in the absence of light, acrylic acid will spontaneously protonate
MC to MC-H+ (Scheme 1, steps 2 and 3), driving the conversion
of BSP to MC in the process (step 1). Hence the gel will become
populated with equal numbers of MC-H+ and –COO" ions,
considerably increasing the gel hydrophilicity in the process,
and triggering gel swelling due to water ingress. This was also
con!rmed by a set of 5-0 gels placed in solutions of pH from 1–
6.5. These gels kept a constant size until the pH increased above
pH 4 crossing the pKa value of acrylic acid. Between pH 4 and 6
the deprotonation of the –COOH groups took place and resulted
in the increased gel swelling (Fig. S3, ESI†). Conversely, when
MC-H+ is converted to the BSP (very weak base) form under
white light, the protons released migrate back to the acrylate
anions in the polymer, as they are now the strongest base
present (Scheme 1 step 3). Protonation of the acrylate –COO"

anions and simultaneous formation of uncharged BSP induces
a much more hydrophobic gel character, and water is expelled.
Therefore, during swelling and contraction cycles, protons
migrate between these sites, as shown in Fig. 3. Furthermore,
this proton exchange is internalised within the gel, with no
requirement for an external proton source (i.e. pH 3 HCl
bathing solution). In addition, the shorter (internalised) di!u-
sional pathways for bulk proton transfer within the AA-modi!ed
gels produces a more e"cient system in terms of the overall

Fig. 7 Light induced shrinking of 0-1 (top) and 5-1 (bottom) gels after 2 repeat
cycles of drying and reswelling in DI water. Gel 0-1 was initially protonated by pre-
soaking in 1 mM HCl for 2 h, whereas Gel 5-1 was pre-soaked in DI water. The X-
axis indicates minutes under white light irradiation. Error bars are standard
deviations for 3 samples.

Fig. 8 Light induced shrinking and re-swelling (in the dark) cycles for (A) Gel 0-1
0% AA, 1% BSP-A (left) and (B) Gel 5-1 5% AA, 1% BSP-A (right). For each re-
swelling cycle fresh DI water was used in all cases. Cycles are numbered 1-4.
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The photoresponsiveness and the self-protonating stability
were also tested versus drying cycles. Three fully swollen gel 5-1
samples were contracted under white light, dried for 48 hours at
room temperature, re-swelled in DI water, and their photo-
induced shrinking measured again. This drying/reswelling cycle
was then repeated twice and impressive reproducibility of the
photo-shrinking behaviour was evident (Fig. 7). In contrast, gel 0-1,
a!er initially swelling in 1 mM HCl, showed drastically impaired
actuation behaviour a!er one drying/reswelling cycle in DI water,
and had e!ectively lost its photo-actuation ability a!er the second
cycle (Fig. 7). This result con!rms that, in contrast to the standard
gels, the AA-modi!ed gels do not need to be exposed to HCl to
induce reswelling a!er photo-induced contraction, and can be
repeatedly recycled through contraction/expansion in DI water.

The e!ect of washing with water on the gel actuation
behaviour was also examined. The Gel 5-1 samples were fully
swollen in DI water, shrunk with white light and then kept in
fresh DI water for 24 hours in the dark. Then the light induced
shrinking was measured again, and the procedure repeated 4
times. Similar measurements were performed on the Gel 0-1
samples which were initially pre-soaked in 1 mM HCl to induce
MC protonation. The photos in Fig. 8 show that Gel 5-1 can
undergo light induced shrinkage even a!er re-swelling 3 times
in fresh DI water (i.e. no exposure to HCl). In contrast, Gel 0-1
loses its photoresponsive character a!er two washes. Simulta-
neously, Gel 0-1 adopts an increasingly reddish colour (le!
column, Fig. 8A), indicative of a tendency to preferentially form
the unprotonated MC isomer rather thanMC-H+, due to the loss
of protons from the gel during washing. The behaviour of Gel 5-
1 is strikingly di!erent, as it retains the yellow colour of the
protonated MC-H+ form in the swollen state (le! column,
Fig. 8B). A!er 4 wash cycles, the pH of the external bathing
water of equilibrated gels was 5.8 for both 5-1 and 0-1 gels,
which was equivalent to the pH of the fresh DI water. This,
coupled with the theoretical pH values within the gel discussed
earlier, suggests that AA modi!cation of the gels creates a pH
bu!ering e!ect within the gel.

Mechanism of gel protonation/deprotonation

The MC-H+ copolymer used in this study has been reported to
have a pKa value in the range of 6–7.22 On the other hand, closed
form of a BSP molecule has been reported to have pKa of 2.3.23

Considering these values with respect to acrylic acid, (pKa !
4.2), when these functionalities are co-immobilised within a gel,
in the absence of light, acrylic acid will spontaneously protonate
MC to MC-H+ (Scheme 1, steps 2 and 3), driving the conversion
of BSP to MC in the process (step 1). Hence the gel will become
populated with equal numbers of MC-H+ and –COO" ions,
considerably increasing the gel hydrophilicity in the process,
and triggering gel swelling due to water ingress. This was also
con!rmed by a set of 5-0 gels placed in solutions of pH from 1–
6.5. These gels kept a constant size until the pH increased above
pH 4 crossing the pKa value of acrylic acid. Between pH 4 and 6
the deprotonation of the –COOH groups took place and resulted
in the increased gel swelling (Fig. S3, ESI†). Conversely, when
MC-H+ is converted to the BSP (very weak base) form under
white light, the protons released migrate back to the acrylate
anions in the polymer, as they are now the strongest base
present (Scheme 1 step 3). Protonation of the acrylate –COO"

anions and simultaneous formation of uncharged BSP induces
a much more hydrophobic gel character, and water is expelled.
Therefore, during swelling and contraction cycles, protons
migrate between these sites, as shown in Fig. 3. Furthermore,
this proton exchange is internalised within the gel, with no
requirement for an external proton source (i.e. pH 3 HCl
bathing solution). In addition, the shorter (internalised) di!u-
sional pathways for bulk proton transfer within the AA-modi!ed
gels produces a more e"cient system in terms of the overall

Fig. 7 Light induced shrinking of 0-1 (top) and 5-1 (bottom) gels after 2 repeat
cycles of drying and reswelling in DI water. Gel 0-1 was initially protonated by pre-
soaking in 1 mM HCl for 2 h, whereas Gel 5-1 was pre-soaked in DI water. The X-
axis indicates minutes under white light irradiation. Error bars are standard
deviations for 3 samples.

Fig. 8 Light induced shrinking and re-swelling (in the dark) cycles for (A) Gel 0-1
0% AA, 1% BSP-A (left) and (B) Gel 5-1 5% AA, 1% BSP-A (right). For each re-
swelling cycle fresh DI water was used in all cases. Cycles are numbered 1-4.
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Reproducible actuation 
•  Comparison between with 5-1 and 0-1 hydrogels  
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Improved actuation kinetics 
•  5-1 Hydrogel 
•  poly(ethylene glycol) Mw = 2000 g/mol 

 Mw = 20000 g/mol  
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!

Blank hydrogel 

Porosity control 

20k hydrogel 2k hydrogel 
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Shrinking/Reswelling Behaviour  
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!

Swelling and protonation kinetics 

kblank  ~ 2.53 x 10-3 [s-1] 
k2k  ~ 1.25 x 10-3 [s-1] 
k20k  ~ 2.44 x 10-3 [s-1] 
  

kblank  ~    2 x 10-4 [s-1] 
k2k  ~ 1.6 x 10-3 [s-1] 
k20k  ~ 1.6 x 10-3 [s-1] 
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Conclusions 

!  Self-protonating hydrogels 

! Reproducible photo-actuation 

! Capable of performing in DI water and neutral pH solutions 
 
!  Porous hydrogels for improved reswelling kinetics 
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