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Angle-independent pH-sensitive 
composites with natural gyroid 
structure
Ruiyang Xue, Wang Zhang, Peng Sun, Imran Zada, Cuiping Guo, Qinglei Liu, Jiajun Gu, 
Huilan Su & Di Zhang

pH sensor is an important and practical device with a wide application in environmental protection 
field and biomedical industries. An efficient way to enhance the practicability of intelligent polymer 
composed pH sensor is to subtilize the three-dimensional microstructure of the materials, adding 
measurable features to visualize the output signal. In this work, C. rubi wing scales were combined 
with pH-responsive smart polymer polymethylacrylic acid (PMAA) through polymerization to achieve 
a colour-tunable pH sensor with nature gyroid structure. Morphology and reflection characteristics 
of the novel composites, named G-PMAA, are carefully investigated and compared with the 
original biotemplate, C. rubi wing scales. The most remarkable property of G-PMAA is a single-value 
corresponding relationship between pH value and the reflection peak wavelength (λmax), with a colour 
distinction degree of 18 nm/pH, ensuring the accuracy and authenticity of the output. The pH sensor 
reported here is totally reversible, which is able to show the same results after several detection circles. 
Besides, G-PMAA is proved to be not influenced by the detection angle, which makes it a promising pH 
sensor with superb sensitivity, stability, and angle-independence.

pH value is a significant parameter in applications ranging from environmental protection, industrial monitoring 
and biomedical treatment1. The development of a sensitive and accurate pH sensor which can be practically used 
in industry hence becomes an imperative and challenging task2. Stimulus-responsive intelligent polymer is a kind 
of functional materials that is able to rapidly change shape with respect to physical configuration or dimension 
under the influence of various external stimuli, including temperature3–5, magnetic field6,7, electricity8, light9, 
and pH value10–14. Among these responsive polymers, polymethylacrylic acid (PMAA), a cross-linked ionizable 
hydrophilic polymer15, is frequently used in pH-sensitive materials because it shows remarkable reversible swell-
ing/collapse behavior caused by protonation/deprotonation mechanism with external pH change3. The carboxylic 
pendant groups of PMAA accept protons at low pH, while releasing them at high pH, resulting in electrostatic 
repulsion forces between the molecular chains and thus a volume expansion at high pH. The ability of pH sensi-
tive hydrogels to exhibit varying level of volume swelling responding to environmental pH is highly appealing to 
biomedical applications of delivering bioactive molecules to the target, such as anti-cancer drug carriers to target 
tumors10,16.

Current chemical sensor technology has progressed to the point that smart polymers can change their con-
figuration or dimension in environmental conditions in real-time6. However, the conformational change of 
pH-responsive intelligent hydrogels cannot be conveniently measured or directly demonstrated, laying obsta-
cles to the expressiveness and accuracy of the output signal. Reliable measuring methods have to be created to 
enhance the practicability of such sensors by adding more visible and obvious features to sensitive intelligent 
polymers, so that their outstanding ability to response to stimuli can be conveniently demonstrated. As in most 
of the previous work, pH sensors is mainly in the form of polymer brush as a surface coating17, recently more 
and more scientists are in an attempt to transform the 2D-size pH-sensitive polymer membranes into subtle and 
complicate 3D-microstructures2,18.

For decades, the search for novel and optimal three-dimensional structures for sensors has never stopped, and 
a large number of sensitive photonic structures found in the nature or fabricated in laboratory have emerged19–25. 
After being amazed by optical structures found in the nature gemstones such as opals19,20, scientists’ attention 
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has been caught by elaborate microstructures discovered in the nature26 recently. Optical microstructures in 
biology have made it possible to realize diverse optical effects, which are of great inspiration for bimimetic optical 
sensors. Bio-structures that are in research and development include biopolymeric layers with slightly different 
refractive indices in marine crustaceans27, bright colorful feathers of various colorful birds28,29, and various 3D 
architectures in scales of many species of beetles and butterflies30–32. Among these bio-structures, Morpho but-
terfly wing, which can display beautiful, natural-occurring iridescent colours that are produced by hindering 
specific frequencies of lights with periodic structures in scales2, is a good example of utilizing fine structures 
provided by amazing nature. Due to its characteristic photonic architecture, Morpho structures has been widely 
applied in various sensing fields, including thermal-infrared sensors33–35, vapor/solvent sensors36–38, chemical 
sensors39 and magnetophotonic response sensors40. Deng et al.33 has developed a much sensitive infrared sen-
sor by modification of Morpho butterfly wings through physical deposition of gold (Au). In gas sensing field, 
Potyrailo et al. has done a series of work36,37 on vapor sensitivity of Morpho structured materials, and has reported 
a highly sensitive response to different individual vapors even in mixtures in the presence of a various moisture 
background recently. It is also reported that filled with PVA/chitosan (CTS), an electric field sensitive hydrogel, 
Morpho wing scales will exhibit an reversibly reaction to various external stimuli, including electric field, heat 
and air pressure41. As respect of pH-sensing, our previous work shows that assembling PMAA onto a Morpho 
butterfly wing template will equip the synthesized PMAA-Morpho materials a unique U-shaped pH response 
caused by the synergistic effect of chitosan and PMAA42. However, as a pH sensor, the shortcoming of a U-shaped 
response is that one outcome signal of peak wavelength will correspond to two pH values, leaving the detection 
results unconvincing.

On the other hand, the hierarchical structures in Morpho butterfly wing scales, though subtle and elaborate, 
show little symmetry characteristics, which makes it dependent on observation angle43, leaving a question open 
about the accuracy of its sensing properties. Gyroid structure (G), a bicontinuous phase found in butterfly Callophrys 
rubi with subtle microstructures and easy-controlled length scale, has characteristic inherent chiral helices and 
unique spherical symmetry network44. A mathematical description45 of G surface is presented in Equation (1):

+ + =sin x cos y sin y cos z sin z cos x t (1)

where x, y, z equals 2π X/a, 2π Y/a, 2π Z/a and (X Y Z) are the coordinates of specific points in a cubic unit cell. The 
values of a and t determine the size of cubic unit cell and filling volume fraction (VF) of the G networks, respec-
tively, and VF is a determining factor of G structure’s optical properties.

Due to G structure’s unique structural characteristics, numerous G-structured functional materials have been 
fabricated based on gyroid bio-templates with extraordinary properties when interacting with light and matter30,46,47. 
Hsueh et al.48 has reported that metal plasmonic crystals with G structure shows ultrahigh surface plasmon reso-
nance efficiency. What’s more, the inherent chirality of the G structure makes it possible to be employed as chiral 
devices49,50. Since most of the natural gyroid systems are made of organic components, research interests including 
combination of these G structures with functional materials to generate novel multifunctional hybrid composites51, 
and novel and convenient methods to artificially fabricate gyroid structures with an accuracy control over the size.

Herein we report a pH-sensitive hybrid material fabricated from natural gyroid structures in Callophrys rubi 
wing scales with higher sensitivity, robustness, reversibility, angle-independence and a significant single value cor-
respondence. The hybrid composites, named G-PMAA, were achieved by deposition of PMAA (polymethylacrylic 
acid) onto a C. rubi butterfly wing. The whole materials were fabricated on the surface of glass fiber clothes, which 
equip the materials with high stability and strong toughness. Optical properties of G-PMAA are characteristic of its 
microstructure, so the external pH stimulus can be qualitatively described by its reflection features, which could be 
observed directly by the colour change. Further optical properties such as reflectivity and angle-dissolution contour 
maps are qualitatively characterized. The results show that the G-PMAA compounds have sensitive colour-tunability 
over pH with great uniqueness, reversibility and independence of observation angle. The presented G-PMAA com-
pounds are superior to previous pH-sensitive composites42 mainly in two ways: i) stability of the test results, which 
is ensured by single-value correspondence between the pH stimulus and the output reflection peak wavelength; ii) 
independence of the measure angle due to unique spherical symmetry characteristic.

Results and Discussion
To perform the exact angle related reflectance, it is necessary to investigate the bonding between butterfly wing 
and glass fiber clothes in the first place. After dried in air for 24 h, C. rubi wing and glass fiber clothes bind 
together firmly, even curving the glass fiber cloth cannot separate them. The strong bonding owes to the modifi-
cation by a silane coupling agent, KH-550. KH-550 has one end of three methoxy groups (− OCH3), and one end 
of amine group (− NH2). After treated with ethanol, hydroxyl groups (− OH) were added on glass fiber clothes.  
− OCH3 of KH-550 hydrolyze to hydroxyl and form ether with − OH on glass fiber, while − NH2 will form hydro-
gen bonds with − NH2 of chitosan on alkali-treated wing scales. Thus glass fiber cloth was combined with chitosan 
butterfly wings successfully, and later study shows that the combination is firm enough to avoid separation during 
the slight volume change caused by pH variation. Combination between PMAA and the wing scales was similar 
to the previous research42. Volume fraction (VF) could be controlled by the amount adjustment of PMAA, which 
will thus influence reflection properties of materials.

To illustrate the colour-tunability by pH of G-PMAA, reflection curve is the most convenient and effective way 
due to great visualizability. Hence, reflection properties of original butterfly wing and G-PMAA after fabrication 
were studied respectively to investigate the reflectance change after coating. Figure 1 shows the reflection ability 
at different positions in original C. rubi wings. Both the fore wing and the hind wing are divided into three zones, 
named A zone, B zone, C zone, respectively, as are shown in Fig. 1(a). The optical photographs of each zone are 
shown in Fig. 1(b). These OM photos were taken under the magnification of 500 times, and each photo contains 
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about 35 ±  5 wing scales. For each zone, a typical single scale was randomly picked in the middle of the zone for 
specified size details (800× ). The measures labeled are average size of the scales in that area. It can be concluded 
that from A zone to C zone, wing scales become narrower and shorter, which indicates that the primary scales 
near the root of a wing hold larger pores than the mature ones.

In each zone, four random sites were chosen to perform the in-situ reflection spectra shown in Fig. 1(c). Scales 
near the root of the wing (A zone) are obviously greener, and even a bit bluer, than that of the scales at the end of 
the wings, which are far away from the root (C zone), as is shown in optical photos. This law is also confirmed by 
the reflectance. There is a slight red-shift of the reflection peak (539.34 nm to 541.45 nm) from A zone to C zone, 
illustrating that mature end of the wing reflects more long-wave light. In addition, the spectra show that fore and 
hind wings share the same characteristics of reflection, therefore in later study only the hind wings were chosen 
as representatives.

The intensive optical characterization of G-PMAA is presented in Fig. 2. Similarly, each part of the wings was 
observed separately. It is obvious that generally gyroid structure combined with PMAA has a reflection peak at 
shorter wavelength compared with the original C. rubi wing shown in Fig. 1(c), which results in its blue-purple 
colour: the zone near the root of the wing shows blue in sight, but at the end of the wing it reveals obvious purple. 

Figure 1. Reflection change rule of different positions in original C. rubi wing. (a) Photo of Callophrys rubi 
butterfly wing, divided into A, B and C zones. (b) 500×  OM photos of each zone and an elaborate picture of 
the scale in the middle of the chosen area, with mean dimensions marked. (c) Macro reflection spectral lines of 
three zones in fore and hind wings.

Figure 2. Reflection change rule of different positions in G-PMAA. (a) A 100×  OM photo of a hind wing 
of G-PMAA. (b) 500×  OM photos of A, B and C zones. (c) Macro reflection spectra of A, B and C zone, 
respectively.
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It is not difficult to find that B zone in the middle area is a mixture of both blue scales and purple scales. Reflection 
spectra demonstrated in Fig. 2(c) features a distinct blue-shift of the reflection peak (523.96 nm to 463.83 nm) 
from A zone to C zone, totally different from original C. rubi wings spectra (Fig. 1a). Given that scales from A 
zone are larger, the pores in them are more difficult to be influenced by the filling of PMAA. On the other hand, 
scales from C zone are much slimmer, which enables PMAA to reconstruct the morphology by filling in the rela-
tively small pores easier. The volume fraction (VF) changed by PMAA filling will further influence the t value in 
equation (1), hence changes the reflectance. Therefore, reflection curve of C zone moves the largest step towards 
the short-wavelength direction, resulting in an obvious blue shift from A zone to C zone.

Due to the morphology diversity, in each scale different areas do not share consistent reflection properties 
either. Figure 3 further analyzes the upper, middle and lower zones in single scale of different positions of C. 
rubi wing and G-PMAA by micro-perspective spectra. Spectra of A zone and C zone in G-PMAA have more 
distinct reflection peaks because of the unity of scales’ colour, so only these two ends of the wing are studied. As 
is shown in Fig. 3(a), the tip part of a scale is defined as the upper zone (U zone), and the root part is defined as 
lower part (L zone), while between U and L zones is the middle zone (M zone). Table 1 lists the λ max values of each 
spectral curve. Mostly, the tip of the scales has the highest reflectance intensity peak with the shortest wavelength 
value, due to the smallest pore size of gyroid structure inside. It has been convinced that larger pores will reflect 
longer wavelength lights with poor monochromatic2. In addition, gyroid structure tends to be dense and the most 
complete in U zone of a scale, which has strong selectivity of specific wavelength of light and thus produce the 
sharpest spectral curves.

Another remarkable phenomenon is that, for original rubi scales, the range of λ max from upper area to lower 
area is approximately 35 nm. While for G-PMAA scales, the range is stenosed to about 20 nm, which means that 
the coating of PMAA has gathered the reflection peak of different areas in a C. rubi scale and made the optical 
features of G-PMAA more uniform and consistent. The narrowing of the peak range is beneficial for a sensing 
device given that it enables the consistent and accuracy of the output signal.

The mechanism of the narrowing phenomenon could be illustrated by the morphology characterization of the 
wing scales from A zone to C zone shown in Fig. 4. The mean radius of the pores in different parts of a scale has 
been measured from Fig. 4(a) and (b). The upper part of a scale has the smallest porous structure (143 ±  34 nm) 
than lower area (162 ±  37 nm) in original butterfly wing, thus it is much easier to be covered by PMAA polymer, 
which results in much smaller pores in G-PMAA (112 ±  17 nm). The lower part, on the other hand, whose hole 
size is large initially, has little change in the gyroid structure dimensions during polymerization (after coating the 
pore size of L zone is 142 ±  31 nm) since it is more difficult to be filled up with. This filling law is similar to that 
applied in the blue shift found in different positions in G-PMAA wing. To sum up, the smaller the original pore 
size is, the easier is the volume fraction (VF) influenced by the filling, and thus the huger change of the reflection 
properties caused by the t value in equation (1).

pH-sensitivity performance of G-PMAA is measured by immersing the sample into buffer solutions with var-
ious pH values with an ionic strength deviation in a considerably small range, then testing the reflection spectra. 
Here, the upper part of the scales in A zone of the wing sample is chosen to be the representative because of its 
high reflection intensity and distinct light selectivity. The change of reflection lights with the change of pH value, 
as well as the spectral lines under each pH is illustrated in Fig. 5. It is easy to find that with the increase of pH 

Figure 3. Reflection spectra of different parts in single wing scale. (a) illustration of reflectance positions;  
(b) reflectance in A, B and C zones of original butterfly wing; (c) reflectance of G-PMAA.

λmax/nm

Original C. rubi scale G-PMAA scale

A zone C zone A zone C zone

U 529.79 538.34 519.68 470.49

M 554.64 556.96 544.55 478.31

L 564.71 573.99 545.33 493.17

Table 1.  λmax of each reflection spectral line in Fig. 3.
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value of PMAA, λ max monotonously decreases. As a result, the colour of G-PMAA changes from yellow-green to 
green-blue with pH value changing from 2.0 to 9.0. Another significant conclusion provided by the pH-λ max plot 
in Fig. 5 is that λ max changes most rapidly with the pH value in neural condition (where pH varies from 6.0 to 8.0). 
This phenomenon matches well with the chemical property of PMAA, because it is proved that PMAA exhibits 
tremendous volume change within the pH range of 6 to 752. To demonstrate the excellent accuracy and sensitivity 
of G-PMAA pH sensor, the distinction degree of colour is illustrated by the slope of the linear fitting line shown in 
Fig. 5. As a pH sensor, the reflection peak of G-PMAA changes about 18 nm with every unit change of the external 
pH value, which is enough to show obvious colour differential.

The remarkable pH-sensitive characteristic of G-PMAA can be explained by the swelling/de-swelling mecha-
nism of PMAA. PMAA exhibits significant swelling or de-swelling behavior corresponding to the deprotonation 
of carboxyl groups inside PMAA at high pH and protonation of carboxyl groups at low pH15. The PMAA volume 
change caused by pH will determine the dimensions of gyroid structures, and hence influence the optical proper-
ties of G-PMAA. Therefore, G-PMAA has an ability to reflect the pH value of its circumstance by the wavelength 
of its reflection peak, which is directly observed by the colour change. The most significant advantage of G-PMAA 
is that its pH-sensitivity is a single value correspondence. The pH values and reflection peak wavelength are of 
one-to-one corresponding relationship, which will ensure the accuracy and authenticity of the test.

We also evaluated the reversibility of the pH dependency of G-PMAA, as is illustrated in Fig. 5(b). Two 
extreme pH values, 2 and 8 were chosen to test the stability of the reflection spectra of G-PMAA in three circles. 
It is shown that G-PMAA exhibits a considerably good reversibility and stability during the pH variation. Its 
responses to acid solution and alkalescent solution can be clearly distinguished even after several test circles. 
Signal drifts are illustrated by standard deviation; for pH =  2.0, the signal drift is 7.7 nm; while for pH =  8.0, the 
signal drift is only 2.7 nm. It could be further understand that, the optical detection of the pH sensor G-PMAA is 
non-destructive detection because light will do no harm to the sensor. As long as the responsive polymer PMAA 
is not damaged and still coated on gyroid structure, the pH sensor will keep its sensibility.

Figure 4. SEM pictures of upper, middle and lower parts in a scale of (a) original butterfly wing and (b) G-PMAA  
in A zone of the wing.

Figure 5. (a) The change of λ max with different pH value. Both the reflection spectral lines and λ max-pH 
curve are included. The slope of the fitting line where pH varies from 6.0 to 8.0 is also marked to illustrate the 
sensibility of the pH sensor. (b) Evaluating the reversibility of G-PMAA pH sensor at several cyclings of the pH 
value.
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As is mentioned, gyroid structure is superior to Morpho structure for its unique 3D spherical symmetry, 
which is insensitive to observation angle. To investigate the robustness and sensitivity to detection angle, we 
also tested the angle dissolution reflection of G-PMAA, as is shown in Fig. 6. The values of λ max of each position 
matches well with the results mentioned earlier in this article. The original C. rubi scale shows a completely 
angle-independent reflection property since the reflectivity barely changes with the reflection angle of incident 
light in A, B and C zone. The reflectivity of G-PMAA keeps the insensitivity to observation angle since the posi-
tion of λ max remains constant during the change of testing direction. However, the reflection intensity is especially 
low when the incidence is vertical, as is marked by the dash line in Fig. 6. Such phenomenon is not conspicuous 
at A zone, but greatly grows when incident light moves from B zone to C zone. The morphology features of 
G-PMAA provides a possible reason for such change. It is certain that tilted incidence will be more efficient 
than vertical incidence, given that tilted incidence encounters more gyroid structures inside the scale. This law is 
especially valid when the hole size is small, which is caused by the coating of PMAA onto C. rubi. For A zone of 
G-PMAA, pores in scales are relatively large, so it remains independent of angle. But for B zone and C zone, the 
porous structures are almost filled up with PMAA, resulting in an especially low response to vertical incidence.

In spite of a relative small reflectivity with vertical lights, G-PMAA still shows characteristic robustness, given 
that the value of λ max doesn’t changes with the testing angle. As a pH sensor, G-PMAA is competent to avoid the 
influence of detection angle with stable output results due to its complete gyroid structure after combination with 
smart polymer PMAA.

Conclusion
To sum up, we present a promising pH sensor G-PMAA with great sensitivity, accuracy, robustness, reversi-
bility and angle-independence, which is fabricated from natural gyroid structure. The supporting of glass fiber 
clothes has equipped G-PMAA with guaranteed toughness and strength. Reflection spectra of G-PMAA in both 
macro-perspective and micro-perspective are elaborately studied and compared with the biotemplate, C. rubi 
wing scales. It is noticed that macro-reflectivity of G-PMAA shows an obvious blue shift from A zone to C zone, 
in contrast to the biotemplate; and the coating of PMAA has made the reflection peak of different areas in a 
single wing scale more uniform and constant, which is beneficial for a pH sensor to achieve consistent output 
signals. G-PMAA exhibits valuable single value corresponding relationship between its reflection peak λ max and 
pH values, which ensures the accuracy and authenticity of the sensor output. Also, the reflection peak value λ max 
changes 18 nm with every unit deviation of pH value, showing the strong colour deferential and excellent sensi-
tivity of the presented pH sensor. G-PMAA also exhibits good reversibility, which is able to give stable and dis-
tinguished output signals after several detection circles due to the reverse swelling mechanism of PMAA. What’s 
more, G-PMAA is not influenced by detection angle due to the complete gyroid structures remaining during the 

Figure 6. Angle dissolution reflection spectra contour map of both original C. rubi wing and G-PMAA. 
(a–c) are A, B and C zones, respectively.
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polymerization. There is no doubt that G-PMAA will set a good example for promising intelligent sensors fabri-
cated from bio-structures with superb sensitivity, stability and accuracy.

Although the obtained angle-independent pH sensor fabricated from natural gyroid structures exhibits char-
acteristic optical properties, there still leaves several limitations of this technique. First of all, making use of 
natural templates results in big difficulties to mass production. So far, it is still a challenge to produce well-fined 
G-structured materials using natural templates in a large scale. Second, the G-structured pH sensor based on 
organic template is not mechanically robust enough to tolerate possible stringent work conditions. Although in 
this article, glass fiber clothes are applied to support the composites, more improvements on the strengthening of 
the gyriod architecture itself should be further studied.

Based on concerning limitations of the G-structured materials fabrication technique, one of the further 
research directions is utilizing other fabrication methods, such as self-assembly bottom-up templates, block poly-
mer systems (BCPs)48,53, to reduce production cost and realize industrial production. These bottom-up templates 
have paved a way for potential mass production of optical G-structured materials. Also top-down methods such 
as Direct Laser Writing (DLW)49,54 are in development for industrial production in large scale. Other development 
directions include fabricating G-templates with higher strength, combining other stimuli-responsive polymers 
with gyroid structures to make multifunctional sensors, refining the scale of the sensor particle to gain applica-
tion in drug deliver field, etc. Besides, recent years the investigation into the underlying mechanisms of gyroid 
structure using various characterization methods has made dramatic progress, and computational-based mode-
ling and visualizations of the G structure is rising up. It is no doubt that there is a bright future for G-structured 
materials lying ahead.

Methods
Chemicals and materials. Callophrys rubi (C. rubi) was purchased from the Lepidoptera Breeders 
Association. Glass fiber cloth was supplied by China Jushi Ltd. Ethanol, acetic acid, hydrogen chloride (HCl), 
sodium hydroxide (NaOH), phosphoric acid (H3PO4), sodium dihydrogen phosphate (NaH2PO4), disodium 
hydrogen phosphate (Na2HPO4) and methylacrylic acid (MAA) were bought from Sinopharm Chemical Reagent 
Co. Ltd. KH-550 cross-linking agent, ethylene glycol dimethylacrylate (EGDMA) and 2,2′ -Azobis (isobutyroni-
trile) (AlBN) were obtained from Aladdin Chemistry Co. Ltd. MAA and EGDMA were distilled before use to 
remove polymerization inhibitor. Distilled water was used throughout the whole process.

Pretreatment. First of all, a whole wing of C. rubi was pulled off and cleaned with water. Then it was 
immerged into a 6 wt% hydrogen chloride solution at 30 °C for 4 h. After that, the wing was carefully cleaned 
and put into a 10 wt% sodium hydroxide solution at 60 °C for 20 min, during which chitin on the surface of the 
original butterfly wings will be transformed to chitosan42. Then the wing was washed up and spread out onto a 
piece of pretreated glass fiber clothes. The whole sample was then kept in the dryer under 60 °C for 20 min, and 
left in air for 24 h. Glass fiber cloth was pretreated by steps of first being sintered at 120 °C in dryer for 2 h to get 
rid of organics and impurities. Then it was immerged into a 15% acetic acid solution at 80 °C for 45 min to further 
eliminate the organics, and treated by ethanol with ultrasonic for 20 min, during which −OH will be introduced. 
After that, the glass fiber was surface modified by a 10% KH-550 saline coupling agent solution to enhance the 
combination with butterfly wings55.

G-PMAA composites preparation. MAA precursor solution is prepared by mixing 10 mL methacrylic 
acid monomer, 5 mL cross-linking agent EGDMA, 0.025 g AlBN as initiator and 10 mL ethanol42. The wing that 
has already been fixed on glass fiber cloth was immersed into the precursor for 24 h at room temperature, and 
then brought out to remove excess precursor solution with filter paper. Then the butterfly wing coated with MAA 
precursor was dried at 65 °C for another 24 h, resulting in polymerization on scales and finally the pH sensor 
G-PMAA.

Characterization techniques. Micron-scale optical photographs of the original butterfly wing as well as 
G-PMAA were taken by VHX with halogen lamp (12 V 100 W) as light source. Different areas of the butterfly 
wing, A zone, B zone and C zone, were all observed for comparison, as is shown in Fig. 1. Nano-scale morphol-
ogy of the gyroid structures of the original butterfly wing and G-PMAA were obtained by Scanning Electron 
Microscope (SEM, JEOL JSM-7600F), including different areas of each scale, the upper (U) zone, middle (M) 
zone and lower (L) zone.

Reflection properties of the original C. rubi wing scales and G-PMAA was tested by a Microscope Systems 
(ARM61) manufactured by Shanghai Ideaoptics Corporation. For macro spectra of different positions of the 
wings the spot size is about 150 mm. Angle resolution spectra were also performed under macro-scale, with a 
detection range from − 60 degrees to + 60 degrees. Micro spectra of different position on each scale were taken in 
micro-perspective with a spot diameter of 30 mm.

G-PMAA was immersed into buffer solution for 5 min to reach equilibrium, and then dried with a drier to 
remove excess buffer solution. Buffer solution was actually mixture of a 0.3 M H3PO4 solution, a 0.3 M NaH2PO4 
solution and a 0.2 M Na2HPO4 solution according to various specific mole ratios to achieve different pH values. 
To eliminate the effect of ionic strength to the swelling ratio of PMAA, all of the buffer solutions are controlled 
in a small range of ionic strength from 0.2 to 0.6, which has little influence to the pH dependency test according 
to previous work on PMAA’s swelling behavior52. The materials went on further optical tests to obtain reflection 
spectra under different pH conditions. The upper zone of scales in A zone of the wing was detected to illustrate 
the reflection ability changing with pH value.



www.nature.com/scientificreports/

8Scientific REPORtS | 7:42207 | DOI: 10.1038/srep42207

References
1. Wencel, D., Abel, T. & McDonagh, C. Optical chemical pH sensors. Analytical Chemistry 86, 15–29, doi: 10.1021/ac4035168 (2014).
2. Li, Q., Zeng, Q., Shi, L., Zhang, X. & Zhang, K. Q. Bio-inspired sensors based on photonic structures of Morpho butterfly wings: A 

review. Journal of Materials Chemistry C 4, 1752–1763, doi: 10.1039/c5tc04029a (2016).
3. Isiklan, N. & Kucukbalci, G. Synthesis and characterization of pH- and temperature-sensitive materials based on alginate and 

poly(N-isopropylacrylamide/acrylic acid) for drug delivery. Polymer Bulletin 73, 1321–1342, doi: 10.1007/s00289-015-1550-x 
(2016).

4. Zhang, Z. et al. Biodegradable pH-dependent thermo-sensitive hydrogels for oral insulin delivery. Macromolecular Chemistry and 
Physics 213, 713–719, doi: 10.1002/macp.201100604 (2012).

5. McInnes, S. J. P. et al. Fabrication and Characterization of a Porous Silicon Drug Delivery System with an Initiated Chemical Vapor 
Deposition Temperature-Responsive Coating. Langmuir 32, 301–308, doi: 10.1021/acs.langmuir.5b03794 (2016).

6. Chen, J. K. & Chang, C. J. Fabrications and applications of stimulus-responsive polymer films and patterns on surfaces: A review. 
Materials 7, 805–875, doi: 10.3390/ma7020805 (2014).

7. Zhang, M., Estournès, C., Bietsch, W. & Muller, A. H. E. Superparamagnetic hybrid nanocylinders. Advanced Functional Materials 
14, 871–882, doi: 10.1002/adfm.200400064 (2004).

8. Perez-Martinez, C. J. et al. Electroconductive nanocomposite hydrogel for pulsatile drug release. Reactive and Functional Polymers 
100, 12–17, doi: 10.1016/j.reactfunctpolym.2015.12.017 (2016).

9. Meng, H. et al. Various shape memory effects of stimuli-responsive shape memory polymers. Smart Materials and Structures 22, doi: 
10.1088/0964-1726/22/9/093001 (2013).

10. Schmaljohann, D. Thermo- and pH-responsive polymers in drug delivery. Advanced Drug Delivery Reviews 58, 1655–1670, doi: 
10.1016/j.addr.2006.09.020 (2006).

11. Qiu, Y. & Park, K. Environment-sensitive hydrogels for drug delivery. Advanced Drug Delivery Reviews 53, 321–339, doi: 10.1016/
S0169-409X(01)00203-4 (2001).

12. Park, T. G. Temperature modulated protein release from pH/temperature-sensitive hydrogels. Biomaterials 20, 517–521, doi: 
10.1016/S0142-9612(98)00197-5 (1999).

13. Wang, C. et al. PH and enzymatic double-stimuli responsive multi-compartment micelles from supra-amphiphilic polymers. 
Polymer Chemistry 3, 3056–3059, doi: 10.1039/c2py20334k (2012).

14. Kaneider, N. C., Dunzendorfer, S. & Wiedermann, C. J. Heparan Sulfate Proteoglycans Are Involved in Opiate Receptor-Mediated 
Cell Migration. Biochemistry 43, 237–244 (2004).

15. Zhang, J. & Peppas, N. A. Morphology of poly(methacrylic acid)/poly(N-isopropyl acrylamide) interpenetrating polymeric 
networks. Journal of Biomaterials Science, Polymer Edition 13, 511–525, doi: 10.1163/15685620260178373 (2002).

16. Raemdonck, K., Demeester, J. & De Smedt, S. Advanced nanogel engineering for drug delivery. Soft Matter 5, 707–715, doi: 10.1039/
b811923f (2009).

17. Milner, S. T. Polymer brushes. Science 251, 905–914 (1991).
18. Lim, H. L., Hwang, Y., Kar, M. & Varghese, S. Smart hydrogels as functional biomimetic systems. Biomaterials Science 2, 603–618, 

doi: 10.1039/c3bm60288e (2014).
19. Aguirre, C. I., Reguera, E. & Stein, A. Tunable colors in opals and inverse opal photonic crystals. Advanced Functional Materials 20, 

2565–2578, doi: 10.1002/adfm.201000143 (2010).
20. Takeoka, Y., Honda, M. & Seki, T. Dual tuning of the photonic band-gap structure in soft photonic crystals. Advanced Materials 21, 

1801–1804, doi: 10.1002/adma.200801258 (2009).
21. Men, D., Liu, D. & Li, Y. Visualized optical sensors based on two/three-dimensional photonic crystals for biochemicals. Science 

Bulletin 61, 1358–1371, doi: 10.1007/s11434-016-1134-7 (2016).
22. Xu, X., Goponenko, A. V. & Asher, S. A. Polymerized polyHEMA photonic crystals: pH and ethanol sensor materials. Journal of the 

American Chemical Society 130, 3113–3119, doi: 10.1021/ja077979+  (2008).
23. Tsangarides, C. P. et al. Computational modelling and characterisation of nanoparticle-based tuneable photonic crystal sensors. RSC 

Advances 4, 10454–10461, doi: 10.1039/c3ra47984f (2014).
24. Yetisen, A. K. et al. Light-directed writing of chemically tunable narrow-band holographic sensors. Advanced Optical Materials 2, 

250–254, doi: 10.1002/adom.201300375 (2014).
25. Yetisen, A. K., Butt, H. & Yun, S.-H. Photonic Crystal Flakes. Acs Sensors 1, 493–497, doi: 10.1021/acssensors.6b00108 (2016).
26. Yi, W. & D. B. X., a. D. Z. Biomimetic and Bioinspired Photonic Structures. Nano Advances 1, 62–70, doi: 10.22180/na173 (2016).
27. Parker, A. R. The diversity and implications of animal structural colours. Journal of Experimental Biology 201, 2343–2347 (1998).
28. Zi, J. et al. Coloration strategies in peacock feathers. Proceedings of the National Academy of Sciences of the United States of America 

100, 12576–12578, doi: 10.1073/pnas.2133313100 (2003).
29. Han, J. et al. Embedment of ZnO nanoparticles in the natural photonic crystals within peacock feathers. Nanotechnology 19, doi: 

10.1088/0957-4484/19/36/365602 (2008).
30. Mille, C., Tyrode, E. C. & Corkery, R. W. 3D titania photonic crystals replicated from gyroid structures in butterfly wing scales: 

Approaching full band gaps at visible wavelengths. RSC Advances 3, 3109–3117, doi: 10.1039/c2ra22506a (2013).
31. Michielsen, K. & Stavenga, D. G. Gyroid cuticular structures in butterfly wing scales: Biological photonic crystals. Journal of the 

Royal Society Interface 5, 85–94, doi: 10.1098/rsif.2007.1065 (2008).
32. Galusha, J. W., Jorgensen, M. R. & Bartl, M. H. Diamond-structured titania photonic-bandgap crystals from biological templates. 

Advanced Materials 22, 107–110, doi: 10.1002/adma.200902852 (2010).
33. Zhang, F. et al. Infrared detection based on localized modification of Morpho butterfly wings. Advanced Materials 27, 1077–1082, 

doi: 10.1002/adma.201404534 (2015).
34. Xu, D., Yu, H., Xu, Q., Xu, G. & Wang, K. Thermoresponsive photonic crystal: Synergistic effect of poly(N-isopropylacrylamide)-co-

acrylic acid and Morpho butterfly wing. ACS Applied Materials and Interfaces 7, 8750–8756, doi: 10.1021/acsami.5b01156 (2015).
35. Pris, A. D. et al. Towards high-speed imaging of infrared photons with bio-inspired nanoarchitectures. Nature Photonics 6, 195–200, 

doi: 10.1038/nphoton.2011.355 (2012).
36. Potyrailo, R. A. et al. Morpho butterfly wing scales demonstrate highly selective vapour response. Nature Photonics 1, 123–128, doi: 

10.1038/nphoton.2007.2 (2007).
37. Potyrailo, R. A. et al. Towards outperforming conventional sensor arrays with fabricated individual photonic vapour sensors 

inspired by Morpho butterflies. Nature Communications 6, doi: 10.1038/ncomms8959 (2015).
38. Biro, L. P., Kertesz, K., Vertesy, Z. & Balint, Z. Photonic nanoarchitectures occurring in butterfly scales as selective gas/vapor sensors. 

Proceedings of SPIE - The International Society for Optical Engineering 7057, doi: 10.1117/12.794910 (2008).
39. Yang, X., Peng, Z., Zuo, H., Shi, T. & Liao, G. Using hierarchy architecture of Morpho butterfly scales for chemical sensing: 

Experiment and modeling. Sensors and Actuators, A: Physical 167, 367–373, doi: 10.1016/j.sna.2011.03.035 (2011).
40. Peng, W. et al. 3D network magnetophotonic crystals fabricated on Morpho butterfly wing templates. Advanced Functional Materials 

22, 2072–2080, doi: 10.1002/adfm.201103032 (2012).
41. Zang, X. et al. Tunable optical photonic devices made from moth wing scales: A way to enlarge natural functional structures’ pool. 

Journal of Materials Chemistry 21, 13913–13919, doi: 10.1039/c1jm12370j (2011).
42. Yang, Q. et al. Bioinspired fabrication of hierarchically structured, pH-tunable photonic crystals with unique transition. ACS Nano 

7, 4911–4918, doi: 10.1021/nn400090j (2013).



www.nature.com/scientificreports/

9Scientific REPORtS | 7:42207 | DOI: 10.1038/srep42207

43. Wang, W. et al. Design of a structure with low incident and viewing angle dependence inspired by Morpho butterflies. Scientific 
Reports 3, doi: 10.1038/srep03427 (2013).

44. Wu, L., Zhang, W. & Zhang, D. Engineering Gyroid-Structured Functional Materials via Templates Discovered in Nature and in the 
Lab. Small 11, 5004–5022, doi: 10.1002/smll.201500812 (2015).

45. Schoen, A. H. Infinite periodic minimal surfaces without self-intersections. Infinite Periodic Minimal Surfaces Without Self-
intersections (1970).

46. Dolan, J. A. et al. Optical Properties of Gyroid Structured Materials: From Photonic Crystals to Metamaterials. Advanced Optical 
Materials 3, 12–32, doi: 10.1002/adom.201400333 (2015).

47. Michielsen, K., De Raedt, H. & Stavenga, D. G. Reflectivity of the gyroid biophotonic crystals in the ventral wing scales of the Green 
Hairstreak butterfly, Callophrys rubi. Journal of the Royal Society Interface 7, 765–771, doi: 10.1098/rsif.2009.0352 (2010).

48. Hsueh, H. Y. et al. Well-defined multibranched gold with surface plasmon resonance in near-infrared region from seeding growth 
approach using gyroid block copolymer template. Advanced Materials 25, 1780–1786, doi: 10.1002/adma.201204631 (2013).

49. Turner, M. D. et al. Miniature chiral beamsplitter based on gyroid photonic crystals. Nature Photonics 7, 801–805, doi: 10.1038/
nphoton.2013.233 (2013).

50. Turner, M. D., Schroder-Turk, G. E. & Gu, M. Fabrication and characterization of three-dimensional biomimetic chiral composites. 
Optics Express 19, 10001–10008, doi: 10.1364/OE.19.010001 (2011).

51. Martín-Moreno, L., García-Vidal, F. J. & Somoza, A. M. Self-assembled triply periodic minimal surfaces as molds for photonic band 
gap materials. Physical Review Letters 83, 73–75 (1999).

52. Kozlovskaya, V., Kharlampieva, E., Mansfield, M. L. & Sukhishvili, S. A. Poly(methacrylie acid) hydrogel films and capsules: 
Response to pH and ionic strength, and encapsulation of macromolecules. Chemistry of Materials 18, 328–336, doi: 10.1021/
cm0517364 (2006).

53. Hsueh, H. Y., Yao, C. T. & Ho, R. M. Well-ordered nanohybrids and nanoporous materials from gyroid block copolymer templates. 
Chemical Society Reviews 44, 1974–2018, doi: 10.1039/c4cs00424h (2015).

54. Zheng, X., Jia, B., Chen, X. & Gu, M. In situ third-order non-linear responses during laser reduction of graphene oxide thin films 
towards on-chip non-linear photonic devices. Advanced Materials 26, 2699–2703, doi: 10.1002/adma.201304681 (2014).

55. Cui, Y. H., Wang, X. X., Li, Z. Q. & Tao, J. Fabrication and properties of nano-ZnO/glass-fiber-reinforced polypropylene composites. 
Journal of Vinyl and Additive Technology 16, 189–194, doi: 10.1002/vnl.20231 (2010).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (no. 51572169), Shanghai Rising-
Star Program (16QA1402400), Shanghai Science and Technology Committee (15ZR1422400, 14JC1403300 and 
14520710100), National Key Research and Development Plan (Grant No. 2016YFB0701201).

Author Contributions
Wang Zhang and Ruiyang Xue contributed equally to the work and performed the experimental data. Peng Sun 
and Imran Zada attended the preparation of the materials. Cuiping Guo, Qinglei Liu and Jiajun Gu helped with 
the materials characterization. Huilan Su contributed to results analysis. Ruiyang Xue and Wang Zhang wrote the 
manuscript. All authors have reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Xue, R. et al. Angle-independent pH-sensitive composites with natural gyroid 
structure. Sci. Rep. 7, 42207; doi: 10.1038/srep42207 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Angle-independent pH-sensitive composites with natural gyroid structure
	Introduction
	Results and Discussion
	Conclusion
	Methods
	Chemicals and materials
	Pretreatment
	G-PMAA composites preparation
	Characterization techniques

	Additional Information
	Acknowledgements
	References




