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Two-dimensional photonic crystal hydrogel biosensor for 
colorimetric detection of penicillin G and penicillinase inhibitor 

Changping Wang,a Fubing Xiao,*a,b Qianshan Chen,a Shihong Wang,a Jun Zhou,a Zhaoyang Wu*a 

A simple penicillinase functionalized two-dimensional photonic crystal hydrogel (2DPPCH) biosensor was developed for 

colorimetric detection of penicillin G and penicillinase inhibitor. The penicillinase can specifically recognize penicillin G and 

catalyze it to produce penicilloic acid, which decreases the pH of the hydrogel microenvironment and shrinks the pH-

sensitive hydrogel. The particle spacing decrease of 2D photonic crystal array induced by the hydrogel shrinkage further 

causes a blue-shift in diffraction wavelength. While the hydrolysis reaction is repressed upon treatment with clavulanate 

potassium (a kind of penicillinase inhibitor), no significant change in diffraction wavelength is found. The detection of targets 

can be achieved by measuring the Debye diffraction ring diameter or observing the structural color change in the visible 

region. The lowest detectable concentrations for penicillin G and clavulanate potassium are 1 µM and 0.1 µM, respectively. 

Moreover, the 2DPPCH is proved to be of high selectivity and excellent regeneration property, and shows satisfactory 

performance for penicillin G analysis in real water samples. 

Introduction 

Beta(β)-lactam antibiotics have a pivotal role in the global 

pharmaceutical industry owing to their huge production and wide 

application.1,2 Penicillin is a kind of β-lactam antibiotic that can 

effectively prevent and treat infectious diseases of humans and 

animals.3,4 For this reason, it is often illegally added into the feed to 

promote animal growth.5 However, excessive penicillin in animals 

will cause the accumulation of antibiotic residues in animal products 
6 and can be discharged into the environment with feces and urine.7 In 

addition, the pharmaceutical industry8 and extensive clinical usage9 

are also two major sources of penicillin residues. These residues may 

lead to the development of antibiotic-resistant bacteria10 and allergic 

reactions,11 posing a substantial threat to public health.  

To circumvent these potential threats, some electrochemical12-14 

and optical (such as fluorescence,2,15,16 SERS,17 Rifs18) sensors have 

been developed to detect penicillin residues during recent decades. 

These analytical methods generally use enzymes, labelled antibodies, 

aptamers or imprinted nanoparticles as bioreceptors to generate 

various quantifiable photoelectric signals. Although excellent results 

have been achieved, many of them often need sophisticated apparatus 

and professional personnel at appointed laboratories, and on-site 

monitoring of penicillin residues remain a challenge. Hence, it is 

necessary to develop a simple, economical and visually detectable 

penicillin G sensors. 

Recently, photonic crystal hydrogel (PCH) sensors have 

attracted enormous attention owing to their high sensitivity and visual 

detection. Photonic crystal (PC) is a periodic array with unique 

structural color that consists of two or more different dielectric 

constants materials.19 Asher and co-workers reported a photonic 

crystal hydrogel (PCH) sensor for the first time by combing the PC 

with responsive hydrogel.20 Via the target triggered shrinkage or 

swelling of hydrogel, the PC shows particular optical signal changes 

that is visible to the naked eye. To date, numerous sensors based on 

PCH have been developed. Among them, three-dimensional photonic 

crystal hydrogel (3DPCH) sensors are extensively applied to the 

determination of biomolecule,21-25 metal ion,26 pressure,27,28 pH,29 and 

temperature.30 However, the inherent shortcomings of the 3DPC 

template such as long preparation time and fragility31 still limit their 

wide application. Afterward, Asher’s group32 developed a method for 

rapidly preparing two-dimensional photonic crystal (2DPC) at 

air/water interface, which could self-assemble into ordered 2DPC 

array (> 200 cm2) within two minutes. Furthermore, the 2DPC not 

only possesses structural color, but also can produce a bright Debye 

diffraction ring under monochromatic light irradiation. By measuring 

the diameter of the Debye diffraction ring, the 2D array particle 

spacing change can be calculated and used for a quantitative signal. 

The entire detection process of 2DPC only needs a laser pointer and a 

ruler, which simplifies the detection process and avoids the use of 

complex equipment. Some excellent works have been reported based 

on this principle.33-38 

In this study, we attempt to report a penicillinase functionalized 

2D photonic crystal hydrogel (2DPPCH) film for colorimetric 

detection of penicillin G and penicillinase inhibitor. As seen in Fig. 1, 

the penicillinase is immobilized on the carboxyl-rich 2DPCH to 

prepare a 2DPPCH biosensing film. In the presence of penicillin G, 

penicilloic acid is produced following the hydrolysis reaction which 

results in a decrease of pH. This decreases the electrostatic repulsion 
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between carboxylates and further reduces the osmotic pressure of the 

2DPPCH film. According to Donnan equilibrium, the reduction of 

osmotic pressure will trigger the shrinkage of the 2DPPCH film and 

the narrowing of the particle spacing, leading to a blue-shift in 

diffraction wavelength. While clavulanate potassium is added, the 

hydrolysis reaction would be repressed, and thus little changes of 

particle spacing and diffraction wavelength can be found. 

Furthermore, Since the diffraction wavelength of 2DPPCH is located 

in the visible region during the detection process, the brilliant 

structural color change can be observed by naked eye. Compared with 

other traditional methods, the 2DPPCH biosensor is more portable and 

intuitive, affording a useful platform for on-site penicillin G 

contamination monitoring and penicillinase inhibitors screening. 

Experimental Section 

Materials and reagents 

Acrylamide (AAm), N, N'-methylenebisacrylamide (BisAA), 

acrylic acid (AAc), N-hydroxysuccinimide (NHS), 2-(N-

morpholinyl)ethanesulfonic acid (MES), 1-(4-(2-hydroxyethoxy)-

phenyl)-2-methyl-1-propanone (Irgacure2959), N-(3-

(dimethylamino)propyl)-N'-ethylcarbodiimide hydrochloride (EDC), 

penicillinase and potassium clavulanate were purchased from Sigma-

Aldrich (Missouri, USA). Penicillin G sodium, clindamycin 

hydrochloride, lincomycin hydrochloride, chloramphenicol and 

fluconazole were purchased from Aladdin (Shanghai, China). All 

other reagents were analytical grade. Common glass slides were 

washed with piranha solution (H2SO4/H2O2 = 7:3 v/v).39 High 

temperature sterilized ultrapure water was used for the preparation of 

all solutions. 

Preparation of the 2DPC array 

First, monodisperse polystyrene (PS) nanoparticles were 

prepared by soap-free emulsion polymerization,40 purified by 

repeated centrifugation and dispersion. Then, the PS dispersion 

solution (25 wt%) was mixed with n-propanol at a volume ratio of 2:1, 

and slowly injected into the water surface at a constant speed by tip-

directing technique.32 Since the surface tension of n-propanol is much 

smaller than water, the PS microspheres can spread rapidly and 

spontaneously self-assemble into 2DPC arrays as the n-propanol 

evaporated. Finally, the 2DPC array was transferred onto a clean glass 

slide from the surface and dried in air (Fig. S1, Supporting 

Information). 

Preparation of the responsive 2DPPCH film  

Typically, the pregel solution was consisted of 10 wt% AAm, 0.5 

wt% BisAA, 1 % (v/v) AAc and 1%(v/v) Irgacure 2959. After mixing 

thoroughly, the solution was injected into a mold which was 

constructed by placing a 125 µm thick parafilm spacer between a 

clean glass slide and a glass slide with 2DPC array. The pregel 

solution was copolymerized under 365 nm UV light for 15 min to 

form a two-dimensional photonic crystal hydrogel (2DPCH) film. The 

2DPCH film was washed out from the mold and rinsed several times 

with ultrapure water. Then, the 2DPCH film was activated with 0.1 

MEDC and 0.1 M NHS for 30 min. Lastly, the activated film was 

soaked into the penicillinase solution and reacted overnight at 4 ℃ to 

 

Fig. 1 (A) The hydrolysis reaction between penicillinase and penicillin G. (B) Schematic illustration of the 2DPPCH biosensor for the 

detection of penicillin G and penicillinase inhibitor. 
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obtain a two-dimensional penicillinase functionalized photonic 

crystal hydrogel (2DPPCH) film. 

Instruments and Measurements 

The particle size distribution and diameter of PS nanoparticles 

were characterized by a nanoparticle size instrument (NS-90, OMEC). 

The polymerized hydrogel was prepared under a 365 nm UV lamp 

(03-II, SCIENTZ). A bright Debye diffraction ring was obtained by 

a 405 nm Laser Pointer and its diameter was measured with a common 

ruler. The digital camera (D7100, Nikon) was used to record all the 

optical images. The micromorphology of the 2DPC array and the 

2DPCH film was performed on a field emission scanning electron 

microscope (FESEM, Carl-zeiss Sigma HD). 

Detection of penicillin G and clavulanate potassium 

For penicillin G detection, the 2DPPCH film was first 

equilibrated with 50 mM NaCl solution such that it became a non-

close-packed array. Next, the uniform size 2DPPCH films were 

separately immersed in penicillin G solutions at concentrations 

between 0 to 10 mM for 30 min. For potassium clavulanate detection, 

the equilibrated 2DPPCH films were respectively treated with various 

concentrations of potassium clavulanate solutions for 30 minutes at 

room temperature. Subsequently, 6 mM penicillin G solution was 

added and incubated for 30 minutes. In the whole experiments, the 

Debye diffraction ring diameter of each sample was recorded by a 

home-made Debye diffraction measurement device.  

Results and discussions 

Fabrication and characterization of 2DPPCH film 

The fabrication of the 2DPPCH film was started with the fixation 

of 2DPC array to an acrylic acid-acrylamide copolymer to obtain a 

2DPCH film. Then the carboxyl-rich 2DPCH film was activated with 

EDC/NHS and finally the amino-containing penicillinase was 

attached to the film by forming amide covalent bonds. Among these 

processes, the key step is to prepare a 2DPCH film with low-defect 

and high-quality, which is a prerequisite for observing a clear Debye 

diffraction ring and accuracy detection. Thus, the quality of the 

synthesized PS nanoparticles was first characterized by dynamic light 

scattering. The results show that PS nanoparticles have a narrow 

particle size distribution (Polydispersion Index (PdI) = 0.012) with an 

average diameter value of 602.4 nm (Fig. S2, Supporting 

Information). Scanning electron microscopy (SEM) was further used 

to investigate the microstructures of 2DPC and 2DPCH. As exhibited 

in Fig. 2A and 2B, the 2DPC template not only has a periodic order 

array but also possesses a uniform monolayer structure. Additionally, 

Fig. 2C and 2D reveal that the 2DPC array is successfully embedded 

onto the hydrogel matrix and maintains perfect structural 

characteristics. The SEM images verify the well quality of the 2DPCH 

film, and hence ensure the reliability of measurement results in whole 

experiments. 

Diffraction of the 2DPPCH 

2DPCH has many interesting optical characteristics due to the 

spatially arranged periodic structure. In particular, it has a very strong 

forward diffraction phenomenon for incident light,41 so a bright Debye 

diffraction ring can be obtained when utilizing monochromatic light 

to vertically illuminate the 2DPCH. The particle spacing of 2DPCH 

can be regulated by the hydrogel volumetric change in response to 

different concentration analytes, and calculated by measuring the 

Debye ring diameter.42 Here, a home-made Debye diffraction 

measurement device shown in Fig. 3 was applied to measure the 

particle spacing changes induced by enzymatic reactions. The Debye 

diffraction follows the Bragg diffraction 

 

Fig. 2 SEM images of (A) the surface of the 2DPC array. (B) the 

edge of the 2DPC array. (C) the surface of the 2DPCH film. (D) 

the edge of the 2DPCH film. 

 

 

 

 

Fig. 3 (A) The formation of the 2DPC Debye diffraction ring. (B) 
Image of the home-made Debye diffraction ring measurement 
device. 
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equation  sin 𝛼 = 2𝜆𝑙𝑎𝑠𝑒𝑟 √3𝑑⁄ , where 𝜆𝑙𝑎𝑠𝑒𝑟  (405 nm) is the 

monochromatic light diffraction wavelength, α is Debye diffraction  

angle that can be calculated by the formula α = tan−1 𝐷 2ℎ⁄ , in which 

D is the diameter of Debye diffraction ring, h (7 cm) is the vertical 

distance between the plane of 2DPCH film and the Debye diffraction 

ring. Eventually, the particle spacing d can be measured by the 

following simplified equation.  

 

𝑑 =
4𝜆𝑙𝑎𝑠𝑒𝑟√(𝐷 2⁄ )2 + ℎ2

√3𝐷
 

Feasibility of 2DPPCH film 

To verify the feasibility of the 2DPPCH biosensor, the activated 

2DPCH and 2DPPCH films were soaked into 6 mM penicillin G 

solution, respectively. As seen in Fig. 4, the particle spacing change 

of 2DPPCH is 171.1 ± 6.2 nm, but the value of 2DPCH without 

penicillinase is 5.5 ± 2.3 nm. The remarkable difference demonstrates 

that the 2DPPCH can be used as a novel sensing platform for the 

detection of penicillin G. 

Effect of penicillinase concentration on 2DPPCH response 

The amount of penicillinase immobilized on the 2DPPCH 

directly affects its catalytic hydrolysis efficiency to penicillin G. In 

order to obtain the optimal assay performance, the activated 2DPCH 

films functionalized with different concentrations of penicillinase 

were incubated with 6 mM penicillin G solutions, respectively. The 

results show that the change of particle spacing increases gradually 

with the growing penicillinase concentration from 0 to 800 U mL-1, 

and the changes are ignorable with higher concentration (Fig.5A). 

Therefore, penicillinase with a concentration of 800 U mL-1 was used 

to prepare a sensitive 2DPPCH biosensing film. 

Optimization of ionic strength and hydrolysis time 

Considering that the volumetric state of the charged hydrogel can 

be affected by the ionic strength in the aqueous solution,43 the ionic 

strength dependence of particle spacing was studied upon exposure of 

2DPPCH films to varying salt concentrations. It can be found that the 

particle spacing decreases obviously as the NaCl concentration 

increases from 0 to 50 mM, and a slight decrease is observed when 

the concentration is higher than 50 mM (Fig. 5B). This phenomenon 

may be due to the interaction between Na+ cations and the carboxylate 

ions that causes a lowered repulsive force among carboxylates, 

leading to the decrease in osmotic pressure and the volume of the 

hydrogel. To eliminate the effect of ionic strength, 50 mM NaCl was 

added to all subsequent test solutions. 

Besides, the influence of hydrolysis time on 2DPPCH response 

was investigated. The particle spacing change increases from 66.1 ± 

4.2 nm to 172.5 ± 2.3 nm as the reaction time increases from 3 min to 

30 min, and reaches a plateau after 30 min (Fig. 5C). In this 

experiment, an incubation time of 30 minutes was chosen for 

obtaining a quick and accurate result. 

 

Fig. 4 Particle spacing changes of the PCH films that 

functionalized with or without penicillinase upon adding 6 mM 

penicillin G. The error bars indicate the standard deviation of 

three assays. 

 

 

 

 

 

Fig. 5 (A) The particle spacing change of 2DPPCH upon treatment with different penicillinase concentration in the presence of 6 mM 

penicillin G. (B) The influence of different ionic strengths on the particle spacing of 2DPPCH. (C) The effect of hydrolysis time on the 

particle spacing change of 2DPPCH in the existence of 6 mM penicillin G. All solutions contain 50 mM NaCl. The error bars indicate the 

standard deviation of three assays. 
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Detection capability of 2DPPCH film 

Under the optimized conditions, the ability of the 2DPPCH 

biosensor for quantitative detection of penicillin G was assessed. Fig. 

6A and 6B show that the particle spacing is 868.2 nm and the 

structural color of the 2DPPCH film is red in the absence of penicillin 

G. After adding penicillin G, the particle spacing decreases gradually 

with an incremental penicillin G concentration, which causes a shift 

of structural color to blue. In addition, it is observed that the particle 

spacing change increases clearly along with the penicillin G 

concentration increasing from 1 µM to 6 mM, and tends to a balance 

at concentrations higher than 6 mM (Fig. 6C). In contrast, the 

minimum detectable concentration of the 2DPPCH biosensor (1 µM) 

for penicillin G is comparable to the previously reported sensors listed 

in Table S1 (Supporting Information). Moreover, the visual analysis 

of penicillin G can be realized by observing the structural color 

change of the 2DPPCH and without any additional signal reagent or 

sophisticated instruments, a laser pointer can complete the entire 

detection, which makes the biosensor more intuitive and convenient. 

Clavulanate potassium, a representative penicillinase inhibitor, 

was applied to explore the analysis capability of the 2DPPCH for 

penicillinase inhibitor by disturbing the hydrolysis reaction. The 

particle spacing changes of the 2DPCCH pretreated with various 

clavulanate potassium concentrations were obtained after reacted with 

6 mM penicillin G. As illustrated in Fig. 7A, the particle spacing 

change decreases following the growing concentrations of clavulanate 

potassium and the minimum detectable concentration for clavulanate 

potassium reaches 0.1 µM. All of the above results suggest that the 

2DPPCH biosensor can be established to screen penicillinase 

inhibitors. 

Selectivity and regeneration property of 2DPPCH film 

The selectivity is a vital standard in judging the performance of 

the biosensor. In this study, the selectivity of the 2DPPCH film was 

investigated by measuring the responses of 2DPPCH to four other 

common non-β-lactam antibiotics, including clindamycin 

hydrochloride, lincomycin hydrochloride, chloramphenicol, and 

fluconazole. As presented in Fig.7B, among these antibiotics, the 

2DPPCH biosensing film shows the maximum response signal to 

clindamycin hydrochloride, but only a 9.4 ± 1.6 nm change in particle 

spacing is observed. However, a 171.1 ± 6.2 nm particle spacing 

change is found upon treatment with penicillin G. The high selectivity 

of the 2DPPCH film might be attributed to the high specificity of 

penicillinase for catalyzing the penicillin G hydrolysis. 

The regeneration property of the 2DPPCH was also examined. 

As shown in Fig. 7C, after five cycles of penicillin G treatments 

followed by simple washing with 50 mM NaCl solution, no significant 

difference is found in response to penicillin G. The satisfactory 

regeneration property of the 2DPPCH may benefit from the good 

enzyme activity and the stability of hydrogel network. 

Penicillin G analysis in real samples 

To examine the capability of the developed 2DPPCH biosensor 

for penicillin G analysis in complex water samples, three simulated 

 

Fig. 6 (A) Optical images of the 2DPPCH films at different concentrations of penicillin G (The concentration of penicillin G from left to 

right is 0 µM, 1 µM, 10 µM, 100 µM, 500 µM, 1 mM, 2 mM, 3 mM, 4 mM, 6 mM, 8 mM, 10 mM, respectively). (B) The particle spacing 

versus different penicillin G concentrations. (C) The relationship between the particle spacing change and the concentration of penicillin 

G. All of the above reaction solutions contain 50 mM NaCl. The error bars indicate the standard deviation of three assays. 
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real samples with different concentrations were prepared by adding a 

standard penicillin G solution of known concentration to the fish pond 

water. The detection ability of this biosensor in simulated real samples 

is almost consistent with that in ultrapure water (Fig. 7D). The result 

indicates that the 2DPPCH biosensor has great potential for the on-

site monitoring of penicillin residues. 

Conclusions 

In summary, we have constructed a label-free 2DPPCH 

biosensor for penicillin G and penicillinase inhibitor detection based 

on the enzymatic hydrolysis reaction between penicillin G and 

penicillinase. The analysis of targets can be accomplished via 

measuring the Debye diffraction ring diameter or observing the 

structural color change by naked eye, which greatly simplifies the 

analytical process and avoids sophisticated instruments. Furthermore, 

this assay demonstrates very high specificity and excellent 

regeneration property, and shows good performance for penicillin G 

detection in real samples. Therefore, the developed approach may 

provide a simple, visual and robust platform for the monitoring of 

penicillin and screening of penicillinase inhibitors. 
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Fig.7 (A) The particle spacing change of 2DPPCH films at different concentrations of clavulanate potassium in the presence of 6 mM 

penicillin. (B) Selectivity property of the 2DPPCH biosensor for penicillin G detection, all antibiotics are at a concentration of 5 mM. (C) 

Regeneration property of the 2DPPCH film for detecting 6 mM penicillin G. (D) The capability of the 2DPPCH film for the detection of 

penicillin G in real water samples. All of the above solutions contain 50 mM NaCl. The error bars indicate the standard deviation of three 

assays. 
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