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A B S T R A C T   

Bioresponsive hydrogels are smart materials that respond to various external stimuli and exhibit great potential 
as biosensors owing to their capability of real-time and label-free detection. Here, we propose a sensing platform 
based on bioresponsive hydrogels, employing the concept of moiré patterns. Two sets of line patterns with 
different pitch sizes are prepared; a hydrogel grating whose pitch size changes according to external stimuli and a 
reference grating with constant pitch size. The volume changes of the hydrogel caused by external stimuli 
changes the pitch size of the hydrogel grating, and subsequently, the pitch sizes of the moiré patterns (moiré 
signal), whose values can be obtained in a real-time and label-free manner through customized moiré microscopy 
and signal processing. After confirming that the pH-induced swelling of hydrogel could be monitored using moiré 
patterns, we performed moiré pattern-based detection of specific proteins using protein-responsive hydrogel that 
underwent shrinking via interaction with target proteins. Brain-derived neurotrophic factor and platelet-derived 
growth factor were selected as the model proteins, and our proposed system successfully detected both proteins 
at nanomolar levels. In both cases, the pitch size change of hydrogel grating was monitored much more sensi-
tively using moiré patterns than through direct measurements. The changes in the moiré signals caused by target 
proteins were detected in ex-vivo environments using a custom-made intraocular lens incorporating the hydrogel 
grating, demonstrating the capability of the proposed system to detect various markers in intraocular aqueous 
humor, when implanted in the eye.   

1. Introduction 

Many studies are being conducted on bioresponsive hydrogels that 

are useful in a variety of biomedical applications such as biosensing 
[1–3], controlled drug delivery [4–6], and tissue engineering [7–9], 
because of their specific responses to various external stimuli. Generally, 
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bioresponsive hydrogels undergo swelling/shrinking or sol–gel transi-
tions in response to physical (temperature, electric or magnetic fields, 
and mechanical stress) [10–13] or chemical (pH, metal ions, and other 
chemical molecules) stimuli [14–16]. 

Biosensing is an obvious and important application of bioresponsive 
hydrogels as it allows label-free detection through simple readout 
techniques. In biosensors, various biological recognition events such as 
antigen-antibody binding [12,17], DNA hybridization [18–21], or 
target-aptamer or enzyme-substrate interactions [22,23], induce 
macroscopically observable changes in the hydrogel properties. Usually, 
the interactions between receptors immobilized in the hydrogel and 
targets diffusing into the hydrogel induce physical changes in the vol-
ume or length of the hydrogel owing to the change in crosslinking 
density [12,13]. Various techniques have been used to quantify these 
target-responsive hydrogel transitions for sensing specific biomolecules 
such as glucose or proteins [24–26]. 

When using bioresponsive hydrogels for biosensing, the simplest 
detection method is to directly measure the change in the hydrogel size 
in terms of the swelling/shrinking percentage. Shoemaker et al. [27] and 
Miyata et al. [1,13] prepared bioresponsive hydrogels that underwent 
volume changes owing to the formation of glucose/Con A or anti-
gen/antibody complexes. The diffusion of glucose or antigen into the 
sample solution disrupted the pre-existing noncovalent crosslinks, 
causing the swelling of the hydrogel, which facilitated the quantitative 
analysis of the amount of glucose or target protein in the sample solu-
tions. In other studies, receptor-incorporated or molecular imprinted 
hydrogels were prepared, which could form noncovalent crosslinks with 
targets and undergo different degrees of shrinkage depending on the 
target concentration [28,29]. In addition to binding events between 
bioreceptors and targets, enzymatic cleavage could also be utilized in 
the sensing mechanisms of bioresponsive hydrogels. Enzyme-specific 
peptides were used as crosslinkers of hydrogels to enable the target 
enzymes to diffuse into the hydrogel and break the peptides [30]. These 
enzyme-substrate reactions decreased the crosslinking density of the 
hydrogel, which caused swelling or gel-to-sol transition of the hydrogel. 
Physical changes of the hydrogels have also been induced by the 
conformational changes in proteins that happen during ligand-binding 

events [31,32]. 
However, the direct measurement of hydrogel size is neither accurate 

nor sensitive, which might result in different results depending on the 
person and require many receptor molecules. Therefore, much effort has 
been made to incorporate other sensing modalities into bioresponsive 
hydrogels to provide easily detectable readouts of the physical changes 
in the hydrogel. Optical responses such as changes of fluorescence in-
tensity (using fluorescence molecules) or diffraction wavelength (using 
hydrogel photonic crystals) have been used as output signals [33,34]. 
Another sensor with an optical output signal has been fabricated using 
microlenses [35,36]. Swelling or shrinking of the hydrogel causes 
changes in the local radius of curvature or refractive index, which sub-
sequently changes the optical properties of the microlenses. More 
recently, bioresponsive hydrogels were combined with diffraction 
gratings and/or SPR analysis for the label-free detection of specific 
targets [37–39]. 

In the present study, for the first time, we employ the concept of 
moiré patterns to detect target proteins using bioresponsive hydrogels. A 
moiré pattern or moiré fringe is an interference pattern formed by 
overlapping similar but slightly offset templates, as shown in Scheme 1a. 
For the formation of moiré interference pattern, the two patterns should 
not be identical; instead, they should be rotated, displaced, or have 
slightly different pitches [40–43]. In this study, a moiré pattern is pro-
duced by overlapping hydrogel and reference gratings with different 
pitch sizes. The resulting moiré patterns are quantitatively monitored 
using a customized moiré optical microscope. When the pitch size of the 
hydrogel grating changes by the volume change of the hydrogel caused 
by external stimuli, the pitch size of the moiré pattern (moiré signal) also 
changes, as shown in Scheme 1b. The moiré pattern facilitates easier 
signal readout and more sensitive detection than the direct measure-
ment of physical changes in the hydrogel, such as size or crosslinking 
density. After confirming that the pH-dependent swelling of 
pH-responsive hydrogels can be successfully monitored using moiré 
patterns, we prepared a protein-responsive hydrogel by incorporating 
antibodies into the hydrogel network. The diffusion of target proteins 
into the hydrogel and their subsequent binding to the corresponding 
antibodies produce additional crosslinks in the hydrogel, shrinking the 

Scheme 1. Use of moiré patterns to monitor the volume change of bioresponsive hydrogels. (a) An example of moiré pattern produced by two sets of line patterns, 
one set inclined at a certain angle to the other. (b) Schematic illustration showing the moiré patterns formed by overlaying the reference grating and hydrogel grating 
with different. 
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hydrogel. The concentration-dependent change in the hydrogel volume 
is monitored using a moiré pattern. After confirming the capability of 
target-protein detection, an intraocular lens (IOL) containing a hydrogel 
grating was prepared and implanted in porcine eyes, as a proof of 
concept for the potential application of the proposed sensing system to 
the detection of various markers in intraocular aqueous humor (AH). 
Target-responsive hydrogel shrinking was successfully monitored with a 
moiré pattern in ex-vivo environments. 

2. Materials and methods 

2.1. Materials 

Acrylic acid (AA), acrylamide (AAm), ammonium persulfate (APS), 
N′, N′-methylenebisacrylamide (MBAA), poly (vinyl alcohol) (MW 
9000–10000), 2-hydroxyethyl methacrylate (HEMA), ethylene glycol 
diacrylate (EGDA), 2-hydroxy-2-methylpropiophnone (HOMPP), N, N, 
N′, N′-tetramethyl-ethylenediamine (TEMED), and bovine serum albu-
min (BSA) were purchased from Sigma Aldrich (Milwaukee, WI, USA). 
Phosphate buffer saline (PBS; pH 7.4, 1X), Alexa Fluor 647 protein la-
beling kit, dialysis cassettes (MWCO 2000, 0.2–0.5 mL), and carbonate- 
bicarbonate buffer packs were purchased from Thermofisher Ltd. 
(Waltham, MA, USA). N-succinimidyl acrylate (NSA) was purchased 
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Balanced salt 
solution (BSS) was purchased from Alcon Laboratories, Inc. (South 
Freeway FortWorth, TX, USA). Sulfuric acid (H2SO4) and hydrogen 
peroxide (H2O2) were purchased from Ducksan Co., Ltd. (Ansan, Korea). 
pH buffer solutions (pH 4, 6, and 7) were purchased from SAMCHUN 
Chemical Co., Ltd. (Seoul, Korea). Anti-BDNF, BDNF protein, anti-PDGF, 
and PDGF protein, FITC-anti-BDNF were purchased from PEPROTECH 
Inc. (Rocky Hill, NJ, USA). SU-8 50 and SU-8 Developer were purchased 
from MICROCHEM. (Round Rock, TX, USA). SYLGARD 184 silicon 
elastomer base (PDMS prepolymer) and SYLGARD 184 silicon elastomer 
curing agent (curing agent) were purchased from DOW Chemical 
Company (Midland, MI, USA). EPIBOND (protein bond) was purchased 
from DOOWON MEDITEC Co., Ltd. (Yongin, Korea). 

2.2. Preparation of microgroove-patterned hydrogel grating 

Hydrogel gratings were prepared via replica molding using a 
microgroove-patterned silicon wafer as the mold. To fabricate a 
microgroove-patterned silicon wafer with a 500 nm oxide layer, a 
microgroove pattern with a pitch size of 16 μm (widths of both the ridge 
and grooves in the hydrogel grating were 8 μm) and depth of 1 μm was 
first generated through photolithography followed by ion etching, as 
described in a previous study [44]. Each hydrogel precursor solution 
was poured onto a silicon mold and crosslinked to produce a 
microgroove-patterned hydrogel replica (hydrogel grating). After 
detaching the crosslinked hydrogel from the silicon mold, freestanding 
hydrogel gratings were obtained. 

2.2.1. Synthesis of pH-responsive hydrogel grating 
Thermal crosslinking was used to prepare the pH-responsive 

hydrogel gratings. The hydrogel precursor solution was composed of 
AAm (4.92 mmol), AA (2.08 mmol), and MBAA (0.1 mmol) dissolved in 
342 μL of DI water, to which 8 μL of 10 wt% APS was added. This 
hydrogel precursor solution was dropped onto a silicon wafer mold with 
a pitch size of 16 μm. After placing the cover glass on the precursor 
solution, thermal crosslinking was performed at 80 ◦C for 1 h. The 
resultant 1 mm-thick pH-responsive hydrogel was detached from the 
silicon wafer and washed with DI water for one day to remove any 
unreacted material. 

2.2.2. Synthesis of protein-responsive hydrogel grating 
The control hydrogel grating without antibodies was fabricated as 

follows: AAm (0.211 mmol) and MBAA (0.0065 mmol) were dissolved in 

97 μL of PBS, following which 2.5 μL of 10 wt% APS and 0.5 μL of 
TEMED were sequentially added and vortexed for 1 s. The resultant 
hydrogel precursor solution was dropped onto a silicon wafer mold with 
a pitch size of 16 μm, covered with a cover glass, and polymerized at 
25 ◦C to prepare a control hydrogel grating with a thickness of 1 mm. 
Hydrogel gratings responsive to target proteins such as BDNF and PDGF 
were prepared as follows. Antibody and NSA solutions were prepared at 
concentrations of 1 and 0.4 mg/mL, respectively. The antibody solution 
was added to the NSA solution such that the molar ratio of antibody to 
NSA was 1:6 and total volume was 45 μL. The reaction between the 
antibody and NSA proceeded for 3 h at 25 ◦C, synthesizing the acylated 
antibody according to the Shoemaker method [27]. To remove the 
unreacted NSA, dialysis was performed for one day using a 2000 MWCO 
dialysis kit. AAm (0.211 mmol) and MBAA (0.0065 mmol) were dis-
solved in 52 μL of PBS, to which 45 μL of the acylated antibody solution 
was added. Thereafter, 2.5 μL of 10 wt% APS and 0.5 μL of TEMED were 
sequentially added and vortexed for 1 s. The hydrogel precursor solution 
was dropped onto a silicon wafer mold with a pitch size of 16 μm, 
covered with a cover glass, and polymerized at 25 ◦C to prepare 
protein-responsive hydrogels with a thickness of 1 mm. The hydrogels 
were washed with DI water for one day to remove any unreacted ma-
terial. The amount of antibodies conjugated to the responsive hydrogel 
grating was indirectly estimated using fluorescence method as described 
in the previous study [28]. In this study, FITC-labeled anti-BDNF (FIT-
C-anti-BDNF) was used for quantification. Approximately 0.406 mg/mL 
(893.29 nM) was bound to the responsive hydrogel. Considering that 1 
mg/mL (2200 nM) of anti-BDNF was initially used from the initial 
conjugation process, 40 wt% of anti-BDNF was conjugated within the 
responsive hydrogel. 

2.3. Fluorescence analysis of protein recognition 

The copolymerization of the acylate antibody and AAm during the 
synthesis of protein-responsive hydrogels generated pendant antibodies 
on the hydrogel networks. To confirm the binding capabilities of the 
pendant antibodies to the target proteins, BDNF-responsive hydrogels 
conjugated with anti-BDNF were reacted with fluorescence-labeled 
BDNF. BDNF (111 nM) was labeled with Alexa Fluor 647 dye (Alexa 
dye) according to the supplier’s protocol to produce BDNF-Alexa. The 
BDNF-responsive hydrogel was then incubated with BDNF-Alexa for 2 h. 
For comparison, the control hydrogel and BDNF-responsive hydrogel 
were also reacted with BDNF-Alexa and Alexa dye, respectively, for 2 h. 
After 2 h of incubation with the fluorescence solutions, the hydrogels 
were observed using a fluorescence microscope (Carl Zeiss Inc. Thorn-
wood, NY, USA). The fluorescence intensities of the hydrogels were 
obtained using image analysis software (KS 300, Carl Zeiss Inc.). Then, 
the three hydrogels were washed in DI water for 24 h to allow the un-
bound fluorescence molecules (BDNF-Alexa and free Alexa dye) to 
diffuse out from the hydrogel. After washing, the hydrogels were 
observed using a fluorescence microscope. 

2.4. Pt coating and TGA study 

The control hydrogel and pH- or protein-responsive hydrogel grat-
ings were coated with Pt using a Pt coater (CRESSINGTON Scientific 
Instruments Ltd., Chalk Hill, Watford, UK) for 200 s at 3 cm from the Pt 
source at a current of 10 mA. Pt-coating was used as a contrast agent for 
better visualization of moiré signals from the hydrogel grating. Prior to 
Pt coating, each hydrogel was fully dried and reswollen after sputtering. 
The surfaces morphology and atomic percentage of the hydrogel grat-
ings before and after Pt coating were observed using a SEM equipped 
with energy-dispersive X-ray spectroscopy (EDS) (JEOL-7610F-Plus in-
strument at 10 kV, JEOL Co., Tokyo, Japan). The chemical properties of 
Pt-coated hydrogel gratings were investigated by X-ray photoelectron 
spectroscopy (XPS) (K-alpha, Thermo, UK). TGA (TA Instruments, New 
Castle, DE, USA) was performed on the dried hydrogel samples, at a 
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heating rate of 10 ◦C/min in N2 atmosphere, to measure the amount of Pt 
coated on each hydrogel. 

2.5. Moiré microscopy system and signal processing 

To produce moiré signals, the reference gratings were overlaid with 
the hydrogel gratings. When the pitch size of the hydrogel grating 
changed because of the volume change of the hydrogel by external 
stimuli, moiré signal also changed. The pitch sizes of the reference 
gratings for the pH-responsive and protein-responsive hydrogel sensing 
modules were 58 and 43 μm, respectively, which were determined by 
the fact that the pH-induced volume change was greater than the 
protein-induced volume change of the hydrogel. 

Image acquisition and signal processing were performed using the 
moiré microscope system shown in Fig. 1a. Reference grating was 
fabricated on the glass substrate, where chrome patterns were generated 
using photolithography (Fig. S1 in Supplementary Data). Pattern- 
containing glass substrate was diced according to the size to be used 
and inserted between the light source and projection lens. The image of 
the reference grating, which was obtained when light from the source 
passed through the reference grating, projection lens, beam splitter, and 
objective lens, was overlaid with the hydrogel gratings at a magnifica-
tion of 0.438 × . The image of the resultant moiré pattern could be 
observed in real time on the monitor using a CCD camera, as shown in 
Fig. 1b. The moiré pattern was processed using a fast Fourier transform 
that converted the spatial domain on the x-axis into the frequency 
domain. An example of moiré pattern processing is presented in Fig. 1b. 
When the users dragged a line at a selected location on the screen, the 
output intensity profile was recorded as a sinusoidal waveform at the 
lower-left corner (solid rectangular line) of the monitor. When this wave 
was subjected to fast Fourier transformation, the frequency components 
of the various waves, including the moiré pattern, were displayed at the 
lower right corner (dotted rectangular line). The several peaks repre-
sented the frequency strengths of the moiré pattern, hydrogel grating, 
and reference grating. The reciprocal values of the frequency were the 
pitch sizes of each pattern. Among the many peaks, a signal corre-
sponding to the moiré pattern was selected, with a size similar to the 
theoretical pitch size of the moiré pattern calculated by the pitch size of 
the reference and hydrogel gratings. The detailed method to obtain 
moiré signal is described in Supplementary Data with Fig. S2. In this 
study, the angle between hydrogel and reference grating (θ) was set as 
close to 0◦ as possible. 

2.6. Cytocompatibility test using MTT assay 

The cytotoxicity of prepared hydrogel was assessed against cornea 

endothelial cells (CEC) by measuring the cell growth using MTT (3, 4, 5- 
dimethylthiazol-2-yl)-2–5-diphenyltetrazolium bromide) assay accord-
ing to standard protocol [45]. Bos Taurus CEC line, BCE C/D1b obtained 
from ATCC®, were cultivated in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 
antibiotic-antimycotic (Gibco®, Life Technologies, Grand Island, NY, 
USA). CEC cells (1 × 104 cells/well) were seeded into 96-well plate and 
incubated at 37 ◦C under 5% CO2 for 24 h. Then, the culture medium 
was replaced with 100 μL of complete growth medium containing the 
supernatant of hydrogel dispersed in the media for 1, 3, and 5 days, and 
incubated for 24 h. Subsequently, the incubated cells were treated with 
0.5 mg/ml of MTT solution (ThermoFisher, Carlsbad, CA, M6494) 
diluted in serum-free media, and incubated for a further 2 h at 37 ◦C. The 
MTT solution was discarded carefully and a volume of 100 μL DMSO was 
added to each well. The plates were then agitated for 15 min to dissolve 
remaining formazan crystals completely. After 5 min of shaking, the 
optical density (O.D.) were determined at 570 nm using a microplate 
reader (TECAN, Infinite 200 pro M nano). 

2.7. Ex-vivo experiments 

For ex-vivo experiments, hydrogel gratings were inserted into 
custom-made PHEMA-based IOL supports, which were fabricated using 
PDMS molds prepared using a conventional replica molding process. 
Briefly, a Si master containing replica patterns of the PDMS mold was 
fabricated using SU-8 50 via spin coating, prebaking, UV exposure, 
postbaking, and developing processes. The design and dimensions of the 
PDMS mold are shown in Fig. S3a in Supplementary Data. The mold was 
designed such that the resultant IOL had two holes: one for the target- 
responsive hydrogel grating and the other for the control hydrogel 
grating without pendant antibodies. The resulting IOL-shaped PDMS 
mold was filled with 80 μL of precursor solution consisting of 77.2 μL of 
HEMA, 2 μL of EGDA, and 0.8 μL of HOMPP, covered with a PDMS 
membrane and cured by UV exposure (365 nm, 5300 mW/cm2, EXFO 
OmniCure Series 1000, UV spot lamp, Mississauga, Ontario, Canada) for 
280 s. Disk-shaped control and protein-responsive hydrogel gratings 
with a diameter of 2 mm were inserted into each hole, using a protein 
bond to complete the hydrogel grating–loaded IOL (Fig. S3b in Sup-
plementary Data). 

Fresh porcine eyes were obtained from a local butcher and dissected 
prior to remove the pig’s hair using hot steam. After the eyeballs were 
immediately transferred to the laboratory in a thermal bag, ex-vivo ex-
periments were performed. Five porcine eyes were implanted with 
hydrogel grating-loaded IOLs. The surgical procedure was carried out by 
a single experienced surgeon (Y. W. Ji). Briefly, a 4 mm sized clear 
cornea limbal incision was generated, and the anterior chamber was 

Fig. 1. Acquisition of moiré pattern image and 
quantitative signal using custom-made moiré micro-
scopy system. (a) Components and working mecha-
nism of moiré microscopy system. (b) Image of moiré 
pattern and the result of signal processing to obtain 
the pitch size of the moiré pattern. Solid rectangular 
line represents output signals containing various 
patterns recorded as multi-waveforms and dotted line 
represents intensity of pitch size of various patterns 
including the moiré pattern obtained by fast Fourier 
transformation.   
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filled with an ophthalmic viscosurgical device (OVD) (Healon, Alcon, 
Fort Worth, Texas, USA). The IOL was inserted into the anterior chamber 
and the OVD was replaced with BSS. The corneal wound was closed 
using interrupted 10–0 nylon sutures. 

3. Results and discussion 

3.1. Formation of moiré pattern with hydrogel grating 

In this study, a moiré pattern was produced by overlapping hydrogel 
and reference gratings. Photocrosslinking of the hydrogel precursor 
solution on a silicon wafer mold produced a hydrogel grating with 
aligned microgrooves. When a non-responsive PAAm-based control 
hydrogel grating was prepared, the widths of the grooves and ridge of 
the microgroove-patterned hydrogel right after photocrosslinking were 
9.1 and 7.2 μm (pitch size: 16.3 μm), respectively, as shown in Fig. 2a. 
Considering the dimensions of the microgroove pattern on a silicon 
wafer mold (8 μm groove and 8 μm ridge), it was confirmed that the 
microgroove structures were successfully replicated from the silicon 
mold. The fabrication of the hydrogel grating was further confirmed 
using an SEM, which showed clearly aligned microgroove patterns on 
the hydrogel grating. Because fully dried hydrogel gratings were used in 
the SEM analysis (Fig. 2b and Fig. S4a in Supplementary Data), the 
widths of the groove and ridge (3.2 and 4.6 μm, respectively) were 
significantly decreased (in the dry state), owing to the high-water con-
tent of the PAAm hydrogel. 

When the resultant microgroove-patterned hydrogel was placed in a 
moiré microscopy system with a reference grating (pitch size: 43 μm), no 
moiré signal was observed. Because the transparent hydrogel had a 
refractive index (1.34) similar to that of water (1.33) [46], the presence 
of water between the hydrogel and reference grating prevented the 
formation of a moiré pattern. To solve this problem, the hydrogel surface 
was coated with Pt which is well-known for its biocompatibility. 
Although the Pt-coated hydrogel grating had a rougher surface than that 

of the bare hydrogel grating, the microgroove patterns were 
well-maintained, as shown in Fig. 2c and Fig. S4b in Supplementary 
Data. The Pt coating was further confirmed through TGA (Fig. 2d). 
Because TGA was carried out under N2 atmosphere, the remaining 
weight of the bare hydrogel could be attributed to the charred organic 
leftovers, and the difference in weight between the bare and Pt-coated 
hydrogels could be attributed to the amount of coated Pt. For both 
hydrogels, a preliminary mass loss (approximately 30%) was observed 
during the decomposition of water and air. A subsequent loss occurred at 
around 380 ◦C because of the decomposition of PAAm. The mass loss 
continued until only 12.6% and 16.0% of the initial mass remained for 
the bare and Pt-coated hydrogels, respectively. This difference arose 
from the presence of the Pt coating on the hydrogel. TGA analysis also 
indicates that there was no significant loss of Pt-coating even after 
hydrogel underwent swelling in aqueous environment as demonstrated 
in Fig. S5 in Supplementary Data. SEM-EDS and XPS analysis was per-
formed for more quantitative analysis of Pt-coating on the hydrogel 
grating. As shown in the SEM-EDS analysis (Fig. S6a in Supplementary 
Data), a high amount of Pt was observed after Pt-coating, and the Pt was 
homogenously distributed on the surfaces of the hydrogel grating. In 
contrast, no Pt was detected in the SEM-EDS images of the bare hydrogel 
grating. Similar results could be obtained from XPS study (Fig. S6b in 
Supplementary Data). XPS spectra for Pt4f clearly shows the presence of 
Pt after coating process, while no Pt was observed bare hydrogel grating. 
The water content of the Pt-coated hydrogel and the swelling kinetics 
were compared with those of the bare hydrogel, and the results are 
presented in Fig. 2e. The results indicate that Pt coating does not affect 
the water absorption capacity of the hydrogel but slows down the 
diffusion kinetics of water through the hydrogel. After Pt coating, the 
moiré pattern was visible, as shown in Fig. 2f. When a line was drawn on 
the selected region of the moiré pattern, the pitch size corresponding to 
the moiré pattern (moiré signal) could be obtained via signal processing. 
Therefore, Pt-coating was used as a contrast agent for better visualiza-
tion of moiré signals from the hydrogel grating in our study. 

Fig. 2. Preparation of hydrogel grating with microgroove patterns. (a) Optical image of hydrogel grating obtained right after photo-crosslinking. Scale bar: 40 μm 
(left) and 20 μm (right). (b) SEM images of hydrogel grating. (c) SEM images of Pt-coated hydrogel grating. In (b)–(c), Scale bars: 10 μm (left) and 1 μm (right). (d) 
TGA analysis of bare and Pt-coated hydrogel grating. (e) Water absorption behavior of bare and Pt-coated hydrogel grating. (f) Moiré patterns formed by overlaying 
reference grating on the bare hydrogel grating or Pt-coated hydrogel grating. Scale bar: 100 μm. 
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3.2. Monitoring pH change using moiré signal 

After confirming that the Pt-coated hydrogel grating could generate 
moiré signals with a reference grating, we first investigated the capa-
bility of our proposed system to monitor the properties of the external 
environment, such as the pH. For this, a pH-sensitive hydrogel grating 
was prepared by adding AA to the hydrogel precursor solution and 
synthesizing a copolymer hydrogel consisting of PAA and PAAm. 
Because PAA undergoes different levels of swelling depending on the pH 
due to the ionization of the carboxyl group above its pKa (4.7), a pH 
change in the solution was expected to alter the pitch size of the 
hydrogel grating. To monitor the change in the moiré signals caused by a 
pH-induced volume change of the hydrogel, the pH-responsive hydrogel 
gratings were placed in pH 4 and pH 7 buffers. Moiré patterns were 
observed, and subsequently, moiré signals were obtained as shown in 
Fig. 3a and b. At pH 4, there was a slight increase in the moiré signal 
(89.25 μm → 97.61 μm), resulting from a small change in the volume of 
the hydrogel because little ionization occurred below the pKa of PAA. 
However, at pH 7, there was a significant change in the moiré signal 
(89.47 μm → 328.59 μm) because the PAA became charged and swelled 
above the pKa value. To investigate the quantitative pH-sensing 

capability of the proposed system, the time-dependent change of the 
moiré signal was investigated at three different pH (pH 4, 6, and 7). pH 4 
and 6 was chosen considering the pKa value (4.7) of PAA which was 
used as pH-responsive hydrogel, while pH 7 was chosen considering the 
pH of aqueous humor in human [47,48]. As shown in Fig. 3c, the values 
of the moiré signal could be obtained in real-time. As the reaction time 
and pH increased, the moiré signal increased because the carboxyl 
groups in PAA released more protons and became COO− , which caused 
hydrogel swelling because of the increased repulsion between COO− and 
greater bonding with H2O. The most important advantage of using a 
moiré pattern, when compared to the direct measurement of volume or 
length change, is the signal amplification. Fig. 3d shows a comparison of 
the pitch sizes of the moiré pattern and hydrogel grating. After 95 min 
incubation in pH 7 buffer, the pitch size of the hydrogel sensing module 
increased by approximately 20%, whereas that of the moiré signal 
increased by more than 260%. Signal amplification by the moiré pattern 
can be understood from a well-known formula. According to Eq. (5) in 
Supplementary Data, 19.2% increase in the pitch size of the hydrogel 
grating (PH), from 19.75 to 23.55 μm, resulted in a 263.7% change in PM, 
from 88.73 to 322.69 μm at pH 7 when the angle θ between the reference 
and hydrogel grating grids was set to 0◦. 

Fig. 3. Monitoring pH-responsiveness of hydrogel grating using moiré patterns. pH-dependent swelling of hydrogel grating and subsequent change of moiré signal 
(a) in pH 4 buffer solution and (b) in pH 7 buffer solution. Optical image of hydrogel grating (top), optical images of moiré patterns (middle) (The yellow line was 
drawn to be perpendicular to the moiré pattern.), and moiré signals obtained from reference and hydrogel gratings (bottom). Scale bar: 100 μm. (c) Quantitative 
analysis of moiré signal as a function of pH and time. (d) Comparison of pitch size change between moiré pattern and hydrogel grating. 
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3.3. Synthesis of hydrogel gratings responsive to target proteins 

To prepare protein-responsive hydrogels, antibodies against the 
target proteins were modified with a polymerizable acrylate terminus. 
Copolymerization of the acylated antibodies and AAm with an initiator, 
crosslinker, and catalyst on the silicon wafer mold, and the subsequent 
Pt coating produced a hydrogel grating responsive to target proteins, as 
shown in Fig. 4a. Diffusion of the target proteins into a hydrogel 
increased the degree of crosslinking of the hydrogel network via the 
formation of antigen–antibody complexes, resulting in the shrinking of 
the hydrogel. 

Prior to investigating the capability of the hydrogel grating to detect 
target proteins using a moiré pattern, its capacity to recognize a specific 
target protein using pendant antibodies was confirmed using the fluo-
rescence method. For this, hydrogels incorporating antibodies (anti- 
BDNF) or control PAAm hydrogels without antibodies were prepared, 
which were then reacted with fluorescence-labeled BDNF (BDNF-Alexa) 
or Alexa Fluor 647 dye (Alexa dye). Three different combinations were 
prepared: (i) control PAAm-based hydrogel reacted with BDNF-Alexa, 
(ii) antibody-incorporated hydrogel reacted with BDNF-Alexa, and (iii) 
antibody-incorporated hydrogel reacted with Alexa dye. After 2 h of 
incubation, all the hydrogels emitted strong red fluorescence owing to 
the diffusion of BDNF-Alexa or Alexa dye into the hydrogel (Fig. 4b). 
Although the molecular weight of BDNF-Alexa was much greater than 
that of the Alexa dye, 2 h were a sufficient duration for both molecules to 
diffuse and occupy the free volume in the hydrogel. The three hydrogels 
emitted almost the same fluorescence intensity. However, after washing 
with DI water for 24 h, each hydrogel exhibited a different fluorescence 
intensity (Fig. 4c). No fluorescence was detected in the control hydrogel 
reacted with BDNF-Alexa and the antibody-incorporated hydrogel 
reacted with Alexa dye because both fluorescence molecules were 
physically entrapped within the hydrogel, and consequently, easily 
removed from the hydrogel by washing. In contrast, the antibody- 
incorporated hydrogel that reacted with BDNF-Alexa maintained the 
fluorescence after 24 h of washing, owing to the binding of the fluo-
rescent BDNF to anti-BDNF within the hydrogel. It is worth noting that 
the target proteins (BDNF) were bound to antibodies within the 
hydrogel in a homogeneous distribution, as demonstrated by the 

fluorescence intensity profile shown in Fig. 4c. These results indicate 
that target-specific antibodies were successfully incorporated into the 
hydrogel via copolymerization and that the hydrogels maintained their 
ability to bind target proteins. 

In-vitro biocompatibility testing was performed for 5 days using MTT 
assay for protein-responsive hydrogel grating. Fig. S7 in Supplementary 
Data shows that cells were viable and proliferated in the presence of 
protein-responsive hydrogel grating, which was similar to the cell 
behavior in control group. This result indicates that the Pt-coated and 
antibody-immobilized hydrogel grating was cytocompatible without 
any toxic effects. 

3.4. Detection of target proteins using moiré signal 

As mentioned previously, the formation of an antigen–antibody 
complex within the hydrogel in the presence of the target protein, 
decreased the pitch size of the hydrogel grating and subsequently, that 
of the moiré signal. Movie S1 in Supplementary Video shows the 
decrease of moiré signal in real time. In this case, hydrogel grating was 
incubated with relatively high concentration of BDNF (1.11 μM) for 
easier observation. To further investigate this detection mechanism, 
various concentration of BDNF was reacted with BDNF-responsive 
hydrogel gratings, and resultant change of moiré signals were 
monitored. 

Supplementary data related to this article can be found at https://doi 
.org/10.1016/j.bioactmat.2022.11.010. 

As shown in Fig. 5a, the hydrogel underwent shrinking owing to the 
binding of BDNF with the incorporated anti-BDNF, and consequently, a 
decreased moiré signal (93.09 μm → 80.84 μm) was observed. Fig. 5b 
shows the change in the pitch size of the hydrogel gratings and moiré 
patterns, with reaction time for the same BDNF concentration. In both 
cases, the pitch size decreased with the reaction time and reached a 
minimum after 2 h. However, the changes of pitch size in moiré pattern 
were much more significant than that those in hydrogel grating, con-
firming the signal amplification by using moiré signal. For a more 
quantitative analysis, the concentration- and time-dependent responses 
of the moiré signal to BDNF were monitored, as shown in Fig. 5c. As the 
concentration and reaction time increased, the change in the moiré 

Fig. 4. Preparation of protein-responsive hydrogel grating via copolymerization of acylated antibody and AAm. (a) Schematic illustration showing preparation of 
acylated antibody and antibody-conjugated hydrogel grating that can undergo target protein–induced shrinking via formation of additional crosslinks by anti-
gen–antibody complex. (b) Fluorescence images and intensity profiles of different hydrogels (BDNF-responsive and control PAAm hydrogels) incubated with BDNF- 
Alexa or Alexa dye for 2 h. (c) Fluorescence images and intensity profiles obtained after 24 h of washing with DI water. In Figure (b) and (c), (i) is Control PAAm 
hydrogel incubated with BDNF-Alexa dye, (ii) is BDNF-responsive hydrogel incubated with BDNF-Alexa dye, and (iii) is BDNF-responsive hydrogel incubated with 
Alexa dye. In (b)–(c), scale bar: 400 μm. 
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signal increased because of the formation of more crosslinks by the 
binding of BDNF with anti-BDNF within the hydrogel grating. Fig. 5d 
shows the change in the moiré signal as a function of the BDNF con-
centration after reacting BDNF with the BDNF-responsive hydrogel 
grating for 2 h. The limit of detection (LOD) for BDNF was 29 nM. Fig. 5d 
shows the change in the moiré signal as a function of the BDNF con-
centration after reacting BDNF with the BDNF-responsive hydrogel 
grating for 2 h. The limit of detection (LOD) for BDNF was 29 nM. When 
the linear regression was performed on log (percentage of moiré signal 
change)(y) versus log (BDNF concentration)(x), very excellent linear 
relationship such as log y = 0.4315•log x+0.0468 was obtained, where 
R2 is 0.9929 as shown in Fig. S8 in Supplementary Data. The selectivity 
was investigated by comparing the change in the moiré signal caused by 
the target molecule (111 nM of BDNF) in a PBS buffer with that in a 
serum solution. When the hydrogel gratings were reacted with pure PBS 
or serum, there was no change in the pitch size (Fig. 5e). However, the 
presence of BDNF in the PBS or serum solution decreased the moiré 
signal owing to the increase in the crosslinking degree of the hydrogel 
gratings through specific antibody–antigen binding. Importantly, the 
presence of various molecules in the serum solution did not have a 
significant effect on the change in the moiré signal; the extent of signal 
decrease was almost the same for BDNF in both PBS and serum solution. 
For further confirmation that hydrogel shrinking results from the for-
mation of antigen-antibody complex, we investigate the effect of the 
amount of hydrogel-immobilized antibody on the moiré signal change. 
For this, we prepared protein-responsive hydrogels immobilizing 
different amount of antibodies (anti-BDNF), which were reacted with 
same concentration of target protein (111 nM of BDNF). As the con-
centration of immobilized antibody increased, the change in the moiré 
signal increased due to presence of more biding site for target that 
subsequently lead to more crosslinking within hydrogel (Fig. S9 in 
Supplementary Data). The long-term binding capacity of antibodies 
immobilized in hydrogel was investigated, where the BDNF-responsive 

hydrogel gratings that were stored in dry (in air) and wet (in PBS) 
condition for 7 days were reacted with 111 nM BDNF for 2 h. As shown 
in Fig. S10 in Supplementary Data, almost same moiré signals were 
observed from the BDNF-responsive hydrogel grating regardless of 
storage period and method. 

Finally, PDGF-responsive hydrogels were prepared by incorporating 
anti-PDGF into the hydrogel gratings to investigate whether the pro-
posed system could detect proteins other than BDNF. As shown in Fig. 5f, 
similar time- and concentration-dependent decreases in moiré signals 
were observed for PDGF with BDNF sensing, confirming that different 
target proteins could be detected using moiré signals by incorporating 
the corresponding antibodies into the hydrogel gratings. 

These results verified that qualitative and quantitative analyses of 
various proteins were possible when protein-responsive hydrogels were 
combined with moiré signal detection systems. Although the detection 
was not very sensitive when compared to that of other optical detection 
systems such as fluorescence and surface-enhanced Raman spectroscopy 
(SERS), we would like to emphasize that this is the first report to amplify 
the sensing signal from a bioresponsive hydrogel that undergoes volume 
or length change, using moiré patterns. Future studies will focus on 
enhancing the sensing performance by optimizing the antibody incor-
poration into the hydrogel and the porosity of the hydrogel; the former 
will increase the crosslinking density of the hydrogel by allowing more 
antigen–antibody complex formation, and the latter will improve the 
diffusion of target proteins into the hydrogel sensing module. 

3.5. Detection of BDNF in ex-vivo environments 

Ex-vivo studies were performed on pig eyes to investigate the po-
tential application of our proposed system in biosensors implantable in 
the eyes. Recently, biosensors using ocular lenses were developed to 
detect specific targets within ocular biofluids. Most of the existing 
studies have focused on the detection of targets within tear fluid using 

Fig. 5. Detection of target proteins using protein-responsive hydrogel grating and moiré patterns. (a) Change in pitch size of moiré pattern following the reaction 
between BDNF (222 nM) and BDNF-responsive hydrogel grating. Scale bar: 100 μm. (b) Comparison of pitch size change of moiré pattern and hydrogel grating when 
hydrogel grating is reacted with 111 nM BDNF. (c) Time-dependent change of moiré signal following the reaction with BDNF at various concentrations. (d) Increase 
in percentage of moiré signal as a function of BDNF concentration. (e) Selectivity experiments with BDNF-responsive hydrogel grating. (f) Time-dependent change of 
moiré signal following the reaction with PDGF at various concentrations. 

S. Kim et al.                                                                                                                                                                                                                                      



Bioactive Materials 23 (2023) 383–393

391

contact lenses. However, from the perspective of biosensing, intraocular 
aqueous humor (AH) is particularly attractive because it contains 
various endogenous markers secreted from intraocular neural tissues. 
Therefore, monitoring biomolecules within the AH would allow the 
diagnosis of diseases related to disorders of the CNS, such as Parkinson’s 
or Alzheimer’s diseases, as well as eye diseases. Furthermore, biosensing 
using AH produces less signal interference than that using tears because 
AH is a clear and watery fluid, whereas tear is a salty fluid made up of 
various proteins. In addition, the implantation of an IOL into the ocular 
chamber filled with AH is one of the most frequently performed ocular 
procedures worldwide in the treatment of cataracts or presbyopia. Based 
on this background on AH and IOL, we hypothesized that the incorpo-
ration of a hydrogel grating into the IOL and the use of moiré signals 
would enable non-invasive detection of various biomarkers within the 
AH without invasive liquid biopsy. 

An IOL containing control and target-responsive hydrogel gratings 
was implanted between the cornea and lens, as shown in Fig. 6a. Fig. 6b 
shows the IOL loaded with the control and BDNF-responsive hydrogel 
gratings, where microgroove patterns can be observed using a moiré 
microscope system. The implanted IOL was well fixed in the pig eye and 
visible to the naked eye (Fig. 6c). When 700 μL of 222 nM of BDNF 
solution in PBS was injected into one of the pig eyes, the moiré signal 
decreased from 152.92 to 133.80 μm in the BDNF-responsive hydrogel 
(Fig. 6d). Quantitative results confirmed that the decrease of moiré 
signal was only observed from the BDNF-responsive hydrogel, while 
there was no change in the case of the control hydrogel (Fig. 6e) These 
results confirm that the target protein (BDNF) could diffuse into the 
hydrogel grating inserted into the IOL and bind to the incorporated anti- 
BDNF, causing shrinkage of the hydrogel in ex-vivo environments. The 
initial moiré signal (152.92 μm) was different from the value obtained in 
the in-vitro experiment (93.09 μm) because the pitch size of the reference 
grating overlaid on the hydrogel grating was reduced by the curvature of 

the eyeball. 

4. Conclusion 

In this study, we demonstrated that the concept of moiré patterns 
could be successfully utilized to monitor the volume changes of bio-
responsive hydrogels, caused by external stimuli. To generate a moiré 
pattern, a hydrogel grating with microgroove patterns was fabricated 
via replica molding, which was then overlaid with a reference grating 
with a different pitch size. Although the change in the pitch size of the 
hydrogel grating due to external stimuli was small, a much greater signal 
could be obtained when moiré signals were used. After the pH- 
responsiveness of the hydrogel was successfully monitored using a 
moiré pattern, quantitative detection of the target protein was per-
formed using an antibody-incorporated hydrogel. The pitch size of the 
hydrogel grating decreased with increase in the concentration of the 
target proteins (BDNF and PDGF) and reaction time, which was signal 
amplified by the moiré pattern. Because of the specific reaction between 
the antigen and antibody, the resultant hydrogel gratings were selective 
to different target proteins, without interference from other molecules. 
Protein responsiveness was also visible when using the moiré pattern in 
ex-vivo environments, which opens up the possibility of using the pro-
posed system for IOL-based detection of biomarkers within AH. Owing 
to its capability for real-time and label-free detection, the proposed 
bioresponsive hydrogel-based biosensor has great potential as an 
implantable sensor. 

Ethics approval and consent to participate  

- Our study is not related to clinical study  
- Our study does not involve experimentation on animals.  
- Our study does not include human subject 

Fig. 6. Ex-vivo experiments using BDNF-responsive hydrogel loaded in IOL. (a) Schematic illustration showing PHEMA-based IOL loaded with both control and 
BDNF-responsive hydrogel gratings, inserted in pig eye. (b) Photo of IOL containing two different hydrogel gratings and optical image of the microgroove pattern on 
the hydrogel grating. (c) Photo of IOL containing control and responsive hydrogel gratings implanted in pig eye. (d) Optical images change of moiré patterns when 
BDNF solution (222 nM) is injected in the pig eye. Scale bar: 100 μm. (e) Quantitative analysis of pitch size change of control and BDNF-responsive hydrogels. 
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