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  Dynamic photonic structures can be tuned by changing the 
periodic structure and/or the index of refraction. [ 1 ]  These 
dynamic photonic structures allow optically responsive capa-
bility to control the properties of light and act as optical trans-
ducers to sense external stimuli. [ 2 ]  Tunable optical systems 
operating in the visible and near-infrared region offer great 
promise for designing adaptive optical materials, telecommuni-
cation devices and sensors. Such sensors have been prepared by 
various methods, including microfabrication, self-assembly or 
a combination of both. [ 3 ]  However, achieving the attributes of a 
narrow-band response with a high-tunability range to construct 
off-axis optical sensors still remains a signifi cant challenge. 

 We recently developed an optical sensing platform [ 4 ]  based 
on Denisyuk refl ection holography [ 5 ]  and in situ size reduction 
of metallic nanoparticles in polymers through laser ablation, 
where an intense laser pulse produces Bragg gratings in a frac-
tion of the time, cost and complexity compared to silver-halide 
chemistry-based fabrication techniques. [ 6 ]  This technique allows 
the fabrication of holographic sensors that display improved 
versatility and scalability. The platform utilizes an effi cient 
approach to produce off-axis chemical-stimuli responsive holo-
graphic sensors with a large, reversible narrow-band tunability, 
using metallic nanoparticles that can be organized in density-
concentrated 3D regions. 

 The present work employs a hologram fabricated by laser 
ablation comprising of a functionalized hydrophilic host 

polymer. The optical characteristics of the system were inves-
tigated by analyzing the distribution of the mean diameter 
of Ag 0  nanoparticles, effective refractive indices of ablated 
and non-ablated polymer-nanoparticle regions, along with 
angular-resolved measurements. Furthermore, the system was 
characterized through computational modeling and diffraction 
simulations. The putative clinical utility of the sensor for the 
quantifi cation of pH was demonstrated with large wavelength 
shifts in the entire visible spectrum. 

 Our sensor employs a simultaneous lateral and vertical peri-
odic diffraction grating of silver nanoparticles dispersed within 
a poly (hydroxyethyl methacrylate)-based (pHEMA) matrix with 
a dry thickness of approximately 10 µm. The diffracted light is 
spectrally concentrated at a specifi c narrowband color due to 
the vertically-ordered periodicity. We use 6 ns-pulsed laser (λ = 
532 nm, 240 mJ) standing waves to order the density of silver 
nanoparticles (mean diameter of 13 ± 9 nm) into regions with 
a periodicity of approximately half of the wavelength distributed 
throughout the cross section of the polymer matrix (see Sup-
porting Information). The fabrication of the holographic sen-
sors begins with UV-initiated free radical polymerization of the 
pHEMA-based hydrogel on an O 2 -plasma-treated poly (methyl 
methacrylate) (PMMA) substrate ( Figure    1  (a)). Subsequently, Ag +  
ions are perfused into the pHEMA polymer matrix (Figure  1 (b)), 
and reduced with a photographic developer to form silver 
nanoparticles (Ag 0 ) (Figure  1 (c)). The Ag NPs within the 
hydrogel matrix are selectively and photochemically patterned 
at the areas where laser light constructively interferes to form 
a well-ordered photonic structure (Figure  1 (d)) (see Supporting 
Information). The resulting hologram is instantaneously use-
able and it acts as a sensor by undergoing changes in diffrac-
tion properties during swelling and shrinking in the presence 
of analytes (Figure  1 (e,f)). Our holographic sensor can be 
functionalized with, for example, methacrylic acid (MAA) that 
reversibly binds H + , and is therefore sensitive to changes in pH. 
The deprotonation, and hence ionization, of carboxyl groups in 
MAA, increases the osmotic pressure within the hydrogel. Con-
sequently, this results in water uptake, swells the hydrogel and 
increases the spacing of the nanoparticles, primarily in the ver-
tical (and to a much lesser extent in the lateral) direction, which 
produces a dynamic narrow-band diffraction regime. As the 
concentration of H +  decreases from pH 4.00 to pH 8.00 under 
physiological (150 mM) ionic strengths, the wavelength of the 
peak originating from the structure systematically shifts from 
495 to 815 nm ( Figure    2  (a)). The shift in the diffraction peak is 
visible to the naked eye throughout most of the measurement 
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cycle (Figure  2 (b)). As the hologram expands, the diffraction 
effi ciency decreases (the intensity of the peaks). This trend can 
be attributed to the decrease in the density of nanoparticles pre-

sent in the periodic regions of the hologram, which reduces the 
effective index contrast between these regions and the medium 
(see Supporting Information). Another contributing factor is 

that the scattering strength of each Ag 0  NP 
increases at Mie plasmon resonances in the 
blue/green region, so the total amount of 
scattering decreases as the Bragg resonance 
shifts to longer wavelengths. The entire 
sensing process is reversible and the same 
sensor may be used for multiple analyses.   

 In addition to holographic sensing tech-
nology, several advances in pH sensing have 
been recently demonstrated. New electro-
chemical and fi eld-effect transistor based sen-
sors have utilized carbon fi ber [ 7 ]  and carbon/
metallic [ 8 ]  nanostructures for pH sensing, 
respectively. Notably, recent fl uorescent sen-
sors based on Förster resonance energy 
transfer using synthetic DNA, [ 9 ]  genetically 
encoded red protein [ 10 ]  and an antibody-con-
jugated pH dependent dye [ 11 ]  have been dem-
onstrated for intracellular monitoring. Our 
holographic pH sensor offers unique attrib-
utes since it provides not only the interroga-
tion and reporting transducer, but it also has 
the analyte-responsive hydrogel, rendering it 
label-free and reusable with remote sensing 
capability. Our fl ash photochemical process 
represents a fi rst step towards multifunctional 
3D hydrogel-based holographic sensors. 

 The response of the holographic sensor to 
pH change is rapid and reproducible. Con-
secutive swelling/shrinking steps were repro-
ducible to within ±3 nm over 20 successive 
buffer changes. No hysteresis was detected. 
For example, a pH change of 0.50 units 
from pH 5.50 to 6.00 took 50 ± 10 s to equili-
brate, with a variation of peak diffraction 

   Figure 2.    Tuning a holographic sensor by variation of pH. (a) Visible-near-infrared diffraction 
spectra of a holographic sensor swollen by different pH values using phosphate buffers. The 
largest wavelength shift is at 815 nm and the smallest is at 495 nm, a change of 165%. The inset 
illustrates the sensor response over three trials. The apparent pKa value was calculated as 5.98 
using the Henderson-Hasselbalch equation (see Supporting Information). (b) Photographs 
of the pH-responsive holographic fi lm immersed in phosphate buffers of pH 4.00–6.25. The 
images were taken under white light illumination. 

   Figure 1.    Fabrication and tuning of holographic sensors. (a) HEMA monomers functionalized with carboxyl groups were polymerized on an O 2 -plasma-
treated PMMA substrate. (b) Ag +  ions were perfused into pHEMA hydrogel fi lm. (c) Ag +  ions were reduced to metallic Ag 0  nanoparticles in the pHEMA 
hydrogel fi lm using a photographic developer. (d) A holographic sensor was formed by photochemically patterning pHEMA-Ag nanoparticle system via 
a single 6 ns Nd:YAG pulsed laser beam, elevated at 5° from the normal and backed by a mirror. (e) Swelling/shrinking of the holographic sensor by 
a reagent modulates both the domain spacing and the refractive-index contrast, and systematically shifts the diffracted wavelengths of light ( hv ) from 
500 to (f) 815 nm when the hydrogel expands in the direction normal to underlying substrate. 
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The wave vectors (K) of these beams can be 
calculated as previously shown. [ 13 ]   

 We reconstructed the intensity distribution 
of the fi eld along the hydrogel by simulating 
the interference of the three plane waves. 
Through computing the respective intensi-
ties and phases of individual plane waves, the 
resulting interference pattern was extracted. 
To visualize the intensity distribution in a 2D 
cross-section plane, the electromagnetic fi eld 
in every point over an area of 10 × 10 µm 2  
inside the hydrogel was evaluated. Figure  3 (b) 
shows the result for the interference pattern 
of the three distinct plane waves, taking into 
account: the angle, index of refraction, laser 
light wavelength, exponential decay of laser 
intensity while the laser light travels through 
the hydrogel-NP system and the laser light 
phase changes upon refl ection. 

 In order to simulate the laser-based pho-
tochemical patterning process, it is assumed 
that the energy of a single pulse gets trans-
mitted instantaneously (6 ns, 240 mJ) to the 
particles before heat diffusion is involved. 
Notably, the localization of heat along the 
standing wave is essential to produce a well-
defi ned photonic structure. The model was 
simplifi ed by implying that photochemical 
patterning process occurs where the energy 
concentration exceeds a given threshold. 
Figure  3 (c) shows the simulation of the 
resulting structure after photochemical pat-
terning. White regions represent photochemi-
cally patterned material while black regions 
show non-patterned material. Along with the 
vertical standing wave (∼193 nm), a larger 
period wave (∼3 µm) appears in the horizontal 
direction. The addition of the two standing 
waves results in a grating-like structure at the 
interface of the non-patterned region. The 
effect of laser wavelength, power, pulse dura-

tion, nanoparticle size and surface plasmon resonance on the 
mechanism of laser-based photochemical patterning and subse-
quent absorption by the nanoparticles has been discussed else-
where. [ 14 ]  Studies have shown that the interaction between the 
laser light and the nanoparticles in situ may infl uence particle 
diffusion, oxidation, structure and distribution. [ 15 ]  The outlined 
factors above could contribute to organizing the nanoparticle-
polymer system which acts as a holographic sensor. 

 In order to characterize the spectral response of the under-
lying photonic structure, the holographic sensor was illumi-
nated at normal incidence with a supercontinuum white light 
laser. The backscatter was recorded at different angles by a 
spectrophotometer positioned onto a goniometer. Figure  3 (d) 
illustrates the spectra recorded for different collection angles 
and the intensity of the peak (in red-to-yellow color scale). The 
grating structure diffracts light analogous to a blazed (saw tooth) 
grating. However, the diffraction is two orders of magnitude 
more effi cient at ∼532 nm compared with the other diffracted 

wavelength of ±1 nm over three trials. The pH-sensing range 
and the sensitivity of the sensor can be controlled through vari-
ation of the nature of the ionizable co-monomer in the polymer 
matrix and its concentration, respectively. For instance, to 
achieve sensitivity at acidic and alkaline pH, the polymer matrix 
can be functionalized with MAA and 2-(dimethylamino)ethyl 
methacrylate (pK a  = 8.40). [ 6d ]  In order to extend the range, a 
mixture of ionizable monomers can be co-polymerized. Such 
hydrogels can also be functionalized to be highly selective to a 
range of stimuli. [ 12 ]  

 In order to predict the interference patterns which produce 
the photonic structure in the hydrogel, we modeled our system 
during fabrication as arising from a superposition of different 
light waves. Hence, we evaluated the interference pattern cre-
ated from three waves: (1) the incident beam, (2) the beam 
refl ected from the mirror and (3) the beam refl ected inter-
nally at the hydrogel-water interface.  Figure    3  (a) illustrates a 
schematic of the laser light interference from the three beams. 

   Figure 3.    Photochemical patterning process based on the interference of multiple beams forms 
a well-ordered intensity fi eld distribution. (a) Schematic of the laser-based photochemical pat-
terning setup for the preparation of holograms, (b) Schematic of laser light interference beams 
inside the hydrogel, created from three beams: (1) incident beam, (2) beam refl ected from 
mirror and (3) beam refl ected internally at the hydrogel-water interface, (c) Intensity fi eld dis-
tribution obtained from a holographic sensor with a tilting angle of 5°. (d) Angular resolved 
measurements from the photonic structure. The zero order of diffraction (0°) is saturated to 
highlight the presence of the fi rst and second diffracted orders. The intensity is in logarithmic 
scale. Using the grating equation and measuring the position of the order from the data, we 
estimate that the grating has a spacing of 3.01 µm. 
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the use of a laser pulse (6 ns, 240 mJ) to organize an on-axis 3D 
tunable sensor consisting of well-ordered silver nanoparticles 
embedded within a hydrogel matrix. The holographic sensor 
can be fi nely modulated to diffract narrow-band light based 
on changes in nanoparticle spacing and index of refraction. 
Our work demonstrates that holographic sensors display large 
reversible band gap tunability in response to variations in pH. 
These holographic sensors diffract light from the visible region 
to the near-infrared region (λ peak  ≈ 495–815 nm). The clinical 
application of our holographic sensors was demonstrated by pH 
sensing of artifi cial urine over the physiological range (4.5–9.0), 
with exceptional sensitivity between pH 5.0 and 6.0. 

 Our method allows the use of a diverse array of substrate 
matrices, ranging from synthetic to natural polymers. The dif-
fraction angle and holographic pattern within the matrix can 
also be controlled depending on the desired application. Other 
metallic nanoparticles and dyes can also be used in building 
well-ordered diffraction gratings with our method. Our sensing 
platform has extremely attractive attributes such as simple fabri-
cation without requiring cleanroom facilities, fl exible character-
istics desirable for printing, and overall low-cost with potential 
scalability. We anticipate that our platform strategy of fabricating 
label-free holographic sensors with wide optical ranges will lead 
to many novel applications from printable diffraction grating 
devices to rapid colorimetric sensors and biomedical sensing.   

 Experimental Section 
  Materials and Instruments : 2-Hydroxyethyl methacrylate (HEMA) 

(ultrapure 99+%), ethylene glycol dimethacrylate (EDMA) (98%), 
methacrylic acid (MAA) (99%), 2,2-dimethoxy-2-phenylacetophenone 
(DMPA) (99%), silver nitrate (99%), citric acid (99.5%), sodium 
phosphate dibasic (Na 2 HPO 4 ) (99.0%), L-ascorbic acid (99%), sodium 
carbonate (99.9%) and sodium hydroxide (98.0%) were purchased from 
Sigma-Aldrich, UK. 4-methylaminophenol sulfate (99%) was purchased 
from Acros Organics, UK. Poly(methyl methacrylate) (PMMA) (0.5 mm 
thick) was purchased from Goodfellow Cambridge Ltd (Huntingdon, 
UK). Citric acid – Na 2 HPO 4  buffer solutions (150 mM) were used to 
obtain desired pH values. 

 Femto plasma cleaner (Diener electronic, Ebhausen, Germany) was 
used under 1 torr vacuum. Single-side aluminized polyester fi lm was 
purchased from HiFi Industrial Film Ltd. (Stevenage, UK). Stratalinker 
2400 UV Crosslinker (∼350 nm, 4000 µwatts/cm 2 ) was purchased from 
RS Components (Corby, UK). Nd-Yttrium-Aluminum-Garnet pulsed 
laser (high power compact Q switched Nd:YAG oscillator with super 
gaussian resonator, 700 mJ @ 1064 nm, 10 Hz) with a second harmonic 
generator, 350 mJ @ 532 nm 10 Hz, thermally stabilized with wavelength 
separation) and supercontinuum white light laser were purchased 
from Lambda Photometrics (Harpenden, UK) and Fianium (SC400, 
Eugene, OR), respectively. AvaSpec 2028 spectrophotometer, 2048-
pixel InstaSpec IV CCD detector, QE6500 spectrometer and a bifurcated 
cable (FC UV 600-2, 600 µm fi ber, 2 m length, SMA terminations) were 
purchased from Avantes (Apeldoorn, The Netherlands) and Ocean 
Optics (Dunedin, FL). FE20 FiveEasy pH meter was purchased from 
Mettler Toledo (Leicester, UK). Abbé refractometer (Atago 4t) with an 
LED was purchased from Atago USA (Bellevue, WA). A plano-convex 
lens (laser grade PCX lens, 25 mm diameter x 75 mm FL, uncoated) was 
purchased from Edmund Optics Ltd. (York, UK). AvaSoft (v7.5) software, 
Igor Pro, MATLAB (v8.1) and COMSOL Multiphysics (v4.3b) were 
used for data processing and simulations. Lumix DMC-FZ20 camera 
was used for imaging. TEM images were obtained on a FEI Tecnai G2 
(Oregon, USA) operated at 120 kV. Images were recorded with an AMT 
60B camera running Deben software. 

wavelengths (Figure  2 (a)), due to the underlying grating multi-
layer structure parallel to the grazing surface. The combination 
of these two structures effectively provides an intense color-
selective backscatter at angles away from the sample normal 
(see Supporting Information). 

 To demonstrate the utility of our sensor, we describe a clin-
ical application to analyze acid-base balance in artifi cial urine 
samples [ 16 ]  (see Supporting Information). Urine pH in a healthy 
individual is in the range of 5.0–9.0. [ 17 ]  Analysis of urine pH 
has diagnostic utility in, for example, the evaluation of uri-
nary tract infections (UTIs) [ 18 ]  and renal tubular acidosis. [ 19 ]  
Modifi cation of the urine pH is a key element of treatment 
for certain types of kidney stones, [ 20 ]  or toxic ingestions. [ 21 ]  We 
have tailored the tunability range of our holographic sensors 
to measure the pH from 4.5–7.0 in artifi cial urine samples. 
 Figure    4  (a) shows the holographic sensor's wavelength shift 
as a function of pH in the physiological range. The sensor has 
exceptional sensitivity from pH 4.6–6.6. This wavelength range 
can be tuned anywhere from UV to near infrared. Figure  4 (b) 
presents the corresponding colorimetric response. The spec-
trophotometer had a resolution of 0.5 nm wavelength shift, 
which corresponds to a minimum lattice swelling distance of 
0.18 nm, obeying the Bragg's law ( λ peak   = 2  n d cos ( θ )), where 
 λ peak   is the wavelength of the fi rst order diffracted light at the 
maximum intensity,  n  is the average effective index of refrac-
tion,  d  is the lattice spacing between the two consecutive layers, 
and  θ  is the angle of incidence of the incoming illumination. 
We fabricated a ∼10 µm thick hydrogel, which can theoretically 
accommodate 54 fringes. In order to cause a resolvable spectral 
shift, the hydrogel needs to swell a minimum of ∼9.7 nm.  

 We have developed a viable platform technology to fabricate 
tunable holographic sensors via laser light. We have reported 

   Figure 4.    (a) Wavelength shift of a holographic sensor swollen by contact 
with different pH of artifi cial urine samples over the physiological range. 
Standard error bars represent three independent samples. The apparent 
pKa value was calculated as 5.20 using the Henderson-Hasselbalch 
equation. (b) Photographs of the pH-responsive holographic fi lm sensor 
response to artifi cial urine samples (pH 4.5–9.0). The images were taken 
under white light illumination. 
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  Preparation of Holographic Sensors : HEMA (91.5 mol%), EDMA 
(2.5 mol%), MAA (6 mol%) solution was mixed with equal volume of 
2% (w:v) DMPA in isopropanol, cast and polymerized onto PMMA 
substrates previously treated with O 2  plasma. The hydrogel thickness 
was controlled to be approximately 10 µm. Ag 0  nanoparticles (∼10–
100 nm in diameter) were prepared through the incorporation and 
reduction of aqueous AgNO 3  (1 M) within the hydrogel. Well-ordered 
Ag 0  nanoparticle structures within the hydrogel were formed via a single 
6-ns pulse of laser beam directed at the sample elevated at 5° from the 
normal, backed by a mirror and immersed in aqueous solution at pH 4.0 
(see Supporting Information).  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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