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Nanophotonics based label free detection mechanism
for real-time monitoring of interleukin-6†

Munezza A. Khan,∗a Mohammad Mujahid,b‡, Say Chye Joachim Looa and Vidya N.
Chamundeswaria

Magneto-photonic crystals/MPCs are promising candidates for devising high-fidelity embedded
biosensor system which offers facile & real time detection of diagnostic proteins. Despite of exten-
sive use of magnetic nanomaterials for theranostic applications, the idea of exploiting its photonic
response when assembled as colloid inside a matrix remained unexplored. Herein, we report a
novel label free method for quantitative detection of Interleukin 6 which is a widely used prognos-
tic marker for multiple pathological conditions. Cobalt Ferrite/CoF and magnetite nanoparticles
with Ms of 74.8 and 77 emu/g were assembled inside a hydrogel matrix with the application of an
external magnetic field. Through the use of click chemistry, detecting antibodies were immobilized
on their surface. The interaction of interleukin 6 with antibody, produces a blue-shift in resonant
wavelength and the reflectance intensity increases up to 50 % and 44 % when tested with CoF
& Magnetite based MPC respectively at a concentration of 50 pg/ml. The dynamic range of sen-
sor lies within the prognostic values of IL-6 and the integrated sensing mechanism proposed in
this study, provides an ideal platform for real-time management of sepsis in patients with higher
degree burns.

1 Introduction
The peculiar light emitting properties of certain organic & biolog-
ical molecules have long been exploited for the development of
fluorescence based Enzyme linked immunosorbent assay (ELISA)
for detection of proteins which are of clinical significance. It in-
volves a sandwich configuration of detecting and capturing an-
tibodies which are used to bind with analyte and label respec-
tively. It is a well-established and commercial method for quan-
titative analysis of diagnostic proteins. The complex multistep
reactions and longer incubation time1–3 prevent its application in
in-situ real-time measurement which is an essential requirement
of modern integrated health-care monitoring systems. The use of
fluorophores as label, is an unattractive approach because signal
reliability is compromised due to the photobleaching effect.

Label free technologies were introduced to obviate the need for
fluorophores and shorten the incubation period4–8. The detection
mechanism of the label free approach is either electrochemical or

a School of Materials Science & Engineering,
Nanyang Technological University, Nanyang Avenue, Nanyanf Avenue, 639798, Singa-
pore. Tel: +65 989 11907; E-mail: n1805860d@e.ntu.edu.sg
b School of Chemical and Materials Engineering,
National University of Sciences and Technology, H-12, 44000, Islamabad, Pakistan.
‡ Present address: Pak-Austria Fachhochshule,
Institute of Applied Sciences & Technology, Khanpur Road, Mang, 22650, Pakistan
† Electronic Supplementary Information (ESI) available

photo-electrochemical for an indirect competitive analyte bind-
ing immunoassay7,9. The electrochemical sensor’s architecture
provides wider dynamic range for detection of analyte with ultra-
sensitivity compared to optical fluorescence based biosensors. It
also eliminates the autofluorescence and photobleaching effects
which decrease the accuracy of readout signal. A dual signal
amplification strategy was introduced by Lou et al. and he used
electro-active nanoparticles for electrode modification and com-
petitor binding to enhance the charge transfer kinetics which ulti-
mately amplify the output signal9. In contrast, Fan et al. used co-
sensitized structure made of semi-conducting nanoparticles with
stepwise band edge-gap for photo-electrochemical detection of in-
terleukin 67. Despite of the high accuracy, ultra-sensitivity and
wider dynamic range, the aforementioned sensor’s structure can-
not be used for the development of point-of-care (POC) devices
due to multistep reactions and longer incubation time. Modern
health-care system is more focused on the use of portable POC
devices because it permits mobile patient monitoring.

Interleukin 6 (IL-6) is a multifunctional cytokine which
is mainly involved in modulating immune response and
hematopoiesis in human10. An over-expression of IL-6 in human
body, is an indicative of multiple pathological conditions for in-
stance cancer, lymphoma & sepsis11–13. Real-time monitoring of
IL-6 levels in a patient will allow timely diagnosis and tracking
progress of cancer remission. Herein we report a novel embed-
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ded sensing platform which can later be used for integration in
portable POC based health care monitoring systems.

A paradigm shift in the transduction model for biosensing ap-
plications, is witnessed with the advent of sub-wavelength pho-
tonic crystal which exhibits tunable optical properties spanning
across entire visible region14,15. Materials with varying dielectric
constants when arranged periodically generate a photonic crys-
tal, which has a photonic bandgap depending on its lattice con-
stant16. The advancements in nanofabrication technologies over
the past few decades have enabled researchers to develop intri-
cate geometries with sub-wavelength spacings that produce res-
onant wavelengths. This makes them promising candidates for
designing integrated biosensors17,18. Nanophotonics when com-
bined with supramolecular chemistry allow us to design sensor’s
architecture which in response to biorecognition events generates
either a shift in resonant wavelength or a change in refractive in-
dex14,15,19.

Magnetic nanoparticles have been extensively investigated for
drug delivery and magnetic resonance imaging (MRI) application
due to their exquisite magnetic properties20. However, magneto-
photonic crystal (MPC) for designing integrated biosensors have
not been explored much. Inspired by the MPC developed by Ge
et al. 21 that has size-dependent color tunable properties, we en-
visaged to fabricate a colloidal MPC for detection of Interleukin
6. Chitosan-gelatin hydrogel was selected as a supporting ma-
trix for the formation of magneto-photonic crystal. The bind-
ing affinity of detecting molecules on sensor’s surface increases
when hydrogels are used as supporting matrix and it offers high
sensitivity and signal-to-noise (S/N) ratio due to the increased
immobilization efficiency13,14. Herein, we report MPC made of
magnetite and Cobalt Ferrite (CoF) nanoparticles embedded in
chitosan-gelatin matrix and compare their efficiency in quantita-
tive detection of IL-6 through reflectance spectroscopy. Results
are further confirmed by cyclic voltammetry method. We antici-
pate that such MPC based sensor platforms opens up avenue for
devising next generation theranostic point-of-care devices for real
time management of burn injuries or cancer remission using IL-6
as a prognostic marker.

2 Experimental

2.1 Materials

Gelatin (Type B; bloom 225), Chitosan (Degree of Deacetyla-
tion=75%; Mw=48.1KDa), Potassium Ferricyanide (Mw=329.25)
were purchased from Daejung, Korea. Cobalt (II) Nitrate Hex-
ahydrate was supplied by Scharlau, Spain. Iron (III) Nitrate
Nonahydrate (Merck, Germany). Sodium Hydroxide (Fischer
Chemicals Ltd). Dopamine Hydrochloride, Ammonium Hy-
droxide solution (28-30%), Iron (II) Chloride terahydrate,
Cetyltrimethylammonium Bromide/CTAB (>98% purity), Iron
(III) Chloride Hexahydrate & Aceton supplied by Sigma Aldrich.
N-(-3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochlo-
ride (EDC) (98.5%; Mw= 191.7), N-hydroxysuccinimide 98%;
Mw=115.09, Tris(hydroxymethyl)-aminomethane (99.8%
pure; Mw=121.14) Buffer, Phosphate Buffer Saline (PBS),
Ethanolamine (99% pure; Mw=61.08) were purchased from

MACKLIN. 0.1M 2-(N-morpholino)-ethanesulfonic acid (MES)
with 0.9% NaCl; pH4.7) purchased from Thermo Scientific.
Interleukin-6 and Anti-interleukin-6 were supplied by Sigma
Aldrich. PrestoBlue (Invitrogen), TrypLE, Fetal Bovine Serum
(FBS) 10%, DMEM Media (Gibco, Life Technolgies), Penicillin &
Streptomycin were supplied by Ionza. Human Dermal Fibroblast
(HDF) were used for cell culture studies. Neodymium Block
Magnets with dimensions 20× 10× 2 mm were purchased from
Titan Magnetics, Singapore.

2.2 Synthesis of Magnetic Nanoparticles/MNS.

Cobalt Ferrite and Superparamagnetic Iron oxide nanoparti-
cles (SPIONS) were synthesized by using hydrothermal and co-
precipitation methods mentioned in22,23. Protocols were fol-
lowed without any modification and details of procedure can be
obtained from the mentioned references.

2.3 Characterization.

Phase analysis and crystallite size of as-synthesized superparam-
agnetic Iron Oxide and Cobalt Ferrite nanoparticles were deter-
mined from XRD spectrum obtained using Powder X-ray diffrac-
tometer (D8 Bruker Advance) set in Bragg-Brentano (θ − 2θ) ge-
ometry. The step size was 0.1 and 2θ was scanned from 20◦ -
80◦. The average size and morphology of nanoparticles were an-
alyzed using Field Emission Scanning Electron Microscopy, Nova
NanoSEM 450. Energy Dispersive X-ray Spectroscopy was per-
formed to ensure absence of impurities in the prepared samples.
Mass magnetization/Ms and coercivity were measured using Vi-
brating Sample Magnetometer, Lakeshore 7400. The maximum
field applied to obtain M-H curve was 10 kOe.

2.4 Surface functionalization.

The magnetic nanospheres (MNS) were first functionalized with
dopamine to augment immobilization efficiency of detecting anti-
body. We adopted the method defined in24 and reacted dopamine
Hydrochloride with MNS in a ratio of 1:50. First a stable disper-
sion was prepared by suspending 25mg of MNS in 25 ml of dis-
tilled water using ultrasonication probe (Labsonic M, Sartorius
Stedim, Germany) set at a frequency of 1.6kHz. Dopamine HCl
weighing 5 gm was later added in the suspension and the reac-
tion vessel was left in bath sonicator (frequency 37kHz) for 45
minutes. Once the reaction time was over, unreacted dopamine
was removed by washing MNS with acetone thrice. Later, it was
lypholized and stored at 4 ◦C.

2.5 Bioconjugation of MNS with Detecting Antibody.

The as-synthesized MNS of Cobalt Ferrite and magnetite were bio-
conjugated with Anti-Interleukin 6 through EDC-NHS click chem-
istry reaction with a coating concentration of 125 µg/g. MNS
weighing 2.5 mg was washed twice and suspended in MES acti-
vating buffer using bath sonicator. MES (25 µL) was also added
in the Anti-IL 6 vial. Milli-Q ultrapure water for the preparation
of buffer solutions and reaction mixture. The carboxyl groups on
Anti-IL6 were activated by adding 0.2 M of EDC (9.6 µL) and
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Fig. 1 Morphology and Size Distribution. (a) Scanning electron micrograph of CoF nanospheres. (b) Scanning electron micrograph of magnetite.
(c) Size distribution of CoF MNS calculated from SEM micrographs with an average diameter 23±4 nm. (d) Magnetite size distribution plot calculated
form SEM micrographs. The as-synthesized nanoparticles display a narrow dispersity as shown here while the average diameter of MNS is 24±5.

Fig. 2 Phase Purity & Magnetic properties. EDX spectra of (a) cobalt Ferrite & (b) Magnetite nanospheres (c) M-H curve of Cobalt Ferrite &
Magnetite nanospheres demonstrating formation of superparamagnetic Iron oxide phase however the former displays hysteresis of 1532 Gauss (d)
X-ray diffraction spectra of as-synthesized CoF and Magnetite nanospheres analyzed with reference patter 96-900-2318.
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Fig. 3 Biofunctionalization of Magnetic Nanospheres.. (a) FTIR
spectra of CoF MNS & (b) magnetite MNS functionalized with dopamine.

0.3M NHS (96 µL) and left for incubation on rotary wheel for 30
mins. In the mixture of activated anti-IL 6, we added 1 mL of
already prepared MNS suspension. It was pipette mixed and later
incubated on rotary wheel for 2.5 hours. Following this, the reac-
tion was stopped by adding 50µL of ethanolamine in the reaction
mixture and incubated for another 30 mins. Later, it was cen-
trifuged at 7000 rpm for 7 mins. Supernatant was decanted and
pellet of MNS was resuspended in Tris Buffer using bath sonicator
(kept with dry ice for 10 mins). Tris-buffer was used as blocking
buffer and the suspension was incubated for 1.5 hr. The biocon-
jugated MNS were washed thrice with Tris-buffer, suspended in
PBS and stored at 4 ◦C.

2.6 Fabrication of MPC based Immunosensor.

MPCs were prepared by suspending bioconjugated MNS in Milli-
Q water. The stable suspension was added in already prepared
1.5% chitosan (dissolved in 1% acetone solution) & 7% gelatin
solutions. The concentration of bioconjugated MNS used for MPC
preparation was 1.3mg/ml. The solution was probe sonicated
for 5 mins and then 1 ml of it was drop casted on glass sub-
strate. Magnetic field was applied using Neodymium (N38) Mag-
net (1×2cm) for a minute at a distance of 3 cm from slide to
align MNS in one direction. Later, it was left for overnight curing
in UV-light.

2.7 Electrochemical Measurements.

Cyclic voltammetry was performed to confirm antibody immobi-
lization on the surface of magnetic nanospheres (MNS). Working
electrode was prepared using method mentioned in our previ-
ous study23. Glassy carbon electrode with 3mm diameter was
dip-coated in the colloidal suspension of bioconjugated MNS pre-
pared in polymer solution. The electrode was cured overnight
in UV light at room temperature. A three probe system was
used for electrochemical measurement with Ag/AgCl saturated
calomel and platinum wire as reference and counter electrode re-
spectively. Working electrode was incubated for an hour in differ-
ent concentrations of IL-6 (50, 150, 250 & 350 pg/ml) and then
washed with PBS before placing in electrolytic cell to remove un-
bound antigen from the sensor’s surface. We used 0.001M K3Fe
(CN)6 as a redox probe and all measurements were performed at
room temperature using potentiostat, PARSTAT MC 1000, AME-
TEK, US. Open Circuit voltage was set as initial potential and it
was swept across +2 to -2 volts with scan rate of 0.05 V/s.

2.8 Reflectance Spectroscopy based Immunoassay.

First interleukin solutions with concentration of 50, 150, 250 &
350 pg/ml were prepared in PBS. We added 50 µL IL-6 solutions
of mentioned concentrations on MPC coated glass slides. It was
left on incubation at room temperature for an hour. Later, the
slides were washed with PBS to remove unbound antigen and
scanned at entire visible range using UV/Vis/NIR Spectrometer
(Lambda 950), Perkin Elmer to obtain their respective reflectance
spectra.

3 Results & Discussion
3.1 Morphology & Magnetic Properties

Light diffracting properties of photonic crystal is precisely con-
trolled by sub-wavelength spacing between Bragg reflectors.
While designing magneto-photonic crystal, effective control over
inter-particle spacing can be achieved by tuning size and shape
of magnetic particles25. Certain ferromagnetic material when
scaled down to few nanometers such that its grain size becomes
identical to magnetic domain, align themselves in unison when
external magnetic field is applied. This grain size is generally
regarded as critical diameter/Dc. When the diameter of nanopar-
ticles approaches closer to its Dc, transition from ferromagnetism
to superpapramagnetism occurs. Cobalt Ferrite (CoF) and mag-
netite have Dc of 14 nm and 8 nm respectively26,27. Owing to
their good biocompatibility and excellent magnetic properties, we
found them promising candidates for fabrication of 3D colloidal
magneto-photonic crystal for IL-6 detection. Magnetic nanopar-

Table 1 Structural and Magnetic Parameters of MNS

Type Crystallite size † Particle size † Dc
† Ms

?

Cobalt Ferrite 9.7 23±4 8 74.8

Magnetite 8.5 24±5 14 77
† mentioned in nm; ? mentioned in emu/g.
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Fig. 4 Bioconjugation of Magnetic Nanospheres.. (a) Antibody against Interleukin-6 was conjugated with MNS through EDC/Sulfo-NHS click
chemistry using dopamine as bifunctional coupling agent. (b) Cyclic voltammogram of CoF-MPC with & without IL-6 and Anti-IL 6 complex formation (c)
Cyclic voltammogram of Magnetite-MPC with and without IL-6 & Anti-IL 6 complex formation recorded with E range= -2.5 to +2.5 V; ν = 50 mV/s in 0.001M
K3Fe(CN)6. (d) Reflectance spectra of CoF MPC unconjugated (black), conjugated with antibody (Red) and in complex with IL-6 at concentration of 50
pg/ml (inset plot in blue). (e) Reflectance spectra of Magnetite MPC unconjugated (black), conjugated with antibody (Pink) and in complex with IL-6 at
concentration of 50 pg/ml (inset plot in blue).

ticles with size less than 100 nm & high saturation magnetiza-
tion are assembled at stronger applied magnetic field and it en-
sures formation of a stable colloidal array36. Colloidal stability
of magneto-photonic crystal based sensor brings improvement
in signal-to-noise ratio and the readout signal is considerably
amplified. Additionally, light diffracting properties of magneto-
photonic crystal are size-dependent and ≤ 100 nm MNPs diffract
blue light.

CoF magnetic nanospheres (MNS) were synthesized by hy-
drothermal method described in23 using CTAB as surfactant

which facilitated formation of cobalt Ferrite nanospheres with
very narrow size distribution. As observed under scanning
electron microscope, the average diameter of synthesized CoF
nanospheres was 23±4 nm, refer to figure 1 a & c. The increased
size of CoF MNS compared to its Dc resulted in hysteresis of
1532 Gauss when analyzed with vibrating sample magnetome-
ter/VSM, Figure 2 c. In contrast, magnetite synthesized from
co-precipitation method exhibits average diameter of 24±4 nm
which is threefold greater than its Dc however the absence of hys-
teresis in magnetite MNS upon magnetization reversal indicates

Journal Name, [year], [vol.],1–16 | 5
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Fig. 5 Interleukin 6 and its complex with anti-interleukin 6 antibody.
(a) Receptor binding site is present at D-loop while the free end at oppo-
site site, possesses polar uncharged amino acids Asn, Gln which contain
multiple amine groups in their structure 28. (b) IL-6 complex with its anti-
body. Heavy chain of antibody contain Trp-169 which interacts with IL-6
and facilitate detection. Trp has one secondary and primary groups in its
structure 29.

the formation of super-paramagnetic phase, see Figure 2 c.
The absence of chemical impurities was confirmed by energy

dispersive x-ray spectroscopy. As indicated by EDX plot in fig-
ure 2 a & b, no undesirable ionic species were present in samples.
Characteristic Lα & Kα of Co appeared at 0.776 and 6.924 keV re-
spectively while only Kα of Fe was observed at 6.398 keV in mag-
netic nanospheres sample labeled Cobalt Ferrite. In magnetite,
both peaks corresponding to Lα & Kα were obtained at 0.705 &
6.398 keV respectively. The XRD spectra demonstrate formation
of single phase Magnetite and Cobalt Ferrite, the crystallite size
was also determined using Scherrer’s formula and mentioned in
Table 1. All major peaks of magnetite phase matched with refer-
ence peaks (96-900-2318) however (313) peak is slighted shifted
to higher angle. The appearance of (220) & (440) peaks in CoF
MNS confirms the formation of single inverse spinel phase (Fig-
ure 2 d). It is worth noting that synthesized magnetite phase is
well-suited for intended applications due to the predicted ease in
magnetic alignment during the fabrication step of photonic crys-
tal. For comparison, we also studied CoF MNS for development
of magneto-photonic crystal and quantitative detection of IL-6.

3.2 Bioconjugation
The sensitivity of a biosensor is entirely dependent on the immo-
bilization efficiency of capturing antibody on the sensor’s surface.
A careful selection of coupling agent is a widely used signal am-
plification strategy. We chose dopamine as a bifunctional cou-
pling agent for the attachment of anti-IL 6 antibody on surface
of magnetic nanospheres/MNS, refer to figure 4a. Dopamine has
proven ability to augment outgoing electrical as well as optical

readout signal when used as a linker due to the high affinity that
biomolecules exhibit towards its terminal amino group1,30–34.
The successful surface functionalization of MNS was confirmed
through FTIR spectroscopy. Magnetite and Cobalt Ferrite inter-
acts with amine group of dopamine through Fe-O bond. The
decrease in intensity of Fe-O vibrations at 584 & 598 cm−1 of
CoF and magnetite respectively along with the appearance of aro-
matic vibrations of -CC, -CO (at 1497; 1471 cm−1) in the FTIR
spectra, suggest dopamine reaction with as-synthesized MNS. A
drastic drop in Fe-O stretch appears because octahedral Fe of
CoF and Magnetite, interacts with -OH groups of dopamine in
bidentate-bridging configuration23. The peaks at 813 and 807 (3
a & b) belong to δ (NH2)scissor of amine groups of dopamine while
γ − (NH)wag vibrations at 1609 & 1618 in figure 3 a & b further
confirm the presence of dopamine.

For electrochemical characterization to confirm bioconjugation,
we dip-coated 3mm glassy carbon electrode (GCE) with hydro-
gel solution containing magnetic nanospheres and after overnight
curing we recorded its cyclic voltammogram using K3Fe(CN)6 as
redox probe (Supplementary figure 14 b & c). A comparison of
cyclic voltammogram acquired with GCE modified with CoF and
Magnetite MPC before and after incubation with IL-6 (at con-
centration of 350 pg/ml) is presented in Figure 4 b & c. Bio-
conjugated modified GCE shows a shift in formal potential/E f

from 0.45V to 0.2V when compared with CoF based magnetic
nanogel reported in previous study23, refer to figure 14a while
the4Ep changes from -44mV to 187mV. Following attachment of
antibodies, CoF based MPC illustrates unhindered reversible elec-
tron transfer kinetics at the interface however upon formation of
antigen-antibody complex on the sensor’s surface, electrode reac-
tion shows transition to irreversible nature with two step electron
transfer. The separation between two consecutive cathodic peaks
is approximately ∆E◦ = - 590 mV. In contrast, Magnetite-MPC
shows two well-spaced cathodic peaks with ∆E◦ =-850 mV that
corroborate kinetically driven quasi-reversible electrode reaction
prior to antigen binding process. The different response of the
two MPC can be attributed to their inherent chemical reactivity
with terminal amino or carboxyl groups present on the surface of
proteins. However, a common observation in both types of MPC
is the diminishing peak current with the formation of antigen-
antibody complex which is rational due to the charge screening
effect of double layer formed at electrode’s interface. Interleukin
6 is a negatively charged protein and decrease in peak current is
well justified as it increases the charge transfer resistance and re-
pels negative redox species thereby decreases resulting peak cur-
rent34. To understand the two step electron transfer process, we
looked for the chemical species present on side chain amino acids
of interleukin 6 and its antibody which can undergo step-wise
reduction. Figure 5a demonstrates structure of IL-6 and its recep-
tor binding site35. The protein structure contains four α-helices
called A, B, C & D. D-loop contains -COOH groups which interact
with antibody while the side chains at opposite end contain polar
uncharged amino acids for instance Asparagine & Glutamine28.
The two reductive peaks in CoF-MPC upon complex formation ap-
pear due to step-wise reduction of polar side chain amines such as
Asparagine (Asn) and Glutamine (Gln), ), refer to figure 5a and 4
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Fig. 6 MPC Reflectance Spectroscopy. (a) Magneto-photonic crystal assembled as 3D colloid inside chitosan-gelatin hydrogel. (b) Addition of IL-6
will result in the formation of antigen-antibody complex following an hour of incubation. (c) The bound complex on surface of MPC can be observed by
illuminating it with visible light under spectrophotometer. The presence and varying concentration of IL-6 will produce a shift in λBragg and reflectance
intensity respectively.

b. In contrast, magnetite MPC shows quasi-reversible redox peaks
prior to analyte binding because antibody binds to nanospheres
through its carboxyl terminal at its Fc (constant region) region
while the Fab (antibody binding region) fragment contains Tryp-
tophan (Trp) residue which exhibits one primary and one sec-
ondary amine group, see figure 5b29. Quasi-reversible peak ap-
pears due to reduction of secondary amines and redox peak dis-
appears upon complex formation because Trp is involved in IL-
6 binding29. We can speculate that the peaks corresponding to
Trp redox reaction in CoF-MPC sensor remain unresolved prior to
antigen binding and appears as a single widely spaced reversible
peak.

A comparison of reflection spectra obtained after bioconjuga-
tion and subsequent incubation with IL-6 at 50pg/ml, has been
presented in Figure 4d and e. The inset graphs in figure 4d
and e show reflection spectra of bound antigen-antibody com-
plex. Binding of IL-6 to the bioconjugated MNS produces blue-
shift in resonant wavelength/λ505→490/492 and the corresponding
reflectance intensity increases. The d-parameter of colloidal crys-
tal alters upon antigen-antibody complex formation which in turn
causes shift in reflecting wavelength. MPC based immunoassay
was performed in-vitro under physiological conditions (Temper-
ature 37 ◦C ; pH 5-7.5). The aforementioned findings encour-
aged us to propose a novel magneto-photonic crystal based sen-
sor for detection of IL-6 embedded in hydrogel which can be fur-
ther modified for in-situ diagnosis of pathological conditions that
demonstrate elevated levels of IL-6 for instance in sepsis and can-
cer11,12.

3.3 Reflectance Spectroscopy & Electrochemistry

The schematic of immunoassay we designed for detection of IL-
6 has been illustrated in Figure 6. In our previous work, we
used colloidal assembly of CoF nanoparticles in combination with
stimuli responsive hydrogel for controlled drug delivery applica-
tions23. A homogeneous dispersion was achieved inside the ma-
trix when observed under scanning electron microscope. The in-
triguing light diffracting properties of magnetite based colloidal

photonic crystal reported by Ge et al. motivated us to propose an
integrated reflectance based detection mechanism for interleukin
6 through the use of a 3D colloidal MPC hydrogel36.

The as-synthesized MPC hydrogel composed of CoF & Mag-
netite nanospheres, shows resonant wavelength at 505 nm rep-
resented by λ505 as discussed in previous section, figure 4 d &
e. The diffracting resonant wavelength is dependent on the size
of the magnetic nanospheres and below 100 nm, blue light is re-
flected36. In this study, Magnetite and Cobalt Ferrite nanospheres
with average diameter of ∼ 24± 5 nm & ∼ 23± 4 nm were used
so the observed resonant wavelength of fabricated MPC is well-
justified, refer to figures 1 & 7 c & d. Quantitative detection
of IL-6 was performed within a concentration range of 50-350
pg/ml. For reflectance spectroscopy analysis, we coated MPC hy-
drogels on glass slides and after overnight curing we incubated
it with 50 µL of samples. Following an hour of incubation and
after washing with PBS to remove unbound antigen, reflectance
spectra were recorded. It can be observed from figure 7 c & d
that analyte binding process produces a blue-shift in both types
of MPC based hydrogel biosensors while intensity of reflecting
wavelength changes in response to varying concentration of an-
alyte (IL-6). Magnetite-MPC showed 50% increase in reflectance
intensity upon IL-6 binding on its surface and the λ505 blue-shifted
to λ492, see figure 7 d. Only change in reflectance was observed
in response to increasing concentrations of IL 6 while the λ492

remained constant. In contrast, CoF showed 44% increment in
reflectance following IL-6 binding and the λ505 changed initially
to λ491 and with increasing concentration of detecting analyte, it
shows further right shift, refer to figure 7e.

To understand the electrochemistry of developed MPC based
sensor’s architecture, we performed CV analysis under conditions
similar to the ones mentioned in previous section. Figure 7a
demonstrates transition of reversible interfacial reaction to an ir-
reversible two step electron transfer reaction. When the concen-
tration of adsorbed interleukin 6 increases, the cathodic current
changes and anodic peak diminishes while Epc shifts to the left.
Magnetite responds differently to the surface bound antibodies.

Journal Name, [year], [vol.],1–16 | 7
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Fig. 7 MPC based Immunoassay. Cyclic voltammetry of (a) CoF based MPC (b) Magnetite based MPC before and after incubation with IL-6 of
concentrations 50, 150, 250, 350 pg/ml. Recorded with E range= -2.5 to +2.5 V; ν = 50 mV/s in 0.001M K3Fe(CN)6. Reflectance spectra of (c) CoF- MPC
and (d) Magnetite-MPC following incubation with IL-6 (50, 150, 250 & 350 pg/ml).(e) A closer display of CoF-MPC based reflectance spectra indicating
shift from λ491 to λ498 and increase in reflectance intensity at higher concentrations of IL-6.

CV plot in figure 7 b elaborates a quasi reversible electrode re-
action. However the analyte binding process completely blocks
its current carrying capacity and both Ipa & Ipc disappeared. De-
creasing current response is consistent with the findings of Eissa
et al. & Molazemhosseini et al. who developed electrochemi-
cal immunosensor for the quantitative detection of HbA1c and
Okadaic acid37,38. The antigen-antibody complex formed at the
electrode interface, offers increased charge transfer resistance to
the diffusing ionic species of redox probe.

Figure 8 c & D demonstrates a linear relation between change
in d-spacing/ 4R% with increasing concentration of IL-6. Using
Bragg relation, d-spacing was calculated at normal incidence, re-

fer to equation 1 & 2.

λ = 2dηsinθ , (1)

4dBragg =4λBragg/2∗∆ηt , (2)

Where,
∆ηt = ηcg−ηmpc (3)

The expression ∆ηt in 3 represents the change in refractive in-
dex following analyte binding step. It is calculated as differ-
ence between refractive indices of chitosan-gelatin hydrogel/ηcg

and MPC sensor (ηmpc) with bound IL-6 as shown in equation
3. Magnetite-MPC as discussed earlier shows a strong linear re-
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Fig. 8 Calibration Curve. (A) CoF-MPC shows linearity with ∆λBragg as well as dBragg spacing. (B) Magnetite-MPC exhibits strong correlation with only
∆R (%) while ∆λBragg becomes constant at higher concentrations. (C) CoF-MPC Sensor shows linear relation with λBragg and dBragg spacing. Regression
analysis shows a strong linear relation with R2=0.9948. (D) Magnetite-MPC sensor shows linear response to ∆ R (%) at higher concentrations,
R2=0.9915.

lation with change in reflectance, see figure 8B. The band-shift
ceases and becomes constant at 492 nm and it can be ascribed
to the resulting steric and charge stabilization following adsorp-
tion of analyte on the surface of magnetite based sensor. As a
consequence, the change in reflectance was a function of analyte
concentration and it is found to be partially dependent on change
in Bragg-spacing of PC.

A comparison of performance between two MPCs in quanti-
tative analysis, reveals that a more consistent linear response is
obtained in the CoF based design however spectral resolution can
be improved by attuning the size of nanospheres25. Figure 8 A
& B show difference in properties of the CoF and Magnetite MPC
sensors. From reflectance spectra, we computed refractive indices
at respective concentrations using relation mentioned in equation
4. Bragg’s relation shown in equations 1 & 2 was used to compute
change in d-spacing which is the inter-particle distance of MNS ar-
ranged as 3D colloid in hydrogel matrix. When optical response
is plotted against IL-6 concentrations in case of Magnetite MPC
sensor, we observed that the lattice spacing stopped increasing at
higher concentrations and change in reflectance (%) (figure 8B)
showed strong linear correlation with analyte concentration (fig-
ure 8D). In contrast, CoF based MPC showed linear response to
both ∆λBragg as well as ∆dBragg spacing to varying concentration
of IL-6, refer to figure 8 A and D.

The calculated limit of detection/LOD39 for CoF-MPC was 0.52
pg/ml while limit of quantification/LOQ was 1.7 pg/ml. Signal-
to-noise (S/N) ratio was higher in Magnetite-MPC with lower lim-
its of detection and quantification. Table 2 elaborates sensor’s

characteristics which are calculated from reflectance spectra and
respective resonant wavelengths. Interestingly, Magnetite based
MPC sensor showed linear response only with ∆R% and shift in
Bragg’s spacing remains unchanged at higher concentration, see
supplementary figure 4 B. This difference in sensor’s response can
be ascribed to the steric or charge stabilization process following
antigen-antibody complex formation which might have prevented
further shift in d-spacing of the Magnetite-MPC crystal. Here, it
is worth noting that higher SNR (2.28) for Magnetite based de-
tection mechanism imply formation of stable colloidal array com-
pared to MPC sensor fabricated using CoF MNS with S/N ratio
2.15. The quantitative analysis for detection of interleukin 6 was
performed under similar physiological conditions for both types
of sensors.
Recently, an invasive electrochemical sensor was developed for
real time monitoring of IL-64 and an array of disc shaped micro-
electrodes made of gold were fabricated on a needle substrate.
The iR drop and noise was significantly reduced in this method
but it exhibits a narrow dynamic range due to the small surface
area. Few other non-invasive approaches based on the similar
principle were developed for POC devices and wearable technolo-
gies which are still in its nascency5,40. In comparison to it, la-
bel free detection of interleukin-6 through MPC-hydrogel offers
a non-invasive & more rational approach for the development of
embedded sensor system thus enabling one to use sensors output
as control signal for integrated drug delivery mechanism.

Some limitations of the previously developed photonic crys-
tal based sensing mechanisms are poor spectral resolution and

Journal Name, [year], [vol.],1–16 | 9
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higher limits of detection which hindered its implementation in
POC devices. Choi et al. 14 developed a hydrogel based PC with
an inverse opal structure to detect human IgG and he reported a
band-shift of 50 nm at a concentration of 10 mg/ml. With the use
of magnetic photonic crystal, we achieved tremendous improve-
ment in limit of detection and the tested dynamic range (50-350
pg/ml) falls within the prognostic levels (90-502 pg/ml) of in-
terleukin 6 for sepsis41. Our findings suggest that incorporation
of magnetic nanomaterials for development of 3D colloidal PC
greatly enhances the S/N ratio but also reduces the limit of detec-
tion, refer to table 2.

3.4 Negative Refraction

We also investigated change in refractive properties of the MPC at
interface in response to increasing concentration of analyte. Us-
ing relation mentioned in equation 4, refractive indices were cal-
culated for respective concentrations of interleukin 642. It is evi-
dent from plot 9 a & b, that as-synthesized 3D colloidal magneto-
photonic crystal is left-handed and negatively refracts incident
light.

n f =
1+R+

√
R

1−R
, (4)

n2 (ω) = ε (ω)µ (ω) , (5)

Dielectric nanostructures with higher refractive index when
arranged periodically at sub-wavelength spacing in a lower
refractive index medium, refracts light in the plane of incident
light and it’s primarily due to the complex Bragg scattering43. In
negative refractive media, the Poynting vector and wave vector
are anti-parallel to each other which results in phase propagation
in the opposite direction44.

Refractive index is a frequency dependent function of permi-
tivity and permeability, refer to equation 5. Another way to
explain negative refraction is that resonance associated to the
aforementioned depending parameters are anti-parallel to each
other & the effective index is shifted to opposite direction25.
To validate the observed negative refraction by constituent
magnetic nanospheres based MPC, we implemented Finite
Difference Time Domain (FDTD) method on a 3D model of
magnetic colloidal array using Optiwave Software. FDTD solves
Maxwell’s Curl equation in time domain using Yee Algorithm45.
Photonic device was modeled in x-z plane and propagating
wave traveled in z-direction. Energy distribution is plotted by
software at infinite xy-plane. Simulation of three dimensional

Table 2 Calculated properties of magneto-photonic sensor.

Type LOD † LOQ † Sensitivity S/N ratio

Cobalt Ferrite 0.52 1.7 0.5? 2.15

Magnetite 0.08 0.2 27.1‡ 2.28

† LOD & LOQ are mentioned in pg/ml
? mentioned in nm/pgml−1
‡ mentioned in a.u/pgml−1.

Fig. 9 Negative Refraction by MPC-Hydrogel. Refractive index cal-
culated from Stoke’s optical treatment formula shows that synthesized
MPC-Hydrogel behaved as Left Handed Material (a) CoF-MPC Sensor
(b) Magnetite-MPC sensor and it shows increasing trend at higher con-
centrations of IL-6 except of Magnetite-MPC at 250 pg/mL.

photonic device is performed in a cubic mesh also known as
Yee Space Lattice and field components (Ey,i, j,k;Hy,i, j,k) are
positioned at edges orthogonal to each other45. Equations 6 &
7 explain implementation of Yee algorithm to compute electric
and magnetic componets as a function of permitivity (ε) and
magnetic permeability (µ).

Hn+1/2
y,i−1/2, j,k−1/2 =Hn−1/2

y,i, j−1/2,k−1/2

+
∆t

µ0∆x

(
Hn

z,i, j,k−1/2−Hn
z,i−1/2, j,k−1/2

)
− ∆t

µ0∆z

(
Hn

x,i−1/2, j,k−En
x,i−1/2, j,k−1/2

)
(6)
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Fig. 10 Simulation of Magneto-Photonic Crystal.(a) Photonic bandgap diagram of Magnetite-MPC (b) Refractive index distribution of MPC (c) 3D
simulated self-assembled fcc MPC.

En+1
y,i, j−1/2,k =

2ε−σ∆t
2ε +σ∆t

En
y,i, j−1/2,k

+
2∆t

(2ε +σ∆t)∆z

(
En+1/2

x,i, j−1/2,k+1/2−En+1/2
x,i, j−1/2,k−1/2

)
− 2∆t

2ε +σ∆t

(
En+1/2

z,i, j−1/2,k+1/2−En+1/2
z,i, j−1/2,k−1/2

)
(7)

The accuracy of used method is dependent on space and time
steps. Space step is determined from minimum wavelength and
maximum refractive index(minimum(∆x,∆y,∆z) ≤ λmin

10nmax
) & time

step for three dimensional system. The latter is calculated using
relation ∆t ≤ 1

υ

√
1

(∆x)2
+ 1

(∆y)2
+ 1

(∆z)2

whereas υ is velocity of light.

Figure 10 b shows a three dimensional model and the refrac-
tive index of MNS was set as 2.246 and 1.34 for medium enclosing
it47. Wafer dimension was set as 21× 8 µm. Gaussian modulated
continuous wave with λ =1.5 µm was used as input wave with a
time offset and half-width of 4.5e-014 seconds and 1.5e-014 sec-
onds respectively. The mesh size of simulation domain was set as
0.05 µm and anisotropic perfectly matched layer (APML) bound-
ary conditions were used to compute Ey and Hy distributions with
time step size of 8.339 sec. Amplitude and phase information of
propagating wave are obtained from Fourier Transform complex
field components and it also helps analyze the refractive prop-
erties of devised photonic system. To generate band diagram of
designed MPC, we used K-vector path of truncated octahedron
because the self-assembled array has face centered cubic (fcc) lat-
tice. A three dimensional band solver was used with hybrid po-
larization and mesh size of 16×16×16 to compute bands. Figure

10a and c demonstrate photonic band diagram and distribution of
refractive index respectively. A partial or pseudo-gap at symmetry
point X and K can be observed which corresponds to the reflecting
wavelength shown in figure 4 d & e. Our findings are consistent
with band diagram of fcc dielectric sphere lattice which are re-
ported in earlier studies. The field distribution plots of magnetic
(Hy) and electric (Ey) components of propagating wave were ana-
lyzed to understand the dispersion phenomenon occurring at the
interface of two different dielectric media, refer to figures 11 &
12. There is a concentric distribution of amplitude, imaginary and
real components of (Ey), see figures 11 b, d and 12 b. It should
also be noted that Ey phase (positive) and power (negative) have
opposite directions (figure 12 a and b) which as explained by
Veselago (2006), are negatively refractive materials48. On the
contrary, Hy shows a nodal distribution of amplitude, real and
imaginary parts of field at the edges of colloidal array, see figures
11a, c & 12a. The magnetic field is highest around the edges of
lattice and ceases to propagate as it encounters the colloidal ar-
ray. This resulted in zero power distribution in xy-plane. Figure
12a shows comparison of phase power with imaginary field dis-
tribution plot of Hy component.
The features of nanostructure intended for PC fabrication such as
size, shape, separation and spatial arrangement can be used as
control factors to attune the magneto-optical properties of the
resultant super-lattice that exhibits photonic confinement over
a wider visible range. Periodic inter-particle spacing with sub-
wavelength orders of magnitude, requires high colloidal stability
in the selected media. Self-assembly of magnetic nanospheres in
aqueous media is primarily due to the dominating electrostatic
repulsion between highly charged particles for instance in case
of superparamagnetic magnetite when exposed to external mag-
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Fig. 11 Electromagnetic field distribution plots of designed MPC. (a) Amplitude of Hy field in X-Z (left) X-Y (right) planes. (b) Amplitude of Ey
field in X-Z (left) X-Y (right) planes. (c) Real (left)and complex (right) components of Hy field of propagating wave. (d) Real (left)and complex (right)
components of Ey field of propagating wave.

netic field36. In this work, we chose chitosan-gelatin hydrogel
in aqueous solution with slightly acidic pH thereby maintaining
positive charges on polymer which is expected to facilitate self-
assembly of magnetic nanospheres carrying net positive charge
inside the matrix. We designed this biosensing platform partic-
ularly for real-time sepsis management in patients of higher de-
gree burns. Koskela et al. mentions sepsis associated high levels
of interleukin-6 in blister fluid of burn patients with prognostic
range of 23-203 pg/ml which falls within reported dynamic range
of MPC biosensor. Application of an intelligent hydrogel with in-
tegrated MPC biosensor on burn wounds allows on-site detection
of sepsis using a hand-held spectrum analyzer. However, the in-
teresting left handed nature of such photonic crystal makes them
an attractive candidate for magneto-inductive lens in magneto-
resonance imaging (MRI)49,50,

4 Conclusion
A major challenge that emerging health care diagnostic tech-
nologies particularly point-of-care & wearable devices are facing
now-a-days is accurate quantitative analysis of physiological
parameters within a complex biochemical environment. Such
devices usually employ electrochemical transducers to quantify
diagnostic proteins because it’s a well-established method that
allows fabrication of miniaturized devices. The ratio of signal to
least detectable concentration is very low due to the nature of
sensor’s architecture and this limits its application in the detec-
tion of cancer biomarkers which are present in blood with lower
concentrations normally in the range of pg/mL. Additionally, the
reported designs of electrochemical biosensor do not facilitate
integration with a therapeutic mechanism. Here, we reported an
embedded magneto-photonic crystal based detection mechanism
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Fig. 12 Negative refraction; an implicit function of inverse phase and power relation. (a) (left) Phase distribution of Magnetic field component
(right) Complex Power of magnetic field component if propagating wave. (b)(left) Power & (right) phase of Ey field.

for Interleukin 6 which is an extensively studied biomarker
for sepsis and cancer diagnosis. We exploited light reflecting
properties of the 3D colloidal MPC assembled inside a hydrogel
matrix to detect IL-6 bound on the surface of bioconjugated
magnetic nanospheres. The findings of reflectance spectroscopy
indicate it is highly sensitive to the interfacial immune reactions.
The resonant wavelength undergoes blue-shift as the target
binds to detecting antibody immobilized on nanospheres and
it also causes a sharp increase in reflectance intensity. At a
concentration of 50 pg/mL, the CoF and Magnetite based MPC
sensors show 44% & 50% increase in reflectance intensity respec-
tively. Supplementary figures 15 & 13 show the flexibility and
biocompatibility of the developed MPC hydrogel. The integrated
mechanism presented in this study, can be a promising approach
for real time management of sepsis in higher degree burns or
cancer treatment.
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Supplementary Information
• Figure13:MPC Hydrogel Flexibility.

• Figure14:Cyclic Voltammetry of unconjugated CoFMPC.

• Figure15:Cell Viability Assay.

Flexibility
We folded MPC-Hydrogel at 180◦ to confirm if it can conform
with contouring surface when used as dressing. Figure 13 shows
its flexible nature.
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Fig. 13 MPC Hydrogel. Flexibility of synthesized MPC when folded at 180◦. (a) Hydrogel made of chitosan-gelatin (CG) with 1:5 ratio. (b) CG-CoF
(0.05% w/v) MPC Hydrogel with embedded IL-6 Sensor is more flexible and easily bendable. (c) CG-CoF (0.1% w/v) MPC Hydrogel with embedded
IL-6 Sensor offers resistance and has some rigidity when folded.

Cell Viability Assay
We performed cytoxicity assay using PrestoBlue to evaluate if in-
creasing concentration of MNS negatively influence the growth
of human dermal cell. Human Dermal Fibroblast cells/HDF were
grown and passaged in DMEM media containing 10% FBS and
Penicillin antibiotic with a seeding density of 2.4× 106 cells in a
T75 flask. In 96-wells microplate, three different hydrogel sam-
ples (0.05%, 0.1% Magnetic and plain Chitosan-Gelatin Hydro-
gel) of similar size and dimensions were placed and 648 µL of
media containing 1.4×104 cells were dispensed in each well. The
cells were left inside CO2 (Sanyo CO2 Incubator) at 37 ◦C for 24
hours. Next day, we incubated the cells grown over hydrogel af-
ter PrestoBlue addition for an hour and measured absorbance at
570 and 600 nm. After measurement, media was changed and
cells were kept again on incubation for another 24 hours. Each
hydrogel sample was run in duplicate with n=4. The untreated
cells exhibited 100% viability and was used as reference for com-
parison. One-way ANOVA was performed to determine effect of
MNS concentration on the HDF growth. Concentration depen-
dent viability test was performed only for CoF based MPC. The
treated cells were grown at 0.05% and 0.1 % MPC hydrogel (la-
beled Magnetic Gel) and following 48 hours, cells grown over
0.1% MPC-Hydrogel showed highest viability percentage, refer to
figure 15.
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Fig. 14 CV of unconjugated CoF MPC. (a) Cyclic voltammetry of GCE coated with Cobalt Ferrite nanocomposite with chitosan-gelatin hydrogel. It
was recorded at E range= -2.5 to +2.5 V; ν = 50 mV/s in 0.001M K3Fe(CN)6

23. (b) GCE coated with conjugated Cobalt Ferrite magneto-photonic crystal.
(c) CoF-MPC coated electrode following incubation with IL-6 and subsequent CV recording. The MPC-hydrogel did not detach but doubled its size after
consecutive readings.

Fig. 15 Cytotoxicity Assay. Human Dermal Fibroblast grown over Chitosan-Gelatin, MPC-Hydrogel 0.05% & 0.1% were tested for cytotoxicity after
24 and 48 hours, using PrestoBlue assay. At α=0.05, the population variations & means are significantly different.
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