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ABSTRACT: The design of synthetic nanoparticles (NPs) capable of
recognizing given chemical entities in a specific and predictable
manner is of great fundamental and practical importance. Herein, we
report a simple, fast, water-soluble, and green phosphine free colloidal
synthesis route for the preparation of multifunctional enzyme-capped
ZnS bionanocomposites (BNCs) with/without transitional metal-ion
doping. The enzymes α-Chymotrypsin (CHT), associated with the
NPs, are demonstrated as an effectual host for organic dye Methylene
Blue (MB) revealing the molecular recognition of such dye molecules
by the BNCs. An effective hosting of MB in the close proximity of
ZnS NPs (with ∼3 nm size) leads to photocatalysis of the dyes which has further been investigated with doped-semiconductors.
The NP-associated enzyme α-CHT is found to be active toward a substrate (Ala-Ala-Phe-7-amido-4-methyl-coumarin), hence
leads to significant enzyme catalysis. Irradiation induced luminescence enhancement (IILE) measurements on the BNCs clearly
interpret the role of surface capping agents which protect against deep UV damaging of ZnS NPs.

1. INTRODUCTION

The critical role that dopants play in semiconductor structure
has stimulated research on the properties and the potential
applications of doped semiconductor nanoparticles (NPs).1,2

The control of optoelectronic properties of such semiconductor
NPs using different doping is found to be quite efficient,3 such
as, large magneto-optical effect,4,5 efficient sensitized impurity
luminescence,4,6−8 and quantum size effects on impurity-carrier
binding energies.9 Manganese (Mn)-doped zinc chalcogenide
NPs have been explored as alternatives to popularly used CdSe
QDs with advantages of lower toxicity and larger Stokes shift.10

The synthesis of such Mn-doped zinc sulphide (ZnS) NPs
(diameter <5 nm) by the solvothermal method11 has already
been reported. However, the synthesis of high-quality Mn-
doped ZnS NPs (diameter <5 nm) characterized by a sharp
exciton absorption peak and uniform diameter is still a great
challenge. In an earlier study12 various levels in the Mn-doped
ZnS nanocluster with relatively smaller diameter (1.2 nm) in
reverse micellar environments leading to different relaxation
dynamics have been reported. Tunability of the electronic
energy depending on the diameter of high-quality Mn-dopped
ZnS nanorod has also been evident in recent literature.10

The use of proteins and peptides to direct the in vitro
syntheses of inorganic materials is attractive for a number of
reasons.13 First, peptides and proteins make bioenabled
syntheses of inorganic materials inherently “green” processing
which is facilitated at or near room temperature, in aqueous
solutions. Second, proteins and peptides can exquisitely control
the size, shape, optical properties, and crystal structure of the
inorganic product. The major benefit of using peptides and

proteins is to produce materials with highly specific or multiple
functions; such proteins and peptides may direct the arrangement
of enzymatically active composites or produce materials that
specifically recognize substrates. To be a suitable biolabeling
agents, NPs should have high luminescence efficiency, biocompat-
ibility, and proper surface groups for coupling with biomolecules.
To date, however, the obtained doped nanocrystals barely meet
these requirements. The consequence of using capping agents on
the electronic and defect states of Mn-doped ZnS NPs, which
leads to a large enhancement of photoluminescence (PL) intensity
of the nanomaterials, has been reported.14,15 However, a detailed
study on the photoselective excited state dynamics and electron
migration in such NPs in a biological macromolecular environ-
ment is sparse in literature and is one of the motives of the present
work. The studies are important in the context that the interaction
of NPs with proteins16 has emerged as a key parameter in nano-
medicine and nanotoxicology.17

Here we have followed a simple, faster and “green” phosphine
free colloidal chemical route18 for the synthesis of enzyme-capped
high-quality Mn-doped ZnS bionanocomposites (BNCs). The
enzyme α-Chymotrypsin (CHT)-capped multifunctional BNCs,
with average diameter less than 5 nm, are found to be extremely
soluble and stable in aqueous solution for several weeks. To
investigate the specific role of enzyme environments on the
nanomaterial surface, we have also synthesized Cysteine (Cys,
sulfur containing amino group)-capped ZnS NPs with less than
5 nm diameter, as a control sample. While steady-state absorption
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and emission spectroscopy explore various electronic states of the
Cys/CHT-capped BNCs, picosecond-resolved emission using
various excitation/detection wavelengths reveals the relaxation of
electrons from specific states which was further supported by the
photocatalysis of a test contaminant. Irradiation induced lumines-
cence enhancement (IILE)19 technique with different excitation
intensities has been studied to explore the interaction of the enzyme
with surface states and to justify efficacy of the protein capping agent
that shield against deep-UV induced surface damage of the NP
surface. In this respect, more biomolecules irrespective of CHT are
also promising that may give rise to a new class of multifunctional
BNCs with possible biological applications. For example, Lipase L1
enzyme contains an unusual extra domain, making a tight
intramolecular interaction with the main catalytic domain through
a Zn2+-binding coordination which may offer more novel ZnS
BNCs using lipase as a potential host matrix.20

2. EXPERIMENTAL SECTION
2.1. Materials. Analytical grade zinc acetate dihydrate, (CH3COO)2Zn·

2H2O, manganese acetate tetrahydrate, (CH3COO)2Mn·4H2O,
sodium borohydrate, NaBH4, Cystine, α-Chymotrypsin, CHT (MW =
25 kDa), Ala-Ala-Phe-7-amido-4-methyl-coumarin (AAF-AMC),
sodium sulphide, Na2S are from Sigma-Aldrich with highest
commercially available purity were used as received. Distilled water
from Millipore system was used for preparing all the aqueous
solutions.
2.2. Synthesis of NPs. The ZnS:Mn NPs were prepared following

a general procedure modified from the reported literature where it
was proposed that the growth of nanostructures with different
morphologies, sizes, compositions, and microstructures was mainly
controlled by the temperature and time duration of the reaction
process.21−30 Briefly, 50 mL each of 0.2 M L-Cys and 20 μM CHT
were taken into two different three-necked flasks and 200 μM NaBH4
was added in argon atmosphere with continuous stirring for 45 min. In
the next step, 5 mL aqueous solution of 0.1 M zinc acetate was
aliquoted into a three-necked round-bottom flask. The mixed solution
was adjusted to pH 11.0 by addition of 2 M NaOH and was stirred for
30 min at room temperature and argon atmosphere. Subsequently,
1.5 mL of 0.01 M manganese acetate was added into the above mixture
and stirred for 20 min. Five milliliters of 0.1 M deoxygenated Na2S was
then injected into the solution quickly. The mixture was stirred for
another 30 min, and then the solution was incubated at 50 °C under
air for 2 h to synthesize Cys and enzyme (CHT)-capped ZnS:Mn NPs.
Finally, the colloidal NPs were dialyzed against pure water for 4 and
24 h for Cys-Zns:Mn and CHT-ZnS:Mn, respectively, at 4 °C. In this
respect, long-term dialysis is the usual practice for protein-capped
systems where excess salts may get absorbed into the protein
hydrophobic pockets whereas such effects are absent in Cys-capped
systems. The Cys-ZnS and CHT-ZnS samples were prepared as above
except for the addition of manganese acetate. The overall synthesis
process is represented in Scheme 1.

2.3. Characterization. Transmission electron microscopy (TEM)
grids were prepared by applying a drop of the colloidal solutions to
carbon-coated copper grids. Particle sizes were determined from

micrographs recorded at a magnification of 100 000× using an FEI
(Technai S-Twin, operating at 200 kV) instrument. X-ray powder
diffraction (XRD) patterns were obtained by employing a scanning
rate of 0.02° s−1 in the 2θ range from 25° to 60° by PANalytical
XPERT-PRO diffractometer equipped with Cu Kα radiation (at
40 mA, 40 kV). The zeta potential of the Cys and CHT-capped BNCs
in aqueous solvent were measured with a Zetasizer Nano-ZS instrument
(Malvern, U.K.). Native and NP-capped enzyme structures has been
carried out by circular dichroism (CD) measurements in a JASCO
815 spectro-polarimeter at 20 ± 0.1 °C. The scan speed of the
measurements was 50 nm/min, and each spectrum was the average of
five scans. The spectral data were acquired over the range of 300−200
nm using a 1 cm path length cuvette and deconvoluted by CDNN 2.1
Simple Spectra software.31,32 Enzyme activity has been determined by
using the kinetic mode of the UV spectrophotometer (monitored at
590 nm wavelength) with enzyme and Ala-Ala-Phe-7-amido-4-methyl-
coumarin (AAF-AMC) molar ratio of 1:35. Details of the enzyme
activity study are found elsewhere.33,34 Steady-state absorption and
emission spectra were measured with a Shimadzu UV-2450
spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter,
respectively. All the photoluminescence transients were measured
using the picosecond-resolved time-correlated single photon counting
(TCSPC) technique, a commercially available picosecond diode laser-
pumped (LifeSpec-ps) fluorescence spectrophotometer from Edin-
burgh Instruments, U.K. Picosecond excitation pulses from the
picoquant diode laser were used at 375 nm with an instrument
response function (IRF) of 60 ps. A microchannel-plate-photo-
multiplier tube (MCP-PMT, Hammamatsu) was used to detect the
photoluminescence from the sample after dispersion through a
monochromator. For all transients the polarizer on the emission side
was adjusted to be at 55° (Magic angle) with respect to the
polarization axis of the excitation beam. Curve fitting of observed
fluorescence transients were carried out using a nonlinear least-squares
fitting procedure to a function (X(t) = ∫ o

tE(t′) R(t − t′) dt′) composed
of the convolution of the IRF (E(t)) with a sum of exponentials (R(t) =
A + ∑i=1

N Bie
−t/τi) with pre-exponential factors (Bi), characteristic

lifetimes (τi) and a background (A). Relative concentration in a
multiexponential decay is expressed as, cn = (Bn/(∑i=1

N Bi)) × 100 The
average lifetime (amplitude-weighted) of a multiexponential decay35 is
expressed as, τav = ∑i=1

N ciτi.

3. RESULTS AND DISCUSSIONS
3.1. Characterization of NPs in the BNCs. Figure 1 shows

a set of transmission electron microscopic (TEM) images of
CHT and Cys-capped, with/without Mn-doped ZnS NPs. It
has to be noted that the shape of the NPs in the protein matrix
is relatively quasi-spherical compared to that of the Cys-capped
NPs. The observation could be consistent with the fact that the
NPs in the protein matrix are associated with a number of
sulfur containing Cys residues from various locations of a
protein which essentially direct the shape of the NPs to be
quasi-spherical. On the other hand, plenty of free Cys residues
in the solution for the Cys-capped NPs lead to uniform growth
of the NPs and make the shape to be spherical. The
corresponding high resolution TEM (HRTEM) images (right
insets, Figure 1a−d) clearly demonstrate lattice fringes with an
observed d-spacing of ∼0.31 nm and ∼0.23 nm for CHT and
Cys-capped NPs, respectively, which are in good agreement
with the high-crystallinity in the materials with zinc-blende
structures.10,36 The particle sizes are estimated by fitting our
experimental TEM data on 100 particles which provides the
average diameter of 3 and 2.7 nm for CHT and Cys-capped
NPs (left insets, Figure 1b, d), respectively. It is noticeable that
CHT-capped NPs are fairly monodispersed in the protein
matrix while for Cys-Zns:Mn, some of the particles are
agglomerated up to 10 nm. Owing to the amino group capping
on the surface, all the BNCs can be steadily dispersed in water

Scheme 1. Synthetic Strategy of Enzyme Mediated
Mn-Doped ZnS BNCs
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to form an optically transparent solution (Figure 1e). Further
confirmation of the composition and the crystal structure of as-
prepared NPs are also evident from Energy-dispersive X-ray
spectroscopy (EDAX) and selected area electron diffraction
(SAED) analysis. EDAX analysis (Figure 1f) of the CHT-
capped NPs reveals the incorporation of Mn with atomic
contribution of 0.2% as dopant. A detailed analysis of SAED
pattern of CHT-capped (Figure 1g,h) and Cys-capped NPs
(see Supporting Information, Figure S1) exhibits a cubic
structure with distinct rings consistent with (311), (220), and
(111) planes.28,37

A typical XRD pattern for CHT-ZnS and CHT-ZnS:Mn BNCs
is shown in Figure 2. The spectrum shows three diffraction peaks
at 2θ values of 28.9°, 32.4°, 47.5°, and 56.5° which appear because
of reflection from the (111), (200), (220), and (311) planes of the
cubic phase of ZnS, respectively. The obtained peak positions
correspond to zinc blended type patterns for all the samples.26,38

Particle sizes from XRD patterns were estimated using Scherrer’s
equation D = (0.9λ)/β cos θ, where D is the mean grain size, λ is
the X-ray wavelength (for CuKα radiation, λ = 0.15406 nm), θ is
the diffraction angle (in radian), and β is full width at half-
maximum. The grain size of CHT-ZnS and CHT-ZnS:Mn BNCs,
as calculated by using Scherrer’s equation, is in range of ∼20.7 nm.
It must be emphasized that the distinction between XRD and
TEM data may be due to the presence of more than one crystallite
in single grain, and the size determined by diffraction methods
corresponds to the magnitude of the coherent crystal regions, that
is, to regions where the periodic arrangement of the atoms is
perfect and continuous. Furthermore, there may be some extent of
agglomeration among the particles during the preparation of the

samples for XRD measurement where the aqueous solution of the
BNCs was lyophilized using Heto Power Dry LL1500 freeze-dryer
instrument and the powder form was used for XRD study.
Therefore, the size obtained by diffraction cannot always be simply
compared to the sizes determined by other techniques.
Many NPs in solution bear an electrostatic charge on their

surface that hampers the interparticle interaction/aggregation by
electrostatic repulsion. This surface charge of NPs is very important
for defining the composition of the produced BNCs and also has an
impact on their subsequent biodistribution. Generally, the zeta
potential (ζ potential) gives information on the surface charge of
the NPs and can be used to detect protein binding to the NP
surface as this will change the overall surface charge.17,39 The
increase in electrophoretic mobility from −1.35 (Cys-ZnS:Mn) to
−2.93 μm.cm/V.s (CHT-ZnS:Mn) confirmed the charging of the
colloid surface through protein attachment. A change in the ζ
potential of the particles was observed from approximately −17.2
mV for a Cys-ZnS:Mn surface40 to −37.3 mV, as expected for
CHT-stabilized particles.41

3.2. Protein Structure and Enzymatic Activity in the
BNCs. Figure 3a shows circular dichroism (CD) spectra of the
BNCs in aqueous solution, and it has been compared with the
spectrum of free CHT as a reference. From the CD spectra, a
significant perturbation of the secondary structure of the NP-
associated enzyme CHT is clearly noticeable. A careful analysis of
the secondary structure (inset) of CHT upon attachment with
NPs illustrates the variation in the content of helix and antiparallel
β-sheet. The consequences of the structural perturbation on the
enzymatic activity of CHT in the BNCs are also evident from
Figure 3b. In comparison to free enzymes, the NP-associated
enzymes in BNCs show a significant retardation of the rate of
formation of product (7-amido-4-methyl-coumarin) from the
substrate (AAF-AMC). We have estimated that the activity of the
BNCs to be 3.8 units/mg, which is significantly retarded compared
to that of the free enzyme (21.3 units/mg) in aqueous solutions.42

It is to be noted that the possibility of CHT to remain as a free
enzyme is negligibly small by considering 1:1 binding between
CHT and NP since the concentration of the NP (∼ 25 μM) is
comparable to the initial enzyme concentration (20 μM) in the
medium.

3.3. Optical Spectroscopy and Ultrafast Dynamics of
the BNCs. We show the optical characterization of these BNC
samples in terms of UV−visible absorption spectra and
fluorescence spectra in Figure 4. The UV−vis absorption spectra
(Figure 4a, b) show a distinct absorption-edge at 320 nm for all

Figure 1. TEM and HRTEM images (inset) of (a) CHT-ZnS, (b)
CHT-ZnS:Mn, (c) Cys-ZnS, (d) Cys-ZnS:Mn NPs. Inset left of panels
(b) and (d) represent the size distribution analysis of CHT-ZnS NPs
and Cys-ZnS:Mn NPs, respectively. (e) Optically transparent solution
of CHT-ZnS:Mn BNCs under daylight. (f) EDAX analysis and atomic
percentages elements, (g) and (h) SAED analysis of CHT-ZnS and
CHT-ZnS:Mn BNCs, respectively.

Figure 2. XRD pattern of CHT-ZnS and CHT-ZnS:Mn BNCs at
room temperature.
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the Cys and CHT-capped samples. Effective mass approximation43

for the estimation of particle size from the shoulder of the
absorption spectra of all samples at 320 nm reveals relatively larger
particle size (5.3 nm) compared to that observed in the TEM
image. The discrepancy could be due to the quasi-broad particle

size distribution as evidenced in the TEM studies. It has also been
shown earlier that UV−vis spectroscopy essentially reveals larger
particles of samples containing multiple particle size distribu-
tion.44,45

The room temperature PL spectra (Figure 4a, b) of doped and
undoped ZnS NPs have been recorded at an excitation wavelength
of 300 nm (4.13 eV). As shown in Figure 4b, Cys-capped undoped
ZnS NPs show one broad emission band centered at ∼420 nm,
which is attributed to defect-state recombinations, possibly at the
surface. Since, an excess of the cations have been used in the
synthesis procedure, we expect sulfur vacancies at the surface
giving rise to Zn dangling bonds that form shallow donor levels.
Thus, the recombination is mainly between these shallow donor
levels and the valence band. Becker et al. reported that S2−

vacancies even in bulk ZnS lead to emission at 428 nm.46 Upon
Mn incorporation in nanocrystal samples, blue ZnS emission is
quenched whereas an orange emission band develops at ∼590 nm
(Figure 4b), corresponding to the spin forbidden 4T1-

6A1 Mn d-d
transition in a tetrahedral site.47−49 The insets of Figure 4a, b show
PL photographs from the undoped (blue) and doped (orange)
solutions upon 300 nm excitation. In the CHT-capped BNCs,
NP associated proteins show a strong emission band centered at
367 nm (Figure 4a) which possibly augments ZnS PL band at
420 nm.50 In the picosecond-resolved emission study (Figure 4c),
the excited state population of charge carriers in Cys-ZnS:Mn NPs
are monitored at 420 nm followed by excitation at 300 nm. It is to
be noted that Cys-ZnS and Cys-ZnS:Mn sample solutions show
almost the same decay pattern (time constants) when both the
decays are monitored at 420 nm. This phenomenon reveals that
the ZnS PL quenching upon Mn-doping is either static in nature
or may be too fast to be resolved in our TCSPC instrument with

Figure 3. (a) Circular dichroism (CD) spectra of native CHT and
CHT-ZnS:Mn BNCs. Inset showing the deconvolution of CD spectra
for different fragments of enzyme with native CHT, (b) the enzyme
activity kinetics at 270 nm of native CHT and CHT-ZnS:Mn.

Figure 4. (a) Optical absorption and steady-state emission spectra of (a) CHT-ZnS and CHT-ZnS:Mn BNCs and (b) Cys-ZnS, Cys-ZnS:Mn NPs,
respectively. Inset of (a) and (b) shows PL photos of the corresponding solutions upon 300 nm excitation. (c) The picosecond-resolved fluorescence
transients of Cys-ZnS and Cys-ZnS:Mn NPs (excitation at 300 nm) collected at 420 nm and inset shows fluorescence transient of Cys-ZnS:Mn NPs
collected at 590 nm. (d) The picosecond-resolved fluorescence transients of CHT-ZnS:Mn NPs (excitation at 375 nm) collected at 460 nm (green)
(to avoid Raman scattering) and 590 nm (red). Inset shows PL spectra upon 375 nm excitation. A★ (star) sign represents the appearance of Raman
scattering upon 375 nm excitation.
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IRF of 60 ps. The inset of Figure 4c shows the time-resolved PL
decay of Cys-ZnS:Mn NPs monitored at 590 nm. The PL
transient is not completed in our experimental time window
revealing higher values of time constants which are reported to be
1−2 ms in previous studies.7,12 Such a long lifetime makes the
luminescence from the NPs readily distinguishable from the
background luminescence from ZnS, which has a very short
lifetime. On the other hand, in the cases of CHT-ZnS and CHT-
ZnS:Mn BNCs, the strong emission from the protein essentially
masks the ZnS emission and show characteristic decay of the
intrinsic tryptophan residues of the protein in the picosecond-
resolved transients at 420 nm (data are not shown). However, it is
to be noted that CHT-ZnS:Mn samples show almost same decay
pattern of Cys-ZnS:Mn when detected at 590 nm (see Suppurting
Information, Figure S2) and as a consequence, these advantages
make them ideal candidates as fluorescence labeling agents,
especially in biology.45

Upon below band-edge excitation (with 375 nm, i.e., 3.3 eV),
no Mn emission peak is noticeable in the doped NPs (Figure 4d,
inset). The picosecond-resolved fluorescence decays (excitation at
375 nm) monitored at 460 (to avoid Raman scattering at 428 nm)
and 590 nm are shown in Figure 4d which exhibits similar time
constants of ZnS. The observation suggests that the below-band
gap excitation is not sufficient to excite the doped material (Mn)
via energy transfer from the host’s conduction band to the Mn
state.45 Considering that the excitation process generates an
electron−hole pair across the band gap (3.9 eV) of the ZnS
nanocrystal host, the present results make it obvious that there is a
more efficient excitonic energy transfer from the host to the doped
Mn site compared to that of the defect states in these materials;
revealing a strong coupling between the Mn d levels and the host
states.51 The energy transfer is unlikely to occur directly from the
semiconductor trap (defect) states to the low-lying Mn d-states.
This observation demonstrates that the trap states are not in a
direct coupling with the Mn d-states and Mn-doping do not affect
the trap state lifetimes of the excited state electrons at the host
ZnS surface. Details of the spectroscopic parameters and the fitting
parameters of the PL decays are tabulated in Table 1.

3.4. Photocatalytic Activity of the BNCs. To investigate
the efficacy of the host protein matrix in promoting
photogenerated charges from ZnS NP to a surface adsorbed
molecule, we have performed photocatalysis of an organic dye
methylene blue (MB, purchased from Carlo Erba). Bulk ZnS
semiconductor with a large band gap (3.6 eV) produces
electron−hole pairs under UV light that initiates the formation
of surface radicals capable of oxidizing adsorbed organic and
biological pollutants.52,53 As a photocatalyst, ZnS has been

examined for degradation of water pollutants, reduction of toxic
heavy metals, and water-splitting for H2 evolution.

54−56 In this
work, photocatalytic activity was quantified by carrying out
photoreduction of a test contaminant MB (Figure 5a) which is

known to be an excellent probe for the study of interfacial
electron transfer in colloidal semiconductor systems.57,58 It is
obvious that the higher the charge migration from the surface
of the ZnS semiconductor, the faster will be the degradation of
the surface-attached MB. Under selective UV radiation, we have
recorded the absorption peak of MB (at 655 nm) at 90 s
intervals, using SPECTRA SUITE software supplied by Ocean
Optics, and plotted it against the time of photoirradiation. The
decrease in the absorbance at 655 nm implies the reduction of
MB to colorless leuco methylene blue (LMB). Results of MB
degradation in the presence and absence of 25 μM ZnS
photocatalysts under UV light are shown in Figure 5b, where
the relative concentration (Ct/C0) of MB in solution is plotted
with respect to UV irradiation time. The control experiments
performed for several hours in the absence of catalysts and/or

Table 1. Picosecond-Resolved Luminescence Transients of
Cys/CHT-Capped ZnS NPs with/without Mn-Dopinga

samples

excitation
wavelength

(nm)

detection
wavelength

(nm) τ1 (ns) τ2 (ns) τavg (ns)

Cys-ZnS 300 420 0.20 (79%) 2.34 (21%) 0.65
Cys-ZnS:Mn 300 420 0.50 (88%) 3.49 (12%) 0.86
Cys-ZnS:Mn 300 590 4.5 (69%) 42.0 (31%) 16.1
CHT-ZnS:Mn 375 460 0.08 (92%) 2.89 (8%) 0.31
CHT-ZnS:Mn 375 590 0.13 (90%) 3.21 (10%) 0.44

aThe emissions from ZnS NPs (probing at 420, 460, and 590 nm)
were detected with a 300 and 375 nm laser excitation. Numbers in the
parentheses indicate relative weightage.

Figure 5. (a) Time dependent UV−vis spectral changes of methylene
blue (MB) in the presence of CHT-ZnS BNCs under UV-light
irradiation. (b) Plot of relative concentration (Ct/C0) versus
irradiation time for the degradation of MB (monitored at 655 nm)
is shown. The degradation is performed in the presence of BNCs:
CHT-ZnS (empty circle), CHT-ZnS:Mn (filled circle), Cys-ZnS
(empty triangle), Cys-ZnS:Mn (filled triangle), only CHT (empty
square), no catalysts (crossed). (c) Plot of Ct/C0 versus irradiation
time in the presence of CHT-ZnS (filled triangle) and CHT-ZnS:Mn
(filled circle) upon selective excitation with a 350 nm high-pass filter.
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without UV irradiation have only resulted in a negligible change
in the MB concentration. All the photodegradation curves were
found to follow a first-order exponential equation y = A
exp(−kt) + y0, and the kinetic parameters are represented in
Table 2. The percentages of total photodegradation (i.e., the

value of A in the first-order kinetic equation shown in Table 2)
are found to be enhanced in CHT-ZnS compared to Cys-
capped NPs. This observation clearly reveals the molecular
recognition of MB molecules by the ZnS-attached protein,
which can effectively host both ZnS and MB molecules;
consequently the electron transfer process is facilitated when
electron donor and acceptor molecules come to a close
proximity. It is to be noted that CHT contains amino acids with
aromatic rings in their side-chains which can act as hydrophobic
host sites where the organic dye MB (with aromatic rings) can
be incorporated efficiently.59 It is also revealed that the
photocatalytic activity of photocatalyst decreases upon Mn-
doping which is consistent with the fact that excited electrons
of ZnS can resonantly transfer their energy to the Mn2+ state via
nonradiative processes. As a consequence, in the presence of
Mn, excited electrons are unable to migrate from the ZnS
surface to perform the reduction of MB. In contrast, Cys is not
composed of hydrophobic aromatic rings in its side chain which
can provide efficient binding of MB molecules to facilitate the
electron transfer from ZnS to MB. Therefore, the photo-
catalytic activity itself becomes very poor for Cys-ZnS NPs
which decreased further with Mn-doping.
We have also performed the photocatalysis of MB under

selective below-band gap excitation of ZnS NPs to investigate the
role of surface trap states in the semiconductor. For this, a 350 nm
(3.3 eV) high pass (HP) filter was used to excite ZnS BNCs,
which effectively excite electrons to its trap states (below the band
gap) rather than exciting electrons to the conduction band of
the semiconductor (as evidenced by the PL study). From the
photodegradation of MB in the presence of ZnS and ZnS:Mn
BNCs with a 350 HP filter, it is clearly shown that no considerable
change in the absorbance peak at 655 nm takes place upon below-
band gap excitation (shown in Figure 5c). It reveals that the
electron transfer is not allowed from ZnS/ZnS:Mn to MB upon
direct excitation of electrons to the trap states in BNCs.
3.5. Irradiation Induced Luminescence Enhancement

(IILE) Effect of the BNCs. To investigate the efficacy of the
protein shell around the BNCs against the UV damage of the
encapsulated NPs, we have performed IILE studies under

different irradiance doses on both CHT and Cys-capped nano-
structures. Earlier, several mechanisms have been proposed to
explain the increase in quantum efficiency for UV-irradiated
ZnS:Mn NPs.60,61 More recently, the model32 involving the
migration of electrons fromthe ZnS band to the Mn2+ state is
found to be more acceptable and further justified by experimental
evidence.62 Being exposed under the UV irradiation, the
population of the surface quench centers of the NPs decreases
because of either photochemical or photophysical processes;
luminescence of Mn2+ ions is thus enhanced. The reported studies
on the IILE in a polymeric host matrixes and shell capping reveal
the minimum damages on NPs' surfaces.15,62 Our experimental
observations of the IILE detection wavelength (at 590 nm)63 from
various Mn-doped samples, as shown in Figures 6a−d, reveal

common temporal characteristics. At the beginning, the emission
intensity decreases following a plateau region and finally increases
monotonically. We have divided the IILE spectra of CHT and
Cys-capped NPs into three different zones, short-term degradation
(STD),64 plateau (stable) and IILE, respectively. It is obvious from
the figures that the stable zones for the Cys-capped NPs are
negligibly small compared to that of the CHT-capped BNCs

Table 2. Kinetics Parametersa for the Photodeterioration of
Methylene Blue (MB) in the Absence and Presence of ZnS

samples k (s−1)
total amount of degradation (A %)

(in 720 s) R2

Above Band-Edge Excitation
CHT-ZnS 4.5 × 10−3 94 0.95
CHT-ZnS:Mn 2.0 × 10−3 45 0.94
Cys-ZnS 1.9 × 10−3 41 0.90
Cys-ZnS:Mn 1.4 × 10−3 32 0.95
CHT 1.1 × 10−3 8 0.94
no catalyst 9.9 × 10−4 7 0.88

Below Band Gap Excitation
CHT-ZnS 1.1 × 10−3 10 0.92
CHT-ZnS:Mn 1.0 × 10−3 9 0.94

aKinetic constants (k), percentages of photoselective degradation (A),
and the regression coefficients (R2).

Figure 6. Dose-dependent IILE spectra of (a−b) CHT-ZnS:Mn and
(c−d) Cys-ZnS:Mn. The figures clearly demonstrate the individual
stable and damage zones of both the systems due to the IILE effect.

Scheme 2. Schematic Representation of a CHT-ZnS:Mn
BNC Revealing Its Multifunctional Nature Towards
Molecular Recognition, Efficient Photocatalysis, Active
Enzyme Catalysis, and Deep-UV Durability
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under similar UV exposure. In the first few seconds of UV
irradiation, a sudden drop of the initial intensity on a short time
scale (assigned as STD zone) was observed, for both Cys and
CHT-capped systems, which can be attributed, for the sudden
excitation the defect state oxygen in the conduction band act, as a
quenching source and equilibrated within few seconds. The
indications of surface damage of Cys-capped NPs at lower UV
doses (15 μW cm−2 dose and 75 μW cm−2) in the STD and IILE
processes are still observed (Figure 6d). A negligible damage of the
NPs in the BNCs under similar UV exposure (15 μW cm−2 and
75 μW cm−2 dose) is clearly evident from the Figure 6b. The
observation is consistent with the fact that enzyme has relatively
more protecting ability against the UV-induced photochemical/
photophysical damage on the surface NPs compared to that of the
Cysteine amino acid.

4. CONCLUSIONS
In this Article, we show that biomolecules and nanoparticles
can be linked to prepare a novel bionanocomposite that is able
to recognize and efficiently reduce target organic molecules.
A simple, fast, water-soluble, and green phosphine free colloidal
synthesis strategy has been developed for the preparation of multi-
functional protein (enzyme)-capped ZnS NPs with/without
transitional metal-ion doping. While HRTEM and XRD confirm
the crystallinity of the BNCs, CD spectroscopy clearly reveals the
structural detainment of the host enzyme. The enzymatic activity
of the as-prepared BNCs confirms functional intactness of the
enzyme to a certain extent. The photocatalytic study by probing an
organic dye in the presence of BNCs reveals the molecular
recognition of such dyes by the BNCs. The IILE experiments
demonstrate the protecting ability of the protein as a capping host
against the deep UV damage of the NPs. The overall functionality
of the synthesized BNCs is schematically represented in Scheme 2.
Our studies may find relevance in the use of water-soluble, stable,
enzyme-capped Mn-doped ZnS BNCs for photonic device and
bioimaging applications.
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