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ABSTRACT: An unprecedent one-pot photochemical method-
for the preparation of water-soluble and photothermal na-
nosized Cobalt(II/III)-oxide nanoparticles capped with β-cy-
clodextrin (β-CD/Co3O4) is here reported. This nanomaterial 
showed the ability to trigger a photothermal-induced enzy-
matic reaction and in-situ formation of gold nanoparticles. High 
water solubility and good photothermal conversion efficiency 
in a wide wavelength range make the β-CD/Co3O4 nanoparti-
cles promising candidates for photothermal applications in bi-
omedical field. 
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Photothermal nanostructured materials, due to the ability to 
convert absorbed light into heat,1 have received increasing at-
tention for various technological2 and biomedical applica-
tions,3 including photothermal disease treatment4 and photo-
thermal-triggered drug release.5 Cobalt oxides nanoparticles 
represent an interesting class of photothermal agents, because 
they possess intense absorbance in the visible and near-infra-
red regions with good photothermal conversion yield.6 Their 
preparation was carried out by using various techniques, in-
cluding hydrothermal and microwave-assisted methods, and 
thermal decomposition.7-9 All these methods need high pro-
cessing temperature, expensive instrumentation and use of re-
agents10. In contrast the photochemical synthetic approach of-
fers the main advantage to be reagent-free while allowing easy 
process control, particularly as regards the exposure time and 
intensity of exciting light. Furthermore, the precursor spectral 
properties can be used to tune size, morphology, and amount 
of the resulting nanostructures. In this scenario, thanks to the 
ability to form adduct and host-guest complexes with metal 
precursors, β-cyclodextrins (β-CD) were used as microreactors 
and capping agents for the preparation of stable water-soluble 
nanoparticles.11 The modification of the nanoparticle surface 

by β-CD coating can offer synergistic nanomaterials with novel 
performances, functions, and applications as photo-responsive 
nanocomposites12 and drug delivery systems.13 Recently, Lu 
and coworker demonstrated the peroxidase-mimicking perfor-
mance of cobalt oxide nanoparticles capped with β-CD for the 
colorimetric determination of ascorbic acid.14 The ability to in-
duce dual enzymatic and chemical reactions through the pho-
tothermal-effect is an appealing and still unexplored applica-
tion of nanomaterials. The light with its directionality and the 
nanomaterial site-specific formation permits to induce local-
ized reactions in a specific portion of a surface or solution.  

 

Scheme 1. Photochemical pathway for the β-CD/Co3O4 nano-
particles formation. In bracket the structures of the β-
CD/CoI(acac) intermediate and acac• radical species.  

Aimed by the above considerations, herein, it is reported an un-
precedent one-pot photochemical method for the synthesis of 

https://www.google.com/search?rlz=1C1GCEU_itIT884IT884&sxsrf=APq-WBtTAKAbwgu9OkuT6k4Ur_B9Fi-vtQ:1645304482555&q=via+Santa+Sofia&stick=H4sIAAAAAAAAAONgVuLWT9c3LCk2K7RISlrEyl-WmagQnJhXAiTz0zITAU0PQZIhAAAA&sa=X&ved=2ahUKEwj4ievp1Iz2AhWQN-wKHYyKCLAQmxMoAXoECCkQAw


 

water soluble Cobalt(II/III) oxide nanoparticles capped with β-
CD (β-CD/Co3O4) and their potential as photothermal agents 
for photothermal-induced enzymatic reaction and in-situ for-
mation of gold nanostructures. The water soluble and photo-
thermal β-CD/Co3O4 nanoparticles were prepared by photo-
chemical reaction of β-CD-CoII(acac)2 adduct in aerated aque-
ous solution upon UV light (254 nm) exposition (Scheme 1). 
Firstly, the interactions between the β-CD and the CoII(acac)2 
precursor were widely investigated and demonstrated by UV-
Vis spectrophotometry, DLS and Z-potential analysis. Optical 
absorption spectra showed an increase of the sharp band cen-
tered at 291 nm and a broad band centered at 490 nm related 
to the π→π* intra-ligand absorption and metal-ligand charge-
transfer band (LMCT), respectively (SI). The intensity of the 
bands augmented by increasing the β-CD amount due to the 
formation of a β-CD-CoII(acac)2 inclusion complex, as recently 
described by Bai and co-workers.15 DLS investigations showed 
that native β-CD in aqueous solution forms self-associated 
nanoaggregates with a broad distribution hydrodynamic size 
value of 191 ± 80 nm. As expected, in the presence of Co(acac)2 
an increase of the hydrodynamic size value to 368 ± 40 nm sug-
gested the formation of a β-CD/Co(acac)2 adduct.15 Z-potential 
analysis indicated that the formation of the β-CD/Co(acac)2 ad-
duct occurs without ligand exchange reaction. Indeed, the Z-po-
tential value for β-CD native nanoaggregates (-21.0 ±2.9 mV) 
did not drastically change after the β-CD/Co(acac)2 complex 
formation (-20.0 ± 1.3 mV). Additional data to confirm the β-
CD/Co(acac)2 complex formation and in particular the interac-
tions of the Co center with the hydroxyl group of β-CD external 
ring were obtained by DFT calculation. The electronic energy 
calculated for the external complex was 21.17 kcal/mol lower 
than the internal one (SI).  
Upon UV irradiation, the acac ligand in β-CD/Co(acac)2 adduct 
is excited to the triplet state T1*(π π*), which is involved into 
the photochemical reactions through a LMCT. The potentials 
values of the triplet excited state T1* for ketones and enol 
structures were -1.933 and -2.361 V vs NHE), respectively.16 
Based on these values the T1* could induce the reduction Co(II) 
→ Co(I) (EredCo(II/I) ~ -0.4V vs SHE). Modelling simulation indi-
cated that the formation of the intermediate β-CD/CoI(acac) 
species, where the Co-center would be coordinated to one acac 
and two oxygen atoms of adjacent hydroxyl groups of the β-CD 
ring, is energetically favorited of 36.47 kcal/mol compared to 
isolated β-CD and CoI(acac) components.17-18 Moreover, the 
calculated absorption spectra highlighted an intense sharp ab-
sorption centered at 254 nm and a broad absorption band at 
391 nm (Figure 1).  

 
Figure 1. Modelling simulation structure and calculated ab-
sorption spectrum for β-CD/CoI(acac). 
 
The analysis of the electronic transitions showed that the main 
contribution to the band at 254 nm involves the HOMO 

(α)→LUMO (α) transition (oscillator strength = 0.222). Accord-
ing to the shape of the molecular orbitals (Os) this absorption 
can be attributed to a π→π* (intra-ligand) transition. While, the 
lower energy bands (391 nm) consist of two main contributes, 
HOMO (β) → LUMO +12 (β) and HOMO (β) → L+16 (β) transi-
tions, mainly related to π → d transitions (LMCT) between acac 
ligand and Cobalt center (Figure 4B). Alle these data indicate 
that the β-CD/CoI(acac) can efficiently absorb the excitation 
light at 254 nm inducing an intra-ligand transition. The excited 
state T1*(ππ*) of the acac ligand in β-CD/CoI(acac) can induce 
the reduction of Co(I) to Co(0) resulting in the formation of a me-
tallic cobalt core (β-CD/Co). This plausible pathway was also 
suggested by the favorable reduction potential value of 
Co(I)/Co(0) (Ered ~ -0.8V vs SHE).18-19 In aerated condition, the 
metallic Cobalt core (β-CD/Co) is then oxidized into Co3O4 na-
noparticles capped with β-CD as indicated by NMR, TEM and 
HRTEM analyses, while the photogenerated acac• radical spe-
cies further reacts with O2 and H2O to generate side-product as 
indicated by spectroscopic investigation and as described by 
Wu et al.20 
Figures 2A and 2B illustrate the optical absorption spectral 
changes of β-CD-CoII(acac)2 in aerated and deaerated aqueous 
solution respectively, upon UV irradiation at different exposure 
time (0, 5, 10, 15 and 25 min).  

 
Figure 2. Optical absorption changes of β-CD/Co(acac)2 aque-
ous solution upon UV-light irradiation in aerated (A) and de-
aerated (B) conditions. Optical absorption changes in the visi-
ble region for the aerated sample (inset A) and photoconver-
sion rate (%) for the aerated and deaerated samples (inset B). 



 

 
The UV-vis spectra of the aerated samples show a strong de-
crease of the π→π* intra ligand-band (291 nm), related to the 
photodegradation of the β-CD-CoII(acac)2 and an increase of the 
absorbance in the range from 400 to 800 nm (inset Figure 2A) 
plausibly due to the formation of the β-CD-capped cobalt oxide 
nanostructures, characterized by a strong absorption in the vis-
ible region. Interestingly, the absence of an absorption band be-
low 280 nm suggested that after the photoexcitation the neo-
formed acac• species is rapidly converted in side-products. The 
photochemical reaction performed in deaerated condition (Fig-
ure 2B) showed a lower photoconversion rate than that ob-
tained in aerated condition. As depicted in the inset in figure 
2B, after 25 min of UV exposure, about the 100 % of aerated β-
CD-CoII(acac)2 sample was photoconverted into the final prod-
ucts. Contrary, after 25 min only the 25-30 % of deaerated β-
CD-CoII(acac)2 was photoconverted. Since the acac• radical spe-
cies was not rapidly removed, it can promote the reoxidation of 
Co+ → Co++, resulting in a lower photochemical conversion rate. 
 
The brown-green dispersion obtained by UV light exposure of 
the β-CD/Co(acac)2 solution in aerated conditions was purified 
by dialysis in water for 12 hours. The so-obtained green disper-
sion of β-CD/Co3O4 (SI) was fully characterized and tested. Fig-
ure 3A shows the optical absorption spectrum of the water dis-
persed β-CD/Co3O4 nanoparticles. The first band in the 300-
500 nm range was assigned to the O2- → Co2+ charge transfer 
process while the second at higher wavelength (500-900 nm) 
was consistent with O2- → Co3+ charge transfer.21 These two ab-
sorption bands indicated the copresence of Co2+ and Co3+ in the 
sample, as reported in literature.22 This data was corroborated 
by the simulated optical absorption spectra calculated for the 
β-CD/CoII/III system (SI). The optical band gap energy (Eg) can 
be determined from the absorption spectra using the equation 
(Asshυ)2 = K (hυ-Eg), where Ass is the absorbance coefficient, 
hυ is the photon energy in eV and Eg is the energy band gap in 
eV (Figure 3A). Two band gaps for β-CD/Co3O4 nanoparticles 
were estimated, Eg1= 2.59 eV (corresponding to valence to con-
duction band transitions) and Eg2= 4.39 eV (corresponding to 
the O2− → Co3+ transitions).22 The Eg values here obtained are 
greater than those proposed for Co3O4 nanostructures by other 
authors21,23 due to the smaller size of the β-CD/Co3O4 nanopar-
ticles.24 Figure 3B presents representative cyclic voltammetry 
curves for β-CD/Co3O4 measured in a 0.1 M KOH (scan rate of 
10 mV s-1). The analysis revealed two distinct pairs of redox 
peaks (I and II), with a broad redox background (black line). 
The redox peaks correspond to the reversible conversion be-
tween different cobalt oxidation states. In particular, the first 
redox peak is ascribed to the redox reaction of Co2+/Co3+ and 
the second redox peak corresponds to the conversion of 
Co3+/Co4+ as widely reported in literature for Co3O4 nanostruc-
tures25-28. As reference the CV analysis for 0.01M β-CD (in 0.1 
M KOH scan rate of 10 mV s-1) was performed (red line). 
To confirm this data, additionally CV experiments for the pre-
cursor Co(acac)2 were performed (0.1 KOH, scan rate 10mV sec 

-1). The results clearly indicate the presence of a single peak as-
cribed to the redox reaction of Co2+/Co3+ (SI). 
The TEM analysis revealed sphere-like nanoparticles (Figure 
3C) with mean diameter of 4.9 ± 1.4 nm and narrow size distri-
bution in the range 2-10 nm (SI), surrounded by a carbon na-
nosized layer, which can be reasonably assigned to the β-CD 
coating. The lattice resolved HRTEM images, revealed the pres-
ence of a crystalline species with d-spacing values of about 2.3 
Å and 3.7 Å, attributable to the Co3O4 spherical nanoparticles 
(SI).24 The presence of Cobalt species in the product β-
CD/Co3O4 was also confirmed by EDX investigation (SI). The 
molar ratio of Co and O is 43.8:56.1 (∼3:4), within the experi-
mental error, which is consistent with the composition of 
Co3O4. The Z-potential investigations revealed the presence of 
no-charged β-CD/Co3O4 nanostructures, with Z-potential value 
of + 1.74 ± 3.3 mV. The formation of β-CD/Co3O4 nanoparticles 
was corroborated by 1H-NMR spectra that showed the pres-
ence of β-CD signals in the dialyzed sample (Figure 3D). Com-
pared with the typical β-CD proton spectrum, the β-CD proton 
signals in the cobalt oxide nanoparticles showed a small upfield 
shift (Δδ 0.013-0.028 ppm range) and broadening consistent 
with the proximity to the Co3O4 core that as a paramagnetic 
metal center may induce shifts and line-broadening in NMR sig-
nals. As a support, no broadening of the β-CD signals was ob-
served when an excess of Co(acac)2 was added to the aqueous 
solution of β-CD. Moreover, according to the experimental data, 
computational simulation of the 1H-NMR spectrum showed a 
small upfield shift for the β-CD signals in the β-CD/CoII nano-
particles (SI).  
Photothermal materials with intense light absorption are nec-
essary for high-performing photothermal applications. As 
shown in Figure 2, the prepared β-CD/Co3O4 nanoparticles ex-
hibit large absorption bands for wavelength range from 300 to 
900 nm, with absorption intensity high enough to lead to pho-
tothermal conversion efficiency into all wavelength range. 
Thus, three different wavelengths (808, 532 and 405 nm) were 
chosen to evaluate the photothermal effects of the investigated 
material. As expected, the β-CD/Co3O4 nanoparticles showed 
good photothermal conversion efficiency (η), with photother-
mal effect dependent on concentration, wavelength, and laser 
power (SI). Based on the data recorded, the light-driven photo-
thermal conversion efficiencies were: η808nm = 35.2 %, η532nm = 
38.5 % and η405nm = 45.4%, these values are high enough for 
various photothermal applications6. The effective photother-
mic effect in the 405-808 nm wavelength range, demonstrates 
the good versatility of the β-CD/Co3O4 nanoparticles. Accord-
ing to the conventional photothermal mechanism for semicon-
ductors, upon photothermal excitation, electron–hole pairs are 
formed with bandgap-like energy (2.59eV). The excited elec-
tron finally returns to low-level states by various process in-
cluding a no-radiative-relaxation that causes the increase of 
temperature of nanomaterial lattice. 
  



 

 
 
Figure 3. β-CD/Co3O4 nanoparticles characterization: A) optical absorption spectra (inset optical band gaps); B) Cyclic voltammo-
gram (CV) curves for β-CD/Co3O4 (black line) and 0.01 M β-CD (red line) in 0.1M KOH scan rate 10mV sec-1; C) representative TEM 
image at 10 K. for β-CD/Co3O4; D) 1H NMR spectra (400 MHz, D2O, 297 k) in the range 6.0-3.0 ppm of β-CD (5 × 10-3 M, bottom), β-
CD/Co(acac)2 (5 × 10-3 M/7 × 10-3 M, middle), and β-CD/Co3O4 (top). 
 

To assess the ability of β-CD/Co3O4 nanoparticles to promote a 
photothermal-induced enzymatic reaction, the conversion of 
phenylalanine to phenylpyruvate, catalyzed by Phenylalanine 
Dehydrogenase (PDH) in the presence of NAD+ cofactor, was 
chosen as reaction model (reaction 1, SI). The produced NADH 
induced the in-situ formation of gold nanoparticles (reaction 2, 
SI). The reactions 1 and 2 were performed in the presence of β-
CD/Co3O4 nanoparticles as photothermal agents. Upon expo-
sure to CW laser (532 nm, power 0.123 W cm-2), the tempera-
ture of the sample increased from room temperature (24 ± 1.0 
°C) to 37.1 ± 1.5 °C in few minutes (Figure 4A). The photother-
mal excitation was maintained for 30 min. The occurred reac-
tion 1 was spectroscopically confirmed by the formation of 
NADH through the typically absorption band centred at 340 nm 
(Figure 4C). After that, an aliquot of transduction reagent 
(AuCl4-/surfactants/seeds) was added to the mixture and the 
laser power was increased to 0.305 Wcm-2. In this condition the 
temperature solution increased to a value of 61. ± 1.6 °C (Figure 
4A). The photothermal excitation was maintained for 40 
minutes. In the reaction 2 the photothermal effect induced the 
in-situ reduction of AuCl4- to Au0 nanoparticles, spectroscopi-
cally detectable by the formation of the typically localized sur-
face plasmon resonance band centred at 543 nm (Figure 4D). 
The inset in figure 4B shows that the absorbance values at 543 
nm increase upon exposure to laser excitation. After about 65 
min of light exposition, the temperature of the sample raised-
up above 60 °C due to the neo-formed Au0-nanoparticles, 

whose absorption at 532 nm promotes an additional photo-
thermal effect (Figure 4A). The so-prepared β-CD/Co3O4 nano-
particles did not show mimicking-PDH activity, the main role of 
these nanostructures was to induce heating of the reaction me-
dium by a photothermal effect, upon green-light excitation. In-
deed, no appreciable increase in absorbance at 340 nm (NADH 
formation) was observed for the experiments conducted in the 
absence of PHD enzyme. Moreover, the enzymatic NADH for-
mation rate was not influenced by the presence of βCD-Co3O4, 

indeed the same rate was observed when the enzymatic reac-
tion was performed in dark condition (SI) and standard heating 
with and without nanostructures. This indicated that the βCD-
Co3O4 do not altered the PHD enzyme acitivity. Moreover, no 
appreciable increase in absorbance at wavelength values of 
340 nm and 534 nm, as well as no increase of temperature were 
recorded for the black-reference reactions performed radiating 
an aliquot of sample in the absence of β-CD/Co3O4. The main 
novelty of the of β-CD/Co3O4 nanoparticles as photothermal 
agents for biochemical/chemical reactions are: (i) the high bi-
ocompatibility due to the β-CD capping-layer which avoids the 
enzyme-nanomaterial interactions, that are the main cause of 
enzyme conformation changes, and (ii) photothermal response 
in a wide wavelength range, that permits the use of this nano-
materials in a huge of applications. Depending on the applica-
tion, a limitation could be, the poor stability of the nano-
material at extreme pH working conditions. 



 

o 
 

 

 
 
Figure 4. Photothermal-induced enzymatic reaction experiments: A) temperature profile for reaction 1 and 2 upon laser exposure; 
B) representative thermographs of the mixture during photoexcitation; C) Optical absorption changes for reaction 1, in the inset the 
increase of the absorption at 340 nm; and D) Optical absorption changes for reaction 2, in the inset the increase of the absorption at 
543 nm. 
 
Developing simple and reagent-free new methods to prepare 
water soluble photothermal nanomaterials is important for fu-
ture applications in biochemistry and nano-sciences. This work 
reports a novel, simple, and well-controlled method for the 
one-pot photochemical synthesis of photothermal β-CD/Co3O4 
nanoparticles in aqueous solution, without using reducing and 
photosensitizer agents. UV-photons (254 nm) and air are the 
only “reagents” used to convert the Co precursor to Cobalt ox-
ides in the presence of β-cyclodextrin as capping agent. This is 
an advantage compared to the unique example present in liter-
ature of β-CD/Co3O4 nanoparticles formed from cobalt nitrate 
and sodium hydroxide endowed with enzyme-mimetic activity. 
The good photothermal conversion efficiency in a wide wave-
length range (405-808 nm), water solubility and nanosize (di-
ameter 4.9 ± 1.4 nm). make the here synthesized nanomaterial 
appealing for a variety of applications including the photo-in-
duction of enzymatic reactions. Here, we have demonstrated 
that the β-CD/Co3O4 nanoparticles are able to trigger dual pho-
tothermal reactions like the enzymatic PHD activity and in-situ 

gold-nanoparticles formation in aqueous media. Very few ex-
amples of photothermal-triggered enzymatic reactions are pre-
sent in literature, they include activation of lipase by titanium 
derivate nanosheets29 and laccase by AuNPs.30 Therefore, to 
the best of our knowledges, the here reported nanomaterial is 
the first example of β-CD/Co3O4 nanoparticles synthesized by a 
photochemical approach and capable to trigger dual photo-
thermal reactions in aqueous medium. These features encour-
age the use of the β-CD-Co3O4 nanoparticles as promising pho-
tothermal agents to promote enzymatic reactions in various bi-
osensing applications as photothermal-assisted DNA amplifica-
tion and photothermal-induces DNA hybridization.  
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