
Contents lists available at ScienceDirect

Ultrasonics - Sonochemistry

journal homepage: www.elsevier.com/locate/ultson

High-performance sono/nano-catalytic system: Fe3O4@Pd/CaCO3-DTT
core/shell nanostructures, a suitable alternative for traditional reducing
agents for antibodies

Reza Taheri-Ledaria, Ali Malekia,⁎, Ehsan Zolfagharia, Maral Radmanesha, Hodjattallah Rabbanib,
Ali Salimib, Ramin Fazelc

a Catalysts and Organic Synthesis Research Laboratory, Department of Chemistry, Iran University of Science and Technology, Tehran 16846-13114, Iran
bMonoclonal Antibody Research Center, Avicenna Research Institute, ACECR, Tehran, Iran
c Livogen Pharmed, Research and Innovation Center, Tehran, Iran

A R T I C L E I N F O

Keywords:
Antibody reduction
Dithiothreitol
Herceptin
Magnetic nanoparticles
Sonochemistry
Synergistic catalytic effect

A B S T R A C T

Herein, a novel heterogeneous nanoscale reducing agent for antibody cleavage, made of iron oxide nano-
particles, silica network, palladium on calcium carbonate (10%), and dithiothreitol (Fe3O4@Pd/CaCO3-DTT), is
presented as a substantial alternative for traditional homogeneous analogues. Conventionally, antibody frag-
mentation is accomplished using reducing agents and proteases that digest or cleave certain portions of the
immunoglobulin protein structure to provide active thiol sites for drug tagging aims. Then, dialysis process is
needed to separate excess chemical structures and purify the reduced antibody. In this work, we have made an
effort to design a suitable heterogeneous tool for protein cleavage and skip the dialysis process for purification of
the reduced antibody. In this regard, firstly, various preparation methods including microwave irradiation, re-
flux and ultrasonication have been precisely compared, and it has been proven that the best result is obtained
through 10min ultrasound (US) irradiation using an US bath with 50 KHz frequency and 200W L−1 power
density. Then, all the necessary structural analyses have been done and thoroughly interpreted for the final
product. Afterward, the catalytic performance of Fe3O4@Pd/CaCO3-DTT nanoscale system in the presence of US
waves (50 KHz, 200W) has been monitored using some disulphide derivatives. The NPs could be conveniently
separated from the mixture through their substantial paramagnetic property. Thus, dialysis process in which
various types of membranes are used is practically jumped after the reduction process. In this work, this is clearly
demonstrated that there is a constructive synergistic effect between US waves and prepared Fe3O4@Pd/CaCO3-
DTT nanoscale reducing agent. Ultimately, trastuzumab (anti HER-2) antibody has been used to test the per-
formance of the prepared Fe3O4@Pd/CaCO3-DTT NPs in a real protein reduction reaction.

1. Introduction

Recently, attentions to conjugated drugs, which are constructed of a
biosynthetic protein chain and a chemical structure, has been increased
due to their higher efficacy and lower negative side effects than the
chemical agents [1,2]. This category of high-tech pharmaceuticals are
widely studied nowadays. According to the final structure of this gen-
eration of therapeutic agents, amide, disulfide, ester or thioester con-
nections are employed at the main site of conjugation [3]. One of the
well-known species of the protein-conjugated drugs, is antibody-drug
conjugates (ADCs) that are mostly used for cancer-targeted therapy [4].
To prepare an ADC, amine group (coming from side chain of lysine) and

thiol group (coming from cysteine), provide appropriate chemical ac-
tive sites for biochemical conjugation [1–4]. Site-specification is also
considered as another strategy which could provide various new sites
for conjugation reactions [5]. Since, there are several disulfide bonds in
the antibody’s framework, several thiol sites could be resulted from
reducing the antibodies, as the proper active sites for the conjugation.
For this purpose, a partial reduction of S–S bonds by a mild reductant
such as dithiothreitol (DTT) (Cleland’s reagent), tris-(2-carboxyethyl)
phosphine (TCEP) and 2-mercaptoethanol is needed [6,7]. Then, some
purification processes like dialysis is needed to separate the reductant
from discrete antibodies [8].

Functionalized iron oxide nanoparticles (Fe3O4 NPs) are extremely
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used as considerable heterogeneous nanoscale catalysts in chemical and
biochemical reactions, due to their magnetic core and shells with
functionalization capability [9,10]. One of the most efficient methods
for surface functionalization of NPs is ultrasonication that provides a
proper driving force for chemical reactions and gives us more satisfying
results about physical properties of desired product [11–13]. This field
of study also investigates the effect of ultrasound (US) waves on uni-
formity of the new layers loaded onto the surface of NPs [14]. In ad-
dition, both morphology and particle size of the modified NPs are well
controlled via ultrasonication in comparison with other methods. Thus,
in this work, ultrasonication was used as an eco-friendly and convenient
procedure for the fabrication of the uniform NPs. The first and foremost
reason for using the US irradiation, instead of other methods such as
microwave (MW) and stirring under reflux condition is that the other
approaches do not give us the acceptable results. For instance, Mak-
tedar, et al. compared US irradiation with stirring method to prepare
graphene oxide, and found out that more desirable result is obtained
using US wave irradiation. In addition, they achieved desired products
in shorter times without using additive hazardous compounds [15]. As
another sample, Liu, et al. have compared ultrasonication with stirring
in production of polyaniline by using various analyses such as X-ray
diffraction, energy dispersive X-ray and transmission electron micro-
scopy [16]. The obtained results implied that the crystallinity of poly-
aniline produced via ultrasonication was considerably higher than that
produced via the stirring. Ultrasonication is cheaper, faster and more
effective method for preparation of heterogeneous NPs in liquid phase
in comparison with other methods. From physical aspect, ultrasonica-
tion creates an effective vibration that can form a monodispersed het-
erogeneous mixture and inhibit aggregation of the particles. From
chemical aspect, high-energy bubbles created by US waves (cavitation)
into a water bath provide the required energy for reactants to occur a
chemical reaction [17]. This phenomenon occurs when the fast vibra-
tion of the probe produces numerous bubbles in micro-scale.

In this study, firstly, we present a novel strategy for preparation of
DTT-functionalized silica coated Fe3O4 NPs (Fe3O4@Pd/CaCO3-DTT)
via ultrasonication, then its application is precisely investigated for S–S
bond reduction. A precise comparison between the different methods
has been made for preparation of the nanocomposite and this is de-
monstrated that ultrasonication is the most efficient method for this
purpose. In this regard, an ultrasonic bath with frequency 50 KHz and
power density 200W L−1 has been suitably applied. Then, to show high
catalytic performance of Fe3O4@Pd/CaCO3-DTT nanocomposite, in-
itially a model reaction of S–S reduction by the prepared heterogeneous
nano-reductant was executed using diphenyl disulfide, and the optimal
conditions was indicated. Afterward, the catalytic performance Fe3O4@
Pd/CaCO3-DTT has been more investigated using different disulfide
derivatives such as bis(4-chlorophenyl) disulfide and bis(4-methyl-
phenyl) disulfide. Finally, the catalytic activity of the novel designed
reducing agent is monitored in a real antibody reduction on trastu-
zumab (Herceptin) antibody which is an IgG1 monoclonal antibody.
The characterization of the desired nanoscale product such as general
structure, size and morphology, surface functionalization ratio, mag-
netic property, biological features and crystal pattern were compre-
hensively investigated, as well. This novel nano-organocatalyst could be
a substantial alternative for homogeneous S–S bond reducing agents
through its significant properties. By using this product, dialysis process
is eliminated after reduction of antibodies and they would be easily
purified by using an external magnet. Here, to prepare the Fe3O4@Pd/
CaCO3-DTT NPs, a convenient strategy is presented in which palladium
deposited on calcium carbonate (Pd/CaCO3), known as Lindlar catalyst,
and US waves are employed. Also, through the precise comparisons,
this has been disclosed that there is a great synergistic catalytic effect
between the fabricated Fe3O4@Pd/CaCO3-DTT NPs and US waves.

2. Results and discussion

2.1. Preparation

To initiate our study, Fe3O4 NPs were synthesized according to the
literature [18]. Firstly, iron salts were dissolved in distilled water at
80 °C. Then, ammonia solution was added dropwise until pH=12 was
achieved. Dark particles of Fe3O4 were collected by an external magnet
in the bottom of the flask and were washed for several times with
distilled water and ethanol. From here onwards, to obtain more uniform
particles and also to inhibit the agglomeration of the particles, the
preparation process was continued by US waves. In the next stage,
Fe3O4 NPs were coated by silicate network by using of tetraethyl or-
thosilicate (TEOS). A TEOS solution (20 wt%) were dropwise added to
the finely dispersed mixture of Fe3O4 NPs in polyethylene glycol (PEG-
300), distilled water and ethanol, during sonication [19–21]. Light
brown silica-coated iron oxide NPs (Fe3O4@SiO2) were magnetically
collected, washed and dried at 40 °C.

Lindlar catalyst is a heterogeneous catalyst that is formed from
palladium deposited on calcium carbonate then poisoned with various
forms of lead or sulphur, and used for hydrogenation of alkynes to al-
kenes [22]. As an advanced form of this reagent, palladium NPs were
prepared and immobilized on calcium carbonate, then was used for
coupling reaction through the presence of palladium NPs. This type of
Pd particles help us to have monodispersed Pd particles on a substrate
and use them for various aims without need to design difficult strate-
gies. The electronic interactions with oxygen atom is considered as one
the most important properties of Pd, as well [23,24]. In this work, Pd
NPs were simultaneously prepared and immobilized on calcium car-
bonate via US wave irradiation, because we needed an appropriate
resource to provide driving force for both production and immobiliza-
tion with acceptable uniformity onto the surface of Fe3O4@SiO2 NPs. In
this regard, different methods such as reflux condition, high tempera-
ture and pressure into an autoclave and MW irradiation were also ex-
perimented, and the obtained results were compared with US-assisted
method (Table 1). The obtained results exhibited that the core/shell
structure of Fe3O4@SiO2 NPs was damaged at high temperatures, and
MW was not an appropriate method due to its low performance.
Therefore, as the next stage of preparation process, we have used Pd/
CaCO3 to execute a convenient and high performance core-coating
method that was implemented by US waves. In this regard, Fe3O4@SiO2

core/shell NPs were well dispersed in dry tetrahydrofuran (THF) by
ultrasonication, then Pd/CaCO3 were added and the mixture was put
into an US bath. Time, temperature and frequency are three main fac-
tors in NPs coating reactions that were carefully monitored to obtain
the optimum conditions by investigating Fourier-transform infrared

Table 1
Comparison of the different methods for preparation of Fe3O4@SiO2@Pd/
CaCO3 NPs.

Entry Method Temp. (oC) Conditions Time (h) W (%)
of Sa

1 Reflux 64 THF 12 3.8
2 Autoclave 150 DMF 12 1.2
3 MW irradiation – THF / P: 300b 1 0.8
4 Ultrasonication 0–5 THF / F: 50 KHz,

PD: 200W
2 4.5*

* Optimum condition by considering particle size, uniformity, mono-
dispersity, morphology and surface functionalization ratio (W% of sulfur ele-
ment).

a Weight percentage obtained from EDX and CHNS analyses (Tables S1 and
S2 in the SI section).

b A conventional microwave oven at a power (P) of 300W was used; Temp.:
temperature; MW-P: MW irradiation power; F: ultrasonication frequency (KHz),
PD: ultrasonication power density (W/L), US bath was used for all of the ul-
trasonication steps; All the reactions were carried out under N2 atmosphere.
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(FT-IR) and energy dispersive X-ray (EDX) spectroscopic methods. Next,
Fe3O4@SiO2@Pd/CaCO3 NPs were magnetically collected and washed
for several times with THF. As the last step of the preparation process,
Fe3O4@SiO2@Pd/CaCO3 NPs were well dispersed in dry ethanol by
using the US bath, then a solution of DTT (0.1M in dry ethanol) was
added dropwise to the mixture over 20min during ultrasonication
(Scheme 1). It should be noted that low temperature and neutral at-
mosphere are two essential factors at this stage, due to the instability of
DTT. The prepared desired product was immediately used in disulfide
bond reduction.

2.2. Characterization

2.2.1. FT-IR study
FT-IR spectra of the produced samples were investigated step by

step. As they can be seen in the Fig. 1, the peak related to the stretching
vibration of Fe–O bond at ~580 cm−1 is observed in the all spectra
(a–e). New appeared peaks at ~800, ~940 and ~1100 cm−1 coming
from the stretching vibrations of Si–O, SiO–H and Si–O–Si bonds, re-
spectively, confirm the formation of the silica network around the
magnetic core (spectra b, c and e) [18–20]. Actually, the spectra (c) and
(d) show a comparative result obtained via two different methods, ul-
trasonication and reflux, respectively. From these spectra, it can be
easily deduced that the silica network that coated the magnetic core is
damaged under reflux conditions. This happening is proven by an in-
tense drop in the peaks related to the silica network at the mentioned
areas (spectrum d). However, the absorption peaks of CO3

2− at ~855,
~1082 and ~1455 cm−1 are reported to be the common specific peaks
of the CO3

2− in CaCO3. In the spectra c–e, a sharp peak at ~855 cm−1

is assigned as symmetric stretching, and the peak at ~1082 cm−1,
which is in overlapping with the appeared peak at ~1100 cm−1,
coming from the silica network and is assigned as out of-plane bending
modes of CO3

2−. A broad peak at ~1455 cm−1, assigned as asymme-
trical stretching vibration of O–C–O, confirmed the existence of CO3

2−

onto the surface of core/shell NPs, as well. Finally, the presence of DTT
is confirmed by appeared weak peaks at 2509 cm−1 that belongs to
thiol groups (spectrum e). The absorption peak related to stretching
vibration of C–H bonds with sp3 hybridation in the DTT structure, is
covered by broad peak of superficial –OH groups.

2.2.2. EDX study
Elemental analysis on the Fe3O4@SiO2@Pd/CaCO3 NPs were done

before and after functionalization with DTT. The resulted energy dis-
persive X-ray (EDX) spectra have been shown in Fig. 2. As it can be seen
in spectrum (b), the signal related to sulfur element was appeared at
~2.25 Kev after carrying out the US-assisted surface functionalization
with DTT. In addition, the signal intensity of carbon atom was increased
after DTT functionalization. Also, the existence of other elements such
as oxygen, iron, silicon, calcium and palladium were proven by this
method.

2.2.3. Microscopic imaging study
Field-emission scanning electron microscopy (FESEM) images of

both resulted products from ultrasonication and reflux methods have
been illustrated in Fig. 3. As can be seen in image (a), despite the ex-
istence of the strong magnetic property, very uniform and mono-
dispersed Fe3O4@SiO2 NPs were obtained via ultrasonication. Ob-
viously, well-separated NPs provide wider active surface areas for
catalytic applications. Subsequently, well-coated NPs by Pd/CaCO3

with great spherical morphology were obtained via the same method,
as illustrated in image (b). Surface roughness also revealed that Pd/
CaCO3 powder have been well distributed onto the Fe3O4@SiO2 NPs
surfaces (image c). In contrast, the particle accumulation has been oc-
curred over a longer reaction time under reflux conditions (image d).
This intense condition causes a deformation in the spherical shape and
also in core/shell structure of Fe3O4@SiO2 NPs. However, agglomera-
tion is always considered as a negative feature for catalytic systems
because the catalytic performance would be declined through blocking
the active sites. In the other words, more active surface area would be
available when NPs are well dispersed and in a uniform size. Moreover,
the average particle sizes ca. 42 nm and ca. 47 nm were obtained for the
Fe3O4@SiO2 NPs resulted from ultrasonication and reflux methods,
respectively (diagrams e). This evaluation on the particle size was
performed for 30 particles by Digimizer software. As presented by the
size distribution diagrams (Fig. 3e), resulted product from ultra-
sonication method has more focused in a limited range of 35–45 nm
that confirms well uniformity of the fabricated NPs in comparison with
the reflux method. The mean size of the fabricated Fe3O4@Pd/CaCO3-
DTT NPs has also been investigated and ca. 70 nm was determined,

Scheme 1. Preparation route of Fe3O4@Pd/CaCO3-DTT NPs, US frequency: 50
KHz and power density 200W was applied in an ultrasonic bath.

Fig. 1. FT-IR spectra of (a) Fe3O4 NPs, (b) Fe3O4@SiO2 core/shell NPs, (c)
Fe3O4@SiO2@Pd/CaCO3 NPs synthesized via ultrasonication, (d) Fe3O4@
SiO2@Pd/CaCO3 NPs synthesized under reflux condition, and (e) Fe3O4@Pd/
CaCO3-DTT NPs via ultrasonication.
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which is more investigated by dynamic light scattering method in the
solution phase.

2.2.4. Dynamic light scattering study
Intensity-based dynamic light scattering (DLS) measurement prove

that despite including a strong magnetic behavior, the finely dispersed
Fe3O4@Pd/CaCO3-DTT NPs are produced via ultrasonication method.
As shown in Fig. 4, a sharp peak with low polydispersity index (PDI) has
been appeared in the related spectrum of US-assisted prepared NPs.
Additionally, this is confirmed that no particle accumulation is occurred
in the solution phase. The mean size of ca. 70 nm is also verified for the
fabricated Fe3O4@Pd/CaCO3-DTT NPs. This is also exhibited that no
desirable result has been obtained from MW irradiation method. This is
obtained from a peak appeared at ca. 225 nm that show large sizes of
the particles with higher PDI in rather than the US’s product. However,
this is disclosed that the worst result was obtained via reflux method
because two different peaks with high PDIs (1.3) were observed at ca.
150 and 370 nm. These peaks (specially the second one) clearly reveal

that abundant accumulations have been occurred for the NPs in the
solution phase and even probe-type ultrasonicator (10min) could not
cleave them.

2.2.5. XRD study
X-ray diffraction (XRD) pattern of Fe3O4@SiO2@Pd/CaCO3@DTT

NPs was prepared and compared with the obtained patterns of Pd/
CaCO3 and DTT as the standard materials, as presented in Fig. 5. In
accordance with our expectation, no similarity to XRD pattern of Pd/
CaCO3 powder (pattern b) was observed for the produced desired
product (pattern a). In contrast, the pattern was dramatically similar to
DTT pattern (pattern c). It can be easily deduced that the surface of
Fe3O4@SiO2@Pd/CaCO3 NPs have been well covered by DTT through
the electronic interactions between Pd(II) and oxygen atoms. It means
that they are well distributed onto the surface of silica-coated iron oxide
NPs through applying US waves and positive interactions between si-
licon and oxygen atoms present in the silica network and Lindlar agent
structures, respectively.

Fig. 2. EDX spectra of (a) Fe3O4@Pd/CaCO3 NPs and (b) Fe3O4@Pd/CaCO3-DTT NPs NPs, and EDX images of Fe3O4@Pd/CaCO3-DTT NPs, synthesized via ultra-
sonication.
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2.2.6. VSM study
One of the most important advantages of surface-functionalized iron

oxide NPs with organic reagents in comparison with their pure organic
analogues, is that they are easily separated from the reaction mixture
without any need to complex separation processes like dialysis.
Through having a magnetic core, they are separable from the mixture
after completion of the reaction by using an external magnet. In this
regard, in order to investigate magnetic property of Fe3O4@Pd/CaCO3-
DTT NPs, vibrating sample magnetometer (VSM) analysis was used and
the resulted spectra were shown in Fig. 6. As it can be observed, the
synthesized iron oxide NPs have shown a typical super-paramagnetic
behavior (curve a). It is obvious that the magnetic property is reduced
proportional to more core-coating by new layers. Accordingly, the
magnetization of Fe3O4@Pd/CaCO3-DTT NPs is ca. 33 emu/g decreased

after three successive core-coating by TEOS, Pd/CaCO3 and DTT, re-
spectively (curve b).

2.2.7. TGA study
In order to compare the final structure of desired product with si-

lica-coated iron oxide NPs, thermogravimetric analysis (TGA) were
done and resulted curves have been shown in Fig. 7. As it can be seen,
with increasing the temperature to ca. 95 °C, a partial rise in the weight
was observed for both samples. At this temperature, NPs could adsorb
moisture onto their hot surfaces. According to the curves, this adsorp-
tion was ~0.7% more for Fe3O4@Pd/CaCO3-DTT NPs (curve b) in
comparison with Fe3O4@SiO2 NPs (curve a), and this is occurred due to
the presence of CaCO3 on the surface of desired final product [25].
These adsorbed moisture were separated by increasing the temperature

Fig. 3. FESEM images of (a) Fe3O4@SiO2 NPs, (b,c) Fe3O4@Pd/CaCO3-DTT NPs resulted from ultrasonication method, and (d) and resulted from reflux method, (e)
Size distribution diagrams of Fe3O4@SiO2 NPs, resulted from ultrasonication and reflux methods, calculated for 30 NPs by Digimizer software.

Fig. 4. Dynamic light scattering (DLS) spectra of the
fabricated Fe3O4@Pd/CaCO3-DTT NPs via ultra-
sonication, MW irradiation, and reflux methods. The
average size of the final product of ultrasonication is
ca. 70 nm in diameter while this is ca. 150 nm for
reflux’s product [ultrasonic probe ultrasonicator was
used to disperse samples for 10min prior to DLS
measurements].
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to ca. 110 and ca. 200 °C for Fe3O4@Pd/CaCO3-DTT and Fe3O4@SiO2

NPs, respectively, and the main weight loss was initiated at these
temperatures. As can be seen in the curve (a), with increasing the
temperature to 600 °C, water molecules entrapped into the silica net-
work have left the network and total weight was gradually reduced (ca.
8%). At the temperatures higher than 100 °C, the silica network has
likely been damaged, as it had been previously proven by FT-IR spec-
troscopy. However, since the silica network works as a great molecular
sieve, this would be an acceptable weight loss value for Fe3O4@SiO2

NPs at this stage [26,27]. According to the curve (b), with increasing
the temperature to 400 °C, ca. 5% weight loss was observed that could
be related to losing DTT. At this stage, the partial amounts of water
molecules entrapped into the underlying silica network layer are also
removed. In continue, proportional to the increasing in the temperature
(to above 400 °C), an intense drop was observed in the curve that ex-
hibited ca. 7% weight loss through the elimination of Pd/CaCO3.

Ultimately, the main core/shell structure started to collapse in both
samples at 600 °C, and quite distinct shoulders were appeared in both
curves at this temperature.

2.2.8. Solid state UV–visible spectroscopy study
In order to investigate that DTT is still in dithiol form and disulfide

bonding was not occurred during ultrasonication, UV–visible absorp-
tion spectra of DTT and Fe3O4@Pd/CaCO3-DTT NPs were prepared for
products resulted via ultrasonication and stirring under reflux condi-
tion. As Fig. 8 implies, the spectrum related to desired product, which
was obtained under reflux conditions, exhibited a relatively sharp ab-
sorbance peak at 265–325 nm, whereas the product obtained via ul-
trasonication shows a relatively weak peak at this area. This peak
coming from the oxidized DTTs and indicates that despite the reaction
was carried out under neutral atmosphere, some of the loaded DTTs
onto the surface of NPs were oxidized during 24 h stirring at high
temperature [28]. Since, the ultrasonication is executed under faster
and milder condition, this oxidation and deactivation of the loaded
DTTs has not been significantly occurred.

Among all of the various preparation methods, ultrasonication has
provided more suitable conditions for surface-coating and functionali-
zation of the magnetic NPs. In fact, these types of nanoscale materials
are inherently prone to form agglomerations due to their super-para-
magnetic behavior. Furthermore, their tendency for aggregation is in-
creased when their surfaces are covered by some materials with jelly
nature like polymers. As shown in schematic (Fig. 9), regular physical
blows, which are created by US waves, lead the particles to be well
dispersed in the solution phase that is rich of the coating agent (Pd/
CaCO3). In addition, required energy for covalent connections or elec-
tronic interactions is provided by the hot bubbles. That is why great
surface-functionalization ratio and well uniformity is obtained via this
method. In contrast, mechanical stirring leads the magnetic particles to
be agglomerated and their surfaces could not be well functionalized.

Fig. 5. XRD patterns of Fe3O4@Pd/CaCO3-DTT NPs (a), Pd/CaCO3 (b) and DTT
(c).

Fig. 6. The room temperature M−H curve of the neat Fe3O4 NPs (a) and
Fe3O4@Pd/CaCO3-DTT NPs (b).

Fig. 7. TGA curves of Fe3O4@SiO2 NPs (a) and Fe3O4@Pd/CaCO3-DTT NPs (b).
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Additionally, their core/shell structure and spherical morphology are
damaged under intense conditions of the reflux method. Also, the
chance of disulfide bond oxidation (deactivation of DTT) is increased
because of a longer reaction time at the reflux method.

2.3. Antibody reduction activity

2.3.1. Optimization
In order to obtain the optimum conditions for reducing the anti-

bodies by novel prepared heterogeneous nanoscale reductant, control
reactions were carried out using diphenyl disulfide. Since the price of
the antibodies is higher than the chemical disulfide derivatives, this
model reaction was selected for optimization. For this purpose, Fe3O4@
Pd/CaCO3-DTT NPs were prepared and freshly used under N2

atmosphere in dry tetrahydrofuran (THF) at room temperature.
Accordingly, the same reaction conditions were applied for all of the
control reactions. Different amounts of the magnetic reducing agent,
different reaction times, and the synergistic effect between the mag-
netic NPs and US waves were precisely investigated. As Table 2 reports,
the best result was observed when 0.01 g of Fe3O4@Pd/CaCO3-DTT was
used under 10min ultrasonication with 50 KHz frequency and 200W
power density. The reaction progress was screened using thin-layer
chromatography (TLC), as illustrated in Fig. S1 (in the SI section). After
completion of the reduction reaction, the heterogeneous reductant NPs
were conveniently collected by using an external magnet, then resulted
thiophenol was immediately separated and purified via flash column
chromatography and identified with 1H NMR and 13C NMR (see the SI
section). To perform more investigation on the control reactions, bis(4-
chlorophenyl) disulfide and bis(4-methylphenyl) disulfide, as two
available disulfide derivatives, were also used for reduction reaction at
the same optimal conditions. Almost the same reaction yields (~93%)
were obtained for these two derivatives after purification process. The
resulted 4-chlorobenzenethiol and 4-methylbenzenethiol have been
identified through NMR spectroscopy (SI section).

2.3.2. Colorimetric test
The performance of the prepared nanoscale reductant was also

studied in a real reduction reaction of trastuzumab (TRA, anti-HER2)
that is a humanized IgG1 monoclonal antibody. One of the well-known
methods for indicating S-S bond conversion to –SH groups is colori-
metric test by Ellman's reagent in which 5,5′-dithio-bis[2-nitrobenzoic
acid] (DTNB) is used [29]. In this test, DTNB (as one of the highly active
disulfide derivatives) reacts with the free thiol groups that are resulted
from the S-S bond cleavage of trastuzumab by Fe3O4@Pd/CaCO3-DTT
NPs and produce 5-mercapto-2-nitrobenzaldehyde in yellow color.
Thus, it could be claimed that the intensity of the yellow color is pro-
portional to the concentration of the provided –SH sites. Accordingly, it
can be clearly seen in Fig. 10 that a relatively bold yellow solution was
resulted by employing Fe3O4@Pd/CaCO3-DTT NPs, after 10min ultra-
sonication (image d). It should be noted that the magnetic NPs should
be freshly used because the surface DTTs would be oxidized to 1,2-
dithiane ring (deactivated form of DTT) during a long-time storage.
Image (a) also reveals that no significant change in the solution color is
observed after shaking the content for the same time. It means that
there is a great synergistic effect between Fe3O4@Pd/CaCO3-DTT NPs
and US waves that make it essential to apply ultrasonic for reducing the
antibodies. Images (b-d) suitably show Fe3O4@Pd/CaCO3-DTT NPs
(0.01 g), trastuzumab (8.0 μg/mL), and buffer phosphate (PBS,
pH=6.8) before ultrasonication, after ultrasonication for 10min, and
after magnetically collection of the magnetic NPs from the reaction
mixture, respectively. Moreover, to show the best catalytic performance
of the US’ product, a comparison has been made between three different
products obtained from reflux, MW and US irradiations methods
(Fig. 10e). As can be seen, the US’s product has exhibited the highest
color transition to yellow, at the same conditions (ultrasonication,
50 KHz, 200W, 10min).

2.3.3. SDS-polyacrylamide gel electrophoresis
To monitor the reduction process of trastuzumab by the prepared

Fe3O4@Pd/CaCO3-DTT NPs, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) test was performed. SDS-PAGE is an ana-
lytical method in biochemistry for identification and separation of the
discrete proteins based on the molecule’s charge and molecular masses
in an electric field [30]. Thus, after completion of the reduction reac-
tion of trastuzumab and separation of the magnetic NPs, purity and
apparent molecular weight of purified trastuzumab was assessed by this
method. As can be observed in Fig. 11, protein bands corresponding to
the heavy (ca. 50 kDa) and light chains (ca. 25 kDa) were identified
under reducing conditions (a), whereas ca. 190 kDa and a bit of frag-
mentation were observed under non-reducing conditions. Typically, a

Fig. 8. Solid-state UV–visible absorption spectra of DTT and Fe3O4@Pd/CaCO3-
DTT NPs, resulted from ultrasonication and reflux condition.

Fig. 9. Schematic comparison between ultrasonication and reflux methods for
preparation of Fe3O4@Pd/CaCO3-DTT NPs.
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proper cassette for complex dialysis process is needed for separation of
reducing agent and purification of the antibodies. While, this stage is
practically jumped through using the heterogeneous Fe3O4@Pd/CaCO3-
DTT NPs with high paramagnetic property. Furthermore, different re-
ducing conditions have been tested to investigate the synergistic cata-
lytic effect between US waves and the fabricated Fe3O4@Pd/CaCO3-
DTT NPs, and also the best performance of the US’s product rather than
reflux’s and MW’s products. As shown in Fig. 11(b), the prepared
Fe3O4@Pd/CaCO3-DTT NPs seemed to be disable to completely reduce
the TRA antibody. This observation proves that there is a great sy-
nergistic catalytic effect between US waves and the catalytic system.
Additionally, Fig. 11 (c and d) have revealed that the products obtained
via reflux and MW irradiation methods are not capable to reduce the
antibodies in comparison with the US’ product.

2.3.4. Recyclability
In order to investigate reusability of the Fe3O4@Pd/CaCO3-DTT

NPs, they were magnetically separated, washed with dry THF, and
dried in a vacuum oven for 24 h, and used again in the model reaction
(diphenyl disulfide reduction). As expected, after execution of a re-
duction reaction by the NPs, washing, and drying (recycling process), a
significant decrease in the reaction yield was observed (Fig. 12, run 2).

In fact, the active thiol sites of the loaded DTTs onto the NPs surfaces
are oxidized during the reduction and recycling processes and need to
be reactivated for the next running. For this purpose, a relatively con-
centrated DTT (0.1M, in deionized water) was prepared and im-
mediately used for activation of the NPs. Fe3O4@Pd/CaCO3-DTT NPs
were well dispersed and ultrasonicated in DTT solution for 10min
under neutral atmosphere, then separated and washed with dry THF,
and freshly used for the next running. As shown in Fig. 12, the per-
formance of the prepared Fe3O4@Pd/CaCO3-DTT NPs in S-S bond re-
duction is acceptable after five times recycling, for US’s product. A si-
milar behavior was observed for recovered MW’s product as well. It has
been also shown that the efficiency of the US’s product in S-S bond
reduction reaction was totally higher than MW’s product.

3. Experimental

3.1. Materials and equipment

All solvents, chemicals, and reagents were purchased from Sigma-
Aldrich, as listed in Table S3 in the SI section. FT-IR spectra were ob-
tained through (Shimadzu) FT-IR-8400 s, EDX spectra were recorded on
VEGA-TESCAN-XMU, FESEM images were prepared with ZEISS SIGMA,

Table 2
Optimization of the reaction conditions for disulfide bond reducing by Fe3O4@Pd/CaCO3-DTT NPs, which were obtained via three different methods (reflux, MW,
and US wave irradiation).

Entry Product Conditions Cat. (g) Time (min) Yielda (%)

1 US Ultrasonication (F: 50 KHz, PD: 200W) 0.005 10 63
2 US Ultrasonication (F: 50 KHz, PD: 200W) 0.01 10 94*
3 US Ultrasonication (F: 50 KHz, PD: 200W) 0.05 10 95
4 US Ultrasonication (F: 50 KHz, PD: 200W) 0.01 20 93
5 US Ultrasonication (F: 50 KHz, PD: 100W) 0.01 30 88
6 US Ultrasonication (F: 40 KHz, PD: 100W) 0.01 10 77
7 US Stirring at r.t. 0.01 10 75
8 MW Ultrasonication (F: 50 KHz, PD: 200W) 0.01 10 Trace
9 Reflux Ultrasonication (F: 50 KHz, PD: 200W) 0.01 10 69

* Optimum conditions.
a Isolated yields (purification was done via column chromatography); Diphenyl disulfide (2.0mmol) in dry THF (4.0mL), at room temperature (r.t.).

Fig. 10. The obtained colorimetric results
from partial reduction of trastuzumab anti-
body by Fe3O4@Pd/CaCO3-DTT NPs (US’s
product), in PBS (0.1 M, 6.8): (a) without
the US radiation, (b) before ultrasonication,
(c) after 10min ultrasonication (50 KHz,
200W), (d) after collection of the NPs by an
external magnet, and (e) comparison of the
catalytic performance between three dif-
ferent products from (MW, reflux and US
irradiation methods) under US waves irra-
diation (10min), in S-S bond reduction re-
action.
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a Horiba (SZ-100) equipped with a 658 nm laser and an avalanche
photodiode detector (Perkin) was used to measure hydrodynamic dia-
meters using dynamic light scattering (DLS). The XRD measurements
were carried out by using a DRON-8 X-ray diffractometer, thermal
analysis (TGA) was done by using of Bahr-STA 504 instrument under
argon atmosphere, and the magnetic properties of sample were detected
at room temperature using a VSM (Meghnatis Kavir Kashan Co., Ka-
shan, Iran). A Shimadzu-UV-2550/220v solid-state UV–vis spectro-
meter was used to measure Uv–vis spectra, and the NMR spectra was
prepared with Varian Unity Inova 500MHz, and a Bruker Avance
300MHz. An Eager 300 for EA1112 instrument was used for CHNS
analysis. The statistical data of particle sizes from FESEM imaging and
XRD analysis were obtained by Digimizer and Highscore plus software,
respectively. Flash column chromatography was performed with silica

gel (200–300 mesh). Analytical thin layer chromatography (TLC) was
performed using Merck silica gel GF254 plates. Ultrasonic irradiation
was performed in an ultrasound cleaning bath KQ-250 DE with a fre-
quency of 50 kHz and power of 250W L−1. Prestained Protein Ladder
(Fermentase-Russia), Coomasi blue staining solution, Bio-Rad-USA
electrophoresis tank, and Whatman-USA paper filters were used for
SDS-PAGE analysis. A conventional microwave oven (Godrej Micro-
wave Oven, Model No- GMS 17M07WHGX) at a power of 1200W was
used.

3.2. Methods

3.2.1. Preparation of Fe3O4@SiO2@Pd/CaCO3 NPs
In a glass tube (Threaded Test Tube with Phenolic Cap,

13× 100mm), as-prepared Fe3O4@SiO2 NPs (0.5 g) were well dis-
persed in dry tetrahydrofuran (THF, 7.0 mL) via ultrasonication for
10min, at room temperature. Fe3O4@SiO2 NPs were synthesized ac-
cording to the procedure reported in our previous work [18–20]. In a
separate flask, Pd/CaCO3 (0.1 g, 1 mmol) was dissolved in THF (3.0 mL)
and toluene (3.0 mL) via magnetically stirring for 1 h, at 80 °C, and after
cooling down to room temperature was added to the glass tube. Next,
the content of the glass tube was ultrasonicated (50 KHz) under N2

atmosphere for 2 h, at room temperature. After completion of the re-
action, the fabricated magnetic Fe3O4@SiO2@Pd/CaCO3 NPs were
collected using an external magnet, washed with ethanol and acetone
for several times, and dried at 60 °C.

3.2.2. US-assisted preparation of Fe3O4@Pd/CaCO3-DTT NPs
In a glass tube, Fe3O4@SiO2@Pd/CaCO3 NPs (0.2 g) were well

dispersed in dry ethanol via ultrasonication (10min), then a solution of
DTT (0.1 M in dry ethanol) was added drop by drop to the mixture over
20min during the ultrasonication in an ice ultrasonic bath. After
completion of the addition, the glass tube was well saturated of N2 gas
and sealed up with parafilm. Next, the mixture were ultrasonicated (50
KHz) at the same conditions for additional 10min, then well washed
with dry THF, and were immediately used in disulfide bond reduction
reaction.

3.2.3. MW-assisted preparation of Fe3O4@Pd/CaCO3-DTT NPs
1.0 g of Fe3O4@SiO2@Pd/CaCO3 NPs was weighed into a glass tube

and well dispersed dry ethanol (8.0 mL) via ultrasonication (2min).
Then, a solution of DTT (0.1M in dry ethanol) was added into the glass
tube. The glass tube was well saturated of N2 gas and sealed up with
parafilm. Next, the mixture were subjected to microwave irradiation in
a conventional microwave oven (300W), for 1 h. Further, the NPs were
magnetically collected and washed with dry THF.

3.2.4. S-S bond reduction by Fe3O4@Pd/CaCO3-DTT NPs
In a glass tube (threaded test tube with phenolic cap, 13 by

100mm), Fe3O4@Pd/CaCO3-DTT NPs (0.01 g) were well dispersed in
dry THF (4.0 mL) via ultrasonication for 50min. Then, disulfide com-
pound (2.0mmol) was added and the glass tube was well charged of N2

gas, and immediately sealed using phenolic cap and parafilm (the tube
was evacuated and backfilled with nitrogen (this procedure was re-
peated three times). Next, the tube was put into an ultrasonic bath
(under irradiation of US waves with 50 KHz frequency and power
density= 200W/L, at room temperature. After 10min, the content of
the glass tube was transferred to a beaker and the NPs were magneti-
cally collected and washed with dry THF and reactivated by a DTT
solution (0.1M). The residue was concentrated through evaporation of
THF and prepared for flash column chromatography.

3.2.5. SDS-polyacrylamide gel electrophoresis
8.0 μg of TRA antibody was subjected to a gradient 5–12% poly-

acrylamide gel under non-reducing and 5–20% gel after reduction. For
reduction, 10% Fe3O4@Pd/CaCO3-DTT NPs was added to the

Fig. 11. SDS-PAGE analysis of trastuzumab (TRA, anti-HER2, IgG1) antibody
under non-reducing conditions (TRA), and reducing conditions (a-d) provide by
Fe3O4@Pd/CaCO3-DTT NPs: (a) US’s product (under ultrasonication), (b) US’s
product (shaking), (c) reflux’s product (under ultrasonication), and (d) MW’s
product (under ultrasonication) [ultrasonication was carried out in an ultra-
sound bath with 50 KHz frequency and 200W L−1 power density, for 10min].

Fig. 12. Studying recyclability of the Fe3O4@Pd/CaCO3-DTT NPs (obtained
from US wave and MW irradiation methods), in the S–S bond reduction reaction
of diphenyl disulfide.
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denaturating sample buffer and all samples were ultrasonicated for
10min (F: 50 KHz and PD: 200W), at room temperature. Then, the
magnetic NPs were collected by an external magnet. Prestained Protein
Ladder (Fermentase-Russia) were used to assess the approximate size of
proteins.

3.2.6. Spectral data of produced thiol derivatives
Benzenethiol, as a colorless liquid (94% yield). 1H NMR (500MHz,

DMSO): δ 7.55 (d, 2H), 7.41–7.44 (t, J=5.0 Hz, 1H), 7.33–7.36 (t, 2H),
3.52 (bs, 1H) ppm. 13C NMR (75MHz, CDCl3): δ 130.9, 129.5, 129.2,
115.7 ppm.

4-Chlorobenzenethiol, as a white solid (95% yield). 1H NMR (300MHz,
CDCl3): δ 7.20 (s, 4H), 3.45 (s, 1H) ppm. 13C NMR (75MHz, CDCl3): δ
131.7, 130.8, 129.3, 129.2 ppm.

4-Methylbenzenethiol, as a colorless liquid (94% yield). 1H NMR
(300MHz, CDCl3): δ 7.20 (d, J=8.1 Hz, 2H), 7.06 (d, J=8.1 Hz, 2H),
3.40 (s, 1H), 2.31 (s, 3H) ppm. 13C NMR (75MHz, CDCl3): δ 135.6,
129.9, 129.9, 126.6, 20.9 ppm.

4. Conclusions

One of the most important issues in antibody-drug conjugation is
site-specification that directly influences on the drug release processes.
In one way, drugs could be tagged on the antibodies through binding to
the thiol sites provided from the reduced disulfide bonds. Since, almost
complex purification processes like dialysis are needed to separate the
reductant agent from the reduced antibody, a novel heterogeneous
nanoscale reductant was designed and presented for this purpose in this
study. Firstly, since they are prepared in nano scales, an extreme active
surface area is provided by them and only partial amounts of them
would be constructive for this purpose. Secondly, they could be con-
veniently separated from the mixture through their substantial para-
magnetic property. Thus, dialysis process in which various types of
membranes are used is practically eliminated from the antibody’s re-
duction process. Herein, a convenient preparation strategy has been
presented for the nanoscale S-S bond reductant, which is constructed of
iron oxide NPs, silica network, Lindlar agent, and DTT (Fe3O4@Pd/
CaCO3-DTT). In this regard, ultrasonication has been introduced as the
most efficient method, based on the obtained comparative data. Then,
to evaluate the performance of the Fe3O4@Pd/CaCO3-DTT NPs in the S-
S bond reduction, a model reaction was considered for optimization of
the reaction conditions. At this stage, column chromatography, TLC,
and NMR were employed for purification, screening the reaction pro-
gress, and identification of the resulted product from reduction of di-
phenyl disulfide, respectively. High reaction yield (94%) in a short
reaction time (10min) was obtained via ultrasonication (50 KHz).
Afterward, trastuzumab (anti-HER2), which is a humanized IgG1 anti-
body, was used to test the performance of the prepared Fe3O4@Pd/
CaCO3-DTT NPs in a real reduction reaction. Overall, both colorimetric
experiment (by Ellman’s reagent) and SDS-PAGE test have revealed that
the great synergistic effect of Fe3O4@Pd/CaCO3-DTT NPs and US waves
could be a suitable alternative for homogeneous reducing agents and
dialysis process for reduction of the antibodies.
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